
R es ol uti o n a n d s e nsiti vit y of st r ess m e as u r e m e nts wit h t h e  
k -S p a c e M ulti -b e a m O pti c al S e n s o r ( M O S) S y st e m  

 
b y E ri c C h as o n  

f o r k-S p a c e A s s o ci at e s  
 
 
A wi d e v ari et y of t e c h n ol o gi es r el y o n t hi n fil ms.  I n mi cr o el e ctr o ni cs, m a g n eti c st or a g e 
a n d o pti c al c o m m u n i c ati o ns (t o n a m e a f e w), t hi n fil ms ar e criti c al t o o bt ai ni n g hi g h 
p erf or m a n c e a n d r eli a bilit y.   I n m a n y of t h es e a p pli c ati o ns, r esi d u al str ess i n t h e t hi n 
fil ms c a n s e v er el y li mit t h eir c a p a biliti es or lif eti m e.   
 
I n or d er t o u n d erst a n d h o w t o c o ntr ol t his i m p ort a nt p ar a m et er, t h e first st e p is t o q u a ntif y 
t h e fil m str ess a n d str ess e v ol uti o n.  T o m e as ur e str ess i n t hi n fil ms, w e h a v e d e v el o p e d 
t h e k-S p a c e M O S ( M ulti -b e a m O pti c al S e ns or) S yst e m. M O S is a n o n -d estr u cti v e o pti c al 
t e c h ni q u e t h at m e as ur es th e c ur v at ur e i n d u c e d i n t h e s a m pl e b y str ess i n t h e t hi n fil m.  It 
c a n b e us e d f or e x sit u  c h ar a ct eri z ati o n or i n sit u r e al-ti m e m o nit ori n g of str ess e v ol uti o n.   
 
T h e p ur p os e of t his a p pli c ati o n n ot e is t o dis c uss t h e m e as ur e m e nt iss u es t h at d et er mi n e 
b ot h t h e r es ol uti o n a n d t h e s e nsiti vit y of t h e M O S t e c h ni q u e.  D et er mi ni n g t h e r es ol uti o n 
m e a ns u n d erst a n di n g t h e s o ur c es of err or o n t h e m e as ur e d v al u e of t h e str ess or 
c ur v at ur e.  B e c a us e t h e M O S s yst e m h as c a p a biliti es f or b ot h st ati c a n d d y n a mi c str ess 
me as ur e m e nts, w e dis c uss t h e diff er e nt r es ol uti o n f or a bs ol ut e str ess v al u es a n d r el ati v e 
c h a n g es i n t h e str ess.  D et er mi ni n g t h e s e nsiti vit y is e q ui v al e nt t o e v al u ati n g t h e 
mi ni m u m str ess t h at c a n b e m e as ur e d.  S e nsiti vit y is i nfl u e n c e d b y a n u m b er of t hi n fil m 
a n d m e as ur e m e nt p ar a m et ers, s o t h e d e p e n d e n c e o n s u bstr at e, t hi n fil m a n d m e as ur e m e nt 
c o n diti o ns is als o dis c uss e d.  
 
T h e r es ults dis c uss e d i n t his a p pli c ati o n n ot e c orr es p o n d t o s c e n ari os a n d e x p eri m e nt al 
c o nfi g ur ati o ns t h at c a n b e a c hi e v e d f airl y r o uti n el y.  Wit h c ar e t o r e d u c e s o ur c es of n ois e, 
hi g h er s e nsiti viti es a n d r es ol uti o n h a v e b e e n o bt ai n e d. T h e r es ults dis c uss e d h er e s h o ul d 
b e t a k e n m or e as g ui d eli n es t h a n as a bs ol ut e li mits.   I n t h e f oll o wi n g s e cti o ns, w e first 
dis c uss t h e pri n ci pl e b e hi n d  t h e M O S m e as ur e m e nt.  T his is f oll o w e d b y a dis c ussi o n of 
t h e r es ol uti o n of t h e t e c h ni q u e a n d t h e s e nsiti vit y.   
 
