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ABSTRACT 

The differential photocurrent (DPC) method, which involves simultaneous modulation of the incident radiation (at 
f,) and the applied potential (at fi) with detection of the intermodulation photocurrent (at [~ - ill), was employed in the 
determination of ~ and L for p-GaP in contact with aqueous solutions of Eu 3+. Typical values of ~ determined by this 
technique were (450 nm) 6.9 x 104 cm ' and (400 nm) 8.1 • 10 ~ cm-L The value of L obtained was 0.10 -+ 0.01 ~m, which is 
smaller than that found for high purity p-GaP in solid-state devices and is attributed to traps or recombination centers in 
the p-GaP electrode material. 

Radiant- to-electr ical  energy conversion at a semi-  
conductor electrode in contact with an electrolyte in a 
l iquid junct ion  photoelectrochemical (PEC) cell is 
often controlled by the optical absorption coefficient, ~, 
and the minor i ty  carrier  diffusion length, L, of the 
semiconductor. In principle, by measuring the photo- 
current  under  monochromatic i l luminat ion as a func-  
tion of potential,  one can obtain the necessary in-  
format ion for the computat ion of ~ and L. The Giir tner 
model and its variat ions (1-5) are the simplest models 
for the photocurrent  density, j, at the semiconductor /  
l iquid interface. This model assumes that minor i ty  car- 
riers generated wi thin  the electric field of the space- 
charge layer (sel) are swept to the interface where 
they react; recombinat ion wi th in  the scl is neglected. 
Carriers generated outside the scl must  diffuse to it. 
Only those carriers wi thin  a distance L of the edge of 
the scl [where L _-- (D~) 1/~; D is the diffusion coefficient 
and z is the lifetime of the minor i ty  carriers] are swept 
to the interface. More rigorous and complex models for 
the photocurrent  have been proposed (4, 5); these in -  
clude the effects o f  surface recombination,  bulk  and 
scl recombinat ions ,  slow charge- t ransfer  kinetics at 
the interface, etc. These models are much more diffi- 
cult to apply to actu~al exper imental  studies, however, 
because they involve many  adjustable parameters  and 
numer ica l  solutions or digital simulations ra ther  than 
analyt ical  solutions. Hence, the G~irtner-like model is 
f requent ly  used, and  we apply this model here in a 
first a t tempt  at de termining ~ and L by the differential 
photocurrent  (DPC) method- -a  method first proposed 
for solid-state devices by Sukegawa et al. (6). 

The G~rtner  equation can be wr i t ten  (1-3) 

j = h:qr{1 - [ e - ~ / ( 1  + ~ L ) ] }  [1] 

where w is the thickness of the scl and is a function of 
the potential,  V, with respect to the flatband poten- 
tial VFB, and is given by  

w -- [(2e,o/qN) ( IV  - -  VFB]) ]  '/" [2] 

, is the dielectric constant of the semiconductor and ,o 
is the permi t t iv i ty  of free space, N is the donor or ac- 
ceptor density, and V is the applied potent ial  with re-  
spect to the flatband, VEto When an ac voltage of am- 
pli tude Vo is superimposed on the dc potential,  the 
var ia t ion in space-charge layer  thickness, Aw, is given 
by  

h w  = , , oVo /qNw [3] 

These equations were used by Sukegawa et al. (6). In  
Eq. [1], K includes terms that are independent  of V 
and the intensity,  I, such as the reflectivity of the elec- 
trode, etc. The photocurrent  densi ty can thus be repre-  
sented as a funct ion of I V -  VFB [ or W (Fig. 1). As 
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W --> 00; j --> 9sat'd : KqI. A t  V = VFB o r  w = 0, j is  
given by 

[J]w=0 ---- K q I [ a L / ( 1  + aL)]  [4] 

The slope of the j vs. w curve at any  point is given by 

( d j / d w )  = K q l a e - a w / ( 1  + ~L) [5] 

In particular,  at w -- 0 

( d j / d w ) w = o  = K q l a / ( 1  + aL) [6] 

Within the f ramework of the model, a and L can be 
obtained from Eq. [4]- [6j, since 

j ~ = o / ( d j / d w ) ~ = o  = L [7] 

in ( d j / d w )  = In [ K q l a / ( 1  + aL)  ] -- aw  [8] 

with a obtained from the slope of the plot of In ( d j / d w )  
vs. w .  Note  that t ransformat ion of the exper imenta l ly  
accessible j vs. V to j vs. w plot requires knowledge of 
VFB and N; these can be obtained from a Mott-Schottky 
plot (1/C ~' vs. V) (7). In principle, the actual  photo- 
current -potent ia l  plots could be used in Eq. [7j and 
[8j. However, since the value of j at w = 0 can be very 
small, the values of L computed from directly mea-  
sured j vs. V plots are inaccurate. Sukegawa et al. (6) 
developed the differential photocurrent  (DPC) tech- 
nique for obtaining the equivalent  data for the deter-  
minat ion  of a and L. 

