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Spectroscopic Photoresponse of the Passive Film Formed on Iron 

Kazuhisa Azumi, Toshiaki Ohtsuka, and Norio Sato* 

F a c u l t y  o f  E n g i n e e r i n g ,  H o k k a i d o  U n i v e r s i t y ,  S a p p o r o ,  J a p a n  

ABSTRACT 

Spectroscopic photoresponse of the passive film formed on iron in neutral borate solution was studied. The spec- 
troscopic three parameter reflectometry and the photoelectrochemical  technique were employed to obtain the spectra 
of absorption coefficient and photocurrent. From these spectra, a conversion efficiency, ~, from the flux of photons 
absorbed in the film to the photocurrent  was calculated as a function of photon energy. The result shows that the 
photoexcitation process of electron-hole-pair formation includes two transition mechanisms; a direct allowed transition 
and an indirect allowed transition. The direct transition, which occurs in the photon energy higher than 2.6 eV, is attrib- 
uted to the excitation between the valence (O-2p) and the conduction (Fe-3d) bands of iron oxide, whereas the indirect 
transition, which occurs in the photon energy higher than 0.8 eV, is associated with electronic levels of impurities or d-d 
transition in the passive film. The max imum value of V observed at a photon energy of 3.1 eV is about 20%, and this 
high efficiency suggests that the high electric field exists in the passive film of iron. 

Passivity of metals has been studied intensively for its 

industrial importance. Particularly, the electronic prop- 

erty of the passive film on metals has been investigated 

in recent years by means of optical spectroscopic tech- 

niques. Oshe e t  a l .  (1) measured the photovoltage and 

Whilhelm e t  a l .  (2) and St imming (3) measured the photo- 

current to examine the semiconductive property of the 

passive film on iron. These authors have found from 

their studies that the passive film on iron is a semicon- 

ductor of n-type. Recently, Cahan e t  a l .  (4) employed 

spectroscopic ellipsometry to measure the optical con- 
stant of the passive film formed on iron to reveal the 

electronic energy band structure of the film. There have 

also been a number  of studies on the optical and electro- 
chemical properties of iron oxides and oxide-covered iron 

electrodes in relation to the solar energy conversion cells, 

which require semiconductor  electrodes possessing a 

suitable bandgap energy and corrosion resistance (5-7). 

In this paper, we measure the spectroscopic photo- 

induced current of the passive film and discuss the 

photoinduced current conversion efficiency of the ab- 

sorbed light. From the spectra of the conversion 

efficiency and of the optical constant, we suggest a band 
structure of the passive film. 

Experimental 
The iron electrode was prepared from a plate of  

Ferrvac-E iron of 99.99% purity. The exposed area of the 

electrode to the solution was c a .  0.8 cm'-' for three parame- 

ter (3P) reflectometry and c a .  0.2 cm ~ for photocurrent 

measurement. One side of the electrode was polished 

finally with 0.05 /zm alumina abrasive and washed in 

ethyl alcohol by using an ultrasonic cleaner. 
The solution was a mixture of 0.30 mol �9 dm -3 H3BO4 

and 0.075 tool � 9  -~ Na2B407 prepared from doubly dis- 
tilled water and reagents of analytical grade, which were 

deaerated before use with purified nitrogen gas. All the 
experiments were performed at a constant temperature of 
298 -+1 K. 

The counterelectrode was a platinum plate, and the ref- 

erence electrode was a saturated calomel electrode (SCE). 

The electrode potential scale in this work is based on the 

reversible hydrogen electrode potential at the same solu- 
tion (RHE). 

The theoretical background and the equipment  of the 

3P-reflectometry have been~ described in previous papers 

(8-10). The equipment  essentially consisted of a 
P(polarizer)-S(samp]e)-A(analyzer) configuration. In this 
technique, the relative reflectivity changes of the polar- 

ized light reflected at the specimen surface, (hR/R), were 

measured between the film-free and the film-covered 
surfaces at three polarization states of light to obtain the 
three measurable parameters. 

(ARJR) = (I o - I ) / I  o 

*Electrochemical Society Active Member. 

[i] 

where I is the intensity of the reflection light at the film- 

covered surface and I ~ at the film-free surface. The first 

two (Z~R]R) values correspond to the reflectivity changes 

for p- and s-polarized lights. For the measurement  of 

these (hR/R) values the azimuth of A is fixed at 0 ~ and 90 ~ 

respectively, for p- and s-components. For  the measure- 

ment  of an additional (AR/R)  the azimuth of P and A are 

fixed at angles not equal to 0 ~ 90 ~ 180 ~ and 270 ~ and  the 

resulting ( h R I R )  becomes a function of change in the 

phase difference between p- and s-polarized lights. These 

independent  measurable three (hR]R) values can be used 

to evaluate three optical unknowns of the passive 
film, complex refractive index N~ = n2 - ik2 and thick- 

ness d. Complex refractive index N~ = n3 - ik~ of the sub- 

strate was estimated from the rotating analyzer 

ellipsometry technique for the film-free surface at each 

measurement  wavelength (I0). Measurements were con- 

ducted by using monochromatic light in the wavelength 

range between 340 and 660 nm at the incident angle of 
55.07 ~ . 

