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The kinetics of photoelectrochemical hydrogen evolution at p-St single crystals m acidic 
aqueous soluliolls of electrolytes under pulse photoexciration was studied. Despite a low 
stability oF the silicon surface under the experimental conditions, a distract interrelation 
between the characteristic time of interlhcial charge transi~:r and stationary current was tbund. 
The determination of  the characteristic transfer time does not need the detailed elaboration of 
generation-recombination processes in the semiconductor. The steady-state current density 
was shov, n to be determined both for the dark current and photocurrent by the. surface charge 
density. 
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Phorost imulated electrolysis o f  water at s e m i c o n -  
dueling e lect rodes  is a p romis ing  way for direct so lar  
energy convers ion to chemical  energy.  1,2 The e f f ic iency  
of photoelectrochemscat  conve r s ion  depends  to a great  
extent on the dynamics  of  charge  transfer th rough the 
semiconductor /e lec t ro ly te  in ter face  and g e n e r a t i o n - r e -  
combination processes in the s emiconduc to r .  

The use o f  n-  and p - t y p e  s i l icon  cryst-iIs  as 
photoelectrodes has been cons ide red .  3,4 However ,  the 
behavior of sil icon in aqueous  so lu t ions  of e lec t ro ly les  
varies because o f  its oxidat ion,  d issolut ion,  and sa tu ra -  
tion with hydrogen.  5 Various modi f ica t ion  m e t h o d s  are 
used to overcome the instabili ty o f  the silicon surface  
and enhance  its catalytic activity.  6'7 Standard s t e ady -  
state measurements  are insuff ic ient  to unders tand  the 
processes that occur  on the s i l icon surt:ace and  are 
related to interracial charge transfer .  Kinetic s tud ies  
have shown that the efficiency o f  the  silicon p h o t o c a t h -  
ode in aqueous solutions is a f fec ted  by the high dens i ty  
of the charged surface states 8 and  the  relat ionship o f  the 
kinetic parameters  of  charge t ransfer  to the inser t ion  o f  
hydrogen 9 and i l lumination in t ens i ty . l~  

The kinetics of  hydrogen evo lu t ion  on the i r radia ted 
silicon surface is based on a l inear  approx imat ion ,  tl,12 
in which the surface processes  o f  charge t ransfer  and  
recombination o f  charge carr iers  are considered as reac-  
tions of pseudo-f i rs t  order. The factors  indicated above 
and a noticeable s teady-state  cu r ren t  (i.e., the c o n d i t i o n s  
arc far from the real c o n d i t i o n s  for the work o f  the 
photocathode of  a pho toe t ec t rochemica l  conver ter)  were  
ignored. 

In this work. we obta ined new experimental  data, 
which allowed us to propose a more general approach to 
the description of  the kinetics o f  hydrogen evolution 
over the illuminated sil icon surface in acidic aqueous 
solutions of electrolytes. 

Experimental 

Experiments were carried out by a three-electrode scheme 
trader potentiostatic conditions m an electrochemical cell with 
an optical window containing a semiconducting cathode, plati- 
num coumerelectrode, and saturated calomel reference elec- 
trode (SCE). All potentials were measured relative to the refer- 
once electrode. The semiconducting electrodes with a working 
surface of 0.03--0.15 cm 2, were made from single crystal 
p-silicon plates fspecsfic resistance 0.2 alum m) 0.4 mm thick. 
Fhe back ohmic contacts of these electrodes, prepared from 
indium/gallium alloy or thermally sputtered aluminum, were 
separated from electrolyte solutson by epoxide resin. The ceil 
;','as filled with 0.5 M H2SO.~, through which high-purity argon 
~;as passed to remove dissolved 02. Before measurements, the 
�9 *orking surlhce of the electrodes was etched in a mixture c,f 
acids HNOa+HF+AcOH ,,I - 3 : 2 v/v/',) and washed with 
bidisdlled water. All experiments were carried out at ~20 ~ 
The complex measuring system provided potentiostating, detec- 
tion, accumulation, averaging of pulse signals and steady-state 
currents, monitoring of the radiation intensity, and primao.' 
processing of the results. The total time of increase in the 
transient parameter of the measuring system potentiostat-puise 
amplifier of photocurrent did not exceed 3 �9 10 -6 s. An electri- 
cally comrolled light emitting diode assembly (k = 09 .ttrn~, ',,',as 
used as a source of steady-state and pulse (wi th  a front 
<5. 10 -6 s) radiation. The maximum intensit.~ of the steady- 
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state iflumination was L,nax = 15 W m  -1. The duration of 
rectangular pulses of the probing radiation was varied within 
T = 0.3--301) ms: the frequency of pulse repetihon was 

f =  I--.4 Hz. The pararneters of the photocathode response to 
the probing light (photoresponse), viz., the initial amplitude j)- 
and the characteristic time r (for achievement of stationao' 
amplitude), were determined by numerical exponential ex- 
trapok~tlon of the signals. To increase the accttracy of measure- 
ments, the photoresponse w:ts delectt.:d in a Hme inter- 
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Fig. 1. The plots of SCE potential vs: a. stationary current Js; 
b. differential eil~ciency of photoconversion Jt/Ji: and c, ei|~ctive 
~.irne of photoresponse decay z. I, dark regime and 2. regime of 
steady-state i l lumination with I_ = 0.3" Lma x 

vat 3--5-[bid longer titan the characterist ic dine of the 
photoresponse decay. 