 
O pti c al st r ess m e as u r e m e nt t e c h ni q u e  
 
I n or d er t o u n d erst a n d t h e li mits o n r es ol uti o n of t h e M O S s yst e m ( or a n y c ur v at ur e-
b as e d str ess m e as u r e m e nt), it is n e c ess ar y t o u n d erst a n d t h e pri n ci pl e b e hi n d t h e 
m e as ur e m e nt.  As ori gi n all y d es cri b e d b y St o n e y, str ess i n a t hi n fil m i n d u c es c ur v at ur e 
i n t h e s u bstr at e.  T h e c h a n g e i n c ur v at ur e (κ  - κ 0 ) is r el at e d t o t h e fil m str ess (σ ) b y t h e 
well -k n o w n St o n e y e q u ati o n:  
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κ o  is t h e i niti al c ur v at ur e of t h e u nstr ess e d s u bstr at e. T h e ot h er p ar a m et ers i n t his
e q u ati o n ar e t h e fil m t hi c k n ess ( h f), bi a xi al m o d ul us of t h e s u bstr at e ( Ms) a n d t h e
s u bstr at e t hi c kn ess ( h s).    T h e r a di us of c ur v at ur e, R, is e q u al t o 1/κ .  T h e bi a xi al
m o d ul us of t h e fil m is r el at e d t o t h e b ul k m o d ul us ( E) b y t h e P oiss o n r ati o ( ν ):
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T h e k e y t o t his t y p e of str ess m e as ur e m e nt is t h er ef or e o bt ai ni n g a  pr e cis e m e as ur e m e nt 
of t h e c ur v at ur e.  A s c h e m ati c of t h e M O S a p p ar at us f or m e as uri n g s a m pl e c ur v at ur e 
o pti c all y is s h o w n i n fi g ur e 1. I n t h e M O S a p pr o a c h, t h e s a m pl e is ill u mi n at e d b y a n 
arr a y of p ar all el l as er b e a ms.  T h e a ct u al m e as ur e m e nt c o nsists of d et er mi ni n g t h e 
s p a ci n g of t h e b e a ms r efl e ct e d fr o m t h e s urf a c e w h e n t h e y arri v e at t h e f a c e of t h e C C D 
c a m er a.  If t h e s urf a c e is fl at, t h e b e a ms will h a v e t h e s a m e s p a ci n g aft er b ei n g r efl e ct e d 
as t h e y h a d i n t h e i n ci d e nt b e a m arr a y.  If t h e s urf a c e is c ur v e d, t h e b e a ms will b e 
d efl e ct e d a n d t h e s p a ci n g of t h e b e a ms o n t h e C C D will b e c h a n g e.  T h e c h a n g e i n t h e 
s p a ci n g of t h e r efl e ct e d b e a ms d u e t o str ess -i n d u c e d c ur v at ur e is m o nit or e d o n a C C D 
c a m er a.   

T h e s p a ci n g b et w e e n t h e b e a ms is a dir e ct m e as ur e of t h e s u bstr at e c ur v at ur e.  As s h o w n 
i n fi g ur e 2, t h e c ur v at ur e c h a n g e i n d u c e d b y t h e str ess is r el at e d t o t h e m e as ur e d 
d efl e cti o n of t h e b e a ms b y:  

Ld

d

2

c os

0

0

αδ
κκ ÷÷








=− ( 3) 

δ d is t h e diff er e n c e i n b e a m s p a ci n g fr o m t h e i niti al s p a ci n g, d 0 , d u e t o t h e str ess-i n d u c e d
c ur v at ur e.  T h e r ati o δ d/ d 0  is r ef err e d t o as t h e diff er e nti al s p a ci n g.  T h e dist a n c e of t h e
s a m pl e fr o m t h e c a m er a is L a n d t h e a n gl e b et w e e n t h e b e a m arr a y a n d t h e s a m pl e
n or m al is α. C o m bi ni n g t his m e as ur e m e nt wit h t h e St o n e y f or m ul a s h o ws t h at t h e
m e as ur e d str ess is dir e ctl y pr o p orti o n al t o t h e m e as ur e d d efl e cti o ns of t h e b e a ms, as
gi ve n b y:
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R es ol uti o n  
 
Fr o m t h e e q u ati o ns a b o v e, t h e m e as ur e m e nt of str ess c orr es p o n ds t o m e as uri n g t h e 
c h a n g e i n s p a ci n g of t h e r efl e ct e d b e a ms i n c urr e d b y str ess i n t h e fil m.  T h er e ar e t w o 
d o mi n a nt s o ur c es of err or i n t his m e as ur e m e nt.  T h e first is t h e n ois e or err or i n t h e 
m e as ur e m e nt of t h e b e a m  s p a ci n g fr o m a si n gl e s a m pl e.  T h e s e c o n d is d et er mi ni n g t h e 
diff er e n c e i n t h e b e a m s p a ci n g t h at is d u e t o str ess i n t h e fil m.  T h es e t w o as p e cts of t h e 
r es ol uti o n ar e c o nsi d er e d b el o w.  
 
