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S u m m a r y  

The uses o f  opt ical ly  t ransparent  e lec t rodes  (OTEs)  are br ief ly  dis- 
cussed toge the r  with the  d i f ferent  types  of  OTE. The review is focused  on 
metall ic OTEs and a survey of  the various types ,  thei r  means of  p repara t ion  
and thei r  opt ical  and electrical proper t ies  is included.  

1. I n t r o d u c t i o n  

All t oo  of ten ,  e lec t rochemis ts  or corros ion  scientists f ind themselves,  
like the  blind, curious to  " see"  actual ly  what  is taking place at the in ter face  
which is usually the focus  of  interest .  Al though "see ing"  might  mean  ac- 
tual ly viewing an e lec t rode  or an e lec t rode  process with the naked eye  or 
with a microscope ,  it will more  p robab ly  involve the more  sophis t ica ted 
m e t h o d s  o f  spec t roscopy  to  de tec t  the presence o f  a given species or to 
m o n i t o r  its concen t r a t i on  with t ime.  It  is now accep ted  tha t  a very l imited 
n u m b e r  o f  concep tua l  approaches  exist.  They  include (a) specular  reflec- 
tance,  (b) t ransmission and (c) a t t enua ted  to ta l  re f lec tance  (ATR).  The 
conf igura t ions  for  these are shown in Fig. 1. Specular  re f lec tance  will no t  
be cons idered  fu r the r  b e y o n d  the obvious c o m m e n t  that ,  a l though it makes  
no  demands  on the proper t ies  of  the e lec t rode  itself, the  inc ident  and the 
re f lec ted  beams o f  light must  pass th rough  a solut ion which will cer ta in ly  
a t t enua te  them to a greater  or to  a lesser ex ten t .  Nevertheless,  various 
workers  [1]  have made  remarkable  strides in bringing this m e t h o d  (over 
a wide wavelength band)  to  the  po in t  where it is rou t ine ly  used. In the  o the r  
two approaches ,  however ,  the m e t h o d  is based on the t ransmission of  inci- 
den t  and re f lec ted  light th rough  an opt ical ly  t ransparen t  e lec t rode  (OTE).  
To achieve this, a material  or combina t ion  of  materials  is required ,  and it 
is the  ach ievement  of  such a combina t ion  tha t  will be cons idered  here.  

0376-4583/83/$3.00 © Elsevier Sequoia/Printed in The Netherlands 
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Fig. 1. Three alternative configurations for speetroelectrochemistry: (a) specular reflec- 
tanee through solution (C, working electrode; a, counterelectrodes); (b) transmission 
(plan view) (C, platinum OTE; a, eounterelectrodes; b, reference electrode); (c) ATR 
using a germanium hemicylinder g with a platinum film OTE C (a, countereleetrode). 

Two prel iminary c o m m e n t s  are required.  First ly,  even if a single material  
was found  to possess the  cri teria of  high t ransmission of  light and good 
electrical proper t ies  (subjects which will be cons idered  be low)  it might  be 
of  l imited in teres t  in tha t  the majo r i ty  of  e lec t rochemica l  react ions  relate  
to  a small n u m b e r  of  e lec t rode  materials,  no t ab ly  lead, mercu ry  and plati- 
num,  and (unless the  material  in ques t ion  had remarkable  e lec t roea ta ly t ic  
proper t ies )  mos t  interest ,  r ight ly or wrongly ,  is in these materials.  The  
second c o m m e n t  is that ,  a l though the t ransmission conf igura t ion  (Fig. l ( b ) )  
is historical ly p robab ly  the oldest  and mos t  well established,  it suffers the 
disadvantages o f  bo th  the re f lec tance  m e t h o d  (i.e. light passing th rough  the 
so lu t ion)  and the  OTE systems (in which the  e lec t rodes  are di f f icul t  to  
prepare  and no t  as robus t  as massive materials) .  Only the s implici ty of  use, 
in tha t  hopefu l ly  such cells can be inser ted in to  commerc ia l  UV-vis ible  
spec t romete r s  with minimal  adapta t ion ,  can be set against these disadvan- 
tages. Given all the  above factors ,  an ent i re ly  hea l thy  " c o m p e t i t i o n "  is 
expe c t e d  be tween  the users of  the various approaches  and,  in this compet i -  
t ion,  deve lopment s  in e lect ronics  (e.g. phase-sensitive de t ec t ion )  have over- 
whelmingly  favoured  the re f lec tance  approach.  In addi t ion,  novel  materials  
(perhaps  as " sp in -of f s"  f rom aircraf t  appl icat ions ,  solar energy deve lopment s  
or  e l ec t rochromic  displays) might  be expec t ed  to  make  an impac t  on OTE 
deve lopments ,  and optical  f ibre t e chno logy  could  be equally impor tan t .  To 
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some extent ,  the choice of approach is governed by the information desired 
in the experiment.  ATR is, by its nature, useful only to moni tor  the layer of 
solution very close to the electrode surface. True transmission will embrace 
changes whether  at the surface or in bulk solution, as will specular reflec- 
tance. However, the use of  twin-beam spectroscopy to offset background or 
solution absorbance is one means by which surface phenomena can be em- 
phasized, e.g. as shown by Goelz and Heineman [2] who examined specific 
adsorption of anions. Modulation of electrode potential ,  an approach highly 
developed by Bewick and coworkers, gives even more accurate results. 