Belore measurements, the working electrode was subjected to 
cathodic treatment with a negati,,e charge of 104--105 C m  -? 
under steady-state illumination (L = 0.5"Lma ~, catl~odic bias 
E --- I I V). which stabilized the voltammetric and kinetic 
parameters of the systellt 7'10 tO ensure reproducible results. 

Typical experimenta~ plots (ff the ~,tationary current l, vs tl~e 
cathodic bias E both in the dark regime (i.e., without steady- 
state illumination of the photocathode) and under irradiation 
with an intensity of ca. 0.3 of the maximum intensity used in 
the work are presented in Fig. 1, a. Similar plots of the 
differential efficiency of photoconversion Y/Ji and characteristic 
time ~tbr the same regimes are shown in Fig. l, b a n d  c. 

Results  and D i s c u s s i o n  

The essence of the used experimental approach is the 
probing of the silicon/electrolyte interface (at different 
electrode potentials and s teady-s ta te  i l l u m i n a t i o n  le:,els) 
by rectangular  low-intensi ty  pho topu l ses  u n d e r  po ten t io -  
static condi t ions.  An impor t an t  feature  o f  the  de tec ted  
transient  parameters of the p h o t o r e s p o n s e  II in the sys- 
tem under  study is tile previously m e n t i o n e d  exponen t i a l  
decay of  the pulse pho tocur ren t  to its s tat ionary,  level. 
This  effect is independent  of the e x p e r i m e n t a l  cond i -  
t ions (viz., in the dark or  under  s t e a d y - s t a t e  i l lumina-  
t ion)  when  a low ampl i tude  of  the p r o b i n g  p h o t o p u l s e  is 
mainta ined .  I~ The ob ta ined  Iz semic i rc les  o n  the c o m -  
plex plane of  the pho tocur ren t  c o m p o n e n t s  wi th  s inusoi-  
dal modula t ion  of the i l lumina t ion  of  the  s i l icon elec- 
trode conf i rm this conc lus ion .  This  i m p o r t a n t  experi-  
menta l  thct, indicat ing nn ly  one l i m i t i n g  step of  a 
compl ica ted  charge transti~r from the  s e m i c o n d u c t o r  to 
the electrolyte solution,  allows a s imple  k ine t i c  analysis 
of  the system to be performed.  

For a high density of  the charged  sur face  states o f  
silicon in an aqueous electrolyte  so lu t i on ,  it is reason-  
able to assume that it is precisely the e s t a b l i s h m e n t  of  a 
s teady-s ta te  concen t ra t ion  of  the sur face  cha rge  which  
mainly de termines  the kinet ics  of charge  t r a n s f e r  th rough  
the semiconduc to r - - e l ec t ro ly te  inter lhce.  

The balance equat ion for the a b s o l u t e  wdue  of  the 
sudhce  charge density Q can  be wri t ten  in the  fbrm 

dQ/dt = e '  H,'- J, / I )  

where J is the current densi ty  of charge  t r a n s f e r  th rough  
the interracial  layer, e is the charge o f  a n  e l ec t ron ,  and  
14/is the density of  the total  g e n e r a t i o n - r e c o m b i n a t i o n  
e lect ron current  from the s e m i c o n d u c t o r  o n t o  its surface 
st ipulated by both thermal  processes o f  g e n e r a t i o n - r e -  
comb ina t i on  and pho togenera t ion  u n d e r  the  ex te rna l  I R 
i l luminat ion  of  tl~e p-Si e lectrode.  T h u s ,  for  the  cur ren t  
m the external  circuit (calcula ted per  un i t  sur lhce  o f  the 
e lec t rode) ,  we obtain 

1-= J -r dQ/dt = e- IV. (2) 

As follows from the general  physical  c o n c e p t s ,  if on ly  
one  character is t ic  t ime o f  the t r a n s i e n t  p a r a m e t e r  is 
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present, the generation-recombination current (14") de- 
pends on the current density (L) of the IR radiation, the 
drop of the electric field potential in the semiconduc- 
tor -e lec t ro ly te  interlacial layer (Helmhottz layer) ,},U, 
and the semiconductor polential L,~c relative to the back 
side of the p-Si electrode. Since the sum ,_~/_,' * /-"so is 
equal (with a constant accuracy) to the measured poten- 
tial E of the calomel electrode relative to the back side 
of the p-Si electrode {potentiostatic regime), and the 
potential drop of the interface is related to the surface 
charge density Q, the generation-recombination current 
H," is determined by E. L, and O. In addition, let us 
accept that the charge transfer current through the inter- 
t:acial layer J is unan~biguously related to the potential 
drop of this layer and. hence, depends only on the 
surthce charge density Q. In this case, it is convenient to 
use E, L, and J as variables. Q and Wcan be considered 
as the corresponding functions of them. and the balance 
correlation (I) can be written in the comprehensive form 

dQ(J ) /d t  = e- W(E. L. J) - J. 

In the stationar3; regime, the current in the external 
circuit is equal to that of the transfer through the 
interfacial layer J,, which is calct,lated from tile correla- 
tion 

e" W{ E, L, .I 0 = J~, i3) 

where Js, ~ Js(E,  L). 
In the potentiostatic regime IE = c o n s t ) ,  a weak 

stepwise change in tile I R steady-slate illumination of 
8L < 0.01 - Lma x increases the charge transfer current by 
j ~ 6J. In this case. lincarized equation (2) has the form 

dj d0~ 

(_~ l [ I ' ) L  . CJ~'~' t E ,  k J }  
= L (L " 

,)W q 
~- / - ,~--(E,L,J)i  - J  

=J :J,~l k" / ) 

or in brief form. 

v j"  (dj/dt)  = Ji" ( 1 - ]'/J]) (4) 

with the initial condition t = 0. j = 0. Here rj is the 
effective time of charge transfer through the interfacial 
layer 

and Ji and J.'/- are parameters of Eq. (4) that depend on 
E and L 

~ | V I E ,  Z.,J I 15a) 
= - -  ) ~ J = J  [ ~ . ' 1 . ) ,  Ji 6 L -  e. (?[ 

and represent the initial and final (stationary) photo- 
response, respectively. The solution of Eq. (4) has the 
ibrm 

j = j f ' [1  - expl-t.,'rJ], 

where the characteristic time (r) of the eszablishment of 
equilibrium in the system is proportional to the efl;ective 
time of charge transfer through tlae interracial layer (z j) 

= I j : :Z) "  ~,j. (6) 

Correspondingly, for the current pulse (i) in the exter- 
nal circuit we have 

i = j  §  - J~7~. 

It follows from this that at the initial instant t = 0. j = 0, 
and i = 0, and in equilibrium t = 0, j = i = jf .  

When the steady-state correlation (3) is differenti- 
ated with respect to L 

CW ~3J.tE, L)q ?:J ( E , L )  
-. ~ _ - (  E'. L . J  )!,j �9 _ 

<~J :Jd t t ~  (L  ] C,L 

and Eq. (5b) is used lbr the amplitude j/: we obtain an 
evident relationship between j / a n d  the stationaD cur- 
rent Js 

j ) .=  (3J~,/~L} " 6L 

0 r 

1. 
j~ = j T +  (I/6L). j(JZ)E . . . . . .  , ' d L  

0 

17) 

where Js T is the stationary, current in the dark regime at 
the same potential E as that for the amplitude j / i n  the 
intergrand expression. 

We performed a series of experiments in which the 
potential E was maintained unchanged and the density 
of the steady-state illumination intensity L was smoothly 
varied, which made it possible to calculate sufficiently 
exactly, using the experimental data, the integral incre- 
ment of the final photoresponse amplitude in relative 
units 

L 
I L ~ ! jl)/:~,=o,,s," dL 

in Eq (7). The amplitude o f  the probing photoputse ,~L  

remained unchanged in all experimental series. As can 
be seen in Fig. 2, the experimental data lhus processed 
in the coordinates ( I  L, Js - "Is r~ lie on one straight l ine 



t710 Russ. Chem. Bult., Int. Ed., Vol. 49, N o .  10, October,  2000  Babenko et  at. 

tL 

5 

0: 

rel. units} 

~ , :  oZ ~ l  c2 �9 . 

j , ~ 5  

i l 

t 2 3 4 J~ -- J,'r'A m ~ 2 

Fig. 2. The plots of the integral mere:nero or the final 
photoresponse amplitude 1L vs {he current density increment 
.(, _ &T upon stead.~-slate iilnminalion :7~r differcm SCE poten- 
tials - E/V: l0  (1}. 09 (-h, 0.S (.h. 07 (4), and 06 (5). 

regardless of  the potential.  This experimentally conf i rms ,  
in particular,  that the system reaches, m fact, the s teady-  
siate level within the detection time. 