1) R es ol uti o n i n t h e m e as ur e m e nt of b e a m s p a ci n g  
 
W h e n m e as uri n g t h e s p a ci n g b et w e e n t h e b e a ms, t h er e is a n err or or n ois e i n t h e 
m e as ur e d v al u e e v e n w h e n t h e s a m pl e is n ot c h a n gi n g.  T his n ois e m a y h a v e m a n y 
p ossi bl e s o ur c es ( drift i n t h e d et e ct or, v ari ati o n of t h e li g ht s o ur c e, t h er m al drift, et c.) b ut 
it’s n ot n e c ess ary t o k n o w t h e s o ur c e t o e v al u at e it.  W e d efi n e t h e st a bilit y of t h e s yst e m 
as t h e st a n d ar d d e vi ati o n of t h e m e as ur e d b e a m s p a ci n g w h e n t h e m e as ur e m e nt 
c o nfi g ur ati o n a n d s a m pl e ar e n ot i nt e nti o n all y c h a n g e d.  T h e st a bilit y is o n e of t h e m aj or 
f a ct ors i n d et er mi ni n g t h e str ess r es ol uti o n.  F or e x a m pl e, s u p p os e t h e M O S s yst e m is 
us e d t o m e as ur e t h e c h a n g e i n str ess d uri n g a n n e ali n g of a fil m f or o n e h o ur.  T o 
d et er mi n e t h e err or b ars ass o ci at e d wit h t his m e as ur e m e nt, w e n e e d t o k n o w h o w m u c h 
t h e m e as ur e d b e a m s p a ci n g w o ul d b e e x p e ct e d t o v ar y o v er t his ti m e p eri o d if t h e s a m pl e 
w er e l eft c o m pl et el y u n c h a n g e d.  W e w a nt t h e m e as ur e d c h a n g e t o b e l ar g er t h a n t h e 
n ois e f or t h e r es ult t o b e si g nifi c a nt.  
  
A n e x a m pl e of t h e st a bilit y of a t a bl e -t o p M O S s et u p is s h o wn i n fi g ur e 3.  T h e d at a 
c orr es p o n ds t o t h e m e as ur e m e nt of t h e s p a ci n g of b e a ms r efl e ct e d fr o m a fl at di el e ctri c 
mirr or o v er a p eri o d of 3 0 0 0 s.  T h e a v er a g e v al u e of t h e s p a ci n g is 3 7 9. 8 8 pi x els a n d t h e 
st a n d ar d d e vi ati o n of t h e m e as ur e m e nt is 0. 1 5 5 pi x els or 0. 0 4 % of t h e m e as ur e d s p a ci n g.  
N ot e t h at t h e d at a ar e r a n d o ml y distri b ut e d ar o u n d t h e a v er a g e v al u e, i n di c ati n g t h at t h er e 
is n o si g nifi c a nt s yst e m ati c drift i n t h e si g n al.   
 
