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Open-Circuit Photovoltage and Charge Recombination 
at Semiconductor/Liquid Interfaces 

Duli Mao, Kang-Jin Kim, ~ and Arthur J. Frank* 
National Renewable Energy Laboratory, Golden, Colorado 80401 

ABSTRACT 

A simple, quanti ta t ive relationship between the semiconductor surface recombination velocity (Sr) and the open-cir-  
cuit photovoltage (Voc) of photoelectrochemical systems was derived and verified experimentally. Experimental  results 
obtained for the n-Si/acetone-FeCp~/~ junction indicate that  Voo is controlled by surface recombination. Quanti ta-  
tive analysis of the results using the derived expression yields values of the barr ier  height and Sr that  compare favorably 
with published data. Applicat ion of the equation to other semiconductor/ l iquid junction cells suggests that  the expression 
may be important  in evaluating and understanding the behavior of a wide range of photoelectrochemical systems. 

The open-circuit  photovoltage (Voc) of semiconductor/  
l iquid junction solar cells is a cri t ical  parameter  in deter- 
mining the energy conversion efficiency. The fundamental  
process controlling Voc is the recombination of photoex- 
cited electrons and holes. 1'2 The lower the recombination 
rate, the larger the Voc. The predominant  energy-loss mech- 
anism is determined by competi t ion among the following 
processes: major i ty-carr ier  thermionic emission over the 
surface barrier, ~ major i ty-carr ier  charge transfer  across the 
semiconductor/ l iquid interface, ~'4 minor i ty-carr ier  diffu- 
sion/recombination in the bulk of the semiconductor, ~'8 
space-charge recombination, 7 and surface recombination 
mediated by  recombination centers. 8-13 The extent  to which 
each of these processes is understood differs considerably. 
For  example, expressions describing the minori ty-carr ier  
diffusion/recombination in the bulk semiconductor con- 
tact ing a redox electrolyte is obtained by direct analogy to 
formulas developed for sol id-state p-n  junction devices. ~ 
When bulk diffusion/recombination is the dominant  re- 
combination process, the dependence of Vo~ on the semicon- 
ductor bandgap,  doping level, and minori ty-carr ier  diffu- 
sion length can be expressed in simple analytic forms? In 
contrast,  surface recombination has generally been t reated 
in a more complex fashion by numerical  simulation. T M  In 
cases in which Voe is l imited by surface recombination, no 
simple analytic expression exists for relat ing Vo~ and the 
surface recombination velocity (Sr)- Several groups T M  have 
considered theoret ical ly the effect of surface recombina- 
tion on the performance of photoelectrochemical (PEC) 
cells. Although each treatment  has achieved some success 
in describing a certain aspect of the effect of surface recom- 
bination, these treatments are generally considered quali-  
tative3 ~ For  the most part,  it  has been difficult to extract  
quanti ta t ive information on surface recombination from 
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experimental results because of the number of adjustable 
(and often arbitrary) parameters involved in numerical 
analyses. Up to now, only one study 11 has dealt directly 
with the dependence of Voc on the surface recombination 
current; however, because bias-independent surface re- 
combination currents in arbitrary units were used in the 
numerical calculation, it is difficult to apply the model of 
this study for interpreting quantitatively experimental 
measurements. Other studies 8-I~ have focused mainly on the 
general shape of the photocurrent-voltage (J-V) curves, 
without addressing the dependence of Voo on Sr. b The 
absence of a theoretical framework relating Sr to Vo~ im- 
pedes the understanding of such processes at the solid/liq- 
uid interface. 

In this article, we derive a simple quantitative expres- 
sion, based on semiconductor solid-state theory, that di- 
rectly relates Sr to Voc. The applicability of the expression to 
account for the PEC behavior of n-St/acetone with FeCp~ j~ 
(ferrocenium ion/ferrocene) is then investigated. Based on 
J-Vdata and the dependence of Voe on both the temperature 
and the concentration of FeCp~, we are able to exclude 
other possible recombination channels and identify surface 
recombination as the dominant recombination process in 
determining Voc. The surface recombination velocity de- 
duced from experimental results compares favorably 
with reported values. The application of the analytic ex- 
pression to other PEC systems reported in the literature is 
also discussed. 