Basis of D P C  m e t h o d . - - T h e  DPC method involves 
the modulat ion of the applied potential  with a smal l  
ampli tude (e.g., 12 mVpp) sine wave at a f requency ]2 
and the simultaneous modulat ion of the light in tens i ty  
at a f requency ]1 with detection of the in termodulated 
photocurrent  at ]]2 -- ]11. The in tensi ty  of the modu-  
lated light is main ta ined  at a low level to prevent  
changes in dopant  densi ty  and space-charge layer  
width from photoeffects alone (8). Figure 2 i l lustrates 
these principles. The small  signal ac voltage brings 
about a chan~e (Aw) in the space-charge layer width 
(w).  This change in w produces a change in j, and 

this change in photocurrent,  Aj, is represented by 
Eq. [5] (i.e, A j / A w  approaches d j / d w  for small  depths 
of modulat ion) .  When the applied potential  V + Vo 
sin w2t, where Vo is the peak ampli tude of the small  
superimposed ac voltage and w2 = 2=]2 is the ac angular  
f requency 

Aw = ~eoVo sin (~2t)/qNw [9] 

In  the course of one ac cycle, the m a x i m u m  change in 
the scl width would be proport ional  to 2Vo. However, 
a more meaningful  value for use as the voltage change 
dur ing a cycle would be the effective voltage or root-  
means-square  (rms) voltage. The peak- to-peak ac volt-  
age (2Vo) is related to the rms voltage (Vrms) by  

Vrms "-- 0.707 Vo [I0] 
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Fig. i .  A, ~eft: p~ot of photocurrent (j) vs. applied dc bias (V) for a hypothetical case. B, right: 
width for the same case. 
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Hence, 2Vrms was employed  in the computa t ion  of hw 
f rom Eq. [3]. When the incident  photon flux is modu-  
la ted  wi th  angular  f requency  of ~,1 = 2~fl, the in tens i ty  
of i l lumina t ion  var ies  as 

I ( t )  = Io(1 -F r o s i n  wit) [11] 

where  m is the  depth  of modula t ion  and 2/0 is the  
m a x i m u m  incident  photon flux. In  our  exper iments ,  the 
depth  of modula t ion  can be set app rox ima te ly  equal  
to 100%, and, hence, Eq. [11] reduces  to 

I ( t )  = lo(1 -{- sin ~i t) [12] 

It  is ev iden t  f rom Eq. [1] that  upon changing the space 
charge l aye r  wid th  w b y  Aw there  is a cor responding 
change in j by  hi. This is expressed  by  the fol lowing 
re la t ionsh ip  

J -- j + hj  = K q I  {1 --  [e-a(w+aw)/(1  -}- aL) ]}  

= Kq~ {1 -- [e -~w/(1  + ~L) ] ( e - ~ )  } 

-- K q I  {1 --  [ e - aw/ (1  -t- a L ) ]  (1 --  aZ~w) } 

J -F hj  -- K q I  {1 --  [e -~w/(1  -F aL) ]}  

-F K q I  ~ h w e - a w / ( 1  -F aL)  [13] 

Subs t i tu t ion  of the t ime vary ing  quant i t ies  I ( t )  and 
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Fig. 2. Schematic of energy-band diagram illustrating the prin- 
ciple of measurement. r is the incident photon flux density 
chopped at an angular frequency of ~1 = 2~fl; 2Vo is the peak- 
to-peak amplitude of the small signal ac voltage at an angular 
frequency of u,2 = 2.~f2; V is the applied dc reverse bias; x ----- O, 
w, and B represent, respectively, the interface, space-charge layer 
width, and the back of the crystal where the ohmic contact is 
made; Ec = conduction bandedge; EF = Fermi level; Ev = 
valence bandedge; Eredex = redox potential. 

hw f rom Eq. [12] and [9] into Eq. [13] gives the ampl i -  
tude of the  photocurrent ,  j, a t  ~1 

J(~1) = Kqlo [1 --  e -~w/ (1  -{- aL) ]  [14] 

and the di f ferent ia l  photocurrent ,  a j  at  h~ 

hj (Am) = (KqIo/2)  [a / (1  + a L ) ]  (e-~w) (~eoVolqNw) 

[15] 

The der iva t ions  of Eq. [14] and [15] a re  given in the  
Appendix .  

The values  of hw can be computed  f rom Eq. [3] and  
[10] as a funct ion of w. 

