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Photoelectrochemical Properties of a GaP Electrode with 
an n/p Junction 

Per Carlsson, 1 Kohei Uosaki ,*  B. HolmstrSm, 1'* and Hideaki  Kita 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

A B S T R A C T  

The pho toe lec t rochemica l  (PEC) proper t ies  of  a GaP e lec t rode  conta in ing  p/n junc t ion  have  been  s tudied  in 0.1M 
H2SO4 and 0.1M NaOH. This e lec t rode  mater ial  exempl i f ies  the  p rob l em wi th  s emiconduc to r  over layers  and h o w  P E C  
techn iques  can be used  to probe  the  inter ior  proper t ies  of  mul t i junc t ion  materials .  This  sys tem showed  both  ca thodic  and 
anodic  photoresponse .  I f  i l lumina ted  at 500 n m  and biased more  posi t ive  than  -0 .95V vs. Ag/AgC1, the  pho tocur ren t  was 
anodic,  bu t  it became  cathodic  if  b iased nega t ive  of  this potential .  I f  the  wave l eng th  was 430 n m  the  pho toanod ic  response  
van i shed  and only pho toca thod ic  response  was observed.  Charge  accumula t ion  at the  p/n and p/electrolyte  junc t ions  af- 
fects the  magn i tude  of  pho tocur ren t s  and was s tudied  wi th  l ight  modu la t ed  pho tocu r ren t  v o l t a m m e t r y  and i m p e d a n c e  
measuremen t .  F r o m  these  results  we conc luded  that  the  m a g n i t u d e  of  the  pho tocur ren t s  is de t e rmined  by the  hole  trans- 
por t  th rough  the  n/p and p/electrolyte  junct ions .  The  q u a n t u m  eff iciency (QE) increased  at 550 n m  and ex t ended  to 570 n m  
which  is not  expec ted  for GaP  as the  bandgap  of  GaP  cor responds  to 550 nm. S IMS analysis showed  an unexpec t ed ly  h igh  
concen t ra t ion  of  boron  in the  n -GaP substrate  and the  epi taxial  n-layer and a boron  en r i chmen t  at the  n/substra te  inter- 
phase.  The  format ion  of  boron phosphide ,  which  has a bandgap  of  -620  nm, dur ing  the  fabricat ion process  was con- 
s idered  to be  respons ib le  for the  increased QE at 550 nm. 

