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The Theory of the Light-Induced Evolution of Hydrogen 
at Semiconductor Electrodes 

J. O'M. Bockris* and K. UosakP 
School of Physical Sciences, Flinders University of South Australia, Adelaide, A~stralia 

ABSTRACT 

The photoelectrode kinetics of the hydrogen evolution reaction is con- 
sidered, using the WKB approximation for the penetra t ion of the barr ier  at 
the semiconductor-solut ion interface. The absorption characteristics of photons 
in  the eIectrode are introduced and the n u m b e r  of electrons produced at the 
surface is obtained as a function of the semiconductor statistics, and also 
diffusion and field effects. The model makes use of the conclusion that the 
photo-produced electrons have been deactivated to the bottom of the con- 
duction band by the t ime they have diffused from the point of photon ab-  
sorption to the surface. Image energy and the potential  difference in  the 
double layer at the semiconductor-solut ion interface are taken into account. 
The expression obtained for the photo hydrogen current  density is tested in  
its abil i ty to predict the photo-current -potent ia l  curves at the gal l ium phos- 
phide cathode. Agreement  with exper iment  is fair. Discrepancies are dis- 
cussed. 

Al though photoeffects on electrochemical reactions 
at semiconductor-solut ion interfaces have been studied 
intensively  (1-3), few theoretical analyses have been 
given (4-6). These all have the substant ia l  defect that 
they consider the activation of electrons arising from 
interactions wi th in  the semiconductor and neglect an 
analysis of t ransfer  through the electric double layer 
at the semiconductor-solut ion interface. 

Photoeffects on electron t ransfer  reactions at the 
metal /solut ion interfaces have been studied by Brod- 
sky et al. (7). Bockris et al. (8) have treated photo- 
effects in  hydrogen evolut ion reaction at metals, using 
the WKB approximation for electron tunne l ing  
through the double layer (9, 10). 

In the present  paper, we apply this approach to 
photoeffects in  the hydrogen evolution reaction at 
p~type semiconductors, taking into account the acti- 
vat ion and t ransport  of photogenerated electrons to 
the electrode surface. The approach made is quasi-  
phenomenological and does not a t tempt  a general  solu- 
tion, independent  o f  any assumption as to a ra te-  
de termining step. 

OHP. Energy levels are counted as zero in  value at  
the bottom of the conduction band. 

In p- type electrodes, the absorption of photons ac- 
tivates electrons in the conduction band  where they 
are available for cathodic reactions. (Contrast  thermal  
electrochemical reactions at the semiconductor-solu-  
t ion interface, where p- type  electrodes usual ly  func-  
tion as anodes).  

The val idi ty of the use of the WKB approximation 
was examined by Sen and Bockris (9), who compared 
the approach with that  of the t ime-dependent  per tur -  
bation theory, the results showing that  the WKB ap- 
proximat ion does not differ in  order of magni tude  
from a t ime-dependent  per turba t ion  calculation for 
electron transfer  (though there are significant dis- 
crepancies for proton transfer  calculations).  

Photon Absorption and Electron Excitation 
The number  of photons, the energy of which is h~, 

absorbed by the semiconductor between x and x + dx 
from the surface, Nph (x)dx,  is given by 

Assumptions 
In  the absence of evidence to the contrary (11, 12), 

it is assumed that charge-transfer  is the ra te -de ter -  
mining  step for the semiconductors used 

p-SC(e)  W H~O + --> p-SC--H----H20 [1] 

The cathodic current,  ic, is given by (8, 13) 

i c : e o ~ T  ~ N ( E ) W ( E ) G ( E ) d E  [2] 

where eo is the uni t  charge; N(E) is the number  of 
electrons arr iving at the surface per un i t  area per 
uni t  t ime with energy, E; W(E) is the WKB tunne l -  
ing probabil i ty  of electrons through the potential  
barr ier  at energy, E; G(E) is the dis tr ibut ion function 
of the v ib ra t iona l - ro t a t iona l  states of an acceptor, 
H30 § at energy, E; CA is the number  of acceptors 
per uni t  area in the Outer Helmholtz Plane (OHP);  
CT is the total number  of sites per un i t  area in the 
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Nph (x) dx = Io ( 1 -- RD ,xe-  ~z~dx [3] 

where Io is the total n u m b e r  of photons of incident  
light of energy h~ per uni t  area per uni t  time (cm -2 - 
sec -~) ; Rx and ,x are, respectively, the reflectivity and 
the absorption coefficient of the semiconductor for the 
wavelength L 