T h e m e as ur e d st a n d ar d d e vi ati o n c orr es p o n ds t o t h e err or t h at c a n b e e x p e c t e d fr o m a 
si n gl e m e as ur e m e nt of t h e b e a m s p a ci n g.  Si n c e t h e d at a a c q uisiti o n r at e is r a pi d 
( a p pr o xi m at el y 0. 1 s e c o n d p er d at a p oi nt), m ulti pl e m e as ur e m e nts c a n b e a c q uir e d s o t h at 
t h e si g n al c a n b e a v er a g e d o v er m ulti pl e m e as ur e m e nts.  I n g e n er al, b y a v er a gi n g N 
p oi nts w e r e d u c es t h e n ois e b y a f a ct or of √ N.  S o a v er a gi n g 2 5 p oi nts, f or i nst a n c e, 
r e d u c es t h e err or o n t h e a v er a g e v al u e of t h e b e a m s p a ci n g t o 0. 0 3 1 pi x els or 0. 0 0 8 % of 
t h e m e as ur e d b e a m s p a ci n g.  If t h e c a m er a is s p a c e d 1 m fr o m t h e s a m pl e (a t y pi c al 
v al u e), t his c orr es p o n ds t o a mi ni m u m r es ol v a bl e c ur v at ur e of 4 x 1 0 -5  m-1  or a m a xi m u m 
r a di us of c ur v at ur e of 2 5 k M.   I n t h e c o nfi g ur ati o n us e d f or t h es e m e as ur e m e nts, t h e 
s a m pl e w as st a bl y m o u nt e d s o t h at vi br ati o n w as mi ni m al (t h e eff e ct of s a m pl e vi br ati o n 
d uri n g i n sit u m e as ur e m e nts is dis c uss e d b el o w).  F or m e as ur e m e nts w h er e a n e v e n 
hi g h er s e nsiti vit y is n e e d e d, s p e ci al c ar e m ust b e us e d t o r e d u c e n ois e i n t h e C C D, str a y 
li g ht, vi br ati o n, et c.  W h e n n ois e is r e d u c e d, m a xi m u m r a dii of c ur v at ur e gr e at er t h a n 5 0 
k M h a v e b e e n a c hi e v e d.  
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2) R es ol uti o n i n t h e m e as ur e m e nt of c h a n g es d u e t o str ess  
 
As dis c uss e d a b o v e, t h e str ess is pr o p orti o n al t o δ d/ d 0  w h er e δ d is t h e c h a n g e i n t h e b e a m 
s p a ci n g d u e t o str ess-i n d u c e d c ur v at ur e a n d d0  is t he i nitial s p a ci n g of t h e M O S b e a ms.  
I n or d er t o d et er mi n e δ d, w e n e e d t o k n o w t h e s p a ci n g of t h e b e a ms fr o m t h e s a m pl e 
b ef or e t h e str ess e d fil m h as b e e n p ut o n it a n d aft er t h e str ess e d fil m h as b e e n a d d e d.  
T h er e ar e t w o diff er e nt a p pr o a c h es t o o bt ai ni n g t his v a l u e, d e p e n di n g o n w h et h er t h e 
c h a n g e i n t h e c ur v at ur e is m e as ur e d i n sit u d uri n g pr o c essi n g or m e as ur e d e x sit u  b ef or e 
a n d aft er a fil m is a p pli e d.  I n t h e c as e of i n sit u m o nit ori n g, w e c a n dir e ctl y m e as ur e t h e 
e v ol uti o n of c ur v at ur e as t h e fil m str ess c ha n g es, w hil e i n t h e e x sit u  c as e w e us e a 
r ef er e n c e st a n d ar d t o c o m p ar e a bs ol ut e m e as ur e m e nts of t h e c ur v at ur e.  T h e diff er e nt 
r es ol uti o ns ass o ci at e d wit h t h es e a p pr o a c h es is dis c uss e d b el o w.  
 
I n sit u or r el ati v e m e as ur e m e nts:  T his a p pr o a c h is us e d w h e n th e s a m pl e c ur v at ur e c a n 
b e m o nit or e d i n sit u d uri n g pr o c essi n g t o m o nit or t h e c h a n g e i n t h e c ur v at ur e as t h e 
str ess e d fil m is a d d e d t o t h e s u bstr at e.  T h e c a p a bilit y f or i n sit u m e as ur e m e nts is o n e of 
t h e pri m ar y a d v a nt a g es of M O S m e as ur e m e nts.  Ot h er t e c hni q u es ar e n ot e asil y a d a pt e d 
t o m e as ur e m e nt d uri n g pr o c essi n g or d e p ositi o n.   I n t h e c as e of i n sit u m e as ur e m e nts, it 
is n ot n e c ess ar y t o k n o w t h e a bs ol ut e c ur v at ur e of t h e s a m pl e.  A s eri es of m e as ur e m e nts 
of t h e b e a m s p a ci n g ar e m a d e b ef or e t h e pr o c ess i n g is st art e d a n d t his s p a ci n g is us e d as 
a b as eli n e.  Aft er t h e pr o c essi n g st arts, t h e c h a n g e i n t h e b e a m s p a ci n g is m o nit or e d 
c o nti n u o usl y.   
 