Pho toe lec t rochemica l  (PEC) cells have  at t racted m u c h  
a t tent ion  because  of  their  possible  use  for convers ion  of  
solar energy  to electr ici ty and/or  to chemica l  energy.  High  
convers ion  efficiency and the  stabili i ty of  the  PEC cells are 
crucial  for any pract ical  appl icat ion and there  are m a n y  
concep ts  p roposed  to improve  the  stabil i ty of  PEC cells. 
The  s emiconduc to r  e lect rodes  can be stabil ized by add ing  
a r edox  couple  to the  e lect rolyte  (1), or  by cover ing  the  
e lec t rode  surface wi th  a noble  meta l  (2), wi th  a wide  band-  
gap s emiconduc to r  (3), or  wi th  a conduc t ive  po lymer  (4). 
H o w e v e r  n e w  difficulties appear  w h e n  e lec t rodes  are sta- 
bi l ized by  depos i t ion  of  an overlayer.  The  eff ic iency is de- 
c reased  by l ight  absorp t ion  in the  over layer  and poor  con- 
duc t iv i ty  causes  potent ia l  drop in the  overlayer.  I f  
s emiconduc to r s  are used  as an overlayer,  p rob lems  wi th  
band  mi sma tch  and junc t ions  appear,  and the  eff ic iency is 
drast ical ly reduced.  Mul t i junct ion  s emiconduc to r  materi-  
als which  conta in  s t rained layers, q u a n t u m  wells,  etc., are 
also of  interes t  for o ther  applicat ions,  inc lud ing  ul t rahigh 
speed  c o m p u t e r  circuits,  and are s tudied  also because  of  
thei r  intr insic scientific interest .  As a c o m p l e m e n t  to con- 
ven t iona l  solid-state t echniques ,  pho toe lec t rochemica l  
(PEC) t echn iques  have  been  found to be  useful  for probing  
the  inter ior  of  such materials  (5). Severa l  repor ts  have  been  
pub l i shed  on "anomalous"  photobehavior ,  i.e., ca thodic  
pho to response  at n- type or  anodic  pho to response  at p- type 
semiconduc to r s  (6). Severa l  explana t ions  such  as reduc-  
t ion or ox ida t ion  of  in te rmedia tes  state adsorbed  on the  
e lec t rode  surface and format ion  of  a p layer near  the  elec- 
t rode  surface or pho toconduc t ive  layers in the  e lec t rode  
have  been  proposed.  In  this paper  we present  PEC studies  
of  an n/p G a P  electrode,  wh ich  has an internal  s t ruc ture  il- 
lus t ra ted  in Fig. 1. There  are two act ive junc t ions  in this 
e lectrode,  one at the  n/p junc t ion  and the  o ther  at the  p/ 
e lec t ro lyte  junct ion.  The  optical  proper t ies  of  GaP  pe rmi t  
us to s tudy  the  character is t ics  of  these  junct ions ,  as GaP  
has two bandgaps:  an indi rec t  bandgap  of  2.26 eV (corres- 
pond ing  to 550 nm) and a direct  bandgap  of  2.72 eV (455 
nm). The  direct  bandgap  absorp t ion  coefficient  at 2.72 eV 
is three  orders  of  magn i tude  larger  than  the  indi rec t  ab- 
sorp t ion  coeff icient  at 2.26 eV (7). Thus,  l ight  wi th  a wave-  
length  under  455 n m  is very  efficiently absorbed near  the  
p/electrolyte  junct ion ,  and the  l ight  in tens i ty  drops  very  
rapidly towards  the  inter ior  of  the  semiconductor .  L ight  
be tween  455-550 n m  penet ra tes  deeper  into the  semicon-  
ductor ,  and part  of  it is absorbed in the  n/p junct ion .  There-  
fore, the  PEC proper t ies  of  this e lec t rode  is cont ro l led  
both  at the  n/p and p/electrolyte  junct ions .  D e p e n d i n g  on 
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the  wave l eng th  of  the  inc ident  l ight  and the  e lec t rode  po- 
tential,  it can exhib i t  e i ther  pho toca thod ic  or pho toanod ic  
response.  Thus,  the  e lec t rode  mater ia l  of  the  p resen t  s tudy  
exempl i f ies  some p rob lems  encoun te red  wi th  semicon-  
duc tor  over layers  and m a y  serve  as a mode l  in unders tand-  
ing such "anoma lous"  pho toe lec t rochemica l  behavior .  

Experimental 
A G a P  n/p junc t ion  mater ia l  p repared  on n -GaP (111) 

substra te  by l iquid  phase  ep i taxy  was obta ined  f rom Shin-  
etsu S e m i c o n d u c t o r  Company,  Limited.  Doping  levels  
and app rox ima te  th ickness  of  the  two epi taxial  layers de- 
t e rmined  by the  suppl ier  are shown in Fig. 1. Ohmic  con- 
tacts were  m a d e  by solder ing wi th  In  and subsequen t  heat-  
ing  at 400~ for 4 min  in He a tmosphere .  The  e lec t rode  was 
covered  wi th  epoxy  resin excep t  for the  front  side and 
m o u n t e d  in a glass tubing.  

The  e lec t ro lyte  solut ions were  ei ther  0.1M NaOH or 0.5M 
H2SO4 prepared  f rom reagent  grade chemicals  and Milli-Q 
purif ied water.  

Pr ior  to the  PEC exper imen t s  the  e lect rodes  were  
e t ched  for 2 min  in HCl:HNO3 (2:1). The  PEC exper imen t s  
were  carried out  in a convent iona l  t h r ee -compar tmen t  
glass cell  wi th  a Py rex  window.  A P t  foil was used  as coun- 
te re lec t rode  and Ag/AgC1 as reference  electrode:  all poten-  
tials are repor ted  wi th  respect  to this reference.  

