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wavelength would be monotonically increasing or decreas- 
ing. Thus the spectra at  intermediate times might be more 
accurately described as belonging to metastable intermedi- 
ate configurations rather than to weighted sums of spectra 
from two extremes of shallow and deep traps. These inter- 
mediate configurations appear to be absent or very short 
lived in liquid ethanol near the freezing point. Baxendale 
and Wardmang observed an “end of pulse” (ca. 5 ns) spec- 
trum in ethanol at  160 K which showed a minimum a t  
about 1000 nm. Such a minimum is not indicated in etha- 
nol glass a t  77 K either in the work of Klassen3 or in the 
present work. 

Supplementary Material Available: an Appendix of ex- 

perimental details (8 pages). Ordering information is given 
on any current masthead page. 
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The behavior of n- and p-Si as electrodes for the reduction and oxidation of several redox systems (e.g., 
benzonitrile, 9,10-diphenylanthracene, anthraquinone, benzoquinone) in acetonitrile solutions in the dark 
and under illumination was investigated. The results were correlated with the relative energy levels of the 
valence and conduction bands of the semiconductor and those of the redox couples in solution, estimated 
by determination of the flat-band potential of the semiconductor-solution system by photopotential meth- 
ods. The electrode behavior of Si strongly depended upon the electrode pretreatment and the absence of 
ideal semiconductor electrode behavior for this relatively small band gap material suggests the importance 
of surface states and breakdown phenomena for these electrodes. A unique electrogenerated chemilumines- 
cence (ECL) experiment with a p-Si electrode is described. 

Introduction 
Although nonaqueous solutions offer many advantages 

in carrying out and understanding simple electrochemical 
processes (for example, an extended range of available po- 
tentials, the availability of numerous reversible one-elec- 
tron transfer reactions without kinetic complications, and 
fewer difficulties with surface phenomena) only a few stud- 
ies have been made with semiconductor electrodes in these 
media. Krotova and Pleskovl determined the capacitance 
of a Ge electrode in N,N-dimethylformamide (DMF), while 
Mark and Pons2 qualitatively performed a reductive elec- 
trolysis at  a Ge internal reflection plate. Acetonitrile 
(ACN) solutions were employed by Osa and Kuwana3 with 
highly doped SnOz transparent electrodes and by 
Landsberg and coworkers4 with n-type Gap. A previous 
paper in this series5 dealt with the behavior of n-type TiOz, 
a wide band gap semiconductor (sc), in ACN. This paper is 
concerned with the electrochemical properties of Si, a small 
band gap (1.1 eV) sc, and a comparison of the behavior of 
several redox systems a t  Pt, n-, and p-Si in ACN solutions, 
in the dark and under illumination. 

General and detailed treatments of sc electrochemistry 
have been given by Myamlin and Pleskov6 and Gerisch- 
er,778 as well as in numerous papers on the properties of 
specific sc materiahg-16 The picture which emerges for far- 
adaic processes shows three main differences between 
metal and sc electrodes. These differences occur because 
for sc electrodes: 

(a) The heterogeneous reaction rate (i.e., the exchange 
current) depends upon the relative energy (or redox poten- 
tial) of the redox reaction and the energy levels of the sc 
bands. If a redox couple is represented by some Gaussian 
energy distribution function of electron acceptor levels (ox- 
idized forms) and donor levels (reduced forms) in solution, 
equi-energetic charge transfer between the sc band at  the 
surface and levels in solution requires a favorable overlap 
between these 1e~els . l~  The exchange current depends 
upon this overall overlap, and thus on the relative position 
of the levels, the number of sc free carriers available for ex- 
change, and the concentration of electroactive species in 
solution a t  the redox couple’s equilibrium potential (ther- 
modynamically independent of electrode material). For a 
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small band gap sc, there may be overlap of a redox couple 
with both the conduction and valence bands so that there 
may be contributions to the exchange current from both 
bands.7 Experimentally a low exchange current will mean 
that even when the electrode potential is shifted from equi- 
librium the charge transfer reaction will still be slow and ir- 
reversible. 

(b) The total applied overvoltage may not be effective in 
changing the potential drop between sc surface and solu- 
tion. The kinetic stimulation of the electrochemical reac- 
tion by changing the activation energy of the preelectrode 
state in solution will be prevented, if the change in the ap- 
plied potential does not change the value of the potential 
drop in the Helmholtz layer a t  the sc-electrolyte interface. 
In the case of a sc, unlike a metal, most of the applied over- 
voltage contributes to changes in the potential barrier in 
the space charge region and in the population of free car- 
riers in it, so that the influence of the potential on electrode 
kinetics can be attributed to this effect. This is the usual 
situation a t  a sc unless a high density of surface states ex- 
ists or a condition of high degeneracy prevails.' 