2. Applications 

Although OTEs have been used to view processes such as bubble 
evolution, their main importance must lie in spectroscopic analysis of 
reaction products or intermediates in solution or adsorbed species on the 
electrode surface. In either case, steady state or non-steady-state conditions 
may be of  interest. A review of the literature shows that  not  all workers 
have been aware of the correct  use of OTEs (e.g. their useful potential  
range) and in the present review their preparation, cells for their use and 
related methodology are considered. 

3. Types of  optically transparent electrode 

Existing OTEs can be divided into three categories as follows. 
(a) Thin conducting films can be supported on glass, quartz or special 

IR-transparent materials. Such films can be conducting oxides {such as 
SnO2) or metals (platinum or gold). They may be "dup lex"  films where one 
metal film is deposited onto another  metal film or onto  an oxide layer. 

(b) "Massive" OTEs are made of doped silicon, germanium or other  
materials. 

(c) "Minigrid" electrodes are those where a material such as gold is fabri- 
cated as a fine grid, exposing a high surface area to the transmitted light. 

We shall focus on the first of  these categories in the present review, and 
the criteria of importance will be (a) the optical properties (transmission 
as a funct ion of  wavelength), (b) the electrical resistance of the film (in ohms 
per square) and (c) the chemical and electrochemical properties including 
the potential  range over which the OTE can be employed and the electro- 
catalytic behaviour. 

4. General characteristics of  thin film optically transparent electrodes 

A most valuable review by Haacke [3] entitled "Transparent  con- 
ducting coatings" is mainly directed towards applications such as solar 
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energy,  l iquid crys ta l  displays and o the r  technologies  using similar mater ia ls .  
Haacke  began with  a cons ide ra t ion  of  the  " f igure  of  m e r i t "  a p p r o a c h  to  the  
classif icat ion of  OTEs:  

T10 
~ T C  = - - -  

Rs 

where  q~TC is the f igure of  mer i t ,  T is the  opt ica l  t ransmiss ion  and R s is the  
sheet  res is tance of  the mater ia l  (coat ing) .  As he showed,  the f igure of  mer i t  
can also be  expressed  by  the equa t i on  

(~TC = o t  exp(--10c~t) 

where  o (~2 1 cm 1) is the  electr ical  c o n d u c t i v i t y  and c~ (cm 1) is the  opt ica l  
a b s o r p t i o n  coef f ic ien t .  

Haacke  p resen ted  a p lo t  o f  f igure of  mer i t  ve r s u s  f i lm th ickness  for  thin 
fi lms of  copper ,  gold and  CdzSnO 4 and  for  a " h y p o t h e t i c a l  s e m i c o n d u c t o r " .  
The  p e r f o r m a n c e  of  the  CdzSnO 4 is seen to a p p r o a c h  tha t  o f  a h y p o t h e t i c a l  
s e m i c o n d u c t o r .  With such an app roach ,  the  individual  mater ia ls  cons idered  
as OTEs  can be discussed.  These  mater ia ls  can be divided into  metal l ic  (and 
quasi -metal l ic)  f i lms on the  one  hand  and s e m i c o n d u c t o r s  on the  o the r  
hand.  

