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Abstract

The solar performance of electroplated, cold pressed and

single crystal cadmium selenide/agqueous polysulfide photo—
electrochemical solar cells was investigated by means of
current—-voltage characteristics, gquantum efficiency—voltage

dependence, and spectral respaonse.

The electroplated cadmium selenide films of 1042 pm
thickness welr 2 deposited on titanium substrates by
alactrodeposition using an acid soclution of cadmium sulfate,
zalenium dioxide and sulphuricb acid. Etching and annealing of
the electroplated +films improved the solar performance
considerably. The surface morphology revealed a ‘“cauliflower"
structure with small crystallites. Some microcracks were also
aobserved after annealing.

Cold pressing of cadmium selenide powder was i1investigated
as a technique for producing 1nexpensive, sel f-supporting
photoanodes. Physical properties such as density, resistivity
and surface morphology were determined and related to sclar cell
performance. FPellets pressed at higher pressures showed larger
crystallites and improved quantum efficiency; pressures above
&9 MFa produced fractures in the pellets. Fellets pressed at 4646
MFa for S min were annealed at various temperatures. Annealing
at 872 K for six hours revealed optimum solar performance.

Since single crystals of cadmium selenide often show poor
soglar response, the effect of annealing was investigated.
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Ann=2aling 1n cadmium atmosphere improved the overall solar
response considerably, while annealing under wvacuum produced a
poor response for photon energies higher than 1.8 eV and high
quantum efficiencies for near bandgap energies. Annealing in a
selenium atmasphere resulted in very poor solar response.
Simultaneous 1llumination of the electrodes with a helium—nepon
laser strongly enhanced the guantum efficiency for vacuum
annealed crystals for near bandgap photons.

Surface treatments of cadmium selenide photoanodes may
passivate grain boundaries and redistribute surface state
anergies. Dipping or boiling of pressed and electropliated
samples 1in zinc chloride solution improved the open circuit
voltage considerably. In contrast, electrodes dipped in
marcuric- chloride solution produced a deterioration in solar

performance.
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Chapter 1

Introduction

Research in solar energy conversion has been accelerated by
the need for alternate energy sources due to the energy cricsis
in the seventies and the gradual depletion of fossil fuels.

r ensrgy has a definite2 advantage gover other energy

[
P

()

w

sgurces in that it 1s virtually inexhaustible and does not
pollute the environment. The solar energy received by the earth
each month exceeds the total energy contained 1in the world’'s
supply of fossil fuel [1]. Man‘s global energy requirement +for
one y2ar is equal to the energy received in one hour of salar
radiation.

Approximately 30 %L of the solar energy which reaches the
earth 's surface is reflected back into space, about 47 %L heats
the surface of the land and oceans of which most is re-radiated
back into space. Nearly 23 % of the insolation is utilized by
evaporation and precipitation processes, while only a small
fraction (0.02 %) is staored as chemical energy by photosynthesis
£21. This solar energy storage process praovides all of our foad
and fossil fuel.

The sun has radiated energy at a fairly constant rate for



over 300 million years and is expected to remain constant for
the next S0 million vyears [33J. The rate at which energy is
received aon a unit surface, in free space at the earth’s mean
distance from the sun, perpendicular to the sun’'s direction 1is
called the saolar constant. The accepted value is 1322 Wm—= [4].

For most solar calculations it is sufficient to assume that
the sun is a black body radiator at 6000 K. As sun light passes
through the atmosphere the spectrum changes considerably due to
selective absaorption by the atmosphere. Fortunately 1little
change takes place in the visible spectral region where solar
c2lls are highly responsive.

In an attempt to simpli+y the presentation of the varying
conditions of the atmosphere and its effect on light intensity,
the two terms w and air mass m (AMm?} are widely used. The
quantity w 1s measured in cm as the precipitable water vapor in
a vertical column 1in the atmosphere [51, e.g. w=0 and w=2

represent no humidity and 350 % humidity, respectively. The

definition of m is given by :
m = {(cos z)—* (1.1)

wherea =z 1s the angle between a line normal to the earth’'s
surface and a line connecting the observer and the sun, e.g. AMI1
represents the sun vertically overhead, AMZ 60 from zenith and
AMO describes solar radiation in space. The solar i1ntensity
varies considerably with different atmospheric conditions. For

AM1 and w=0, the solar irradiance at sea level is 1060 Wm™=,

r



while for AM2 and w=0 and for AM1 and w=2 the 1irradiance
decreases to 880 Wm—= and 890 Wm—=2, respectively [51. 0On a
cloudy day with the sun at zenith, the solar intensity at sea
level was estimated to be 120 Wm—=, using the AMl-modified
distribution for a black body radiator at 7000 kK [3].

Solar energy may be utilized in three major ways, as a
source of heat, to produce electricity (photovoltaic solar
=11}, and in eslectrochemical reactions (electrochemical solar
cell). Thermal conversion 1s a simple process which involves
the heating of black surfaces by normal or concentrated 1light.

In photovoltaic devices, two dissimilar materials (p— and n—type

semilconductor, semiconductaor and metal , or different
semiconductors? form a Junction—barrier; in electrochemical
solar Zells a juncticn is formed by immersing a semiconductor in
an electrulyte. Il1lumination of the junction results 1n a

photovoltage, generated between the two different materials,
which may be used és a source of power.

The history of solar cells dates back almost 150 years to
1837 when Becquerel discovered the photovoltaic effect in  an
electrolytic cell. He immersed a AgCl electrode connected to a
metal counter electrode into a NaCl solution and observed an
increased current flow by shining light on the AgCl electrode.
The current was dependent on the wavelength of the light. The
photovoltaic effect in Se was observed 34 years later by Adams
and Day, and within 10 years the +Ffirst Se solar cell was

described by Fritts. In 1204, Hallwachs noticed that a layered



Cu/Cul0 structure was photosensitive and in 1914 Goldman and
Brodsky were the first to correlate the photovoltaic effect with
the existence of a barrier laver. By 1941, Se devices were
converting solar energy to electricity with 1 % efficiency. The
same year, a new process called the p-n Jjunction technigue
enabled the production of single crystal Si pthbvoltaic
devices. Contirolled diffusion of dopants in Si  pushed the
efficiency to & % by 1?5=% (Chapin, Fuller, Fearson and Frince at
AT%T's Bell Lab, and Rappaport, Lofersky and Jenny at RCA). By
1?58, the solar—~powered space age had begun and a new industry
emerged. However, the low density of solar light flux and the
appreciable power fluctuations 1in daily and annual cycles,
caused concern for large—-scale terrestial utilization of solar
ensrgy.

The aim of solar energy research in the last 10 years was
to convert sunlight into electricity on a large—scale basis, as
well as to make solar cells cost-competitive with conventional
generators. For comparison, the price for a GSi module which
produced 1 W of eslectricity under peak illumination at noon cost
¥ J0-320 in 1973. Six vyears later a module with identical
performance, although with higher efficieny and longer life
expectancy sold for ¥ 10-15 [&]. Today the most efficient solar
ceils Ffor industrial applications are single crystal Si  p-n
junction solar cells with an efficiency of Al4.5 %. The cost
however (% 8 per peak W, estimated at # 0.460 per kWh) is so far

not competitive with hydroelectric power (¥ 0.0&6 per kWh) since



the(prnduttinn of single crystal 5i modules is a very costly and
wasteful process.

F-n junction solar cells are formed by thermal diffusion of
specific dopant atoms into the semiconductor material to an
optimum junction depth. The dopant is chosen to invert the type
of the semiconductor. For efficient solar energy conversion the
junction barrier must form at a precise depth belaow the
semicenductor surface. The diffusion process generally cannot
be applied to much cheaper polycrystalline materials, since the
thermal diffusion rate in the bulk and at grain boundaries is
vastly different. The rapid diffusion along grain boundaries
will 1ntroduce shunting in the polycrystalline material.

The grain boundaries in polvycrystalline Si  have been
passivated effectively by H, and large scale production of
polycrystalline Si was set up recently in the USA (Solarex) and
in West Germany {(Wacker Chemie and Telefunken). As well, H-doped
amorphous 51 solar cells are produced in Japan (Sanyo) and are
used in pocket calculators. These amorphous and polycrystalline
solar cells are much cheaper but have only been emploved in low
power applications [7].

In recent years, many researchers have been attracted to
photoelectrochemical (PEC) systems for conversion of of solar
2nergy. These cells are cheap and 2asily made. They
essentially consist of a semiconductor electrode connected
through a load with a counter electrode, immersed in a redox

couple electrolyte (Fig. 1.1). Illumination of the semiconductor



drives electrochemical reactions at both electrodes. & Jjunction
barrier is +formed spontaneously when the semiconductor is
brought into contact with the electrolyte, and therefore the use

of polycrystalline rather than single crystal material makes

these devices inexpensive. There is no need for additional
doping and diffusion aof the dopant. Alsa the front
metallization and antireflection coatings needed in solid state

cells are not required [81].

Fhotoelectrochemical cells can be separated into two
different types, the wet photovoltaic cell, where energy 1is
converted into electricity, and the fuel cell, which makes
chemical products through a chemical change in the =lectrolyte
or the s2miconductor electrode. Especially water splitting has
received much attention, since hydrogen is an important chemical

product of =cological purity [?].

1.1 Object of_ Research_and Structure _of Thesis

The purpose of this thesis is to investigate and compare
the solar performance of electroplated, pressure sintered, and
single crystal n—-CdSe photoanodes in a polysulfide redox couple
electrolyte. Annealing, etching, and ion surface treatments of
the electrodes were employed to study their effect on wvarious
cell parameters.

Chapter 2 describes the principles and energetics of liquid



junction solar cells. Factors determining the stability and
efficiency of photoelectrochemical cells are discussed, and a
model which analyzes the current—-voltage characteristics 1is
represented. Only n—type semiconductor/electrolyte systems are
described, but the treatments and discussions are equally valid
for p-type semiconductors with appropriate changes of carrier
type.

The +following chapter reviews electrochemical photovoltaic
cells emplovying CdSe photoanodes. The physical and chemical
gropertiss of CdSe; methods of electrode preparation, and
various suitable redox couple electrolytes are described. The
stability and lifetime of CdSes/polysulfide junction cells 1is
discussed in detail, and the effect of surface etching and
specific ion adscrption on the cell performance is described.

FPreparation of the various CdSe electrodes investigated in
this research, construction of the photoelsctrochemical cells,
and the experimental methods used to measur=s the cell
characteristics are described in Chapter 4.

Chapter 5 presents the results of this research and gives a
detailesd discussion of the observed solar performance. The

summary and conclusions follow 1in Chapter 6.
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Chapter 2

The Electrochemical Photovoltaic Cell

2.1 Princiglesyand Energetics

The Bequerel effect [10] was not well understood until 17955
when Brattain % Garrett [11]1 associated the behaviour af an

1liuminated Ge electrode/electrolyte system with the formation

of a liquid junction. Fioneering work towards understanding the
kinetics and energetics of  electron transfer across the
semiconductor /electrolyte  junction and the nature qf the

depletion region in the semiconductor are ascribed largely to
Gerischer £121,£1=1,014131,0151,0161,0171, who stimul ated
increasing interest in semiconductor photoelectrochemistry.

The semiconductor/electrolyte junction is usually modelled
as a Schottky barrier in which the electrolyte plays the role of
the metal, a walid assumption for a highly conductive
electrolyte. As the semiconductor is brought into contact with
an electrolyte containing a redox couple, the Fermi level of the
semiconductor (Eg) and the electrochemical potential of the

solution (E,eaax?! @eguilibrate by electron transfer at the



interface, forming a barrier of height dependent on the nature
of the solution species and the semiconductor as shown 1n
Fig. 2.1.

The interface between the solid and the solution consists

af three regions:

1. A space charge layer or depletion region (DR) +farmed in
the semiconductor near the surface 1is depleted of free
charge carriers. The width of the DR depends on
semiconductor properties such as the dielectric constant
and free carrier concentration.

2. The Heimholtz layer (HL) is faormed in the electrolyte side
between the solid and the outer Helmholtz plane (OHF)Y. The
HL arises from adsorption of solvated ions in  the
electrolyte on the surface of the solid, and 1its width
will extend a few 8 for ionic concentrations larger than
10—=2 M [14].

3. The Gouy—-Chapman layer forms in the solution adjacent to

the OHF.

In Fig. 2.1, an energy diagram for an n—type
semiconductor/liguid junction is shown. The Gouy-Chapman laver,
extending from the interface into the interior of the
electrolyte has been omitted, since the layer bhecomes extremely
thin for concentrated electrolytes as used in
photoelectrochemical cells [18]. As referred to in Fig. 2.1, the

barrier height or bandbending (Ves) of the semiconductor may be



expressed in terms of the workfunction of the semiconductor
(¢-=) and the redox potential of the solution (¢,-dan) and also
as a function of the flatband energy (E¢s), 1.2. the electrode
potential energy at which the semiconductor bands are flat. The

barrier height is given by

Vo = d’-c - mr'-dan (2. 1)
qu = Ef - Efb (2.2)
where E¢ is the Fermi energy of the semiconductor. The =2ffect

of the Helmholtz layer on the bandbending is contained in the
expiression for the flatband energy, expressed with respect to

the normal hydrogen electrode (NHE), i.e.

i)
v

E¢o (NHE) = Gfjme + qVu — 4.5 [eVv] (

where gV 1s the energy drop in the Helmholtz layer. The term
4.5 eV represents the difference between the NHE and the vacuum
level.

The flatband potential is determined experimentally by
photocurrent or capacitance measurements +from the changing
properties of the interface as the bands are made flat by
illumination with intense 1light or forward bias. The flatband
energy depends on the properties of the semiconductor, since Eg
is controlled by bandgap and doping, and on the composition of
the eslectrolyte, since the ionic double layer is +formed by

specitic interaction with ions, which in turn changes the work



required for electron transfer from the semiconductor into the
electrol yte.

The semiconductor/electrolyte interface may Fform four
different types of barriers ([18], depending on the redox

potential with respect to the semiconductor Fermi level, applied

voltage, and surface properties of the semiconductor.
Figure 2.2 shows the depletion layer, accumulation layer,
inversion laver, and deep depletion layer [1i81. Minority
carriers are essentially absent in the non—illuminated

semiconductor and the depletion layer (Fig. 2.2a) is depleted of
majority Carriers. The accumul ation laver {(Fig. 2.2b)
originates when carriers are injected from the surface of the
semiconductor, so that the excess majority carriers form a space
charge at the surface. This situation occurs when an n—-type
semiconductor is made extremely negative with respect to the
counter slectrode, so that the conduction band at the surface
dips below the Fermi energy. An inversion laver {Fig. 2.2c)
results when an excessive number of majority carriers 1is
extracted at the interface, .resulting in large bandbending and
causing 1inversion of n—type to p—-type at the semiconductor

surface. This situation may arise in reverse bias, or when

Eradox liss below the intrinsic Fermi level of the
semiconductor. The deep depletion layer (Fig. 2.2d) depicts a

non—-equilibrium situation and results from application of a high
reverse bias to the semiconductor.

For efficient photoelectrochemical cells, the semiconductor



should be depleted or weakly inverted since the wminority
carriers are drained away from the surface by transfer to the
electrolyte. In fact, the necessary condition for efficient
operation is that the rate of carrier transfer 1is equal to or
larger than their rate of arrival at the semiconductor surface,
which results in weak inversion or deplestion [121].

Figure 2.3 depicts the energetics of an n—type
semiconductor electrode in contact with a redox couple at
equilibrium 1n the dark. For n-type semiconductor electrodes,
the redox potential must be larger than the flatband potential
and thereafore E,edox should be situated between the conduction
and valence bands of the semiconductor in such a manner as to
maximize the barrier height. In the dark, the device behaves
ideally like a diode with break-down at a +forward applied
valtage =sgual to Ve.

Figure 2.3B depicts the interface energetics of an
electrochemical solar cell with an illuminated photoanode. When
the semiconductor electrode is illuminated with light of energy
hv 2z Egs i.e. the bandgap of the semiconductor, the photons
absorbed in the depletion region generate electron-—-hole pairs.
The built—in electric field separates the charges and thereby
reduces the barrier height, causing the band edges in the bulk
to assume new values Ec* and EJ*. In the absence of
recombination, the holes rise to the top of the wvalence band by
thermal equilibrium and are then filled by an electron from the

solution reductant, oxidizing species A to A*. The excited



electrons erp to the bottom of the conduction band, travel
downhill in the electric +field through the bulk of the
semiconductor and the external circuit. They are injected into
the solution at the counter electrode to reduce A* to A. At the
semiconductor, the electrochemical reaction is the reverse of
that at the counter electrode, and the net chemical change of
the entire system is zero.

During illumination of the cell, the potential difference
between the semiconductor and counter electrode is equal to the
change in bandbending, assuming that the voltage drop across the
Helimholtz layer is independent of bias. Thus the photovoltage
i3 determined by the displacement of E¢* of the illuminated
semiconductor relative to E¢ of the dark =lectrode. The highest
obtainable photovoltage, i.e. the open circuit voltage (Vacl,

may result under strong illumination and is given by:
anc = Er—-dcn - E-Fb - (2.4)

Under closed circuit conditions Eraaox and E¢ equalize, and the
photovoltage is zero even though a net charge flows, giving rise
te a photocurrent {lac? - Ideally, the holes react at the
interface exclusively with the electrolyte, oxidizing the
electron donors (Red) of the redox system.

