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" PROJECT SUMMARY

During this year of the pregfaﬁ'en the photoelectrochemical
storage cell, ﬁe'conducted,theeretical'and experimental in&estiga—
tions on the perfdrmance of n- andvp—type silicon in solution.
for efficient.solar energy conversion. | | |

In our experimental work we sought to identify redox couples
capable of indueihg maximum band bending (highest open circuit
voltage) and -limit the corfosion for both n- and ﬁ—type eilicon.v

Measurements showed that high. photovoltages could be obtained by

‘using vanadium (II/III) and-ferrocene/ferricénium'couples for

p-type and n-type silieon, respectively. With these systems we
demonstratedeeasonable stabiiity even‘thOUgh these couples were

incepable of producing a high efficiency. The low efficiencies

- were caused by the growth.of a relatively thick iﬁsulating Si09

corrosion layer. Under conditions of low light intensity, however, .

a thin (~ 15 K) §i0y layerienhanced the soiar cellvcharacteristics.

We performed corrosion studies to evaluate the use of HF to
remove the corrosion layer. In these experiments we also had to
consider the interactioén between HF and the redox couple. We found

that high or low concentrations of HF accelerate the corrosion of

the surface. Redox couples may play different roies in this_cor=

_rosion. Sbme reddx.couples are‘not affected_by the HF and do not

suppress corrosion, while others catalyze the corrosion of the

semiconductor by HF.



Much of the experimental and theoretical work focused on the
effect of the surface oxide on solar cell characteristics. _These
studies in turn led to a variety of surface treatments aimed at -

improving the fill factor of silicon photoelectrochemical cells.

G

The surface treatments include& high temperature annéaling oflthe
normal oxide under an argon or hydrogen atmosphere, céating a
p-n junction with a thin layef‘of platinum, and passivation with
poly—vinylcarbaéole pélymer.'
The major‘conclﬁsions from our study are outlined below,
The silicon'eiectrode is subjectyto severe corrosioh probleﬁs.
This‘cérrosion leads to highly:insuléting thin films of §iO,
which block}thé photocurfeﬁt; Thué, the silicon électrode must be
completely stabilized to reali;e high efficiency ahd'acceptable
cell life. Our'studies indicaté the fedﬁired étability will |
probably not Bebacﬁieved on avBafe Si surface.
Up to ﬁo& the most pfomising method for établiziﬁg the Si is -
by appliééfién of ﬁhiﬁ metal films, :However,ithe-use of conducting
surféce fiims leads to a loss of open circﬁit voltage because of
eﬁhanced dark currents."THick iayers of cénducting material also
blbék the inébming light.. Further studiés.ﬁsing less active con-
ducting polymer films might lead to new_établébsysfems.} At the
present time, it apﬁearé that enhanced stabilit& may be échieved . «
only Witﬁ a loss of efficiéncy,
dther semicqnductor materials such as CdSe may be more promis-

ing. High photovoltages (~ 1.0 V) and conversion efficiencies

ii |



i

(~ 127 single crystal) have been obtained. However, corrosion

problems with this electrode have not been completely solved.

It is clear that corrosion is the most important bottleneck to
the development of devices utilizing the photoeleétrochemical
approach. .

Publications:

The Effecf of Surface Films oﬁ Photoelectrochémical Solar Cell
Performance, D. Canfield and S. R. Horrisén, ~Appl. Surf. Sci;;
in press.. | |

Surfaée Films‘on Seﬁicoﬁdﬁctor, S; R. Mofrison, ACS Heéting,

Las Vegas.
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I INTRODUCTION

A.  Objective

The objective of this study was to develop a practical photéelec—
trochemical storage solar cell based on silicon, a material that has a
favorable bandgap, and is available at low cost.

Proposed was a new solar battery configuration based on the storage
system, Sb5+/Sb3+/Sb. This system is adaptable to silicon cells both
because of the VOltage‘requirements and becéuse silicon is resistant
to corrosion by the antimony chlorides. The main potential problem was
the formation of oxide on the silicon surface. Thus the emphasis of
research was directed toward practical control of the formation of such
oxide layers. A second major goal was to determine, from many possible
redox couples, a suitable redox couple to induce the maximum photo-
voltage"from'éilicon. These two gbals, the selection of a system to

resist the formation of insulating layers of silicon oxide and the

'selection of a system to optimize the open circuit voltage of silicon,

were the focus of the program. All narrow bandgap semiconductors studied-

to date have shown corrosion problems that must be considered the
dominant difficulty in developing a good photoelectrpchémical cell for

either photovoltaic or storage purposes.

B. Choice of Materials

Thg design of the photobattery under study is shown in Fig. 1.
The device should be able to store energy:;nder illumination and give
energy when a load is placed over its'terhiﬁals_(T).f We are investigating
P- and n-type silicon for the photoactive matefial. Silicon has a suita-
ble bandgap, a very well-established technology, and a low manuféctufing
cost when the demands for purity levels and crystallinity are not too

high. If.the photobattery uses the liquid-junction approach (silicon

in direct contact with the redox electrolyte), the requirements for

the silicon become much less stringent than those for a solid/solid
junction that has either p- and 'n-type silicon or silicon and metal.

Indeed, the barrier formedat the solid%iiquid interface has been.provedl



to be much less sensitive toward all kinds of defects on the silicon

than the more classical barriers formed with a p-n junction or a metal/
semiconductor Schottky barrier. Therefore, we would aim for using a
low-cost polycrystalline sheet of silicon. However, we used single crystal

silicon 'in this study.

C. Cell Operation

Briefly; the cell's operation as a combined photocell and storage battery
is as follows: The p- and n-type silicon photoelectrochemical (PEC)
cells, shown in the top half of Fig. 1, develop a photovoltage. This
photovoltage appears across the Sb/Sb3+/Sb5+ cell, shown in the lower
‘half of Fig. 1. During charging, the photovoltage in the silicon drives
positive current from the n-silicon into the positive redox couple.
solution, and then through the metal to the negative redox couple
solution, and into the p-silicon. On the "battery" side of the cell,

. Cos . i1y ‘s +3
this positive current coming from the p-silicon oxidizes the Sb to

. 4
Sb+5,-passes through the separator, and, while reducing Sb 3 to Sb,
completes the circuit at the n-silicon electrode. Thus, the photo-
current charges the antimony cell. The antimony cell can be discharged

at any time, drawing power from the top "T" electrodes.