5. Metallic f ihn opt ica l ly  t r anspa ren t  e lec t rodes  

As Haacke  p o i n t e d  out ,  the  m a n n e r  in which thin  films of  me ta l  are 
f o r m e d  resul ts  in m u c h  higher  sheet  res is tance values for  such f i lms than  
migh t  be e x p e c t e d  f rom da ta  on bulk  conduc t iv i ty .  A n u m b e r  of  t r icks  exis t  
to  min imize  the  island f o r m a t i o n  of  clusters  of  me ta l  a t o m s  wi th  in tervening 
gaps; Haacke  descr ibed  a few of  these  t r icks br ief ly ,  a l though  he emphas i zed  
tha t  the p r o d u c t i o n  of  such metal l ic  fi lm OTEs  is main ly  a m a t t e r  o f  undis-  
c losed " k n o w - h o w " .  I t  is general ly  a ccep t e d  tha t ,  for  the  very small thick-  
nesses in ques t ion ,  these  meta l  f i lms do no t  o b e y  the  B e e r - L a m b e r t  law. 
H a e m a n  [4] has shown  tha t  the  logar i thm of  t r ansmiss ion  T (%) decreases  
l inearly wi th  the  th ickness  ( for  th icknesses  grea ter  than  0.1 - 0.2 p m )  with a 
p r o p o r t i o n a l i t y  f ac to r  which  depends  on the  me ta l  used. Some  values of  
t ransmiss ion  t aken  f r o m  the l i t e ra ture  for  p l a t i n u m ,  gold, nickel  and lead 
films 0.6 p m  th ick  are 0.08% (at 550 nm) ,  5% (at 550 nm) ,  0 .03% (at 503 
n m )  and 0.5% (at 503 nm)  respect ive ly .  A m o n g  the  mater ia l s  which have 
been  inves t iga ted  by e l ec t rochemis t s  are gold, p l a t i num and ca rbon  and  
various alloys.  The  p r o b l e m  is to depos i t  a th in  and cohe ren t  fi lm of  a me ta l  
wi th  suff ic ient  cor ros ion  resis tance to  al low its use over  a r easonab ly  wide 
range of  potent ia l s .  The  t r ade -o f f  be tween  th icker  fi lms ( i m p r o v e d  electr ical  
c o n d u c t a n c e )  and  th inne r  films ( i m p r o v e d  opt ica l  t ransmiss ion)  is n o w  evi- 
dent .  A fu r the r  danger  is tha t ,  a l though  the  fi lm remains  u n a t t a c k e d ,  it m a y  
be l i f ted away  f r o m  the subs t ra te  by h y d r o g e n  gas evo lu t ion  or by similar  
p h e n o m e n a .  
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The means by which metal film OTEs have been prepared have passed 
through several phases. Initially, a metal such as platinum was painted onto  
a substrate using a preparation in which the metal was dissolved in organic 
oils. After the metal had been painted on, it was fired. Workers such as Ports 
et  al. [5] gave directions as to the best means of application of the paint, the 
number  of.coats etc. Later [6] the technique of "spinning" was employed to 
ensure the most  even application of the paint. However, most recently,  the 
preferred method of application has been some form of vacuum evaporation. 
Simultaneous with these ideas has been the recognition that annealing after 
application improves the electrical characteristics of the film and also that, 
rather than deposition of  the metal directly onto glass or quartz, an im- 
proved result is obtained when the metal is deposited onto an oxide [7]. 
More recently [8],  the use of tin oxide has been advocated so that  not  only 
do the general benefits of oxides result but also the additional conductivi ty 
of  the oxide layer can be usefully employed.  