The  potent ios ta t  was a Hoku to  Denko  HA-301 or a Nikko  
Ke i soku  NPGS-301S.  The  l ight  source  was a 500W x e n o n  
lamp (Ushio Electr ic  Company ,  Limi ted ,  UXL-500D-O) 
wi th  a m o n o c h r o m a t o r  (Ritsu Oyo Kogaku,  MC-25NP). 
The  l ight  in tens i ty  was measu red  with  a l ight  power  me te r  

N-Substrato N-Layer P-Layer 
NO= 1-7.10ncm -~ 0.1-0.7.1017 N A- 2-10.10 w7 
To Te Zn 
500/~m 15-25/~m 10-25/Jm 

ELectroLyte 

0.SMoH2S04 

0.1M NaOH 

ERED/OX 

Fig. 1. The schematic band diagram of the n/p GaP electrode at eqm- 
librium. The doping density, doping compound, and approximate thick- 
ness of the layers are given. 
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(Anritsu Electric Company, Limited, ML-04A with a 
MA-97A detector), calibrated from 400 to 1100 nm. Quan- 
tum conversion efficiency (QE) measurements were con- 
trolled and computed with a personal computer  (NEC, PC- 
8801 mkII). 

The experimental  setup for light modulated photocur- 
rent vol tammetry is shown in Fig. 2. The electrode was 
studied under alternating illumination by a xenon ]amp 
with a monochromator,  chopped at 80 ttz (with an NF CH 
353 chopper) with or without simultaneous illumination 
by a xenon lamp with interference filters. The out-of-phase 
component  of the ac photocurrent was measured by using 
an NF Electronics LT 574 lock-in amplifier as a function of 
applied potential. 

The capacitance measurements were performed with a 
frequency response analyzer (NF Electronics Instruments, 
S-5720B) connected to the NEC computer via the GP-IB 
bus. 

A Hitachi U-3200 spectrophotometer was used for ab- 
sorption measurements.  The SIMS measurements were 
carried out with a CAMECA IMS 3F instrument. 

Results 
Voltammetry.--Depending on the bias and on the wave- 

length of illuminating light, the n/p GaP electrode can ex- 
hibit both cathodic and anodic photoresponse, as shown in 
Fig. 3 for a set of experiments in 0.5M HzSO4. When the 
electrode was illuminated with light of 500 rim, the 
photocurrent  was anodic if the electrode potential was 
more positive than -0.95V, and cathodic if  the potential 
was more negative than this value. If  the wavelength of the 
incident light was 430 nm, the onset of the cathodic 
photocurrent  shifted to -0.75V, and there was no anodic 
photoresponse at positive bias. The anodic photocurrent  
in 0.5M. H2SO4 is due to the photocorrosion of the elec- 
trode, and the cathodic photocurrent is due to hydrogen 
evolution. 

Quantum efficiency and spectral response.--The quan- 
tum conversion efficiency (QE) action spectra of the n/p 
GaP electrode at different potentials shown in Fig. 4 fur- 
ther illustrate the general properties seen in the cyclic volt- 
ammograms in Fig. 3. The QE was anodic at positive po- 
tentials and longer wavelengths, and cathodic at negative 
potentials and shorter wavelengths. The absolute QE ob- 
tained for the n/p GaP electrode was very low, and the QE 
shown in Fig. 4 was normalized to the cathodic QE ob- 
tained at - 1.3V and 400 nm. The "cross-over wavelength," 
where the QE changes from anodic to cathodic, and the 
"onset" wavelength, where the cathodic QE disappeared, 
were dependent  on potential. If  the electrode was biased to 
-1.3V, the QE was cathodic at 500 nm and vanished at 550 
nm. At -0.8V the QE changed from anodic to cathodic at 
455 rim. 

Figure 4 also shows an increase of the QE at 550 nm, 
which is not expected for GaP, since the bandgap wave- 

' t ~ J 
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motor 

(~ Interference fitter 

=ot--'J. I I(AC)+I(DC) 

Lock-in I 
AmpUfier 

I J I(AC)'slnlb 

(~ Semi transparent mirror 
Ref. 
time reference 

X-Yrecorder 

Fig. 2. The experimental block diagram for the light-modulated 
photocurrent voltammetry measurements. 
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Fig. 3. Cyclic voltammogram of the electrode in O.5M H2SO 4 in the 
dark and under illumination with monochromatic light. 

length for the X conduction band is 550 nm. To elucidate 
this phenomenon further, the differential absorption spec- 
t rum between the n/p material and the n substrate material 
obtained by polishing away the n/p epitaxial layer was re- 
corded between 540 and 600 nm and is shown as an inset in 
Fig. 4. The light absorption at 550 nm was higher in the n/p 
epitaxial material compared to the bulk substrate material. 