(c) The current may be limited by the supply of free car- 
riers. In contrast to metal electrodes, whenever minority 
carriers participate in the electrochemical process, the re- 
action rate may be limited by their rate of supply to the 
electrode-electrolyte interface. Minority carriers which are 
consumed may be resupplied to the surface by diffusion 
from the bulk through the quasineutral region: generated 
in the space charge region1* or a t  the surface,lg usually 
leading, in a moderately doped sc, to very small currents. 
When mass transfer in solution is not a constraining factor, 
minority carrier participation in the electrochemical reac- 
tion will be characterized by a limiting current. 

Other mechanisms of carrier production and transfer, 
such as intraband tunneling,20 space charge region ioniza- 
tion,21 and photogeneration must be considered as well. 
The organic systems employed allowed us to subject the Si 
electrodes to various conditions which are unacceptable in 
water so that its behavior could be interpreted according to 
the considerations discussed above. Electrode reactions in- 
volving the electrode material itself (i.e., anodic dissolu- 
tion) were avoided, however. 

Experimental Section 
Si single crystals were mounted in a glass tube using sili- 

cone rubber adhesive (General Electric) which was found 
to be resistant to ACN and which insulated all electrode 
parts except the area exposed to solution. Electro deposited 
nickel provided ohmic contact to the n-material and ther- 
mally deposited gold (Hanovia Liquid Gold, Engelhard, 
N.Y.) was used for the p-type. Two samples of each type 
were used: 5 ohm cm (211 plane exposed to solution) and 1 
ohm cm (100) for the n-type and 0.05 ohm cm (211) and 
5 to 10 ohm cm (111) for the p-type. The doping levels were 
all in the range of about 1015-101s ~ m - ~ ;  the dopants were 
boron and phosphorous. Although the electrode surfaces 
were visually different, there was no difference between the 
sample of each type in the electrochemical behavior within 
the usual experimental reproducibility unless otherwise 
specified. The low resistance materials (n, 1 ohm cm; p, 
0.05 ohm cm) (kindly donated by Texas Instruments, Dal- 
las, Tx.) were received polished to a high mirror finish and 
were not wet by water. The other two samples had a hazy 
gray appearance, even after mechanical polishing. The 
usual pretreatment for the electrodes involved etching 

them in an HF-"03 mixture followed by drying in an 
oven prior to use. The n-type visually seemed to be little 
affected by a 2 min etching, while the p-type 5 ohm cm sur- 
face became somewhat duller and the 0.05 ohm cm p-type 
sample dissolved vigorously with black patches of amor- 
phous Siz2 peeling off. Mechanical polishing with 0.3-p alu- 
mina which was not followed by etching, although resulting 
in a visually smoother surface always led to a more active 
electrode. The behavior in this case resembled that of a 
metal electrode, especially when the sc was first used. 
Whenever changes in electrode behavior were observed 
during this work, the results obtained immediately after 
etching were taken to represent the electrode behavior, 
since these results were the most reproducible. 

An Ag wire immersed in 0.01 M AgN03 in ACN, sepa- 
rated from the main solution by a porous Vycor (Corning) 
plug served as a reference electrode and all of the poten- 
tials are reported with respect to this reference. Its value 
vs. an aqueous SCE in ACN is about +0.3 V. This electrode 
was found to be very stable and reliable. No leakage of Ag+ 
into the main solution was detected. A coiled platinum wire 
in a separate compartment was used as the auxiliary elec- 
trode. 

All reagents and ACN were purified according to known 
 procedure^.^^ A vacuum-tight Pyrex cell equipped with a 
flat window facing the electrode surface contained the solu- 
tion and electrode assembly. Solutions were prepared and 
the cell filled in a Vacuum Atmospheres Corporation dry- 
box (Hawthorne, Calif.) under a helium atmosphere. 

All measurements utilized the three-electrode potentio- 
static mode, employing a Princeton Applied Research 
(PAR) Model 173 potentiostat, a PAR Model 175 program- 
mer and a Model 2000 X-Y recorder (Houston Instrument 
Company, Austin, Tex.). To overcome the electrode bulk 
resistance and solution resistance, positive feedback resis- 
tance compensation was employed. In order not to over- 
compensate (e.g., because of the formation of a depletion 
layer, see Results) the amount of maximum compensation 
was determined either under a condition which led to sc 
degeneracy or when the electrode was illuminated, Le., 
under conditions when the resistive element of the space 
charge region was minimized. Impedance measurements 
were performed by superimposing a 10-mV sine wave on a 
potential scan of 0.5 VIS. The in- and out-of-phase compo- 
nents of the current were separated by a PAR Model HR-8 
lock-in amplifier. The instantaneous photopotential was 
measured with 0.5-ms strobe light pulses used for illumina- 
tion. 

The working electrode was biased against the auxiliary 
one with a power supply and its potential change vs. the 
reference electrode was displayed on an oscilloscope. A 
500-W tungsten lamp equipped with an Esco 4811-0 3-mm 
red glass filter was used as the light source. For ecl mea- 
surements a photomultiplier detector was used, with its 
input filtered by an Esco-3-mm blue glass filter, so that the 
blue light could be detected in the presence of the red 
background illumination. 

Results and Discussion 
Useful  Work ing  Range. Figure 1 depicts most of the use- 

ful working range of the Si electrodes in ACN-0.1 M TBAP 
compared to the range of the same samples in aqueous 
(20% HF) solutions. This range in ACN extends over an in- 
terval twice as wide as the Si band gap; the flat band poten- 
tial of the n-Si, as will be shown later, lies at about the mid- 
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Flgure 1. Background current. (a) ACN, 0.1 M TBAP (cathodic limit 
only); (b) aqueous, 20% HF. (1) Pt electrode; (2 )  n-Si, 5 ohm cm; (3) 
p-Si, 10 ohm cm. Dashed line shows effect of illumination. 

dle of this range. Potentials positive of 0 V were avoided so 
as not to subject the electrodes to electrochemical condi- 
tions which might drastically change their surface proper- 
ties (dissolution, passivation, etc.). Little difference was 
found between the n- and p-type samples and between 
both of them and Pt for the cathodic background reduction 
process (in the dark) compared to the clear difference seen 
in water. Under irradiation, the background current on 
p-Si was shifted to potentials positive of where background 
reduction occurs at  a Pt electrode. The n-type electrode is 
unaffected by illumination in this potential region. 

Flat Band Potential. The importance of this variable 
has been discussed e l se~here .~*  For an extrinsic sc the flat 
band potential, Vfi, closely represents the location of the 
majority carrier energy band in the bulk sc if the potential 
drop in the Helmholtz layer can be neglected. Vfi is needed 
so that the position of the sc bands and the energy levels in 
solution can be located with respect to one another on a 
common relative scale (e.g., with respect to a given refer- 
ence electrode). Knowledge of the relative energy positions 
allows one to estimate the exchange current and to have an 
idea about which band will be involved in the charge trans- 
fer. Moreover, by knowing Vfi the “electrical state” of the 
sc (i.e., the carrier and potential distributions in the space 
charge region) at  some other applied electrode potentials 
can be predicted. 

Thus for an intrinsic sc the nature of its electrical states 
is symmetric with respect to Vfi, and for a small amount of 
band bending and in the absence of surface states, changes 
of applied potential hardly affect the potential drop in the 
Helmholtz layer. For a moderately doped sc (e.g., n-type) 
the electrical behavior is asymmetric with respect to Vfi .  
Degeneracy will occur following formation of a slight accu- 
mulation layer (e.g., upon negative polarization) when the 
concentration of majority carriers (e.g., electrons) in the 
space charge region approaches the effective density of 
states of the corresponding band (e.g., conduction band). 
On the other hand inversion and depletion layers25 form 
over a much wider range of applied potentials (e.g., upon 
positive polarization). Hence a knowledge of Vfi is neces- 

sary for an understanding of the effect of the imposed over- 
potential on electrode kinetics. 

The flat band potentials were estimated by observing 
photoeffects caused‘ by electrode illumination on electrode 
potentials and on electrode impedance. In the first method, 
the instantaneous perturbation in the equilibrium poten- 
tial of the electrode due to illumination is minimized at  the 
flat band position26 (in the absence of fast surface states). 
The second method is based on the detection of the elec- 
trode potential at  which a depletion layer begins to form 
when the sc bias (electrode potential) is increased in the 
appropriate direction from Vfi. Let us consider this second 
method in more detail. The sc impedance can be represent- 
ed by a complex network of idealized passive  element^.^' 
The Vfi value can often be determined by measurement of 
the C,,, the space charge capacitance as a function of po- 
tential (Shottky-Mott plot).6 However our measurements 
of the dark in- and out-of-phase current components re- 
sulting from a 10-mV sine wave superimposed on a 0.5 VIS 
dc scan, could not be interpreted in a unique and meaning- 
ful way so as to obtain Vfi. However, we noticed that the 
resistive component of the impedance monotonically in- 
creases from a certain potential in the dark and is de- 
creased to a constant level under electrode illumination 
(Figure 2). No faradaic current is detected at  these poten- 
tials (even under electrode illumination), thus no shunting 
of the sc resistive elements is provided by the light. The 
capacitive component changes in a more complex way with 
electrode illumination but the relative magnitude of this 
change is much smaller. Although no arbitrary separation 
between the components is possible, we feel that the fol- 
lowing interpretation of this effect allows estimation of Vfi. 
The monotonic increase of the resistive component with 
potential in the dark mainly reflects the formation of a de- 
pletion layer consisting of immobile charge in the space 
charge region. Electrode illumination, by forming free mo- 
bile carriers, eliminates this resistance. Thus the position 
of Vfi can be taken as the point where the dark resistive 
component deviates from that under illumination. Because 
all of the samples were fairly thick (1-2 mm), light effects 
that could arise a t  the ohmic metal-sc contact were avoid- 
ed. 

