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w h i c h  is in good  a g r e e m e n t  w i t h  obse rva t ions .  H o w e v e r  
due  to lower  T it  m i g h t  be  r e a s o n a b l e  to a s s u m e  t he  first  
t e r m  in Eq. [1] to be  lower  ( func t ion  of  t he  ac t i va t i on  ener-  
gies for vapor iza t ion ,  usua l ly  in  t he  o rde r  of  35-59 kcal /mol)  
a n d  t he  s e c o n d  and  t h i r d  t e r m s  in Eq. [1] to h a v e  ove rcom-  
p e n s a t e d  for  t he  o b s e r v e d  losses.  Accord ing ly ,  s imp le  con-  
s i de r a t i ons  call  e i the r  for a n  inc rease  in t he  e x p o n e n t  of 
t he  co r ros ion  t e r m  and /o r  for an  inc rease  of  the  t h i r d  t e r m  
in Eq. [1]. However ,  as t he  inc rease  of  iR (Fig. 1) t e n d s  to 
e x c l u d e  c reepage ,  an d  b e c a u s e  l i th i a t ion  of  t he  a n o d e  was  
no t  d ramat i c ,  we c o n c l u d e  t h a t  ou r  m a i n  c o n c e r n  is t he  
co r ro s ion  te rm,  m o s t  l ikely in the  fo rm of we t  seal  corro-  
s ion (7). This  c o n c l u s i o n  is s u p p o r t e d  by  no t i c ing  t h a t  in  
t he  in te rva l  up  to 4000h t he  p e r f o r m a n c e  d rop  was  in t he  
o rde r  of  48 m V  (ca. 12 mV/1000h) w h i c h  inc lude  the  ob- 
s e r v e d  iR inc rease  and  va r i a t ions  of t he  e l ec t rode  po ten-  
tials.  This  con f i rms  t h a t  up  to t h a t  t i m e  the  p e r f o r m a n c e  of 
t he  e l ec t rodes  was  a l m o s t  cons tan t .  On t he  o the r  h a n d ,  t h e  
o b s e r v e d  s h a r p  d rop  in  t h e  p e r f o r m a n c e  ( rough ly  60 mV) 
af te r  4000h c a n n o t  be  jus t i f ied  by  t he  smal l e r  i nc rease  of  
JR. This  a p p e a r s  to d e m o n s t r a t e  t h a t  the  i nc rease  in t he  
e l ec t rode  ove rpo t en t i a l s  can  be  a t t r i b u t e d  to e lec t ro ly te  
loss. 
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P h o t o a s s i s t e d  d e p o s i t i o n  of ca ta ly t ica l ly  ac t ive  t ran-  
s i t ion  me ta l s  on  s e m i c o n d u c t o r s  has  a t t r ac t ed  cons ider -  
ab le  a t t e n t i o n  in  r e c e n t  years  (1-4). Eff ic ient  pho toe lec t ro -  
ca ta lys is  cells p r o d u c i n g  H2 wi th  an  eff ic iency wel l  above  
10% were  b a s e d  on  s u c h  m e t a l / s e m i c o n d u c t o r  s t r u c t u r e s  
(1, 3, 5). A n o t h e r  a p p r o a c h  invo lves  s e m i c o n d u c t o r  part i -  
cle s u s p e n s i o n s  in w h i c h  d i f fe ren t  t r a n s i t i o n  me ta l s  are 
e m p l o y e d  to r u n  a p r e s u m a b l y  au t oca t a l y t i c a l  r eac t ion  
l e ad ing  to the  sp l i t t ing  of  w a t e r  by  light,  for i n s t a n c e  (6-8). 