This design load-levels the solar input; A minor increase in cell

‘volume over the PEC cell alone permits storage of solar energy.

» As discussed in previous reports, :we can reach a photovoltage,of
greater than 1 V with the combined n- and p-silicon photocells. Thus,
a storage system based on Sb/Sb:ﬁ-/S_b-5+ (open circuit voltages, ocvV = 0.8-
0.9 V) as indicated in Fig. l.may be feasible.

~ An advéntage of redox batteries with the antimony storage system '
is - that problems with the séparator"are minimizéd. Because the Same
ion is used for each couple in the redox systems, the system is much
lesé sensitive to interdiffusion between cells. Thus, a relativeiy

low-cost separator can be uséd.  This substantially reduces the cost of

the battery, which is a dominant concern in solar conversion systems.
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D. Research Plan

The primary issue in the'firstvyear was choosing a suitable redox
couple(s) for the top compartment(s) to give a high photovoltage and

low corrosion.

To obtain maximum.photOVOltége; we needed a redox couple with an
energy level E;edox near the edge of the minority carrier band. In
earlier studies? we have détermined the flat band potentials of n- and
p-type silicon as given in Figs. 2 and 3, respectively. Tﬁus, for
n-silicon, with a conduction band edge of -4.0 eV vs. vacuum, the
desired redox couple has an E° near +0.2 V SCE at PH 7.0 and for

.p-silicon, the desired redox couple has an E® near -0.9 V SCE.
Figure 4 shows the reason for the choice: the high band bending
expected on n-silicon with N,N,N',N'-tetramethyl-p-phenylenediamine
(TMPD) present leads to a high OCV. - That voltage is not as high as
Fig. 4 indicates - photo-produced holes gollect at the surface,
giving rise to a voltage, until the surface barrier is low enough
for.électrons to move to the surface recombination centers at the
same rate as holes. Thus, for maximum OCV, the redox couple must
have a favorable redox potentialg at the same time, it mﬁst not

effectively promote recombination.
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II  REDOX COUPLES AND CORROSION

The studies on n- and p-type silicon will be discussed separately.
because the problems and approaches differ. Note that the problems with
p-type silicon were solved much more easily than originally anticipated

and that the problems with n-silicon were much more difficult to solve.

A. n-Type Silicon

The investigation of n-type silicon has been directed toward
solving three interrelated problems:

1. Development of a high photovoltage, OCV.

2. Development of a high current density, Ig..

3. Minimization of oxide growth.

The formation of an insulating layer of oxide results in electron—
hole recomblnatlon by a surface state, and in an ‘additional resistance in
the circuit. With these effects, the oxide has a dominatlng role in
determining both photovoltage and photocurrent. As discussed in the
introduction, the driving force for a cell, the photovoltage, is
determined not only by the relative energy levels of the valence and
conduction bands of the semiconductor to the potentlal of the redox
couple, but also, in part, by surface state recombination.' The current
density Ig.. (short circuit) is affected by recomblnatlon, as well as

by the added series resistance. -

In order to drive the antimony energy storagefsystem (Fig. 1),
0.9 V will have to be produced from the combination of n- and p?type
" silicon. The sum of the 0CVs, the maximum voltage attainable, ﬁust
exceed this amount, to allow for the passage of current. Ideally, tHe
-sum should exceed 0.9 V to permit opetation of the solar cell at maximum

efficiency.



The oxide problem is particularly important on n-type semiconductors

because they are subject to surface ox1dat10n by combining with

‘water. This problem is accentuated by water which may react w1th

_accumulated holes at the 5111con surface.

Initial experiments in aqueous solutions of iron cyano and iron
ethylenediamine tetraacetic acid EDTA  couples have demonstrated that
after a short time, the formation of an oxide greatly reduces the cur-

rent, as shown in Figure 5. When an etchant is added to the solution to

‘remove the oxide, the current density of the electrode remains stable for

a short period at a lower value, then eventually decreases to zero.
More will be said about the corrosion in solutions containing HF. The
major problem with the iron (cyano) or iron (EDTA) couples is that the
photovoltages are low, about 0.2 to 0.4 volts respectively._ Low photo-
voltages for n-silicon in water seem to be the rule, because of the
difficulty’in finding an aqueous tedox'couple capable of inducing

maximum band bending.

We have also investigated nonaoueous solvents. Although oxide
formation may continue in a nonaqueous solvent because of small amounts
of dissolved water or solvent breakdown, the rate at which an oxide grows
is markedly decreased The most favorable redox couples in nonaqueous

solutions for n-type silicon have been TMPD and ferrocene.

The maximum observed OCV of n-type silicon in TMPD/TMPD+ dissolved

in methanol has been 0.54 V. }Thls can be obtalned when the surface of

‘vthe electrode is free from an 1nsulat1ng amount of oxide (<20 A) The

oxide is normally about 15-20 A thick after cleaning with HF. Such an
OCV, 0.54 V is greater than half the Voltage needed to store energy

using the system shown in Fig. 1.

Figure 6 illustrates typical current-voltage characteristics of
n—-type silicon'in TMPD/methanol; itfis clear that tbe system needs some
improvement. First,_the OCV is somewhat lower than the 0.54 V reported
above, because of an insulating layer of silicon oxide. Second, the
fill® factor of the power curve is low (ff = 0.12). The current density
in the device is also 1imited; presumably because of recombination and

a resistive oxide.
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‘Unfortunately, with this system, the addition of HF to remove the
oxide leads to other complications., Specifically, rather than improving,
the current-voltage characteristics of.n—type silicon become less

favorable,

Greater OCV can be obtained by using the non-aqueous ferrocene/
ferricenium couple in absolute etﬁanol.2 On ﬁ—type silicon, a voltage
of 0.62 V canvbe obtained. HoWever,'there are limitatiops on the
current with this system. The chérgevtransfer process at the electrode-
electrolyte interface is slow. We found that the current density
in the ferrocene/ferricenium system (saturated solutionf is 0.83

" mA/cn? (SCC).

B. p-Type Silicon -

The decomposition problems on p-type semiconductors in solution are
hot so serious as those on n-type semiconductors. At ordinary voltageé
these electrodes do not accumulate holes which weaken the lattice of the
crystal. Therefore p7typelsilicon can be used'in aqueous solut;onrwith

less stringent requirements on electron transfer rates.