The charge flow of the iiluminated photoel ectrochemical
cell is summarized in Fig. Z.4. In the semiconductor the charge
flow is partly due to both electron and hole transport, and in

the metal, to electron transport only. The charge flow in the



electrolyte is characterized by ion transport via diffusion,
drift and convection. In the semiconductor/liquid interface and

in the metal/liquid interface the charge flow occurs by hole and

electron transter, respectively. The slowest rate of charge
flow will determine the photocurrent. Ideally, pair generation
15 the rate limiting process, al though under strong

illumination, =lectrochemical systems with high ionic redox
electrolyte concentrations often reveal the transfer across the
semiconductor/electrolyte interface to be rate limiting [121,
resulting in suppression of the photocurrent.

The transfer across the interfaces is believed to occur by
tunnelling [191. Tunnelling takes place from a filled state to
an empty one at roughly the same energy. For high transfer
rates across the interface the energy level of the acceptor ion
must be located near the Fermi level of the counter electrode
and the energy level of the donor ion must be near the minority
carrier band edge at the 5ur¥ace.

Figure 2.5 shows the energy level diagram Ffor an n—type
semiconductor/electrolyte interface with a distribution of
energy bands of oxidized and reduced species. The electronic
levels of the redox species in polar solvents are broadened with
Gaussian distribution due to the polarization of the solvent
molecules surrounding the ions [181. This polarization will
atfect the equilibrium potential of the ion with respect to the

semiconductor. Thermal fluctuations in the polarization at the

surface of the ion will cause the energy levels to fluctuate



about the most probable energy value.

Charge transfer by electrons or hole injection across the
semiconductor/electrolyte junction can only occur when the
unoccupied redox states (A*) are at the same energy level as the
occupied semiconductor states or when the occupied redox states
(A) are at the same energy level as the unoccupied semiconductor
states respectively.

The most probable displacement of oxidized and reduced
species from E.eaox 15 2qual to the reorganizational energy A,

i.=. the work required for reorientation of the dipoles of the

Ht
J

olvent {see Fig. .3). For a typical ion, A.is on the order of
1 ev C181.

In summary, the +following criteria should wusually be
satisfied by the semiconductor electrode, the counter electraode,

and the redox couple electrolvte, for efficient operation in an

a2lectrochemical photovoltaic cell:

i. The semiconductor must efficiently convert the absorbed
light into =lectricity. Only photon energies of hv = Eg
are useful, thus the semiconductor must be chosen to have
a bandgap that optimizes the conversion efficiency with
respect to the solar spectrum.

2. The optical absorption depth (K%} of the semiconductor
should be on the order of the depletion laver thickness in
order to absorb most of the light in the DR. For direct

bandgap transitions the depletion layer depth (W) depends



on the doping level and the dielectric constant of the
semiconductor. For polycrystalline materials, the grain
dimensions must exceed the absorption length and 1light
must be absorbed in the top layers of the grains [201].

Fhotogenerated holes beyond the depletion réginn are
transported by diffusion. Within their lifetime, the
non—-equllibrium carriers cover a distance on the order of
their diffusion length {Lo). Thus minority carriers

generated even deeper in the semiconductor, i.e.

oL~ W + Lg . (

(]
]

recombine before they have a chance to reach the
semiconductor surface and thus do not contribute to the
photocurrent. Most efficient charge separation is
attained when the photogeneration region of the minority
carriers lies entirely within the depletion region.

The location of the semiconductor energy bands relative to
the electrolyte redox potential is an important factor
since it determines the maximum open circuit wvoltage (Vaoe?
and the biasing requirements for the semiconductor
electrode.

The most critical property is the stability of the
semiconductor against decomposition reactions, i.e.
photocorrosion and chemical dissolution. The energy
position of the redox couple relative to the semiconductor

band edges will determine the electrode’s thermodynamic
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stability in a particular redox system. Hawever, some
thermodynamically unstabls semiconductors appear stable if
the rate of decomposition is slow enough.

The counter electrode must provide fast charge transfer to
secure reversibility of the photoelectrode’'s reaction.

The counter and the semiconductor electrode should be
separated by a thin solution layer to +facilitate fast
transport of oxidized and reduced species of the redox
system between the cathode and the anode, and to reduce
light absorption in the electrolyte, which often contains
colored redox couples.

The redox system must provide good reversibility, so that
no net chemical change exists within the cell. The
2lectrolyte must be of low ohmic resistance, which is
provided by electrolyte concentrations of greater than

10—= ™.

Efficiency

The photoresponse of a solar cell may be chacterized by the

power conversion efficiency q’and/Dr the quantum efficiency QF'

The power conversion efficiency u} represents the fraction of

incident 1illumination that is converted into electrical power,

i.

2



n = ——————- (2.6)

where I, and V., are the current and voltage at the point of
maximum power, respectively, of the solar cell, A 1is the
illuminated area of the photoelectrode and F; 1is the 1i1ncident
solar flux integrated over the entire solar spectrum. The power
conversion efficiency depends on the curvrent-voltage (I-V)
characteristics of the solar cell as shown in Fig. 2.4, and thus
Q describes the gquality of the solar cell.

Equation (2.4) =Zan be rewritten in terms of the short
circult current {(Iac!, the open circuit voltage (Voe?, and the

+11l1 factor (£f) of the cell, i1.e.

Tac Vae ff
= . (2.7)
Q A P,
The optimum fill factor (ff = 1) describes a rectangular I-V
characteristics of the solar cell. The +fill factor (++) is
given by:
Im Vm
ff = ———————— “ (2.8

The guantum efficiency Na of the solar cell represents the
ratio of photocurrent density and incident photon intensity of

energy hy.



The photoresponse of photoelectrochemical cells may be

analyzed as a two step process:

1. Minority carriers generated in the DR and transported to
the interface
2. Electrochemical reactions occuring at the

samiconductor/electrolyte interface

The first step 1is controlled by the propertiess of the
semlconductors the secand step 1s dependent an both
semiconductor and electrolvyte. Far most semliconductor /
electrolvte systems, one of these steps will be the rate
limiting factor. The predominant process can be determined by

findin the photocurrent response as a function of light

W3

intensity. & linear behaviour 1is observed if the transport of
minority carriers to the semiconductor surface is the
rate—-limiting process under the assumption that the charge
carriers are not trapped in the space charge layer and do not
recombine. A saturating photocurrent under. high light
intensities indicates that the electrochemical’ kinetics is the
rate limiting process. For a large number ot wet photovoltaic
cells under AM1 insolation, the redox reaction kinetics play
only a small role; thus the solar cell behaves 1like a solid
state Schottky barrier system.

For solid state solar cells, the most important factor
determining the efficiency 1is controlled by the threshold

excitation energy (Eg) of the semiconductor. The theoretical



maximum attainable power conversion efficiency as a function of
Eg and temperature for AM1 and w=0 illumination i.e., the sun at
zenith and no humidity respectively, is shown in Fig. 2.7 ([211.
The maximum solar—-to—-power conversion efficiency [3] is given
by:

g Npn Vm

mar ¥ (2.9)

where q 1is the electronic charge, npn is the number of photons
that generate electron—hole pairs in the semiconductor with
bandgap Eg. WVm 15 the voltage at the point of maximumn power
point, and Ngn and Ea.. are the numbser of 1ncident photons and
their average energy, respectively. With increasing Eg) Q”‘“
decreases due to the smaller number of absorbed photons. In
addition QT‘“ increases through V. as the bandgap increases, due
to the decrease in dark current. The increase 1in e with
decreasing temperature arises from the temperature dependence of
the dark current.

Semiconductors with a bandgap between 1.1 and 2.1 eV are
efficient solar energy converters with optimum theoretical
conversion efficiency of 25 - 30 %L for AM1 and w=0 illumination
at room temperature [S].

The simplast model to determine the oaperational guantum
efficiency (QF) of the solar cell is described by Gartner [22]
and Butler [23]. This madel assumes that the photocurrent

density arises aonly from carriers generated in the depletion



region (Jbr) and carriers generated in the bulk of the
semicnnductnr which diffuse into the depletion region (Jp1s€) .
Recombination and trapping of charge carriers, and reaction
kinetics at the semiconductor/electrolyte interface are not
accounted for in this model. The photocurrent density (Jgn) is

given by:
Jdon = Jor + Jbi+¢+s - (2.10)

The current density arising from electron-hole pair generation

in the DR is given by:

Jor = qug(x) dx (2.11)

whers q is the electronic charge, x is the distance from the
semiconductor surface into the depletion region, and W 1is the
depletion layer width. The electron—hole generation rate gi(x)

is given by:
g(x) = Petexp(- x) (2.12)

where ¢ is the photon flux. The absorption coefficient af the

semiconductor is of the form:

(hv - Eg)t-=
k= A (2.13)
hv

for near bandgap photon energies and direct bandgap transitions

[241,[257; A is a constant. The depletion layer thickness W is

- 2
alal



given by:
W= Wo (V — Vep)tr=2 (2.14)

where V 1s the applied voltage and V¢ the flatband potential;
both measured relative to a reference electrode. The term Wg is

given by:

assuming only the presence of donor impurities. The dielectric
constant of the semiconductor is represented by K , Np is the
donor density, €o is the permittivity of free space, and g is
the electronic charge.

The current density Jps at an applied voltage V is obtained
by substituting eq. (2.12) into eqg. (2.11) and integrating,

which results in:
Jor = af [1 - exp-ad1 . (2.16)

The current density arising +from holes diffusing into the

depletion region (Jpi¢e¢) 1S given by:

Jdoiee = Cl¢ ————————— expl—o] 2.17)

where Lg is the diffusion length of the minority carriers. The

- 4

derivation of Jpi¢e¢ is shown in Appendix A. Combining eg. (2.14)

]



and eq. (Z2.17) yields the total photocurrent:

expl—oii]
Jon = qff | 1 - ) (2.18)
1 + oy

The quantum efficiency Na may be found from:

Na = ——==—- (2.19)

If tld << 1 and oL, << 1, Ma can be approximated by Na 2 W
Thus the Gartner/Butler model can be used to find the flatband
potential of the semiconductor. A plot of (rlq)2 as a function
of applied voltage results in a straight line: the intercept on
the voltage axis vields VY¢n. The Gartner/Butler model can also
be used to find Eg for direct bandgap semiconductars by using
the expression for o« given in eq. (2.10) together with the above
conditions (XW << 1, xbLp << 1}, and plotting (Q?hvﬁz as a
function of photon energy hy.

In summary, the gquantum efficiency Na of the solar cell, as
described by the simple Gartner/Butler model, depends on the
dielectric constant, absorption coefficient, minority diffusion
length, free carrier density, and flatband potential of the
semiconductor. The wvariation aof Na oOn Eg results from the
wavelength dependence of . Although the above analysis ignores
surface states, recombination and trapping of charge carriers,

and the internal cell resistance, it provides a good it to



experimental results at low forward bias and low light

intensities.

2.3 _Btability

The stability of the semiconductor electrode is a major
concern tor practical applications of e2lectrochemical solar
cells. The electrode must be stable against dissolution,
electrolytic decomposition, and photocorrosion. The predominant
tactor 1is the intrinsic thermodynamic stability of the
semiconductor. Gerischer [261,0271 and Bard and Wrighton [281
have proposed simple models for the thermodynamic stability of
the photoelectrode. Fhotodecomposition occurs when minority
charge carriers generated by illumination accumulate at the
surtace of the semiconductor to such an extent that oxidation or
reduction of the semiconductor becomes possible. Corrosion of
the electrode can also arise in the dark by accumulation of
majority carriers at the surface with Q suitable voltage applied
to the semiconductor [111.

The position of the semiconductor bandedges at the
semiconductor/electrolyte intertace relative to the
decomposition potential, provides direct information about the
thermodynamic stability of the photoelectrode. Figure 2.8

illustrates the wvarious energy correlations between the

semiconductor band edges and the decomposition Fermi levels for

I



holes (pE4) and electrons (.Ea). The (absolute) stable situation
in Fig. Z2.8a and the energetics susceptible to cathodic
decomposition in Fig, 2.8d have not been encountere=ed in
combination with aqueous electrolytes. All efficient solar
cells seem to be thermodynamically prone to anodic

photodecomposition 1in agueous electrolytes [27]1 and can be

represented by the situations depicted in Fig. 2.8b and
Fig. 2.8c.
A fast and convienient method to investigate the

thermodynamic stability of a particular semiconductor =2lectrode
in an aqueous electrolyte was presented by Fark and Barber [2%].
They calculated Pourbaix {(pntential energy/pH) diagramns, which
illustrate semiconductor stability and decomposition products
ovar a wide pH range for wvarious semiconductor/aqueous
electrolyte systems. The Pourbaix diagram for CdSe is shown in
Fig. 2.%.

The occurrence of photodecomposition depends largely on
kinetics. A relatively high degree of stability of
thaermaodynamically unstable semiconductors can be achieved if a
redox couple slectrolyte is chosen with appropriate energetics
and kinetics. If the decomposition energy of the semiconductor
is more positive than the reversible redox couple energy, the
slectrode will be unstable; 1t will be stable if the
decomposition energy 1s more negative than Eregox (281,

Milier and Heller [301 and Ellis et al. [311, [32] were

the first to demonstrate the stability of n—CdS with polysulfide



redox elettrulytes, and obtained conversion efficiencies of
1 - 2 % . Studies on CdS, CdSe, and CdTe employing chalcogenide
redox - electrolytes (52-/5,2—, S5e~2/5ex2~, Te®/TezZ") revealed
that only CdTe in 82 /5,2 1is highly unstable [221,[301.
Observed conversion efficiencies with CdSe and CdTe single
crystal electrodes are on the order of B8 % . Semiconductor
electrodes of GaAs, GaF, and InF have also been studied with
chalcogenide electrolytes [331,0341. An efficiency of B % was
reported for a single crystal n—-GaAs/ Se~2/5ex>"2 /C cell [331].
Coating an unstable small bandgap semiconductor surface
with a thin layer of a more stable, higher bandgap semiconductor
oxide was attempted by Wagner et al. {361 This approach offers
potential for greater stability of the photoelectrode. I+ the
electron affinity of both materials are appropriate, i.e.
X actmmall g3 % X sc(larger =g s then a higher Voo may result.
The authors observed an increased efficiency by a factor of 1.3

for n—GaAs electrodes with a 23 Hm surface layer of CdS5 [36].

2.4 _Surface_ States

An  electronic energy level (Eam! located at the
semiconductor surface is called a surface étate. If Eam lies
within the bandgap of the semiconductor, the surface state can
act as a donor or acceptor level and trap and recombine

photogenerated electrons and holes. This reduces the efficiency



of the solar cell. A surface state can also function as an
intermediate state in the electron transfer between
semiconductor bands and ions in solution. Capture of carriers
at surface states 1s a dominant step 1n photodecomposition
processes.

Surface states can arise from a weakened bond by
interuption of the periodicy at the semiconductor surtace, from
lattice dislocation, and from grain boundaries in
polvycrystalline materials [371]. They also originate from
adsorbed impurity species at the semiconductor surftace, and in
fact, nonadsorbed ions sufficiently close to the semiconductor
surface for electron transfer with the bands, can act as surface
states [181.

Occupation of the surface states by electrons or holes
depends on their position relative to the semicaonductor Fermi
lavel at the surface, and thus a variation in bandbending can
lead to a change in the occupation D% the surface states. I+ a
surface state lies between E¢s and the bulk conduction band
energy, 2 reduction i1n bandbending by illumination of or voltage
applied to the electrode can cause electrons from the bullk of
the semiconductor to tunnel to the surface state (Fig. 2.10a).
With a perfect shunt, the photovoltage of the solar cell cannot
exceed Eea — Ecy; and thus the open circuit voltage is reduced.
Imperfect shunting results in a reduced +1i11 factor.

A high density of surface states located near the center of

the bandgap may pin the Fermi level of the semiconductor. This

(]
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results in a fixed potential drop in the semiconductor. The
concept of Fermi level pinning 1s known from solid state
Schottky barrier systems, in which the bandbending of a
semiconductor in contact with a variety of metals is essentially
independent of the work function of the metal. Most group III-V
semiconductors, as well as CdSe and CdTe, in contact with a
metal are known to exhibit Fermi level pinning {(381,L391,CL401 .
Bard et al. £411 associated Fermi level pinning with
semiconductor/electrolyte systems in which the bandbending of
the semlconductor 1s essentially independent of the soclution
potential. The authors showed that a surface state density of
10 m—=2 is sufficient to result in pinning of the Fermi level.
Several semiconductor/electrolyte systems have been found to
exhibit Fermi 1level pinning, for example n- and p-GafAs
[423,04%1,044]1 and MoX= semiconductors, with X = 8, Se, Te [45].

Adsaorption of ions on the semiconductor surface can
influence the position of the surface states and thus the
performance of the solar cell. Heller 2t al. {81 proposed the
following model illustrated in Fig. 2.10b,c: Weakly adsorbed
ions split the surface energy level inte two energy states
slightly displaced from Eae- A5 before electrons from the bulk
of the semiconductor can tunnel to these states. Tunneling to
Eawa—1on WwWill further reduce the open circuit wvoltage since
Euam—ion lies closer to Ec than Eea- Hawever, strong ion
interaction results in large splitting of the surface state,

locating Exea—1on™ near the conduction band edge at the surface



and.lncating Emm—1o0n below or more positive than the conduction
bandedge of the bulk. In this case tunnelling becomes unlikely,
and thus strongly chemisorbed species will result 1in an open
circult voltage determined by E¢o — Eradox-

The above model was supported experimentally with a singlé
crystal n—-GaAs/ (S5e2/Sex2")/0H") /C solar cell [4&6]. Strongly
chemisorbed ions of RuS* and Fb2* increased the efficiency of
the cell frDm»?  to 12 4L . Ions such as Ca®*, S5r=®*, and Ba=2*
were not adsorbed, and weakly adsorbed Bi=* caused deterioration
in cell performance. Experiments with polycrystalline GahAs have
shown that diffusion of strongly interacting RuS* 1ions i1nto
grain boundaries increased the efficiency by a +actor of four
[47]1. Dipping the polycystalline Gafis electrode into the agqueous
cation solutions resulted in passivated grain boundaries in the
top 10 A light absorbing region and proved to be adequate for

maximum improvement of Yo [37).

