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A B S T R A C T  

The bending  beam m e t h o d  for measu remen t s  of  stress in th in  films depos i ted  on an elastic substrate  in the  form of a 
th in  str ipe has been  improved  by the  in t roduct ion  of  a laser beam deflect ion sys tem and of  a laser spot  posi t ion detector.  
With this improvement ,  stress measu remen t s  have  been  pe r fo rmed  in situ dur ing  the  e lec t rochemica l  react ions of palla- 
d i u m  hydr ide  format ion  and of  valve  meta l  anodic  oxidation.  Stress  changes  in the  th in  films of  107 N/m 2 can be  measu red  
wi th  a t ime  response  bet ter  than  ls. This  allows the  detec t ion  of  rapid react ions (like H diffusion in a Pd  thin film) and of  
the  e lect ros t r ic t ion effect even  in anodic  films wi th  th ickness  be low 20 nm. 

Cracking and peel ing of  thin meta l  or pass ive  films can 
occur  if  h igh internal  stresses bui ld  up, as in some  cases 
due  to an e lec t rochemica l  reaction. Example s  of measure-  
men t s  of  internal  stress have been  g iven  for e lect ropla ted 
films (1-5), as well  as for vacuum-depos i t ed  meta l  films 
(6, 7), and cons iderable  effort  has been  pu t  in the  detec t ion  
of  stresses deve loped  dur ing oxidat ion  of  bu lk  meta ls  and 
meta l  films (8-16). This shows that  the  m e a s u r e m e n t  of 
such  stresses,  and the  knowledge  of  how they  deve lop  into 
the  films dur ing  a reaction,  is still of  cons iderable  impor-  
tance  for several  industr ia l  appl icat ions where  protec t ive  
coat ings  are obta ined by an e lec t rochemica l  method.  A re- 
l iable stress m e a s u r e m e n t  t echn ique  should  therefore  be 
s imple,  in situ, sensitive,  and fast. The first quant i ta t ive  
m e a s u r e m e n t s  of  stress in th in  e lect ropla ted films were  
carr ied out  by Mills (1) and by S toney  (2). S toney  measured  
the  bend ing  of  a sample  in the  form of a long, thin, rectan- 
gular  steel  rule which  was c lamped  at one end and had one 
side lacquered.  More recent  measu remen t s  of  stress in the  
anodic  films of var ious  metals  have  fol lowed the  same pro- 
cedure,  mak ing  use of  a te lescope  or of a t ravel ing vern ie r  
mic roscope  to measure  the  spec imens '  deflect ions (8, 16). 
Other  different  me thods  of  stress measu remen t s  are opti- 
cal, in terferometr ic ,  electr ical  or e lec t romechanica l ,  and 
by  x-ray or e lec t ron diffract ion (6, 18). A ve ry  sensi t ive in- 
t e r fe romet r ic  in situ t echn ique  for measu r ing  e lec t rode  
strain has been  recent ly  p roposed  by But le r  and Ginley  
(5, 19) tak ing  a s ingle-mode optical  fiber as the  th in  film 
e lec t rode  substrate.  

In  the  present  work, we  use once more  the  old bend ing  
b e a m  m e t h o d  of  Stoney,  but  we  improve  its design taking 
a laser and a posi t ion sensi t ive detector  to improve  both  
the  sensi t ivi ty and the  response  time. This  results  in a sim- 
ple bu t  precise  electro-optical  setup for in situ measure-  
ments ,  that  could  easily be au tomated  and used  rout inely  
in industr ia l  laboratories.  In  a recent,  short  note  (20) we de- 
scr ibed this setup and discussed briefly its appl icat ion for 
s tudying  stress changes  in thin film dur ing an electro- 
chemica l  reaction.  The  appl icabi l i ty  of  our  se tup has been  
shown in the  present  paper  for two different  e lec t rochemi-  
cal reactions:  the  anodizat ion of  a th in  va lve  meta l  film, 
and the  ca thodic  format ion of  pa l lad ium hydr ide  f rom a 
Pd  film electrode.  Other  e lec t rochemica l  react ions have  
also been  inves t iga ted  lately by us wi th  the  same setup, 
namely ,  the  hydrogen  e lec t rochemica l  doping  of  var ious  
TiO2 semiconduc t ing  film photoelec t rodes ,  and the  elec- 
t rochromic  react ion of  nickel  ox i -hydroxide  films for 
smar t  w indows  applicat ions,  but  these  results  will  be  re- 
por ted  elsewhere.  I t  is n o w  our convic t ion  that  a large 
n u m b e r  of  e lec t rochemica l  react ions induce  internal  
s tresses in a th in  film electrode,  and several  physical  phe- 
n o m e n a  can be responsib le  for the  stress: the rmal  expan-  
sion, electrocapil lari ty,  diffusion or intercalat ion of  species 
in the  film, surface chemica l  and morpholog ica l  modifica-  
tions, electr ical  field effects. I t  is therefore  the  aim of this 
paper  to s tudy  in some detai l  s imple  e lec t rochemica l  reac- 
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t ions, a l ready well  known  in e lec t rochemis t ry ,  and to com- 
pare our  exper imenta l  resul ts  wi th  the  stress calculated 
f rom the  mechan ica l  and electr ical  proper t ies  of  the  th in  
film materials.  