Each absorbed photon, the energy of which is greater  
than the energy gap of the semiconductor, makes an 
excited electron in the conduction band and a hole in 
the valence band. Therefore, the number  of elec- 
trons excited between x and x -5 dx, Ne(x)dx, i s  equal 
to the number  of photons absorbed be tween x and 
x ~ dx, iVph(x)dx, and also to the number  of holes 
produced in the valency band. From Eq. [3], Ne(X)dx 
is given by 

Ne(x)dx  ~- Nh(x)dx  : Nph(X)dx [4] 

Number of Electrons Arriving at the Electrode Surface 
The electric field at the surface of a semiconductor 

is well known from the work of Kingston and Neu- 
s t id te r  (14). It is possible to extend their result  in  
finding an expression for the field at any  point  wi thin  
the semiconductor. 
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One finds mean free path for an e lect ron-phonon collision is 

( d r )  ~ : 8 = k T  
-~x  = : + - -  V �9 [ - - ( N D - - N A ) Y 4 - P ~  4 -n~  [~] 

where 
eo(V=- Vb) 

y = [6] 
kT 

and the 4- sign is for y < 0. 
The number  of photoexcited electrons, originally 

expressed for x = x in Eq. [3] and [4], decreases to 
N~,~=x-dz(x)dx, after t ravel ing dx. Then 

1 
- ~ d x  

L(x) 
N,,~=:-~(x)dx = N,(x)e dx [7] 

where L(x ) ,  the mean  free path of electrons at x, is 
given by (15) 

2~D 2 
L(x) = [ 8 ]  

N/ls 2 4- 4ID 2 -- 1E 

where lD iS the diffusion length and 1E is the drift  
length. The terms lD and lE are given by 2 

lD : ~/Dre : x/3OO~e~ekT/eo [9] 

LE = ~e#eV' (x) [10] 

respectively, where #e is the mobil i ty  of the electron 
cm 2 V -1 sac -1, ~e is the l ifetime of the electron, and 
V'(x)  is the potential  gradient  at x ( - - ( d V / d x ) x  in V 
am -1) . 

Similar ly  
1 

d x  
L(x -- dx) 

Ne,x=z-2dx (X) dx : Ne,x=x-dx (X) e dx  

(1  , ) 
+ ~ d x  

L(x) L(x dx) 
= Ne(x )e  dx [11] 

After N steps (N --  x / dx ) ,  at the surface 

1 
- - -  d~r 

L(dx) 
Ne,x=o (x )dx  = Ne,==,~=e dx  

(1 
- -  . ~ +  + - - - + ~  d x  

L ( x )  L ( x  -- d x )  L ( d x )  
= Ne(x)e  do: 

[12] 

N~,~=o(x)dx is the number  of electrons excited be-  
tween x and x 4- dx arr iving at the surface per uni t  
area per uni t  time. Therefore, the total number  of 
electrons arr iving at the surface per uni t  area per uni t  
t ime Ne (h~,V), is given by 

s Ig,(hv, V) = lg,.~=o(x)dz [13] 

which represents all the electrons excited by photons 
at any distance inside the semiconductor and which 
reach the surface, where V is the p.d. inside the semi- 
conductor. 

The Energy of an Electron Arriving at the Surface 
The exper imental ly  observed independence of the 

so-called critical potential(i .e. ,  the potential  at which, 
for light of a given wavelength,  the cur ren t  begins) 
with the energy of the exciting photons, Fig. 1 (16), 
suggests that  the energies of all the photoexcited elec- 
trons are the same by the time they reach the surface. 
It  seems reasonable to postulate that this energy is the 
bottom of the conduction band. Thus, the average 
path length of an electron is 1/a -~- 10 -4 cm. A typical 

/~ a n d  eo m u s t  b e  in  g a u s s i a n  u n i t s .  