A n e x a m pl e of d at a t a k e n t his w a y is s h o w n i n fi g ur e 4 w hi c h c orr es p o n ds t o d e p ositi o n 
of a n e pit a xi al l a y er o f I nx G a 1 -x As o n a a G a As( 0 0 1) s u bstr at e.  T h e m e as ur e m e nts ar e 
m a d e i n a n M B E s yst e m at a t e m p er at ur e of 4 6 9 o C.  Fr o m ti m e t = 0 t o 5 0 s, t h e s a m pl e is 
m e as ur e d at t h e c o nst a nt gr o wt h t e m p er at ur e b ut t h e gr o wt h s h utt ers ar e cl os e d a n d n o 
fil m is d e p osit e d.  At ti m e t = 5 0 s, t h e gr o wt h s h utt er is o p e n e d a n d a fil m is d e p osit e d at a 
c o nst a nt gr o wt h r at e of  0. 2 3 n m/s.  Aft er gr o wt h st arts, t h e b e a m s p a ci n g is o bs er v e d t o 
i n cr e as e li n e arl y wit h t h e i n cr e asi n g ti m e.   
 
T h e c h a n g e i n c ur v at ur e d u e t o t h e d e p osit e d fil m is c al c ul at e d fr o m t h e m e as ur e d c h a n g e 
i n t h e b e a m s p a ci n g.  T h e i niti al s p a ci n g, d0 , is d et er mi n e d b y a v er a gi n g t h e 2 0 0 
m e as ur e m e nts m a d e b et w e e n t = 0 s a n d t = 5 0 s.  T h e c h a n g e i n s p a ci n g, δ d, is t h e 
diff er e n c e b et w e e n t h e m e as ur e d s p a ci n g aft er gr o wt h a n d d 0 .  T h es e v al u es c a n t h e n b e 
us e d i n e q u ati o ns 3 a n d 4 t o c al c ul at e t h e c ur v at ur e c h a n g e a n d t h e pr o d u ct of str ess a n d 
t hi c k n ess i n t h e d e p osit e d fil m.  N ot e t h at i n o bt ai ni n g t h e str ess, w e d o n ot n e e d t o k n o w 
t h e a bs ol ut e c ur v at ur e of t h e s a m pl e.  It is s uffi ci e nt j ust t o m e as ur e t h e c h a n g e i n b e a m 
s p a ci n g as t h e fil m w as gr o wi n g. Fr o m t h e k n o w n c o nst a nt gr o wt h r at e, w e c a n e asil y 
c o n v ert t h e gr o wt h ti m e t o fil m t hi c k n ess. T h e li n e ar i n cr e as e i n t h e b e a m s p a ci n g wit h 
ti m e ( or t hi c k n ess), i n di c at es t h at t h e str ess i n t h e fil m is c o nst a nt, i. e., n o r el a x ati o n is 
t a ki n g pl a c e.  T h e sl o p e of t h e li n e i n fi g ur e 4 is pr o p orti o n al t o t h e str ess i n t h e fil m a n d 
t h e c o nst a nts of pr o p orti o n alit y ar e e v al u at e d usi n g e q u ati o n 4. Fr o m t h e m e as ur e d str ess, 
w e c al c ul at e t h e l atti c e mis m at c h b et w e e n t h e fil m a n d t h e s u bstr at e a n d h e n c e d et er mi n e 
t h e fil m c o m p ositi o n t o b e x = 0. 1 5 6.  S u bs e q u e nt X-r a y m e as ur e m e nts of t h e fil m 
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c o m p ositi o n i n di c at e a v al u e of x = 0. 1 6 5, i n g o o d a gr e e m e nt a n d wit hi n o ur 
m e as ur e m e nt err or of t h e s u bstr at e t hi c k n ess.   
 
