View metadata, citation and similar papers at core.ac.uk

brought to you by

provided by Institutionelles Repositorium der Leibniz Universitat Hannover

Nanoparticulate Dye-Semiconductor Hybrid Materials
Formed by Electrochemical Self-Assembly as Electrodes
in Photoelectrochemical Cells

Kazuteru Nonomura?, Thomas Loewenstein?, Esther Michaelis?, Peter Kunzed,
Manuela Schiekd, Jens Reemts®, Mirian Yoshie Iwaya®, Michael Warkf,

Jiri Rathousky®, Katharina Al—Shameryd, Achim Kittel®, Jiirgen Parisi®,

Dieter WohrleP, Tsukasa Yoshida®, and Derck Schlettwein?

4 Institut fiir Angewandte Physik, Justus-Liebig-Universitéit GieBen, Heinrich-Buff-Ring 16,
35392 GieBlen, Germany

4 Institut fiir Organische und Makromolekulare Chemie, Universitidt Bremen, Germany

¢ Abteilung Energie- und Halbleiterforschung, Institut fiir Physik, Universitét Oldenburg, Germany

d Physikalische Chemie 1, Institut fiir Reine und Angewandte Chemie, Universitit Oldenburg,
Germany

¢ Environmental and Renewable Energy Systems, Faculty of Engineering, Gifu University, Japan

f Institut fiir Physikalische Chemie und Elektrochemie, Universitit Hannover, Germany

2 J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,
Prague, Czech Republic

Reprint requests to J. P.; E-mail: parisi @ehf.uni-oldenburg.de
Z. Naturforsch. 64a, 518 — 530 (2009); received January 26, 2009

Dye-sensitized zinc oxide thin films were prepared, characterized and optimized for applications as
photoelectrochemically active electrodes. Conditions were established under which crystalline thin
films of ZnO with a porous texture were formed by electrochemically induced crystallization con-
trolled by structure-directing agents (SDA). Dye molecules were adsorbed either directly as SDA
during this preparation step or, preferably, following desorption of a SDA. The external quantum effi-
ciency (IPCE) could thereby be increased significantly. Particular emphasis was laid on dye molecules
that absorb in the red part of the visible spectrum. Model experiments under ultrahigh vacuum (UHV)
conditions with dye molecules adsorbed on defined crystal planes of single crystals aimed at a deeper
understanding of the coupling of the chromophore electronic 7-system within molecular aggregates
and to the semiconductor surface. Detailed photoelectrochemical kinetic measurements were used to
characterize and optimize the electrochemically prepared dye-sensitized ZnO films. Parallel electri-
cal characterization in vacuum served to distinguish between contributions of charge transport within
the ZnO semiconductor matrix and the ions of the electrolyte in the pore system of the electrode.

Key words: Electrodeposition; Photosensitization; Film Growth; Adsorption; Electrical
Conduction.

1. Introduction ported the successful preparation of dye-loaded ZnO

semiconductor thin films by electrodeposition in the

Dye-sensitized electrodes of wide-bandgap semi-
conductors like TiO; or ZnO represent a photochem-
ical approach to a regenerative solar cell that provides
both considerable fundamental insight and technical
promise [1—-4]. Even if TiO, is the most success-
ful electrode material up to now [4] ZnO offers im-
portant advantages for technical applications [5—12]
mainly since crystalline films can be obtained by elec-
trochemical deposition during electrolysis of aqueous
zinc salt solutions without any annealing steps that
would limit the choice of substrates. Earlier, we re-

presence of water-soluble dyes based on simultane-
ous self-assembly of ZnO and the adsorbed dye, yield-
ing a homogeneously coloured ZnO film with porous
morphology [13]. Recently we have shown that im-
proved overall conversion efficiencies < 2.3% of pho-
toelectrochemical cells consisting of ZnO/dye hybrid
thin films can be achieved by extension of the one-
step procedure towards a two-step procedure that con-
sists of dye-desorption after electrodeposition and sub-
sequent adsorption of a wide choice of sensitizer
molecules [14].
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Table 1. Sample porosity calculated from film thickness and Zn-content of the films and specific surface area from Krypton
adsorption of a 1.5 um thick film grown in the presence of Eosin Y, following Eosin Y extraction, and following adsorption
of either Eosin Y, TSPcZn or N3 for 1 h in the respective dye solution.

Specific surface area (surface area in cm? divided by the geometric film area in cm?)