(17) 60A. Hence, a typical energy loss for electrons in  
reaching the surface is (104/60). 0.025 eV ( ~ 4 e V ) .  
Thus, the photoexcited electron is effectively deac- 
t ivated to the energy at the bottom of the conduction 
band before it reaches the surface (though it does not 
cross the energy gap, which would need a deactivating 
cause equivalent  in energy to several electron volts). 

Electron Transfer Process 
Energy level of an acceptor in solution.--The en- 

thalpy change ]or electron transfer from a semicon- 
ductor to HsO+.--The s tandard enthalpy change, 
~H (e), for an electron transfer  reaction corresponding 
to Eq. [1] from the bottom of the conduction band 
of the semiconductor at the surface to the proton in  
solution When the proton-solvent  system is in  its 
ground state and no potential  drop it in  the electric 
double layer can be obtained by using the following 
thermodynamic  cycle 

p-SC(e)  4- HaO + 
? Lo 

p-SC(e)  4- H + 4- I-I~O 

f --Ea 
p-SC 4- etvac) 4- H + 4- H20 < 

AH(e) 
, > 

J 

p - S C - - H - - H 2 0  
4,--R 

p - S C ~ H  4- I-I20 
, I , - -A 

p-SC 4- H 4- H20 

where R, A, J, Ea and Lo represent the H-HfO repul -  
sive force, the heat of adsorption of a hydrogen atom 
on the semiconductor, the ionization potential  of the 
hydrogen atom, the electron affinity of the semicon- 
ductor, and the hydrat ion energy of proton, respec- 
tively, i n  respect to R and A, these quanti t ies are dis- 
tance dependent  and the distance assumed was that 
appropriate to their state at neutral izat ion.  Therefore 

~H(e) = - -Lo + Ea -- J + A + R [14] 

The energy level of an electron in the ground state of 
the HsO + ion.--By taking into account the potential  
drop in the electric double  layer  at the flatband po- 
tential  (Fig. 2), the energy level of an electron in the 
ground state of HaO + with respect to the bottom of 
the conduction band at the flatband potential,  AH' (e), 
is given by 

0'3 

>-  

o 

LL 
LL 
LLI 

F-- 

Z .< 
o 

.o /O ~ 3500 .~ (EXP) 

0 ~ 0  - ~ 0 ~  

0 ' 2 -  / 

o 

/ x....x........x- 4000~o (EXP) 

0-1 / ;  
/ ~ /  j . ~ ,~ .__ ,~ , -  4500A (EXP) 

0 -~ I I 
0'5 0 -0"5 -t-0 

ELECTRODE POTENTIAL . V vs NHE 
Fig. 1. The experimental quantum efficiency-potential relations 

of p-GaP in 1N H2S04. 
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Fig. 2 :The relations between (Vrop --Eg/F) and the critical 
potential with respect to the flotband potential in 1N NoaH (a) 
and 1N H2SO4 (b). 

I 
f:L 

~=. 

> 

Art'(e) ---- AH(e) 4- F(SCAS~)fbp 

: --Lo + Ea -- J + A + R + F(SCAS@)fbp [15] 

where  scAsr is an  absolute  po ten t ia l  (18, 19). 

The barrier :for electron transSer.--Image interac- 
tion and the dielectric constant oJ water.--We have 
neglec ted  the  in terac t ion  energy  be tween  an emi t ted  
e lect ron and its image  in a meta l  in the  ba r r i e r  con- 
s t ruct ion for the photoeffect  at  meta l  e lectrodes (8). 
In  these calculat ions,  the opt ical  dielectr ic  constant  
was used for the  dielectr ic  constant  of water .  The 
reason for the  neglect  of the image  in terac t ion  was that  
the  emi t ted  electrons t r ave l  across the  ba r r i e r  too 
quickly  to make  an image in the semiconductor .  The 
optical  dielectr ic  constant  was used for  the  same 
reason. 

However ,  there  was some misunders tand ing  in these 
considerat ions.  When  one wants  to construct  a po-  
tent ia l  bar r ie r ,  one should consider  an ideal  test  
charge, i.e., a ("classical")  e lectron moving slowly 
enough to make  its image  in the  semiconductor ,  Thus, 
the  in te rac t ion  energy  be tween the emi t ted  e lec t ron 
and its image  should be t aken  into account in  de te r -  
min ing  the energy  ba r r i e r  and the stat ic dielectr ic  con- 
s tant  of wa te r  [ = 6  for  the or iented wa te r  molecules  
adsorbed on the electr ic  double  l aye r  (20,21)] .  