Experimental Details 
The  exper imenta l  se tup has a l ready been  descr ibed  in a 

shor t  repor t  (20), and is shown in Fig. 1. An  optical  bench  
similar  to that  of  Charbonnie r  et al. (21) has been  modif ied  
in order  to di rect  the  He-Ne laser b e a m  ref lected f rom the  
lower  end of  the  e lec t rode  on a l inear posi t ion sensi t ive  de- 
tec tor  (UDT Model  LSC/5D or Model  LSC/30D), wi th  its 
axis in the  ver t ical  direct ion.  The  work ing  e lec t rodes  are 
th in  meta l  films (0.1 ~m thick) spu t te red  onto cover  glass 
substra tes  (0.15 m m  thick) prepared  typical ly  in the  form 
of  3 x 30 m m  rectangles,  c l amped  by the  uppe r  end above  
the  e lect rolyte  level. The  laser b e a m  is ref lected by the  
electrolyte/glass  and (much more) by the  glass/metal  inter- 
face (this to avoid the  d is turbance  due  to react ion products  
and convec t ive  flows in front  of  the  film) and falls onto the  
posi t ion cell, which  senses the  m o v e m e n t  of  the  spot  asso- 
ciated wi th  the  bend ing  of  the  electrode.  Two ou tpu t  
pho tocur ren t s  are genera ted  which  are propor t ional  to the  
d is tance  of  the  spot  f rom the  end  contacts  of  the  detector ,  
thus  provid ing  real- t ime analog informat ion  on bo th  posi- 
t ion and m o v e m e n t  of  the  spot. The  bending  of  the  elec- 
t rode  can be  related to the  stress in the  th in  film (Fig. 1B), 
p rov ided  the  deflect ion angle  he and the  radius  of  curva- 
ture  R are measu red  and the  mechan ica l  and geomet r ica l  
parameters  of  film and glass are known.  

Dur ing  our  exper iments ,  compress ive  stresses induced  
an upward ,  and tensi le  a downward  deflect ion of  the  laser  
beam. The electronical  e q u i p m e n t  used  here  were  a home-  
m a d e  double  current- to-vol tage converter ,  a different ial  
amplif ier  (or a lock-in amplif ier  opera t ing  in its different ial  
mode),  to measure  the  deflect ion angle, and a conven t iona l  
e lec t rochemica l  se tup (PAR 173 potent ios ta t  ga lvanosta t  
and P A R  175 programmer)  to control  e i ther  the  potent ia l  
(with respec t  to a sa turated ca lomel  re ference  electrode,  
SCE) or the  current  in the  e lec t rochemica l  cell. The  elec- 
t rolytes  were  prepared  f rom AnalaR grade reagents  in 
t r ip ly  dist i l led water,  purged  wi th  N2, w h e n  necessary,  and 
m e a s u r e m e n t s  were  pe r fo rmed  at room tempera ture .  The  
laser  def lect ion due  to the rmal  expans ion  of  the  e lec t rode  
has been  calcula ted to be of  10 .5 rad/~ thus  smal ler  than  
the  deflect ions we measu red  exper imenta l ly ,  and there-  
fore the  e lec t rochemica l  cell  was no t  kep t  unde r  ther- 
mos ta t ic  control.  The  heat ing  of  the  film e lec t rode  due  to 
the  laser b e a m  probe  (less than  0.5 mW after b e a m  split- 
t ing) was also cons idered  to be  negligible,  unde r  the  pres- 
ent  c i rcumstances .  

Results 
Electrochemical PdHx formation.--I t  is wel l  k n o w n  that  

a tomic  hydrogen  can easily diffuse into pa l lad ium (23), 
this p roper ty  having  been  used for hydrogen  storage and 
hyd rogen  sensors (23, 24), among  other  applicat ions.  S ince  
at room tempera tu re  the  diffusion coefficient  of  H in Pd  is 
of  3 • 10 .7 cm2/s (25), the  H diffusion th roughou t  a Pd  film 
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Fig. 1. (A) Experimental setup used for measuring stress in a thin film 
during electrochemical reactions; WE, RE, and CE are the working, cal- 
omel reference, and counterelectrodes, respectively. (B) Bending of a 
long, thin substrate due to compressive or tensile stress in the thin film 
(side view). AO: deflection angle. R: radius of curvature. 