The equipment  of the photocurrent  measurements  is 

shown in Fig. 1. The light source of a 450W xenon lamp 

and optical bandpass  filters were used to obtain 25 sets of 
m o n o c h r o m a t i c  l ight  in the wave leng th  range f rom 276 

to 823 nm. The light beam was periodically chopped (f 

= 830 Hz) and focused onto the electrode surface in the 

electrochemical cell through an optical glass window at 

normal incidence. A lock in amplifier (NF Circuit Corpo- 

ration Model NI-574) was used to measure the photocur- 

rent. The absolute photon flux at each wavelength was 

checked with a radiometer (EG & G Corporation, Model 
58O). 

Experimental Result 
The complex refractive index N.2 = n.z - ik.~ of the 

passive film at each wavelength was calculated from the 
three (hR/R) values by assuming that the passive film is 

homogeneous and isotropic. The result is shown in Fig. 2, 

where the passive film was formed on iron by potentio- 

static lh  oxidation at 1.6V in pH 8.4 borate solution. The 

~otentiostat 
�9 r~ ,, C. EI. 

~' ChoDDer \ i  " " / ~ Si l icon\ 

Lamp Box Dark a Shield Box ~ x . E l ~ S u r f a c e /  

Fig. 1. Equipment for photocurrent measurements 
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Fig. 2. Photon energy dependence of the refractive index, n2, and 
the extinctive index, ks, measured by three parameter reflectometry 
of the passive film formed on iron at 1.6 VRn E in pH 8.4 borate solu- 
tion. Film thickness was 4.5 nm. 

t h i c k n e s s  of  t he  f i lm was 4.5 nm ,  w h i c h  was  s imul ta -  

n e o u s l y  ca l cu l a t ed  t o g e t h e r  w i th  t he  c o m p l e x  re f rac t ive  

i ndex .  Wi th  i n c r e a s i n g  p h o t o n  e n e r g y  (hv), t he  v a l u e  of n2 

i n c r e a s e s  f rom 2.4 at  hv = 1.9 eV to 2.65 at  h~ = 2.8 eV a n d  

t h e n  d e c r e a s e s  f rom 2.65 at  hv = 2.8 eV to 2.2 at  hv = 3.6 

eV. T h e  v a l u e  of  k2 i nc r ea se s  w i t h  p h o t o n  e n e r g y  f rom 0.2 

at  hr  = 1.8 eV to 1.1 at  hP = 3.6 eV. T h e  p e a k  v a l u e  of  n~ 

o b t a i n e d  at  2.8 eV inc reases  w i th  t he  f i lm f o r m a t i o n  po- 

t en t i a l  in  t h e  pa s s ive  region.  T h e  a n a l o g o u s  r e su l t  w i t h  

Fig. 2 h a s  p r e v i o u s l y  b e e n  r e p o r t e d  b y  C a h a n  et al. (4). 

P h o t o c u r r e n t  m e a s u r e m e n t s  we re  c o n d u c t e d  for t he  

i ron  pas s ive  f i lm f o r m e d  u n d e r  t he  s a m e  c o n d i t i o n  as 

t h a t  s h o w n  in  Fig. 2. The  re su l t  of  t h e  p h o t o c u r r e n t  is 

s h o w n  in  Fig. 3, w h e r e  p h o t o c u r r e n t  Ip for  u n i t  wa t t  is 

p lo t t ed  as a f u n c t i o n  of  p h o t o n  energy .  T h e  m a g n i t u d e  of  

p h o t o c u r r e n t s  m e a s u r e d  of  t h e  s p e c i m e n  e l ec t rode  was  in 

t he  o rde r  of/~A. In  Fig. 3, t he  i n s e t  i n d i c a t e s  t he  p h o t o c u r -  

r e n t  r e s p o n s e  m e a s u r e d  by  a m o n o c h r o m a t i c  l igh t  b e a m  

at  ~, = 486 n m  as a f u n c t i o n  of  a n o d i c  potent ia l .  T he  pho-  

t o c u r r e n t  is f o u n d  to h a v e  a m a x i m u m  va lue  nea r  t h e  po- 

t en t ia l  of  1.6V. F o r  t h e  spec t ro scop i c  r e s p o n s e  the  pho to -  

c u r r e n t  Ip i n c r e a s e s  w i t h  i n c r e a s i n g  p h o t o n  e n e r g y  in  t he  

e n e r g y  r eg ion  f rom 1.8 to 3.0 eV a n d  d e c r e a s e s  in  t he  re- 

g ion  h i g h e r  t h a n  3.5 eV, as  s h o w n  in  Fig. 3. 