Two lock- in  amplifiers,  one set at  ~i and  the  o ther  
at  J',l - -  w~l, were  used to de tec t  the  photocurrent ;  thus, 
both  j (at  ~i) and hj (at  ]~1 --  ~1)  can be recorded 
s imul taneously .  F r o m  the computed  values of ziw and 
measured  aj ,  one can make  a plot  of In ( h j / a w )  vs. w 
(Eq. [8] ). The slope of the plot  yields  ~ at the  wave -  
length  of measurement .  The Y- in te rcep t  of the plot ,  
corresponding to w = 0, y ie lds  [aj /hw]w=o.  The va lue  
of a obta ined previously ,  can be inser ted  in Eq. [1], 
and  a plot  of j vs. e -~w ex t r apo la t ed  to e -~w = 1 (cor-  
responding to w = 0) yields  [J]w=0. F r o m  these values,  
L can be computed  f rom Eq. [7]. In  addi t ion  to the  
DPC technique,  a we.alth of in format ion  pe r ta in ing  to 
the  expe r imen ta l  "determination of L is ava i lab le  in  
the  l i te ra ture .  These include the surface photovol t -  
age technique (9-11),  the e lect ron b o m b a r d m e n t  of 
Schot tky  bar r ie r s  (12), the  pho to luminescen t - sa tu ra -  
t ion measurement  (13), and var ious  o ther  techniques 
(14-18). In  most of these studies, one needs  to know 
a t e  eva lua te  L. Since in many  cases a is not  known,  
i t  has  to be de te rmined  separa te ly ,  usua l ly  f rom ab -  
sorbance  measurements  (19-24). 

We repor t  here  DPC studies  of s ing le -c rys ta l  p - G a P  
and  n-MoSes  semiconductors  contact ing l iquid  e lec-  
t ro ly tes  containing Eu3 +/2+ and K4Fe (CN) 6, respec-  
t ively,  as r edox  couples. The adapta t ion  of this method  
repor ted  here  has the  advan tage  tha t  the  measurements  
a re  conducted  wi th  the  semiconductor  in the  same 
configuration n o r m a l l y  used in PEC cells, unl ike  the  
o ther  techniques ment ioned.  One drawback ,  however ,  
is tha t  any  deleter ious  effects the  e lec t ro ly te  has  on 
the semiconductor ,  such as surface recombina t ion  or  
format ion  of sur face  states,  could affect the  measu re -  
ment.  An  example  of this is the absorpt ion  of l ight  b y  
redox couples. In so l id-s ta te  measurements ,  no n e w  
chemical  species are  formed,  and the l ight  inc ident  on 
the semiconductor  is constant  wi th  respect  to t ime.  
Thi~ is not  necessar i ly  the  case wi th  semiconductors  in 
PEC cells. Snecies a re  genera ted  at the  photoelec t rode  
wi th  different  absorpt ion  character is t ics  than  the or ig i -  
na l  form. If  these genera ted  species absorb at  the wave -  
length  of interest ,  e r rors  wi l l  be  caused by  the t ime-  
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dependen t  .filter effect. Fo r  this reason, as wel l  as the  
good kinetics,  Eu 8 +/2 + and Fe  (CN) 6 ~ - /4 -  were  chosen 
as redox  couples.  

Experimental 
The s ing le -c rys ta l  semiconductors  employed  in this  

s tudy were  p - G a P  and n-MoSe2. The procedures  for 
mount ing  and etching the  el~ectrodes are  given e lse-  
where  (25). The solut ion used wi th  p - G a P  was 0.1M 
EuCI3 in 1M HCIO4, and tha t  used wi th  n-MoSe~ was 
0.2M K4Fe(CN)6 ad jus ted  to pH 8 wi th  KOH. Solut ions 
were  bubb led  wi th  prepur i f ied  N2 pr io r  to use, and N~ 
was passed over  the solutions dur ing  the exper iment .  
A s ing le -compar tmen t  e lec t rochemical  cell  of 40 ml  
capaci ty  wi th  an opt ica l ly  flat window was used for 
all  exper iments .  The countere lec t rode was a l a rge -a r ea  
(40 cm 2) P t  gauze, and the reference  e lec t rode  was a 
sa tu ra ted  ca lomeI  e lec t rode  (SCE) wi th  a KCl - sa tu -  
r a t ed  agar  p lug  immersed  d i rec t ly  into the cell. All  
potent ia ls  are  expressed re la t ive  to the  SCE unless 
o therwise  specified. 

A PAR Model  173 Potent ios ta t  and a PAR Model  175 
Universa l  P r o g r a m m e r  (Pr ince ton  App l i ed  Research 
Corporat ion,  Pr inceton,  New Jersey)  were  used to ob-  
ta in  the  cyclic vo l tammograms,  which were  recorded 
on a Model  2000 X-Y recorde r  (Houston Ins t ruments ,  
Aust in,  Texas) .  

