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ABSTRACT 

The f~atband potential, V~B, of p-Si electrodes in acetonitrile solutions containing various redox couples was deter- 
mined by measurement of the cell impedance. V~B was found to depend strongly on the redox potential of the solution, 
indicating the occurrence of Fermi level pinning. The shift ofV FB did not depend upon the nature (cationic or anionic) of the 
redox couples; thus it cannot be attributed to specific adsorption. The shift inV~B was also found with redox couples (such 
as oxazine and benzoquinone) which have energy levels located below the middle of the gap, implying that inversion does 
not occur in these cases. 

The concept of Fermi  level p inning  (FLP) was re- 
cently suggested to explain the relat ive independence 
of the open-circui t  photopotential  (Voc) at the semi- 
conductor electrode in the presence of redox couples 
whose s tandard potentials span a range of potentials 
greater than the bandgap, Eg (1-4). This behavior  is 
different from that expected for the ideal semiconduc- 
tor /electrolyte  junction,  where Voc = Vredox - -  VFB 
(Vredox is the potent ial  of the solution redox couple and 
VFB is the flatband potent ial  of the semiconductor in 
the absence of redox couple). Such behavior  has been 
observed wi th  several semiconductors, e.g., Si (3, 4), 
GaAs (2), and CdTe (5). FLP occurs when a sufficient 
densi ty of surface states exists in the bandgap that 
their equi l ibrat ion wi th  the solution redox couple 
causes a change in the surface charge and hence in the 
potential  drop across the Helmholtz layer. Under  these 
conditions VFB shifts w i t h  Vredox. This behavior  is very 
similar  to that  found at some metal /semiconductor  
(Schottky) junctions,  where the photovoltage is inde-  
pendent  of the metal  work funct ion (6-8). We sought 
to obtain independent  evidence of FLP, as well as fur-  
ther insight into the conditions under  which it occurs, 
by examining the shift of VFB, as obtained from capaci- 
tance measurements ,  with various redox couples for 
p-Si in acetonitri le (MeCN) solutions. 

Experimental 
The solvent, MeCN, and the redox couples were 

purified following the procedures reported in earl ier  
publications (9-11). The single crystals of p-Si  (doping 
density, 2.05 • 1015 cm-3) ,  obtained from Texas In-  
struments,  had the (100) face exposed to the solution 
and were provided with ohmic contacts by electro- 
depositing a layer  of gold on the back-side. A copper 
wire lead for electrical contact was attached to the 
gold-coated side with silver conductive paint  (Allied 
Product Corporation, New Haven, Connecticut) and 
was subsequent ly  covered with 5 min  epoxy cement. 
The entire assembly was mounted  into 6 m m  diam 
glass tub ing  and was held in position with silicone 
rubber  sealant  (Dow Corning Corporation, Midland, 
Michigan) which also served as an effective seal 
against seepage of electrolyte solution to the rear  of 
the semiconductor electrode. The exposed area of p-Si  
was 0.1 cm 2. The surface of the electrode was etched 
before use for 30 sec with HNO3: CH3COOH: HF, 3:1: 3, 
containing a drop of bromine, followed by a pure HF 
etch (5 sec), and then rinsed thoroughly with distilled 
water and dried. 

A two-compar tment  electrochemical cell was used. 
The counterelectrode for coulometric generat ion was a 
p la t inum gauze separated from the test compar tment  
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by a medium porosity glass frit. An aqueous saturated 
calomel electrode (SCE) was used as a reference elec- 
trode. A large area ( ~  40 cm 2) P t  gauze, immersed in 
the same compar tment  as the working electrode, was 
used as a counterelectrode in  impedance measurements.  