b The effect of surface recombination is generally discussed in 
terms of the photoeurrent onset potential. However, unlike the con- 
cept of the "open-circuit photovoltage," the "photoeurrent onset 
potential" is an empirical quantity that cannot be precisely de- 
fined. The photocurrent onset potential depends on both Voc 
and the fill factor. The latter two parameters are more definable 
quantities and are more relevant in calculating the PEC conver- 
sion efficiency. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2019-07-01 to IP 

http://ecsdl.org/site/terms_use


1232 J. Electrochem. Soc., 

@ | 

FeCP2+/0~ _ ~ _ ~ ~  _ . . . .  ~_ _ "Ec 

Ered~ ~ . , ~ ~ -  Ev 

Fig. 1. Major recombination pathways at interfaces between 
n-type semiconductor and redox electrolyte, under open-circuit con- 
dition: 1, recombination in the bulk semiconductor; 2, majority-car- 
rier lelectron) transport to the interface; 3, interfacial charge transfer 
leading to recombination in solution via redox species; and4, recom- 
bination at the interface via surface trapping levels. 

Theoretical Considerations 
Although the expressions that we derive apply to n-type 

semiconductor/liquid junctions, similar equations can eas- 
ily be written for p-type semiconductor/liquid contacts. A 
PEC cell under bandgap i l lumination behaves similarly to 
a diode at forward applied bias. The recombination current 
at an il luminated semiconductor/liquid junction is made 
up of four major components (Fig. 1): 1, recombination in 
the bulk semiconductor; 2, majority-carrier transport to 
the interface; 3, recombination in solution via redox spe- 
cies; and 4, recombinatio n at the interface via surface trap- 
ping levels. Under open circuit, the photogenerated current 
(Jp~) is balanced by the recombination current. The open- 
circuit photovoltage (Voc) is obtained from the relation ~'5 

Vo~ = n k_T_T In ~ [1] 
q J0 

where n is the diode quality factor, and J0 is the saturation 
current density, which is controlled by the largest among 
processes 1, 3, and 4. (Process 2, which is in series with 
interfacial recombination 3 and 4, is important only when 
its rate is smaller than those of the latter two processes.) In 
the following, we examine each of these processes. 

1. Charge recombination in the bulk semiconductor. This 
process involves the minority-carrier diffusion and recom- 

~r = 
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transfer to oxidized species and hole transfer to reduced 
species. Because the concentration of reduced species is 
much higher than that of oxidized species in practical PEC 
cells, the majority-carrier transfer from the n-type semi- 
conductor conduction band to oxidized species is generally 
rate limiting for this recombination process. The corre- 
sponding recombination current (Jet) is described by the 
equation 3,4,~7 

Jet = qkcCoxn~ = qk~coxNoe (qr = Jeto e(qv/~kT) [3] 

where Co~ is the concentration of oxidized species, k~ is the 
rate constant, n~ is the electron concentration at the inter- 
face, N~ is the effective density of states of the semiconduc- 
tor conduction band, V~ is the change in semiconductor 
band bending because of applied bias V, and J~t0 is the satu- 
ration current for this process. In order to account for the 
possible potential drop across the Helmholtz layer and the 
contribution from space-charge recombination, a diode 
quality factor n is introduced in Eq. 3. 

4. Surface recombination via trapping centers. The exis- 
tence of surface energy levels that lie within the bandgap 
allow surface recombination to occur. These trapping 
states or recombination centers are associated with surface 
and interfacial states, arising from defect sites and semi- 
conductor-redox electrolyte interactions. ~'.9 Up to now, 
there has been no suitable theoretical treatment dealing 
with the quantitative relationship between Sr and Vow. The 
absence of a suitable model seriously limits our ability to 
scrutinize and understand charge recombination and inter- 
facial charge-transfer phenomena in PEC systems. As 
shown in Fig. 1, processes 3 and 4 represent two parallel 
recombination pathways. Because a low concentration of 
oxidized species is commonly used in n-type semiconduc- 
tor PEC cells, the rate of recombination via redox species in 
solution can be much smaller than that from surface re- 
combination. In such a case, process 4 becomes the con- 
trolling factor in determining Voc. In fact, studies of n-  
GaAsfliquid junction cells indicate that Vo~ is dominated 
by surface recombination52,~3,2~ To understand this phe- 
nomenon in more detail, we have developed a simple, quan- 
titative relation between Vo~ and S~. 