According to our studies, the yanaéium and chromium reddx couples
are best suited for inducing maximum band bending in p-type silicon, which
results in a large photo?olt;ge.“'Figure 7 1llustrates the power
curve for a p-type electfode"in an acidic'soldtion of 0.07 M V+2/0.07 M
JV+3. No HF isvpfesent. A phqtovbltage of 0.51 and -short circuit of
about 5 mA-can be obtained. As with n—fypé, p-type silicon,ekhibits
low fill factors (ff = 0.17), becauée 6f the abundance of surface statéé
caused by the thin 1ayet‘og silicon dioxide -already present on the
electrode surface. If oxygenzis eiciuded from the cell, vanadium IT
remains stable in solution, and the negative potential is maintaihed;
'In such an oxygen-free solution, the cell was tested at 1.5 mA/cm2 at

0.28 volts for 48 hours, and there was no significant decrease in power.

- 12
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A greater 0OCV, V = 0.62, can be obtained using the chromium (II/III)
couple, which has a more negative formal redox potential than the vanadium
couple (-0.41 and--0.255 vs NHE, respectively). Howe?er stabilizing
chromium IT is more difficult, because it is more easily oxidized.

Another problem with the chromium couple is that, in very acidic solutions,
hjdrogen is evolved from the surface of illuminated silicon, decreasing

the efficiency of the cell and making the solution unstable.

Table 1. summarizes the best results for the chromium couple, the
vanadium cou?le, and other couples tested. The results follow well the

expected relation (see Introduction) between the OCV and the redox

‘potential of the couple.

Table 1

ELECTROCHEMICAL POTENTIALS OF VARIOUS REDOX COUPLES

Redox COuplé v B Electrolyte Potential | Maximum Photovoltage |
(SCE) | (SCE) v ). .

: . oC )
epd/2 ~0.98 | -0.60 . -0.62
vz ~0.497 |  -0.46 . -0.51

Fe (citrate) pH 8.2 | -0.45 - -0.318 -0.244

Fe (EDTA) pH 8.8 | -0.12 -0.240 -0.240
sa*/? pr 1.6 | 0.15 ~0.05 - -0.40

14



C. Surface Corrosion

For the successful opefation of the energy storage system, the
thickness of the oxide layer on silicon photoelectrodes must be minimized.
We have conducted experiments to relate the oxide dissolution rate to

the composition of the solution.

Redox couples by themselves cannot stabilize a photoelectrode.

Depending upon the stabilization efficiency of the system (electrode,
- redox couple, solution), a relative fraction of photoproduced

holes will corrode the electtrode surface. For this reason,-either the
solution or sométhing'added to the solution must minimize the corrosion
.effect."In fhe siiiéoﬁ'photoelectfothemical‘System, if the redox couple
(stabilizing agent) absorbs holes with an efficiéncy greater than 99%,
then; with the addition of HF to the solution, berhaps the oxide thick-

ness could be minimized, allowiﬁg efficient operation of the cell.

Figure 8 illustrates the dissolution rate of a thin anodic oxide
from photocorroding silicon. The photocurrent is monitored as a
function bf'light intenéity, with no stabiiizing agent present. 'When
the rate of §Xide removal by the etchanﬁ becomes lower thaﬁ;the rate
of oxide formation by photoproduced hoies, the current density becomes
nonlinear with light intenSity."The results (Fig. 8) indicate that
0.05 M HF can remove oxide at aﬁrate"upvto?0.06?mA/cm2. However, in
‘the presence of a stabilizing agent (ferrocyanide.fon), HF promotes
the initial stages of oxide growth. In these-experiménts, n-type
silicon was washed with HF befope béing exposed to a solution containing
0.20 M KdFe(CN)G and varyingVCOpcentrationS'of'NH4F. The acidity
was adjusted by additions Qf HCl. Therefore, the concentration of HF

will be determined by the limiting factbr of NH,F concentration or pH.

HF promotes oxide growth by strongly interacting with silicon at
‘thevSi/SiOx interface. "Figures 9 and 10 illustrate the effect of low
concentrations of HF (a sharp drop in photocurrent), compared with no

- HF (normal photocurrent decay). In Fig. 10, curves a and b, the -

15
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presence of HF shifts the photocurrent onset potential anodically,
When high concentrations of HF are present, the onset of photocurreﬂt
resumes its initial potential; however, the saturated photocurreﬁt has
increased twofold. Curves c and d 6f Fig..lO_iliustrate this large

incréase in photocurrent.

Withinvthe crystalline léttice, silicon is rigidly bonded through
sp3 hybridization. When one of the bondé is broken by interaction with
HF, then the rigidify of the lattice decreases,'éllowing oxidation by
hydroxide ions. Figure 11 illustrates.factors that affect the photo-
current (aside from illuminatioﬁ intensity); the oxidation rate at the -
Si/SiOx interface and the dissolution rate of the oxide at the Sioz/SOlUtion
interface. Under conditions of low HF concentration, the oxidation
rate at the Si/Si0, interface is high. The dissolution rate of oxide
at the SiOz/goln interface is comparatively lower. When tﬁe oxide
becomes thick enough to inhibit the migration of HF énd OH™ ions to
thé silicon surface, then the oxidation and‘dissoiution rates. will
remain constanf (equilibrate), resulting in a low saturation current. * -
At high HF concentration, the dissolution rate of the oxide is Qéfy'
fast. "When oxide thickness remains small; the ions have a short diffusion'
length. This increases the available HF and OH™ ion:concentration at the
Si/SiOX‘interface. Then the photocurrent will be high, having contribu- |
tions‘from oxide dissolution, surface oxidation'aﬁd normal photocarrier -

redox couple interaction.

Apparently, the ferrocyanide ion plays aiconventionalvrolé in the
charge transfer process, .not catalyzing the oxidation process. That is,
the system displayed low dark cufrent corrosion, and the doﬁbling in
current could be attributed to the photoprocess. However, there are
’électfolyte syétems where the doublihg in current waé directly related
to dark‘éurrent‘corrosion. In the presence of HF, TMPD catalyzes the
dark corrbsioh of silicon by hole injection to the valence band (via

- interface states).
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FIGURE 11 FACTORS AFFECTING THE PHOTOCURRENT

(a) Low HF concentration, high oxide growth rate, iow photocurrent.
{b} Oxidation rate = dissolution rate, low saturation current.
(c) High HF concentration, high dissolution rate, high photocurrent.
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'III SOLAR CELL PERFORMANCE

Both p— and n-type silicon have been studied to determine what the
problems would be in developing a photovoltaic battery. We solved the
initial problem of sufficient photovoltage to drive the antimony battery
(0.8-0.9 volts) by using the vanadium couple for the p-type silicon and the
ferrocene/ferricenium couple for the n-type silicon electrode. Together,
the p- and n-type electrodes can produce 1.13 V at open-circuit voltage

(0CV) conditions, 0.51 OCV and 0.62 OCV, respectively. These systems were
blcapable of stabilizing the silicon electrodes for a period of 0.5 hours
ﬁith no more than a IOZvdecline in an initial current of 4.0 mA.