A PAR Model 173 potentiostat  and a PAR Model 175 
Universal  programmer  (Princeton Applied Research 
Corporatioin, Princeton,  New Jersey) equipped with a 
Model 2000 X-Y recorder (Houston Ins t ruments ,  
Austin, Texas) were used to obta in  the cyclic vol tam- 
mograms as well  a s  for impedance measurements .  In  
these lat ter  experiments,  a lock-in amplffier tech- 
nique, which yields the in-phase and the 90 ~ quadra-  
ture  component  of an a-c signal superimposed on a 
t r iangular  sweep, was used (12, 13). The a-c signal 
(10 mV peak- to-peak)  at different frequencies and its 
components were obtained by using a PAR Model 
HR-8 lock- in  amplifier equipped wi th  an in terna l  os- 
cillator. 

All compounds and the solvent, MeCN, were stored 
inside a helium-fil led Vacuum Atmospheres Corpora- 
t ion (Hawthorne,  California) glove box. Polarographic 
grade t e t r a - n - b u t y l a m m o n i u m  perchlorate (TBAP),  
dissolved and recrystallized from ethanol three times 
and dried under  vacuum ( <  10 -5 Torr)  for 3 days, was 
used as support ing electrolyte. All of the solutions were 
prepared and the cell filled and sealed in the glove box 
and removed for experiments.  Prepurified ni t rogen 
was bubbled  through the solution for 30 rain after the 
cell was opened to introduce the SCE reference elec- 
trode. 

Results 
The determinat ion  of VFB from capacitance (C)-  

potential  (V) data, e.g., via Mott-Schot tky (M-S) plots 
of 1/C 2 vs. V, Eq. [1] 

2 
1/C2 = eeeoNA (V - -  VFB - -  0.025) [1] 

is well documented (where C ---- capacitance per uni t  
area, e ---- 1.6 X 10 -19 C, ----- dielectric constant, Go ---- 
8.85 X 10 - ' 4  ~f/cm, NA = acceptor density cm -3, V -~ 
applied d-c bias, and VFB -- flatband potent ial) .  The 
determinat ion of VFB from the C-V data via S-M plots 
is based on the assumption that  C can be taken to be 
the space-charge capacitance, Csc, and that  at the fre- 
quency used in  the measurement ,  f, the surface states 
do not contr ibute  to the measured value of C. This will  
be the case when  the time constant  associated with fill- 
ing or emptying the surface states is long with respect 
to 1/] (i.e., 1/f is short compared to the rate of charge 
exchange between the surface states and the bu lk  
semiconductor) .  Under  these conditions, C ___ Cs~ and 
the surface states do no t  affect the measured capaci- 
tance, even when they are effective in p inn ing  the 
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Fe rmi  level  when  they  equi l ib ra te  w i th  the  solut ion r e -  
dox species. The requ i red  f requency  range for t h e  
measurement  can be found from a plot  of C vs. f (Fig. 
1). Note that  for the  p -S i  e lec t rode  in MeCN, 0.1M 
TBAP at 0.1V vs. SCE, C is essent ia l ly  independen t  of 
f for f >_ 4 kHz. In measurements  used to de te rmine  
VFB in our  studies,  S ---- 5 kHz was employed.  Al though,  
in some cases, de t e rmina t ion  of VFB f rom the in te rcept  
of the M-S  plot  involves some ambigu i ty  (14), gen-  
e ra l ly  VFB can be es t imated  to wi th in  0.1V, and shifts 
in VFB can be de te rmined  quite readi ly ,  even d i rec t ly  
f rom the  C-V plots  themst lves .  The exper imen t s  here  
involved de te rmina t ion  of C in the  presence of var ious  
redox  couples. The solut ion concentra t ion and potent ia l  
range  was selected so that  negl ig ible  fa radaic  currents  
were  obtained.  In  the  da rk  and at the  f requencies  
chosen for measuremen t  of C (1-10 kHz) ,  any  fa rada ic  
processes were  assumed to make  a negl igible  cont r i -  
but ion to the measured  impedance.  