Light modulated photocurrent (LMP) voltammetry~ 
The upper part of Fig. 5 shows the voltammograms at 
~Ac = 500 nm where the principal photoresponse is anodic 
for three cases: with no dc light and with dc light at 397 
and at 553 nm. The LMP voltammogram obtained without 
dc illumination was quite different from the ordinary 
photocurrent  vol tammogram obtained at the same wave- 
length (cf. Fig. 3). The anodic photoresponse decreased 
very slowly at negative potentials, and it did not become 
photocathodic as in the dc case. If  the electrode was simul- 
taneously illuminated with dc light at 397 or 553 nm, the 
photoanodic response decreases, more for kDC = 553 nm 
and less for hDc = 397 nm. 

The lower part of Fig. 5 shows LMP vol tammogram ob- 
tained at ~Ac = 430 nm where the photoresponse is ca- 
thodic. In this case the result without dc illumination was 
similar to the photocurrent voltammogram. Simultaneous 
dc illumination at 397 or 553 nm resulted in a significant in- 
crease of the cathodic photoresponse for chopped illumi- 
nation, larger for IkDC = 553 and less for 397 nm. 

Capacitance measurements.--The Mott-Schottky plot of 
the electrode in the dark (Fig. 6) shows that 1/C ~ is nearly 
constant between -2.0 and -0.1V with a weak minimum 
around - 1.1V. 

Under  illumination at 520 nm the 1/C 2 decreases, and 
there is a drastic drop especially at potentials more posi- 
tive than -1.0V, and the min imum now appears at -0.4V. 

In order to understand the effect of illumination on the 
capacitance, it was measured at different bias and wave- 

F X 
(:3 N . '- '"~" "'*"~ .-- . ~  

"6 .o 
..: ..." ",o...~ 

- 0 . 5  .:":"'" '" 
- 0 . 8  . . . . . . . . . . . . . . .  ~176 .... - . . ' " "  " " 

UJ o -1.0 

"" ~ ..'" ~4 

" " "  "' ! i - t 3  ," . = , ! j 
400 500 600 

Fig. 4~ Normalized light to electricity quantum conversion efficiency 
(QE) vs. wavelength at five different potentials in 0.SM H2S04. The or- 
rows indicate the wavelength corresponding to the direct ([') and indi- 
rect (X) transitions. Inset: differential absorption spectrum between the 
n/p material and the substrate. 
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Fig. 5. The light-modulated photocurrent voltammogrems recorded 

at XAC = 500 nm (upper curves) and XAc = 430 nm (lower curves) 
under monochromatic constant illumination at XDC = 397 nm ( - - - - ) ,  
at ~-oc = 553 nm ( .. . . .  ), and without constant illumination ( ). 

length. The wavelength was varied between 400 and 550 
nm in 10 nm steps, and the impedance was measured as 
the potential was changed from -2.2 to 0.2V in 0.1V steps. 
Five different frequencies ranging from 20 to 1 ktIz were 
employed for the impedance measurements.  The lamp in- 
tensity was held constant by adjusting the lamp current  
and the aperture of the monochromator.  The capacitance 
was evaluated according to an RC circuit. The assumption 
of a RC series circuit is only valid in the high frequency re- 
gion where the contribution from the faradaic component  
is minimal. The capacitance at 12 kHz is plotted against po- 
tential and wavelength, in Fig. 7. The potential-capaci- 
tance behavior between 400 and 450 nm was approxi- 
mately the same as that observed in the Mott-Schottky 
plot in the dark. At longer wavelengths, the capacitance in- 
creased and reached a maximum at - 1.1V and 520 nm. The 
capacitance was larger between -1.1 and 0V at wave- 
lengths over 450 nm than the capacitance at potentials be- 
tween -1.1 and -2.2V at corresponding wavelengths. The 
maximum capacitance was obtained in the same potential 
and wavelength region where the largest effect of the dc il- 
lumination on the light modulated photocurrent voltam- 
mogram was obtained (cf. Fig. 5). 

pH dependence.--The shift of flatband potential due to 
the change of pH of the electrolyte which is usually ob- 
served at semiconductor electrodes was also observed at 
the rgp GaP electrode. The minimum in the Mott-Schottky 
plot in the dark was shifted by 0.5V more negative in 0.1M 
NaOI~t compared to that in 0.5M H2SO4. The crossover po- 
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b. 