Discussion 
F r o m  the  o b s e r v e d  va lue  of  k2, t h e  l i gh t  a b s o r p t i o n  

coeff ic ient  ~ of  t h e  fi lm can  b e  ca l cu l a t ed  b y  u s i n g  Eq.  

[2] 

2 a = 41rkJ X [2] 

w h e r e  ~, is t he  w a v e l e n g t h .  W h e n  t he  p h o t o n  e n e r g y  is 

c lose  to t he  b a n d g a p  energy,  a is k n o w n  to h a v e  t he  fol- 

l o w i n g  d e p e n d e n c e  on  t he  p h o t o n  e n e r g y  (5-7) 

a = (A/h~) (hv - Eg) ~ [3] 

w h e r e  A is a c o n s t a n t ,  h~ t he  p h o t o n  ene rgy ,  a n d  Eg t h e  

b a n d g a p  energy�9  I n  Eq.  [3], t he  p h o t o n  a b s o r p t i o n  p roce s s  

c o r r e s p o n d s  to t h e  d i r ec t  a l lowed  t r a n s i t i o n  w h e n  n = 1/2 
a n d  to t he  i n d i r e c t  a l lowed  t r a n s i t i o n  w h e n  n = 2. I f  hv 
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Fig. 3. Photon energy dependence of photocurrent (log I p / A  �9 W -])  
measured for the passive film formed on iron at 1.6 VRnE in pH 8.4 
borate solution. Photocurrent data was corrected to the value per unit 
light power at each wavelength. An inset in the figure shows the de- 
pendence of photocurrent measured by monochromatic light of 486 
nm on the film formation potential. 

> >  (hv - Eg) is a s s u m e d ,  Eq.  [3] c an  be  a p p r o x i m a t e d  to 

Eq. [4] 

~1/, = A '  (hv - Eg) [4] 

P h o t o n  e n e r g y  d e p e n d e n c e  of  b o t h  a2 a n d  a l  1~2 is s h o w n  

in  Fig. 4. F o r  t he  d i rec t  a l lowed  t r ans i t i on ,  a l i nea r  rela-  

t i o n s h i p  b e t w e e n  a 2 (n = 1/2) a n d  hv is s een  in  t h e  r e g i o n  

of  p h o t o n  e n e r g y  h i g h e r  t h a n  2.6 eV. F o r  t he  i n d i r e c t  al- 

l o w e d  t r ans i t i on ,  a l inea r  r e l a t i onsh ip  b e t w e e n  a ~s (n = 2) 

a n d  hP is s een  in  t he  r eg ion  of  p h o t o n  e n e r g y  lower  t h a n  

2.6 eV~ 
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Fig. 4. Light absorption coefficient spectra for the passive film formed 
on iron at 1.6VRnE in pH 8.4 borate solution, calculated from extinc- 
tire index k2 estimated by 3P-reflectometry. 
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Ext rapo la t ion  of the  straight  l ine of  ~ to the  zero poin t  

of  a in Fig. 4 al lows the bandgap  ene rgy  to be  es t imated  at 

2.6 eV. This va lue  of  bandgap  2.6 eV is fairly close to the  

values  repor ted  for ferric ox ide  and the  pass ive  film on 

iron (2, 6, 7). This bandgap  energy  was found  nei ther  to 

depend  on the  film format ion  potent ia l  nor  the solut ion 

pH. 

The s t ra ight  l ine of a ~ in the pho ton  energy  region 

lower  than 2.6 eV in Fig. 3 suggests  the pho toexc i t a t ion  

due  to the  indi rec t  transit ion.  F r o m  ext rapola t ion  of  this 

s traight  line, the  bandgap  of  this t ransi t ion was found to 
be about  0.8 eV, wh ich  appeared  to somewha t  depend  on 

the film format ion  condit ion.  

Convers ion  eff ic iency of the  inc ident  pho ton  to the  
pho tocu r ren t  in the  pass ive  film fo rmed  on iron was re- 

por ted  by Whi lhe lm et al. to be  on o rder  of  1 x 10 -4 (2). 

This va lue  of  the  convers ion  eff ic iency was obta ined  

f rom the ratio of  pho togene ra t ed  carrier  f low to the  inci- 

dent  photon,  which,  however ,  does  not  take  into account  

the  effects of  surface ref lect ion of  the  inc ident  light. 

