
686 Chem. Mater. 1994,6, 686-691 

Visible Light Sensitization by 
cis- Bis (thioc yanato) bis (2,2‘- bipyridyl-4,4‘- 

dicarboxylato)ruthenium(II) of a Transparent 
Nanocrystalline ZnO Film Prepared by Sol-Gel Techniques 

Gareth Redmond and Donald Fitzmaurice* 
Department of Chemistry, University College Dublin, Dublin 4, Ireland 

Michael Graetzel 
Institute de Chimie Physique, Ecole Polytechnique Federale de Lausanne, CH-1015, 

Lausanne, Switzerland 

Received December 20, 1993. Revised Manuscript Received March 2,1994’ 

Transparent nanocrystalline ZnO films have been prepared on a conducting glass substrate 
by sol-gel techniques. Their sensitization by adsorption of a ruthenium-based complex and 
subsequent incorporation as the light harvesting unit in a regenerative photoelectrochemical 
cell are described. The  resulting device has a monochromatic incident photon-to-current 
conversion efficiency of 13% a t  520 nm. 

Introduction 

Highly efficient regenerative photoelectrochemical cells 
based on visible light sensitized transparent nanocrys- 
talline films of Ti02 have recently been described.’ The 
most efficient cell of this type, based on a Ti02 film 
sensitized by an adsorbed monolayer of cis-bis(thiocy- 
anato) bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium- 
(11) molecules, possesses a solar-to-electric energy con- 
version efficiency of 10% .2 To date, reported work has 
concentrated on optimization of the sensitizer molecules 
and electrolyte solutions used in such cells. Relatively 
little attention has been given to the use of alternate 
transparent nanocrystalline semiconductor films. 

We have described preparation of transparent nano- 
crystalline ZnO films.3 Preparation of these films was 
facilitated by a recently reported method for preparation 
of ZnO sols described by Spanhel and Ander~on.~  Using 
these films and adsorbed ci~-bis(thiocyanato)bis(2,2’- 
bipyridyl-4,4’-dicarboxylato)ruthenium(II) as a sensitizer, 
it has been possible to construct a regenerative photo- 
electrochemical whose efficiency compares favourably with 
previously reported values for this semicond~ctor.~ 

Experimental Section 

Preparation of Transparent Nanocrystalline ZnO Films. 
Ethanolic dispersions of ZnO were prepared at 40 “C following 
the procedure of Spanhel and Anderson.‘ Reagents used were 
the following: Zinc acetate dihydrate (Fluka, puriss), lithium 
hydroxide (Merck), and absolute ethanol (Fluka, puriss over 
molecular sieve). The resulting dispersion was allowed age for 
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Table 1. Monochromatic Conversion Efficiencies for 
Regenerative Photoelectrochemical Cells B a d  on 

cb(NCS)&usmL&3ensitized ZnO Films Having 
Thicknesses between 0.5 and 1.5 pm and Fired for 1 h at 

Temperatures between 300 and 400 OC 
firing temp A,, thickness IPCE(520 nm) 