40 '~ 
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-1 .5  -1 ,0  - 0 . 5  0 

P o t e n t l a t  vs.  A g / A g C t / V  

Fig. 6. The Mott-Schottky plot of the n/p GaP electrode in 0.SM 
H2SO4 in dark and under illumination with monochromatic light at 
520 nm. 

u 5 

400 ~ 

Potential. vs. Ag/AgCL/V 

Fig. 7. The differential capacitance of the n/p GaP electrode vs. po- 
tential end wavelength in 0.5M H2SO4. 

tential where the photoresponse changed from photoa- 
nodic to photocathodic also shifted by 0.5V to more nega- 
tive potentials. The shift was about 40 mV/pH which is less 
than the reported value for p-GaP of 50 - 59 mV/pH (8). 
This is observed in both the ordinary and LMP voltammo- 
grams. The photocathodic current decreased in 0.1M 
NaOH. The pH dependence of the electrode is consistent 
with a change of the potential drop at the Helmholtz layer. 
The whole band diagram shifts toward more negative po- 
tential at higher pH. 

SIMS analysis.--The electrode material was analyzed 
with SIMS and the composition-depth profile was re- 
corded to 100 ~m for the elements and mass numbers as in- 
dicated in Fig. 8. The Ga2 and P signals are almost constant 
throughout the structure. Unfortunately, the doping com- 
pounds, Zn and Te, were not detectable due to secondary 
reactions with the sputtering ion (02- ) which forms oxi- 
dized molecules of Zn and Te which could not be sepa- 
rated from a variety of Ga-oxygen compounds formed in 
the sputtering process. Consequently it was not possible to 
determine the location of the n/p junction. 

The most remarkable observation was the boron profile. 
The concentration of boron was low at the surface and in- 
creased slowly in the epitaxial p/n layer. The concentration 
increased by three orders of magnitude at a depth of 
-45  ~m which approximately corresponds to the interface 
between the epitaxial layer and the substrate material. The 
boron concentration in the substrate material was con- 
stant between 60 and 100 ~m and was approximately two 
orders of magnitude higher than that in the epitaxial layer. 
In an intermediate region between 45 and 60 ~m the boron 
signal varied significantly. 

Discussion 
Anodic and cathodic photoresponse.--As discussed 

briefly in the introductory section, absorption takes place 
either in the surface region or in the interior of the semi- 
conductor including the rgp junction, depending on wave- 
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Fig. 8. SIMS profile plot of the n/p GaP material. The relative con- 
centrations for the mass numbers and corresponding elements ore plot- 
ted vs. depth. 
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length of the incident light. The potential and wavelength 
dependence of the photoresponse can be explained with 
the band diagrams shown in Fig. 9. The potential and 
wavelength conditions giving rise to the anodic photocur- 
rent are sketched in Fig. 9a and those giving rise to the ca- 
thodic one in Fig. 9b. As shown in Fig. 9a, where the elec- 
trode is biased positively, the band bending at the 
p/electrolyte side decreases and the band bending at the 
n/p junct ion increases. In  this case the photoresponse van- 
ishes if the wavelength is below 450 nm while the photore- 
sponse above 450 nm is photoanodic. The light longer than 
450 nm has not sufficient energy to excite the electrons to 
the F conduction band, so the electrons are excited only to 
the X conduction band. In this case, the light penetrates 
deeper into the electrode and reaches the n/p junction. For 
example, while 450 nm light penetrates only 3 -  4 #~m, 
penetration depth for 500 nm light is -30 ~m. The magni- 
tude of this photoanodic current is controlled by the hole 
transport through the p/electrolyte junction. The electrons 
are transported to the back contact and the holes are trans- 
ported through the p layer to the electrolyte. The hole 
transport through the p layer is inhibited at the p/electro- 
lyte junct ion if the barrier for the holes is too high. 

As shown in Fig. 9b, when the electrode is biased nega- 
tively, the band bending at the p/electrolyte side increases 
while the band bending at the n/p junct ion decreases. If 
the wavelength of the incident light is <450 nm, the elec- 
trons are excited to the F conduction band, and the light is 
absorbed close to the electrolyte side, and the result will be 
a photocathodic current. 