The major problem with this system is- increasing the cell's efficiency
where n-silicon is used, determined in part by a very low fill factor

(ff ='I x V at maximum power point).

. There were two reasons for using the ferrocene/ferricenium redox
. couple in a nonaqueous solvent: first, a higher photovoltage could be
obtained with a nonaqueous system than with an aqueous system; second,
nonaqueous solvents should not be as conducive to photocorrosion on silicon
as are aqueous solvents. Aithough the nonaqueous system has a low solution

conductivity, this can be overcome with suitably arranged electrodes.

Several organic systems were studied to optimize the solar cell
characteristic of silicon. The ferrocene/ferricenium in ethanol had
favorable characteristics toward OCV and corrosion.2 Unfortunateiy, the
highest current densities obtainable here ‘are no more than 0.83 mA/cm .

One reason for the low current density is that ferrocene is not soluble in
ethanol (0.07 M) in sufficient quantities to allow non—diffusion controlled
current limitation. 'Adding a less polar solvent increases the concen— '
tration of ferrocene, allowing for a greater flux of reduced electrolyte
species to the silicon/solution interface, and so increasing the allowable

current.
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Five nonaqueous solvent systems for the ferrocene/ferricenium couple,
with ethanol as one of the two constituents, were examined for favorable
solar cell characteristics. Table 2 lists the five solvent systems, in
addition to neat ethanol, and the resultant short circuit current (Iscc)'

and OCV on one electrode. Ethanol was added to each system as a 1/3 volume
constituent to maintain ferricenium sblubility. Of the five solvent
systems, methylene chloride/ethanol brought about the higﬁest ISCC (1.5
-mA/cmz) under the standard illumination intensity. The Iscc may be further
enhanced by adding a few drops of acid such as HBF, or HC10,. Silicon was

stable against corrosion (oxide formation) for hours using this solvent

system.

After finding a system with reasonable ocv and Iscc’ our investigatibn'
concentrated on the parameters controlling the cell's efficiency. The fill
factor of the silicon photoanode>wés far less than ideal. The §i0, layer
on the silicon is the most probable cause of a low fill factor. We have
concentrated on understanding an oxide film's influence on the fill
factor. We have concluded both from experiment and theory that a thin
o&ide may benefit the solar cell characteristics, but a thick oxide will
inevitably degrade the fili factor. '

Table 2

'NONAQUEOUS SOLVENT SYSTEMS

Solvent I, (mA/cn®)  ocy. Pt /SCE
EtOH® , | . 0.69 L 0.46 044,
CH,C1, /EtOH 1.5 . 0.48 ' 0.23
'DMFP/EtOH , 0.28 1 0.20 0.24
DMAC /EtOH - ' 0.09 0.42 0.19
taFd/EtOH 0.18 ' 0.44 ' 0.34

aSupport electrolyte was tetraethyl ammonium perchlorate.
Dimethyl formamide. '

Dimethyl aniline.

Tetrahydrofuran.
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A. Experimental

1. Silicon/Silicon Dioxide Interface

There are two regions of oxide thickness to consider when déter—
mining the oxide's influence on solar éell characteristics. Region 1
includes oxides less than about 20 A.  Normally the surface oxide is 10-
20 A thick after a silicon electrode has been rinsed clean with both 6 M HF
and distilled water, and exposed to air. Oxide layers thinner than this
are very difficult to study in solution, while oxides thicker than this

are relatively easy.

Region 1 is difficult to study because it is hard to avoid
formation of the first layers of okide,,p:esumably because the silica
formation is a spontaneous, highly exothermic reaction. The ﬁhoto-
generation of holes seems to accelerate this thermodynamically favored
reaction, independent of the reduced species of a redox couple. After the
oxide has attained the nérmal thickness, where dark 6xidation processes at
~ the Si/8102 interface have been suppressed, then the solution redox couﬁie

can compete with further photoinduced oxide formation.'

Figdre_lZ shows the variation of the solar cell characteristics as
a functidn of oxide thickrness: The measurements are made in CHZClz/EtOH
with ferrocene/ferricinium as the couple, as deécribed in Table 2. Very
thin_oxides'(region’l) were obtained by wetting the silicon with a 12% HF
solutidn and immersing it into the electrolyte with no exposure to air. By
comparing the thin oxide curve with the air exposed sémple, we suggest that
curves l.and 2 are in region 1,-cur§es 3 and 4 are in region 2. 1In the

same figure are the diode characteristics in the dark.

Two independent parameters control the solar cell character- ‘
istics: the'dark'cUrrent, and recombination at interface states. 'IP other
words, the cathodic current can be either the electron flow to the oxidi- |
zing agent in solution (also observed during measurements made in the
dark), or the electron flow to interface states (a recombination process._
observed only dﬁring illumination). In region 1, where the oxide is very
bthin, the onset voltage of dark current processes is low. 'Electrons flow
readily to ions in solution. The maximum photovoltage (where the electron

flow compensates the hole flow to the surface) is influenced more by high
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dark current processes than by the recombination at interface states. This
condition is illustrated in curve 1, Fig. 12. As the oxide thickness
increases, the electrons must tunnel through oxide and the dark currént at
a given voltage décreases. This shift is identified by a more negative
-onset voltage for the dark current in curve 2, Fig. 12. This dark current
suppression éllows for an increase OCV voltage in the photocurrent/voltage
plot of curve 2, Fig. 1 where the hole density in interface states remains
constant. An optimum condition occurs when the oxide thickness equals the
"normal” oxide dimension identified by the transition from region 1 to
region 2. When the oxide surpasses the optimum thickness (for an extreme
case consider curve 4, Fig. 12) the oxide blocks all current flow, a
significan; voltage drop appears across the oxide, and interface state
effects dominate dark current processes. Although the onset voltage of the
dark current increases, thehphotovoltage decreases, as in curves 3 énd 4,

Fig. 12. The behavior is analyzed in the theory section to follow.