2.5 _The_ Mathematical Model

Several authors [481,0221,[233,[4%21,[501 have analyzed the
current—-voltage (I-V) characteristics of the semiconductor/
electrolyte solar cell. HDweyer, naoa maodel included all the
important parameters that aftfect the performance of the device.
Reiss L481 derived an analytical wmodel +or the I-v

characteristics, neglecting recombination in the depletion



region (DR} . The GaArtner/Butler expression [221,[23]1 is only
applicable under reverse and low forward bias, and 1ignores the
reaction kinetics at the surface , as well as carrier
recombination in the DR. Wilson [4%91 included reaction kinetics
at the interface in terms of a constant charge transfer velocity
for minority carriers and surface recombination velocity.
However, his model only considered the photogenerated current
without including the opposing dark current, and also neglected
recombination in the DR. Reichman [30] included a discussion of
carri=r recombination in the depletion region, but did not
consider recombination at the surface.

El Guibaly and Colbow [513,[521 presented models which
incorporated the above-mentioned processes 1in addition to the
affects of series resistance and shunt resistance of the cell on
the aobserved quantum efficiency variation with wvoltage. The
model assumes that the surface recombination current is
proportional to the excess hole concentration at the surface,
with the recombination velocity as the proportionality constant
[511,L53]1. This results in the assumption that the quasi-Fermi
level for holes and electrons, Egp and Eg., respectively, are
+lat throughout the DR as shown in Fig. 2.11.

The quasi—-Fermi levels vary with photon +flux and applied
voltage, but can be considered flat under the +following
conditions [531: For high doping levels (31024 m—=), Erp will be
+lat throughout the DR. Eeg~ will be constant i1n the depletion

region if the electron current density in the bulk (J.) 1s much



larger than the axchange current density with the conduction
band at 2quilibrium, and if the elect?an current density due to
illumination of the semiconductor (Jie) is much smaller than the
electron current density with applied voltage in the bulk, i.e.
Jie =% Jaexp{g¥/kT). Experiments have shown that for Si and
GaAs, the wvariation of Een 1in the depletion region was
rnegligible (<kT/qgq) for an applied voltage comparable to the open
circuilt voltage [541].

The model presented below [521,[5331,0[55] assumes that the
cuasi—-Fermi lavel for both, holes and electrons 1s +flat
throughout the DRE. It ignores coupling between electrons and
hoies caused by recombination centers. The model includes
reaction kinetics at the interface, electron and hole
racombination at the surface and in the depletion laver, and the
effects of the series and shunt resistances of the cell on the
performance characteristics.

Figure 2.11 shows an 2lectron energy level diagram near the
semlconductor surface [35]. The photoanode is illuminated and a
forward tias V is applied across the depletion region. The
alectrolyte concentration 1is assumed to be sufficiently high so
that the capacitance of the Helmholtz laver {HL) is at least an
arder af magnitude larger than the depletion region
capacitance. Thus, the wvoltage drop across the HL 1is
independent ot bias, and the applied voltage appears entirely
across the DR and the series resistance (Ra) of the cell.

The 2quivalent circuit for the electrochemical photovoltaic



cell is shawn in Fig. 2.12 [S5]1. The photocurrent is represented
by a current source I.(V) and the current of the forward biased
diode junction is given by I4q(V). Series resistance of the cell
is répresented by the fixed resistor Ra and is assumed to arise
from the bulk resistivity of the semiconductor. The back
contact of the cell is assumed to be ohmiz, and the electrolyte
should aoffer negligible resistance to current flow. The shunt
resistance Ran may r2sult from surface leakage aleong the edges
af the cell and/or by small electrolytic bridges alang
microcracks.

From Fig. 2.12, the terminal current (Is) and vaoltage (Vg)

can be written as:

Vo
Ia =1y = Ig - ——— . (2.20)
R-h
and
Vo =V - (1 - Ig)Ra (2.21)

For a given farward bias (V) applied across the DR, the total
and dark junction currents per unit area, Ja and Jas

respectively, are:
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Se qV vV - u/s2 qV

Ja = Jage— exp{(——) + Bexp(q -—————~—- Yy + Jaalexp(—) — 11 (2.23)
S kT kT kT
where
Vp — V Vp = V + US2
5 = 8¢ + 5~ + 2xp(—q ————— } + B exp(—qg } . (2.24)
kT kT

The width of the depletion lavyer (W) was detined by eq. (2.14)

and =2q. (2.15) on page 2Z. The incident photon flux, ¢, is
corrected +or losses due to reflection and g=l=sctrolvyte
absorption. The hole diffusion length Ly depends on the

diffusivity D and hole 1lifetime T in the bulk of the
semiconductor, i.2. Lg = (DM 72, The reverse saturation flux
due to hale diffusion in the bulk Jpa is given by
Jeo = pol / Les, where ps represents the equilibrium hole density
in the bulk and Jno describes the electron exchange +lux at
equilibrium. The term Se = s« / (D/Lg) is the normalized hole
surface transfer velocity se with respect to the "diffusion
velocity” D/Lg. The normalized recombination velocity at the
semiconductor/electrolyte intertace S 15 given by
S = 5, / (D/Lg). The bandbending potential in the dark is
represented by Yp, and the separation between the gquasi-Fermi
levels is given by U.

The expression for S in equ. (2.24) contains various terms,

corresponding to narmalized velocities. The +irst term on the



right hand side caorresponds to the ease of communication between
the electrolyte and the valence bandedge at the surface of the
semiconductor. The other three terms describe the various loss
mechanisms that result in deterioration of the output parameters
of the cell. The second term corresponds to the loss of
photoexcited holes through recombination at the interface, and
depends on the density and energy distribution of surface states

L4%

d

.L511. The third term descrihes loss of photoexcited holes
by diffusion into the bulk of the semiconductor instead of
diffusion towards the interfacs. The last term depicts loss of
photoexcited holes through recombination in the depletion laver
and it involves the parameter B which describes the

racombination in the DR; B 1s given by:

C

[1/2(Eg — gU) - D1r+=

where

kT T oW Eg/2 - &
C = exp (2.26)
8 g Te olo kT

The potential difference hetween the two quasi-Fermi levels is

represented by U, where:

gU = Eep — E+n . (2.27)

The fact that the minority carrier concentration in the DR is



larger in the illuminated semiconductor than in the bulk vyields
a separation between the guasi-Fermi levels (U) which is larger
than the forward applied voltage (V). For a given photoanode
material U depends greatly on the illumination intensity and the
surface transfer velocity Se. El1 Buibaly and Colbow have shown
thaf for a CdSe photoanode U never exceeds V by more than 0.2 V
for light intensities smaller than AM1 [355].

The separation between the semiconductor Fermi level in the
bulk and bottom of the conduction band is represented by A. The
hole lifetime in the bulk is given by T and Te is the effective

hole lifetime in the DR given by:

Te = ——mmmoo— ) (2.28)

The capture cross section for electrons or holes (assumed to be
equal) for recombination centers of density Ne with energy level
at or near the intrinsic Fermi level E is given by @ and ven 1is
the carrier thermal velocity. The terms k and T are the
Boltzmann constant and the absolute temperature, respectively.
The function S increases with forward applied voltage
mainly due to the exponential increase o+ the third and fourth
terms with bias; 5 may also increase due to increasing 5., which
is brought about by filling the surface states with electraons.
2.22)

The expression for photocurrent in =2q. (2.22) is similar to the

Gdrtner /Butler expression on page 24, with the exception of the



extra term S5./S, which gives the number of holes arriving at the
interface to contribute to the photocurrent. When the term 5
increases with applied voltage, the ratio S./S5 will quickly
decrease, causing deterioration in the photoresponse of the
cell. Figure 2.13 {521 illustrates the variation in the gquantum
efficiency, i.e. Na = Jx 7/ g0, af the cell with output voltage
Vo for various values of hole transfer velocity Se. for a CdSe
photoanode. From Fig. 2.13, it is apparent that the
photoresponse of the cell decreases rapidly after Vo reaches a
threshold value, which is dependent on the ratio 5«/5. The
S—-shape behaviour of the photocurrent with forward bias is

observed experimentally.

The diode current in equ. (2.23 is opposite to the
photocurrent and contains three camponents; the hole
injection—-diffusion term, the hole recombination—-generation

term, and the electron exchange current. The last component of
Ja is generally several orders of magnitude 1larger than the
other two terms, since the concentration of electrons at the
surface 1is much larger than the hole concentration. In
addition, for n—-type semiconductors the oaverlap between the
conduction band and the =nergy states of oxidized species of the
2lectroliyte is greater than the overlap between the valence band
and the energy states of the reduced species [171.

Figure 2.14 [31]1 represents a fit of E1l Guibaly and
Colbaows's model to the experimentally abserved quantum

efficiency dependence on applied voltage for a single crystal
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n—-CdSe/ (82~/S,2~)/0H~ /Pt cell {curve a) £a43. Calculated
gquantum efficiencies for the same values of olWe and L, from the
Reiss model (curve b) and the Gartner/Butler model (curve c) do
not exhibit the experimentally observed S—-shape behaviour.

The effect of the series resistance (Ra) of the
electrochemical photovoltaic cell on the I-V characteristics is
illustrated in Fig. 2.13a. The series resistance {(Re’) does not
atfect the open circuit voltage, but the fill factor and the
power conversion efficiency are2 seen to be appreciably reduced.
There is also a slight reduction in short circult current due to
the voltage drop across the series resistance. The forward bilas
reducas the photocurrent 1in eq. (2.22) through the term
expi{—aoli} .

Figure Z2.13b shows the effect of shunt resistance (Ren! on
the output I-V characteristics; Raen has no effect on the short
circuit current, but reduces the cell’'s open circuit voltage,
111 factor, and power conversion efficiency.

In an analysis af the cell perfarmance, it is often assumed
that the dark cu;rent determines the shape of the I-v
characteristics. This behaviour is galled the superposition
principle. Figure 2.16 [36]1 1illustrates the dependence of the
I-v curves on the surface transfer velocity Se. The
superpasitiaon principle appears to hold well only for large
transfer velocities as shown in Fig. 2.16a. The situation shown
in Fig. 2.17 [361 illustrates the effect of surface states on
the superposition principle. These surface states act as

= -
-



trapping sites, but in addition, they may become ionized upon
illumination, causing a reduction in bandbending of the
semiconductor. As a result, the photocurrent approaches zero

before the dark current becomes appreciable.
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Figure 2.1 Energy diagram for an n—-type semiconductor/redox

2lectrolyte junction.

X = electron aftfinity

$-= = semiconductor workfunction

Ve = bandbending potential

E¢w = flatband potential

Ee = bulk conductior bandedge of hthe

semiconductaor
Ee = Fermi ensrgy
E. = bulk valence bandedge o+ the
semiconductor
Eg = semiconductor bandgap
W = depletion layer width
OHF = auter Helmholtz plane
Erwaax = 2nergy of the readox system
$P-¢°, = potential energy of the redox system
Ve = Helmholtz potential
55 Scale = solid state energy scale

NHE Scale = electrochemical potential scals

relative to the normal H electrode
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Figure

=
d-

=
<

Illustration of the different types ot space
charge regions in an n—iype semiconductor/
glectrolyte systam:

(a} depletion laver

{b) accumulation laver

{c) inversion laver

{d) deep depletion lavyer

{For abbreviations, see Fig. Z.1.)
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Energy level diagram for an electrochemical
photovoltaic cell with an n—-type semiconductor
alectrode at equilibrium in the dark (A}, and

under illumination {(Bj.

Ecew = zonducticn band energy at the
samiconductor surface
Eve = valence band =2nergy at the

samlconductor surface

hv = photon energy (:zEg)

2= = photogenerated electron

h* = photogenerated hole

Ec™ % EL™ = new assumed conduction

and valence bandedges in the bulk of
the semiconductor due to illumination
of the photoancode with hwv = Eg.

{For abbreviations, see Fig. Z.1.)
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Figur= 2.4 Charge fiow diagram for an electrochemical

photovoltaic ze=ll.
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Energy level diagram for an n-type
samiconductor /redox 2lectrolyte interfac=. The
distribution of =2nergy bands of the electrolyte
Ermdax arise from solvated icns. The separation
of 2N between the two most probable states of
reduced and oxidiéed SpECles (E-wma and Eaxs

respectively) arises from palarization

ditfersnces of the solvent.

- 44a-



_ 7FEOX
E — 2 A
© E

redox
E¢
A
hv Y E red
E /71
v /h.;.
E E
< ~
o~ o
Distance Density
of
States

- 44b -



The <

typic

<l |—
3 ]
1]

] ]
] |

n
3
]

urrent-Yoltage characteristics for a
al photaovoltaic cell.

short circuit zurrent

open circuit voltage
current at the point of maximum paower
voltage at the point of maximum power

point of maximum output paower



Voltage

N

ISC

juaIIN)

- 45b -



m

IS

Ju]

m

3]
~J

Thearetical maximum attainable efficiency as a
function o+ semiconductor bandgap energy and

temperature

- 46a-



Efficiency (%)

2k

28+

2}

12

] | 1

CdTe
GaAs | AlSb

CdSe or a-Si:H

0.2

1-4 1.8 2.2
Eg (eV)

-46b -

2:6

3.0



Figura 2.8 illustration of the semiconductor decomposition
energetics for anodic and cathodic decaomposition
(pEag and NEa, respectivelvi
(a) stable against both anodic and cathodic
decompasition

{h) unstabl= against both anodic and cathodic
decompasition

(c) ungtable against anodic, and stable against
cathadic decomposition

(d) reverse of (c), stable against anaodic, and
unstable against cathodic decompasition

{For abbreviations, see Fig. 2.1.)
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Figures 2.7 Fourbaix (Fotential-pH) diagram for CdSe in
agueous e2lectrolyte. The indicated flatband
potentiais (E¢w) correspond to pH 7 [171

and pH 14 [S71.
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Figur

2.10

The effect of ion adsorption at an n—-type
semicanductor /elactrolyte junction. A surtace
state near the conduction band (a) may split
into twao levels, Eea~tan 3Nd Eee—ian™, DY
weak ion adsorption (b)), and strong ion

interaction (c).
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Figure

-

a—e

i1

Energy diagram for an n—type semiccnductar/_
electrolyte intertace. The photoanode is
assumed to be under illumination, and a

forward bias ¥V is applied which reduces

the bendbending from gVp to Q(¥p — Vi.

VYo = 2quilibrium bandbending voltage

Ee = conduction band energy

E. = valence band energy

Eg = semiconductor bandgap

Es = intrinsic—-Fermi level

Een = guasi-Fermi level for electrons

Ewp = guasi-Fermi level for holes

L = separation between Ee~ and E¢

gu = separation between the semiconductor

Fermi level in the bulk and the bottom

of the conduction band
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Equivalent circuit of an =lectrochemical solar
zeil, including the seriss and the shunt

resistance, Re and Ran, respectively.
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Calculated values of guantum efficiency vs.
output voltage +or different values of
normalized surface transfer velpcity Se.

Fraom lett to right; S5¢ = .01, 0.1, 1, and 14G.
Other parameters used are Eg = 1.72 eV,

Vo = 0.7 V, ol = 0.2 V272, o, = 0.5,

Jpa = 107*2% A4cm™2, Jne = 0.1 nAcm—=,

C=107, & = 0 eV, 5- = 0, FRa = 0 |, Ran = 000,
and kT/q = 25.8 mV. The illumination intensity
was 1000 Wm™=2 with monochromatic light

of wavelength 4620 nm.

(The parameters are described on page 37 in

the text.)
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igure 2.14

Yariation of guantum efficiency with appli=d
voltage. The circles indicate the experimental
values for a 2.3 Qcm CdSe single crystal
photoanode with an illumination intensity

ot 0.33 mWm—=2 at 720 nm.

The solid line is a fit of the El Guibaly
maodel (page 33} with

Ea = 1.72 &V, Vb = 0.8 V, &Wa = .14 VT272,
b = 0.47, Jpno = 1 pAcM™2, Jhne = 10 nAcm™=,
B = 105, Ra ~ 105Q , S¢ = 0.1, and

S- = 0.2. Curves (b)) and {(c) were calculated
from the Reiss and the Gartner/Butler model,

respectively, using the same values for «Wa

and «Lg.
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Figure 2.13 The =2tfects of series and shunt resistance
on the output I-V characteristics.
From ieftt to right:
(a) Ra = 10, 3, 1, and 0, with Ran = oS
for all curves,
(b) Ran = 10, 50, 100, and oofl, with Ra = 0OJX

for all curves.
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Computed current densities versus applied
voltage for varvying values ot surface
transter velocity Se:

{a) Se = 10,

(h) Se¢ = 0.1

(c) Sg

10—=,

All other parameter values are the same as in
Fig. 2.14.