Since the resistive component varies approximately with 
the square root of potential in the dark, as expected from 
the variation of depletion layer width with potential,28 and 
p- and n-type samples show symmetric behavior and yield 
an estimated band gap near the known value for Si, the 
above treatment is at  least approximately correct. More- 
over the n-type Si Vfi value coincides with that obtained 
by the photovoltage method. A related method which could 
provide similar information about the resistance variation 
under illumination involves surface conductivity measure- 
ments. Within the reproducibility of the measurement and 
the nature of the assumptions we place Vfi for n-type Si a t  
-1.20 f 0.15 V and that for p-type Si at  -0.10 f 0.15 V, in- 
dependent of the doping level. 

Relative sc-Solution Energy Levels. The energy levels in 
solution for a certain redox couple are identified closely 
with its standard electrode potentiaP7 and were deter- 
mined by using cyclic voltammetry at a Pt electrode, where 
all couples showed reversible, one-electron waves. The mid- 
point between the cathodic (Epc) and anodic (Epa) peak po- 
tentials was taken as the standard potential of the sys- 

Figure 3 is a schematic representation of the relative 
energy positions of the sc bands and the systems employed, 
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Flgure 2. (a) Instantaneous photopotential at n-Si, 5 ohm cm; (b) re- 
sistive component of electrode impedance, p-Si 10 ohm cm; (c) re- 
sistive component of electrode impedance, n-Si, 5 ohm cm. For b 
and c dashed line, with electrode illumination; 4000 Hz, 10 mV sine 
wave; lock-in amplifier time constant, 1 ms. Arrows show estimated 
flat band potentials. 
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Figure 3. Schematic energy relation between Si bands and redox 
couples in ACN-0.1 M TBAP solution: TMPD, N,N,N’,N’-tetramethyl- 
pphenylenediamine; SQ, pbenzoquinone; AQ, 9, 10-anthraquinone, 
Ru2+, Ru(bpy)3(C104)2; SZN, benzonitrile; DPA, 9,1 O-diphenylanthra- 
cene. 

based on the measurements to be described. The acceptor 
(oxidized form) levels are supposed to have a Gaussian dis- 
tribution of width X which equals the difference in the oxi- 
dized and reduced form solvation energy, positioned X/2 eV 
above the horizontal line representing the level, while the 
donor levels of the same shape are positioned X/2 eV 
below.l7 Since A, which is at least 0.5 to 1 eV, is comparable 
to the band gap of Si (1.1 eV), a fair amount of overlap is 
expected between the sc bands and levels in solution even 
for levels positioned in the gap region. Under these condi- 
tions contribution of both sc bands to the exchange current 
can occur. 

n-Type Si. The system with the most negative standard 
potential, E,, investigated was benzonitrile (BZN), which 
undergoes a reversible reduction a t  a Pt electrode in ACN. 
During the reduction of such a system, with an E ,  so nega- 
tive of Vfl, that it is located well within the conduction 
band (cb), the sc properties of the n-type electrode are SLIP- 

pressed. Degeneracy prevails and the Helmholtz potential 
drop a t  the sc-solution interface may be modulated so that 
metallic behavior is expected with only a small degree of ir- 
reversibility (Figure 4). Very similar behavior is exhibited 
by another negative system, DPAlDPAv- (where DPA is 
9,10-diphenylanthracene). For systems with somewhat 
more positive E ,  values but those still negative of the n-Si 
Vfi one expects that both reduction and reoxidation of the 
reduced species will occur through the cb. The reduction 
will be stimulated by the applied overpotential either 
through electrons accumulating in the cb, yielding an ap- 
parent transfer coefficient of 1,3O or, as before, through 
modulation of the Helmholtz potential because of degener- 
acy. For the concentrations (1-10 mM) employed here 
mass transfer in solution governs the reaction rate. The re- 
oxidation, however, should be influenced less by a positive 
overvoltage, if the potential and population in the space 
charge region are modulated, because the number of free 
vacancies in the cb which accept electrons in the reoxida- 
tion process are nearly independent of potential. The three 
successive reductions and reoxidations of the chelate Ru- 
(bpy)3(C10& (bpy = bipyridy1)Sl are an example of this 
case (Figure 5 ) .  The reason for the broadening of the third 
wave is unclear. The reoxidation of the +1 to the +2 
species is sluggish and fails to produce a definite current 
peak. The cyclic voltammetry of anthraquinone (AQ) at Pt 
and n-Si is shown in Figure 6. The reduction to the radical 
anion, A&.-, occurs a t  Pt at -1.3 V, a potential just slightly 
negative of Vm of n-Si. Thus while the cb is almost certain- 
ly involved in the reduction process, there is also the possi- 
bility of some overlap between solution levels and the va- 
lence band (vb). The reduction of AQ at n-Si occurs with 
an E,, 0.1-0.2 V more negative than that a t  Pt, suggesting 
that a slight accumulation layer must be formed in the 
space charge region before reduction occurs. Both cb and 
vb are candidates for the oxidation of AQ.- but participa- 
tion by the vb requires hole injection into solution and a 
rough calculation of the maximum supply of minority car- 
riers based on estimated diffusion and hole generation 
rates predicts that this dark vb oxidation route is negligi- 
ble. A small, but definite, oxidation current for AQ.- is ob- 
served with some anodic overpotential compared to Pt; this 
anodic current increases significantly when the electrode is 
illuminated. Thus, in addition to an inefficient route for 
AQ.- oxidation involving the cb or surface states near it, 
photosensitized oxidation via the vb is possible. In this case 
a sufficiently high electric field has to be formed in the 
space charge region (i.e., depletion layer formation) for the 
separation of the photogenerated carriers to occur, thus 
preventing electron-hole recombination. To observe the 
photoeffect the electrode potential must be sufficiently 
positive; thus the oxidation, even under illumination, OC- 
curs with some anodic overpotential. 