The ac impedance  s tudies  (26) ut i l ized the lock- in  
ampli f ier  technique,  which yields the  in -phase  and 
the .out -of-phase  components  of an ac signal  supe r -  
imposed on a dc vol tage  ramp.  The ac s ignal  (12 mV 
peak  to peak)  at different  f requencies  was obta ined 
for  input  into the  potent ios ta t  f rom a Model  200 CD 
wide - r ange  osci l la tor  (Hewle t t -Packa rd ,  Palo  Alto, 
Cal i fornia) .  The output  f rom the potent iostat ,  which 
was a vol tage p ropor t iona l  to the  cu r r en t  flowing be-  
tween the work ing  e lect rode (semiconductor)  and the  
countere lect rode,  was separa ted  into its components  at  
0 ~ and 90 ~ wi th  respect  to the  sine wave  input  b y  using 
a PAR Model  5204 lock- in  amplif ier  and recorded wi th  
a Model  6432 (Soltec, Sun Valley,  Cal i fornia)  X-YIY~ 
recorder .  

The expe r imen ta l  appara tus  used for ob ta in ing  the 
dif ferent ia l  pho tocur ren t  is shown in Fig. 3. A 2.5 k W  
Xe lamp (Schoeffel  In s t rumen t  Company,  Westwood,  
New Je rsey)  and monochromato r  ( J a r r e l I - A s h  Model  
82560, Wal tham,  Massachuset ts ) ,  w i th  appropr ia t e  sl i ts  
to achieve a bandpass  of ~10 nm, were  used as the 

monochromat ic  l ight  source. The l ight  was modula ted  
at  1111 Hz wi th  a PAR Model  192 va r i ab le - f r equency  
chopper.  The ac f requency  f rom the w ide -band  oscil-  
la tor  was ad jus ted  to 1511 Hz wi th  an ampl i tude  of 
12 mV peak  to peak  a t  the input  of the potent iostat .  A 
PAR Model 5204 lock- in  ampli f ier  was used to measure  
the photocurrent ,  j, which  L~ the magni tude  of the 
cur ren t  p resen t  a t  the input  of the lock- in  wi th  a f re -  
quency equal  to the  l ight  chopping frequency,  1 I l l  
Hz. The much  weake r  (~1000•  different ia l  photo-  
cur ren t  signal,  Aj, was measured  wi th  a Model  5206 
lock- in  ampli f ier  (EG&G, Princeton,  New Je rsey)  
equipped wi th  an EG&G Model  5010 p lug - in  f l t e r  oper-  
a ted in the  bandpass  mode.  The di f ferent ia l  pho tocur -  
ren t  is the magni tude  of the cur ren t  at  the  input  of the  
lock- in  wi th  a f requency  equal  to the difference in 
the l ight  chopping f requency  and the ac modula t ion  
frequency,  here a rb i t r a r i l y  kep t  at  400 Hz (1511 Hz -- 
1111 Hz).  This s ignal  was more  convenient ly  recorded 
as log hj by  using the log of the  magni tude  output  of 
the  Model  5206. A reference  s ignal  for  the lock- in  at  
this bea t  f requency  was obta ined  by  pass ing  fl f rom 
the chopper  and 5~ from the oscil lator,  both  ad jus ted  to 
0.8V peak to peak  with  vol tage dividers ,  into the mu l t i -  
p l i e r - f i l t e r  circuit .  The mul t ip l i e r  was const ructed with  
an MC 1494L chip (Motorola,  Incorpora ted)  wi th  the 
a t t endan t  c i rcui t ry  as des.cribed in the product  appl ica-  
t ion informat ion  (27). The output ,  which consisted of 
a s ignal  wi th  f requency  components  at  ft + f~ and 
f2 --  f~, was f i l tered to obta in  on ly  f2 --  fl. This filter 
consisted of the bandpass  output  of a var iab le  gain, 
s tate var iable  fi l ter (28) constructed from an ECG 997 
quad opera t iona l  amplif ier  chip (Sylvania ,  Wal tham,  
Massachuset ts ) .  F u r t h e r  f i l tering o r  amplif icat ion was 
found to be unnecessary  for  the  reference  channel  of 
the EG&G 5206. P o w e r  for  the c i rcui t  was suppl ied  b y  
a Harr i son  6205B dual  dc power  supp ly  (Hewle t t -  
Packa rd ) .  The potent iostat ,  p r o g r a m m e r  for dc r amp  
(2 m V / s ) ,  and  X-Y1Y2 recorder  were  the  same as men-  
t ioned previously .  