Thus Ports e t  al. [5] have described how a platinum OTE may be form- 
ed by brushing Liquid Platinum 1 (Engelhard Industries Ltd.) onto  glass with 
a fine brush and by firing the film so formed at 650 - 680 °C, just below the 
fusion temperature  of the glass (borosilicate in their case) onto which it 
was applied. Either a single coat or successive applications and firings may be 
employed.  Pons e t  al. reported a number  of tricks such as the importance of 
the direction of  the brush stroke. The platinum paint may be thinned with 
a thinner  such as dichloromethane before application. Inspection under the 
microscope shows that  these films are not  quite uniform and that  they 
contain holes. Annealing is thus beneficial as might be expected and results 
in an optical density of  about  0.4%, with a sheet resistance value of  25 ~2/D. 
Even further details are contained in the paper by Van Benken and Kuwana 
[9] who ment ioned that  such OTEs are stable to anodization, boiling in 
HNO 3 or immersion in HC1 solution. However, even a brief period of hydro- 
gen evolution will suffice to lift off  the film. Mercuric ions (although not  
mercury metal) are also damaging. Gold films have a lower electrical resis- 
tance than platinum films for the same optical density and a plot showing 
typical optical densities is given in Fig. 2. Pons e t  al. [5] also suggested that  
palladium films, especially when deposited onto KRS5 may have special use 
with a wider IR window (5 - 16 pm) than those obtainable on germanium 

1.0 

b 

0-5 

0 I I I I I I 
3 0 0  5 0 0  7 0 0  

Wavelength (nm) 

Fig. 2. Absorbance vs. wavelength: curve a, p lat inum on quartz (electrical resistance, 
~ / ~ ) ;  curve b, gold on Bi203 on quartz (electrical resistance, 2.5 ~ /D) .  (After ref. 10.) 
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( 2 - 1 0  p m ) .  The  same worke r s  suggested tha t  pa l l ad ium might  have IR 
t r anspa rency  over  a wider  range (5 - 16 p m )  on H R S 5  than  it has on ger- 
m a n i u m  (2 - 10 pm) .  

Van Benken  and K u w a n a  [9] descr ibed  the  depos i t ion  of  p l a t i num 
films d i rec t ly  o n t o  boros i l ica te  or o the r  glasses or quar tz  by  evapora t ion  
in a v a c u u m  of  (1 - 7) X 10 3 Torr .  The  glass was first  c leaned  by using a glow 
discharge.  Fo r  gold the  film was appl ied  over  a Bi203 or PbO 2 coat ing .  All 
films were  annea led  a f te r  use. 

The  p l a t i num  surfaces  were  br ight ,  u n i f o r m  and silvery. T h e y  were 
mechan ica l ly  s table,  excep t  when  oxid ized  a f te r  h y d r o g e n  evo lu t ion  for  a 
few seconds  or  dur ing the  depos i t ion  of  me rcu ry .  N o r m a l  washing and  
cleaning,  boil ing in c o n c e n t r a t e d  H N O  3 or p ro longed  i m m e r s i o n  in HCI 
so lu t ion  did n o t  d i s tu rb  the  f i lm, nor  did c o n t a c t  with meta l l ic  m e r c u r y .  

On the  basis o f  equal  resis tance,  gold f i lms were  m o r e  t r a n s p a r e n t  
t han  p l a t i n u m  films. The  u n d e r c o a t i n g  used wi th  gold fi lms i m p r o v e d  the i r  
mechan ica l  and  electric'a] character is t ics  and,  in this,  the  p resen t  au thor s  can 
be said to  have an t i c ipa ted  the  P t - S n O 2  OTE of  Lai t inen [8] .  

The  charac ter i s t ics  o f  these  fi lms are seen in Figs. 2 and 3. There  appea r  
to be few equal ly  deta i led  accoun t s  of  p r epa ra t i on  and p rope r t i e s  of  such 
e lec t rodes .  Nasielski e t  al. [11]  m e n t i o n e d  gold e lec t rodes  p repa red  by  
" sub l iming  gold o n t o  glass".  The  average th ickness  was 50 nm and the  
t r a n s m i t t a n c e  a t  550 nm was 25% -+ 5%. 