The image interact ion,  Uim (x) ,  is g iven  by  

e o  2 cst - -  �9 
Utm (x) ---- [16] 

4z,st ,st 4- �9 

Interaction with ions in the OHP and their images . -  
When a photoexci ted  e lect ron leaves the  semiconduc-  
tor  surface, i t  in terac ts  wi th  all  ions in the  OHP and 
thei r  e lectr ical  images  in  the  semiconductor .  The Cou- 
lombic force be tween  this e lec t ron  (x  ~rom elec t rode)  
and  al l  ions in OHP and the i r  images, F(x) ,  is g iven 
by  (8) 

eo~ 
F ( x ) :  -- 

(6r - -  do-H -- Z)Se~'t 

e o  2 e - - e s t  
+ 

(Or - -  do~  + x ) s , , t  �9 + 

2=eo'~( d - - z  

e s t  ~=I { ( d  -- X )  2 -{- I%2R12} 3/~ 

d+z __'--'st I [17] 

{(d + x)2 + ~Ri~}8/2 , + ,st ] 
where 5r is the distance between the electrode surface 
and the nearest proton of the H30 + ion, do-H is the 
distance between hydrogen and oxygen atom in water, 
d is the distance between the semiconductor surface 
and OHP, est is the  s tat ic  dielectr ic  constant  of water ,  
n ---- 1, 2, 3 and represents  the  succession of r ings  of 
ions a round  a given centra l  ion, and Ri is the  dis tance 
be tween  two ions in the  OHP, depending  on its cov-  
erage wi th  ions and de te rmined  by  Ri --  4ri/(=#) 1/~, 
where  # is the  coverage and ri  is the radius  of the  ions. 
Potential barrier.--From the  above considerat ions,  the  
poten t ia l  energy  b a r r i e r  for  e lec t ron t ransfer ,  U ( x ) ,  
f rom the  surface of the semiconductor  surface to the 
H~O + is given by  

s U(x) : U[m(x) 4- E(z)dx -F eoX=z [18] 

where Xx is the field in the double layer. 

Potential Drop in the Semiconductor and in the 
Double Layer 

The potent ia l  drop in  the e lect r ic  double  l aye r  a t  
the SC-solut ion  in ter face  is of ten considered to be 
negl ig ib le  (22). However ,  when  the  car r ie r  densi ty  of 
the semiconductor  is high, or the  dens i ty  of the  su r -  
face states is high, the potent ia l  drop  in the  e lect r ic  
double l ayer  cannot  be ignored.  We can obta in  this  
quan t i ty  f rom an  analysis  of the  Mot t -Scho t tky  p l o t  
(23, 24). 

The Mot t -Scho t tky  re la t ion  is g iven by  

Csc 2 eeoNA ~sc eo [19] 

where  Csc is the space charge capacity,  NA is the  con- 
cent ra t ion  of ionized acceptors,  and  %sc is the  po ten-  
t ial  drop in the space  charge layer .  

The appropr ia t e  re la t ion  in the  case of measu re -  
ments  in  solut ion is 8 

-- - -  V -- Vfbp  -- - -  [ 2 0 ]  
C 2 eeoNA eo 

where  C is the  to ta l  capaci ty  of the e lec t rode  (ne-  
glect ing the roughness  factor)  and V and Vfbp a re  the  
e lect rode potent ia l  and the f la tband poten t ia l  wi th  
respect  to a reference  electrode,  respect ively.  

Since (see Fig. 2) 

V - -  Vfbp  : ~SC 2C AA~bH [21] 

3 C s c  h a s  been assumed e q u a l  to  Cmeasured because  o ther  capac i -  
t a n c e s  ( e . g . ,  t h a t  of  t h e  c o u n t e r e l e c t r o d e  a n d  H e l m h o l t z  l a y e r )  
are much larger than Csc and hence negligible in series array. 