As an independen t  check, L was de te rmined  by  the 
surface  photovol tage  technique.  The procedure  used 
was tha t  r epor ted  p rev ious ly  by  Kamien ieck i  (29) and 
others  (30). A tungs ten-ha logen  lamp wi th  power  in-  
put  control led  wi th  an au to t r ans fo rmer  was used as a 
l ight  source. Monochromat ic  l ight  was obta ined  wi th  a 
gra t ing  monochromator  (Model  7240, Orie l  Corporat ion,  
Stamford ,  Connect icut) .  The lock- in  amplif iers  and 

Fig. 3. Apparatus used for re- 
cording both the photocurrent 
(j) and the differential photo- 
current (/~i). For details, see the 

, Experimental section. 
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Fig. 4. Plot of the space-charge layer width as a function of ap- 
plied bias for p-GaP in aqueous solutions containing Eu 3+ as redox 
couple. 

chopper are the same as previously described. T h e  
l ight in tens i ty  was monitored with a pyroelectric de- 
tector with a quartz window (Model P1-45Q, Molectron 
Corporation, Sunnyvale ,  California) .  In  the surface 
photovoltage measurements ,  the solvent  was aceto- 
n i t r i le  (Spectrum Chemical Manufac tur ing  Corpora- 
tion, Gardena,  California, spectrophotometric grade) 
and the electrolyte 0.01M t e t r a - n - b u t y l a m m o n i u m  
tetrafluoroborate (Southwestern Analyt ical  Chemicals, 
Austin, Texas) which had been dried under  vacuum at 
100 ~ C for 24h after recrystal l izat ion from acetone-ether.  
The solvent-electrolyte  solution was st irred with acti- 
vated a lumina  (Woelm Alumina  N-Super  I, Woelm 
Pharma  GmbH and Company, Eschwege, Germany)  
decanted into the cell and deaerated and kept under  
a He atmosphere. The reference and counterelectrodes 
were the same as those used in the DPC measurement .  

Results and Discussion 
Computation of w and ~w. - -For  the deterrmnat ion 

of both w and ~,w, one needs to know the value of N, 
the net  doping density, and VFB; these can be obtained 
from the Mott-Schot tky plot (7). The values of N and 
VFB obtained from such a plot for p -GaP  are 3.7 • 
1017 cm -3 and -}-0.22V vs. SCE, respectively, in Eu 3+/2+ 
aqueous solution. The space-charge layer  width, w, is 
related to N and V (where V is the applied potential)  
by Eq. [2]. Upon inser t ing the values of N and V into 
Eq. [2], the resul t ing plot of w vs. V for p -GaP  in 
aqueous Eu ~+/2+ solution is obtained (Fig. 4). The 
values of ~w at different potentials were computed by 
Eq. [31; the corresponding values of w were taken 
from Fig. 4. For  computat ion of hw, a value of 2Vrms 
instead of 2Vo was used. The reasons for this are dis- 
cussed in detail above. The values of w and ~w from 
Eq. [21 and [3], respectively, are given in Table I as a 
funct ion of V. Note, in Table I, that  as the space- 
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Fig. 5. j and A] vs. V for p-GaP in aqueous solution containing 
Eu a+ as redox couple. The wavelength of irradiation is 400 nm. 
fl ~ 1.111 kHz and f2 ~ 1.511 kHz. 

charge layer  width increases, ~w decreases at a given 
ac modulation.  

Plots of ~j and j vs. V.- -Under  reverse bias condi- 
tions, the dark  current  densities for the s e ~ c o n d u c t o r s  
used in this work were less than 1 ~A. Typical plots of 
~j at ~f -- 400 Hz (1511 -- 1111 Hz) and j at 1111 Hz 
vs. applied bias, V, are given in Fig. 5 for p -GaP  in 
aqueous solution containing Eu 3+/2§ as the redox 
couple. Frequencies 1111 and 1511 Hz correspond, re -  
spectively, to the chopping frequency fl, of the incident  
photon flux and the small  signal ac frequency, $2, super-  
imposed on the de ramp, V. The plots in Fig. 5 are 
given for an incident  photon energy of 3.1 eV (corre- 
sponding to 400 n m ) .  The ordinate for the ~j (40.0 Hz) 
vs. V plot is given on a logari thmic scale. Similar  re-  
sults were obtained when the two modula t ing  fre- 
quencies fl and f2 were varied by  • 20% while ma in -  
ta in ing the ~f constant  at 400 Hz for ease of filtering. 
Similar  plots of Aj (400 Hz) and ~ were obtained for 
i r radiat ion energies in the range 2.7-3.54 eV. Consider 
Fig. 5, where the photocurent  rises s teadily reaching 
saturat ion around --0.1V. As j rises, ~j decreases mono-  
tonically tending to 0 at --0.1V where j reaches satu- 
ration. 