Consider  the  effect of adding  n i t robenzene  (PhNO2) 
and then genera t ion  of its rad ica l  anion, PhNO2-  to 
the  C-V  behavior  and the measured  VFB-Value. The 
C-V  plot  of p -S i  in the background  solut ion alone, de -  
noted p - S i / T B A P ,  MeCN, is shown in Fig. 2a, and 
the  M-S  plot  for potent ia ls  in the  deple t ion  region is 
given in Fig. 3a. If i t  is assumed that  the  measured  
capaci tance is pu re ly  space charge  capaci tance (13), 
the vo l t age-ax i s  in te rcep t  of the M - S  plot  y ie lds  VFB 
of p -S i  in the  background  solut ion wi th  no added  
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Fig. 1. Plot of variation of capacitance at 0.1V vs. SCE, with 
frequency, far p-Si/MeCN, TBAP (0.1M) interface. 
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Fig. 3. Mott-Schottky plots of p-Si/MeCN, TBAP: (a) absence of 
redax couples, (b) with PhNO2 (30 mM) ~ PhNO2- (10 mM). 

redox  couple of § vs. SCE. F r o m  the value  of the 
acceptor  dens i ty  (NA), the energy of the valence band 
(VB) edge is computed  to be 0.05 eV be low VFB. By 
tak ing  the Eg va lue  of p-Si ,  1.1 eV, and the VB edge 
energy,  we can locate the  bandedge  posit ions under  
f la tband conditions (Fig. 4). The associated Vredox 
values  for var ious  redox couples employed  in these 
studies are  also shown in Fig. 4. When  PhNO2 (30 mM) 
is added  to the solution, the C-V curve is essent ia l ly  
the same as that  in the background  solut ion (Fig. 2b).  
However ,  coulometr ic  genera t ion  of the reduced  form, 
PhNO2-  (10 mM) causes a large  shift  of the  C-V curve 
t oward  negat ive  potent ia ls  (Fig. 2c) wi th  VFB ob-  
ta ined  f rom the M-S  plot  (Fig. 3b) now at --0.5V. 

S imi la r  shifts in the C-V curves  and M-S  plots are  
found when  o ther  redox  couples,  e.g., benzoquinone 
(BQ),  an th raqu inone  (AQ),  and oxazine (OX) are  
added  to the solut ion and the reduced  forms gen- 
erated.  The shift  in ~V'FB in the presence of these 
couples is r e la ted  to the  r edox  potent ia l ,  Vredox of the  
sys tem (Fig. 5). 

T h e  shifts in VFB upon genera t ion  of the  reduced  
fo rm of the redox couple are  consistent  wi th  FLP,  a s  
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Fig. 2. Capacitance-potential (C-V) plots for the p-Si/MeC~, 
TBAP interface: (a) absence of redax couples, (b) with PhNO~ 
(30 mM), (c) with PhNO~ (30 raM) ~ PhNO2- (10 raM), (d) 
Ru(bpy)32+ (0.5 raM) @ Ru(bpy)3 + (0.5 mM). 
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Fig. 4. Schematic diagram of p-Si/MeCN, TBAP interface under 
flatband conditions in the absence of added redax couples and the 
redox potentials of various couples investigated in this work. 
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Fig. 5. Flatband potential, VFB , of p-Si in MeCN as a function of 
redox potential, Vreclox, of added solution couples: (a) oxazine 
( + 1 / 0 ) ,  (b) benzoqulnone (0 / - -1 ) ,  (c) anthraquinone (0 / - -1 ) ,  
(d) Ru(bpy).e 2 + / +, (e) nitrobenzene (0 / - -  1). 
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discussed fur ther  below. However, since all of these 
reduced forms are also anionic, it is possible that the 
shift could be ascribed to the specific adsorption of the 
negative species on the p-Si surface. To test this possi- 
bility, C-V measurements  were made in the presence 
of the Ru(bpy)~ 2+/+ couple (bpy ---- 2,2 '-bipyridine),  
which is characterized by a redox potential  near  that 
of PhNO2-. The shift in C-V curve (Fig. 2d) and VFB 
follows the same correlation as that observed wi th  
couples with anionic reduced forms. 