Once  the  p l a t i num  and the  gold OTEs  had  been deve loped ,  o the r  t ypes  
of  OTE fo l lowed.  The  H g - P t  O T E  is f o r m e d  by  tak ing  a p l a t i num O T E  
( f o r m e d  by  vap ou r  depos i t ion )  and e l ec t rochemica l ly  depos i t ing  metal l ic  
m e r c u r y  o n t o  it f r om a di lute  aqueous  so lu t ion .  A relat ively thin layer  of  
m e r c u r y  ( 5 -  50 n m )  impar t s  to  the  p l a t i num a " m e r c u r y - l i k e  cha rac t e r " ,  
i ,e .  the high h y d r o g e n  evo lu t ion  overvol tage  which al lows ca thod ic  pro-  
cesses to  be s tudied  at this e lec t rode  is unh inde red  by h y d r o g e n  f o r m a t i o n .  
H e i n e m a n  and K u w a n a  [12]  descr ibed  the p r epa ra t i on  of  p l a t i num OTEs  
(resis tance,  a b o u t  10 gZ cm-2) ,  which were washed  and dried and then  
c leaned  in a p l a sma  discharge for  5 min .  Af te r  this the  p l a t i num OTEs  were  
inser ted  into  a cell which was filled wi th  a 0.5 mM solu t ion  of  Hg2(NO3) 2 
in an ace ta t e  bu f fe r  o f  pH 4. This was d e o x y g e n a t e d  for  30 min  and the 
O T E  was swi tched  f r o m  open  circui t  to  a po ten t i a l  of  0.00 V measu red  
wi th  respec t  to  a s a tu ra t ed  ca lomel  e lec t rode .  The  opt ica l  r esponse  was 
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Fig. 3. The effect of annealing on platinum films: (a) optical absorbance vs. time; (b) 
electrical resistance vs. time. (After ref. 10.) 
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moni tored at 609 nm and the current  passing at the same time was inte- 
grated to allow an estimation of the charge of the mercury deposition and 
hence its thickness. A correction for the background current was made in 
this case. 10 mC of  mercury per square centimetre (corresponding to a layer 
about  15 nm thick) yielded a mercury-like OTE. Heineman and Kuwana 
[13] also described a cell design which allows admission of  a deoxygenated 
solution directly into the cell, and a further modification is shown [14] in 
which the electrode area is reduced to 3 mm 2 and the hold-up volume of 
electrolyte is reduced to about  1 ml. Heineman and Goelz [15] have de- 
scribed the application of an Hg-Pt  OTE in the transmission mode to moni- 
tor  the specific absorption of anions. A more detailed account  of the same 
work was subsequently reported [2]. Goelz and Heineman [16] have re- 
por ted  a study in which these electrodes were characterized in terms of their 
electrochemical behaviour on voltammetric stripping and their appearance 
under the optical microscope. For a useful stable electrode, Goelz and 
Heineman advocated a mercury layer 5 nm thick. Transmission values of 
85% are shown. Optical microscopy taken in conjunct ion with the vol- 
tammetric data shows how excess mercury deposition leads to globules of  the 
metal on the surface. These globules can be removed by anodic oxidation, 
leaving behind the Pt -Hg intermetallic phase which is the desired structure. 
Discussing the longevity of these OTEs, Goelz and Heineman suggested that  
too much mercury leads to amalgamation of the platinum all the way down 
to the glass substrate, resulting in peeling. If just sufficient mercury is 
deposited to form the amalgam, but without  the formation of droplets, a 
lifetime of 8 h or more can result. In addition to their use in the transmission 
approach, the use of  P t -Hg OTEs in internal reflection spectroscopy has also 
been described [17] using a commercially available cell unit. Data are shown 
for methylene blue, using a single reflection and time-averaging methods. 

The greater opacity of metals to light of longer wavelength led to prob- 
lems with IR-transparent OTEs. Mattson and Smith [18] described at tempts 
by earlier workers to overcome such problems. Metal films of less than 
approximately 3 nm thickness are IR transparent.  However, they do not  
have sufficient electrical conductivity.  For this reason, Mattson and Smith 
devised the carbon film OTE using a germanium internal reflection element. 
The carbon was coated by a commercial organization and, when deposited, 
had a resistance of  2000 - 5000 ~ / D  for a film about  30 nm thick, corre- 
sponding to a value greater than that  of bulk graphite by a factor of 10. In 
their paper [18] a comparison is made between background scans for plati- 
num, carbon and germanium prism OTEs and data for proteinaceous films 
and other  organic species are shown. The carbon films afford transparency 
over the entire range of  use with the substrate (germanium). Large ger- 
manium prisms with 13 reflections at the Ge-C interface gave transmissions 
from 4% to 8%. Germanium microprisms with three reflections gave 15% 
transmission. Uncoated prisms gave 25% - 30% transmission. 