Porosity as-deposited film following extraction of the SDA following adsorption of
Eosin Y TSPcZn N3
63% ~1 110 (220)* 127 66 ~1(84)*
* Value determined for a film of 3 pm average film thickness.
In the present contribution we will show how this 0.06
approach can be utilized to tune in detail the ZnO elec- 0.05. o
trode structure and morphology by extending the range wg :
of both structure-directing agents (SDA) and sensi- ¢ 0041 4 "
tizer molecules. The photoelectrochemical character- § 0.03+ 2
istics of the obtained materials will be analyzed and 5 (g2 A s
model experiments will be used to reveal the role of 3 0.01. Oy x a
surface interactions and charge conduction in the ma- § *
trix materials. 0.00 -
50 b
2. Results and Discussion 5; 401 * N
c m]
2.1. Role of Dye Agglomeration and Pore 3 %01 4 A
Accessibility for the Performance of Electrodes & o209 4 ?
£ 10 “xX x
The two-step preparation method was used to X
0

increase the efficiency of cis-bis(isothiocyanato)-bis
(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II) (N3)
as a sensitizer for ZnO. N3 had proven almost ideal
for the sensitization of TiO, with a high external quan-
tum efficiency (incident photon conversion efficiency
IPCE) above 80% over a wide range of the visible
spectrum [4]. For films of ZnO deposited in the pres-
ence of N3, however, quite poor performance at [IPCE
< 5% was observed [15]. The efficiency increased to
IPCE < 50% in the two-step preparation when the dis-
odium salt of 2-(2,4,5,7-tetrabromo-6-hydroxy-3-oxo-
3H-xanthene-9-yl) benzoic acid (Eosin Y) was used as
SDA, removed in aqueous KNO;3 and finally N3 was
allowed to adsorb from a solution in ethanol (Fig. 1).
An improved efficiency for N3 could be reached if N3
was adsorbed in the ZnO pores and the pores were still
accessible to the electrolyte and agglomerate forma-
tion of N3 at the electrode surface as also proven by
time-resolved photocurrent measurements [16].

Since the accessibility of pores in ZnO is a fun-
damental prerequisite to obtain sensitized electrodes
of high efficiency, gas sorption experiments were per-
formed on the thin films to directly measure the acces-
sible sample surface area (related to 1 cm? of the sup-
port) and compared to the overall pore volume (given
as porosity) estimated from the deposited amount of

0 1 2 3 4
adsorption time / h

Fig. 1. (a) Amount of N3 taken up by films of ZnO (two-

step procedure with Eosin Y as SDA) with an average film

thickness of 0.6 um (x, 68% porosity), 2.4 um (A, 64%

porosity), and 2.5 pm (O, 55% porosity) during adsorption

of N3 from a solution in ethanol and (b) external quantum

efficiency (IPCE) of the films at the wavelength of 500 nm
1.2

and a photon flux of 5-10'5 photons s~!cm

ZnO, the average film thickness, and the density of
ZnO. Krypton had to be used as adsorptive gas because
the very small absolute surface area of the samples in
the range of only tens or hundreds square centimeters
require a significantly improved accuracy of the mea-
surements [17]. The results are summarized in Table 1
for Eosin Y as SDA and three different sensitizers: N3,
Eosin Y, and 2.,9,16,23-tetrasulfophthalocyaninatozinc
(TSPcZn). In spite of 63% porosity calculated from
the composition and thickness of the film, a negligi-
ble Krypton uptake was found for the as-deposited film
(specific surface area of only a few cm?/cm” desig-
nated as 1 in Table 1). The surface area was consid-
erably increased after Eosin Y desorption and then de-
creased again upon adsorption of N3. In the case of
Eosin Y or TSPcZn the specific surface area stayed
considerably higher or even increased. Therefore, the
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Fig. 2. Transient photocurrent measured at (a) one-step films of TSTPPZn/ZnO (i), TSPcZn/ZnO (ii) and (b) two-step films
of TSTPPZn/ZnO (i), TSPcZn/ZnO (ii) under illumination with visible light (385 —900 nm, light intensity: 200 mW cm—2)
in contact with acetonitrile-ethylene carbonate (v/v =4: 1) containing 0.5 M TBAI and 0.05 M I, at an electrode potential of

—0.2 V vs. Ag/NO;3.

adsorption conditions especially for N3 if used as a
sensitizer have to be adjusted very carefully to leave
the pores accessible (Fig. 1, Table 1) and to avoid pore
blocking.