The effect of a high density of surface states has 
been compared to that  of a thin layer  of metal  on t h e  
electrode surface (1, 15). This effect has been invest i -  
gated by vacuum deposition of a thin ( <  50A) film 
of silver on the p-Si  surface. The C-V curves in  the 
absence and presence of a redox couple are shown in 
Fig. 6. Again, addit ion of the redox couple with a neg-  
ative Vredex promotes a negative shift in VFm 

Discussion 
The shift in VFB can be associated with the t ransfer  

of electrons from reduced forms in solution to surface 
states on the electrode (Fermi level p inning)  (1) as 
shown schematically in Fig. 7. Initially,  equi l ibrat ion 
between part ia l ly  filled surface states and the bu lk  
semiconductor causes some band-bend ing  (Vsc) (Fig. 
7a). Addit ion of only the oxidized form of the redox 
couple (A) does not  cause a shift of VFB in the dark 
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Fig. 6. C-V plots for the interface p-Si/Ag (~50A) /MeCN,  
TBAP: (a) with no added redox couple, (b) with PhN09 (30 raM) 
and PhN02 ~ (10 mM). 
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Fig. 7. Schematic representation of Fermi level pinning by injec- 
tion of electrons to surface states from reductants in solution 
causing a shift of the bandedges to more negative values. (A) Be- 
fore the addition of reduced form (A- ) .  (B) After the addition of 

because this species cannot  donate electrons to the 
surface states. Under  irradiation,  however, a shift in 
VFB toward more negative potentials can occur, since 
photogenerated electrons in the CB or photogenerated 
A - ,  can populate unfilled surface state levels. In the 
presence of A - ,  a shift of VFB is observed, even in the 
dark (Fig. 7b). Although VFB shifts monotonical ly  with 
Vredox, as shown in Fig. 5, the slope of the curve is less 
than uni ty  as would be expected for a sufficiently high 
density of surface states (1). For the p-Si  mater ia l  
employed here, addition of the A / A -  couple appar-  
ent ly  causes a change in  both the charge in  the surface 
states and the space charge. Thus the presence of the 
A / A -  couple produces some addit ional  band-bend ing  
as wel l  as an increased potent ial  drop across the 
Helmholtz layer. The relative var iat ion of the potential  
drop across the space charge region and that across the 
Helmholtz layer  depends upon Cs~ and the densi ty of 
surface states. We refer to the case shown in Fig. 7 as 
part ial  Fermi level pinning.  

Shifts in VFB can also be ascribed to the onset of 
inversion when couples at potentials represent ing en-  
ergy levels above the middle of the bandgap are pres-  
ent (16-18). Note, however, that shifts in VFB were 
found in this s tudy with oxazine (+1 ,  0) and benzo- 
quinone (0 / - -1) ,  both of which have energy levels 
located below the middle of the gap (Fig. 4). Thus the 
shift in ~/~FB (and the location of the bandedges) ,  at 
least in these cases, cannot be ascribed to inversion. 

The fur ther  negative shift of VFB by a th in  Ag over-  
layer  on p-Si  as compared with a bare electrode in the 
same solution suggests that the thin Ag layer  might  
act as or induce a set of "extrinsic" surface states of 
high density wi thin  the bandgap on p-Si. The extent  of 
FLP will  also depend on such factors as the na tu re  of 
the solvent and electro]yte as well as the surface pre-  
t rea tment  (15). The effect of different etching proce- 
dures and chemical surface t reatments  is cur rent ly  
under  investigation. 