( O C )  (Abs. Units) (um) ( % I  
One Layer 

300 0.38 0.6 7 
350 0.29 0.5 6 
400 0.28 0.6 7 

350 0.31 0.8 13 
350 0.61 1.0 13 

350 0.42 1.5 1 

Two Layers 

Five Layers 

3 days at room temperature and centrifuged to remove the larg 
(bulk) ZnO particles. These particles cause streaking in si 
sequently formed films. Using a quasi-elastic light-scatter 
technique (Brookhaven BI 2030), the average particle d ime 
of the above dispersion was determined to be 10 (i1) nm. 7 le 
above dispersion was reduced on a rotary evaporator to yield a 
sol of 150 g dma ZnO. Triton X-100 (1 % by volume) was added 
to facilitate f i i  formation. Preparation of ZnO films on a 
conducting indium tin oxide (ITO) glass substrate (Flach Glas 
0.3 pm coating) has been described in detail elsewhere.s Briefly, 
the conducting glass substrate was fiied to a clean surface using 
adhesive tape. This tape formed a guide between which the ZnO 
sol was spread using a glass rod. Films, formed as a result of the 
application of between one and five layers of ZnO, were fired at 
temperatures between 300 and 400 “C for 1 h in air. The resulting 
films were between 0.5 and 1.5 pm thick; see Table 1. Film 
thickness was determined using a Tencor Instruments alpha- 
step 200 apparatus with an accuracy of i O . 1  pm. Immediately 
following firing, a UV-visible spectrum was recorded for each 
film using an HP 8452A diode-array spectrophotometer. A piece 
of IT0 glass, fired with the film, was used as a reference. Note 
that all films were prepared immediately prior to use. Surface 
morphology of these f i i  was studied by high-resolution scanning 
electron microscopy (SEM) performed at 10 kV on a Hitachi 
S-900 ‘in-lens” field-emission SEM. 

Sensitization of Transparent Nanocrystalline ZnO Films. 
Prior to sensitization freshly prepared films were heated at their 
firing temperature for 20 min to activate the film surface by 
removing adsorbed water. The still warm electrode (about 80 
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Figure 1. High-resolution scanning electron micrograph of a 
nanocrystalline ZnO film (0.5-rm thickness) deposited on 
conducting glass following sintering for 1 h a t  350 OC. 

"C) was immersed in a 1o-S mol dm* ethanolic solution of cis- 
bis(thioeyanato)bis(2,2'-bipyridyl-4.4'diboxylato)the- 
(11). hereafter denoted by cis-(NCS)zRu"Lz and referred to as 
the sensitizer. The film remained in the above solution for up 
to'ldays. Thesensitized film wasstored in ethanoluntilrequired 
for use. 

Photoelectrochemical Characterization of Sensitized 
Films. Monochromatic incident photon-to-current conversion 
efficiencies IPCE(A) were determined using a thin-layer regen- 
erative photoelectrochemical cell configuration; see eq 1 below. 
The working electrode (typically about 0.5 cm2) was formed by 
the cis-(NCS)zRu"Lz-sensitized transparent ZnO films whme 
preparation is described above. The counter electrode consisted 
of a thin platinum layer electrodeposited on IT0 glass. An inert 
spacer (45 pm) was used to define the active area of the working 
electrode and to prevent the cell shorting upon clamping the 
working andcounter electrodestogether. Theelectrolytesolution 
consisted of 0.5 mol dm" KI (Fluka, anhydrous) and 0.03 mol 
dm3 I2 (Fluka, anhydrous) in an ethylene carbonate (EC) and 
acetonitrile (MeCN) mixed solvent system (6040% hy volume). 
Thedry electrolytesolution wasattracted into the interelectrode 
cavity hycapillaryforces. The workingelectrodewas illuminated 
from the IT0 glass side by a 450-W xenon lamp followed by 
polycarbonate and Schott Tempax 113 (3 mm) filters. This 
configuration was used to simulate AM 1.5 type solar radiation 
and to determine the percentage solar-to-electric energy conver- 
sion efficiency q2. The intensity of the illuminating source was 
determined using a YSI Kettering Model 65A radiometer. 
Insertion of an Oriel Corp. Model 77250 monochromator (500- 
nm blaze, 120-rm slit width, and 2-nm handpass) provides an 
illumination source for determination of the monoehromatic 
conversion efficiency, IPCE(X). The potential applied to the 
cell was controlled usinga PAR Model 362 scanning potentiostat. 
Typically a potential of 0.1 V (SCE) is applied to the working 
electrode. To measure the potential current curves, a Graph- 
Tec WX2400xyrecorderwascombined with theahovescanning 
potentiostat. Finally, to study the potential dependence of the 
IPCE(X) a three-electrode single-compartment cell was used. The 
sensitized film formed the working electrode, the counter 
electrode was Pt,and thereference, connectedviaan appropriate 
salt bridge, was a saturated calomel electrode (SCE). For all of 
the above cell characterization techniques, the resulting data are 
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Fimm2. (a)Absorptionspeetnuninethauolofananoerystalline 
ZnO film (0.5rm thickness) sintered on conducting glass for 1 
h at 350 OC (1) before and (2) after immersion in a 3 X lW mol 
dm* ethanolic solution of cis-(NCS)zRu"L, for 7 days. (b) 
Difference (1) of spectra in (a) compared with (2) spectrum of 
2 X 106 mol dm" cis-(NCS)zRu% in ethanol. 

uncorrected for intensity losses due to light absorption and 
reflection by the glass supports. 