Determination of ~ and L - - F r o m  the values of Aw 
in Table I and the ~,j values at corresponding poten-  

Table I. Typical values of w, Aw, A], and In ~]/~w for p-GaP in aqueous solution containing Eu 3+/2+ 
at two wavelengths 

V ~ = 400 ( n m )  X = 450 ( n m )  
(Vvs. SCE) w x 10 e (era) Aw x 101o (m) A~ x 10g (A) In (Aj/Aw) Aj xl0 o (A) In (Aj/Aw) 

- 0.5 4.253 2.504 4.786 2.950 1.000 1.384 
- 0.45 4.103 2.596 .5.011 2.960 1.047 1.394 
- 0.4 3.947 2.699 5.248 2.967 1.097 1.402 
- 0 . 3 5  3.784 2.815 5.623 2.994 1.159 1.415 
- 0.3 3.614 2.947 5.888 2.994 1.245 1.440 
-- 0.25 3.438 3.100 6.456 3.036 1.318 1.447 
- -  0.2 3.248 3.279 6.606 3.002 1.413 1.460 
-- 0.15 3.049 3.494 7.244 3.031 1.514 1.466 
--0.1 2.836 3.757 7.943 3.051 1.660 1.485 
--0.05 2.604 4.090 9.120 3.104 1.820 1.493 
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tials, from Fig. 5, plots of In Aj/Aw vs. w were ob- 
tained (Fig. 6). The Aj and In Aj /aw values from these 
plots for p -GaP  are given in Table I. A least squares 
fit was made for the computat ion of the slope and the 
Y-intercept.  In this fit, a few points very close to VFB 
were not  included, since these points do not  fall  on 
the same line as data obtained at larger bias fur ther  
into the depletion region. The reasons for the devia-  
tion are discussed below. The Y-intercept  and the slope 
give, respectively, (Aj/Aw)w=o and the absorption co- 
efficient, a. The a and (Aj/AW)w=o at different wave-  
lengths are given in Table II. This value of a is in 
good agreement  with l i terature  values (31), and is in 
the range 104-105 cm -1 at the wavelengths studied. The 
value of a at a par t icu lar  wavelength was inser ted  into 
Eq. [1] a n d a  plot of j vs. e -aw obtained (Fig. 7). The 
j values corresponding to various selected potentials 
were obtained from Fig. 5. The [3]w=0 obtained by 
extrapolat ing the plot in Fig. 7 to e -aw ---- 1 correspond- 

ing to w = 0 at different wavelengths is given in Table 
II. The extrapolat ion was made by least squares analy-  
sis. Once again, for the least squares fit, values of j 
close to VFB were neglected. The probable reasons for 
this positive deviat ion at small  values of V can be 
a t t r ibuted to a nonun i fo rm doping density and near-  
surface recombination.  If the impur i ty  concentrat ion 
is not  uniform, w wil l  be different in different regions 
of the semiconductor,  since w varies as N -1/2. For 
example, very close to the surface, if N is larger than 
the bulk doping densi ty  (3.7 • 1017 cm-3) ,  the actual  
value of w will be smal ler  than the computed one, 
giving a larger Aw. Moreover, if j rises sluggishly to 
saturation, the aj  will be larger  than if j rises pre-  
cipitously to saturation.  The sluggish rise to saturat ion 
may be due to the recombinat ion of photogenerated 
carriers. Thus, the larger Aj and smaller  Aw can give 
rise to a poTitive deviation. No at tempt  was made, how- 
ever, to account for this positive deviation, since one 
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Fig. 6. Plot of w (#m) vs. In 
(Aj/Aw) for p-GaP in aqueous 
solution containing Eu 8+ as re- 
dox couple; conditions are the 
same as in Fig. 5. Open circles 
represent data nat used in the 
least squares fit. 
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Fig. 7. Plot of �9 - ~ w  vs. j for 
p-GaP in aqueous solution con- 
taining Eu 8+ as redox couple; 
conditions are the same as in 
Fig. 5. 
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Table II. Values of a,  L, and the parameters used to compute them; 
p-GaP; Eu~ +/~+ 

[Aj/hw],o:0 
k (nm) a (cm-D CA/m) [j]w;o CA) L (#m) 

450 6.9 x 10 r 5.35 1.09 x 10 -c 0.11 
400 8.1 • 1~  26.90 5.28 x 10 -o 0,10 
350 3.6 x 10 ~ 142.33 10 -7 (,.,-.0.001) 

needs to know the  values  of different  parameters ,  such 
as surface  recombina t ion  rate,  bulk  recombina t ion  rate,  
etc., under  ac tua l  use conditions.  Since these p a r a m -  
eters  are  not  easi ly  de te rmined ,  the values of j and 
( ~ j /~w)  close to VFB were  neglected.  