p -Benzoquinone (BQ) shows similar behavior. The redox 
potential of this system at Pt is -0.85 V, positive of the 
n-Si Vfi. For this system a very pronounced negative over- 
potential is found compared to Pt, so that the reduction of 
BQ and AQ (1110.4 V more negative on Pt) nearly coincide 
at n-Si. Indeed, the BQ reduction, if carried out via the cb, 
will not occur as long as the sc space charge region is in a 
depletion situation; only a t  an electrode potential where ac- 
cumulation of electrons in the space charge region takes 
place, will BQ be reduced, and thermodynamically these 
potentials allow the reduction of AQ as well. As concerns 
the oxidation of BQa-, again a photoeffect was found, thus 
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Figure 4. Current-voltage curve of 50 mM BZN in ACN-0.1 M 
TBAP: (a) Pt electrode; (b) n-Si, 5 ohm cm; (c) p-Si, 10 ohm cm. 
Dashed line, with electrode illumination. Potential scan rate, 50 
mV/s. 
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Figure 5. Cyclic voltammetry of 5 mM of Ru(bpy)a*+ in ACN-0.1 M 
TBAP: (a) Pt electrode; dashed line, "activated" p-Si 0.05 ohm cm 
(see text); (b) n-Si, 1 ohm cm; (c) p-Si, 10 ohm cm; dcshed line, with 
electrode illumination. Potential scan rate, 50 mV/s. 

demonstrating participation of the vb. In the dark, irrepro- 
ducible behavior was found which was dependent on the 
electrode pretreatment. Sometimes no perceptible anodic 
current was observed and sometimes a small but definite 
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Flgure 8. Cyclic voltammetry of 20 mM AQ in ACN-0.1 M TBAP: (a) 
Pt electrode; (b) n-Si, 5 ohm cm. Dotted line, scan continuation to 
more cathodic potentials; dashed line, with electrode illumination. 
Potential scan rate, 50 mV/s. 

current, as for A Q -  oxidation, appeared. The energy distri- 
bution for BQ.- is less favorable for overlap with the cb, 
thus direct electron transfer to cb, as for AQa-, will proba- 
bly be very ineffective. However, an indirect route for 
transferring an electron to the cb in the bulk via surface 
states (which will be positioned at  this high surface band 
bending above the energy of the conduction band in bulk 
and hence will be capable of bringing trapped electrons 
from solution to the conduction band) may still be opera- 
tive. The sensitivity of the electrode behavior to surface 
pretreatment implies such an involvement of surface 
states. 

The most positive system investigated was TMPD.+I 
TMPD (where TMPD is N,N,N',N'-tetramethyl-p -pheny- 
lenediamine). A solution containing TMPD and TMPD.+ 
in equimolar amounts was prepared by bulk coulometric 
oxidation of TMPD at a Pt electrode. From its redox po- 
tential at  a Pt electrode (Figure 7a) of -0.25 V compared 
with Vfi of n-Si, this sytem is expected to interact mainly 
with the vb, i.e., the solution energy level distribution of 
TMPD mostly overlaps with the vb while that of TMPD-+ 
also overlaps the lower part of the band gap. Reduction of 
TMPD.+ a t  n-Si (Figure 7b) occurs with E,, of -0.7 V and 
shows only a very small associated anodic current on rever- 
sal. When the electrode is illuminated, however, a limiting 
anodic photocurrent, proportional to light intensity, is ob- 
served on scan reversal corresponding to TMPD oxidation, 
and the cathodic current is increased on the next scan be- 
cause of the higher concentration of TMPD.+ now in the 
vicinity of the electrode. A discussion of the mechanism of 
these redox reactions on n-Si will be given after the behav- 
ior of p-Si is described. 