A nickel OTE has been used by Janssen and coworkers [19, 20]. These 
are also commercially prepared by the deposition of  nickel (0.35 × 10 -4 ram) 
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on to  an SnO2 (7 × 10 4 m m )  layer  on a glass subs t ra te .  The  t ransmiss ion  was 
a b o u t  12% and typ ica l  electr ical  res is tances  were  10 - 20 Yt/[:]. E lec t ro ly t ic  
bubb le  f o r m a t i o n  (bo th  h y d r o g e n  and o x y g e n )  on these  e lec t rodes  was 
v iewed th rough  a mic roscope .  K O H  solu t ions  of  up to  7 M were  used at 
t e m p e r a t u r e s  f r o m  a m b i e n t  to  80 °C. Genera l ly ,  these  e lec t rodes  lasted for  
at least  1 day  and  because  of  its chemica l  s tabi l i ty  an Ni -SnO2 e lec t rode  was 
m o s t  useful  for  oxygen  evo lu t ion  [21] .  

The  A u - C r  O T E  has also been used by  one  of  us (L .J . J . J . )  to s tudy  
hyd rogen  bubb l e  f o r m a t i o n  in K O H .  This e lec t rode  was based on an under-  
layer  of  c h r o m i u m  10 nm th ick  with  40 nm of  gold above.  The t r anspa rency  
was 9% and  the  electr ical  res is tance  was 2.7 YZ/[N. However ,  oxygen  evolu- 
t ion  led to l if t ing o f  the  gold fi lm f r o m  the  surfaces.  

De Angelis e t  al. [14]  descr ibed  a ca rbon  OTE depos i t ed  o n t o  glass or 
qua r t z  and  a m e r c u r y - c o a t e d  version of  a similar  e lec t rode .  As in the  previous  
w o r k  of  Mat t son  and  Smi th  [18]  the e lec t rodes  were  p repa red  by  a c o m m e r -  
cial o rgan iza t ion  which used e lec t ron  beam e v a p o r a t i o n  o f  carbon.  Fi lm 
resis tances of  1000  - 1700  ~ / [ ]  were  ob ta ined ,  and the  H g - C  O T E  behaved  
e l ec t rochemica l ly  in a s imilar  way  to m e r c u r y  itself. 

Final ly ,  the  use of  OTEs  in n o n - a q u e o u s  med ia  should  be m e n t i o n e d ,  
the  pape r  by  Osa and  K u w a n a  [22]  being an excel len t  overview of  this area 
of  the  subject .  O the r  i n f o r m a t i o n  per ta in ing  to  non -aqueous  solvents  and 
OTEs  can be f o u n d  in ref.  10. 

In this shor t  pape r  the " h a r d w a r e "  aspects  of  metal l ic  OTEs  have been 
rev iewed ( s emiconduc t i ng  t ypes  including the  i m p o r t a n t  SnO 2 types  have 
no t  been  covered  here) .  In add i t ion ,  the  electr ical  and e l ec t rochemica l  p rop-  
ert ies o f  OTEs ,  which  basical ly r e semble  those  o f  the  pa ren t  metals ,  wi th  the  
cavea t  t ha t  h y d r o g e n  evo lu t ion  (and p r e s u m a b l y  also o x y g e n  evo lu t ion )  
marks  the  danger  zones  in which  t hey  c a n n o t  be used, have also been  dis- 
cussed. Fo r  a desc r ip t ion  of  cells i nco rpo ra t i ng  these  OTEs  and the  m e t h o d -  
o logy  unde r ly ing  their  use, especial ly  for  the  der iva t ion  of t r ans ien t  data ,  
one  of  the  fullest ,  bes t  and m o s t  deta i led accoun t s  is given in ref.  10, to 
which  the  reader  is r e fe r red  and f rom which some  i n f o r m a t i o n  has been  
o b t a i n e d  fo r  this sho r t  review. 
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