Similarly, ‘the oxide‘thickness gqverné thé flatbgnd potential of
the electrode. Figure 13 1llustrates the relationshipvof the flatband
potential in the dark to the oxide thickﬁess. The flatband potential
reaches a maximum near the optimum oxide thickness for voc‘ However, there
is a problem in measuring capacitance-voltage plots with the very thin
oxide (curve l)--the slope, which should be the same as for the other

curves, differs for curve 1.

The fill factor deﬁends'notionly on oxide thickness but also on
light intensity, as showﬁ 1n.Fig. 14. These results were taken with an
oxide thicknéss corresponding approximately to that of curve 2, Fig. 12.
The degradation of the fillvfactor'as thevlight intensity increases is
clear. We_belie&e the effect of light on the fill factor is related to the
varying voltage drop across the oxide, which in turn is related to the
density of holes in interface states as a function of light intensity and
voltage. At an intermediate voltage,le.g. -0.2 V, the density of holes
‘occupying interface states at low light intensity is relatively low. The
low density of holes, and subsequently the low voltage drop across the
oxide (at constant oxide thickness), allows for a greater voltage drop
across the semiconductor space\charge region (greater band bénding). The

band bending induces more efficient electron—hole pair separation,
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FIGURE 13 FLATBAND POTENTIAL DEPENDENCE ON OXIDE THICKNESS
Linear correlation coefficient r2 = 0.997
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resulting in a good fill factor. At high light intensity, where the hoie
density is high, a substantial fraction of the measured voltage appears
across the oxide. Then at the highest light intensity of Fig. 7

(124 uW), we conclude that at V = -0.2 V much of the voltage appeérs across
the oxide, the bands in the silicon are almost flat. A large percentage of
the hole current then is lost to electron-hole recombination and the

apparent fill factor is very low.

2. Cathodic Current Versus Electron Density at the Surface

The solar cell characteristics can be usefully described in terms
" of the electron density at the semiconductor surface. Through high
frequency capacity measurements, the electron density at the surface is a

derivable parameter.

The electron density at the surface is given by:
ng = np exp(-qVg/kT) (1)

where np is the bulk density;rand VS is the-surface barrier. ,Ffom Mott-
Schottky plots, such as Fig. 13, the surface barrier is obtained from the
" 'capacity. The difference V - Vg 1is the surface barrier Vg (where Vj 1is
the measured voltage, and Vg is the flatband voitage) and in principle for

all the curves of Fig. 13, a given capacity corresponds to the same V_ -

V¢p- Unfortunately, some problems arise with very thin oxides (curve 1),
as indicated by the nonparallel slope. In our analysis, we will ignore
curve 1 and interpret all the capacity measurements as given a correct

value for né as obtained from Equation (1) and using curves 2-4.

With this "measured” value of ng, we can plot the cathodic current.

versus n., in Fig. 15. The cathodic current is expected to be first order

s
in the electron density at the surface and first order in the density of

available states. Specifically one expects

Je = Jpax -J= ayng[0x] exp(—axo) + asngp, 2)

where J, .. 1is the saturation ahodic current obtained at high voltage when

X

the cathodic current is zero (J

max = 0O in the dark with no anodic
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chrrent); J 1s the measured current. Thus the first equality in Equation
(2) simply states that the net current, J, is the hole current»Jmax minus

' the cathodic current of interest, J.. Then the second equality in Equation
(2) says that thevcathodic current has two components: one is the electron .
capture by the oxidizing agent Ox, which is modified by a tunneling factor
exp(-axo) where x, is the oxide.thickness; the other is the electron

capture by interface states, which is proportional to n_ and to the density

s
of unoccupiled interface states, p;-

Experimentally, if we plot the observed cathodic current, J - J,

max
as a function of ng (as measured by capaéity), we have Fig. 15.The curves
in Fig. 15 can be separated into two types, those corresponding to thin
oxides and: those corresponding to moderately thick oxides. With thin

g+ With the thin- -
oxides (curves 1-3) we expect the current to be dominated by the first term

oxides, the cathodic current is simply proportional to n

‘-of Equation (2), namely, electron flow to the oxidizing agent. 'This'term

0
approaches unity, and for both low and high n

will dominate when x_ is small, because then the exponential factor

s the cathodic current is

simply proportional to ng with the propoftionality constant
ap[0x] exp(-ox ). '

As the>oxide becomes thicker, however, the exponential factor.
rapidly diminishes and the first term in the above expression becomes very

small. Then at low ng the second term begins to dominate. The current at.

a given ng is much lower for these thick oxides, where the second term

dominates, because the proportidnality faéfor aspt is much less than

ay[0x]. In this case, however, the current is limited. The cathodic - ‘
current to Interface states cannot be greater than'the hole current to the
interface states. Thus when the cathodic current reaches Jméx’
saturated. Mathematically, when the cathodic current reaches J

it becomes.

_ max’> Pt
rapidly approaches zero. However, as the voltage becomes even more

kY

cathodic, n_ increases exponentially. With Iincreasing ng, we finally reach

s
a value at which the first term of Equation (2) becomes significant again,

and J. again begins to rise. The shift in the value of ng needed for a
given current is directly related to the factor exp(—axo) in the equation

for Jeoo This plateau in J, at low n followed by an increase in J. as n

s? S

becomes very large, is seen in curves 4-7.
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From these data, a clear understanding can be obtained of the
behavior of the important cathodic current that limits the solar cell
efficiency. We can detefmine the rate constaﬁts for the electron capture
by the oxidizing agent and by interface'states, and we can demonstrate the
influence of the oxide layer on the tunneling process. This type of

analysis 1s discussed furthér in the theory section.

_ Attempté to avoid the problems of the oxide layer have taken two
directions. We have tried to minimize the interface state density, and we

have tried to minimize the oxide thickness.

_ To minimize the interface state density we have Borrowed the
hydrogenation technique froﬁ integrated ¢ircuit technology. However, this
has not proved effective. It may be that with our thin oxides (~ 25 R) the
oxides react foo rapidly with residual water. In any case no significant
improvement in interface state density has been obse;ved. fhe'interface
state density has been measﬁred (using quasi—sﬁatic téchniques) to ﬁrovide

better monitoring of such experiments. \

The other technique is to maintain a thin oxide by introducing a
corrosive material (HF) into the solvent. This has met with little success
because we found that the effectiveness of the stabilizing agents was

degraded in the presence of HF.