Energy with 
respect to the 
Bottom of the 
Conduction 
Band, 4 

where 
AACH _-- ( s c A s ~ ) v -  (scAsr [22] 

and ar  is the Galvani  p.d. in the  double  l aye r  at  V 
and the fbp, respect ively,  then, Eq. [21] becomes 

= ~ s c  + AAr  - -  - -  [23]  
C 'z ,eoNA eo 

Only when  A A ~  = 0 or AA~H =C~s~, w h e r e  c is a 
propor t ionaI  constant,  does the  plot  be tween  (1/C ~) 
and V become l inear  (23, 24). 

If AaeH ---- 0, Eq. [21] becomes Eq. [20] and the slope 
of the exper imen ta l  p lot  (Eq. [21] ) mus t  be the  same 
as that  of the  theore t ica l  plot. 

In  the  case of AA~H -- C%sc, Eq. [24] becomes 

- - =  - -  ~ s c ( l + c )  - - - -  [24]  
C ~ ~eoNA eo 

and thus, c can be ca lcula ted  by  compar ing the ex-  
pe r imenta l  slope wi th  the  theore t ica l  one. This is the 
case found in r e c e n t  expe r imen ta l  work  (16). 
( V  - -  V f b p ) / ( 1  -~- C) gives the potent ia l  drop in the  
space charge l aye r  in the  semiconductor.  

De Gryse  et al (25) cri t icized reasoning of this  type  
by  showing tha t  the  slope of the  plot  has the same 
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value whe ther  the  potent ia l  drop occurred in  the 
electr ic  double  l aye r  or  not. However ,  in thei r  t r ea t -  
ment  they  assumed an absence of surface charge and 
this assumpt ion l imits  the appl icab i l i ty  of the  in te r -  
pretation.~ The exper imen ta l  pH dependence  of the 
f latband potent ia l  can only be in te rp re ted  by  assuming 
the existence of surface states, and the discussion of 
de Gryse  et al. on this ma t t e r  is no longer  d i rec t ly  
appl icable  to s i tuat ions of this kind.  

Photocurrent Expression 
By tak ing  into account the  above considerat ions  and 

Eq. [2], the  photocurrent ,  ip, is g iven  by  

CA ~ 
% = eo---~T., ~ l V ( E ) W ( E ) G ( E ) d ~  

= eo ~ Ne (hv,~sc) 

e x p  { - - ~ k / 2 7 r ~ e ( U m ~ - e o ~  ) 

exp { - -~(AH(e)  -5 eoAACH)/kT} [25] 

where  Ne(h~,~sc) is the number  of electrons a r r i v ing  
at  the surface when the potent ia l  drop in the semi-  
conductor  is ~se and can be obta ined  f rom Eq. [13] 
replac ing V by csc; Uma~ is the ba r r i e r  m a x i m u m  wi th  
respect  to the  bo t tom of the  conduction band at  the 
f la tband potent ia l ;  AACH is defined in Eq. [22]; and V 
is defined in Eq. [21]. The use of eoAAcH for the e lec t ron 
energy in the tunnel ing express ion is consistent wi th  
a model  in which the electrons a r r ive  wi th  a un i form 
energy at  the bo t tom of the conduction band, i.e., 
Ee -" 0; and the bar r ie r  is then influenced by  the p.d. 
in the  double l aye r  in the  sense tha t  the ba r r i e r  is 
reduced when  Aar is negative.  ~,6 

Computation of the Photocurrent-Potential Relation 
and Comparison with Experimental Results 

Photocurren ts  were  calcula ted for the example  of 
GaP for different  wavelengths  of l ight  as a function of 

4in  general ,  the  p.d. at a semiconductor-solut ion interface will 
be par t ly  in the  solution if t h e  d o p i n g  is very high or there  is a 
significant concentra t ion of surface states. 

6 Equat ion [25] is no longer  an integral  because t r ans fe r  is seen 
as occurr ing only f rom electrons at the  bot tom of the  conduction 
band (i.e., pho togenera ted  electrons have been deactivat4d unti l  
t h e y  arr ive at the  interface at a potential  V~). 

~A rough  computa t ion  for  GaP-NaOH at 0 on the  NI-I scale 
s u g g e s t s  that  about  50% of t h e  e l e c t r o n s  activated by light reach 
t h e  sur face .  T h o s e  w h i c h  do  n o t  t u n n e l  to the  solution aeact ivate 
at t h e . s u r f a c e  to t h e  v a l e n c e  band.  