Results 
Preparation and Characterization of Transparent 

Nanocrystalline ZnO Films. Some studies were per- 
formed in an attempt to optimize aspecta of film prepara- 
tion. Parameters varied were film thickness and firing 
temperature. On the basis of the results of these pre- 
liminary studies, summarized in Table 1, subsequent 
experiments were performed using films formed by 
application of one and two layers of ZnO, having thick- 
nesses between 0.4 and 0.8 pm, fired in air at 350 OC for 
1 h, and containing 1 % by volume Triton X-100. These 
films were sensitized by adsorption of cis-(NCS)zRu"Lz 
from a 103 mol dm3 ethanolic solution for 7 days. Shown 
in Figure 1 is the SEM of a ZnO film (0.5-pm thickness) 
fired at 350 "C for 1 h prior to sensitization. The  porous 
nature of this film is apparent. Shown in Figure 2a are 
the UV-visible spectra of a similar film in ethanol 
prior to and following sensitization by adsorbed cis- 
(NCS)2Rur*L~. We note the absorption maximum of the 
adsorbed sensitizer (500 nm) is blue shifted with respect 
to that of the free complex (534 nm); see Figure 2b. 

Photoelectrochemical Characterization of Cell. 
The  IPCE(X) was determined for a thin-layer cell, into 
which had been incorporated the sensitized film whose 
spectrum is shown in Figure 2 (active area 0.38 em2), at 
10-nm intervals between 400 and 750 nm. IPCE(X) was 
calculated using eq 1. The resulting photocurrent action 

1.24 X l@[photocurrent density (&cm2)1 

[wavelength (nm)l[photon flux (W/m2)1 
IF'CE(X) = 

(1) 

spectrum is plotted in Figure 3. Ala0 shown are the  
normalized spectra of the free and adsorbed sensitizer in 
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Figure 3. Photocurrent action spectrum (fiied circles) for 
sensitized nanocrystalline ZnO film in Figure 2 (active area 0.38 
cm% The spectrum was obtained using a thin-layer cell 
containing 0.5 mol dma KI and 0.03 mol dma 1 2  in an ethylene 
carbonate acetonitrile mixture (60:40 by volume) solvent mixture 
and operating in the short-circuit mode. Also shown are 
normalized absorption spectra (1) for cis-(NCS)~RunLa adsorbed 
at ZnO and (2) free in ethanolic solution. 
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Figure 4. Photocurrent-potential curve for 520 nm (51.3 mW 
cm-9 irradiation of a nanocrystalline ZnO f i i  (0.4pm thickness, 
active area 1.0 cm2) sensitized by adsorbed cis-(NCS)2RuQ (Ab20 
0.42). The ZnO film formed the working electrode of a three- 
electrode single-compartment photoelectrochemical cell; the 
counter electrode was Pt-coated conductingglass. The saturated 
calomel reference electrode was connected by an appropriate 
salt bridge. The electrolyte solution was 0.6 mol dm4 KI and 
0.03 mol dma 1 2  in an ethylene carbonate acetonitrile (6040 by 
volume) solvent mixture. 

0.8 1 

Photovoltage (mV) 

Figure 5. Photocurrent-voltage characteristics of a thin-layer 
cell based on a cis-(NCS)2RuznLz sensitized ZnO film (0.8-pm 
thickness, Abm 0.31, pCE6a 13%) containing 0.5 mol dm4 KI, 
0.03 mol dm" 1 2  in ethylene carbonate-acetonitrile (6040 by 
volume). The counter electrode was Pbcoated conducting glass. 
Conditions: AM 1.5 spectral irradiance (119 mW cm-2), room 
temperature, active area0.51 cm2. The onset of the dark current 
is also shown. 

ethanolic solution. We note that the photocurrent action 
spectrum matches most closely that of the free sensitizer. 
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Figure 6. Effect of light intensity on the short-circuit photo- 
current of a thin-layer cell based on a cis-(NCS)&unLpsensitized 
ZnO f i b  (0.6-pm thickness, 0.26, IPCEsm 6 % ) containing 
0.5 mol dm4 KI, 0.03 mol dm" 1 2  in ethylene carbonate- 
acetonitrile (W40 by volume). The counter electrode was Pt- 
coated conducting glass. Conditions: AM 1.5 spectral irradiance, 
room temperature, active area 0.31 cm2. 