B. Theory

Although several papers have analyzed the current/voltage character-
3-6

i

istics of a semiconductor electrode under illumination, the case with a
film present has not been discussed. As will be shown below, a surface
film (a condition often expected for an ‘electrode) can dramatically affect
the solar cell characteristics, particulariy the fill factor. Of course,
if the film_fs completely insulating the current is zero; the_caées of
practical interest are those where the film is present but thin enough for
electron tunneling, or where the film is conductive enough to pass
current. We emphasize the former because we'are interested in silicon.
The quélitétive features_shouldvreméin equally true in the case of the

conducting film.
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The experimental results .discussed in the preceding sections can be
explained in detail by simply assuming the presence of a tunnelable oxide,
and assuming very normal electrode behavior. ThuSvWe will show cases,
comparable to observation, where we predict a very low apparent fill factor
and cases where we predict that the OCV becomes more negative or positive
with increasing’oxide‘thicknessf In particular! we will show cases;where a
thin oxide benefits the solar cell efficiency. The last is particularly

important in discﬁssing MIS solar cells.

1. Analysis

A model of the surface shown in Fig. 16 will be used. The model
is somewhat distorted dimensionally--the band bending shown for the silicon
‘should 5pan about 1000-2000 A , the oxide thickness is 0-50 A, Also,“the
‘conduction and valence band in the SiOz should be further from the band
edges in the silicon. However, the model as drawn shows the important

parameters.

We assume the hole flux to the surface is distribnted between hole
capture by interface states and hole capture by reducing agents in
solution. We assume the hole flux to the surface is independent of the
applied potential. This-means‘we are assuming that the diffusion length is
much greater than the space charge thickness, and that the hole emission
. Into the valence'band by interface states or by oxidizing agents in

solution is negligible. Then

. o= \J - \ N - . :
Jsat qu pS[Red] exp( axo) + qups(Nt p}t) (3)

describes the hole flux, J__. . The subscript "sat" refers to the

sat
saturation hole current at'high reverse bias, which (by the assumption .
-above) is the hole flux. The first term in Equation (3) represents hole
capture on reducing agents in solution, described as first order in the
‘hole density at the surface and first order in the effective surface _
concentration of reducing agent concentration (the concentratin in solotion
times an effective tunneling distance). The term is also proportional to a
rate constant K; and proportional to a tunneling factor describing

tunneling of carriers through the oxide of thickness X,, where & is a
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.FIGURE 16 BAND MODEL FOR THE SILICON ELECTRODE

Electrons or photo-produced holes reaching the surfacg
can be either captured by interface states or can funnel
‘to ions in solution as indicated by the arrows.
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constant. The second. term of Equation (3), the hole capture by interface
states, is also described as first order in hole density and first order in
the interface states (Nt - pt). Here Nt‘is the total interface state
density, p, the hole concentration, and Kp is a rate constant. We ignore-
corrosion mechanisms, and we" ignore the change in the effective [Red].
caused by a voltage across the oxide shifting the Gaussian distribution of

energy levels in solution relative to the valence band of silicon.7

We have an analogous expression for electron capture
= - ' - . -
J. = any exp( BVS) {Kn[Ox] exp( axo) + Knpt} . (4)

which describes the cathodic current to oxidizing agents in solution (first
4terﬁ) and to interface states (secodd term). The rates are first order in
the density of electrons at the’sur.face,‘nb exp(—BVs) (with n, the bulk
density, B = q/kT, and VS the surface barrier). The rates are also first
order in the effective density of unoccupied levels, where in the first
term [0x] is.the density (per unit area) of availablé ions in solution,
and in the second term P is the deﬁsity:of-unoccupied interface states.
The capture of carriers by ions in solution is lowered by the tunneling

factor, exp(-axo), assumed to.be the same factor as in hole capture.

In steady state, the electron capture rate and hole capture rate

on the interface states are equal:
KPPS(Nt_- Pt) = Knptnb eXP(‘BVS) (5)

Now J sat is a pafameter to be specified, so the only variables in

Equations (3) and (4) are V , and Pg With Equations (3) and (4) we

s* Pt
can eliminate Pg» obtaining'an‘expression‘for Py in terms of VS:'

o C a2
N, - p, = =(1/2) by{t & (1 + 4by N /B (6)
&here the sign is chosen so that o < Py < N, and where
= ! - .
bl (Kp/Kp)[Redl exp( axo) 7)
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b2 N b1 - Nt + Jsat/q Khnb exp(-BVS) ' (8)‘

‘Now we assume that the voltage Vo# in Fig. 16 arises primarily
because of charge in the interface states (and the counter—charge in the
solution), neglecting the charge in the space charge_fegion of the semi-
conductof; The charge in the space charge region will be on the order.of
101l q/cm2 2
Then

, Whereas we are assuming more than 1012/cm interface states.

Vox = (ax /xe) (p, = p..) 9)
where p,  represents the hole density on the interface states when the net

interface state charge is zero.

With the equation

VQ + E1 - VS-_u - Vox =0 - (10)

obtained by inspecting Fig. 16 we obtain

V*E -V - - (qxo/Kéo) (pt - pto) =0 - (11)

t

The parameter E1 is Ec - when x, = 0. This is not a constant

Eredox

because E = E, + kT 1n[Red]/[0x] depends én [Red] and [0x]. Now

insertingrgzz:tion (6) into Eqﬁation (11), we have an equation in VS that
can be solved to give VS as a function of Vo’ the measured voltage. Then
from Equation (6) we obtain from Equation (9) we obtain Vox’ gnd from
"Equation (5) we obtain Pg>» all expressed as a function of V,+ We can then

solve for the current as a function of Vo‘

The current actually measured is the difference between the hole

capture rate in the solution and the electron capture rate in the solution:

3 = qk![Red]p exp(~0x ) - qK:[Ox]n, exp(-FV_ - ox,) (12)

Because in Equation (11) the variable VS appears both as a linear factor

and in the exponent, an analytic solution to Equation 11 is not possible.
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Below we discuss various computer solutions, showing the strong effect of

the oxide in the apparent fill factor of the solar cell.