The surface recombination current (J=) for process 4 un-  
der steady-state conditions is given by the Shockley-Read- 
Hall formula 18'19 

qvth an%N~t(p~n~ - ni 2) 
%[p~ + ni exp ((Ei - Et) /kT)]  + (r~[n~ + ni exp ((Et - E~)/kT)] [4] 

binat ion in the neutral  region of the semiconductor. The where 
bulk-recombination current depends on the characteristics 
of the bulk semiconductor material and is not affected by 
the interracial or redox electrolyte properties. Detailed 
analysis of this process is given elsewhere. 5 To date, only and 
the n-St/methanol junction has been verified to exhibit a 
bulk-recombination-limited Voo. 6,~5 

2. Majority-carrier transport to the interface. This pro- 
cess is commonly treated as thermionic emission. The 
thermionic emission current (Jth) is given by 16 

Jth = A * T 2 e  (q~b/kT)e(qV/nkT) = Yth0 e(qv/r~kT) [2] 
where ~b is the barrier height at the interface, A* is the 
effective Richardson constant, Vis the applied bias, and Jtho 
is the saturation current for thermionic emission. The 
thermionic emission treatment provides the proper de- 
scription of metal/semiconductor contacts, in part, because 
the recombination rate at semiconductor/metal interfaces 
is very high (>10 7 cm/s). The majority-carrier current is 
limited by the supply of majority carriers surmounting the 
surface barrier. At semiconductor/liquid junctions, this 
process is generally not rate limiting. Studies 3'4 have shown where 
that charge recombination is the rate-limiting process at 
semiconductor/liquid junctions. 

3. Interracial charge transfer leading to recombination 
via redox species in solution. This process entails electron 

ns = No exp (-q(&b - V s ) / k T )  

p~ = Nv exp (--(EG -- q 4 4 ) / k T )  

[5] 

are the respective densities of electrons and holes at the 
interface, ni is the intrinsic carrier concentration of the 
semiconductor, N~t is the recombination center density per 
unit area in the surface region, N v is the effective density of 
states of the semiconductor valence band, vth is the 
thermal velocity of the carriers, % and % are the respective 
capture cross sections for electrons and holes, El is the in- 
trinsic Fermi level, and Et is the energy level of the recom- 
bination centers. Assuming an = % = o's and n~p~ >> n~, Eq. 4 
simplifies to 

Jsr = qSr nsps [6] 
ns + Ps 

~thO's~st 
Sr = 2n~ [7] 

1 + cosh ((Et - Ei ) / ( kT)  
ns + p~ 
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is the experimentally measurable surface recombination 
velocity. ~8'~9'~ Depending on the quality of the semicon- 
ductor surface and interactions of interracial electronic 
states, S~ typically varies from 102 to 106 cm/s for St-based 
junctions. 

In previous studies, 9'~ further simplification of Eq. 6 was 
typically made by assuming the inequality p~ << n~ for n- 
type semiconductors. Under this condition, a low-barrier 
height is implied, and surface recombination centers are 
always occupied by electrons as a result of their high sur- 
face concentration. The surface recombination current is 
thus limited by hole capture, and Eq. 6 simplifies to the 
familiar expression: J~ = qS~p~. Because p~ is determined by 
Eq. 5, which is independent of applied bias, the resultant J= 
is also independent of applied bias. Consequently, Voc can- 
not be related to Sr under the usual assumption of p~ << ns. 
In this case, Vo~ is controlled by other recombination pro- 
cesses (e.g., space-charge recombination). For situations in 
which p~ is comparable to, or is much greater than n~, how- 
ever, the surface recombination current can be very large 
and dominate recombination processes. This condition ap- 
plies to many semiconductor/liquid junction solar cells in 
which high surface barriers are employed to achieve high 
photoconversion efficiencies. For PEC cells with high-bar- 
rier heights, the assumption p~ << n~ becomes invalid. Be- 
cause the expression for Sr corresponding to the condition 
p~ ~ n~ is qualitatively similar to that of p~ >> n ,  a we will 
focus on the latter inequality to demonstrate the concept 
and to gaifi insight into the charge-recombination phenom- 
ena. Under the condition p~ >> n~, the surface recombina- 
tion current (J=) is limited by electron capture, and Eq. 6 
simplifies to 

Jsr = qSrn~ = qSrNce-(q%/kT~ (qVs/kT) ---- Jsr0 e (qV/nkT) [8] 

where J=0 is the saturation current for surface recombina- 
tion. As in the case of Eq. 2 and 3, a diode quality factor n 
is introduced in Eq. 8. When the dominant charge trans- 
port/recombination mechanism is surface recombination, 
J=0 can be substituted for J0 in Eq. i to yield the surface-re- 
combination-limited open-circuit photovoltage 

( qS~Nc~ Voo = n d~b -- k T  in [9] 
q Jph / 

An analogous expression to Eq. 9 can be writ ten for p-type 
semiconductor/liquid junctions by substituting N~ for Nc. 
Equation 9 relates the open-circuit photovoltage, the inter- 
facial barrier height, and the surface recombination veloc- 
ity. Moreover, all of the parameters in Eq. 9 are indepen- 
dently measurable quantities. More complex treatments of 
surface recombination 8A~ involve several adjustable 
parameters, making it difficult to compare directly the sim- 
ulated and experimental results and to extract useful infor- 
mation from experimental observables. 