T h e  f u n c t i o n i n g  of  t he se  dev ices  is b e i n g  i n t ens i ve ly  in- 
v e s t i g a t e d  at  p r e s e n t  (9-11). I t  is m e a n w h i l e  wel l  es tab-  
l i shed  t h a t  e x p o s u r e  of  t r a n s i t i o n  me ta l s  to H2 can  re su l t  in  
p r o n o u n c e d  w o r k  f u n c t i o n  c h a n g e s  (9, 10, 12-17). Hydro-  
gen  senso r s  e m p l o y i n g  MOS t r ans i s to r s  are b a s e d  on  t h a t  
p r i nc ip l e  (12, 13). The  b e h a v i o r  of  c a t a l y s t / s e m i c o n d u c t o r  
s t r u c t u r e s  u p o n  h y d r o g e n a t i o n  is no t  a lways  easi ly cor- 
r e l a t ed  w i th  t he  me ta l  work  f u n c t i o n  (10) a n d  appea r s  to 
m e r i t  f u r t h e r  i nves t i ga t i on  on  a se lec ted  sys tem.  We there -  
fore r e s t r i c t  t he  p r e s e n t  i nves t i ga t i on  to R u / I n P  a n d  
R u / G a I n P A s  contac t s .  The  large  gra in  P01ycrystal l ine qua-  
t e r n a r y  s e m i c o n d u c t o r  has  b e e n  c h o s e n  b e c a u s e  of  differ- 
e n c e s  in  sur face  c h e m i s t r y  (18, 19). Po lyc rys t a l l ine  Ru ex- 
h i b i t s  a work  f u n c t i o n  ve ry  close to t he  n o r m a l  h y d r o g e n  
elec t rode ,  ~)NHE (20). On o the r  me ta l s  h y d r o g e n a t i o n  /vas 
f o u n d  to i n d u c e  work  f u n c t i o n  c h a n g e s  r e su l t i ng  in va lues  
c o r r e s p o n d i n g  to t he  s t a n d a r d  po ten t i a l  of  the  N HE (3). 
E v e n t u a l  c h a n g e s  in rec t i f ica t ion  b e h a v i o r  of  s emicon-  
d u c t o r - h y d r o g e n a t e d  Ru  con tac t s  are t h e n  un l ike ly  to re- 
su l t  f rom the  m e t a l  w o r k  f u n c t i o n  c h a n g e s  u p o n  hydroge -  
na t ion .  

Experimental 
E l e c t r o c h e m i c a l  e x p e r i m e n t a t i o n  was  d o n e  in  t he  s tand-  

a rd  t h r ee -e l ec t rode  po t en t i o s t a t i c  a r r a n g e m e n t  u s i n g  a po- 
t e n t i o s t a t  (HEKA)  a n d  a c a r b o n  coun te r -  and  a ca lome l  ref- 

e r e n c e  e lec t rode .  So lu t i ons  were  p r e p a r e d  f rom ana ly t i ca l  
g r ade  c h e m i c a l s  a n d  t r ip le  d is t i l led  water .  Fo r  p h o t o d e p -  
osi t ion,  a W-I l a m p  (ca. 100 m W  c m  -2 in tens i ty )  was  used.  
Meta l  d e p o s i t i o n  was  d o n e  (i) f rom acidic  RuC13 so lu t ion  or 
(ii) f rom a r u t h e n i u m - n i t r i d o c h i o r o  c o m p l e x  c o m p o u n d  
e x h i b i t i n g  a h i g h e r  R u - d e p o s i t i o n  ra te  in fe r red  f rom gal- 
van ic  e x p e r i m e n t s  (21). S u b s t r a t e  a n d  depos i t  ana lys i s  
w i t h  r e spec t  to pho toac t i v i t y  was p e r f o r m e d  by  s c a n n i n g  
lase r  spo t  ana lys i s  (SLS), u i s n g  a He-Ne laser  (k = 633 nm)  
w i t h  spot  size of 20 ~tm. Detai ls  will be  g iven  e l s e w h e r e  
(22). 

E n e r g y  d i spe r s ive  x-ray f luorescence  (XRF)  is per- 
f o r m e d  w i t h  a c o m m e r c i a l  Tracor  TN 5400 s y s t e m  wi th  
s e m i q u a n t a t i v e  e l e m e n t  analysis .  Cha rac t e r i za t i on  of t he  
f u n d a m e n t a l  s e m i c o n d u c t o r  p rope r t i e s  of  G a I n P A s  was  
d o n e  b y  p h o t o c u r r e n t  spec t roscopy ,  X R F  and  C-V mea-  
s u r e m e n t s  (22)~ X R F  revea led  a c o m p o s i t i o n  of  
GaxInl  xPyAsl-~ w i th  x - 0.33 and  y = 0.84; for InP ,  t he  
s t o i c h i o m e t r y  has  b e e n  c o n f i r m e d  w i t h i n  1 a t m o s p h e r e  
p e r c e n t  accuracy .  F r o m  Vega rds  law (23) a n d  p h o t o c u r r e n t  
spec t roscopy ,  we o b t a i n  Eg = 1.54 eV a n d  1.46 eV for G a i n -  
PAs ,  respec t ive ly .  The  ne t  a ccep to r  c o n c e n t r a t i o n  as deter -  
m i n e d  b y  C-V m e a s u r e m e n t s  w a s  N A - N D  = 3.2 �9 1017 c m  -3 
for I n P  a n d  1.5 - 10 TM c m  -3 for Ga0.33In0.67P0.~4Aso.16, u s i n g  e = 
12.3 eo ca lcu la ted  f rom V e g a r d ' s  l aw (22-24). 

Results 
F i g u r e  1 shows  p h o t o c u r r e n t - v o l t a g e  cu rves  for p - I n P  

a n d  p-Ga0.33In067P0.84As0.16 in 1M HC1 wi th  a n d  w i t h o u t  elec- 
t r o d e p o s i t e d  Ru  catalyst .  The  da ta  are c o m p a r e d  w i th  
t h o s e  f rom P t  metal .  The  f igure shows  t h a t  t he  typ ica l  cur-  
r e n t  e n h a n c e m e n t  u p o n  me ta l l i za t ion  is found.  The  in- 
c rease  in cata lyt ic  ac t iv i ty  is la rger  for InP.  A s o m e w h a t  
lower  overal l  p h o t o a c t i v i t y  is n o t e d  for G a I n P A s .  
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Fig. 1. Photocurrent-voltoge characteristics of p-lnP and p-GalnPAs before and after Ru deposition compared to the activity of Pt metal; solution, 

1M HCI; light intensity, 300 mW cm -2, W-I lamp; solution for Ru deposition, 0.06M (NH4)3 [Ru2NCIs(H20)2]-0.1M HCI, N2 saturated; light intensity 
I for deposition 100 mW cm 2; (a) p-lnP, (b) p-Gao.sslno.67Po.s4As0.16. 

Figure  2 shows scanning laser spot  micrographs  of Ru/p- 
InP  and Ru/p-GaInPAs  contacts.  Differences  in photoac-  
t ivi ty are more  p ronounced  on the polycrysta l l ine  Gain-  
PAs  photoca thode .  Accordingly  the homogene i ty  of  the 
Ru deposi t  is m u c h  less on GaInPAs  compared  to InP  as 
ev idenced  by X R F  (Fig. 3). Here  the d is t r ibut ion  of  Ru 
meta l  across a p -GaInPAs sample  after l ight  assisted depo- 
si t ion is displayed.  The  left-hand side shows regions  of  ap- 
p rox ima te ly  20 ~tm width  with high Ru signal (light areas) 
and similarly sized regions wi th  low or very  low Ru signal 
(dark areas). A typical  l ine scan across such surface is 
shown on the  r ight-hand side where  s t rong variat ions of  
the  Ru f luorescence  signal wi th  dis tance are found. 

F igure  4 displays dark I-V character is t ics  obta ined after 
meta l  depos i t ion  on p-GaInPAs.  Before hydrogena t ion  
(curve 1), good rect i fying behav ior  is observed.  The  calcu- 
lated barr ier  he ight  (~B is obta ined  f rom 
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where  we have  used the  fact that  the  junc t ion  ideal i ty fac- 
tor  is close to 1 de te rmined  f rom log I vs. Voc plots. Us ing  
A** = 64.8 A c m  2K 2, a barrier  he ight  of (bs = 0.74V is ob- 
tained.  H2 evolu t ion  drast ically changes  the  character is t ic  
towards  ohmic  behavior  (curve 2). Act ive  v a c u u m  pump-  
ing resul ts  in less rectif ication than  before H2 evolu t ion  ac- 
cord ing  to curve  3. Increased H2 evolu t ion  results  in ohmic  
behav ior  (curve 4) and subsequen t  v a c u u m  p u m p i n g  
(curve 5) results  in less rect i fying behavior  than observed  
after t r ea tment  according  to curve  2 (see curve  5). The  ef- 
fect  of  the  hydrogen  on the  s t ructure  can obvious ly  not  
fully be e l imina ted  by ex tended  high v a c u u m  exposure .  