Shown in Figure 4 is a plot of IPCE(X) a t  520 nm (51.3 
mW cm-2) measured as a function of the applied potential 
(SCE) in a single-compartment three-electrode cell. The 
working electrode consisting of a nanocrystalliie ZnO film 
(0.4-pm thickness, active area 1.0 cm2) sensitized by 
adsorbed cis-(NCS)2RunL2 (absorbance a t  520 nm equal 
to 0.42). 

A current-voltage curve measured for a cis-(NCS)z- 
Ru"L2-sensitized ZnO film (0.8-pm thickness, absorbance 
a t  520 nm equal to 0.31, IPCE(520 nm) 13%, active area 
0.51 cm2), using simulated AM 1.5 type solar radiation, is 
shown in Figure 5. From this curve we calculate a fill 
factor using eq 2. Vopt (415 mV) and Iopt (1.06 mA cm-2) 

are the cell voltage and current a t  maximum power output. 
V, (550 mV) is the cell open-circuit photovoltage and I, 
(1.22 mA cm-2) is the cell short-circuit photocurrent. For 
the cell whose current-voltage curve is shown in Figure 5, 
we determine the fill factor to be 0.66. The solar conversion 

100 X fill factor X V, (VI X I, (A/m2) 
d%) = (3) 

light intensity (W/m2) 

efficiency is calculated using eq 3. We determine q to be 
0.4%. 

Shown in Figure 6 is a plot of the short-circuit photo- 
current against the intensity of the incident simulated 
solar radiation (Type AM1.5). The response is ap- 
proximately linear over the range studied (0.1-1.0 sun) 
for a cis-(NCS)2RunL2-sensitized ZnO film (0.6-pm thick- 
ness, A520 0.26, IPCEs2o 6%, active area 0.31 cm2). 

Discussion 

The monochromatic incident photon-to-current conver- 
sion efficiency of the regenerative photoelectrochemical 
cell described above is 13 % a t  520 nm. Analogous devices 
based on nanocrystalline Ti02 possess IPCE(X)'s of 
between 85% and 95% a t  the same wavelength.2 An 
understanding of the reasons for the significantly smaller 
IPCE(X) of the ZnO-based device would assist in identify- 
ing strategies for optimization of a cell based on this 
semiconductor. The IPCE(X) a t  a wavelength X is given 
by eq 4. LHE(X) is the monochromatic light harvesting 
efficiency, &j is the quantum yield for charge carrier 
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IPCE( A) = LHE( A)&,jqc (4) 

injection, and qc is the fraction of injected charge carriers 
which reach the external circuit. Each of these terms will 
be considered. 

Light-Harvesting Efficiency. Absorbance by ad- 
sorbed sensitizer molecules at 520 nm is 0.22; see Fig- 
ure 2. Using the molar extinction coefficient of cis- 
(NCS)2Ru211L2 in ethanol (1.42 X lo4 mol-' cm-' a t  534 
nm), we estimate an adsorbate concentration of 2 X 10-8 
mol cm-2 or 1 X 10'6 molecules cm-2.2 Applying eq 5, where 
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complex suggests that the metal-to-ligand transition in 
molecules which photoinject an electron is not energetically 
perturbed upon a d s o r p t i ~ n . ~ * ~  This differs from the 
reported behavior of this sensitizer on a Ti02 substrate, 
there being a significant red shift of the photocurrent action 
spectrum with respect to the spectrum of the free complex.2 
This red shift is accounted for by delocalization of the A* 