2, .Open Circuit Voltage (OCV)

The equations above can be solved analytically for the OCV circuit
by setting Equation (12) equal to zero. This calculation can be used to

predict the conditions under which V.o Increases with decreasing X,

c
(becomes more negative) and the conditions under which Voc decreases with

increasing Xge

Inserting Equation (12) (with J = 0) into Equation (3), we immedi-

ately obtain an expression for p, at open circuit:

Pe = N /(L + V), | (13)
with '_ .
Y = KnKI',([Red]/KI;KP)IOx]‘ : (14)

Inserting Equation (13) in Equétion (3) (yielding ps), Equation (5)
(yielding Vs)’ and Equation (9) (yielding Vox)’ Equation (11) can be solved

for Vo = Voc:

- ) » -1 -1 ] _1 . o ‘1
S Ve =E; +u+ B Infa, ®'R[ox]le 4 [1+ v N}

+ (gx_ /K€ YN /L + Y] = p ) (1s)

When the second term under the log is greater than the first term, namely,

at high X, the change in Voc with x_ is given by the last term of Equation

o
(15). In all cases, the value of dVoc/dxo can be negative or positive
depending on the value of Y and other factors. As will be observed in the
numerical examples to follow, this can substantially increase the solar

cell efficiency for small x that is, a thin film can improve Voc and

o)
hence the solar cell efficiency. Such an effect 1s, of course, well known

in MIS solar cells.
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3. Numeficai Examples

In Figure 17 we show example solutions for the above equations,
showing the predicted current/voltage characteristics of an oxide-covered
silicon solar cell. Reasonable values for the parameters are used:

K' =K' =K =107/ cm3/sec, . '
n P Bg 3
K; =5 x 10 = cm /sec

E, = 0.8 ev, 4= 0.1 eV
=2 x 102 cu?
Pro = 1012 cn~2
@=2x 107 cnt
n, = 3 x 1015 cm_3,
Jeat = 1(‘)"4 A/cm? _ ’
[Red] = 4 x 1013 cn~2 (just less than 1 molar)

[0x] = 1013 cm2.
The oxide thiskness xois varied from 0 to 50 A, The values for the
parameters are chosen to match more or less the values estimated for the
silicdn used to obtaih the data of Fig. 12. Thus the form of the curves in
Fig. 17 can be comparéd to the form of the curves in Fig. 12. The theory
_oBviously provides the same tyﬁe §f curves that are experimentally

observed.

In Fig. 18 are curves of the cathodic current a functionm of
electron density at the surface for the same parameters as used in Fig.
17. These can be compared with the’expériﬁéntal curves of Fig. 15. Again

the general form of the curves is quite similar.

The conclusion from this modeling is that the major part of the
problem with fill factor in thgvsilicon'electrode can be traced directly to-
the presence of the oxide and to tﬁe interface states between the oxide and

the silicon.
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Then these theoretical curves should be compared to the
experimental photocurrent curves of Figure 1. ’
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" The parameters used are described in the text. These curves
should 'be compared to the experimental curves of Figure 4.
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IV SURFACE TREATMENTS

Earlier results suggest than én oxide layer on n- or p-type
silicon in excess of about 20 X is detrimental to the use of this
matérial in photoelectrochemiéal cells. Aside from the common problem
of the normal oxide on both n- and p-type silicon, the problems _
associated with running each type at a high efficiency level are different.
n-Type silicon is\much more susceptible to corrosion because of photo-
generated.holes at thejsurface. Bare n-type silicon caﬁﬂot be used in
an aqueous system because the coﬁbination of relatively high hole
concentration and an unlimited supply of oxygen (from Héo) promotes
rapid formation of iﬁéulating_SiOz. p-Type silicon has a much lower
effective concentréfion of hdles at the surface. For this reason,

p-type silicon may be used in aqueous redox systems.

An ofganic solvent can be used to minimize the corrosion of n-type
silicon. When a proper organic redox couple is used, a high
photovoltégé can be obtained, as is the case with ferrocene/ferricenium
" in a mefhyléné chloride (MeClz) ethanol (EtOH)_miiéd solvent. Unfortunately,
this nonaqueous system has slower charge transfer kinetics .than a
comparable aquequé s&stem. Slowervcharge transfer between the redox
couple in solution»and_the_sémiConductof surfacé limits the current.
/

The maximum short .circuit current we have demonstfated with the

ferrocene/ferricenium nonaqueous system has been under 1 mA/cm?,

Several methods have been examined to increase the efficiency of
‘the silicon electrodes. The first was heat treating the electrodes
under argon or hydrogen gas. The second involves making ﬁ—n silicon
and plating a thin.layer of platinum on the surface. The third uses
poly-vinylcarbazole as a protective coating on the surface of the

photoanode.
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A. High Temperature Treatments

1t was concluded that the low efficiency of the siliconvphotoanodes>
was due to a"high,density of interface states at the Si/SiOx junction.
These interface states are attributed to unsaturated silicon bonds or to
surface silicon covalently bonded to H or OH radicals. The charge in
the interface states leads to a voltage across the silica layer, degrading

" the fill factor of the solar cell.

The iuterface state density was determined as a function of oxide
thickness, because atpriﬁéipal problem with silicon PECs was oxide<
growth. It was found that as the anodic oxide increases, the'density
of interface states increases. This means that a thick oxide can be

doubly detrimental, being an effective insulator as well.

Methodsvte decrease the interface state density were'investigated.
Two surface treatments for lowerlng the interface state density
were studled The flrst was 81mply an attempt to treat the
unsaturated 3111con bonds by thermal rearrangement ‘of the oxide crystal
lattlce. A thermal rearrangement might increase: the bonded oxygen-—
5111con density and 1eave fewer silicon nonbonding levels. Thermal
treatment was expected also to dehydrate the silica. ' The treatment.
consisted of heat1ng the crystal (which has an oxide of 10-15 Z)
to 300°C for 15 min. under an atgon atmosphere; The purpose of the
argon'atmesphere was to keep'the native oxide from growing too thick
to pass charge. Usidg capacitance/voltage detectibn methods, we found
no decrease in interface state density. Also, no improvement in conversion

efficiency was found following this treatment.

The second method of treatment follows the efforts applied to inte-
grated circuits,(using MOSFETS) and to MIS solar devices.  This
~involved hydregenation of thevSi/SiOQdinterface region by heating the
samples at 300°C, 650°C and 1000°C for 30 and 60 min under a hydrogen
atmosphere.‘ Hydrogen diffusing through the oxide reacts with the
‘unsaturated bonds ou silieon,.lowering the interface state density.

From capacitance/Voltage'experiments we determined that the interface

state density'could be lowered by a factor ofv2, in the range of 10ll
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(:m-2 (eV)—l states. Unfortunately, the prescribed treatment of
hydrogenation did not increase the efficiency of the device. Like
solid state devices, a substantial increase in efficiency may not be
obtained until the interface state dénsity approaches 1010/cm2 (ev).
Attempts to reach this limit with the liquid junction device have been

unsuccessful.