0.1 ~ m  t h i c k  occurs  in  less t h a n  10-~s. We h a v e  p e r f o r m e d  
severa l  e x p e r i m e n t s  in  w h i c h  h y d r o g e n  was  g e n e r a t e d  
e l e c t r o c h e m i c a l l y  at  a P d  film e lec t rode  surface,  a n d  in 
v i ew  of  t he  a b o v e  we  h a v e  a lways  a s s u m e d  t h a t  on  our  
t i m e  scale  (of t he  o rde r  of  seconds )  m o s t  of  t he  H a t o m s  
g e n e r a t e d  d i f fuse  in to  t he  fi lm a n d  t he  m e a s u r e d  de- 
f lec t ion  is t he  effect  of  s t ress  due  to a un i fo rm,  h o m o g e n e -  
ous  sol id so lu t ion  of  H in P d  ( d e n o m i n a t e d  PdHx). T he  va- 
l idi ty  of  th i s  a s s u m p t i o n  will be  d i s c u s s e d  later.  In  Fig. 2 
t h e  cycl ic  v o l t a m m o g r a m  of  s u c h  a P d  film e lec t rode  is 
s h o w n ,  t o g e t h e r  w i t h  t he  s i m u l t a n e o u s  m e a s u r e m e n t  of  
t h e  de f lec t ion  ang le  of  t he  p r o b e  laser  beam.  Two reac t ions  
are  o b s e r v e d  on  t he  ca thod i c  scan:  r eac t ion  A, a s soc ia t ed  
w i t h  t he  r e d u c t i o n  of  02 d i s so lved  in t he  (a i r -sa tura ted)  
e lec t ro ly te ,  a n d  w i th  no  effect  on  t he  laser  b e a m  de- 
f lect ion;  a n d  r eac t ion  B, t h a t  we could  t en t a t i ve ly  wr i te  as 

P d  + x H  § + x e -  ----> PdHx [1] 

w h i c h  is a c c o m p a n i e d  b y  a s izable  def lec t ion  i n d i c a t i n g  in- 
c r ea s ing  c o m p r e s s i v e  s t ress  in to  t he  fi lm as t he  r eac t i on  
p roceeds .  B y  conven t i on ,  th i s  k i n d  of  def lec t ion  will  b e  
m e a s u r e d  w i t h  nega t ive  angles ,  wh i l e  for t he  def lec t ion  as- 
soc ia ted  w i t h  i n c r e a s i n g  tens i l e  s t ress  pos i t ive  ang les  wil l  
b e  used.  On  t he  r eve r se  scan,  t he  po ten t i a l  of  m a x i m u m  
def lec t ion  ha s  b e e n  m a r k e d  in  Fig. 2 w i t h  an  arrow,  a n d  
c o r r e s p o n d s  to t he  p o i n t  of  zero c u r r e n t  in  t he  v o l t a m m o -  
gram.  Fo l lowing  t he  s t r i p p i n g  reac t ion  of  H + ( the  r eve r se  
of  Eq.  [1]) b o t h  t he  c u r r e n t  a n d  t he  def lec t ion  ang le  go b a c k  
to t h e i r  in i t ia l  value,  and  t he  cycle  c an  b e  r ep r oduced .  In  
Fig. 3 t h e  def lec t ion  ang les  are s h o w n  as a f u n c t i o n  of  t ime,  
w h e n  ga lvanos t a t i c  e x p e r i m e n t s  are  s t a r t ed  w i t h  a s imi la r  
P d  e l ec t rode  in  t he  s a m e  e lec t ro ly te  at  t i m e  t = 0. W h e n  t he  
de f lec t ion  ang les  are p lo t t ed  as a f unc t i on  of  cha rge  ( inse t  
of  Fig. 3), on ly  t he  r e su l t s  o b t a i n e d  w i th  the  h i g h e r  cur-  
r e n t s  dens i t i e s  are  ve ry  close to each  other .  Th i s  c an  be  ex- 
p l a ined  as if  t h e s e  c u r r e n t s  were  la rger  t h a n  t he  l imi t ing  
c u r r e n t  of  02 r e d u c t i o n  u n d e r  na t u r a l  c o n v e c t i o n  (no stir- 
r ing)  of  t he  e lectrolyte .  With  IJI sma l l e r  t h a n  50 ~tA/cm 2, 
ins tead ,  a c o n s i d e r a b l e  f rac t ion  of  the  c h a r g e  p a s s e d  
s h o u l d  t he r e fo re  be  a s soc ia t ed  w i th  t h e  o x y g e n  r e d u c t i o n  
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Fig. 2. Cyclic voltammogram (upper curve) and simultaneous vario- 

tion of the deflection angle AO (lower curve) with a thin Pd film elec- 
trode in air saturated Na2S04 electrolyte. 