T o d et er mi n e t h e r es ol uti o n of t h e str ess m e as ur e m e nt, w e m ust c o nsi d er t h e err or i n t h e 
v al u e of t h e ori gi n al s p a ci n g, d 0 , a n d of t h e s p a ci n g aft er gr o wt h.  T h e st a n d ar d d e vi ati o n 
of t h e s p a ci n g b ef or e gr o wt h st arts is 0. 6 2 pi x els or 0. 1 5 % of t h e s p a ci n g.  T his 
m e as ur e m e nt is s o m e w h at n oisi er t h a n t h e mirr or m e as ur e m e nt d es cri b e d a b o v e si n c e 
t his m e as ur e m e nt w as m a d e i n sit u i n t h e M B E c h a m b er.  A v er a gi n g t h e first 1 0 0 p oi nts, 
h o w e v er, si g nifi c a ntl y r e d u c es t h e n ois e.  T o l o o k at t h e n ois e o n t h e m e as ur e m e nt aft er 
gr o wt h is st art e d, w e s u btr a ct a li n e c orr es p o n di n g t o a fit t o t h e d at a.  T h e r esi d u al aft er 
t h e li n e is s u btr a ct e d is s h o w n i n t h e i ns et i n fi g ur e 4.  T h e st a n d ar d d e vi ati o n of t h e 
r esi d u al is 0. 6 8 pi x els, o nl y slig htl y l ar g er t h a n b ef or e gr o wt h is st art e d.  B e c a us e t h e 
M O S t e c h ni q u e is s e nsiti v e t o s m all b e a m s p a ci n g c h a n g es, it is t h er ef or e p ossi bl e t o 
m e as ur e s m all fil m str ess es.  T h e mi ni m u m str ess t h at c a n b e r es ol v e d b as e d o n t his 
m e as ur e m e nt r es ol uti o n is dis c uss e d i n t h e fi n al s e cti o n o n s e nsiti vit y.  
 
A bs ol ut e c ur v at ur e m e as ur e m e nts:   T his a p pr o a c h is t y pi c all y us e d f or e x sit u 
m e as ur e m e nts, w h er e t h e c h a n g e i n t h e s a m pl e c ur v at ur e d uri n g pr o c essi n g c a n n ot b e 
m o nit or e d c o nti n u o usl y.  T h e a bs ol ut e c ur v at ur e i s m e as ur e d b ef or e a n d aft er t h e fil m h as 
b e e n pr o c ess e d a n d t h e diff er e n c e i n t h e c ur v at ur e is us e d t o c al c ul at e t h e v al u e of σ h f.    
If t h e s a m pl e is n ot m e as ur e d b ef or e d e p ositi o n, w e m ust ass u m e t h at t h e s urf a c e w as 
i nitiall y flat (κ 0  = 0).  T his m a y li mit t h e s e nsiti vit y of t h e m e as ur e m e nt si n c e e v e n s m all 
a m o u nts of fi g ur e err or will l e a d t o m e as ur a bl e diff er e n c es i n t h e c ur v at ur e.  
 
F or t h es e a bs ol ut e m e as ur e m e nts of c ur v at ur e, a r ef er e n c e st a n d ar d is us e d t o d et er mi n e 
t h e r ef er e n c e b e a m s p a ci n g, d0 , c orr es p o n di n g t o a fl at s urf a c e.  T h e diff er e n c e of t h e 
b e a m s p a ci n g b et w e e n t h e st a n d ar d a n d t h e s a m pl e is us e d t o c al c ul at e δ d/ d 0  a n d o bt ai n 
t h e c ur v at ur e usi n g e q u ati o n ( 3).  W e t y pi c all y us e a di el e ctri c c o at e d mirr or wit h a 
s urf a c e fi g ur e of λ / 2 0 as o ur st a n d ar d, s o t h e err or d u e t o t h e c ur v at ur e of t h e r ef er e n c e 
mirr or is i nsi g nifi c a nt.  T h e us e of t h e st a n d ar d h as t h e eff e ct of eli mi n ati n g a n y err or t h at 
m a y o c c ur d u e t o l o n g t er m drifts i n t h e s yst e m ( or c h a n g es i n t h e ali g n m e nt b y diff er e nt 
o p er at ors ).   
 