It tollows from Eq. (6) that the effective t ime o f  
charge transfer through the inteffacial layer v a (under  the 
assumpt ion thai L/ is a function only of  the s t a t i onaw 
current  J~ rather thzln of  two independent  parameters  E 
and L) is calculated through the experimentally de te r -  
mined values. The plot of  the titus calculated effect ive 
t ime of  charge transfer through the interracial layer ,.:s 
the steady-state currem in semilogari lhmic coord ina tes  
is presented in Fig. 3. The points corresponding to the 
dark regime,  the regime of  weak IR i l l umina t ion  
{L <_ 0.1 "Lma• and the regime of intense I R i l lumina-  
iion (0.1 < L / L m a  x -<. I) are specially niarked on this 
curve. Despite the pre-stabilization o f  the e lectrode,  in 
prolonged experiments (several h) the voltammetric  char -  
acteristics and the relationships of  the characteristic t ime 
of  the photoresponse pulse decay and ratios of its initial 
and final ampli tudes to the cathodic bias are strongly 
shifted along the potential scale. Nevertheless, a dis t inct  
interrelat ion between .ty and Y~ is observed because,  
accord ing  to our  concepts ,  to find the effccti,,e t ime o f  
charge transfer through the interfacial layer from the 
exper imenta l  data, the genera t ion-recombinat ion  p ro-  
cesses, which are most likely a reason for the instabili ty 
of  the e lectrode,  should not be considered in detail.  

The  increment  of  the surface charge density AO 
(relative to the charge corresponding to zero current )  as 
a funct ion of  the s t a t ionau  current density J~ can easily 
be calculated from Fig. 3. We arrange all points in the 
plot in order  of  increasing current 4 and perform the 
summat ion  over  them, which is equivalent,  wi th  a suffi-  
cient accuracy,  to integration over Js. Because of  m a n y  
exper imenta l  points and their statistical scatter, we ob-  
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Fig. 3. The plots of the characteristic time of charge transfer ~; 
vs the steady-state currenl J> al different IR radiation levels: /. 
dark regime; 2. illuminalion ,,,,itil L 5 0.1 " Lma,: and 2. high 
levels of illumination. 

tain a plot (poin ts  in Fig. 4) extrapolated by the ex- 
pression 

J~ = Jo" lexp(: ,O/Oa) - exp{b" s(.)/Qo)l. 

where tile pa rame te r  b depends on the approximat ion  
condit ions (whe the r  the points corresponding to the 
higher currents  are priority or  initial points with respect 
to J~) and lies in the interval 0--0.2.  The solid line in 
Fig. 4 co r re sponds  to b = 0. The formal in terpolat ion 
function can be considered as the resull of  averaging on 
the e lec t rode  surface of  the more appropriate (in the 
kinetic sense) corre la t ion 
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Fig. 4. The increment of the surface charge AQ ;is a function o f  
the steady-state current Js- The interpolation plot at b = 0 is 
shown by the solid cu~'e. 
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-/,~ = J~)" �9 (,~Q."Qr,) "exp(a-  ~(-)/()o) 

over the d imensionless  pa ramete r  a in the  l imi ts  (b, I). 
Taking into accoun t  the re la t ionship  be tween  the 

m c r e m e m  of fl~e surface charge densi ty  and  the  potent ia l  
drop o f  the interracial layer, we may write 

,s@O0 = (C-~U)/()0 = ,, "l(e" _~d)/tkTlJ. 

where (~ is the so-cal led transfer  coef f ic ien t .  !,7 Hence ,  
the ratio of" the effective inteffacial  layer capac i ty  to the 
charge t ransfer  coefficient  can be found  f rom the pre-  
sented exper imental  data 

C/a = (e" Q:l)/(k 73 

In our  exper iments ,  for different s i l icon samples  and 
regimes of  p re - t r ea tmen t  of  the e l ec t rode  surface,  this 
vtllue varied from 0.08 to 0.3 F m -2. 

Thus,  we proposed and  exper imenta l ly  subs tan t i a ted  
a s imple kinetic model  of  charge t r ans fe r  t h rough  an  
interracial  silicon layer - -ac id ic  so lu t ion  o f  an  e lectro-  
l~e.  This  system exhibi ted  a dis t inct  r e l a t ion  between 
the t ransfer  t ime and  the  s teady-s ta te  c u r r e n t  density,  
and the latter regardless o f  its na ture  (da rk  cur ren t  or  
pho tocur ren t )  is art exponent ia l  func t ion  o f  the  surface 
charge density.  

This  work v, as t lnancia l ly  suppor ted  by the  Russian 
Founda t ion  for Basic Research (Pro jec t  No. 99-03-  
32210). 
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