The minor i ty  ca r r i e r  diffusion length,  L, was ob-  
ta ined  f rom Eq. [7] f rom the  values  of [j]w=o and 
(hj/hw)w=o. The va lues  of L at  different  wave lengths  
are  given in Table II. The l i t e ra tu re  values  of L for 
p - G a P  span  a range  0.1-3 ~ n  (15, 31). The minor i ty  
car r ie r  diffusion length,  L, is r e l a t ed  to the minor i ty  
car r ie r  l i fet ime,  T, and  diffusion coefficient, D, by  L : .  
(DT) '/g. The defects  and the steps exis t ing in the crys-  
ta l  can act as k i l l e r  t raps  or  recombina t ion  centers  for 
minor i ty  car r ie rs  resul t ing  in a drast ic  reduc t ion  in 
the minor i ty  ca r r i e r  l i fe t ime (32). Fur the r ,  ions ad-  
vent ious ly  incorpora ted  into the la t t ice  can also reduce 
the  l i fet ime,  ~. Fo r  example ,  Pa r t in  et al. (33) have 
shown tha t  diffusion of cobal t  into VPE n-GaA~0.6P0.4 
p roduced  a cons iderable  r e d u c t i o n  of the  diffusion 
length.  Al though  L has  been shown to be a funct ion 
of dop ing  dens i ty  (15), the  values  of L ob ta ined  here  
(~0.1 ~m) are  at the  lower  end of the  range  of values  

r epor t ed  for  s imi la r  doping  densit ies.  This suggests 
tha t  the sample  s tudied has a r a the r  high n u m b e r  of 
recombina t ion  centers.  Note tha t  the value  of L at 350 
n m  appears  to be p rac t i ca l ly  zero because the c<m.dition 
aw ~ 1 is not  satisfied. I f  aw > 1, al l  the  l ight  wi l l  be 
absorbed  wi th in  the  space-charge  l aye r  wi th  the  resu l t  
tha t  there  is no phv tocur ren t  a t t r i bu tab le  to diffusion 
of carr iers  f rom the semiconductor  bulk.  

Surface photovoltage measurement .~The  va lue  of L 
de t e rmined  by  the  DPC technique  was independen t ly  

checked by  the surface  photovol tage  (SPV) technique 
(9-11, 29, 30). In  this technique,  the semiconductor  
e lec t rode  at  open circui t  is i l lumina ted  wi th  chopped 
monochromat ic  rad ia t ion  of ene rgy  s l igh t ly  grea te r  
than the bandgap  (Eg) of the  semiconductor .  The ac-  
cumula t ion  of minor i ty  carr iers  a t  the surface of the 
semiconductor  produces  a SPV. The SPV signal  is 
capaci t ive ly  .coupled into the 10 Mohm impedance  of a 
lock- in  amplif ier  for  amplif icat ion and measurement .  
The l ight  in tens i ty  is ad jus ted  to produce  the same 
value  of SPV at different  wavelengths  of exci tat ion.  
The monochromat ic  l ight  in tens i ty  requi red  to produce  
this constant  SPV signal  is p lo t ted  against  the r ec ip ro -  
cal absorpt ion  coefficient for  each wavelength .  The 
values for  the wave leng th  range  (500 nm -- 440 nm)  
s tudied were  those repor ted  b y  Beckmann  and Mem-  
ming (34). The resu l tan t  l inea r  plot  is ex t rapo la t ed  to 
zero intensi ty,  and  the nega t ive  in tercept  value is the  
effective diffusion lengthr  The resul ts  obta ined by  this 
technique are  given in Fig. 8 for  the same p - G a P  
sample  s tudied  by  the DPC technique.  The va lue  of L 
ob ta ined  b y  least  squares analysis  of the da ta  was 
0.2 + 0.1 #m. The uncer t a in ty  was the s t andard  dev ia -  
t ion of the values  of L obta ined  f rom four different  
surface photovol tage  values.  The value  of L agrees,  
wi th in  expe r imen ta l  uncer ta in ty ,  wi th  the value  ob-  
ta ined  by  the DPC technique.  

Effects of surface states on hj -V behavior.--The claim 
by  Sukegawa  et al. (6) that  this DPC technique is free 
f rom the effects of surface states does not  appear  to be 
val id.  Surface  s ta tes  are  known to affect the  I -V be -  
hav io r  and may  cause Fez:mi leve l  pinning.  These can 
be identif ied in different  ways, including ac impedance  
measurements  (26) and low f requency  capaci tance 
methods  (35). We have  s tudied  the surface s ta tes  on 
n-MoSe2 in aqueous K4Fe(CN)6 solut ions by  the ac 
conductance method (36). A typica l  plot  of Gp (0 ~ 
component)  vs. V at  100 Hz is given in Fig. 9. The la rge  
hump  in the range  0.1-0.45V can be a t t r ibu ted  to the  
presence of surface states.  DPC measurements  were  
made  wi th  this e lec t rode  and plots  of j and hj vs. V 
are  shown in Fig. 10. The dip in the  hj vs. V plot  occurs 
in  the  same po ten ta l  range  in which Gp vs. V exhibi ts  

1 0 0 0  

..., 

,==0 

5 0 0  

0 

C 

0 5 1 0  1 5  

fig. 8. Re|afire photon |ntens- 
ity (Io in arbitrary units) vs. in- 
verse absorption coefficient 
(a -1)  for p-GaP in acetonitrile, 
0.01M tetra-n-butylammonium 
tetrafluoroborate. Chopped at 
87 Hz. Surface photovoltage was 
kept at: (a) 0.075 mV, (b) 0.1 
mV, (c) 0.25 mV, and (d) 0.5 inV. 
The sensitivity of Io for SPV ---- 
0.5 mV was 0.5 X all others. 