r eac t ion  and  no t  w i t h  t he  h y d r o g e n  genera t ion .  The  exper -  
i m e n t  w i th  J = - 6 6  ~A/cm 2 shows  also at  t = 55s t he  effect  
of  s t o p p i n g  t he  ga lvanos ta t i c  e x p e r i m e n t  on  t he  def lec t ion  
angle ,  w h e r e  t he  re lease  of  s t ress  sugges t s  a s p o n t a n e o u s  
d i f fus ion  of  h y d r o g e n  ou t  of  the  film. This  ef fec t  was  on ly  
o b s e r v e d  in a i r - sa tu ra ted  e lect rolytes .  The  e x p e r i m e n t  
w i t h  J = - 5 5  ~A/cm 2 ha s  b e e n  p r o l o n g e d  till  t h e  des t ruc-  
t i on  of  t he  s p e c i m e n  w h i c h  o c c u r r e d  due  to t he  pee l ing  of  
t h e  f i lm f rom its subs t ra te .  
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Fig. 3. Time dependence of the deflection angle AO during galvano- 
static experiments with a Pd film electrode. Electrolyte as in Fig. 2. 
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In  order  to avoid the reduc t ion  of  O~, that  has no effect  
on the  stress in the th in  film electrode,  we have  saturated 
the  cell  e lectrolyte  wi th  n i t rogen and repeated  a series of  
galvanosta t ic  exper iments .  The  results  in Fig. 4 show that  
the  deflect ion angles  are larger than those  in the  experi-  
men t s  in Fig. 3, and that  there  is a single l inear  re la t ionship  
be tween  deflect ion angles and charge (inset of Fig. 4), re- 
gardless of  the current  density.  In  the  expe r imen t  wi th  
J = - 4 7  ~A/cm 2 two points  can be marked  on the  curve:  A 
is the  propor t ional i ty  limit,  be low which  the  deflect ion is 
l inearly propor t ional  to the  charge, and B is the  rup ture  
point,  where  the  peel ing of  the  film begins  to occur.  The  re- 
sults  shown in Fig. 4 have  been  r ep roduced  with  o ther  Pd  
thin  film specimens.  Nb  thin film electrodes  have  also 
been  invest igated under  similar  exper imenta l  condit ions,  
and a l inear relat ionship (with different  slope) has been  ob- 
served be tween  deflect ion angle  and charge as well. 

Anodic oxidation of thin metal films.--Stresses in anodic 
films (18) arise because  of  the  d i sp lacement  of  meta l  and 
oxygen  ions dur ing  anodization,  because  of  the changes  in 
v o l u m e  and in porosi ty  of  the surface layer (15), and also as 
a consequence  of  the high electr ic  field (electrostriction). 
We have  invest igated the stress in the anodic  oxides  pro- 
duced  by cyclic vo l t ammet ry  in the  potent ia l  range up to 
10V on thin Nb and Ti films. The laser beam deflect ion dur- 
ing the  anodizat ion of a n iob ium film (Fig. 5, curve  1) indi- 
cates tensi le  stress which  develops  already in the potent ia l  
region be tween  1 and 3V (corresponding to ox ide  film 
th ickness  of  about  5 nm), and only on the  first cycle. Sub-  
sequen t  cycles (Fig. 5, curve  2), even  w h e n  ex tended  to 
h igher  potent ia ls  (Fig. 5, curve  3), do not  change  the  de- 
f lect ion deve loped  be low 3V, apart  f rom a small  decrease  
of  the  deflect ion angle observed  wi th  the  vol tage applied,  
which  can be exp la ined  as compress ive  electrostr ict ion.  
This  field effect  is only - 3  • 10 -5 rad at 10V, compared  to 
+ 1.8 x 10 ~4 rad deve loped  on the first anodic  vol tammetry .  

The  results  obtained with  a Ti thin film elect rode again 
indicate  that  tensi le  stress develops  only dur ing the first 
cycle (Fig. 6, curve  1), but  point  out  (Fig. 6, curve  3) a m u c h  
larger compress ive  effect due to the electr ic  field 
(-1.4 • 10 -4 rad at 10V). It  should also be not iced  that  we 
always observed  larger and increas ing currents  dur ing the  
first anodic  potent ia l  sweep on Ti film elect rodes  than on 
Nb. This  could  be due  to the  oxygen  side react ion on Ti or 
to the  t ranspass ivi ty  and instabil i ty of its oxide. As a re- 
sult, the  tensi le  stress in the t i tan ium oxide  requires  h igher  
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Fig. 4. Time dependence of the deflection angle A0 during galvano- 
static experiments with a Pd film electrode in Nrsaturated Na2SO4 
electrolyte. 
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Fig. 5. Cyclic voltammograms (upper curves) and simultaneous varia- 
tion of the deflection angle A0 (lower curves) with a Nb film electrode 
in H2SO4 electrolyte. 

voltages and/or  more  t ime to fully deve lop  than the  one in 
the  n iob ium oxide  films. Only dur ing the  second and sub- 
sequen t  vo l t ammet r i c  cycles wi th  Ti film e lec t rodes  one  
can observe  in the  deflect ion angles  the  character is t ic  be- 
havior  of  a stabil ized oxide,  i.e., an angular  decrease  as a 
func t ion  of increas ing appl ied voltage. 

D i s c u s s i o n  

In  the  so-called bend ing  beam method,  the  measure-  
men t s  of  stress require  that  the substrate  is at least  five 
t imes  longer  than it is broad and the sensi t ivi ty depends  
on the  detect ion sys tem used  to observe  the  d i sp lacement  
of  one end of  the spec imen  while  the  o ther  is c l amped  (18). 
The  detec t ion  sys tem used in the  present  paper  a l lowed 
the  m e a s u r e m e n t  of  a m i n i m u m  deflect ion angle  of  the  
p robe  laser beam of 5 • 10 -6 rad, that  cor responds  to a 
m o v e m e n t  of  5 • 10 -~ m m  of the  free end of  a 20 m m  long 
electrode.  Such  a small  d i sp lacement  could not  be meas-  
ured by any of  the  optical  sys tems descr ibed  so far based 
on the  visual  observat ion of  the free lower  end of  the elec- 
t rode  dur ing  an e lec t rochemica l  react ion (2, 8, 16), and 
could  be de tec ted  optical ly only by an in ter ferometr ic  
method .  Fur thermore ,  the  m a x i m u m  sensi t ivi ty  of  the  
p resen t  t echn ique  could still be enhanced,  s ince it has 
been  p roven  that  m u c h  smaller  laser beam deflect ion an- 

' ' ' ' l ' ' l , I i , , gles can be detected in mirage experiments with a similar 
. . ~ optical  setup (21). 