Conclusions 
These measurements  of the flatband potential  of p-Si  

in MeCN via capaci tance-potent ial  plots provide clear 
evidence of the Fermi level p inn ing  model previously 
proposed. The shifts in  the fiatband potential  clearly 
paral lel  the shifts in the potential  for the onset of the 
photocurrent  and the observed cyclic vol tammetr ic  
behavior for p-Si  in CH3CN obtained in earlier studies 
(3, 4). If only the oxidized form of the couple is pres- 
ent, the dark C-V behavior  is similar to that  for a solu- 
tion in  the absence of redox couples. When the reduced 
form of the couple is electrochemically generated, VFB 
shifts to more negative values. The extent  of the shift 
varies monotonical ly with Vredox (see Fig. 5). 
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Technical Notes o i 
The Specific Conductance of Molten Carbonate Fuel Cell Tiles 

P. G. Glugla and V. J. DeCarlo 
General Electric Corporate Research and Development, Schenectady, New York 12301 

Estimates have indicated that  one- th i rd  to one-hal f  
of the observed polarization in mol ten  carbonate fuel 
cells is due to IR losses in the electrolyte layer  (1), yet  
the specific conductance of this component  is not accu- 
rately known. The electrolyte layer, usual ly referred 
to as the tile, consists of a non-conduct ing  porous 
l i th ium a luminate  matr ix  with a conducting l i t h ium/  
potassium carbonate eutectic enclosed in its pores. The 
purpose of this study was to evaluate the specific con- 
ductance of typical tile samples independent  of fuel 
cell hardware.  

Two well-characterized samples of tile were chosen 
for testing, an electrophoretic deposition (ED) tile, 1 
and a tile commonly used in GE fuel cell tests, the 
hot-pressed (HP) tile. ~ These tiles are typical ly 45% 
by weight LiA102 and 55% by weight 62/38 mol ratio 
l i th ium/potass ium carbonate. The carbonates are s tan-  
dard analyt ical  grade chemicals. The l i thium a luminate  
powder has a particle diameter  of 0.1-0.3 microns (15- 
20 m2/g).  The I4_P tiles are prepared by b lending the 
LiA10~ powder with the carbonate and pressing this 
mixture  in  a die near  the mel t ing point of the carbonate 
(2). The ED tiles are prepared by suspending the 
LiA102 powder in isopropanol and electrophoretically 
depositing (4) the LiA10~ on a mandrel .  The deposits 
are removed from the mandre l  and heat - t rea ted  to im-  
prove rigidity. They are then filled by mel t ing a mea-  

Key words: resistivity, fused salt, separator,  energy storage. 
1The electropheret ic  deposition tile was prepared at  General  

Electric Corporate Research and Development, Schenectady, New 
York (2). 

~The hot-pressed (HP) tile was prepared by General  Electric 
Direct  Energy  Conversion Programs in Wilmington,  Massachu- 
setts (3). 

sured quant i ty  of carbonate into the LiA10~ (3). The 
ED process allows one to measure the pore volume and 
pore size dis tr ibut ion of the LiA102 matr ix  before it 
is impregnated with carbonate.  The ED samples chosen 
for this study were found to be 51% porous with a 
mean pore size of 0.25 microns by mercury  porosimetry 
(American Standard  Company, Model No. 5721B). The 
appropriate amount  of carbonate was added to the ED 
structure so that  the tiles were completely filled. These 
two samples were designed to be similar. However, 
s t ructural  differences between these two samples must  
exist since the two preparat ion procedures are so dif- 
ferent. 

Experimental 
The specific conductance of the tile was measured 

with a four-probe a-c impedance technique. The im- 
pedance was measured with a Wayne -Ker r  a-c bridge. 
The ~our-probe technique was used to el iminate the 
lead resistance. The a-c signal was supplied by a PAR 
lock-in  amplifier (Model 124A). The tuned receiver 
portion of the lock-in  amplifier was used as the de- 
tector. The nul l  was observed by monitor ing the mixed 
monitor  output  of the amplifier with an oscilloscope. 
This system was capable of measur ing the real and 
imaginary  parts of the impedance from 1 to 50 kHz. 
This is not a par t icular ly  wide frequency range; how- 
ever, enough informat ion was obtained to spawn a rea-  
sonable level of confidence in the data. The real pa r t  
of the impedance varied only 2% over this range of 
frequency. 

The conductivi ty exper iment  was scaled to a size 
that optimized the accuracy of the resistance measure-  

Downloaded 12 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp




