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Abstract

CdSe is homogeneously deposited into nanoporous TiO, films and used in liquid junction photoelectrochemical solar cells. The effect of the
deposition parameters on the cell are studied, in particular differences between ion-by-ion and cluster deposition mechanisms. CdSe deposition
on a Cd-rich CdS film that was deposited first into the TiO, film, or selenization of the Cd-rich CdS layer with selenosulphate solution improves
the cell parameters. Photocurrent spectral response measurements indicate photocurrent losses due to poor collection efficiencies, as shown by the
strong spectral dependence on illumination intensity. Cell efficiencies up to 2.8% under solar conditions have been obtained.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dye-sensitized nanocrystalline solar cells (DSSC) are a
promising alternative to conventional p—n junction solar cells
[1]. The advantage of DSSCs over other types of photovoltaic
cells is the relative simplicity of their assembly. In the laboratory
DSSCs can reach solar-to-electric conversion efficiencies of up
to 11%. The conventional DSSC is made from a mesoporous
TiO, film with adsorbed organo-ruthenium dye molecules act-
ing as light harvester.

Another, relatively less-studied, version uses a nanopartic-
ulate semiconductor as light absorber. The idea of coupling
two nm-sized semiconductors to improve charge separation by
inter-particle electron transfer was developed over the past two
decades. Thus, it was shown that in a mixed TiO,/CdS parti-
cle system, prior to semiconductor—electrolyte charge transfer,
electrons that were photogenerated in the lower band gap CdS,
were transferred to the TiO, while the holes remained in the
CdS [2]. This type of work was gradually extended to other
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coupled semiconductor systems with increasing emphasis on
the DSSC, where the absorbing semiconductor took the place
of the dye. Most studies have been on CdS [3,4], CdSe [5-7]
and PbS [3,8-10]. Other semiconductors have been deposited
on porous, high band gap oxides for use as solar cells, including
CdTe [11,12], CulnS; [13,14], Cu; S [15], Se [16], InP [17]
and FeS, [18,19]. As is the case with many other semiconduc-
tor systems, post-preparation annealing often improves device
performance [7].

The conceptual advantage of these nano-composite solar cells
over most other types is that because of the high interfacial
area between the absorber and the electron and hole conduc-
tors, electron—hole pairs are always generated close to a charge
separating interface. In this case, carrier diffusion length require-
ments are relaxed in contrast to what is the case for conventional
p—n junction cells. Therefore, the quality requirements for the
absorber material are significantly lower than for normal p—n
junction cells.

In depositing the absorbing semiconductor it is important
that the absorber is deposited throughout the porous oxide layer,
which is usually several microns thick. This condition requires
a method that allows infiltration of the reactants into the pores
of the oxide. Solution deposition methods are ideal for this pur-
pose. While simple alternate dips of the porous oxide film into
solutions of the anion and cation (e.g., NayS and PbAc,) have
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been used, chemical bath deposition (CBD) [20] is probably the
most common solution method used. However, deposits from
CBD can vary considerably depending on the deposition param-
eters. In particular, the nanocrystal size depends strongly on the
deposition parameters [20].

In this paper we describe how the performance of photoelec-
trochemical cells based on CdSe- and CdS-sensitized porous
TiO, depends on the CBD CdSe deposition conditions. In par-
ticular, we show that:

e the mechanism of the deposition, which can be controlled, is
important in determining the cell performance,

e illumination during deposition increases the deposition rate
greatly,

e a pre-deposited layer of CdS prior to CdSe deposition also
improves the cell performance.

Reasons are suggested to explain these performance-
deposition parameter dependences.

2. Experimental
2.1. Sample preparation

Commercially available P25 TiO, powder (ca. 75% anatase;
25% rutile) was mixed with ethanol [21] to make a paste, which
is used to prepare the mesoporous electrode. The resulting paste
was applied with a glass rod onto a fluorine-doped-tin oxide
(FTO) coated glass substrate (typical resistivity is ~8 €2/sq,
Pilkington Inc.) using Scotch tape as a spacer and frame (the
doctor-blade method). These films were dried in air for ca.
15 min to remove excess solvent, after which they were sin-
tered in ambient conditions at 250 °C for 45 min followed by
another 45 min at 450 °C. Typical film thickness was 6—10 pm
as determined by a thickness profilometer. SEM images (not
shown) reveal a highly porous network with a typical crystal
size of 20-30 nm.

In one set of experiments (clearly specified below), a ZnO
layer was deposited on the TiO,. This was carried out by dipping
the TiO, film in 0.05 M aqueous zinc acetate for 3 h, followed
by annealing at 300 °C in air for 2 h. This was repeated six more
times. While the resulting ZnO was not characterized, this treat-
ment was found, by optimization, to give improved fill factors.

CdS was deposited from the common NH3 bath [22] with a
solution composition of 20 mM CdCl,, 66 mM NH4Cl, 140 mM
thiourea and 0.23 M ammonia with a final pH ca. 9.5. The depo-
sition was carried out at room temperature and in normal room
light.

CdSe was deposited by CBD using nitriloacetate as a complex
and selenosulphate as Se source [20], although certain modifi-
cations were employed to ensure that the adsorber layer was
deposited throughout the porous network. In brief, an aqueous
solution of CdSOy, potassium nitrilotriacetate (N(CH,COOK)3,
referred to in this paper as NTA, and sodium selenosulphate
(NapSeSOs3, prepared by refluxing 0.2 M Se powder with 0.5 M
NaSO3 at ca. 80°C for several hours) were mixed to give a
final composition of 80 mM of CdSO4, 80 mM of Na;SeSO3

and 90 mM or 160 mM of NTA.

e Use of 90mM NTA at a pH of ~9.5, adjusted with KOH,
resulted in a cluster mechanism deposition. In that case depo-
sition occurs via selenization of Cd(OH), colloids.

e Use of 160 mM NTA at a pH between 7.5 and 8.0, conditions
under which no Cd(OH), phase is present, led to deposition
by an ion-by-ion mechanism.

Deposition was carried out at room temperature under normal
fluorescent room lighting. Any variation to this procedure will
be specifically specified where it occurs.

Some experiments were carried out by treating the CdS-
coated TiO, with selenosulphate solution (one volume of the
above mentioned 0.2 M Se + 0.5 M Na,SO3 solution diluted with
two volumes of water). This is referred to in the text as seleno-
sulphate conversion.

2.2. Characterization techniques

Optical transmission spectra were measured on a JASCO
V-570 UV-vis-IR spectrophotometer fitted with an integrating
sphere.

XRD measurements (§—260) were made on a Rigaku RU-
200B Rotaflex powder diffractometer using Cu Ko radiation.
Crystal size was measured from XRD peak broadening using
the Scherrer equation. The size measured by XRD was found to
correspond closely with that measured by direct TEM imaging
for these films [20].

IPCE (incident photon to current conversion efficiency) mea-
surements were performed using a setup including a 300 W Xe
arc lamp and monochromator (Oriel Cornerstone 1/4 m). The
quantum efficiency was calculated using a standard Si photodi-
ode (Hamamatsu Photonics).

I-V measurements were performed in three-electrode con-
figuration, using a Wenking MP87 potentiostat, Keithley
230 programmable voltage source, Keithley 195A digital
multimeter and Osram HLX 64634 Xenophot 15V, 150 W
tungsten—halogen lamp with transformer as the white light
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Scheme 1. Schematic diagram of the photoelectrochemical cell configuration
used to measure the photovoltaic response of the nanocomposite films, showing
back and front side illumination.
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source. The intensity was set to ~1 sun (set by measuring the
short circuit currents of occasional cells outside in a bright day
and setting the lamp to give the same current). Polysulphide elec-
trolyte (1 M Na,S, 0.1 M S and 0.1 M NaOH) was used for both
I-V and IPCE measurements. The redox couple, electrolyte and
concentrations were chosen both for optimum cell performance
and stability for repetitive measurements. Measurements were
performed with backside illumination, i.e., illumination through
the glass substrate side (as shown in Scheme 1), unless specified
otherwise.

SEM (scanning electron microscopy) measurements were
performed with a SUPRA 55VP LEO microscope.

3. Results and discussion
3.1. CdSe deposition directly on TiO;

CBD deposition of CdSe can occur by two fundamentally
different mechanisms: ion-by-ion and cluster deposition [20].
As it is likely that the structure and some of the other properties
of the TiO,/CdSe composite will be affected by the deposition
mechanism, we deliberately chose conditions where deposition
occurred via one or the other mechanism. Illumination of the
film during CdSe deposition accelerated the rate of deposition
for both mechanisms compared with deposition in the dark
for, but without any obvious effect on the photoelectrochemi-
cal performance. [llumination was previously found to increase
the rate of deposition and sometimes also the nature of the
deposit in CBD. The latter effect was ascribed to the occurrence
of photoelectrochemical deposition in parallel with chemical
deposition [23-26]. Samples described below were deposited
under normal fluorescent room lighting. Stronger illumination,
e.g., in direct sunlight, resulted in preferential deposition near
the illuminated surface. The resulting inhomogeneity through-
out the thickness of the film caused by strong illumination
decreased the overall photoelectrochemical performance of the
cell.

SEM cross-sectional imaging with electron-dispersive X-ray
fluorescence specrtroscopy (EDS) analyses showed that the dis-
tribution of Cd and Se was essentially homogeneous throughout
the thickness of the porous TiO; film for both mechanisms. This
result was expected for ion-by-ion deposition but less so for the
cluster deposition. For the latter it was thought that the initial
Cd(OH), colloids might be too large to penetrate the porous
network.

There was also no difference in the photocurrent—voltage
behaviour of electrodes made using the two different deposi-
tion techniques. Typical I-V plots for such electrodes are shown
in Figs. 1 and 2.

3.2. CdS deposition on TiO;

CdS is deposited on the TiO, much more readily than is CdSe.
XRD of the CdS-on-TiO, showed the cubic (sphalerite) phase
of CdS with an average particle size, determined from the peak
broadening, of ca. 3.5 nm. EDS analysis of the deposit showed a
large Cd excess (Cd:S ratio ~5). Based on the mode of deposi-
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Fig. 1. (Photo)current—(photo)voltage measurements of a cluster-deposited
CdSe film on TiO, and on CdS-coated TiO, (AMI1 equivalent illumination as
described in Section 2). The vertical arrows designate the change in characteris-
tics from the initial scan to the stable electrode after several scans. Dark curves:
crosses—CdSe; diamonds—CdS/CdSe.

tion of the CdS, it is expected that this excess is due to deposition
of Cd(OH); which is not removed by gentle rinsing.

3.3. CdSe deposition on CdS/TiO»

Deposition of CdSe onto the TiO,/CdS films by either cluster
orion-by-ionreactions is considerably faster than the same depo-
sition on bare TiO,. We ascribe this to pre-adsorbed/deposited
Cd(OH); or to the presence of a highly non-stoichiometric CdS
layer. As with CdSe deposition directly onto TiO;, illumina-
tion (room light) increases the deposition rate even further, but
has no major effect on the final photoelectrochemical perfor-
mance in comparison to depositions done in absolute darkness.
In both cases, whether deposited by ion-by-ion or by cluster
mechanisms, Cd and Se are found more or less homogeneously
throughout the TiO, film, with a slightly stronger decrease in Se
toward the FTO substrate than in the S or Cd as seen from the
EDS data in Fig. 3.

One difference between the two types of films is the broad
peak in the dark /-V of the CdS/CdSe sample (open circles,
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Fig. 2. As Fig. 1 but for ion-by-ion-deposited CdSe. The CdSe on TiO, sam-
ple was stable from the first scan. All the dark curves were similar and are
depicted as a single curve. The characteristics of the stabilized cell were:
Jsc=10.5mA cm™2; Voc =660 mV; FF=39.5% giving an efficiency of 2.8%.
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Fig. 3. (a) Cross-section SEM image of a standard cell (ion-by-ion TiO,/CdS/CdSe); (b) elemental distribution (uncorrected raw data), measured by EDS, of Cd, Se
and S throughout the thickness of the film. The front surface of the film is at ca. 1 wm and the SnO; interface at ca. 9 pm.

Fig. 1), which is seen for all cluster-deposited films during the
first I-V scan. This peak, which disappears after the first scan,
is not at all observed for any of the other types of samples,
i.e., CdSe—whether cluster or ion-by-ion—without CdS; ion-
by-ion CdSe on TiO,/CdS; TiO,/CdS. XPS analyses show S in
reduced form (due to S/Se exchange [27]) in the cluster CdSe
on TiO,/CdS after cell operation in the polysulphide electrolyte,
but no S in the equivalent ion-by-ion CdSe on TiO,/CdS cells.
It appears that the peak is due to an anodization reaction in the
polysulphide solution.

There is also a clear difference in the photoelectrochemi-
cal behaviour of the resulting photoelectrodes, depending on
the CdSe deposition mechanism. Short-circuit currents (Isc)
are considerably higher with ion-by-ion deposition (Fig. 2) than
with cluster deposition (Fig. 1). Ion-by-ion deposition is known
to give larger crystallite sizes than the cluster mechanism [20].
This is reflected in the transmission spectra of the films (Fig. 4),
which are found to be red-shifted by ca. 50 nm compared to the
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Fig. 4. Transmission spectra of a cluster-deposited CdSe (gray curves) and an
ion-by-ion-deposited CdSe (black curves) on TiO,/CdS. The beginning of the
horizontal arrows shows the as-deposited films and the end shows the films after
several /-V scans.

cluster ones, resulting in larger photocurrents, all other factors
being equal. We were unable to measure the crystallite size of
the CdSe layers by XRD for these samples using the main (1 1 1)
peak of (cubic) CdSe since the presence of the TiO, made the
CdSe peak width impossible to estimate. However, using the
smaller (220) CdSe peak at 260 =42°, and correcting for the
partially overlapping rutile peaks, a rough estimation could be
made. The crystal size using this method was found to be ca.
5nm for both mechanisms (this size is expected for the clus-
ter mechanism but a larger size of at least 8 nm is expected for
the ion-by-ion deposition [20]. Neither could we estimate the
crystal size reliably from the optical spectra, since the shapes of
the spectra resembled to some extent those of films electrode-
posited from selenosulphate solutions, which do not follow a
simple direct band gap behaviour [28]. This, in itself, is evi-
dence for photoelectrochemical deposition as described above.
Based on the optical spectra in Fig. 4, and the known depen-
dence of CBD CdSe band gap on crystal size [20,29] we can
estimate an upper limit for the crystal sizes, assuming a direct
band gap behaviour, of 8 nm for the ion-by-ion deposition and
4.7nm for the cluster deposition. Based on our knowledge of
electrodeposited films from similar solutions, it is likely that the
crystal size in ion-by-ion deposits is ca. 5 nm as suggested by the
XRD data, and that close contact between neighbouring crystals
(or possibly between the CdSe and TiO;) reduces the degree of
size quantization [28].

It may be argued that the Cd(OH), which we believe to be
present in the CdS-coated TiO;, would result in a cluster deposi-
tion, even if a solution which normally results in an ion-by-ion
deposition is used. This argument would be supported by the
apparently small crystal size (ca. 5 nm estimated from XRD) of
the ion-by-ion CdSe. However, the difference between the clus-
ter mechanism deposition solution and that which proceeds by
the ion-by-ion mechanism is the presence of enough complex
(NTA) in the latter to prevent formation of Cd(OH);. This means
that the ion-by-ion deposition solution should dissolve at least
most of the Cd(OH); in the porous layer in contrast to the cluster
deposition solution. This is confirmed by EDS analyses which
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show a large decrease in the Cd:(S + Se) ratio, from ca. 5 for
the CdS/TiO; film to ca. 1.6 after 15 min of CdSe deposition,
when the reaction is still in the early stages and the Se:S ratio
is 0.6 compared to 3.5 at the end of the deposition (3 h, when
the Cd:Se:S ratio is 1:0.87:0.25 measured by EDS at the front
surface of the film). This means that much, but not all, of the
Cd(OH), has been removed by the deposition solution.

The remaining Cd(OH); will eventually be converted to small
crystal size CdSe by the selenosulphate (see Section 3.4). This
might offer a partial explanation for the apparent small crystal
size of the ion-by-ion deposits. However, we should still see
a narrower XRD peak riding on the broader one due to the
Cd(OH),-derived CdSe and this is not the case. It is possible
that the restricted space in which the CdSe is deposited limits
the crystal size. Another possibility is that the ion-by-ion depo-
sition solution removes Cd(OH); which is not directly bound to
the TiO; leaving more strongly bound Cd(OH); The resulting
CdSe is also expected to be more strongly bound to the TiO»,
reflected in better electron transfer from the CdSe to the TiO,.

After operation in the polysulphide solution, Igc initially
increases for the cluster-deposited films, at times by a factor
of 2 or even more (Fig. 1) but decreases 10-20% for the ion-
by-ion deposited films during the first few scans (Fig. 2) and
then stabilizes. The increase for the cluster-deposited films is
accompanied by a visible darkening of the films in the polysul-
phide electrolyte. We ascribe this to crystallite growth of these
nanocrystalline CdSe films, which we find to occur in alkaline
solution. XRD, in spite of its limited reliability, does show a
clear narrowing of the (22 0) peak for the ion-by-ion samples,
equivalent to a crystal size of ca. 8 nm after operation in polysul-
phide. For cluster mechanism samples, we obtained a very rough
estimate of ~7 nm crystal size. It must be mentioned here, that
after brief polysulphide treatment accompanied with illumina-
tion which results in darkening just as after -V measurement,
the initially poorly adhering samples peeled off as flakes from
the FTO substrate completely. For this reason, we focused on the
ion-by-ion-deposited films where such peeling does not occur.

This poorer adherence of the cluster-deposited films may
explain their poorer performance compared to the ion-by-ion
films: poor adherence of the CdSe/TiO; to the FTO, even if not
manifested by visible peeling, is expected to cause a reduction
in the photocurrent. However, other possibilities to explain the
difference in photoelectrochemical performance should not be
ignored, particularly in view of the lack of correlation between
the apparent crystal size of the ion-by-ion films and their optical
spectra. This could be explained by closer packing of the crystals
compared to the cluster deposits leading to charge overlap and
reduction of size quantization as suggested above. Such closer
packing of the CdSe could also improve the photoelectrochem-
ical behaviour. As discussed earlier, loss of quantization and
improved photoelectrochemical behaviour might also be con-
nected with stronger binding of the CdSe to the TiO5.

3.4. Selenosulphate conversion

Treating the TiO,/CdS samples with an aqueous seleno-
sulphate solution results in the conversion of much of the
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Fig. 5. Transmission spectra of a CdS-on-TiO; film (left spectrum) and the
spectra after various immersion times (labeled in the figure) in selenosulfate
solution.

CdS/Cd(OH), deposit into CdSe. This can be seen from the
changes in transmission spectra of CdS-coated TiO; as a func-
tion of selenosulphate treatment time (Fig. 5). It is likely that
Cd(OH), reacts with selenosulphate to form CdSe, which is
the main process in the cluster mechanism of CdSe deposition
by CBD. In support of this expectation, if the CdS/Cd(OH),
coated TiO» is treated with K3NTA prior to selenosulphate treat-
ment, no CdSe forms. This is because the K3NTA dissolves any
free Cd(OH),. In contrast, if the CdS/Cd(OH);-coated TiO; is
treated with CdCl; solution, the rate of growth of CdSe by sub-
sequent selenosulphate treatment is increased.

Use of selenosulphate to convert a Cd(OH);, deposit to CdSe
has the potential advantage over the other methods that the orig-
inal CdS/Cd(OH); deposition limits the amount of CdSe that
can be formed. As a result no additional CdSe (or Cd(OH);)
is formed which might block the pores of the films. The I-V
behaviour of these films, an example of which is shown in Fig. 6,
is respectable although inferior to ion-by-ion samples .

The in situ selenization method can be compared to that,
used to convert a In(OH),:S, layer deposited by CBD on porous
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Fig. 6. (Photo)current—(photo)voltage measurements of a selenosulphate-
treated (for 3 h) CdS-on-TiO; electrode. Solid line: first scan. Broken line: final
(stabilized) scan.
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(ca. 60% of AM 1.5).

TiO, by treating it with Pb?* (cation exchange instead of anion
exchange) [30]. The resulting layer contained some PbS. In that
case, the short circuit current of the resulting photoelectrochem-
ical cell was less and the open circuit voltage more than for an
electrode made by simple dipping.'

3.5. Spectral response of the photocurrent

All the films show a pronounced enhancement of quantum
efficiency if white light is added to the chopped monochromatic
light (Fig. 7). The enhancement varies from 3 to 15 times and
can be attributed to trap filling, which leads to better electron
transport in the overall composite film.

White light bias also appears to give a large red shift (typi-
cally 50 nm) and a sharpening of the onset of the spectra with
white light for both TiO,/CdS and TiO,/CdS/CdSe. However,
this apparent red shift upon white light illumination is actually
seen to be a very gradual increase of a low photocurrent with
decreasing wavelength at the same onset as for white light illumi-
nation, followed by a sharper photocurrent increase at a shorter
wavelength (Fig. 9). Since this true onset correlates with the
onset of absorption in transmission measurements, the appar-
ent red shift in the photocurrent spectra with white light means
that the white light increases the collection efficiency near the
absorption onset. To explain this phenomenon, we discuss first
how the locus of the light absorption influences the collection
efficiency.

Very large differences in the spectral response are observed,
depending on whether the cell is illuminated from the backside
(BS), the usual configuration in this work, or from the front side
(FS). Figs. 8 and 9, the latter with an expanded quantum effi-
ciency scale, show that for FS illumination, the charge collection

I The In(OH), S, layer did improve the overall performance, including the
current, of a solid state cell using CulnS, as absorber and hole conductor.
Electron—hole recombination was shown to be decreased by the interfacial
In(OH), S, layer) [30].

50
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Fig. 8. Spectral response for a ion-by-ion-deposited CdSe on TiO,/CdS pho-
toelectrode with different illumination configurations. MC refers to monochro-
matic illumination while WL refers to the while light bias. The subscripts “F”
and “B” designate front side and backside illumination, respectively.

efficiency is always much lower than for BS illumination. Also
for FS illumination white light increases the current several-
fold. FS illumination results in a fairly narrow spectral response
peak at ca. 610 nm, something that is clearest seen with white
light. The drop in current at short wavelengths is not due to light
absorption by the polysulphide solution because that solution
does not absorb near 600 nm. Rather, the difference between
FS and BS illumination is that in the FS case, light is absorbed
far from the substrate, which is where the electron—hole pairs
are generated, while for BS illumination electron—hole gener-
ation is maximum close to the substrate (Scheme 2). The fact
that we see the peak in the spectral response can, therefore, be
explained by a short effective diffusion length of electrons in
the TiO,, much less than in the standard DSSC, where elec-
trons can efficiently cross the entire ca. 10 wm thickness of the
porous TiO, layer. The short diffusion length must be due to
strong recombination, the source of which may be re-injection
of electrons from the TiO, back into the electrolyte or possibly
into the CdS/CdSe. While the conduction band of CdS (and to
a lesser extent, CdSe) is normally higher than that of the TiO»,

Quantum Efficiency (%)

400 500 600 700
Wavelength (nm)

Fig. 9. As Fig. 8 but with an expanded quantum efficiency scale.
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Scheme 2. Schematic diagram indicating the relative loci of light absorption in
the porous layer depending on direction of illumination and wavelength of light.
While both red and blue light are absorbed stronger at the illuminated side of
the film than farther into the film, the red light penetrates further into the film
than does the blue light.

the conduction band lineups are not so clear in the present case
because of the high pH, which will shift the TiO; bands negative
to a greater extent than any corresponding shifts of the CdS(e).
The recombination cannot be due to recombination of electrons
and holes in the CdS/CdSe since, if that was the major loss pro-
cess, the quantum efficiencies for BS illumination would also be
low.

Why are electrons, after their injection from CdS/CdSe into
the TiO, so much more readily re-injected into the electrolyte
than is the case for the standard DSSC? The most logical differ-
ence is in the nature of the electrolyte, polysulphide instead of
polyiodide (ferro/ferricyanide gave much poorer results than the
polysulphide). We could not use the polyiodide electrolyte that
is used in the DSSC since CdSe is both photoelectrochemically
and chemically unstable in this electrolyte.

If we are correct in assuming that the photocurrent, and, there-
fore, the photovoltage is limited by back injection of electrons
from the TiO; to the electrolyte, then introducing a tunnel bar-
rier at the adsorber—TiO, interface which has been shown to
reduce recombination in the DSSC [31,32], may be beneficial.
Of course, such a layer, if too thick, will reduce current since it
will reduce the efficiency of electron transfer from CdSe(S) to
TiO,. In preliminary experiments in this direction we found that
coating TiO; with ZnO (as described in Section 2) did reduce the
photocurrent somewhat, although the fill factor increased which
compensated most of the decrease.

We can now suggest a cause for the apparent red-shift of
the photocurrent if white light is added, viz. the poor collection
efficiency for electrons that are injected far from the substrate.
From the transmission spectrum of the standard sample (Fig. 4),
we see that near the absorption onset much of the light passes
through the film and much of what is absorbed, will be absorbed
far from the substrate. White light illumination, particularly
from the backside, greatly increases the collection efficiency for
monochromatic illumination near the absorption edge for both
BS and FS illumination. This increase can be explained, as was
the overall increase in collection efficiency for BS cells under
white light illumination above, by better conductivity of the film
due to trap filling. In other words, the increased conductivity of
the film due to white light results in a larger improvement for
monochromatically photons, the farther they are absorbed from
the substrate, i.e., photons with an energy only slightly larger
than the band gap.

For the FS cell, where even the near-band gap light is absorbed
relatively far from the substrate (e.g., from Fig. 4, it can be
calculated that only a few percent of the 600 nm illumination
is absorbed within 1 or 2 pwm from the substrate), the improved
conductivity due to white light illumination can increase the
near-band gap illuminated cell, but is not sufficient to allow
collection from higher energy photons absorbed very far from
the substrate (hence the peak in the response—Fig. 7). A much
thinner TiO, layer would be expected to perform better under
FS illumination.

3.6. Role of the CdS or Cd(OH);

Probably the main question to be answered is: why does a
CdS/Cd(OH); prelayer improve the performance so much? In
the following we provide some guidelines and possibilities to
answer this.

Simplistic considerations of the CdS/CdSe band lineup, tak-
ing into account size quantization and complete depletion of the
nanocrystals lead to the expectation that the CdSe conduction
band (more correctly, level) will be a little lower than that of
the CdS while the CdSe valence band will be possibly slightly
higher than that of the CdS. This would imply that photogener-
ated electrons (to a smaller extent, also holes) would be localized
in the CdSe and that electron transfer from the CdSe to the CdS
would be impeded relative to direct transfer from CdSe to TiO».
However, such a conclusion would be highly oversimplified for
anumber of reasons. One is that, assuming that holes are readily
transferred from the CdSe to the polysulphide electrolyte (as is
often accepted in this system), then charging of the CdSe with
electrons could lift the CdSe conduction band above that of the
CdS. Another is the effect of the high pH of the electrolyte on the
band edges described above. Thirdly, changes of the assumed
complete depletion (i.e. midgap Fermi levels) by charge gen-
eration means it only requires very small perturbations to shift
these levels by some tenths of an eV, and such shifts could dra-
matically change the band offsets, which are not expected to be
very large to begin with.

It may also be oversimplified to assume that the CdSe is
connected via the CdS to the TiO,. It is possible that the active
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CdSe forms from the excess Cd remaining after CdS deposition
directly on the TiO». In this case, the better performance of the
cell containing CdS could be due either to the different nature of
the CdSe (or TiO,/CdSe junction) deposited by this manner or
to some passivation effect of the CdS on the TiO, surface rather
than connected with energy level alignments.

A recent study of photoelectrochemical cells using PbS dip-
coated onto porous TiO, showed that coating the PbS with a
further coat of CdS (or CdS followed by ZnS) approximately
doubles the photocurrent [33]. They explain this improvement
as caused by cascading of electrons from CdS to PbS to TiO».
This appears to be an unlikely explanation: if this were the case,
then improvement would be seen only for wavelengths where
CdS absorbs, while in fact, the improvement extends over the
entire spectral range of the PbS absorption. A more likely expla-
nation is that the CdS cap passivates the PbS with respect to
electron—hole recombination. This would then increase the prob-
ability of electron injection into the TiO;.

4. Conclusions

CdSe-sensitized porous TiO, photoelectrochemical cells
were studied with emphasis on the mode of (chemical bath)
deposition of the CdSe. Deposition of a Cd(OH),-rich CdS
layer prior to CdSe deposition resulted in a major improve-
ment in performance. Treatment of this CdS (Cd-rich) layer
by selenosulphate instead of direct CdSe deposition resulted
in performance only a little poorer than that obtained using
CdSe deposition onto the CdS. CdSe deposited by an ion-by-
ion process was found to give superior cell performance to
that deposited by a cluster process. Illumination during the
CdSe deposition increased the rate of deposition. Frontwall-
illuminated cells were far inferior to backwall cells, and showed
a narrow spectral range of photoactivity, indicating the high
rate of recombination of electrons in the TiO,. The chopped
monochromatic spectral response was several times less than the
same response when an additional constant white light source
was used and this was explained by trap filling leading to better
electron transport in the porous TiO,. Stabilized solar efficien-
cies up to 2.8% were obtained in cells using a polysulphide
electrolyte.
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