Equation 9 can be used to estimate Sr under steady-state 
conditions. If it can be established that the open-circuit 
photovoltage is controlled by surface recombination, S~ can 
be deduced from measurements of Voc at room temperature 
and r The surface-barrier height can be determined from 
capacitance-voltage measurements (Mott-Schottky plot) 
or from the temperature dependence of Voc. This method of 

c To be precise, an integration of contributions from all energy 
levels within the semiconductor bandgap should be used in Eq. 4 
and 7. For clarity reasons, we did not use the integration notation. 
The readers can verify that incorporation of the integration would 
not affect the result. Most information on trap locations and their 
capture cross sections is lost when a single Sr value is used in the 
place of the more complete set of parameters (Et, or, N~t). However, 
the knowledge of St, which by itself is an experimentally meas- 
urable quantity, is often sufficient to provide a quantitative de- 
scription for most device applications. 

d For the intermediate situations p~ ~ n~, Eq. 6 must be used 
without further simplifications. Under open-circuit conditions (V= 
Voc), the photogenerated current Jph equals the recombination cur- 
rent Jsr (Eq. 5 and 6). Voo is then given by an equation similar to 
Eq. 9: Vo~ = Sb - (kT/q) In (qS~Nc/Jph), where S [ = Sr - (JpJqNv) exp 
[(Ec q~b)/kT]. 

estimating S~ circumvents certain ambiguities inherent in 
other techniques in which the theoretical conditions are 
not always experimentally verifiable. For example, meas- 
urements of Sr by transient photoconductivity or photolu- 
minescence require a flatband condition in which band 
bending is supposedly eliminated by i l luminating the semi- 
conductor with intense light. Unfortunately, high-intensity 
i l lumination can often promote surface decomposition. If 
some band bending is still present, then only an effective 
surface recombination velocity is obtained. For instance, 
60 mV of residual band bending will lead to one order of 
magnitude uncertainty in St. 24 Provided the barrier height 
is sufficiently high to satisfy the condition that Ps >> ns, the 
Sr value determined from Eq. 9 corresponds to the intrinsic 
surface recombination velocity. 

Experimental 
n-Type [100] oriented Si wafers (resistivity 2 to 4 ~t �9 cm) 

were cut into 5 to 6 mm square plates. Electrical contacts 
were made on the back surface with an indium-gall ium 
eutectic. The back contact and edges of the crystal were 
sealed with Torr-Seal | epoxy. Prior to immersion into the 
electrolyte, the electrodes were subject to two 30 s etches in 
HF solution (49% by weight), rinsed with distilled water, 
and then dried under an N2 stream. The redox electrolyte 
was prepared with reagent-grade chemicals. The support- 
ing electrolyte, LiC1Q, was dried by heating under vacuum 
at 170 ~ for 4 h prior to use. Acetone was dried over an 
activated molecular sieve. FeCpz was used as received. The 
oxidized species (FeCp~) was generated by electrolysis in a 
two-compartment cell consisting of a reticulated vitreous 
carbon electrode (40 pores/cm; Electrosynthesis Co.), a Pt 
mesh counterelectrode, and an Ag wire quasi-reference 
electrode. Photoelectrochemical measurements were per- 
formed with a two-electrode one-compartment cell con- 
taining a Pt foil counterelectrode (i0 cm2). Typically, solu- 
tions used in this study consisted of FeCp2 (75 mM) and 
LiCIQ, (I.0M) in acetone. Except for th e study of the de- 
pendence of Voc on the concentration of FeCp~, no inten- 
tional FeCp~ was added to the solution; FeCp~ generated 
in s i tu  at the n-St electrode during the initial stage of the 
experiment was found to be sufficient to maintain  the sta- 
ble performance of the PEC cell. The solutions were rigor- 
ously stirred in all experiments. The cell temperature was 
controlled by a circulating bath using methanol as the 
working medium and was measured with an Si diode sen- 
sor connected to a Scientific Instrument (Model 9620) tem- 
perature controller. An Oriel 250 W tungsten-halogen lamp 
fitted with a water jacket was used as the light source. The 
stability of the photocurrent and photovoltage over the pe- 
riod of measurement indicates the absence of significant 
photodegradation of the Si electrodes. 

Results and Discussion 
The diode quality factor n was obtained from a plot of Voo 

vs. log (Jso) (Fig. 2), which was linear over the voltage range 

:> 
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Fig. 2. Open-circuit photovoltage Vo~ at room temperature as a 
function of short-circuit photocurrent density J~c for n-Si/acetone- 
FeCp~/~ system. 
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Fig. 3. Open-circuit photavoltage Vo~ as a function of tempera- 
ture of n-Si/acetone-FeCp~/~ system. The experiment was 
performed at reduced light intensity (0.5 mW/cm2). The short- 
circuit photacurrent was 0.2 mA/cm 2 in the temperature range 
investigated. 

of 0.30 to 0.38 V. With the aid of Eq. i, a diode quality factor 
of 1.20 was evaluated. Higher n values were obtained at 
lower light intensities (or lower Voo) because of the in- 
creased contribution from space-charge recombination. 
Measurements were thus confined to the voltage range of 
0.30 to 0.38 V, and an n value of 1.20 was used in assessing 
recombination processes. 

Figure 3 displays a plot of Voc vs. temperature at low light 
intensity (0.5 mW/cm2). At this illumination level, a Vo~ of 
0.32 V and a J~c of 0.20 mA/cm 2 were obtained at room 
temperature. As the temperature declined from 300 to 
275 K, Vo~ increased linearly as expected from Eq. 9; J~o, on 
the other hand, was unchanged ~ (variation less than 2%). 
Because of the limited solubility of the redox species and 
the supporting electrolyte, measurements were restricted 
to this temperature range. To reduce the measurement un- 
certainty in the narrow temperature range available, we 
accumulated data with improved statistics. The data 
shown in Fig. 3 consist of more than 300 points. Each Voo 
value is an average of 10 measurements and has an uncer- 
tainty of less than - 1  inV. The accuracy of the relative 
temperature measurement is less than +0.1 K. The cooling 
rate was typically 0.5 K/min. The reproducibility of the 
data is reflected by the observation that Voc vs. T plots mea- 
sured during the cool-down and the warm-up processes 
were identical. Similar Voo vs. T measurements were made 
on Au/n-Si  Schottky diodes using the same Si wafers over 
the same temperature range. Using Eq. 1 and the 
thermionic emission equation (Eq. 2), we obtained an effec- 
tive Richardson constant of 2.5 for the Schottky diodes, in 
good agreement with the theoretical value, ~6 indicating 
that the Vo~ vs. T data provide reliable information. 

The Voo vs. T data in Fig. 3 can be fitted with an expres- 
sion for a straight line: Voo = 0.97 - 0.00217 T The intercept 
of the plot (V~ t~pt = 0.97 V) is 0.15 V smaller than EJq of 
silicon (bandgap of Si is 1.12 eV) at room temperature, im- 
plying that Voo is not bulk-recombination limited. For com- 
parison, the Vo~ vs. T plot for n-St/methanol junction cells 
yields a Vo~ t~~ value of 1.17 V. 6,2~ In the case of the Si 
crystals used in our experiments (resistivity 2 to 4 ~ �9 cm, 
minority-carrier diffusion length > 100 ktm), the room tem- 
perature bulk-recombination-limited Vo~ (VolleY) ~ is calcu- 
lated to be at least 0.44 V at a photocurrent density level of 
0.2 mA/cm 2. Vo~ ax is much larger than the experimentally 
observed value of 0.32 V for the St/acetone junction at room 
temperature. The discrepancies between the observed val- 
ues (Vo~ = 0.32 V, Vo~ ter~ept = 0.97) and those predicted by 
bulk-recombination-limited Voo (V~c ~ > 0.44 V, V~ te~cept = 
EJq > 1.12 V) rule out the possibility that bulk diffusion/ 
recombination is rate limiting. 

The possibility that thermionic emission is the dominant 
process in determining Voo can also be excluded. The 
thermionic emission controlled Voo is given by 

Vo~ : n ( ~b - k T  In A * T ~  
q Jph / [10] \ 

Using the effective Richardson constant for n-St(100), A * = 
300 A/cm2/K 2, n = 1.20, and Jph = 0.2 mA/cm 2 for the temper- 
ature range of 275 to 300 K, the expected value of the slope 
of the Voc vs. T plot, based on Eq. i0, is 2.65 mV/K, which is 
substantially larger than the experimentally observed 
slope of 2.17 _+ 0.01 mV/K ~ (Fig. 3), implying that 
thermionic emission does not significantly affect Voc. 

Figure 4 shows the dependence of Voc on the concentra- 
tion of FeCp~. The FeCp2 concentration was held constant 
at 75 mM, and the light intensity was adjusted to maintain 
a constant J~c of 0.3 mA/cm 2. Over a two-decade concentra- 
tion range of FeCp~, from 0.003 to 0.3 mM, Voc varied loga- 
rithmically with the concentration of FeCp~. Significantly, 
the slope of the plot equaled 34 mV/decade. If recombina- 
tion in solution were the principal pathway and ~b were 
independent of the concentration of FeCp~ (i.e., bandedges 
varied with [FeCp~]; Fermi-level pinning occurred), then 
Eq. 1 and 3 would predict that Voo should decrease by at 
least 60 mV for a ten-fold increase in the concentration of 
FeCp~. The data of Fig. 4 is inconsistent with this expecta- 
tion. Also, even if ebb varied with the concentration of 
FeCp~, (i.e., bandedges were fixed; no Fermi-level pinning 
occurred), Voo would still remain invariant with increasing 
concentration of FeCp~ 26 because the increase in FeCp~ 
concentration is offset by a corresponding decrease in the 
surface electron concentration (ns) due to an increased bar- 
rier height. The fact that a 34 mV/decade increase in Voc 
was observed with increasing concentration of FeCp~ 
clearly indicates that the Fermi level at the semiconductor/ 
liquid interface is not pinned and that recombination via 
redox species is not the dominant process in controlling Vow. 

The explanation most consistent with the data is that 
surface states control the recombination current. Using n = 
1.20 and Eq. 9, the data of Fig. 3 yield a surface barrier 
height of 0.81 V, in close agreement with the observation of 
others (0.83 V). 27 Substituting ~b = 0.81 eV and Voo = 0.32 V 
(at 299 K) into Eq. 9 yields an Sr of 6 • 104 cm/s, which 
concurs with values measured for the n-St /air  interfaceY 
Although steady-state measurements of Sr at semiconduc- 
tor/l iquid junctions have been scarce, a maximum surface 
recombination velocity of 5 • 10 ~ cm/s has been reported 
for the n-St/methanol junction. ~5 

For Eq. 9 to be valid for n-Si/acetone-FeCp~l~ it 
is important to establish that n~ << p~. Figure 1 can be used 
to compare the energy differences between the bandedges 
and quasi-Fermi levels of electrons and holes. The closer 
the quasi-Fermi level is to the respective bandedge, the 
higher the concentration of corresponding charge carriers. 
For a barrier height of 0.81 eV, the energy difference be- 
tween the valence-band maximum (VBM) and the hole 
quasi-Fermi level (E~) is (EG -- q<bb = 0.31 eV (Fig. i). For a 
Vo~ of less than 0.4 V, the energy difference between the 

e The experimental Vo~ vs. T data set in Fig. 3, which consists of 
300 data points, have a correlation coefficient of >0.999. The 
standard error of the slope is calculated to be 0.005 mV/K, 
corresponding to an uncertainty of _+0.01 mV/K at a 95% confi- 
dence level. 
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~ 0 034 1 g([FeCp ]) 

0 0 1  0 . ~  1 1 0  
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Fig. 4. Open-circuit photovoltage Vo= as a function of the FeCp~ 
+/0 concentration of n-Si/acetone-FeCp~ -LiCIO4 system. The FeCp2 and 

LiCIO4 concentrations were kept at 75 mM and 1M, respectively. The 
short-circuit photocurrent was maintained at 0.3 mA/cm 2. 
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conduction-band minimum and the electron quasi-Fermi 
level (E~) is at least qSb - Voc = 0.41 eV, which is larger than 
the difference between VBM and E~. With the assistance of 
Eq. 5, this implies that the concentration of electrons at 
the surface is at least one-order of magnitude lower than 
that of holes. The inequality ns << Ps is thus valid, and 
the surface recombination current is rate-limited by elec- 
tron capture. 

The possibility that charge recombination via surface 
states plays a dominant role in other PEC systems 21'25'28 was 
also explored. Photoluminescence time-decay measure- 
ments 22 indicate that chemisorption of Ru ions on the sur- 
face of n-GaAs reduces Sr from 5 • 105 to 3.5 x 104 cm/s. 
This reduction in Sr is accompanied by a 90 mV improve- 
ment in Voc. 12 Using the relative change in Sr reported for 
n-GaAs, Eq. 9 predicts an increase in Vo~ of 90 mV assuming 
a diode quality factor of 1.3, which is a typical value for 
majority-carrier semiconductor/liquid junction devices. 29 
The quantitative agreement of these results gives credence 
to the use of Eq. 9 to describe the effect of surface recombi- 
nat ion on Voo. 

Although it has been established that recombination in 
the bulk semiconductor is the dominant  process at room 
temperature for the n-Si/methanol-Me2Fe§ junc- 
tion, 6 the recombination mechanism at low temperature is 
still controversial? ~'2~ It has been reported 28 that the Voo vs. 
T plot for n-Si/methanol-Me2Fc§176 indicates a tem- 
perature-dependent charge-transport mechanism. In the 
temperature range of -20  to 20~ the plot yielded a ~t~r~opt 
that was close to the bandgap of St, implying that bulk 
recombination is the dominant recombination process. At 
temperatures below -20~ however, the Voo vs. T data 
yielded a Vo~c ~t~c~pt of 1.0 eV, suggesting that majority-carrier 
transport is important. 28 The low-temperature result was 
interpreted using a modified thermionic emission theory in 
which a very small electron-transfer probability (P = 0.01) 
was assumed to account for the shallow slope of the Vor vs. 
T curve. A surface-recombination-limited Vo~ offers an al- 
ternative explanation to this result, without the necessity 
of invoking an extremely small electron-transfer probabil- 
ity. When Eq. 9 is applied to the low-temperature result, an 
S~ of 105 cm/s is obtained, which is consistent with experi- 
mental measurements of others. ~ 

Charge recombination by means of consecutive oxida- 
tion and reduction of solution species (process 3 in Fig. 1) 
provides a parallel path to surface recombination (process 
4 in Fig. 1). Taking into consideration that the rate of sur- 
face recombination exceeds the rate of recombination in 
solution (qk~co~n~ < qS~n~) up to a FeCp~ concentration of at 
least 0.5 mM, we can estimate the upper limit of the 
electron-transfer rate from the Si conduction band to 
FeCp~ solution. Substi tuting Co~ = 0.5 mM and Sr = 6 • 
10 ~ cm/s into the inequality qk~co~n~ < qS~n~, we obtain ko < 
2 • 10 -l~cm4/s. This estimation is close to the rate 
constant reported for the GaAs/liquid junction cell (ko = 
2.3 • 10 -I2 cm4/s), 34 considering the wide scattering of k~ 
values (over seven orders of magnitude) reported in the 
literature. 3~ 

It has been suggested that competition between hole 
transfer to reduced species in solution and hole trapping by 
surface states is important for determining the efficiency of 
PEC cells. 32'33 Although such competition is crucial when 
the system is operated away from open circuit, thereby af- 
fecting the shape of the J- V curve and the fill factor, it is not 
important under open-circuit conditions for the systems 
(narrow bandgap semiconductors with a high interface 
barrier) that are discussed in this paper. Because the con- 
centration of holes at the semiconductor surface is much 
greater than the concentration of electrons, recombination 
via surface states is limited by the rate of electron capture. 
Since surface recombination centers are always occupied 
by holes at open circuit under steady state, the rate of hole 
capture is not rate l imiting in the surface recombination 
process and does not affect Voo. Furthermore, increased 
rates of hole transfer to reduced species in solution must be 
accompanied by increased rates of electron transfer to oxi- 

dized species to maintain open-circuit conditions, and can- 
not therefore explain the improved Voc observed at the Ru- 
treated n-GaAs/l iquid junction. 

An exact determination of the surface recombination 
current is complicated. The energy distribution of recombi- 
nation centers within the bandgap and their capture cross 
sections for electrons and holes must be known for each 
individual interface system. Much work has been carried 
out to obtain this information for the SiO2/Si interface, 
which is of technological importance. In contrast, this type 
of info~znation is nonexistent for St/liquid interfaces. Fur- 
thermore, even for SiO2/Si, simplifications of the original 
Shockley-Read-Hall formula (Eq. 4) were often made by 
neglecting the energy distribution of recombination cen- 
ters and differences in capture cross sections, without sac- 
rificing the usefulness of the formula in evaluating surface 
recombination processes in practical semiconductor 
devices. 34 The success of Eq. 9 in explaining the data for the 
n-St/acetone and n-GaAs/liquid junction cells indicates 
that the simplifications that were made in deriving Eq. 9 do 
not significantly affect the final results. 