The current densities are normalized relative
to the shaort circuit current density. The
solid lines correspond to the net current
density flowing in the cell:; the squares
represant current densities in the dark: the

circles represent phaotocurrent densities.
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J—-V characteristics in the light (solid line)
and in the dark (dashed line). The current
densities are normalized relative to the short
circuit current density under illumination.

Se = 10, and 'T¢ = 0.1q cm—3s, where Tm is the
decrease in bendbending due to surface statesv

with incident photon flux §.
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Chaptaer 3

Cadmium Selenide Electrochemical Phaotovoltaic Cells

Fhotoelectrochemical cells employing n—CdSe photoelectrodes
have been under intensive study for the past e2ight vyears.
Cadmium selenide photoanodes offer the possibility of high power
conversion efficiencies, =2xhibit goed stability, and show
pramis= in achieving iang lifetimes [S581]. In addition, CdSe
zlectrodes can be sasily +formed by wvarious methods as thin
films, at low cost and with efficiencies close to that of the
single crystals. Haneman &t al. [28] estimated a cost af less
than # 10 per peak watt for large—scale production of
polvcrystalline CdSe photoanodes with an efficiency aof S % .

The properties and préparétion techniques of
polycrystalline CdSe will be summarized in this chapter. The
dependence of solar performance and stability of the CdSe
electrochemical photovoltaic cell on various parameters, such as
zl=ctrolyte composition, 1light intensity, substrate material,
surface texture, and semiconductor surface treatments, is

analyzed.
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Cadmium selenide is an opague, dark grey, direct bandgap
semiconductor with a melting point of 1623 K [591, a density of
5.74 gcm—=, and a static dielectric constant of 10 [401. An
electronegativity of 0.8 for CdSe [57]1 1indicates that the
character of the Cd-Se bond is 15 % ionic.

Cadmium selenide crystallizes 1in the hexagonal wurzite
structure with parameters of a = 4,30 5 and c = 7.02 R [S91;
however , a zincblende structure with parameter a = 6.05 3 was
reported [&0] to form by vapour deposition of thin film CdSe,
which then reforms under heating to the hexagonal form. Cadmium
selenide occurs naturally and is called cadmaselite, which
crystallizes with wurzite type of parameters a = 4.271 R and
c = 6.97 3, and has a density of 3.8 gcm—=,

The wurzite structure illustrated in Fig. 3.1a consists of
two interpenetrating hexagonal close-packed lattices of Cd and
Se, with a tetrahedral arrangement of four equidistant nearest
neighbors, as shown in Fig. 3Z.1b. The lattice belongs to the
type of compounds with sp~ bonds. The conduction band of CdSe
arises from the Ss orbitals of the Cd cations, and the valence
band arises from the 4p orbitals of the Se anions. The wvalence
band 1is split at k =0 by crystal field and spin orbit

interaction into three subbands [&11, as illustrated in
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Fig. J3.2. The conduction band and the valence band energy are
lgcated at -3.0 eV and -6.7 eV relative to the vacuum level,
respectively [&2].

The bandgap of CdSe measures 1.74 eV at room temperature
for polarized 1light with the electric vector vibrating parallel
to the c-axis of the CdSe crystal (Ellic), and 1.72 eV for EJlcC
[&1,63F1. The bandgap increases with decreasing temperature
according to 446x10"9 VK1 in the temperature range of
0 to 400 K for both polarizations [&6Z1.

Doping of CdSe with group III or group VII impurities
results in an n-type material:; group I or ¥V materials act as
p—type dopants. The failure to detect p-CdSe was associated
with large activation energies (> 0.5 2V) of p—-type 1impurities
and defects [611.

Crystal defects play a major role in the photoconductivity
properties. Annealing of CdSe in Cd vapor increases the dark
conductivity as well as the photosensitivity:; heating CdSe in Se

vapor reduces the conductivity [&41.

-

.2 _Freparation_Technigues

Electrodeposition and chemical deposition of CdSe are the
most widely used preparation methods, since they are laow cost
and have application to large-scale fabrication. Cadmium

selenide electrodes prepared by other techniques such as



epvaporation, coevaporation, spray pyrolysis, slurry painting,
slectrophoresis, and pressure sintering show promising results.

Hodes, Manassen and Cahen L&31,L661 prepared poly—
crystalline CdSe photoanodes for electrochemical solar cells by
alectrolytic codeposition from an aquecus acidic solution of
CdS04 aﬁd ,Seﬂz, and obtained goad sclar response of the -thin
films after annealing for 13 min at 823 kK. Chandra and Fandey
[A7] investigated CdSe electroplated +from the same deposition
bath, and found that although the concentration of CdS50a was not
zrucial, the concentration of 5S5elz was critical for good film
guality.

Elactrodeposition of CTdSe from an NHiCl buffered plating
bath containing CdS0a. and Se0=z [468]1 produced less favourable
photoanodes than those prepared from the acidic bath. This was
mainly due to much thinner CdSe layers, resulting +rom lower
current densities at plating potentials needed for good
staichiometry.

Arn acidic deposition bath containing CdClz and SeQ= for
2lectrodepaosition of CdSe onto Ti and Ni substrates was
investigated by Miller and Haneman [6%1. They showed that
annealing of the thin films for 2 h at 732 K had a pronounced
2ffect on the power conversion efficiency (q'increased 7-fold),
while the fill factor remained unchanged. They also observed
that the solar performance for the Ti substrate films was better
than that of Ni. The superiority of the Ti substrate may be

ascribed to the fact that the thermal expansion mismatch between



the CdSe +film and the Ti substrate is less savere than between
Ni and CdSe; thus, annealing will cause substantial cracking of
the CdSe/Ni substrate films.

Houston et al. L70]1 investigated the effects of deposition
potential on the solar performance of CdSe photoanodes. They
¥aund that for electroplated CdSe electrodes from an acidic
CdCl z/Se0= bath, the short circuit current and power conversion
efficiency exhibit a peak-like behaviour with respect to the
plating potential, while the open circuit voltage remained
constant.

Cocivera =2t al. [71] obtained a good solar response with
CdSe films electrodeposited from a bath containing MazS5e50x and
Cd-nitrilo-triacetate. These films did not show the cauliflower
structure observed for films electroplated from inorganic Cd=*
solutions. The adhesion of the CdSe to Ti substrate did not
raveal any flaking, which is often observed for electroplated
CdSe films.

An electrodeposition bath of kKSeCN and Cd2~EDTA was used by
Karacas [721. The photoresponse was obtained only for unannealed
CdSe films and showed that Iac and VYee were similar to that of
unannealed CdSe films prepared from acidic CdS04/5e0=z solutions
[&671].

Chemical deposition technigues for preparation of CdSe thin
films were investigated by various research groups
£731,L741,CL751,L761. Kainthla et al. [73] prepared thin films

of CdSe on Ni, Ti, and stainless steel substrates by solution



graowth from an alkaline bath containing Cd(NHzs)a®* and Se0x*—
and aobtained good solar response for CdSe grown on Ti and Ni
substrates. A reduced response was obtained for the stainless
steel substrate, resulting from a lower Vac and a reduced fill
factor. Boudreau and Rauh [73] investigated the same solution
growth technique with Ti and stainless steel substrates. Again,
the Ti substrate yielded the best solar characteristics; the
stainless steel reveal=ad the same lec but lower Vge due to an
increased cathodic dark current. The surface morphology of the
thin films was found to be irreproducible due to NHx effusion.

Thin film CdSe photoangdes prepared by evaporation or
coevaporation t2chnigue were investigatsd by Russak et al.
(771, Reichman and Russak [781, and Bonnet [791. The authors
found that coevaporation of Cd and Se onto a Ti substrate
L771,L78] or Cr-covered microscope slide [7%?] vyialded highly
stoichiometric films, which revealed little or no photoresponse
without annealing, and peeled off readily +from the substrate.
After annealing, the crystallite size increased and a columnar
structure extended from tﬁe substrate to the surface of the film
without grain boundaries. Strong adhesion to the substrates and
good solar response were observed [771,0781.

Spray pyrolyzed CdSe photoanodes were investigatede by Liu
2t al. £801,08113. The authaors found a strong adhesion of the
CdSe films onto Ti substrates and observed good solar response
after heat treatment of the films.

Hodes et al. [B21 and Xiao and Tien [83] prepared CdSe



fi;ms by a slurry painting technique. A mixture of CdSe,
fluxing material (ZnCl=z), and surfactant was pailinted onto
various substrates, such as Mo, Ti, Cr, Sn0O=, glassy carbon, and
graphite, and then dried and annealed. Titanium, Mo, an&
graphite substrates were found to vyield good power conversion
efficiencies and fill factors, while SN0z showed a good +fill
factor but low efficiency due to a low Vae as well as low lac.
Glassy carbon substrates also produced a low overall
photoresponse.

Thin film CdSe photoanodes on 5ndz substrates prepared by
electrophoresis [84] revealed good substrate adhesion, but anly
low solar response. Fressure sintered CdSe photoanodes
investigated by Matsumura and Frese [BS5], Miller st al. L2013,
and Mackintosh =2t al. [B&]1 shaowed a high solar respaonse. Since
CdSe pellets do not need a supporting substrate, higher
annealing temperatures may be used.

Cadmium selenide films have also been prepared by
electrolytical deposition of Cd onto a substrate and then
dipping into acgidic Se0x solution [87] or tarnishing by Sex
vapour [3881]. Both technigues resulted in CdSe films with good
photoresponse.

The poor solar performance of unannealed electroplatad CdSe
~was associatad with nonstoichiometric films substantially rich
in Se [89]1,[20]. De &Silva =2t al. [?20] found that an initial
Se/Cd ratio of 3.5 reduced to 1.4 upon annealing at 723 H; They

-

observed from {-ray photoelectron spectroscopy (XF5) and X-ray



and electron diffraction data that unannealed thin films contain
guantities of uncombined Cd and Se, and possibly some amorphous
CdSe. They reported that Se is liberated from the film surface
during annealing which results in higher stoichiometry and Se
vacancies. Chemical bonding of uncombined Cd and Se was
observed as well as a 7—-fold i1ncrease 1in the average CdSe grain

size. Mo noticable change in the resistivity was observed.

- -

.2 Redox Couple Electrolvtes

Cadmium selenide photoanodes empioving a polysul+ide
zlectrolyte are the most widely analyzed and investigated CdSe
slectrochemical photovoltaic cells. However, th= solar
performance of CdSe photoanodes has been reported with various
other redox systems, such as polyseslenide and polyteliuride
electralvytes L3217, and terri/ferrocyanide electrolytes
[?11,C092],09%3,0924],[791].

Ellis =t al. L322 investigated CdSe photoanodes 1in
¥2=/X~2~ electrolytes, where X =5, Se, Te. FPolychalcogenide
sglutions are strongly colored, but for short pathlengths they
transmit an appreciable fraction of the entire wvisible solar
spectrum [32]. Flatband potentials of CdSe electrodes in the
polychalcogenide soluticns, obtained from capacitance
measurements, photocurrent onset, and photovoltage measur=ments,

revealed only small differences between the various methods and



electrolvtes. These differences are of no significance since
CdSe preparation, etching techniques, =2tc. can result in vastly
different photovoltages. Ellis et al. [32] found CdSe to be
stable in all three polychalcogenide redox systems and obtained
the highest solar response in a polysulfide electrolyte. Fower
conversion efficiencies on the order of &6 4 and 7 4 were
agbtained for polvycrystalline and single crystal CdSe in 5=~ /5.2~
electrolyte, respectively [771,083]1,02313.

Hodes, Manassen, and Cahen [451, [?6] were the Ffirst to
report a tranmstormation of the CdSe surtace to Cds in
polysul+ide scolutions. The thickness of the ©£dS layer has a
strong in+luence on the solar performance and stability of the
cell. The Se/S esxchange at the CdSe surface will be discussed
in detail in the following section.

Licht =t al. [97]1 investigated the effect of wvarious
alkali cations in a polysulfide electrolyte on the photoresponse
and stability of CdSe. electrochemical cells. They observed
relative efficiencies of 1, 4.06, 5.09, and S5.4&7 for Li*, Na=*,

K+, and Cs*, respectively, and associated this behaviour with

decreasing polarization losses according to
Li* » Na* > kK= > Cs~™.
Frese [F11, Tenne [92], Noufi et al. £943,0931 and

Reichman et al. L9231 invéstigated the solar response of CdSe
photoanodes in a ferri/ferrocvyanide electrolvyte. Fower
conversion efficiencies on the arder of 12 to 14 % were observed

for single crystal CdSe, mainly due to large bandbending, 1.2.



Vo = 1.22 V, little or no light absorption of the electrolyte,
and a good match between the valence bandedge of CdSe and E-aa-
Reichman et al. [93] and Frese [?1] anodized the CdSe
electrodes to inhibit extensive corrosion in the electrolyte.
Stability tests were not reported, since the electrolyte
decomposes under light.

The flatband potentials and power conversion efficiencies
of single crystal and polycrystalline CdSe in the various redox

couple =2lectrolytes are summarized in Table Z.1.

Z.4 The CdSs_7 Folysulfide Electrolyte System

I.4.1 Stability

The stability aof the CdSe photoanode in polysulfide
electrolyte is dependent on the competition between the

following two reactions:
CdSe + 2 h* ————— » Cd=2+ + Se“ (F. 1)
and

Sa2~ + 2 h* ————— -5, . (:

"
rd

Equation (3.1) represents the corrosion of the electrode and
2gq. ((3.2) reprasents the aoxidation of the polysul fide

electrolyte.



To determine whether the CdSe photoanade is
thermodynamically stable in a polysulfide electrolyte, the

overall reaction given by:

CdSe + 2 5.2~ ——— = CdS + Sc(zn-—1,5e2" (7.3

must be considered. The decomposition potential (Ea) of CdSe in

a polysulfide redox electrolyte, calculated +rom the standard

free energy of the reaction in eq. (Z.3), is more negative than
the electrochemical potential (Erwdox! oOf the polysul fide
alectrolvyte, i.8. Ea = -1.02 V vs. SCE and
Erwdex = —0.76 V vs. SCE £e81. Thus, according tao the

thermodynamic model represented by Gerischer [27]1 and Bard and
Wrighton [281, the CdSe electrode should corrode readily.
However, Hodes et al. L6331, Miller and Heller L[301, and Ellis
2t al. £311 independently reported in 19276 the stabilization of
CdSe photoanodes in pol ychalcogenide redox electrolytes.
Therefore, one would predict that the overall kinetics of the
polysulfide oxidation is faster than the photocorrosion
process. However, 1+ photocorrosion is the predominant
reaction, a stable photocurrent will be observed if the CdSe
surface is converted to CdS such that the S/52 exchange is
limited to a few surface lavers [P81].

Hodes, Manassen, and Cahen [&31,L961,0991 were the first to
cbserve the S5/5e exchange at the CdSe electrode. After

operating the CdSe photoanode in S52-/5.2- electrolyte, they



analyzed the electrode surface by electron micraoprobe analysis
and found a 5/Se ratio of one in the first micrometer fraom the
surface [&65].

6 CdS layer on the CdSe surface will introduce a hetero—
Junctiaon, which blocks the flow of holes to thé semiconductor/
2lectrolyte interface if the thickness of the CdS laver exceeds
the tuwnneling distance. Figure 3.3 represents the energy band
diagram of the converted CdSe/Cd5 surface [8].

Gerischer and Gobrecht [100]1, Heller et al. [1011, Noufi
at al. 1023 and Da 35ilva  and Haneman [1031 also investigated
the axtent of the S/8e exchange. Cahen =2t al. P91 suggested
that the CdSe;-.5. surface may be insulating due to compensation
of Cd donors and/or Se vacancies by 5 atoms. Extensive charging
o+ the aged slectrode surface during SEM studies supported their
prediction. However, Heller 2t al. [1011 and De Silva and
Haneman [103] argued, that from the lattice mismatch between the
CdSe and CdS, and defects in the interface region, the-CdS layer
becomes very conductive. De Silva and Haneman [103] observed by
SEM studies that a very uneven surface morphology exists for

CdSe after operation in a polysulfide solution.

il

Noufi et al. [102] studied the surface change of aged CdSe
2lectrodes by X~-ray photaelectron and Auger alectron
spectrascopic analysis (XPS and AES, respectively). Depth

profiling +ar single crystals operated under open circuit
conditions for 30 min revealed a small amount of sulfur in the

first few atomic layers aof the CdSe surface. However, operation
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of CdSe single crystals as photoanodes showed a large amount of
sulfur with the depth of the CdSe;_.5. layer dependent on the
operation time, due to an increase in i with time.

Gerischer and Gobrecht [1003] observed by Mott-Schottky
analysis a large charge increase in the surface layer of the
illuminated CdSe/polysulfide system and predicted a very
disordered form of an amorphous and/or polycrystalline CdSe
layer.

Hellesr =2t al. L1011 aobserved that dissolving small amounts
of Se® in the polysulfide =slectrolyte improved the stability of
the cell substantially. Auger analysis revealed that for a Se®

concentration of ©0.073 M, no 3/5e

1]

x:hapge occured at the
surface. Noufi et al. ([102] observed that the depth of the
3/5e exchange was dramatically reducsd when the photoanode was
operated in a polysulfide redox electrolyte containing 0.05 M
Se°.

I+ the Cd5e;-.5« layer is thin enough, such that hole
tunneling may occur, then the solar performance should not be
affected, regardless of wheather the laver is 1nsulating or
conducting. However, if the layer becaomes too thick for
tunneling, it will act as a barrier for hole flow to the
semiconductor/=1lectralvyte interface.