Fig. 3. Schematic diagram of the potential energy barrier for 
electron transfer from GaP electrode at flatband potential to an 
acceptor. (Eg is the energy gap; critical potential =- potential 
at which photoaurrent commences.) 

potential .  A schematic  energy diagram,  which shows 
the shape of the bar r ie r ,  is shown in Fig. 3. I t  was 
constructed by  the use of Eq. [16] and [17] in Eq. 
[183. 

The values  used for the  calculat ion of ip th rough  
such a ba r r i e r  by  the  use of [25] are:  ~e = 10 -1~ sec 
(26), #e =- 300 cm2/V �9 sec (27), Lo --  --11.3 eV (28), 
Ea ~-- 4.3 eV (27), J --  13.6 eV (28), A _-- --0.3 eV 
(29), R = --0.1 eV (30), e _-- 11 (31), Eg ---- 2.25 eV 
(27), Vfbp ---- 1.13V (NHE) (16), and c = 1.32 (16). 
(scAs~)fbp is t aken  from values given in the  paper  of 
Bockris and Uosaki  (32). The theoret ica l  r esu l t s  a re  
shown in Fig. 4 (a ) ,  (b) ,  and (c) and are  compared  
with  exper imen ta l  results.  The calcula ted and exper i -  
menta l  resul ts  agree  fa i r ly  in respect  to the posi t ion 
and shape of the  quan tum eff iciency-potent ial  relat ion.  
The potent ia l  at  which  the pho tocur ren t  commences 
( the so-cal led  cri t ical  potent ia l )  is p red ic ted  to be 0.2- 
0.4 too positive. 

Discussion of Discrepancies Between Theory and 
Experiment 

Discrepancies be tween  theory  and exper imen t  exist  
as follows: 

1. Theore t i ca l ly  es t imated  quan tum efficiencies are 
onty 20-~0% of the exper imen ta l  quan tum efficiencies. 

2. The posi t ion of the theoret ica l  quan tum effi- 
c iency-potent ia l  re la t ions  appear  at about  0.2-0.4V 
more  posi t ive than  those of exper iment .  

These discrepancies may  be due to cumula t ive  un-  
cer ta int ies  in  the  quanti t ies  of Eq. [17] which give the 
energy levels  of electrons in the neut ra l ized  HzO+; 
AH(e) at the  f la tband potent ia l  and uncer ta in t ies  in 
the  value  of the ba r r i e r  width,  which  has been t aken  
at 2t2A., following the reasoning of Matthews  and 
Bockris (28). 

In respect to the determination of AH(e), the differ- 
ence betwen the Fermi level and the top of the valency 
band was assumed to be zero. However, this quantity 
depends on the carrier density and has the order of 
0.01 ~ 0.2 eV. Were this taken into account, the theo- 
retical quantum efficiency-potential relations would 
shift toward more negative potentials (i.e., an im- 
provement) by 0.01-0.2V, depending on the carrier 
density. 
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Fig. 4. Calculated and experimental quantum efficiency vs. 

electrode potential curves for GaP in 1N NaOH at the three 
monochromatic wavelengths (a) 4500; (b) 4000; and (c) 3500. 

In respect  to the de te rmina t ion  of the  ba r r i e r  d imen-  
sion, the e lect ron was assumed to t ransfer  to a p ro -  
ton in the  second l aye r  of water ,  to which a proton 
t ransfers  f rom H80 + in the  OHP pr ior  to e lect ron 
t ransfer  (28). 7 However ,  i t  m a y  be possible tha t  a 
proton t ransfers  to wa te r  a t tached to the  electrode 
surface, and electrons t ransfer  to that.  In  this case, 
the  b a r r i e r  thickness  becomes much smal le r  than  that  
assumed and, therefore ,  h i g h e r  quan tum efficiency 

7 The origin of this model lies in the interpretation of the values 
observed for the dependence of the separation factor on the po- 
tential (11). Much l o w e r  b a r r i e r  widths give separation f a c t o r s  
which are too large. 
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than those calculated in the presen t  model  would  be 
expected.  
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