In summary, we have derived a simple, quantitative rela- 
tionship between the surface recombination velocity and 
the open-circuit photovoltage of semiconductor/liquid 
junction solar cells. Experimental studies of the n-Si/ace- 
tone-FeCp~/~ junction indicate that surface recom- 
bination mediated by surface states is the dominant pro- 
cesss that determines Voc. The Voo-Sr expression yields 
values of the barrier height and the surface recombination 
velocity that are in good agreement with published data. 
The application of the surface-recombination-limited V~ 
analysis to other semiconductor/liquid junction cells 
suggests that Eq. 9 may be useful in evaluating the 
charge-transport/recombination mechanisms of other PEC 
systems. 
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Theory of Thermocells 
Transported Entropies, and Heat of Transfer in Sulfate Mixtures 
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N-7034 Trondheim, Norway 

ABSTRACT 

The transported entropy of silver ion, S~g+, and the heat of transfer, q* for Ag2SO4, have been calculated from electro- 
motive force (EMF) measurements in the cell Ag(T1) I Ag2SO4-Li2SO4 I Ag(T2). Results give S~,, = 102 _+ 6 JK -1 tool -1 when 
0.1 < xA~so4. From this we derive S~- = 22(} JK ~ tool -~ in pure silver sulfate and SLi. = 54 JK -~ tool -~ in lithium-silver sulfate 
mixtures. For smaller mole fractions of Ag2SO4, S~g., increases. The heat of transfer, q~ is negative and varies with 
composition. The sign indicates that Ag2SO4 is enriched on the hot side. The Thomson coefficient for molten pure AgSO4 
is ~Ag* = 30 JK -~ mol 1. From this we derive ~so2- = 140 JK -~ mot -1. Kinetic and thermodynamic models for the transported 
entropy and heat of transfer are discussed. S~me models can be rejected. 

ICnowlege about transported entropies, ~ S *, and heats of 
transfer, q*, is important for calculation of local heat ef- 
fects in electrolysis cells, ~'2 fuel cells, 3'4 and thermoelectric 
generators. These parameters can be obtained from meas- 
urements of EMFs of thermocells; thermoelectric powers. 1 
Data of S * and q * are scarce in the literature. Transported 
entropies are reported, but  mainly for single salts. ~-1~ Some 
transported entropies on mixtures have been reported by 
Richter and coworkers 11'12 and by Grimstvedt. 1~ 

Kinetic as well as thermodynamic interpretations of S* 
and q* exist. For a pure salt, Pitzer 14 related the trans- 
ported entropy of an ion to its thermodynamic entropy. Rice 
and Roth 1~ related the thermoelectric power (i.e., S *) to the 
activation energy of electric conductivity of the solid-state 
conductor. Payton and Fuller ~6 did the same with q* for 
aqueous solutions. Haase ~7 and Kempers 18 related the heat 
of transfer to the partial  molar enthalpies in a liquid mix- 
ture. Howard and Lidiard 19 and later Agar 2~ related ther- 
moelectric power to heats of transfer of vacancies and in- 
terstitial ions in a solid. 

The main purpose of this work is to contribute to the 
understanding of transported entropies and the heat of 
transfer in electrochemical systems. The following cell has 
been investigated theoretically and experimentally 

Ag(s,T1) I Ag2SO4, Li2SO4(ss) I Ag(s,T2) [1] 

* Electrochemical Society Active Member. 
The name "transported entropy" is commonly used in the liter- 

ature. It relates to heat production or consumption in various parts 
of a system, and a more appropriate name on a phenomenological 
basis is therefore "entropy of transfer." 

The solid solution (ss) was chosen because thermody- 
namic entropies, transference numbers, and specific con- 
ductivity of the system are known. 21-23 This allows for a 
discussion of the mechanism of heat transport. We shall see 
that neither of the existing models proves satisfactory for 
our system. New experiments are therefore suggested to 
reveal further the properties of S* and q*. 

Another advantage of the chosen system is that interdif- 
fusion is rapid. Thus one can easily prepare a homogeneous 
solid solution by annealing the mixture. Mixtures of 
Ag2SQ and Li2SO4(ss) have different high-temperature 
solid phases. 21'24 We consider here the Li-rich phase in the 
solid state and molten and solid Ag2SO~. 

The transported entropy has been reported for pure 
molten and solid Ag~SO4.9 Transported entropy of silver 
and heats of transfer for the mixture are not known from 
thermoelectric power studies, but thermal diffusion studies 
have been performed by Lunden and Olsson. 2~ Consistency 
cheeks on our experimental results are thus possible. 

Principles 
Flux equations.--Our theoretical derivations follow 

from Ferland et al. i We denote Li2SO4 as component 1 and 
Ag2SO4 as component 2. The symbol xi is used for mole 
fraction, and Si for partial molar entropy. 

In cell 1 there are five forces; -VlnT, --V~l.r, -V~2.~, 
--V~Ag,~ and -Ve.  Here T is the absolute temperature, ~J,r is 
the chemical potential at constant T, and A~ is the electric 
potential measured with Ag I Ag + electrodes. The fluxes are 
Jq (heat flux), Ji, J2, JAg (mass fluxes), and j (electric current 
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