Discussion 
The I-V curves  shown in Fig. 1 and compared  to Pt  meta l  

character is t ics  are s imilar  to the  ones obta ined  on Rh/sin- 
gle-crystalline p-InP contacts (3). The fill factor for InP is 
somewhat less in our case which might either be due to 
differences in contact formation or due to the presence of a 
natural instead of an optimized intermediate oxide layer. 
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Fig. 2. Scanning laser spot analysis for (a) p-lnP and (b) polycrystalline p-GalnPAs after Ru deposition; electrode potential -0.2V (SCE), He-Ne 
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The  pho tocu r ren t  of  the  qua te rnary  c o m p o u n d  is smal ler  
by a factor of  - 10 compared  to InP  which  can be attrib- 
u ted  to the  polycrysta l l in i ty  of the  GaInPAs  samples  or 
poss ibly  to the increased  recombina t ion  at relat ively high 
dop ing  levels. The  pho tocur ren t  e n h a n c e m e n t  of Ru- 
pla ted InP  over  GaInPAs,  however ,  is only  -3 ,  indicat ing 
that  local e lectr ical  fields and barriers at grain boundar ies  
and imper fec t ions  of  GaInPAs  are part ly compensa t ed  by 
the  p resence  of  the  catalyst. 

Never the less ,  the polycrysta l l in i ty  reveals  i tself  in the 
spatial  d e p e n d e n c e  of  the  pho tocur ren t  (compare  Fig. 2a 
and b). Therefore ,  the  spatial ly in tegra ted  current  mea- 
s u r e m e n t  in Fig. 1 shows that  the  lower  catalytic photocur-  
rent  on Ga InPAs  obvious ly  resul ts  f rom different  photoac-  
t ivi ty of  different  grains. The  pho todepos i t ion  process  is 
obvious ly  more  i n h o m o g e n e o u s  on the  polycrysta l l ine  
samples .  This  is suppor ted  by the X R F  microanalys is  of 
Fig. 3 which  ev idences  a cons iderable  var ia t ion in Ru 
th ickness  across the  sample.  In par t icular  the l ine scan 
shows drast ic differences in Ru meta l  thickness .  The  cor- 
re la t ion of  catalyst  meta l  th ickness  and photoac t iv i ty  at 
d i f ferent  grains is descr ibed  e l sewhere  (22). General ly ,  
more  in format ion  on the film morpho logy  (microscopic  
porosi ty,  is land formation)  is necessary.  S ince  Scho t tky  
barr ier  fo rmat ion  occurs  in the  mono laye r  coverage  range 
and be low (25, 26), an increase  in H2 evolu t ion  rate due  to 
increased  Ru meta l  th ickness  appears  unlikely,  part icu- 
larly wi th  films of d - 200A (22). A porous  s t ructure  exhib-  
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i t ing a significantly enhanced  act ive surface could account  
for the  expe r imen ta l  observat ions.  

The  expe r imen ta l  resul t  shown in Fig. 4 is at first g lance  
in cont radic t ion  with  earl ier  observat ions  on InP  (10). In- 
s tead of  increased rectification, a t ransi t ion to ohmic  be- 
havior  is found on the qua te rnary  compound .  In  s imple  
te rms  this has to be achieved by an increase in meta l  work  
func t ion  or a decrease  in s emiconduc to r  e lec t ron affinity 
or a combina t ion  of these  changes.  The  re levant  factors af- 
fect ing the  work  funct ion  are surface/ interface d ipole  lay- 
ers, alloying, doping  by hydrogen,  and meta l  surface re- 
construct ion.  

I n  our  exper iment ,  hydrogen  was evo lved  in situ which  
means  that  a large a m o u n t  of  a tomic  h y d r o g e n  is formed 
and adsorbed  as p recursor  step to gas evolut ion.  In  this 
case the  probabi l i ty  for hydrogen  a toms to diffuse to the 
me ta l - semiconduc to r  interface is high. Also, the presence  
of  residual  oxygen  known  to b lock  hydrogen  insert ion,  as 
pos tu la ted  in gas phase  expe r imen t s  to expla in  the barr ier  
he igh t  increase on p- InP/Ru contacts  upon  hydrogen  ex- 
posure  (10), is not  l ikely under  our  s t rongly reduc ing  con- 
dit ions.  The hydrogen  adsorpt ion  at the s emiconduc to r  
surface  can resul t  in a drast ic reduc t ion  of  s emiconduc to r  
e lec t ron affinity due  to the  dipole  formed.  The inf luence of 
hydrogen  al loying is obvious ly  small  (9) and the  metal /  
ambien t  interface has been  inves t iga ted  to some ex ten t  by 
surface analyt ical  me thods  (27-31). The  results  show that  
changes  in the 0.1 eV range are observed.  Increases  as wel l  
as lower ing  of  the work  funct ion has been  found and is at- 
t r ibuted  to different  (r and s) adsorp t ion  sites (32). S-type 
adsorp t ion  sites are descr ibed  as hydrogen  adsorp t ion  (hy- 
d rogen  a toms below the geomet r ica l  surface plane) 
whereas  r-type adsorp t ion  cor responds  to hydrogen  on top 
of the  metal.  We bel ieve this effect  to be of  minor  impor-  
tance  here. Of greater  effect  appears  to be the dipole  for- 
mat ion  at the  semiconduc to r  surface. 