Heller a2t al. £1011 investigated the stability of both
single crystal and hot pressed CdSe in a polysulfide
a2lectrolyte. The authors oaobserved that the single crystal

(0QO01) face was less stable than the (1130) face with the



polycrystalline electrode 1lying in between. This effect was
associated with the number aof bonds that had to be broken in
order to free Cd2+ [1081. The (1130) face contains an equal
number of Cd and Sé atoms, while the (000T) or (0001) contains
either Cd or Se atoms [1011. At a high photocurrent output, the
stability of the CdSe/polysulfide cell decreased rapidly, while

at lower current values, the stability deteriorated more

Y]

lowlv. This =2ffect suggests a competition between the
nhotocorrosion and the sulfide oxidation reaction. As long as
the hols flux to the surface can be accommodated by the 32~ ion
and the reduced sulfur can be dissolved and *transported away
from the surface, strong photocurrent deterioration will not
occur.

Hodes et al. £1041 «claim that the degradation of the
photocurrent cannot result from a hole barrier at the CdS5e/CdS
interface, since CdS in polysulfide solution does not give rise
to a barrier and is at 1least as unstable as CdSe in a
polysulfide electrolyte. The authors suégested that an
electrochemically inactive, porous CdS 'layer blaocks the -
mass—transport processes in the electrolyte to and from the
active semiconductor surface. This is done by impeding the
dissolution and the tranéport aof the photorzduced sulfur away
from the active surface through the porous CdS laver.

Lando =2t al. £105]1 analyzed the transient pﬁotocurrents ot
the CdSe/palysul¥iﬂe system by measuring the difference in peak

current density, i.e. the current density upon oanset of
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iltumination, and the steady state current density. The peak
current represents the hole flux to the CdSe/electrolyte
interface in the absence of mass transport limitations. The
authors Dbserved.that the peak current density was independent
of experimental parameters, whils the st=ady state value varied
with operational temperature, light 1intensity, electrolyte
concentration and applied voltage. They re2ported that a
52=/8.2" ratio of 1.4 and an operating temperature of 3IO7 K
rasulted in the smallest transient current values. An increased
stability which was observed with a polysulfide solution
cantaining a small concentration of 52° was associated with an
increase in the sulfur dissolution rate in the polysul+fide
elctrolyte.

The effect of the operating temperature on the short
Circulit current was investigated by McCann et al. L1041 and
Miuller at al. L1077, The short circuilt current of
palycrystalline CdSe/polysulfide cells increased very rapidly at
temperatursas between 2463 and 313 K, while single crystals
ravealed a constant lee. This effect was associated with a low
diffusion rate for 52— ions which migrated +from the bulk of the
solution into the pores of pelvycrystalline CdSe and thus
resulted in a depletion of S2- active speciss in the thin film
paores. The increase in lac with temperature reached a plateau
between 307 and 317 ¥ [1071.

Cahen et al. [?91 observed that electroplated CdSe +ilms

were considerably more stable than single crystals and thin



films prepared by other techniques. They attributed this effect
to a larger real surface area with respect to the geometric
surface area which resulted in reduced real photocurrent
densitizs. Heller et al. {1011 and Hodes et al. £1081
observed a large increase in stability with reduced current
densities. A reduction in lec from 25 to 15 mAcm™=2 resulted in
a S0-fold increase in stability [1081.

Tenne [109] observed an increased output stability for CdSe
photoanodes in polysulfide electrolyte under chopped light
illuminatiaon. He associated this effect with an increase in
hole transfer across the interface caused by sulfur dissolution

from the slectrode surface during the dark cycle.

Z.4.2 Surface Etching

Surface states caused by polishing and/or cutting in single
crystals, and impurity adsorption on the surface of
palycrystalline or single crystal CdSe can be removed by various
atching techniques.

Heller et al. £1101,0111] observed a large increase 1n
photoresponse of single crystal CdSe after etching and ascribed
this effect to the removal of charge trapping surtace states.
The authors investigated the spectral response of single crystal
CdSe by using a two—-beam method in which strong continuous laser
light populated surface states, while the spectral response was

observed with a low intensity measuring beam. They observed a



smaller photocurrent density for short wavelength illumination,
which is absorbed close to the crystal surface where a high
density of traps exists, than for long wavelength i1illumination
which 1s adsorbed further away from the surface. Damaged
surfaces revealed a sub—bandgap response which was removed by
etching.

De Silva and Haneman [112] abserved by XFS technique an
incre2ase in the Ses/Cd ratio after etching CdS5e in dilute aqua
regia dua to 52° on the surface.

Hodes et al. £1081 and Tenne et al. £1131,0114]

investigated the effect of photoetching on the solar performance

aof CdSefpolysulfide cells. Fhotoetching results when the CdSe
photoanade 1s operated under illumination in a corrosive
a2lectrolyte. Hodes et al. L1081 attributed a 30-fold increase
in stability after phutoet:hing a smooth, polished single
crystal electrode surface, to an increased surface roughness,
and thus increased active surtface area. Tenne [113]1 observed
attar photoetching of single crystal CdSe, an increase 1in
surface area of approximately 30 4 due to the formation of
pits. This caused the reflectivity of incident light to become
negligible which partly explains the effect of photocurrent
enhancement ater photoetching. A large increase in the cathodic
dark current was abserved in single crystals after prolonged
photoetching. This affect was much less pronounced 1in
polycrystalline electrodes due to the larger dark current prior

to photoetching [1131.



Liu et al. [B0] investigated the effect of photoetching
with neutral or weakly acidic NaCl solutions on spray pyrolyzed
CdSe films. Fhotoetching occured only if the pH aof the NaClCl
sglution was lower than 12 due to precipitation of Cd(OH)= or
oxide species on the CdSe surface at higher pH, which blocked
further phato&crrnsion. The authors aobserved an inreasad
photocurrent, increased +fill factor, and a reduction in surface

reflectivity after photgetching.

Z.4.3 Specitic Ion Adsarption

Yarious iagn tr2atments of CdSe =21l=ctrodes have been found
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valtage. Hodes =2t al. [32] were
the first to use a InCiz dip to increase the photovoltage in
slurry painted CdSe thin films. Tenne [113] reported an
increase in photovoltage due to a decrease in the cathodic dark
curr2nt by IZIn=®* ion trzatment. The increase in salar
perfarmance was found to be larger in paolycrystalline CdSe
photganaodes than in single crystals. He explained the reduction
in cathaodic dark current by an analogy to MIS structures, where
the metal (M), the insulator (I), and the semiconductor (S) are
represented by the electrolyte, the InS layver, and CdSe,
respectively. Since the transfer of majority carriers acrass
the CdSe/ZnS interface depends on the rate of tunneling through
the 1insulating layer, the thickness of the Zn5 layer and the

relative positions of the bandedges of CdSe with respect to InS
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determine the cathodic dark current.

Reichman and Russak [115]1,[116]1 investigated CdSe/ZInSe
heterostructure, thin film electrodes prepared by elemental
vacuum evaporation of a ZInSe film onto evaporated CdSe thin
fiims, followed by annealing in air which changed the surface to
ZnD. On operation in polysulfide electrolyte, the Zn0O laver was
converted to ZIn5. The ZInS5 layer was found to extend to a depth
of B0 to 100 8 and was mixed with CdSe after 20 R. The structure
revealed an increased Vo= resulting from a reduced dark
current. Similar photocurrent-voltage characteristics of stched
and non—-e2tched elsctrodes led to the conclusion that the
increased Yoe 1s not a result of a shift in flatband potential.
By dipping a coevaporated C(CdSe electrode into a 1 M ZInCl=
soluticon, Reichman and Russak [113] observed an increased Voo
and an increased solar efficiency. They reported a negative
shift in flatband potential resulting in larger bandbending, due
to an incréased electron affinity of the ZInS surface for InClz
dipped CdSe electrodes.

Tomkievicz et al. £821 5b5erved that dipping an
electraoplated CdSe photoanode in Galls solution had a similar
effect on the photovoltge and cathodic dark current, as was
observed for InCl= dipping. However, dipping the electrode in
RuCls solution resulted in a reduction of the photovoltage.
They observed an apparent correlation between cell effects on
the performance of the cell and the catalytic effects of the

adsaorbed metal ion on the H= evolution reaction. If the dark



current resulted partly from Hz evolution at the electrode, then
Ga>* ions, a known poison af the Hz evolution reaction, would
result in a decreased dark current [B2]1, and Ru=* ions, a known
catalyst for Hz evolution, would show an increase in dark
current, and thus a reduction in Vac. For both Zn and Ga
dipping, the magnitude of the observed effects varied between
electrodes and was most significant with slectrodes which had a

poor solar performance [38%1].

Z.4.4 Lifetime

Hodes =t al. [104] studied the long term stability of
‘slurry—painted CdSe electrodes with a power conversion
efficiency aof 3ZI.9 4 in a polysulfide electrolyte +aor =2ight
months and observed a deterioration in efficiency after two
manths of operation due to 3 decreased Ilaec-. (A battery
arrangement of seven 7 cm® painted and photoetched CdSe thin
film cells with an overall efficiency of 3 4 revealed absolute
stability Ffor +five months. = The subsequent decrease in
afficiency was associated with electrolyte leakage of the
cells. The long stability of the battery may be attributed to
the removal aof trap centers by photoetching prior to operation,
and to a low current density.

Haneman et al. [S83 investigated the lifetime dependence o+f
chemically deposited thin film CdSe electrodes with a power

conversiaon efficiency of S 4 [73]1 on various experimental
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parameters, such as paolysulfide electrolyte concentration,
different substrate materials, ZInCl=z dipping, and various
electraode coatings. Decay rates of Ie.c were reported for up to
eighteen months. An initial increase in Voe and +ill factor

resulted in a constant power conversion efficiency between one
and several weeks before n began to decay according to the

decrease in lec-

Haneman =2t al. {5831 observed little or no effect of the
OH— concentration on the lifetime of the CdSe elesctrode.
However, a strong dependence aof the 52-/5.2" ratio on the

lifetime was observed, with a ratio of 1.6 resulting in highest
stability. Severe photocurrent decay rates ocbserved with low
sul fur concentration were attributed to the decomposition of the
CdSe surtace.

Cadmium selenide deposited on Ni or Ti substates showed
similar photocurrent decay rates. The stability of ZInClz dipped
alectrodes was substantially reduced with respect to untreated
CdSe [381.

An oxide laver on the CdSe surface, induced by heating the
thin films in air at 470 K for 10 to 40 min revealed a reduced
ohotocurrent decay rate. Cadmium selenide coated with a thin
laver of Au or Fft by sputtering or evaporation technigues showed
a stability similar to uncoated samples. An acrylic laver on
CdSe iowered the decay rate substantially, possibly due to a
much reduced photocurrent L[SB]1.

Most electrodes revealed a photoresponse decrease of larger



than S0 % in five months, but a single ‘"superior" sample showed
a solar performance decay of less than 40 %L after eight months
of continuous operation [S81. Al though this result was
irreproducible, it indicates that further improvements in

lifetime are possible.
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Flatband potentials (E¢ws) and power conversion
sfficiencies (n) for CdSe electraochemical photo-
voltaic cells with various aqueous redox couple

electrolvytes.



Flatband

Efficiency

Sample Electrolyte Potential Ref.
V] (7]
s2/s2- ~1.63 7.2 93
s27/s2- ~1.50 100
Single S 2—/S g_ 1,45 a2
crystal Se®7/se3” ~1.40 2.1 32
Te*/Te g‘ —1.45 1.5 32
[Fe(CN)g] 3-/4—| -0.98 - 14.2 93
Pressed s2/s2- ~1.34 5.1 20,57
Vac Dep s%/s2- ~1.30 6.0 57,77
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The crystal structure of CdSe
{a) Wurzite lattice [4Y0k]

b} The stacking of tetrahedral

layers of

and Se in the hexagonal CdSe. [S3]

The stacking segquence is ©1010..,. .

- BOQ“

Cd
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Chapter 4

Materials And Methods

4.1 Electrodeposited Cadmium_GSelenide Elesctrodes

Titanium discs (1 cm diameter, cut from Ffoil of 99.7 %
nurity and purchased from Alfa Froducts in Danvers,
Massachusetts) were abraded with Scotch Brite (ZM Canada Ltd.,
London, Ontariog), rinsed in acetone and distilled water, and
then etched in 4 % HF for 320 s. After a Ti wire was spot—-welded
to sach disc, the substrate side with the attached wire was then
coated with nail polish to avoid electrodeposition of CdSe on
both sides of the Ti substrate.

Faor the deposition of CdSe, the working electrode (Ti disc)
was faced by a large stainless steel counter electrode S times
the area of the Ti substrate. A saturated calomel electrode
(SCE) was placed close to the working electrode. The deposition
bath was stirred at a constant rate by a magnetic stirrer. All
potentials were measur=sd versus SCE.

Electrodeposition of the CdSe was performed at a canstant

potential of -0.72 ¥ wvs SCE for 15 wmin using a Wenking



Fotentiostat (G. Bank Elektronik, West-Germany). The acidic
plating solution, prepared from reagent grade chemicals (BDH

Chemicals) consisted of:

1 M H=S50a
0.3 M CdSOa

0.01 M Sel=

Thae average thickness of the CdSe layer was 10zZ pm as
determined with an Etec Autoscan Electron Microscope Model Ul
{BEM). Weighing the eslectrode before and after electrodeposition
and using the literature density and the geometric area of the
deposit verifi=d the thickness of the deposit.

The deposition bath was examined polarographically using a
Frinceton Applied Research (FAR) Fotentiostat Model 170.  The
working and counter electrodes were Ti and Ft respectively, and
the reference electrode was the 5CE. In the voltammogram
(Fig. 4.1, the redﬁction of Cd=2* to Cd metal is indicated by
tha steep current increase with onset at -0.72x0.01 Y. The
maximum observed at -0.&684+0.01 V can be éscribed to Se formation
{1171,[468]. Deposition potentials close to -0.6810.01 V and
-0.76x0.01 V resulted in deposits rich in Se, indicated by a
reddish color, and rich in Cd, with needle likes crystals at the
2lectrode’'s edge, raspectively. At -0.72x0.01 V¥V, the deposit
appeared uniform and dark grey in color, indicating CdSe

formation.

A detailed investigation of the potential range between



~-D.70 ¥V and -0.78 V showed that electroplating of CdSe at
-0.72 V vs SCE resulted in electrodes with optimum solar cell
performance, as can be seen in Table 4.1 [1181].

High plating current densities at the desired plating
potentials were aobtained and resulted in a CdSe layer of 10 um
thickness and a rough surface morphology, which is desirable for
good solar performance.

Red Se deposits were observed i+ the deposition times were
toco l2ng, even at plating potentials of -—-0.72 V. The growing
CdS8e depbsit introduced an increasing resistance between the Ti
and the depositiaon bath. The resulting voltage drop across  the
deposit was retlected by an increasingly mors positive potential
at the CdSesdeposition bath interface, +t+avoring Se depositien.
The deposition process of CdSe is described in detail in
Appendix B.

The performance of _an electroplated CdSe electrode is
highly dependent upon its substrate material. Substrates, such
as steel, Ni, Ti, Cu, C and Al were tested. Electroplating CdSe
aonto Cu, C and Al was not possible. Ti substrates yielded the
best CdSe solar cells.

The electroplated samples were heated in a quartz tube
furnace at 873 K for 13 min under a vacuum of 10~ torr. This
annealing resulted in considerable improvement 1in the salar
performance of the CdSe photoanodes.

The electroplated CdSe samples were mounted in a plexiglass

holder with Easypoxy (Conap Inc., Olean, New York), and dried



faor Z4 h.

4.2 Cold_Pressed Cadmium_Selenide Electrodes

Cadmium selsnide pawder (99.9 % purity, 3 pm mesh) was
aobtained from Cominco Ltd. (Trail, British Columbia’). The powder
was prepared by reacting a 0.5 M CdS04 solution with HzS5e gas at
35T K. Samples of 2Z200x2 mg were cold pressed in a carbon steel
press at  different pressures (11.35, 23, 46 and &2 MFa) and +for
two dif+ferent periods of time (Z min and 2 h). Emissiaon
spectrcgraphic analvysis by Cominco Ltd. of the high purity

powder showed the following impurities (in ppm):

Al 30 B 3 Ca 30O Ga 10O In 2
Fe 30 Fb 3 Mg 20 Mn 2 Si 200

The resulting discs, 10 mm diameter and 0.5 - 0.7 mm thick
were annealed at 873 K for & h under wvacuum. Due to material

costs, it is desirable to produce the thinnest self-supporting

pellets possible. However, discs which were2 less than
0.25+£0.,02 mm thick became too fragile to be useful as
photoelectrodes. Self—-supporting pellets have the advantage

that microcracks resulting fram differential thermal expansion
between the substrate and the CdSe during annealing may be

avolded.



The density of the discs was measured before and after
annealing using both a micrometer and a Mettler HZ0 Balance.

Fellets prepared at various pressures were cut in hal+f.
One half was used as a photobanode to determine 1ts solar
performance, and the other half was used for resistivity
measurements.

A study of optimum annealing temperature was performed on
electrodes pressed from 150%5 mg CdSe powder at 46 MFa for
5 min. The pellet thickness ranged from 0.20 —G.40 mm.

Dhmic contacts were faormed by rubbing a thin layer of In-Ga

(25:75 by weight) sutectic onto a slightly abraded sample
surface. The pelliets were attached with Electrodag 413 (Achesan
Colleoids Canada Ltd., Brantford, Ontaric) to a clean, abraded

copper disc, with a copper wire soldered to the other side. The

assambly was mounted on a plexiglass holder using Easypoxy .