The limiting factor for both the cathodic and anodic 
photocurrent is the transport of holes. The cathodic 
photocurrent is limited by the hole transport through the 
n/p junction, and the anodic photocurrent is limited by the 
hole transport through the p/electrolyte junction. The hole 
transport through the n/p junction could be accomplished 
by either of two processes: (i) the current is carried 
through the n region by minority carriers (holes), or (ii) the 
holes recombine with electrons at the n/p junction, and the 
current is carried through the n region by majority carriers 
(electrons). The increased cathodic ac photocurrent which 
was observed in the ac voltammogram under i l lumination 
with a monochromatic dc light source is attributed to an 
effect of charge accumulation. If holes accumulate in the p 

ve __J J ~ 

�9  .jfv. 

500  nm 

4.30 nm 

Fig. 9. The schematic band models showing the bias and wavelength 
condition which generates (a) the photoanodic response and (b) the 
photocathodic response. In (a) the electrode is anodically biased and il- 
luminated at 500 nm. In this case the p/n junction is photoactive. The 
holes moves towards the electrode surface and the electrons towards 
the back contact; the net photocurrent is anodic. In (b) the bias is ca- 
thodic and the wavelength is 430 nm. In this case the p/electrolyte 
junction is photoactive. The electrons move towards the electrode sur- 
face and the holes to the back contact. 

region or electrons in the n region, the band bending over 
the n/p junct ion will decrease, and it will be easier for holes 
to move through the n/p junction. The effect of dc illumi- 
nation was larger for a dc wavelength of 553 nm than for 
397 nm. At 553 nm, the absorbed light excites an electron 
into the X conduction band. For this transition, the absorp- 
tion coefficient and recombination rate are low which are 
favorable for charge accumulation. Thus, in this case the 
light penetrates deep into the electrode and reaches the 
n/p junction, and both electrons and holes contribute to 
the charge accumulation, the holes in the p region and the 
electrons in the n region. The dc light at 397 nm is ab- 
sorbed close to the electrode surface, and holes contribute 
less to the charge accumulation, since the recombination 
rate is high in the direct bandgap and the holes have to be 
transported to the vicinity of the n/p region. The electrons 
are transported towards the electrode surface, and they 
will not contribute to the charge accumulation. This model 
is also consistent with the reduced anodic ac photore- 
sponse observed under  dc illumination. If charge accumu- 
lation reduces the band bending at the n/p junction, it 
would result in less efficient electron-hole pair separation 
and, thus, a lower anodic ac photocurrent. 

It might be that the electron accumulation in the n re- 
gion of the n/p junct ion contributes most to the charge ac- 
cumulation and the lowering of the barrier height for the 
hole transport through the lowering of the barrier height 
for the hole transport through the n/p junction. 

C a p a c i t a n c e . - - T h e  capacitance behavior and the Mott- 
Schottky plot of this electrode can be interpreted as two 
capacitors in series, one corresponding to the rgp junct ion 
and the other one to the p/electrolyte junction. The space 
charge capacitance of each junction, Cj, as a function of po- 
tential over the junction, is given by Eq. [1] and the series 
capacitance is given by Eq. [2] 

Cj = (qN=c ~eo/2) 1~ (V= - kT /q)  -112 [1] 

1/C = 1/CrJp + 1/Cp/el [2] 

where V= is the potential over the junction. If the electrode 
is biased negatively, the capacitance at the n/p junct ion in- 
creases as the potential over this junct ion decreases, and 
the total capacitance is, therefore, mainly determined by 
the p/electrolyte junction. The Mott-Schottky slope is 
therefore negative at negative potentials. At positive bias, 
the total capacitance is dominated by the n/p junct ion and 
the Mott-Schottky slope is positive in this case. The ca- 
pacitance behavior during il lumination is interpreted as 
charge accumulation (9) in the interior of the semicon- 
ductor. The capacitance-voltage behavior at wavelengths 
under  450 nm is similar to that in dark. At wavelengths 
over 450 nm, the light penetrates into the epitaxial layers 
and the capacitance increases especially in the potential 
region around -1.0V. In this potential region, it is likely 
that the capacitance contribution from the n/p junct ion 
and the p/electrolyte junct ion is about the same. If the elec- 
trode is i l luminated at wavelengths over 450 nm, charge 
accumulation in the n and p region will change the capaci- 
tance especially in this potential region. At negative poten- 
tials, the capacitances determined by the p/electrolyte 
junct ion and the effect of i l lumination >450 nm is much 
less, because charge accumulation will not affect the p/ 
electrolyte capacitance. When the electrode is i l luminated 
at wavelengths under  450 nm, the light is absorbed in p/ 
electrolyte junct ion but  the change in capacitance is very 
small. The capacitance-wavelength behavior at positive 
potentials is controlled by the capacitance of n/p junct ion 
and the effect of i l lumination is much more pronounced 
compared to the situation at negative potentials. At wave- 
lengths over 450 nm the light penetrates to the n/p junct ion 
and charge will accumulate in the n and p region and in- 
crease the capacitance. 