state of the sensitizer ligand into the Ti02 conduction 
band following complexation via the carboxylate groups 
of the bipyridyl ligands. Failure to observe such behavior 
in the case of a ZnO-based cell would suggest that those 
molecules which photoinject are interacting with the 
semiconductor substrate either very weakly or in a 
qualitatively different manner. In the former case we 
would continue to envisage chelation of the sensitizer 
through the carboxylate groups of the bipyridyl ligands 
to surface Zn2+ atoms, but the degree of delocalization of 
the A* state into the conduction band of the semiconductor 
substrate is limited. The very much slower uptake of 
sensitizer by ZnO (7 days), compared to Ti02 (1 h), is 
consistent with there being a weak interaction between 
sensitizer and substrate. The reduced interaction dimin- 
ishes the rate of electron injection, kinj. In the latter case 
the sensitizer may interact with the ZnO substrate through 
the NCS- ligands. I t  is also possible that the sensitizer is 
chelated through one NCS- ligand and one carboxylated 
bipyridyl ligand. Consistent with this view, Danzmann 
and Hauffe have shown that selected azo dyes exhibit 
sensitizing ability if two OH groups or one OH and a 
nitrogen atom are present with the required relative 
geometry.1° It  was concluded from measured photocurrent 
action spectra that it is the zinc chelate that is the 
sensitizing chemical entity and not a dye molecule adsorbed 
at the surface. However, these workers also note that while 
chelation is necessary for sensitization, it is not sufficient. 

The other aspect of this question, i.e., those adsorbed 
sensitizer molecules which do not photoinject following 
electronic excitation, is addressed by comparing the 
spectrum of the adsorbed sensitizer molecules with that 
of the free complex and the photocurrent action spectrum; 
see Figure 3. Generally, the observed blue shift in the 
spectrum of the adsorbed complex may be assigned to one 
of the following: a change in the dielectric constant a t  the 
semiconductor electrode-electrolyte solution interface; dye 
molecules adsorbed as aggregates or oligomers; dye 
molecules chemisorbed site specifically.ll At  present it is 
not possible to distinguish between these possibilities. 
However, it is possible to conclude that a significant 
fraction of these molecules are adsorbed in a manner such 
that they do not inject an electron into the semiconductor 
substrate following photoexcitation. There is precedent 
to support this assertion. Memming and co-workers have 
shown that for a cyanine dye adsorbed a t  a SnO2 electrode 
the photocurrent action spectrum does not agree with the 
spectrum of the sensitized electrode.12 This was accounted 
for by the fact that for such molecules charge injection by 
the monomer was more efficient than injection by dimers 
or higher aggregates. In a similar study Spitler has shown 
that sensitization of ZnO single-crystal electrodes by 
rhodamine B results in two classes of adsorbed molecules.13 

LHE(A) = 1 -lO-rO(x) (5) 

r is the number of moles of sensitizer per square centimeter 
and Q is the absorption cross section in units of cm2/mol 
(1.42 X lo7 cm2 mol-l), we calculate a LHE(A) of 0.48 a t  
520 nm. The above value is half that measured a t  the 
same wavelength for a nanocrystalline Ti02 film sensitized 
by the same molecule.2 The reduced LHE(A) is a 
consequence of an adsorbed sensitizer concentration that 
is one-seventh that present in the case of TiO2. The 
reduced sensitizer uptake is attributed to smaller rough- 
ness factor due to the reduced thickness of the film (0.5 
um for ZnO, compared to >5 vm for TiO2). 

Injection Efficiency. A value of 0.48 a t  520 nm for 
the LHE(X) of the sensitized nanocrystalline ZnO film in 
Figure 2 only partly accounts for the IPCE(X) of 8%) 
measured at the same wavelength following incorporation 
of this film into the cell for which results are given in 
Figure 3. Therefore we must consider whether @inj is 
significantly less than the value of close to unity reported 
for Ti02 based cells.2 &j is given by eq 6, where kinj is the 