Asi d e fr o m l o n g t er m drift i n t h e m e as ur e m e nt s yst e m, t h er e ar e ot h er p ot e nti al s o ur c es 
of n ois e w h e n t h e s a m pl e is r e m o v e d b et w e e n m e as ur e m e nts.   N o n -u nif or mities i n 
d e p ositi o n or fi g ur e err or i n t h e st arti n g s urf a c e m a y l e a d t o a v ari ati o n i n c ur v at ur e 
a cr oss t h e s a m pl e. T h er ef or e, it is n e c ess ar y t o m a k e s ur e t h at t h e s a m pl e is m e as ur e d at 
t h e s a m e p ositi o n b ef or e a n d aft er t h e d e p ositi o n of t h e fil m.  T h e d e gr e e of t his n o n-
u nif or mit y c a n b e esti m at e d b y m e as uri n g t h e c ur v at ur e at m ulti pl e pl a c es  o n t h e s a m pl e 
a n d t h e st a n d ar d d e vi ati o n i n t h es e m e as ur e m e nts c a n b e us e d t o esti m at e t h e err or o n t h e 
a ct u al c ur v at ur e.  N ot e t h at t his s o ur c e of err or is n ot a pr o bl e m f or t h e r el ati v e 
m e as ur e m e nts si n c e t h e s a m pl e is al w a ys m e as ur e d at t h e s a m e p ositi o n d uri n g 
pr o c essi n g.   
 
Si n c e t h e err or d u e t o s a m pl e i n h o m o g e n eit y d e p e n ds o n t h e s a m pl e, it is n ot p ossi bl e t o 
esti m at e its m a g nit u d e i n g e n er al.   A l o w er li mit t o t h e err or c a n b e o bt ai n e d b y l o o ki n g 
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at the deviation in measurements of the mirror over a number of samples.  In figure 5 we 
show a measurement of the beam spacing obtained from the mirror after it was removed 
and replaced 25 times over a period of 6 hours.  The standard deviation of the 
measurement is 0.22 pixels or 0.10% which is only a little larger than the error associated 
with system stability (0.155 pixels) shown in figure 3. Therefore, if the sample is 
uniform, we do not introduce a significant amount of error by remounting the standard 
and the sample. 
 
3) The effect of sample vibration on resolution 
 
The MOS technique was originally invented as a way of sensitively measuring stress in 
situ during deposition or other processing. In many processing chambers, there is a large 
ambient vibration noise due to equipment such as vacuum pumps. The parallel beam 
illumination was developed as a way to decrease the sensitivity to vibration. In optical 
techniques that use a single beam rastered across the surface, the measured position of the 
beam changes due to vibration of the sample and this noise can significantly decrease the 
resolution of the curvature measurement.  By using parallel beam illumination, however, 
all the beams strike the surface at the same time. The beam spacing (i.e., the difference in 
the positions of adjacent beams that is used to calculate the curvature) is much less 
sensitive to the sample vibration than the absolute position of the beam.   
 
The decrease in noise achieved by this approach is shown in figure 6.  In the upper part of 
the figure, the position of one of the beams reflected from the surface is shown as a 
function of time.  The sample is mounted on a manipulator in a vacuum chamber and the 
vibration leads to a large deviation of the beam position with time.  The beam position 
has a standard deviation of 4.33 pixels.  The beam spacing measured from the difference 
between two adjacent beam positions is shown in the lower part of the figure.  The scale 
is identical to the one for the absolute beam position.  The standard deviation of the 
measured spacing is only 0.09 pixels, a factor of 50 less than the noise on the absolute 
beam position.    Since both beam positions are affected by vibration in essentially the 
same manner, the difference between them is relatively unaffected by the vibration.  
  
 
Sensitivity 
 
The above discussion concerned sources of error that limit our measurement of the 
curvature. In this section, we will discuss how the beam spacing resolution translates into 
limits on measurements of the stress.  Because the curvature measures the product of 
stress and thickness, determination of the smallest stress that can be measured must be 
specified relative to the thickness of the film.  A film with a stress of 1 GPa will induce 
1000 times as much curvature for a film thickness of 1 micron than it will for a thickness 
of 1 nm.  Furthermore, the ratio between the curvature and the stress depends on the 
square of the substrate thickness.  So a film that induces a radius of curvature of 10 m on 
a substrate of 100 micron thickness will induce a 1 kM radius of curvature on a substrate 
of 1 mm thickness. 
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T o c al c ul at e t h e str ess s e nsiti vit y of M O S, w e ass u m e a r es ol uti o n i n t h e diff er e nti al 
s p a ci n g (δ d/ d 0 ) of 0. 0 5 %.   T h e mi ni m u m r es ol v a bl e str ess is s h o w n i n fi g ur e 7 as a 
f u n cti o n of t h e fil m t hi c k n ess. T h e d at a is pl ott e d o n a l o g s c al e t o s h o w t h e wi d e r a n g e 
of p ossi bl e v al u es t h at c a n b e ot ai n e d.  T h es e c al c ul ati o ns w er e m a d e ass u mi n g t h at t h e 
m o d ul us of t h e s u bstr at e is 1 0 0 G P a.   T h e diff er e nt c ol or e d li n es o n t h e gr a p h 
c orr es p o n d t o diff er e nt t hi c k n ess es of t h e s u bstr at e, fr o m 1 0 0 mi cr o ns t o 1 m m.   
 
F or a s u bstr at e of 1 0 0 mi cr o ns, t h e m e as ur e m e nt r es ol uti o n m a k es t h e li mit o n t h e 
pr o d u ct of str ess a n d t hi c k n ess e q u al t o 6 x 1 0 -5  G P a -mi cr o n s o t h at t h e mi ni m u m 
r es ol v a bl e str ess is gi v e n b y ( 6 x 1 0-5  / hf ) G P a w h er e hf is t h e fil m t hi c k n ess i n mi cr o ns.  
T his m e a ns t h at a fil m wit h 1 G P a str ess c a n b e m e as ur e d f or fil ms wit h a t hi c k n ess as 
l o w as 6 x 1 0-5  mi cr o ns or e q ui v al e ntl y 0. 6 a n gstr o ms.  T his c orr es p o n ds t o l ess t h a n a 
m o n ol a y er of G e d e p osit e d o n a Si s urf a c e, s o t h at t h e eff e ct of s u b -m o nl a y er c o v er a g es 
c a n e v e n b e d et er mi n e d.  M u c h s m all er str ess es c a n b e m e as ur e d o n t hi c k er fil ms. F or a  1 
mi cr o n m et al fil m, f or i nst a n c e, a str ess as l o w as 1 0 -4  G P a ( 0. 1 M P a) c a n b e m e as ur e d. 



Figure 1. The MOS system uses an array of parallel beams to illuminate the 
sample.  The position of the beams is measured with a CCD  camera. A frame-
grabber digitizes the image and the MOS software calculates the beam 
spacing, d.  Stress-induced curvature in the sample changes the spacing of the 
reflected beams as shown in figure 2.
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Figure 2. Stress in thin films induces curvature in the substrate.  The MOS system 
measures the curvature optically by monitoring the deflection of parallel beams of 
light.
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Figure 3. Stability of MOS measurement. The measurement shows the spacing of 
the beams reflected from a dielectric mirror in units of pixels on the CCD detector.  
The spacing was measured for 3000 s resulting in a standard deviation of  0.155 
pixels.
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Figure 4. Beam spacing during epitaxial growth of InxGa1-xAs on GaAs(100).  
Growth is initiated at t=50 s at a  rate of 0.23 nm/s. The red line corresponds to the 
best fit for growth of a film with constant stress.  The difference between the 
measurement and the fit is shown in the inset. 
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Figure 5. The beam spacing obtained from repeated measurements of a flat mirror 
over a 6 hr. period.  The mirror was remounted before each measurement.  The 
standard deviation of the measurement is 0.10%, similar to the stability of the 
system. 
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Figure 6. Reduction of noise during in situ curvature measurements by using 
multiple beams.  a) Relative position of one of the MOS beams in units of pixels.  
The RMS deviation of 4.33 pixels is caused by sample vibration. b) Measurement 
of the spacing between adjacent MOS beams taken at same time as data in (a).  
The RMS deviation is 0.09, much lower than the single beam measurement. 
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Figure7.  Sensitivity of MOS system for different film and substrate thicknesses.  
The modulus used for these calculations is 100 GPa and  the minimum resolvable 
value for δd/d0 was taken as 0.05%.