B. p-n Silicon Electrode

We have attempted another approach to electrode stabilization using
a thin platinum coating on a p-n junction cell, The platinum coating
iphibits the corrosion of silicon in an aqueous solution by physically
éeparating the silicon and the electrolyte. A layer of platinum,
estimated to be between 60 to 140 X, was deposited on samples using
a sputtéring device. About 100 X seemed to be an optimal thickness.
Corrosion still takes place with the metal coating. Although a thicker
coating would more éffectively'suppresé the corrosion,‘it also adsorbs

light, Figure 19 illustrates.a 2.5% efficient cell having the optimal

-metal coating. Efficient solar cell characteristics can be attributed

to the band bending in the n—type induced by p-type and fast charge

transfer 3cross the interface with. an aqueous solution of 0.1 M Fe

(IT, III) EDTA at ﬁH 5.5. Other samples were examined to determine
whether or not diffusing the platinum into the silicon.surface would
favorably affect efficiency. There was no evidence that annealing
platinum coated p-n silicon at 800°C for 10-20 min had any effect on the
overall charge transfer rate. What is more important is the p-type

junction depth and the surface oxide thickness. We observed large

‘differences in conversion efficiency with many samples. However, no

attempt was made to determine the optimum junction depth of p-type material.

C. Polymer Coatings

Preliminary work on surface stabilization using poly-vinylcarbazole
was begun. Poly-vinylcarbazole is known to be a reasonably good hole

conductor and the conductivity can be increased by adding dopants. The
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hole mobility can be decreased by the addition of trinitrofluorenone
(TNF). At sufficiently high TNF concentrations, electrons will dominate
“the conductivity. However, for the purposes of stabilizing n-type .
silicon, high hole mobility would be favorable and can be accomplished
by adding compounds like triphenyl amine. The hole transport mechanism

is thought to occur by intermolecular hopping.8

It was thought that the conducting energy levels could be adjusted
within the polymer to correlate with the semiconductor and redox couple.
Experiments here describe solar cell characteristics of n-silicon with

neat poly-vinylcarbazole and doped polymer on the surface.

Figure 20 illustrates current-voltage characteristics for a silicon
photoanode‘with and without the polymer coating. Each coating was
applied by placing a drop of toluene solvent, containing the polymer,
onto the electrode surface. 'Téking the density of the polymer to be
1.185 g/cc9 we estimated that the coating was approximately 2000 X thick.
The polymer was then dried in an oven at 100°C for one-half hour.
Electrode characteristics with an undoped polymer coating are givehv
by curve 1. Curves 2 and 3 illustrate greater hole conductivity through
the polymer, having 8% and 83% mole fraction of triphenyl amine dopant
respectively. Clearly, as the moie fractidn of polymer dopant waé
increased the conductivity increased. However, there was no advantage -
in doping above 83% mole fraction, as further‘improvement in the photo-

current was negligible.

Experiments were conducted to determine the effect of wvarious
redox couples on the charge'transfér properties of the ﬁoly—vinylcarbazoie.
These aqueous and one nonaqueous redox couples were tested with heavily
doped polymer coated photoanodes. Figure 21 illustrates the current-

voltage chéracteristics in 0.1 M I— Although the photocurrent

3
onset potential has decreased, the polymer was capable of passing a

larger current than was possible for a bare surface undergoing photoanodic
oxidétion; The most responsive redox couple to the polymer was iromn .
cyanide. Figure 22 shows an improvement in the photocurréﬁt onset

potential. In all cases the dark current was suppressed. For both the
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triiédide and iron cyanide couples, the anode experienced a 10%

drop in SCC during the first 5 minutes of operation at about.4OAuA.

The polymer inhibits the growth oxide on the surface of silicon, but does
not stop it. Migration of ions either Si4+ or OH through the loosely
packed long chain polymer is a likely corrosion mechanism. The nonaqueous
couple of ferrocene/ferricenium produced the 1afgest photovoitage, and

the polymer was stable to dissolution. However, the experiments indicated
that the kinetics of charge tranéferythrough the polymer was very slow,
causing a low current level. Capacitance-voltage plots of these systems
are similar but difficult to define. An increase in capacitance and

pronounced hysteresis coincide with the'application of the polymer.
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CONCLUSIONS AND RECOMMENDATIONS

The n- and p—type silicon photoelectrochemical cells are capable of
producing photovoltéges in excess of the antimony redox battery potential,
when using the ferrocene and vanadium couples, respectively. However, the
stability of the photoeleétrode is not sufficient for prolonged operation. In
addition, these couples do not meet -the critical requirement of both high
photovoltage and.reasonable solar'energy conversion efficiencies. Recent work
by Frese 10 illustrates that high efficiency may be obtained at the expense of
high stability, and our work substantiates these findings, ‘

| Experimental and theoretical investigations have assessed the detrimental
effect of the SiOz cbrrdsion layer on solar cell characteristics. We found
that the oxide thickness must be kept below 15 A._ Treating the surface of
silicbn with hi%h temperatures under argon or hydrogen, the plating of

platinum, and depositing of poly-vinylcarbazole coatings did not significantly

suppress the rate of corrosion. _
The corrosion of semiconductors in solution is a fundamental problem of
photoelectrochemical cells. Silicon, presently, is the most'difficult semi-

conductor to stabilize in solution, compared to binary and layered semicon-

‘ductors. The corrosion product of silicon, SiOZ, is very stable and quite

insqluble in solutions containing ony an inert redox couple. Further research
on semiconductors such as Si, or CdSe, or GaAs is needed to increase our
understanding of the mechanisms of corrosion and to develop methods to stop
the slow degradation’of the cell. These suggesfed studies should focus on the
kinetics of the corrosion fedox competition. In addition, more work on corro-
sion suppression using thin metal films and ddped polymers would be highly
desirable.

Another component pf.our photobattery is the energy storage system. We
believe the antimony redox batteryxmerité further investigation. The antimony
redox battery has the advantageé of low overvoltage and the 'commbn‘ion"
product, requiring less stringent anolyte/catholyte compartment separation due
to internal short circuit. However, construction 6f a prototype cell and
charge/discharge rates by various electrode materials needs investigating,

along with determining effective anolyte and catholyte concentrations for

_efficient operation‘of the battery.
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