kinj 
dinj = - 

7-l + kinj 

rate constant for electron injection by the electronically 
excited sensitizer and r is the excited-state lifetime in the 
absence of charge in je~t ion .~  A value of kinj for cis-(NCS)n- 
Ru"L2 adsorbed a t  ZnO is not available. However, kinj 
would have to be 4 orders of magnitude smaller than the 
corresponding value for Ti02 P1.4 X loll s-l),6 assuming 
an unchanged excited-state lifetime for the adsorbed 
sensitizer (50 ns),2 before &j would be reduced signifi- 
cantly. Concerning the excited-state lifetime of the 
adsorbed sensitizer, the fact that the photocurrent action 
spectrum closely resembles that of the free complex 
suggests that the lifetime of those molecules for which 
charge injection is facile may be close to that of the free 
complex.8 To account for the IPCE(A) of 8% at  520 nm 
for the cell in Figure 3 a value for Scqhet of 0.17 is necessary. 
If we assume that qc is unity, then &,j is 0.17 and only one 
in six excited sensitizer molecules photoinject an electron 
into the conduction band of the ZnO substrate following 
absorption of a suitably energetic photon. 

To understand why &j might be significantly less than 
unity, we consider the photocurrent action spectrum shown 
in Figure 3. The close agreement between the photocurrent 
action spectrum and the absorbance spectrum of the free 
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1990, 94,8720. 

1982,86,4516. 

(9) Gulino, D.; Drickamer, H. J.  Phys. Chem. 1984,88, 1173. 
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(11) Gerischer, H.; Willig, F. Top. Curr. Chem. 1976, 61, 31. 
(12) Memming, R. Faraday Discuss. 1974,58, 261. 
(13) Spitler, M. J. Phys. Chem. 1986,90, 2156. 

79, 438. 
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First, those which photoinject an electron following 
photoexcitation and for which the rate of back electron 
transfer is slow; second, those which photoinject an electron 
following photoexcitation and for which the rate of back 
electron transfer is fast. The former account for the 
measured photocurrent action spectrum; the latter do not. 
Similar behavior was reported for Rose Bengal by 
Danzmann and Hauffe and has been described above.1° 

In summary, we suggest that sensitizer molecules 
adsorbed a t  the semiconductor-electrolyte solution in- 
terface do not undergo photoinduced separation with unit 
efficiency as in the case of TiO2. Assuming qc is unity we 
obtain a lower limit of 0.17 for dinj. 

Charge Collection Efficiency. If $3 is greater than 
0.17, qc will be less than the value of unity assumed above. 
Studies which might be used to estimate qc in nanocrys- 
talline ZnO electrodes are not available. However, such 
studies are ongoing for nanocrystalline Ti02 electrodes 
and are considered below. 

Time-resolved laser photolysis studies have shown that 
electrons injected by electronically excited dye molecules 
can percolate without significant loss through the network 
of interconnected particles present in nanocrystalline Ti02 
 electrode^.^ The efficiency of this process is in part due 
to a sufficiently rapid reaction of the relay (iodide) with 
the oxidized sensitizer and in part due to reverse biasing 
of the photoelectrode. In the absence of a reverse bias, 
photoinjected electrons mainly react with the oxidized 
relay and/or sensitizer as is the case for unsensitized and 
sensitized colloidal particles of Ti02.14J5 The data pre- 
sented in Figure 4 is consistent with this general view. At 
applied potentials more negative than about -0.3 V (SCE), 
the measured IPCE(A) a t  520 nm is less than 1 % . As a 
more positive potential is applied, the measured IPCE( A) 
increases to a constant value of about 7 % . The above 
data suggest a value of about -0.3 V (SCE) for the flatband 
potential of the sensitized nanocrystalline ZnO electrode 
based on a comparison with similar data for a Ti02 
nanocrystalline electrode for which the flatband potential 
is In short, a potential gradient within the 
sensitized ZnO nanocrystallites constituting the cell 
electrodes is necessary for efficient charge separation. 

Recent studies have also considered charge separation 
and collection yields following bandgap excitation of a 
nanocrystalline Ti02 electrode in a conventional three- 
electrode cell.ls Time--resolved photoconductivity ex- 
periments have been performed by Schwarzberg and 
Willig17 and Konenkamp e t  ~ 1 . 1 8  There appears to be 
agreement, consistent with the reduced mobility of pho- 
toinjected  electron^,^ that transport is by a hopping 
mechanism between trap states.1G18 These traps may be 
either defects within the constituent particles of the 
nanocrystalline film or defects a t  the grain boundaries.l6J8 
For very small nanocrystallites such a distinction may not 
be important. It is also accepted that under illumination 
equilibrium trap occupancy is greater and that average 
distances related to transport properties are probably 
longer than the average diameter of the constituent 
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particles.18 Related to the former is the effect of trap- 
filling on the Fermi level and therefore the potential field 
a t  points within the nanocrystalline film.17 Further, it 
has been shown that chelation of sensitizer molecules to 
the Ti02 surface promotes surface states assigned to Ti4+ 
atoms into the conduction band and increases the rate of 
charge accumulation.'g 

No equivalent studies are available for nanocrystalline 
ZnO films. Possible mechanisms of charge conduction 
within and between the sintered crystallites of ZnO films 
similar to those used in these studies have been discussed 
by other workers.20t21 Generally, however, it is accepted 
that the defects present in ZnO thin films, and conse- 
quently the mechanism of charge carrier transport, are 
strongly dependent on the method of Work 
directed toward characterizing the defect and transport 
properties of the ZnO films used in these studies is in 
progress. At this time it is not possible to accurately 
estimate qc for nanocrystalline ZnO films. 

Optimization of Cell. It is clear from the above 
discussion that improvement of the IPCE(X) of the ZnO- 
based cell described above will require an increased uptake 
of the sensitizer and a higher electron injection yield. 

Some initial experiments were performed which provide 
insight into possible practical methods for improving the 
total solar-to-electric conversion efficiency of a ZnO-based 
cell. Specifically, films prepared from a single layer of 
deposited ZnO nanocrystallites were fired for 1 h a t  300, 
350, and 400 "C. Firing a t  these temperatures results in 
sintering of the constituent crystallites. Sintering is 
performed in air to prevent loss of oxygen from the 
crystallite surfaces and formation of ametalliczinc l a ~ e r . ~ 3  
There is no apparent decrease in porosity a t  the higher 
firing temperatures. This assertion is supported by 
examination of SEMs of the film surfaces, by the fact that 
the film thickness remains constant between 0.5 and 0.6 
pm and by the fact that the amount of cis-(NCS)2Ru11Lz 
adsorbed from solution does not differ significantly. The 
corresponding IPCEs20 of about 7 % , as expected, also 
shows no significant variation. These results are sum- 
marized in Table 1. Films prepared from two layers of 
deposited ZnO nanocrystallites were on average thicker, 
specifically, ranging from 0.8 to 1.0 pm. No reproducible 
increase in dye uptake was observed as a consequence of 
increased film thickness. However, there does appear to 
be a significant increase in IPCE(%) a t  520 nm to a 
maximum reproducible value of 13 7% ; see in Table 1. Films 
prepared from five layers of ZnO while showing a similar 
degree of dye uptake have a very significantly reduced 
IPCE(A) a t  520 nm of about 1%. Further work in this 
area is in progress. 

Conclusions 

Transparent nanocrystalline ZnO films have been 
prepared on an I T 0  glass substrate by sol-gel techniques. 
Their sensitization by adsorption of cis-(NCS)2RunL2 and 
subsequent incorporation as the light-harvesting unit in 
a regenerative photoelectrochemical cell has been de- 
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scribed. The resulting device has a monochromatic IPCE- 
(A) of 13% a t  520 nm and a simulated AM 1.5 solar 
conversion efficiency of 0.4 5%. Analysis of the components 
of the IPCE(A) suggest that the lower efficiency compared 
with an analogous TiOz-based device is a consequence of 
reduced uptake of the sensitizing molecule and lower 
quantum yields for charge injection. The former is possibly 
due to reduced porosity of the semiconductor film and to 
reduced affinity of the sensitizer for the semiconductor 
substrate. The latter is due to weaker interaction of the 
dye with the electrode surface. The lowering of cell 
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efficiency due to reduced charge collection efficiency 
cannot be accurately estimated. 
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