/ ~ I The  formula  we  used  for calcula t ing stress in t e rms  of  
r 

~ ,  -15ram, r I the  radius of curva ture  R of the  substrate  has been  der ived  
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Fig. 6. Cyclic voltammograms (upper curves) and simultaneous varia- 
tion of the deflection angle AO (lower curves) with a Ti film electrode in 
H2504 electrolyte. 
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E t 2 1 s 
- - -  w i th  R = - -  [2] 

6 ( 1 - v )  tf R A0 

w h e r e  E is t he  s u b s t r a t e  Y o u n g ' s  m o d u l u s ,  t a n d  tf t he  sub-  
s t r a t e  a n d  f i lm t h i c k n e s s ,  respec t ive ly ,  s t he  l e n g t h  of  t he  
s a m p l e  (in our  case,  t he  d i s t ance  b e t w e e n  t he  lase r  b e a m  
spo t  on  t he  e lec t rode  a n d  t he  e lec t ro ly te  m e n i s c u s )  a n d  A0 
t h e  m e a s u r e d  deflect ion.  I f  t he  fi lm u n d e r  s t u d y  is a l r eady  
s t ressed ,  p r io r  to  the  e l ec t rochemica l  reac t ion ,  Eq. [2] g ives  
t h e  s t ress  va r i a t i on  due  to the  r eac t ion  only. Fo r  abso lu t e  
s t ress  d e t e r m i n a t i o n ,  one  s h o u l d  m e a s u r e  first  t he  r ad ius  
of  c u r v a t u r e  of  t he  s u b s t r a t e  a lone  R1, t h e n  t he  r ad ius  of  
c u r v a t u r e  R2 of  t he  s u b s t r a t e  w i t h  film. T he  abso lu t e  s t ress  
in  t he  t h i n  fi lm can  t he r e fo re  be  ca lcu la ted  as fol lows (26) 

. . . . . .  [ 3 ]  
6 ( 1 -  v) tr 

S i n c e  the  d i s c u s s i o n  of  our  resu l t s  will  be  r e s t r i c t ed  to t he  
ana lys i s  of  s t ress  va r i a t i ons  due  to t he  e l e c t r ochem i ca l  re- 
ac t ions ,  we  shal l  on ly  use  Eq. [2] in  t he  fol lowing.  

T h e  re su l t s  s h o w n  in t he  Fig. 2-4 can  b e  e x p l a i n e d  in 
t e r m s  of  a c o m p r e s s i v e  s t ress  a s soc ia t ed  w i t h  a v o l u m e  in- 
c rease  of  t he  t h i n  m e t a l  fi lm d u r i n g  t he  ca thod ic  r e d u c t i o n  
r eac t i on  of  t he  p r o t o n s  of  t he  e lec t ro ly te  (Eq. [1]). T he  lat- 
t ice  e x p a n s i o n  h a s  b e e n  s t ud i ed  in deta i l  for severa l  b u l k  
m e t a l - h y d r o g e n  sy s t em s  (27), a n d  t he  re la t ive  v o l u m e  
c h a n g e  (AV/12) pe r  u n i t  c o n c e n t r a t i o n  of  H in P d  has  b e e n  
f o u n d  to be  0.19. Fo r  a P d  m e t a l  in  t he  fo rm of  a l ong  ba r  
t h a t  ha s  b o t h  e n d s  b locked ,  one  can  t he r e fo re  ca lcu la te  t he  
s t r e s s  pe r  u n i t  c o n c e n t r a t i o n  of  H in t he  s imp le  way  

Em AL E m 1 AV 
~r - - - 1.22 • 10 I~ N / m 2 [4] 