In this case, the  different  behavior  of  p- InP/Ru mus t  be 
expla ined.  There  are two dis t inct ions  to be made:  

1. The  absolu te  a m o u n t  of  dissociated hydrogen,  w h e n  
suppl ied  f rom the  gas phase  is p robably  cons iderab ly  
lower  than in case of  in situ H2 evolut ion.  In addit ion,  the  
p resence  of  oxygen  has been  pos tu la ted  on gas exposed  
catalyst  surfaces (10). It  is also known  that  oxygen  acts as a 
b locking  factor to inser t ion of hydrogen  (35). It  therefore  
appears  reasonable  to a s sume  a r educed  a m o u n t  of  dis- 
so lved hydrogen  wi th in  the catalyst.  Hence  the  format ion  
of  a dipole  layer at the me ta l / s emiconduc to r  interface 
migh t  be suppressed  to some  extent .  

2. In  addit ion,  on InP  and par t icular ly  on the  (111) face, 
an oxide  film of tunne l  th ickness  is always p resen t  
(19, 33, 34). Expe r imen t s  on Pd-Si  MOS transis tors  used  as 
hydrogen  sensors  have  ev idenced  that  hydrogen  does not  
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penetrate the oxide. It appears therefore probable that in 
addition to reduced supply of atomic hydrogen, dipole 
layer formation at the InP surface is inhibited. 

3. The surface chemistry on GaInPAs is quite different. 
Work on passivation phenomena on III-V compounds 
shows that stable oxides are not formed on GaAs, for in- 
stance (18). Energy dispersive x-ray fluorescence analysis 
reveals a homogeneous distribution of the elemental con- 
stituents of the quaternary compounds; hence the surface 
will exhibit Ga and As atoms corresponding to the stoichi- 
ometry. It appears reasonable to assume that the absence 
of a compact oxidic layer on the quaternary compound al- 
lows penetration of hydrogen, produced during H2 evolu- 
tion, possibly along grain boundaries to the semicon- 
ductor surface, resulting in a pronounced electron affinity 
change. This view is supported by the behavior of the con- 
tacts after hydrogenation and vacuum pumping (curves 3 
and 5 in Fig. 4). Since the original rectifying behavior can- 
not be attained after vacuum pumping, some hydrogen 
must be bound within the structure. If hydrogen is ad- 
sorbed at the semiconductor surface in different sites (re- 
movable and permanent hydrogen), increased ohmic be- 
havior should result in less rectifying properties after vac- 
uum pumping. This is indeed observed in Fig. 4 (compare 
curves 2, 3 and 4, 5). 

4. Another possibility which has not been discussed so 
far could be a work function increase of Ru during hydro- 
gen evolution. More densely packed Ru single-crystal sur- 
faces exhibit a vacuum work function of approximately 5.2 
eV, i.e., 0.5 eV higher than on evaporated polycrystalline 
films (36). Information on metal surface reconstruction 
due to H2 gas evolution, however, is not available at pres- 
ent. Therefore, suggestion (no. 4) is highly speculative. 

Regarding the information in the literature, the most 
likely explanation is as given in (no. 2) and (no. 3), possibly 
some influence of the effects discussed in (no. i) do also 
contribute to the differences with respect to the Ru/InP 
system. We summarize by stating that the differences in 
surface chemistry, particularly in oxide formation in con- 
junction with a high generation rate of atomic hydrogen 
can qualitatively explain our results. The feasibility of hy- 
drogen sensors with Ru is limited to systems where hydro- 
gen would adsorb reversibly at the Semiconductor surface. 
This has not been observed in our case. 
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