F r o m  the  c o m p l e x  refract ive  index  and the  th ickness  of  

the  film, shown in Fig. 2, we can calculate  us ing  the  

Drude ' s  and Fresne l l ' s  equa t ions  at r~ormal inc idence  

what  a m o u n t  of  pho ton  is absorbed  by the  film in the  to- 

tal inc ident  pho ton  flux. Fur ther ,  if  we as sume  the  car- 

r ier  genera t ion  eff iciency to be 100%, the  theore t ica l  pho- 
tocur ren t  can be  derived.  F r o m  the  theoret ica l  

photocur ren t ,  Ip (theo), and measu red  photocur ren t ,  Ip 

(meas), as shown in Fig. 3, the  " rea l"  convers ion  

efficiency, ~?, can  be calculated 

V = I ,  (meas)lI,  (theo) [5] 

F igure  5 shows the  convers ion  eff iciency ~ against  pho- 

ton  energy.  The  convers ion  eff iciency ~? is seen to be  

smal ler  than  0.05 in the  region of  pho ton  energy  lower  

than 2.6 eV and increases  s teeply wi th  pho ton  energy  
reaching  0.2 at 3.0 eV. The  resul t  in Fig. 5 means  that  in 

the  h igher  pho ton  energy  region,  80% of the  carriers gen- 

era ted by pho ton  exc i ta t ion  r ecombines  wi th  the major i ty  
carriers, whi le  in the  lower  pho ton  energy  region, a lmost  

all the  carriers genera ted  by pho ton  are annihi la ted  by re- 

combinat ion .  
F r o m  the  resul ts  shown in Fig. 4 on the  absorp t ion  pro- 

cesses and the  resul ts  in Fig. 5 on the  convers ion  effi- 

ciency, it fol lows that  the low va lue  of  ~ in the  region of  

pho ton  energy  lower  than  2.6 eV cor responds  to the  indi- 
rect  t ransi t ion process.  Thus,  it is l ikely  that  the  indi rec t  

t ransi t ion scarcely genera tes  the  mobi le  carriers or  that  

the  r ecombina t ion  after exc i ta t ion  of  e lect ron-hole  pairs 

genera ted  by the  indi rec t  t ransi t ion is ve ry  fast. This indi- 

rect  t ransi t ion process  may  be  associa ted  wi th  the elec- 

t ron t ransi t ion due  to localized impur i ty  levels  in the  
pass ive  film or wi th  the  d-d t ransi t ion levels  of i ron oxide  

which  has been  found to have  an absorp t ion  peak at 2.4 
eV (11, 12). 

The  h igher  va lue  ~? in the pho ton  energy  region exceed-  

ing 2.6 eV can be a t t r ibuted  to the exc i ta t ion  be tween  the  

va lence  (O-2p) and  the  conduc t ion  (Fe-3d) bands  of i ron 

ox ide  which  has been  found  to have  an absorpt ion  peak  
at 3.2 eV (11, 12). U n d e r  the  condi t ion  at E = 1.6V and at 2~ 

= 400 n m  (h, = 3.1 eV), for example ,  11% of  the  pho ton  in- 

c ident  to the  e lec t rode  surface is absorbed,  and 20% of  the  
absorbed  pho ton  cont r ibutes  to the  photocur ren t .  This 

h igh  va lue  of  ~ unde r  the  anodic  bias condi t ion  means  

that  1/5 of the  total  holes  exci ted  in the  space charge re- 

gion of  the n- type  semiconduc t ive  film flows into the 

ox ide-aqueous  solut ion surface and ano the r  4/5 recom-  

bines  wi th  the  e lec t ron of  the  conduc t ion  band. The  h igh  

eff iciency is p robab ly  due to the  large electr ic  field of  

about  3 x l0 sV �9 m -1 in the pass ive  film and the  ve ry  
sma]l th ickness  of  about  4.5 n m  of the  film. Af ter  excita-  
t ion due  to the  inc iden t  photon,  the  carr ier  separat ion oc- 

curs  rapidly,  and the  r ecombina t ion  will  not  be  m a r k e d  

because  of  smal l  d i s tance  for the  m o v i n g  carr iers  to the  

i ron substra te  or  to the  oxide /so lu t ion  interface.  
In  summary ,  it has been  found in this work  on the  spec- 

t roscopic  pho to re sponse  of  the  i ron pass ive  film that  

there  are two e lec t ron  t ransi t ion processes  for exci ta t ion  
of  e lec t ron due  to pho ton  i l luminat ion  in the  visual  l ight  

region. The  process  that  occurs  in the  lower  energy  re- 

gion cor responds  to the  indi rec t  a l lowed process  and its 

convers ion  eff ic iency for pho tocu r ren t  is low. The  o ther  

process  that  occurs  in the  h igher  energy  region corre- 

sponds  to the  di rect  a l lowed process  and its convers ion  
efficiency for pho tocu r ren t  is re lat ively high. 

Manuscr ip t  submi t t ed  Apri l  29, 1984; revised manu-  
script  rece ived  Jan;  22, 1986. 
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