Frecut single crystal CdSe (C-plate) of 0.25 cm? area and
0.1 cm thickness and a raw ingot of single crystal CdSe were
obtained from Cleveland Crystals (Cleveland, DOhio). The crystals
were grown from a CdSe vapour phase. The resistivities of the
crystals were 0.35cm and 2 Macm respectively. The ingot was
cut into 1 mm thick C—plates of approximately 0.25 cm® area.

Emmission spectrographic analysis by Cominco Ltd. of the



two different single crystal CdSe batches shaowed the following

impurities (in ppm):

Frecut crystals

Al 0.2 Ca 0.5 Cu 10 Fe 0.1 Fb ©
Mg 0.1 Mn O 8i 15 ég O Sn O
Bi 1 Ni 0.3
Iingot
«+ A1 1 Ca 0.1 Cu 206 Fe 22 Fb 0.5
Mg ©0.05] Mn 1 Si 70 Ag ©.5 | Sn 0.2
Bi 0.5 Ni 3 in 100

In an attempt to improve the poor solar performance of
these crystals, the samples were annealed for & h at 873 K under
vacuum ar in sealed evacuated quartz tubes in the presence of
elemental Se or Cd.

Ohmic contacts and the maunting' of the crystals were
identical to that of the pressed pellets as described on page
B7.

ASnadization of the single crystal electrodes was achieved
in saturated KCl solution by 30 min white 1light illumination
(10C0O Wmn—2) at short circuit. A Se layer of 0.27+0.03 pm
thickness, as calculated +from integrated photocurrent i.e.
total charge flow measurements [911,[01191,0120] was formed aon

the CdSe surtface by photocoaorrosiaon.
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4.4 Treatment of CdSe Electrodes with Zn2* and Hg=2* Solutions

Ions adsorbed by the surface and grain boundaries of the
photoanodes will cause considerable changes in the solar
performance.

Fressed CdSe electrodes (0.325+0.02 mm thick, pressed from
150+5 mg powder at 46 MPa for S min, annealed for & h at 873 K)
and =lectroplated samples were dipped or boiled +for various

lengths of time in a 1 M ZInCl=z or 1 M HgCls solution.

Frior to testing, all CdSe electrodes were etched for 1 min
in a 30 % H=z0=2 and glacial acetic acid solution in the ratio of

i 2 3, unless indicated otherwise.

The test cell (Fig. 4.2) consisted o+t a quartz tube, 4 cm
in diameter, with an optical fiat bottom window. The electrode
was fitted through & tight teflon lid, which allowed the system
to be fully sealed from the atmosphere, and also enabled
flushing of the system with Nz prior to and after introducing
the redox couple electrolyte into the cell.

The electrolvyte was prepared and stored under Nz
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atmospheres. I+ consisted of the +ollowing reagent grade

chemicals (BDH Chemicals):

1 M NalOH
1 M S=

0.01 M Se°

The absorption spectrum of the =slectrolyte (Fig. 4.3) was
measuraed with a Pye Unicam Spectrometer Model BOOG.

The light snter=d the test cell through the bottom window,
passing through 2 mm of =2lectrolyte between the window and the
CdSe =2lzctrode. The photoanode was faced by a large Ft counter
slectraode ring of S cm® area.

The reterence =l=2ctrode (SCE) was made by amalgamating
approximately 1 g Hg with a few mg Hg=zClz and immersing 1t in
saturated KTl solution in a glass tube. A Ft wire pierced
through the bottom of the tube, connecting the amalgam to the
outside circuit. A salt bridge (EC1 in agar) connected the SCE
to the solar cell. The reference electrode was calibrated

against a Fisher Scientific Calomel Reference Electrode Model

13-439-52



4.6 Current-Voltage (I-V)_ Characteristics

Fig. 4.4 illustrates the experimental arrangement for
measurement of the I-V characteristics of the CdS5e electrodes
under white light illumination from a tungsten halogen lamp
{Canadian General Electric, ELH 120 ¥, Z00 W). The Cdse
electrode was biased by means of a FAR Fotentiostat Model 173 in
combination with a Universal Frogrammer Madel 173. The spectra
were recorded at a rate of 20 mvs—t.

The irradiance on the test cell was measured by means af a

Taktronic Jié6 Digital Fhotometer.

4.7 Quantum Efficiency-VYgltage (QH_V) Characteristics

The change in quantum efficiency with forward bias voltage
was measur=ad using the experimental arrangement shown 1in
Fig. 4.5. Helium—Neon laser light (Spectra Fhysics Model 123,
chaopped at 20 Hz, was incident on the solar cell with an
intensity of 140 Wm—2. The forward bias was controlled with the
FAR Fotentiostat and scanned at a rate of 2 mVs—*. The current
rasponse was fed into a Lock-In amplifier (FAR Model HR-8) and

then recorded on an X-Y recorder (Hewlett-Fackard Model 700AR).



4.8_Spectral Resgansg_iqqzli

The wavelength response of the electrodes was abtained
under shaort circuit conditions using a 100 W tungsten halaogen
lamp (Philips, 12 V). Figure 4.6 1illustrates the measurement
apparatus. White light, chopped at 20 Hz, was passed through a

grating monochromator {(Jar=ll1-fsh, 8 nm re=solution) onto the

0

saolar cell. Tha current raspanse, as measur=sd by the
ontentiostat was fed into the Lock-In Amplifi=r and then
recorded on the X-Y recorder.

Since the illumination inte=nsities at the crystal surface
were very laow (0.2 - 0.4 Wn—=2), same cells were illuminated with
continous laser light (He—- Ne Laser, Spectra Physics Model 133
of 10 Wm—= intensity at the electrode surface in addition to the
weal monochromatic measuring beam.

A

f#ll light intensities measured with the Tektronic

Fhotometer were corrected for electrolyte absorption.

Since the potentiostat in Figures 4.4 - 4.6 was not
available +or the earlier experiments, the circuit shaown in
Fig. 4.7 functioned as such. The semiconductor electrode was
biased manually using a rheostat connected to a &6 V battery, and
the current response afvthe solar cell was determined across a

105) load resistor.
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Some experiments were repeated with the potentiostat

arrangements and revealed identical results.

4.9 Resistivity

The resistance of the pressed electrodes was measured with
the experimental arrangement shown in Fig. 4.8. The Interstate
Elsctronics Corporation Function Generator (Maodel F34) supplied

triangular voltage ramp across the sample. The current,

i

detzrmined by the voltage drop across a 1 k& load resistor was

recorded as a function of applied voltage on the X-Y recorder.
The back contact (InsGa) of the single crystal and pressed

CdSe electrodes was found to bhe cohmiz within the applied voltage

range of 1 V.

4.10 Scanning_Electron Micrographs

Images of the CdSe samples were abtained using the Autoscan
Electron Microscope. The images were recorded on Ilford FF4

film.
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Sglar performance at 1000 Wm™= whit= light
illumination of CdSe electrodes, electroplated
onto Ti substrats at various constant negative
plating potentials, #.

{(Vae = cpen circuit voltage,

T

lac short circuit current)



oc sc Fill
[mV] [mV] [mAcm 2] | Factor
700 680 8.2 0.42
710 643 8.0 0.41
720 632 10.0 0.44
7Sd 662 7.8 0.39
740 847 9.9 0.43
750 567 7.2 0.39
760 505 5.3 0.50
770 575 4.0 0.56
780 545 7.1 0.53
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Figure

4.1

VYoltammagram g+ the depgsition bath:

1 M H2504
2.3 M CdSU0a
0D.01 M Sela
The working and the counter =lectrode

Ti and Pt, respectively.
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The test cell containing a CdSe electrode,
Pt counter =2lectrode, and 5CE retsrencs

electrode in polysulfide elschrolvytse.
P 4 7
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Absorption spectrum for 1O om
the sulfides/polivysulfide radox

containing:
i M NaOH
2 M Ma=3
1 M 5=

3.01 M See.
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The measuring apparatus with whit2 light
illumination to determine current-voltage

characteristics.
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The measuring apparatus to determine

guantum efficiency-voltage characteristi
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Pt Electrode

CdSe Electrode
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SCE
Test
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—— Amplifier
Reference
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The measuring apparatus to determine

spectral response.
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P

Circuit used instead of the potentiastat in

Fig. 2.4 - 2.5 for the =sarlisr axperiments.
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Chapter S

Results and Discussion

The surface morphology of electrodeposited CdSe +films

r=vaals a cauliflowsr structure 3= shown in Fig. S.1. The

1]

micrographs in Fig. S.tla and Z.1ib depict the same area of a Cd5e
+ilm before and after annealing, respectively, as indicated by
the raster which was drawn onto the Ti substrate prior to the
2l ectrodeposition. The annealed film shows several microcracks
and bares spots which are most likely caused by the differesnce in
the thermal expansion coefficients of the Ti substrate and the
CdSe +ilm.

The I-V characteristics shown in Fig. 3.2 reveal a very low
nverall soclar response for unanneal ed electrodes. The
approximately linear decrease in current with forward bias can
be associated with a high non—-stoichiometry of the films
observed by De Silva =t al. [%0] and Taomkievicz =t al. [893, and
a poor adhesion of the thin +ilm to the Ti substrate. The

unannealed films often peeled off the substrate 1+ they were
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left for several days, exposed to air at room temperature.
After annealing, the slectrode showed a 7—-fold increase in the
shart circuit current density and an increase in the open
circulit voltage Jfrom 270 to 530 mY. The "squareness" of the I-V
characteristics (fill factor! also improved substantially after
annealing as shown 1in Fig. 5.2,

The contact between the CdSe and the Ti substrate was found

ied wvoltage of 800 mV as

ot

to be slightly non—-ohmic at an  app

-

shown in Fig. 5.7%. For an ohmic contact between a metal and a

amicondurtor, 1t is necessary for the workfunction of the metal

in

f$m3 to be smaller than the workfunction of the semiconductor
{(Dac? £1211. Since Pm(Ti) = 4.30 ¥ £1221 and
fac (n—CdSe) = S.00 ¥V L1231, an ochmic contact should result.

Thus, the non—ohmic behaviour must arise from a thin oxide 1aver
on the Ti substrate.

The substantially improved solar characteristics of
a2lactrodeposited CdSe after annealing may be due to wvarious
effects, such as crystallite growth, which reduces the density
of grain boundary states, increased stoichiometry and better
homogeneity of the films, which reduces the number of trapping
sites and recombination centers [3821,L?01. The observed
microcracks and bares spots in anneal ad films will not
substantially lower the solar performance of the electrodes
since the Tilz layer covering the substrate acts as an
insulator.

The effects of etching the annealed electrodeposited CdSe

- 104 -
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eiectrodes in dilute agua regia on the surface morphology of
CdSe are shown in Fig. S.4. Etching removed 1loose grains and
expoéed larger areas of the substrate, as can be seen by
comparison of the CdSe micrographs with the micrograph of the Ti
substrate (Fig. 3Z.4e).

Comparison of the photoresponse of etched and non—etched
electrodes presented in Fig. 5.5 shows both an increased
photocurrent and fill factor and a slightly reduced Voe due to
an increasaed dark current for the etched electrode. The
increase in current density and '“squarenesss" of the [~V curve
may be asscciated with the increase in active surface arsa of
the etched s2l=sctrode {10681 and the removal of charge trapping
sites [1101,01111.

The change in guantum afficiency with forward bias,
represented in Fig. 5.4, reveals the "S—-shape" behaviour, which
indicates a loss mechanism ot charge carriers
£511,0521,0551,0561. Since the onset of the photocurrent is the
same for the etched and non—-etched =2lectrodes, the reduction 1in
Vae Of the etched electrodes does not arise from a shift in the
flatband potential. Etching most likely reduces the shunt
resistance, as indicated by an in;reased exposure of the
substrate. A simultanous reduction in current density after
gtching which one may expect +Ffrom reamoval of CdSe will bg
minimal if etching removes preferentially material which was
poorly attached to the substrate.

The effect of light intensity on the short circuit curresnt
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in electraplated CdSe thin film electrodes (Fig. 3.7) shows a
linear behaviour, as expected +rom eq. 2.22 in Chapter 2. The
open circuit wvoltage reveals a&a lagarithmic behaviour with
respect ta light intensity (Fig. 5.8) as predicted +from the
model represented in Chapter 2 by eqg. (2.21), eq. (2.22), and
a2q. (2.233. A nonlinear behaviour waould indicate a limiting

hole transfer mechanism at the semiconductor/electrolyte

interface.

= 2
ol

5

old Fressed CdSe_Electrodes

L

The surface structure of pressed CdSe pawder reveals a
shiny, streaked morphology which becomes flaked after annealing
as shown in Fig. 35.%. The unannealed pellets had no solar
respons2. The effect of the annealing temperature and duration
on the solar parameters is summarized in Table S.1. Annealing at
&73 K in vacuum for é duration of 2.25 to 6 h Shnwéd a low
avarall solar responée. An increase in temperature -to 773 kK
increased the open circuit voltage cansiderably, although it was
still low. Annealing at 973 kK revealed the best solar response,
but the pellets had lost a substantial amount of material and
became very fragile. Annealing at 873 K for & h resulted in a
high Voe, high Ilac, and good fill factor.

The effect of pressure and its duration on the density of

the CdSe discs is illustrated in Fig. S5.10. The duration of the
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pressure had only a small effect on the density of the pressed
samples. Larger prassures led to densities closer to the single
crystal density of 5.74 gcfS. However, for pressures larger than
69 MPa, fractures occured either on release of the pressure or
during the following heat treatment. Annealing the pellets
under wvacuum at 873 K for & h increased the density by
1Z to 22 %, with the largest increase occuring for the samples
pressed at a lower pressure.

The surface morphology of the annzalsd pressed pellets is

b1l
1]
1
a
Zz
in

raoresentsd in Fig. S.11. Figure 5.11 the crystallina
nature of the sample pressed at 11.5 MPa and the presence of
large crystallites which disappear after etching the sample
prior to testing its solar cell characteristics. For a sample
nressed at 27 MPa (Fig. 3.11b), the surface shows an increase in
flakes size and fewer crystallites are present on the surface.
The crystallites disappear completely for samples pressed at
456 MPa (Fig.S.11c?, and the surface has a mora polyc%ystalline~
structure as evident in Fig.3.11d (five times expanded scale}).
Figure S.1isa shows a sample pressed at &7 MFa, wﬁi:h is similar
in appearance to the 46 MFa sample.

The effects of pressure and its duration an the
resistivity, Yocs and Iac are illustrated in Table 3.2. For an
increased duration in pressure, the resistivity decreases, while
the Vac and [ ae fluctuate within 13 X . An increase in prassurs

resulted in a decreased resistivity and an increased Vaoe, while

the short circuit current was slightly reduced. The increase in
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open circuit voltage and decrease in short circuit current may
be associated with the incresased flake size of the pellets with
increased pressure. The smaller flakes vyield a large surface
area and a large number of surface states which may pin the
Fermi level and reduce the VYac-

Typical I-V characteristics under white light illumination
are 1llustrated in Fig. S5.12(I) +or samples pressed for 3 min
and in Fig. 2.12¢(I1} for samples pressed for 2 h at different
pressur=ss. Hoth figures show that lower pressures give rise ta
a higher short circuit current while the open circuit potential

is lower

1]

ar

hn!
1]

d to samples pressed at higher pressur=s. For
compariscn, the dark currents ars shown in Fig. 5.13. Caomparison
with Fig. 5.12 shows that the "superposition principle" [36] is
rzasonably well-abeved in these samples, i.=2. the photoresponse
of the cell deteriorates when the opposing dark current becomes
large.

Figurs 35.14 relates the Iac and the Vo to the density of
the annealad pellets. The observed dependence of Vacs laes and
the I-V characteristics on the pellet density could be ascribed
to several factors which include series and shunt resistances of
the cell, crystallinity of the samples, and variatians in the
intrinsic gquantum effici=sncy with voltage and wavelength of the
incident light.

Figure 5.15 illustrates the effect of pressure and its

duration on the Qq—v curves. A general trend is a deteriorating

quantum efficiency around 300 to 350 mV:; as well, lower pressure
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génerally leads *to a lower gQuantum efficiency. The highest
density pellet (49 MFa with 2 h pressure time) shows the best
afficiency at low forward bias, but shows a faster decrease with
increasing forward bias, most likely due to a decrease in shunt
resistance rsulting from microcracks. All curves in Fig. 5.15
exhibit the familiar "S—shépe", indicating a loss mechanism
related to recombination of carriers in the neutral region, the

depletion region, or at the surface of the semiconductor

~

511,052,0552,0561.

s

The spectral response of the photoanodes in Fig. S.18 shows

'

a well defined absorption =dge of CdSe at 1.71 =2V +for the two
samplas pressed at higher pressuras which indicates incre=ased
crystallinity of the pellets. The two samples that were pressed
at lower prassur=2 show & more gradual transition of the
absorption =2dge due to a smaller grain size. This results in an
increased density of defsct states in the bandgap.