The  e f f ec t  o f  b o r o n . - - T h e  SIMS profile plot reveals the 
presence of boron in the electrode. Boron belongs to group 
III and can form a compound with phosphorus, BP, which 
is a semiconductor with a bandgap of 2.0 eV. The SIMS 
signal of boron between 60 and 100 ~m is relatively high 
and constant but  is low near the surface. Thus, boron 
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seems to originate from the substrate material (10). In an 
intermediate region between 45 and 55 ~m the boron sig- 
nal varies quite significantly and this might be due to in- 
clusions of boron. This depth corresponds approximately 
to the interface between the substrate and the n layer. It is 
therefore likely that boron in the substrate reacts with 
phosphorus and forms BP in the epitaxial growth process. 

The presence of BP in the nip layer could explain the in- 
creased QE at 550 nm. This behavior is not likely for GaP 
because the GaP bandgap is 2.26 eV which corresponds to 
550 nm. The bandgap of BP corresponds to 620 nm, and 
therefore BP could account for the increased QE at 550 nm 
and the extension of the photoresponse to -570 nm (11). 
The differential absorption spectrum between the elec- 
trode material and the substrate also reveals that the light 
absorption of these wavelength is higher in the epitaxial 
layer. It seems that BP plays an important role for the 
photoelectrochemical behavior of this electrode. The pres- 
ence of it also complicates the interpretation of the 
photoelectrochemical properties of this electrode. The 
band mismatch between GaP and BP could create very ef- 
ficient traps for electrons or holes, and charge accumu- 
lation in these may drastically change the potential barrier 
at the nip junction. 

Conclusion 
The photoelectrochemical properties of an nip GaP elec- 

trode are determined by the nip junct ion and the p/electro- 
lyte junction. The magnitude of the photoanodic and 
photocathodic currents are controlled by the hole trans- 
port through the structure. During il lumination we ob- 
served charge accumulation in the p layer which reduced 
the bandbending and improved the cathodic ac photocur- 
rent. The observat ionof  charge accumulation is also sup- 
ported by the capacitance measurements. The SIMS pro- 
file plot reveals the presence of boron in the epitaxial 
structure, and the increased QE at 550 nm is attributed to 
light absorption in boron phosphide. 
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The Effect of Composition and Phase Change of Electrode 
Material on Thermoelectric Power in Molten Salt Systems 

Masahiro Kamata, Yasuhiko Ito,* Mikio Inoue, and Jun Oishi 
Department of Nuclear Engineering, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 Japan 

ABSTRACT 

Thermoelectric power measurements were carried out in Sn-Li alloy/LiC1-KCYSn-Li alloy systems. The thermoelec- 
tric power shows different behavior according to the composition and the phase state of the electrode. This behavior has 
been explained thermodynamically. 

Thermoelectric power can be one of the driving forces 
for mass transfer in nonisothermal systems, and, on the 
other hand, the single electrode Peltier heat of electro- 
chemical reactors, such as fuel cells or electrolyzers, can 
be calculated from the thermoelectric power. The latter is 
very important in designing the energy balance of reactors 
and the former in studying corrosion of heat transfer 
loops. 

Though many papers (1-5) have been presented concern- 
ing the theoretical and/or experimental study of ther- 
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moelectric power, almost no report exists that uses an 
alloy in a single or coexisting phases as an electrode. 

From an engineering viewpoint thermoelectric power 
measurement  with an alloy electrode is very important, be- 
cause the construction material of heat transfer loops is an 
alloy in most cases (6) and electrodes of electrochemical re- 
actors are not necessarily pure metal (7). 

From such a viewpoint, we have studied various aspects 
of thermoelectric power, especially focusing on how the 
thermoelectric power is affected by the composition or 
phase change of the electrode material. 