p-Type Si. Since the relative location of the energy lev- 
els in solution and for the p-Si should be essentially the 
same as for n-Si (as implied in Figure 3), all reductions 
which proceed primarily via the cb for n-Si (i.e., all com- 
pounds other than TMPD.+) would be expected to occur 
also via the cb in p-Si and hence be limited by the minority 
carrier supply at  the electrode surface. Under these circum- 
stances very small cathodic currents might be expected. In 
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Flgure 7. Cyclic voltammetry of TMPD-+ITMPD mixture (ca. 1:l) in 
ACN-0.1 M TBAP: (a) Pt electrode; (b) n-Si, 5 ohm cm; dashed line, 
with electrode illumination; (c) p-type, 10 ohm cm; dashed line, with 
electrode illumination. Potential scan rate, 50 mV/s. 

fact, however, all of the couples showed significant cathodic 
currents at  p-Si with the i-E curves shifted toward nega- 
tive potentials compared to the behavior on n-Si (Figures 1, 
4, and 5). At electronic equilibrium the surface concentra- 
tion of electrons in the p-Si should be the same as that for 
n-Si at  the same electrode potential (e.g., E, of 
Ru(bpy)s2+). Thus the exchange current for the reduction 
process, which depends upon surface concentrations of 
electrons and oxidized species, should be the same on both 
n- and p-type materialas However whereas for n-Si the elec- 
trons are the majority carrier and can be supplied by the 
usual conduction process in the sc, for p-Si the supply of 
electrons, the minority carriers, will be limited by their rate 
of supply to the surface. Neither diffusion of electrons 
through the quasineutral region6 nor pair generation in the 
space charge region18 seems to be sufficiently rapid to pro- 
vide electrons at  the milliamp current level. For these com- 
pounds the origin of electrons consumed in the reduction at  
the p-type electrode is the vb and we feel that the mecha- 
nism by which they arrive a t  the surface is related to the 
extreme band bending which occurs at  this electrode under 
the reduction conditions. Consider, for example, the first 
reduction of Ru(bpy)32+ observed at  about -1.65 V (at Pt). 
When the electrode is subjected to this electrode potential, 
which is more than the band gap energy beyond the p-Si 
Vfi in the depletion direction, enormous band bending at  
the surface will take place. It is possible under these condi- 
tions that the band gap region, or even the edge of the cb, 
at  the surface will be at  the same or even below the energy 
of the vb in the bulk sc. Then, especially for the highly 
doped Si, where the potential barrier is narrow, direct 
transfer of electrons across the space charge region from 
the vb to a surface level in the gap or to the edge of the cb 
may be possible. Different mechanisms for a related phe- 
nomenon, the supply of holes (minority carriers) to the sur- 
face of an n-type sc, have been considered.21 The intraband 
electron exchange on highly doped n-ZnO has also recently 

been described.32 Two experimental findings support this 
mechanism. (a) Reduction of these compounds at  p-Si oc- 
curred at potentials very negative of Vfi so that large band 
bending and high potential barriers were established. BQ 
reduction on p-Si occurs at about the same potentials as a t  
the n-type (ca. -1.4 V), quite negative of the potential a t  
Pt (-0.85 V). For n-Si this overpotential probably arises 
from the necessity of forming an accumulation layer, in the 
space charge region, while for p-Si this overpotential repre- 
sents the amount of band bending and surface field needed 
for this effect to occur. (b) After vigorous etching the 0.05 
ohm cm p-type electrode sometimes behaved like an “acti- 
vated electrode” whose surface consisted mainly of black 
patches of amorphous silicon22 and whose behavior resem- 
bled that of a metal electrode for reductions much more 
than any of the n-type electrodes employed (Figure 5a). In- 
deed, tunneling and related phenomena are expected to be 
most pronounced for a heavily-doped electrode, because 
the depletion layer width, and hence the barrier width for 
tunneling, are inversely proportional to the square root of 
the majority carrier concentration in the bulk. In all cases 
the reductions are promoted by illumination of the p-Si 
electrode (Figures 1,4,5,7). These photoeffects will be dis- 
cussed in the next section. Oxidations of the reduced forms 
at p-Si show similar behavior to that found with n-Si for 
those compounds showing electron transfer mainly with 
the cb (BZN, Ru(bpy)32+). For AQ and BQ oxidation can 
also occur in the dark at  p-Si, since majority carrier (hole) 
injection is involved. 