a - l ( p m )  
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Fig. 9. Gp (in-pEase com- 
ponent) vs. V for n-MoSey in 
aqueous solution containing 
IQFe(CN)6 as redox couple, f - -  
100 Hx. ~ .6 
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a hump;  this dip  is also ascr ibed to surface states.  Con- 
s ider  the  fun~ctional re la t ionship  be tween  j and ~j. 
While  j increases steadily,  hj decreases monotonical ly ,  
and when j --> j s a t ,  A~ "-> 0. However ,  when there  is an 
inflection in the  s t eady  increase in j, there  is a dip in 
the  ,~j vs. V plot. This inflection in the increase in j 
can be a t t r ibu ted  to surface states act ing as r ecombina-  
t ion centers.  While  the  funct ional  re la t ionship  be tween  

j and ~j expla ins  qua l i t a t ive ly  the dip in hj vs. V, a 
quant i ta t ive  es t imate  of the  dens i ty  of surface s ta tes  
and the t ime constant  of the surface s ta tes  s t i l l  needs 
to be addressed.  

Conclusions 
To our knowledge,  this is the first t ime that  the DPC 

method has been employed  in l iquid junct ion  PEC 
cells. The absorpt ion  coefficient, a, for p - G a P  is in the 

:Fig. 10. i and M vs. V fur n- 
MoSe~ in aqueous solution con- 
taining K4Fe(CN)6 as redox 
couple. The wavelength of ir- 
radiation is 500 nm. Modulation 
frequencies: fz = 1.111 kHz 
and f~ - -  1.511 kHz. 
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range 104-105 cm -1 in the wavelength range studied. 
This is in good agreement with that reported in the 
literature. However, L for our p-GaP is much smaller 
than the literature value for good-quality GaP crystals. 
This may be due to the existence of steps, defects, or 
incorporated metal ions. Finally, the results on n- 
MoSe2 suggests that this method can be used to locate 
and identify surface states. The DPC method cannot 
be used in liquid junction PEC cells to determine 
and L when surface states are present, the semiconduc- 
tor decomposes under optical illumination, or the dif- 
fusion length is larger than the width of the crystal. 
These three factors precluded the measurement of 
and L for Si, GaAs, and InP by this method in PEC 
cells. 
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APPENDIX 
Introduction of the expression for the two modulated 

quantities, illumination (I(t) ,  Eq. [12]) and ~w (ex- 
pressed as applied voltage, E~. [9bl) into Eq. [13] 
leads to the total time dependent photocurrent. 

J( t )  = KqIo(1 + sin mr) [1 -- e-~w/(1 + ~L)] 

-F Kqlo(1 + sin ~,lt)[e-~'%/(1 -F ~L)] 

[ (eeo/qNw) Vo sin ~2t] [A-l]  

or collecting terms 

J( t )  --_ Kqlo(1 + sin ~lt) [1 -- e-aw/(1 -}- aL)] 

+ KqIo [a/(1 -t- aL) ] (e -~w) eeoVJqNw 

X [sin ~2t + (sin mr) sin ~2t] [A-2] 

From trigonometric identity 

sinA (sin B) ---- 1/2[cos (A -- B) -- cos (A -t- B)] 

Equation [A-2] can be rewritten as 

J ( t )  _-- KqIo(1 -}- sin rot) [1 -- e-~w/(1 + aL)] 

+ Kqlo[~/(1 + ~L)] (e -aw eeoVo/qNw) X [sin ~2t 

1/2[cos (~i - -e2) t  -- cos (m + ~2)t] [A-3] 

Of the various signals present in the second term in 
Eq. [A-3], the major difference frequency component 
_(]~2- ~ll) can be separated using a lock-in amplifier. 
The first term on the right-hand side in Eq. [A-3] is 
proportional to the photocurrent j, and the amplitude 
is given by 

J(~i) : Kqlo[1 -- e-~w/(1 + ~L)] [A-4] 

The amplitude of the major difference frequency ( [~  
-- ~1[ : ~,~) component, the second term on the right- 
hand side in Eq [A-3] is expressed as 

~j ( ~ )  : (KqIo/2) [~/(1 + aL) ] e -~w eeoVo/qNw 

[A-5] 
Dividing Eq. [A-4] by Eq. [A-5] gives 

Jw=o/[~j/~w]w=o = KqloL[~/(1 + aL) ] 

/ [ (1 /2KqIo  a/(1 + aL)] = 2L 

Therefore 
/., = .~,,=o/2 [ / , j / ~ ,w ]  ~=o 
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