Comparing the general features of the voltage dependence’
reveals that the features of the "S-shaped” curves 1in the
quantum efficiency dependence on farward bias (Fig.5.15) are not
present in the I-V characteristics (Fig. 5.12 and Fig. 5.13).
This indicates that the dominant mechanism atfecting the shape

of the I-V curves is the large dark current which flows opposite

to the photocurrent.
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3_Single Crystal CdSe Electraodes

=
T

Frecut singie crystals {batch &) and single crystals cut

trom an  ingot {(batch B) were annealed under wvacuum, and in Cd
and 5S5e atmosphere. Their solar response was analyzed and
zomparad by I-V and Qq—v characteristics, and by single2 and

double beam photocurrent spectroscopy, using a He—-Ne laser as a
pUMEing source. The spectral rasponse was obtain=sd with a weak,
modul ated measuring beam.

frnnealing of CdSe under vacuum liberates Se from the
surface, leaving behind a €Cd rich sampie [8%91,[201,[01247. In
polycrystalline samples, S5e would =2scapes via grain boundaries,
and it is conceivable that 1in single crystals, the Se diffuses
through the crystal surface resulting in a Se-rich surface layer
aver a non—stoichinmetri& CdSe crvystal, as indicated by a red
zolour. This will give rise to bulk defects and a surface
barrier associated with a high density of surface states. The
polysulfide redox electrolyte will readily dissolve the GSe
layer; however the rate of dissolution is strongly reduced by
the addition aof 1072 M Se to the =lectrolyte.

The presence of excess 5S5e in the surface layer of vacuum
annealed single crystals was confirmed by the S5AM technigue.

The ratio ot the Cd(3I746 eV) signal to the Se(l1313 eV) signal was

ogbserved to be 13 % lower in the vacuum annealed samples than in
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the unannealed single crystals. Unfortunately, the unannealed
crystals had to be sputtered by Ar~ ions to free the surface of
excess carbon. Since Ar* bombardment was found to induce
lattice defects in single crystal CdSe, which were attributed to
excess Se [12531,01261, the actual Cd/Se ratio in the unannealed
crystals would be higher than observed.

The current-voltage characteristics of Cd and vacuum
annealed single crystal CdSe is represented in (Fig. S5.17).

While the current densities of the two different samples are

P

im

1]

lar, the dark currents (Fig. 5.17b) shaow very differ=nt

T

Sehaviour. The dark current increases rapidly at approximately

C

150G aVv forward bias for vacuum annealed crystals, and betweaen
500 and &00 mV for Cd annealed samples. The strongly reduced
dark current in the vacuum annealed crystal may be accounted far
by the presence of a surface barrier to electron flow arising
fram the Se-rich surface which breaks down a high forward bias,
in agreement with a model proposed by Frese for anodized single
crystal surfaces [2131,01191,012013.

The dec%ease in current density of the Cd annealed crystals
in Fig. S3.17a is primarily determined by the dark current, while
the current density of the vacuum annealed samples seems to be
independent of the dark current. For both samples, the decrease
in current density for low forward bias indicates a blocking
barriar far hales at the surface [S&8]1. Bl Guibaly and Colbow
[S6] assaociated this behaviour with surface states acting as

hole trapping sites which become ionized with i1llumination, thus
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reducing the amount of bandbending. #As seen in Fig. 5.17, the
Cd annealed sample shows a high cathodic current which
essentially equals the hole flow to the electrode surface at
~o. S V. In contrast, the vacuum annealed electrade does not
reveal this large cathodic current, presumably due to the Se
iayer at the surface.

The behaviour of the guantum efficiency at &3228 % with
forward applied voltage is illustrated in Fig. 5.18. The current
direction of the vacuum annealed single crystal (Fig. S.1Bb)
reverses for voltages larger than the open circuit valtage. A
possible sxplanation is that under strong light illumination the
S5e layer bhecomes photgconductive and allows a cathodic current
to flow between the CdSe and the =slectrolyte solution.

The Cd ann=aled sample in Fig. 5.17 shows the same "narmal®
spectral response as an untreated single crystal L1271 {not
shown), but with a six—fold increase in quantum efficiency
{see Table 5.3}, with and without laser pumping. Vacuum
annealing aof CdSe crystals did not improve the overall solar
response. In fact, 1t showed a rather unusual behaviour, which
became more pronounced with laser pumping. A double peak
feature2 in the photocurrent spectrum at 1.66 eV and 1.71 eV near
the bandedge of CdSe, and a lower, nearly constant rasponse for
photon =snergigs larger than 1.8 eV, waé aobserved. With lasear
pumping, the e#ficiencies near the bandgap increase
substantially, while the efficiencies decrease and reach a low

value for high energy photons.



Haak et al. [1251,0126] observed the presence of intrinsic
inter—-bandgap states approximately 0.2 2V below the conduction
bandedge in CdSe, with a higher density of states in
polycrystalline CdSe than 1n single crystal CdSe. However,
polishing and Ar* ion bombardment of single crystals, which
causes defect states, 2nhanced the density of these states. The
authors attributed the origin of these states to excess Se.

Heller =2t al. L110] observed a similar, but much less
pronounced behaviour of the spectral response of single crystal
CdSe with peaks at 1.44 and 1.6% 2V as shown in Fig. 3.12. They
ascribed these peaks to states within th; bandgap arising +from
imperftections near the semiconductor surface and acting as traps
and recombination centers. This would lead to <changes 1in the
photoresponse, particularly for 1light absorbed near the
semiconductor surface. The nobserved peaks possibly arise from
photon absorption and alectron-hacle generation involving
inter—-bandgap states. FPhotons of energy greater than 1.8 &V are
strongly absorbed near the surface, resulting in a reduced
quantum efficiency due to recombination via the large density of
surface states. Laser pumping would result in the +filling of
the traps near the CdSe/Se interface and thus vield an increased
guantum efficiency.

Amarphous ée has a bandgap of 2Z.05 =V EIEBJ,‘just above the
laser energy of 1.76 eV. Amorphous Se at the surface, with a
large concentration of Cd, will likely show strong absorption at

the laser enargy. I+ electrons are trapped in the Se surface
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layer while the 1light generated holes are captured by the
reduced species of the redox electrolyte, a larger bandbending
will be produced in the CdSe, and thus a larger depletion width
will result. The increased number of electrons near the CdSe/Se
interface will decrease the gquantum efficiency for electron-—-hole
pairs generated by high energy photons by filling traps and
recombination centers. The increased depletion width will
result 1n an increased gquantum sfficiency for holes generated by
near bandgap photons since they create electron—-hole pairs
dzeper 1in the crystail. This would also =sxplain the increased

fficiency of the 1.&6 =Y transition with incre2asing light

i
+'l
n

intensity, as shown 1n Fig. 3.20. At a laser i1intensity ot
7 Wm—=2, the photocurrent 1s saturated, which indicates a slaw
transter velocity of holes to the electrolyte [331,03&1,
resulting in photocorrosion.

Figure S.21 shows the spectral response of anodized CdSe
after Cd )and atter vacuum annealing. The Qrown Se layer was
found to be ~0.27 Hm thick for both samples, as calculated from
integrated photocurrent measurements [?131,01191,C[120]. While the

Cd anneal=ad sample reveals the same behaviour with and without

laser pumping {Fig. 2.21a), the vacuum annealed, anodized
crystal {Fig. S.21b,c) shows a rasponse similar +to the
untreated, vacuum annealed sample. The overall increase in

gquantum efficiency of anodized samples is most likely caused by
an improved surface condition due to photoetching. Similar

results were aobtained by Frese [121]1, showing an increased
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guantum efficiency near the bandedge for anodized CdSe
electrodes. For Se laver thicknesses of 0.24 and 0.36 pm, the
photoresponse substantially decreased for wavelengths less than
1.96 eV, and was associated with photon absorption 1in the Se
laver. The spectral response 1in Fig.53.21 shows a smaller
decrease in quantum efficiency for the high énergy photons,
indicating that the 8e layer may in fact be thinner than
calculated, or possibly porous [127].

Leaving the anodized samples for 24 h in redox electrolvyte
under short circuit conditions improved the guantum =fficiency,
which indicates that the 5e layer dissolves, 1leaving behind a
photoetched CdSe surfaca. The double peak feature of the vacuum
annealed sample (Fig. 5.21b) disappears wpan anodizing and only
the 1.71 &Y peak remains. Upon laser pumping {(Fig. S5.21c), the
quantum 2fficiency peak again shifts to 1.66 2V. This indicates
that the 1.646 =2Y transition is due to a deep interband state
which is essentially not affected by photoetching.

Figure 3.22 represents various heat tresatments for batch B
single crystal CdSe. The spectral response of the guantum
efficiency is considerably improved for the Cd annealed sample
compared to the untreated single crystal (Fig. 5.2Za). Both show
a2 "normal"” spectral response and reveal identical results with
and without laser pumping. The untreated crystal shows some
band tailing which seems to disappear upon Cd annealing. The

vacuum anneale2d single crystal (Fig. S5.22b) shows only one peak

at 1.71 eV with very low guantum =fficiency. Fhotons with



2nergy greater than 1.8 eV do not show any measurable
photoresponse, indicating a strong absorption in the Se surface
layer of the crystal and/or a large density of hole trapping
sites near and at the surface. Upon laser pumping, only one
peak is observed which shows strong band—-tailing and a large
S50—fold increased gquantum efficiency at 1.6&6 eV.

Figure S5.22c represents the spectral response of Se
annealed CdSe crystals. While the quantum egfficiency 1is
axtremely small, the crystals show a "normal" behaviour with a
Candgap of 1.74 eV. With laser pumping, the bandedge shifts
towards lower energiss, giving rise to a small peak at 1.74 =V,
Annealing in 5e atmosphere may compensate the semiconductor
since Se would act as an electron acceptor, resulting in a low
sffective donor density and a large number of carrier traps.

Table 5.3 summarizes and caompares the quantum efficiencies
for highly energetic photons (2.0 V) and the aobserved peak
afficiency at 1.71 eV (without laser pumping) and 1.486 &V (with*
laser pumping) for the untr=zated and annealesd CdSe single

crystals.

5.4 _Comparison _of Electrodeposited, Cold Fresszd_and

The I-Y characteristics of electroplated, pressed, and

single crystal CdSe photoanodes is compared in Fig.S5.23. While
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the highest power conversion efficiency of 4.2£0.2 L is obtained
for the pressed pellet e2lectrode, the electroplated electraode
has a performance similar to that of the single crystals, with
an sfficiency aof 2.4x0.2 %Z.

The surface morphologies of the_electroplated and pressed
CdSe after heat treatment are caompared in Fig. S3.24. The pressed
pellet surface shows a uniform polycrystalline appearance, and
the =2l=ctraplated sample reveals a cauliflower—-like structure
with microcracks, some of whizh extend to the Ti substrate.
Thus, the high short circuit current of the pressed pellet in
Fig. S5.22% may result from the large active surface area, and the
raduced short circulit current in electruplated CdSe may be due
to its inhomogenecus maorpholaogy. The microcracks give rise to a
l1ow shunt resistance and thus a reduced Yee-

Electroplated thin films are generally 1less pure than
nressed electrodes, resulting in a narrower depletion width, so
that more carriers are generated in the bulk where recombination
is more praobable. The emission spectrographic analysis of both
the single crystals and the powder on pages 88 and 86&,
respectively, reveals that the poor performance of the single
—rystals cannot be associated with a high impurity
concentration. However, the reduced lea.c and fill factor of the
single crystals may be explained by the presence of a large
number of defect states causing recombination and trapping of
charge carriers.

The quantum efficiency at &3328 S as a function of forward

- 117 -



bias for the palycrystalline samples and the Cd annealed single
crystal 1is represented in Fig. 5.25. The "S—-shape" in the
quantum efficiency 1s apparent for all three electrodes.
Although the single crystal shows a lower guantum efficiency
than the pressed pellet, the shape of the single crystal curve
indicates a lower series resistance. Due to series resistance
of the photocell, in forward bias not all of the applied voltage
will be across the space charge region. This a+ffects the

ocbserved voltage dependance of the guantum sfficiency and causes

(W

saturation of the dark curr=nt. Thus, the gradual tailing in Na

ot the pressed pellet could be ascribed +to a higher series
resistancs. The relatively flat response in Na with small
forward bias for both the single crystal and the electroplated
CdSe is not observed in the I-V characteristics. This indicates
that the dark current determines the shape of the I-V curves.
The quantum efficiency at low forward bias in Fig. S5.25 was
fitted to the Gartner/Butler model [221,[231, represented on
page Z4. The best it was aobtained with olLg << 1. The donor

densities calculated from the +Ffitted Wo with «= 0.68x105 cm—?

+or a photon energy aof &328 R r611 are:

single crystal electrode 1.3x10*7 cm—=
pressed pellst electrode 3I.1x101e cm—S

electroplated electraode 1.6x1018 cqp—=,

These wvalues were then used to regenerate the guantum

efficiencies via e&qg. Z2.19 1in Chapter 2 and the results are
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indicated in Fig. 5.25 by the circles. The calculated and
experimental efficiencies are in agreement only for low faorward
bias. The Gartner/Butler model only assumes recombination of
carriefs in the bulk of the semiconductor. For a larger forward
z2l1l bias, the charge recombination in the depletion region and
at the surface becomes more probable; in this case the model no
longer holds.

Figure Z.28 represents the spectral response of the guantum
afficiency for the Cd annealed single crystal, pressed pellet,
and electroplated CdSe photoanaodes at short cZircuit. While the
pihiotoresponse of single crystal CdSe 1is relatively small for
sub-bandgap photon energies, the elesctroplated and pressed
pellet elsctrodes show appreciable band-tailing. This indicates
daef=ct states within the semiconductor bandgap, which most
likely result from grain boundaries and/or lattice defects. The
low performance of the electroplated electrode is determined
Yargely by its maorphology and by a low shunt resistance. *
Afssuming the wvalidity of theAGErtner/Butler madel at short
circuit, Fig. S5.26 suggests that the wavelength response of the'
absorption coefficient 1is different +for the three different
e2lectrodes.

The plot of (Rafw)2 in Fig. 5.2 shows a bandgap of
1.72x0.01 eV far the single crystal CdSe, while the
polycrystalline samples extrapolate to an absorption edge of
1.71£0.01 eV, The knee in the curves of the polycrystalline

samples may result from def=2ct states within the bandgap.
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9.2 _lon_Surface_ Treatments

Dipping CdSe electrodes into ZnClz or HgClaz solution can
cause considerable changes in the solar performance. Zinc or
Hg=2+ ions chemisorbed at grain boundaries and surface states
will result in a In-Se or Hg—-5e bond, respectivelvy. This will
relocate surface states and may split them into bonding and
anti-bonding states. Zinc selenide is a wide bandgap
semiconductor (Eg=2.6 8V) which will reduce hole trapping and/or
recaombination at grain boundaries, whilz2 HgSe with a bandgap of
0.245 2V will enhance minority carrier loss.

The wvarious Zn2* ion tre=atments of pressurs sintered CdSe
2lectrodes are summarized in Table 5.4. While dipping the
electrodes in cold, as well as boiling ZnClz soclution shows a
pronounced increase in Yae, the short circuit current density D%
electrodes dipped in boiling ZnClz solution shows a dramatic
decrease, aven though 1t 1s not affected in cold-dipped
electrodes. This decrease in Jae tould be caused by fracturing
the pellets, and in fact, some electrodes split into half after
20 min immersion into the boiling solution. The sffect of Zn=3+
ion treatment 1s most significant for electrodes with a low
sol ar performance, which was also reported by Tomkievicz =2t al.
[8?1. Therefore a true comparison between different elesctrodes

is not possible.
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Thé I-V characteristics of the cold dipped, pressure
sintered e=lctrode, represented in Fig. 5.28B, shaw a pronounced
increase in Vae, resulting largely from the decrease in the dark
current. The treated and untreated electrodes do not obey the
"superposition principle®, i.e. the superposition of
photocurrent and dark current, which would indicate the presence
of a large density of surface states [Sé6]1. The increase in Vaec
with dipped electrodes may arise from a shift in the surface
states close to the conduction bandedge, which prevents shunting
of the depletion region.

The affect of ZnCl = dipping on the quantum
efficiency—-vol tage characteristics is represented in Fig. 5.29.
The dipped electrode shows a shift in the onset of the
photocurrent to a higher voltage, which may be associated with a
shift in the flatband potential. This would also explain the
reduction in dark current density and thus, the increase in open
circuit voltage. The shifted "“S-shape"” in the QF-V curves
predicts an increased charge transfer across the interface
[321,L361, possibly due to the increased bandbending.

A comparison of the I-V characteristics of pressed pellet
electrodes dipped in HgClz solution with ZnClz dipped and
untr=ated electrodes is represented in Fig. S.30., Mercuric ion
treatment results in a reduced open circuit voltage as well as a
reduced fill factor and power conversion efficiency, due to an
increased dark current. The weakly adsorbed Hg2* ions at the

electrode surface slightly shift the surface states such that an



increased shunting causes majority carriers to fill the surface
states as indicated by the increased dark current. However ,
strongly adsorbed Zn=2* ions result in a large shift of surface
states, such that the tunneling of majority carriers is
blocked.

‘Scanning Auger electron microscop? provided evidence that
In=* and Hg2?*" ions are chemisorbed at the surface and at grain
boundaries of polycrystalline CdSe. The spectra showed no
evidence of the ion adsorption of dipped and subsequently etched
single crystal CdSe; dipping with subsequent etching revealed
the presence of Zn and Hg atoms in the CdSe pressed pellets.

The effect of ZIn2* treatment on electroplated electrodes is
more pronounced than in pressure sintered electrodes, as shown
in Fig. 5.731. In addition to an increased Vac caused by a
decreased dark current, the current density shows a substantial
increase. Since the surface of the electroplated thin films is
porous with microcracks and bare spots and thus less homogeneous
than the pressed pellets, the ion solution will passivate grain
boundaries very effectively, mare s0 than in pressed
electrodes. The resulting reduction in the density o+
recombination centers would account for the substantial increase

in the photocurrent.
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Table 3.1

The =ffect of annealing temperature and its
duration on the solar perfarmance of CdSe
pressad pellet slctrodes

The pellets were pressed at 44 MPa.