For the TMPD.+ITMPD system, as discussed for n-Si, 
overlap is apparently mainly with the vb. For p-Si, where 
holes are available, oxidation of TMPD observed in the 
dark is enhanced by the applied potential either by hole ac- 
cumulation in the space charge region or by changes in the 
Helmholtz potential drop in solution (Figure 7d). A small 
cathodic current is observed at p-Si for TMPD.+ reduction 
in the dark, which is greatly enhanced under illumination. 
A reduction occurring via the vb should be relatively inde- 
pendent of potential if the potential drop in the Helmholtz 
layer remains unchanged. This behavior is found with p-Si 
(Figure 7d) but not with n-Si (Figure 7b). For the p-Si the 
reduction is occurring near its Vfi, while for n-Si the poten- 
tial is quite positive of its Vfi so that large band bending 
occurs and perhaps results in a change in the potential 
drop in the Helmholtz layer. The reduction current peak 
obtained for the n-Si can also result from reduction via sur- 
face states. Such surface states, which have been shown to 
exist in the Si band gap,15>33*34 are vacant at extreme anodic 
electrode potentials, but are gradually populated during a 
potential scan in a negative direction. These states may 
then transfer electrons to the reducible form. In this case, 
the potential dependence of the current will reflect the oc- 
cupation statistics of these states. Such an effect was found 
for Ti02,5 a wide bandgap n-type sc for the reduction of 
systems located within the band gap region. A reduction of 
BQ limited by diffusion in solution and occurring with par- 
ticipation of the vb was also observed for the small band 
gap electrode, n-type Ge.9 

Photoeffects a t  t h e  p-Si Electrode. Illumination of p-Si 
with light of energy greater than that of the band gap (e.g., 
red light) excites electrons to the cb and promotes direct 
reduction through this band. Only some particular nuances 
of this well-known p h o t ~ e f f e c t , ~ ~  Le., those characteristic to 
this system, will be discussed here. The photoeffect was ob- 
served for all reducible couples employed. Even when the 
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reduction occurs via the vb (Le., for TMPD.+) light pro- 
vides more efficient reduction, although in this case the 
electrode is subjected to potentials only slightly negative of 
Vfi, so that a strong depletion layer has not formed and the 
“electrical state” of the sc is not very favorable for the ob- 
servation of a ph.otoeffect. The impossibility of an isoener- 
getic electron transfer directly from the cb to the TMPD-+ 
may require the existence of some energy states (e.g., sur- 
face states) within the gap which are filled by transfer from 
the cb before the transfer. Another possibility is that now, 
as in the dark, TMPD.+ reduction occurs exclusively via 
the vb, but that modulation of the Helmholtz potential 
drop in solution takes place at  an illuminated sc electrode, 
because the extent of the sc surface band bending dimin- 
ishes under illumination, as is observed in the usual photo- 
potential effect,35 and this enhances the reduction rate. 
The photoreduction occurs with an “underpotential” (Fig- 
ures 1, 4, 5c), i.e., the reduction process takes place at  the 
illuminated p-type Si electrode at  less negative potentials 
than at  a Pt electrode where its reduction is nernstian. This 
phenomenon has been observed a t  other sc  electrode^^^-^^ 
and very generally may be useful for utilizing light energy 
for driving an electrochemical reaction with a smaller (or 
no) electrical energy input. Under certain conditions the 
photoreduction appears to be selective, Le., the potential 
sequence in which some of the consecutive photoreductions 
occur follows their order at  a Pt electrode, although all are 
shifted in a positive direction (Table I). This is a special 
feature of the photoeffect a t  low band gap sc electrodes 
(whenever the background allows differentiation) in con- 
trast to the nonselective photooxidations frequently ob- 
served at large band gap  electrode^.^' 

Any oxidized form that at  a certain electrode potential 
will be located at  an energy position higher (more negative) 
than the sc cb in the bulk, where this relative energy loca- 
tion can be controlled by the applied potential in the same 
way as for a metal electrode, will not be reduced by a pho- 
togenerated electron in the cb. At a large band gap (e.g., 3 
eV) sc, wherever the electrode potential enables the photo- 
process to occur, more systems will be located within the 
bulk energy interval of the sc bandgap and they will all un- 
dergo photosensitized charge transfer a t  about the same 
potential, that where a sufficient depletion layer is estab- 
lished. Usually no limiting current proportional to light in- 
tensity is found. The reason for this seems to be that the 
reduction also proceeds in the dark via the breakdown 
mechanism discussed before. Thus a limiting current re- 
sulting from the rate of photogeneration of electrons will be 
partially masked by this dark background current. More- 
over even if the breakdown phenomenon is greatly sup- 
pressed by light, because the establishment of high surface 
band bending is prevented in the presence of light, the con- 
centration range employed (1-10 mM) is such that mass 
transfer limitation in solution occurs and indeed when a 
high concentration of BZN was used, a limiting photocur- 
rent was found. 