1- -~m L 1 - - V m 3  12 

t a k i n g  Em = 1.17 • 1011 N / m  2 a n d  vm = 0.39 (28), w h e r e  t he  
s u b s c r i p t  m ind ica tes  metal .  We c o m p a r e  th i s  ca lcu la ted  
v a l u e  w i th  t he  e x p e r i m e n t a l  s t ress  de r ived  f rom Fig. 4 b y  
m e a n s  of  Eq. [2]. Th i s  c o m p a r i s o n  is pos s ib l e  on ly  if  t he  
l i nea r  e x p a n s i o n  of  t he  fi lm a t t a c h e d  to t he  glass  s u b s t r a t e  
is ve ry  small .  Th i s  is i n d e e d  t h e  case  here ,  b e c a u s e  t he  fi lm 
e x p a n s i o n  d u e  to t he  b e n d i n g  of  t he  glass  s u b s t r a t e  is on ly  
0.4% of  t h a t  of  a free u n s u p p o r t e d  me ta l  ba r  of  t he  s ame  
l e n g t h  c h a r g e d  w i t h  t h e  s a m e  H concen t r a t i on .  F r o m  the  
s lope  of  t he  s t r a igh t  l ine  in  t h e  i n se t  of  Fig. 4 (5.73 • 10 -5 
r ad  m2/C), a n d  t a k i n g  for t he  glass  s u b s t r a t e  t he  fo l lowing  
c o n s t a n t s  E = 7.0 • 10 TM N/m 2, v = 0.22, t = 1.5 • 10-4m, t he  
s t ress  a f te r  pas s ing  a c h a r g e  of  1 C/m 2 in a 0.1 ~ m  t h i c k  P d  
film is 1.29 • 107 N /m 2. S ince  f rom F a r a d a y ' s  l aw one  n e e d s  
1.088 • 103 C/m 2 to get  a un i t  c o n c e n t r a t i o n  of  H in  a 0.1 ~ m  
t h i c k  P d  f i lm ( a s s u m i n g  no  evo lu t ion  of  gaseous  H2 at  t he  
P d  electrode) ,  t h e  e x p e r i m e n t a l  s t ress  pe r  u n i t  concen t r a -  
t ion  of  H in P d  f rom t he  resu l t s  in  Fig. 4 is t h e n  1.40 • 10 ~~ 
N /m 2 (i.e., w i t h i n  15% of  t he  ca lcu la ted  value).  T he  agree-  
m e n t  b e t w e e n  e x p e r i m e n t a l  a n d  ca lcu la ted  va lues  of  t h e  
s t ress  is b e t t e r  i f  we t ake  t he  ave rage  va lue  of  s ix t een  
m e a s u r e m e n t s  on  five d i f fe ren t  P d  s p e c i m e n s  (all in  N2 
s a t u r a t e d  electrolytes) ,  w h i c h  is (1.12 • 0.7) • 107 N/m 2 
a f te r  p a s s i n g  a c h a r g e  of  1 C/m 2. T he  re su l t s  of  t he  exper i -  
m e n t s  in  a i r - sa tu ra ted  e lec t ro ly tes  (Fig. 2 a n d  3) c a n n o t  b e  
c o m p a r e d  w i t h  t he  f o r m e r  ones  b e c a u s e  in  th i s  case  Fara-  
day ' s  l aw c a n n o t  b e  app l i ed  u n l e s s  t he  exac t  fa radaic  effi- 
c i e n c y  of  t h e  r eac t i on  in  Eq. [1] is k n o w n .  T h e  l inea r  b e h a v -  
ior  s h o w n  b y  t he  def lec t ion  e x p e r i m e n t s  l ike  t he  ones  in  
Fig. 4 a n d  t he  a g r e e m e n t  f o u n d  a b o v e  b e t w e e n  e x p e r i m e n -  
ta l  a n d  ca lcu la ted  s t ress  in  t h e  t h i n  fi lm PdHx e lec t rodes  
s u p p o r t  t he  fo l lowing  conc lus ions :  

1. The  a s s u m p t i o n  of  u n i f o r m  d i s t r i b u t i o n  of  H in  t he  
PdH= film d u r i n g  our  e x p e r i m e n t s  a p p e a r s  jus t i f ied.  

2. T h e  a m o u n t  of  gaseous  H2 evo lved  at  t h e  PdH~ fi lm 
e l ec t rode  is neg l ig ib le  for  sma l l  c u r r e n t  dens i t i e s  (be low 
70 ~A/cm2), s ince  m o s t  of  t he  H a t o m s  g e n e r a t e d  we re  ob- 
s e r v e d  to d i f fuse  in to  t he  fi lm c o n t r i b u t i n g  to t he  meas -  
u r e d  stress.  

3. The  m e c h a n i c a l  p r o p e r t i e s  of  t he  t h i n  f i lms of  P d  de-  
s c r i b e d  in  th i s  w o r k  s e e m  to b e  ve ry  s imi la r  to  t h o s e  of  t he  
b u l k  m e t a l  mater ia l .  

4. The  c o m p r e s s i v e  s t ress  in  t he  t h i n  PdHx fi lms can  b e  
m e a s u r e d  in si tu b y  m e a n s  of  t h e  def lec t ion  ang le  of  a l ase r  
b e a m  a n d  is in  a g r e e m e n t  w i th  the  la t t ice  s t r a in  model .  
T h e  s t ress  is l inear ly  p ropo r t i ona l  to t he  H c o n c e n t r a t i o n  
x, a n d  is r eve r s ib l e  if  t he  e las t ic i ty  l imi t  of  t he  s p e c i m e n  is 
no t  exceeded .  With  th i s  respect ,  t h e  p ropor t i ona l i t y  l imi t  
(x = 3%) a n d  t h e  r u p t u r e  p o i n t  (x = 4%) a p p e a r  to be  
m a i n l y  d e t e r m i n e d  in our  case  by  t he  a d h e s i o n  b e t w e e n  
s u b s t r a t e  a n d  film, r a t h e r  t h a n  b y  the  m e c h a n i c a l  p roper -  
t ies  of  t he  fi lm itself. 

A c o m p l e t e l y  d i f fe ren t  phys i ca l  p h e n o m e n a  is t he  one  
r e l a t ed  to t h e  e x p e r i m e n t s  d e s c r i b e d  in  Fig. 5 a n d  6. As  
a l ready  p o i n t e d  out  in  t he  f o r m e r  sect ion,  t h e  g r o w t h  of  a 
s e c o n d  layer  ( the anod ic  oxide)  on  top  of  t he  me ta l  fi lm 
genera tes ,  first, a t ens i l e  s tress,  w h i c h  is p e r m a n e n t  a n d  
non reve r s ib l e ,  a n d  second,  a c o m p r e s s i v e  s t ress  (electro- 
s t r ic t ion) ,  w h i c h  is on ly  due  to t he  e lect r ic  field a n d  is 
t he r e fo re  revers ib le .  Fo r  mu l t i l aye r  film s t r u c t u r e s  t he  
s i m p l e  m o d e l  f rom w h i c h  Eq. [2] was  de r ived  w o u l d  no t  be  
correct ,  b u t  still  cou ld  be  u sed  to ca lcu la te  t he  s t ress  varia-  
t ions  d u e  to t h e  e lectr ic  field forces,  b e c a u s e  t he se  app ly  
on ly  to t he  ou t e r  d ie lect r ic  layer,  t he i r  ne t  effect  b e i n g  to 
squeeze  t he  ox ide  fi lm w i t h o u t  app ly ing  any  s t ress  on  t he  
u n d e r l y i n g  glass + m e t a l  fi lm s t ruc ture .  U s i n g  t he  g r o w t h  
law for  d e t e r m i n i n g  t he  ox ide  film t h i c k n e s s  (2.1 n m / V  for  
Nb~O5 a n d  2.0 n m / V  for  TiO2) and  t a k i n g  t h e  s a m e  glass  
s u b s t r a t e  coeff ic ients  as above ,  one  can  d e d u c e  f rom t h e  
def lec t ion  angles  in  Fig. 5 a n d  6, b e i n g  s = 13 ram,  a com- 
p ress ive  e lec t ros t r i c t ion  at  10V of  3,7 • 107 N /m 2 for  t he  ni- 
o b i u m  ox ide  a n d  1.9 • 108 N/m 2 for  t he  t i t a n i u m  oxide.  
T h e s e  e x p e r i m e n t a l  va lues  can  be  c o m p a r e d  w i t h  t he  
s t ress  in  the  ox ide  layer  ca lcu la ted  b y  the  a t t r ac t ion  of  two 
oppos i t e ly  cha rged  p la tes  of a s imp le  para l le l  p la te  capaci-  
tor,  w h e r e  t he  u n d e r l y i n g  m e t a l  layer  is one  e l ec t rode  a n d  
t he  e lec t ro ly te  is t he  other .  This  r e su l t i ng  s t ress  is (19) 

I v ~oV 2 
: - -  �9 [5] 

w h e r e  to is t he  pe rmi t t i v i t y  of  f ree  space,  e t he  re la t ive  per-  
mi t t i v i ty  of  Nb20~ (40) a n d  of  TiO2 (100), a n d  V the  app l i ed  
vo l t age  (10V). The  ca lcu la ted  va lues  of  th i s  s t ress  are 
2.7 • 107 and  7.4 • 107 N/m 2, for  t he  n i o b i u m  oxide  a n d  ti- 
t a n i u m  ox ide  fi lm 21 a n d  20 n m  th ick ,  respect ive ly .  The  
a g r e e m e n t  b e t w e e n  t he  e x p e r i m e n t a l  a n d  ca lcu la ted  s t ress  
is b e t t e r  for Nb205 t h a n  for  TiO2. The  la rger  e lec t ros t r i c t ive  
ef fec t  m e a s u r e d  for  TiO2 is re la ted  to i ts h i g h e r  pe rmi t t i v -  
ity, b u t  i t  is d o u b t f u l  w h e t h e r  i t  is cor rec t  to  cons ide r  t he  
re la t ive  pe rmi t t i v i t y  of  t h i n  anod ic  layers  t he  s a m e  as t h a t  
of  b u l k  me ta l  oxides ,  as d o n e  in t he  p r e s e n t  ca lcu la t ions ,  
a n d  no t  to  t ake  in to  a c c o u n t  t he  s t ress  d e p e n d e n c e  of  t he  
p e r m i t t i v i t y  (13). Di f fe ren t  va lues  of  e h a v e  b e e n  t a k e n  in 
t h e  l i t e ra tu re  for e x p l a i n i n g  i m p e d a n c e  a n d  e l l ipsomet r i -  
cal m e a s u r e m e n t s  on  t h i n  fi lms of  TiO2 (29) and  Nb205 (30), 
b u t  t h e s e  va lues  too were  g iven  w i t h  c o n s i d e r a b l e  uncer -  
ta inty .  L i t e r a t u r e  da ta  r epo r t  e lec t ros t r i c t ive  s t resses  
m e a s u r e d  e x p e r i m e n t a l l y  of  2 • 107 N/m ~ in Nb205 (8) a n d  
b e t w e e n  1 • 108 N/m 2 (8) a n d  2 • 10 TM N/m 2 (16) in  TiO2 
( thus  s imi la r  to our  results) ,  t h e  la t ter  b e i n g  h o w e v e r  a 
f u n c t i o n  of  t he  anod iz ing  t i m e  at  f ixed app l i ed  vol tage.  

Final ly ,  we  d i scuss  br ief ly  the  t ens i l e  s t ress  o b s e r v e d  
d u r i n g  t he  first anod iza t ion  cycle  of  the  t h i n  m e t a l  elec- 
t rode .  This  is a sa l i en t  fea tu re  a l ready  o b s e r v e d  e l s e w h e r e  
for  all anod ic  ox ides  at  sma l l  fi lm t h i c k n e s s e s  (8), a n d  ex- 
p l a ined  as due  to p rogres s ive  fi lm dehyd ra t i on ,  b u t  i ts  
m a g n i t u d e  is o f ten  d e p e n d e n t  u p o n  t he  anod iz ing  condi-  
t ions .  Our  e x p e r i m e n t s  a l low one  to fol low c o n t i n u o u s l y  
t he  b u i l d u p  of  th i s  t ens i l e  s t ress  in  t ime,  a n d  the re fo re  
s h o w  t h a t  a s t eady-s ta te  va lue  of  t e n s i o n  is a t t a ined  m u c h  
ear l ier  in  Nb2Os t h a n  in  TiO2, in  a g r e e m e n t  w i t h  t he  previ-  
ous  r epo r t s  of  ins t ab i l i ty  of  t i t a n i u m  ox ide  f i lms (29, 16). 
O t h e r  a u t h o r s  also r e p o r t e d  open-c i rcu i t  t ens i l e  s t ress  to 
b e  a f u n c t i o n  of  the  c o m p o s i t i o n  of  t he  e lec t ro ly te  in  w h i c h  
t h e  t i t a n i u m  ox ide  is g r o w n  as wel l  as of  t he  m e t a l  sur face  
p r e p a r a t i o n  (12). Unfo r tuna t e ly ,  for t he  sake  of  compar i -  
son,  ana logous  e x p e r i m e n t s  on  the  anod ic  ox ides  of  nio- 
b i u m  were  no t  r epo r t ed  in t he  l i te ra ture ,  to  t he  be s t  of  ou r  
knowledge .  In  v iew of  t he  d y n a m i c  c o n d i t i o n s  in  w h i c h  
ou r  def lec t ion  e x p e r i m e n t s  were  pe r fo rmed ,  a n d  of  t he  
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lack of a more complete model for stress derivation in mul- 
tilayer film structures, no attempt was made here to calcu- 
late quantitatively the tensile stress observed during the 
first anodization cycles of our Nb and Ti film electrodes. 
We believe, however, that the results of such laser beam 
deflection experiments can be useful for comparing the 
growth process of different anodic oxides and could be 
easily extended to the study in situ of a variety of anodiz- 
ing conditions of the same metal electrode. 

Conclusions 
In this work measurements of stress variations in thin 

film electrodes have been performed in situ with a new 
electro-optic technique based on the bending beam 
method already developed by Stoney (2). This technique is 
fast and almost as sensitive as an interferometric tech- 
nique, but  it is simpler and requires cheaper components. 
With this technique we have studied the stress depend- 
ence on the hydrogen concentration x in PdH~ thin films in 
the range 0.001 < x < 0.04 and found a very good agree- 
ment  with the stress expected in a bulk PdHx metal 
sample from the lattice strain model. The increase in com- 
pressive stress in the thin film can be determined precisely 
knowing the charge of the cathodic reaction, provided care 
is taken to avoid side reactions, a low reaction rate is kept, 
and the proportionality and rupture point of the film are 
not exceeded. The anodic oxidation of thin valve metal 
films (Nb and Ti) has also been studied here with this new 
technique, and the compressive stress due to the applica- 
tion of an electric field across the anodic films (electrostric- 
tion) has been analyzed. The measured electrostriction for 
NbzO5 is in reasonable agreement with the calculated elec- 
trostriction and with literature data; for TiO2 the measured 
electrostriction is larger than the electrostriction calcu- 
lated taking into account the known permittivity of bulk 
t i tanium dioxide. Tensile stress has also been observed to 
develop during the first anodic potential excursion of both 
Nb and Ti thin film electrodes, but  no conclusive expla- 
nation has been found for this effect yet. The technique re- 
ported here can easily be extended to the analysis of elec- 
trochemical reaction at thin metal foils, provided one side 
of the foil is lacquered and a small size optical mirror is at- 
tached to its lower end. The use of various substrate mate- 
rials with different mechanical and thermal properties 
may result in higher sensitivity and in various applications 
of this technique. Further work is in progress and new re- 
sults will be reported elsewhere. 
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