(Illumination intensity 5630 Wm—2)

Voe = oOpen circuit voltage in mV
Jae = short circuit current density in mAcm—=
ff = fill factor

~-r
- 1250
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Table 3.2

The effect of pressure and its duration an
the solar parameters of pressure sintered
electrodes

{Illumination intensity 1000 Wm—=)

Vae = gpen circuit valtage

Jme = shart circuit current



Pressure Time Resistivity v oc J .
[MPa] {min] [ Qem] [(mV] [mAcm™2]
11.5 5 13.9 k 367 5.50
11.5 30 8.3 k 362 5.10
11.5 60 18 k 378 8.12
11.5 120 3.4 k 353 5.30
11.5 180 1.5 k 373 5.46
23 5 456 409 4.85
23 30 125 575 4,47
23 120 751 412 3.76
23 180 750 573 5.37
46 5 71 597 4.15
46 30 175 624 4.00
46 L]0} 184 549 3.43
48 120 740 580 4.00
69 5 348 561 4,21
89 120 569 516 3.84
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Table 5.3 The gquantum efficiencies at 2.00 &V and the
peak response ( ~1.7 aV) with and without
laser pumping for CdSe single crystals with

various treatments
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Table S.4 The effect of ZIn?* ion surface tr=2atments
on the solar performance of CdSe pressed pellet

2lectrodes

L Vae = change in open circuit voltage

LD Jaue = change in short circuit current

O fF = change in fill factor

a0 Q = change in power canversion efficlency
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Zn?* jon AV AT At An
Treatment [Zz] [%] [%] [7]
5 min -

373 K 3 2 8 0
10 min - -
373 K 3 14 0 8
20 min -

73 K 6 41 29 17
S _min 10 0 4 4
295 K

30 min

295 K 16 0 7 20
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The surface morphology of

thin films
{3) as deposited

{b} anmnealed in vacuum at
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z2lectrodeposited CdSe

873 K for 20 min
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Current-voltage characteristics of annealed (

and untreated (- - -) electroplated CdSe photo-

anodes
{a) 1in the dark

(b) with white light illumination of 1000 Wm—=2)

intensity
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Figure 3.3 Current—-voltage characteristics of the electroplated

CdSe/Ti substrate and CdSe/In—Ga solid state contacts
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Figure S.4 Surface morphology of electroplated CdSe thin
films
(a), (b) before et:hing
(c), (d) etched for 1 min in dilute aqua regia

(e2) Ti substrate
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Figure 3.5 Current-voltage characteristics of etched (—)

and unetched (- - -) =2lectroplated CdSe eslectrodes

{a) in the dark

{b) with white light illumination of 1000 Wm—=2)

intensity.
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Figure 5.4 Quantum efficiency—-voltage characteristics of the
alectrodes shown in Fig. 5.5
(a) after etching

(b before etching
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Figure 3.7 The effect of light intensity on the short circuit

current of electroplated CdSe elctrodes
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Figure 5.8 The effect of light intensity on the open circuit

valtage of electroplated CdSe electrodes
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Surface morphology aof unannealed (a) and

anneal ed

(b)

pressure sintered CdSe electrodes






Figure 3.10 Effects of pressure and its duration on the
density of pressed CdSe.

(

) Density before annealing

(- — =) Density after annealing at 873 K for & h
The samples were pressed at pressures of:

(a) 11.3 Mpa

{b) 2T Mpa

(c) 46 Mpa

(d) &9 Mpa
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lectron micrographs showing the surface

marphology of annealed CdSe samples

magnified 1000 times, except for (d}

(300C times)

The
(a)
(b
(c)
(d)

()

pressures applied and the duration were:

11.5 MPa for

-~y
oS

44

44

o

MFa
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MPa
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for
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Figure 3.12

Current—-valtage characteristics at
white light
The samples were pressed for

at pressures of

(a)

(b)

(c)

(d)

11.3 MPa

-
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MPa

MPa

MPa
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Dark

current-voltage characteristics of the

electrodes of Fig. S.1Z2
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Voltage dependence of the guantum efficiency

- 2 = . frs
at 5328 A for samples pressed for S min (I}
and &2 h (II) at pressures aof:

{a) 11.5 MPa

() 2T MPa
() 446 MFa
{d) 69 MFa
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Spectral response of annealed CdSe phaotoanodes
pressed for 2 h at pressures of:

(a) 11.5 MPa

(b) 23 MPa

(c) 446 MPa

(d) &9 MPa
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Figure 5.17 Curr=nt-voltage characteristics at 1000 Wm—=
white light illumination (a) and in the dark (b)
for annsaled single crystal CdSe in Cd atmosphere

(

} and under wvacuum (- — =)
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Yol tage dependence of the guantum =2fficiency at
-]

6328 & for single crystal CdSe annealed in:

(a) Cd atmosphere

{b) wvacuum
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Figure 35.19 Spectral response of single crystal CdSe (batch A)

and wvacuum annealsd (- - -}

far Cd annealed (
electrodes without laser pumping, and the vacuum
annealad electrode under laser pumping (----- )
Actual efficiencies of the dashed and dotted curve

are half as shown.
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Figure 3.20 Short circuit current wavelength response of
vacuum annealed CdSe (batch A) with simul taneous
laser pumping for different, relative laser
intensities

(Initial laser intensity 10 Wm—=)
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Spectral response of single crystal CdSe

{batch A}

tor etched electrodes (

)

and anodized electrodes after 30 min (- - =3

===<=) in redox electrolvte for:

(a) Cd annealed

(b} wvacuum

{c) wvacuum

All curves

in (c) one

anneal ed

annealed CdSe with laser pumping

in (b)) show twice and the dotted line

third of the actual efficiencies.
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Spectral respaonse of single crystal CdSe

{batch B}. (a) shows the behaviour of

ntreated | ) and COd annealed (- — =)
electrodes; (b)) and (c) vacuum and Se

annaaled CdSe, raspectively, with (- — =)

and without (¢ ) laser pumping.

The solid line in (b) shows 10 times and

both curves in (c) SI00 times the actual

etficiencies.
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Current-voltage characteristics at 1000 Wm—=

white light illumination for Cd annealed

single crystal (¢ }, pressed pellet (- -

and electroplated (----- } CdSe
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Figure 3.24 Electron micrographs of annealed ZdSe at 1000X
magnification for an slesctroplated sample (a)

and a pressed pellat (b)
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Voltage dependence of the guantum es+ficiency

T
P
W
[
3
]

o
at 6328 A for single crystal (Cd anneal=d)

), pressed pellet (- - -}, and electro-
plated (<---- ) CdSe

The circles represent calculated values.
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) Spectiral response of Cd annealed single crystal

Figures GS.

. pressed pelist (- - -}, and =lectrao-
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Figure 5.27 Bandgap determination plot of (rzhv)2 vs.

photon energy hv for single crystal ( .

pressed pellet (- - —-), and electroplated
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Figure .28 Effect of InCls dipping on the I-V

characteristics of pressed pellet =ziectrodes

{ ) dipped for 30 min in 1 M ZnClz

at room temperature

(-~ - =) untreated
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The guantum et+iciency—-voltage characteristics
of the electrodes shown in Fig. 5.2
{a) dipped =lectrode

{b) untreataed slectrode



1

0.6

*
S
Loustonyyy

-155b=-

N
o
wnjuenyd

600 800
Voltage [mV]

400

200



Figure 3.30 Camparison of the I-V characteristics of a

ZnCl= dipped (

} and a HgCl=

dipped (- - -) pressed pellet with the
untreated photoanode (----- )

The dipped electrodes were immersed for

30 min in IM ion solution at room temperature.
(a) in the dark

(b} illuminated with white light of 1000 Wm—=

intensity
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Effect of ZInClz dipping on the I-V
characteristics of an electroplated CdSe
2l ectrode

{

) dipped for 30 min in 1 M solution
at room temperature
{—= = =) untreated
{a) in the dark
(b) illuminated with white light of 1000 Wm—=

intensity
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Chapter &

Summary and Conclusions

Electroplated, cold pressed, and single crystal CdSe
photocanodes in polysulfide electrolyte were investigated and
compared.

Annealing of both elesctroplated and pressed electrodes

gr=2atly increased the solar perfaormance, possibly due to
crystallite growth, increased homogeneity, and improved
stoichiometry. Annealed, electroplated CdSe films showed

microcracks and bare spots which most likely arose from the
differential thermal expansion coefficient between the substrate
and the CdSe thin film. Etching of annealed, electroplated CdSe-:
electrodes resulfed in an increased phaotocurrent density
possibly due to’an increase in active surface area.

Cold pressed CdSe electrodes were prepared at various
pressures of 11.5, 23, 44, or &9 MPa. Annealing increased the
density of the pressed samples 127 to 22 %, with the highest
increase occuring for samples presséd at the lowest\pressure.
Cadmium selenide pellets prepared at low pressures revealed
higher shaort circuit currents but lower open circuit voltages

than pellets pressed at high pressuress; this was attributed to a
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smaller’grain size.

Annealing of single crystal CdSe under wvacuum produced a Se
surface layver and probably a large density of bulk defect
states, possibly due to Se interstitials. This resulted in an
unusual spectral response with two strong, distinct bands below
the CdSe absorption edge of 1.73 eV, and a decreased efficiency .
for highly absorbed light due to large recombination near the
semiconductor surface. Simul taneous pumping with a He—Ne laser
enhanced the unusual spectral characteristics. This may be
accountad for by assuming that the laser light is strongly
absorbed in the larger bandgap Se surface layer, where electron
trapping 1leads to larger bandbending and thus an increased
depletion layer width in the Cdfz. This would 1lead to an
improved quantum =2f+ficiency for photon energies smaller than the
bandgap energy.

The guantum efficiency enhancement by the laser could
possibly be attribuited to a photoconductivity .effect, i.e. a.
lowering of the series resistance by penetrating light, which
was observed for the high rasistance vacuum annealed samples.
However, the photoconductivity reduced the series resistance by
only 40 % which is not sufficient to account for the observed
data.

Annealing of single crystal CdSe in Cd atmosphere improved
the solar performance considerably compared tao the untreated
crystals. This effect could be associated with better

stoichiometry and a reduction in defect states.
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Comparison of the current-voltage characteristics, vaoltage
dependence of the quantum efficiency, and the spectral respanse
of the electroplated, pressed, and single crystal CdSe
phato—-anades showed that the pressed pellet electrodes had the
best solar performance. This was attribut=sad to a lower defect
concentration and thus wider depletion laver for the pressed
pellets than for the electroplated or single crystal
el ectrodes. Analysis of the spectral response indicated a
bandgap of 1.73 eV for the single crystals, and a bandgap of
1.71 eV for both the pressed pellet and electroplated samples.

Dipping the CdSe electrodes in InCl= solution led to a
pronounced increase in the open circuit voltage which was due to
the decreased dark current; dipping in HgCl= solution revealed a
decrease in the open circuit voltage. These =ffects were
attributed to a large shift of the surface states arising from
strongly adsorbed Zn2*~ ions and a small shift from weakly
adsorbed Hg=2®* ions. "

The efficiencies of both electroplated and single crystal
CdSe electrodes were 1in the range of 2 to 4 L 3 pressed
electrodes seem maost promising for solar energy conversion with
efficiencies of up to 6.7 Z . The thinnest pellets, 0.25£0.02 mm
in thickness and ten times thicker than‘ required from optical
considerations, assure material costs of ¥ 8 per peak watt,
which 1s comparable to the present cost of single crystal Si

solar cells.

Cadmium selenide electrochemical photovoltaic cells will
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only beveconnmically competitive if they can be produced in
large area arrays. Although electrodeposited CdSe electrodes
have a greater potential for large—-scale production than
pressure sintered electrodes, 'the pressed electrodes can be
prepared with higher purity, assuring better conversion
efficiencies. The future of electrochemical solar cells most
likely does not lie in photovoltaics since they may not be able
to compete with polycrystalline solid state Si solar cells, but
in photocatalysis and in solar assisted fuel cells.

In conclusion, this thesis demonstrates the superior solar
performancé of pressure sintered CdSe eslectrodes with respect to
2lectrodeposited and single crystal photoanodes and the affect
2¥f annealing single crystal CdSe under vacuum or in Cd

atmosphere on their solar performance.
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Appendix A

Hole Diffusion Current in the Neutral Region

The hole density p in the bulk of the semiconductor O¢i:W)

is determined from the diffusion equation, given by:

Da - + gix) = Q (A1)

where . is the hole lifetime, po is the esquilibrium hole density
and g(x) is the electron—hole pair generation represented by

2q. (2.12). The diffusivity, Do, is given by:

(AZ)

Lpz

N
o
]

<

where Lg is the hole diffusion length. Substitution of

eq. (AZ) into (A1) vields:
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d=p p Po gix)
- = - - . (A3)

dx =2 C La® L= De

The roots of the homogeneous differential equation are zLo—! and

thus the solution of eq. (A3) is given by:

X —x Lo X —~x
P = caexp(——) + czexp( ) o+ axp( ) [F{)exp (————) dx
Lo Lo 2 e Lo
Lo - ®
= —=——exp (-——) |f (x)exp (———)dx (A4
2 Lo Lo
where
Po g(x)
f(x) = - - (A3
Le® Dp
Solving eq. (A4) under the boundary conditions p = pg at x

= o0 and p = 0 at x = W yields

and

W b o2l W
C=2 = —po2xpl ) - exp(~dld + ———) . (A&)
Le otDp 1 - o2l Le

Thus 2q. (A4) becomes:
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P = Po — pPaexpl ) + axp (—ex¢)
- axp(-old ) exp(-————— ) (A7)
«Pp 1 - o®Lp® Le

The diffusion current density, Jpiss, 15 related to the

hole density by:

dp
Jpi¢e = g Dg —=—— (A8)
dx X =W

Differentiatng eq. (A7) with respect to ¥ and evaluating at

¥ = W yields:

—_———x = W) = + exp(-ail) . (A9)

Substituting eq. (A?) into (A8) results in the diffusion current

density, given by:

Jpsas =T ————m—— + qff ———————— exp(—od) . (A1)

The term proportional to pe is very small and is neglected in

the Gartner/Butler expression in eq. (2.17).
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Appendix B

Electraodeposition of CdSe

The electrodeposition mechanism of CdSe from an acidic bath
containing CdS04, Sel0z, and H250. was investigated by Kazacos
and Miller [1320] and Tomkievicz et al. [8%]. Kazacos and Miller
L130] observed that the reduction of seleneous acid, HzS5e0=x, in
strong acidic medium depends on the electrode material. They
reported the following reaction mechanism for Au, Pt, and C

substrates:
HSeDs + & HY + § @~ ——— H28e + 3 H30 (B1)
and -
2 H=2S5e + H2S5e0x —-——» I Se® + I H0 . (B2)
The authors observed that the rate of the chemical reaction (B2)
was dependent on concentration. For HzS5e0s concentrations
greater than 5 mM, the formation of Se® was extremely fast, so
that the precipitation of CdSe at the electrode surface could
not compete tavorably with reaction (B2) even at high Cd=~

concentrations.

The reaction mechanism on AuHg, Ag, and Cu substrates is
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represented by:
n M+ H2S5els + 4 H* + 4 = ———» M,.Se + T H=0 (B3)

where M represents the substrate metal [1301].

Tomkievicz et al. [8%9] showed that a Ti substrate behaves
electrochemically like the noble metal electrodes. They
observed two morphologically distinct phases of CdSe by SEM
technique; a smooth structure2 was formed at the beginning of the
deposition, and a cauliflower morphology sventually formed out
at the 5Ss° laver. This observation daoes not support the
reduction mechanism reported by Kazacos and Miller [13201].

Tomki=vicz et al. (391 proposed the following deposition
mechanism. Thé reduction of Cd2* to Cd on the substrate

surface,
Cd=~ + 2 g~ -——» Cd, {B4)

was followed immediately by two reactions, the chemical’

oxidation of Cd,

4 H* + 3 Cd + HzSels ———= CdSe + 3 Hz0 + Cd=-+, (BS)
and/or the electrochemical reduction of HaS5e0x,

Cd + H:S5eOs + 4 H* + 4 @~ ———» CdSe + 3 H=20 . {B&)

The smooth deposit on the substrate at the beginning aof the
deposition was attributed to reactions (BS) and (B&6). The CdSe

was then further attacked by H2SeOs to form
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2 CdSe + HaSeOx + 4 H® ——» 2 Cd=2~ + 3 Se= + 3 H=20 . (B7)

Reactions (BS5), (B&), and (B7) vielded a deposit containing
regions of CdSe as well as See. At the point of contact between

the two regions, the following two reactions can take place:
SeZ~ + Se ———% SexZ" (B&)

and
Se=2" + 2 e~ ——— 2 Se=2- . (B

The resulting formation of CdSe at the interface was associated
with the cauliflower structure.

Tomkievicz et al. £89] supported the proposed deposition
mechanism by the following experimental obs=srvations. At high
current densities the formation of CdSe was favored while at low
current densities, the formation of Se® was predominant. The
initial deposition potential for the reduction of Cd=2*- to Cd
became gradually less negative. After &0 s the potential for
the raduction of polyselenide was reached, and at this point,

formation of the cauliflower structure was observed.
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