ECL at  Si Electrodes. The medium employed in this 
work suggested the possibility of carrying out ECL39p40 
(electrogenerated chemiluminescence) at  Si electrodes. 
Briefly, ECL is based on the mutual annihilation of appro- 
priate electrogenerated radical cations with radical anions 
to give an excited state which emits light when decaying to 
the ground state. Especially interesting is the possibility of 
“up-conversion” of red light utilizing ECL at p-Si. Here 
one uses the features of photosensitized reduction at  p-Si, 

TABLE I: Photosensitized Potentials for Reductions at a 
p s i  Electrode Compared to a Pt Electrode for Several 
Compounds in ACN - 

Peak PO- Peak potentialb 
Compounda tential illuminated 

reduced Pt, v p-Si, V 

TMPD.’ -0.25 -0.6 
-0.85 -1.3 to -1.4 
-1.30 -1.3 

BQ 
AQ 
Ru(bpy),*+ -1.70 -1.4 
DPA -2.30 -1.95 
BZN -2.608 -2.25C 

’ a Concentration range, 1-10 mM. b This potential is not 
related to thermodynamic properties (e.g., the standard re- 
dox potential) as at Pt and is somewhat dependent upon the 
concentration employed. C No peak obtained, foot of the 
wave. 

O f f  I 

a l  

10 I.$. 

- 
l I * I  

Flgure 8. Pulsed ECL at a p-Si electrode with and without electrode 
illumination. Pulsing mode, -2.3 to -1.3 at 5 Hz; illumination, h 
>650 nm, ECL emission at 450 nm. The solution contained 1 mM 
DPAC12 and 0.1 M TBAP in ACN. 

including the negative overpotential effect to carry out a 
photoinduced ECL process. DPAClz (9,10-dichloro-9,10- 
dihydro-9,lO-diphenylanthracene) is an especially useful 
compound for this experiment, since it produces blue ECL 
upon r e d u c t i ~ n . ~ ~ ? ~ ~  By illuminating the p-Si with red light 
we initiated DPAClz reduction and obtained blue (420-450 
nm) emission.43 The conditions of the experiment were 
such that neither the electrical input alone (even at  a Pt 
electrode) nor the illumination alone (Le., a fluorescence 
experiment) were capable of producing the emission from 
this system, thus demonstrating the coupling of low photon 
energy with electrical energy to yield a more energetic pho- 
ton. Figure 8 demonstrates this principle. Further details 
have been given elsewhere.43 The p-Si electrode was 
subjected to pulses between -1.3 and -2.3 V a t  a frequen- 
cy of 5 Hz. Blue ECL emission was observed whenever the 
p-Si was illuminated with red light, with the emission spa- 
cially limited to the area where the red light was impinging 
and ceasing when the illumination was stopped. Similar be- 
havior has been observed in preliminary experiments with 
the small band gap sc electrodes p-GaAs and p-InP. 
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Densities and heat capacities of aqueous solution of azoniaspiroalkane bromides, (CHZ),N+(CHz),Br- 
where n = 4, 5 ,  and 6, have been measured at  25 “C using a flow densimeter and a flow microcalorimeter, 
respectively. Apparent molal volumes and apparent molal heat capacities obtained for these salts are com- 
pared with those of the corresponding tetraalkylammonium bromides. These comparisons show that the 
apparent molal volumes of the spiro ions are smaller, and the heat capacity of the water surrounding these 
ions is substantially reduced. Some indications are found for the flexibility of alkyl chains in the tetraalkyl- 
ammonium ions when volume data for the two types of ions are compared. Forming closed rings from the 
alkyl chains in tetraalkylammonium ions seems to alter their solution properties greatly and weaken their 
hydrophobic character considerably. 

Introduction 
Earlier studies on the comparative solution properties of 

hydrophobic ions containing either linear or cyclic alkyl 
groups, have shown some important differences among the 
properties of these two types of s~ lu t e s . l -~  The broad cur- 
rent interest toward the tetraalkylammonium ions as typi- 
cal hydrophic species4 has prompted us to study the solu- 
tion behavior of their counterpart azoniaspiroalkane ions. 
The latter should provide information on the role of geo- 
metrical and dynamic configurational effects in the ther- 

modynamic properties of alkyl-substituted quaternary am- 
monium ions. 

In the first paper of this series (hereafter cited as paper 
I)I  enthalpies of solution of azoniaspiroalkane halides, 
(CHZ)~N+(CHZ),X-, in HzO and DzO have been reported. 
Apparent molal heat contents and enthalpies of transfer 
from HzO to DzO obtained were compared with those of 
the corresponding tetraalkylammonium halides. The re- 
sults showed that forming closed rings from the alkyl 
chains in tetraalkylammonium ions alter their enthalpic 
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