It is one of the main goals to find alternative sensi-
tizers, that are readily available, that absorb in the long
wavelength part of the visible spectrum, and that do
not interact in such a destructive way with the ZnO
films as the N3 Ru complex. A large part of the photo-
electrochemical study was therefore dedicated to the
detailed study of TSPcZn as sensitizer. Because of
their close structural relation and to provide an ex-
ample of independently absorbing sensitizers in one
film (pan-chromatic sensitization) 5,10,15,20-tetrakis
(4-sulfonatophenyl)porphyrinatozinc (TSTPPZn) was
also studied. Hybrid thin films of crystalline ZnO mod-
ified by TSPcZn and/or TSTPPZn were prepared by
electrochemical deposition from aqueous zinc salt so-
lutions in either the “one-step” process with the sen-
sitizers adsorbed during ZnO deposition or by the
“two-step” method by chemical adsorption of the sen-
sitizers to ZnO that had been grown independently
in the presence of Eosin Y as SDA. In films con-
taining both sensitizers, they worked in parallel pro-
viding pan-chromatic sensitization. Recombination of
electrons injected into the conduction band of ZnO
with remaining defect electrons (holes) in the highest
occupied molecular orbital (HOMO) of the sensitiz-
ers was indicated for the one-step films by the over-
shoot of the photocurrent (Fig. 2a), but was consid-
erably suppressed for the films prepared by the two-

step method (Fig. 2b) showing an almost rectangular
response, standing for widely suppressed recombina-
tion. At a closer view, a rather slow increase of the pho-
tocurrent was observed upon opening of the shutter and
the photocurrent decayed quite slowly after closure of
the shutter. This observation indicates reversible trap-
ping and detrapping of charge, most likely in electron
traps of the ZnO semiconductor. Since TSPcZn/ZnO
with its higher photocurrent obviously was able to fill
these traps faster, an almost ideal rectangular response
was observed.

The increased surface area and suppressed recom-
bination led to a significantly increased photocurrent
for the films prepared by the two-step method (Fig. 2).
This could also be seen in a maximum IPCE = 10%
(TSTPP) and IPCE = 12% (TSPcZn) for the two-
step films as opposed to IPCE = 0.14% (TSTPP) and
IPCE = 0.6% (TSPcZn) for the one-step films [18].
It is interesting to note that in these cases the ZnO
film thickness and even the dye load or dye concen-
tration could be quite similar (Table 2) and still gave
significantly better performance for the films prepared
by the two-step method, also seen in a clearly in-
creased photocurrent when normalized to the amount
of sensitizers in the films (Table 2). The highest value
was reached for TSPcZn/ZnO prepared by the two-
step method, speaking for the highest quantum effi-
ciency in this case. Also for the films with both sen-
sitizers present the two-step preparation gives consid-
erably more efficient electrodes than the preparation in
one step.
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Table 2. Dye content and average film thickness of the investigated films and comparison of the observed photocurrents iy, at

an incident photon flux of 10'® s~! cm~2 normalized for the given dye content to provide a rough measure of the sensitization

efficiency.

Electrode material dye content/ film thickness/

dye content/

normalized normalized normalized

10~ mol cm™2 Wm 1075 mol cm ™3 iph (430 nm)/s ™! iph (560 nm)/s~! iph (680 nm)/s ™!

one-step
TSPcZn/ZnO 11.7 2.6 4.5 0.08
one-step
TSTPPZn/ZnO 16.2 2.7 6.0 0.14 0.06
one-step?
(TSPcZn+TSTPPZn)/ZnO 0.642

TSPcZn 22 0.29 0.10 0.05 0.52

13

TSTPPZn 6.0
one-step® 1.37
(TSPcZn+TSTPPZn)/ZnO TSPcZn 5.2 0.26 0.03 0.03 0.72

29.1

TSTPPZn 5.6
two-step
TSPcZn/ZnO 2.38 3.0 0.79 87.44
two-step
TSTPPZn/ZnO 17.4 2.5 6.9 14.54 3.73
two-step 4.30
(TSPcZn+TSTPPZn)/ZnO TSPcZn 3.0 14 3291 6.86 37.59

5.43
TSTPPZn 1.8

2 Prepared in the presence of 25 uM of TSPcZn and 25 uM of TSTPPZn in the preparation solution.
b Prepared in the presence of 50 uM of TSPcZn and 50 uM of TSTPPZn in the preparation solution.

2.2. Optimized Structure-Directing Agents and Their
Role in the Electrodeposition of Porous ZnO

To increase the porosity and surface area beyond
the level reached with Eosin Y, different types of
SDA were studied in the deposition of highly porous
ZnO films from oxygen saturated ZnCl, solutions.
Films were deposited in the presence of different small
molecules like benzoic acid, p-toluene sulfonic acid,
and benzene tetracarboxylic acid as model compounds
and of sodium dodecyl sulfate (SDS) as a representa-
tive of an anionic surfactant [19]. A mixed aqueous
solution of ZnCl, and KCI served as a bath for the
electrodeposition of the ZnO films. The different SDA
were added in increments to the deposition mixture
from concentrated stock solutions in 50 UM (calcu-
lated concentration in the deposition bath) steps, which
allowed to follow the rate of the film growth and es-
pecially the effect of additives on it in detail by mea-
suring the time evolution of the observed current den-
sity of ZnO deposition. Whereas the current density
usually reached only 0.15 mA/cm? in the deposition
of pure ZnO [20], the current increased to more than
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Fig. 3. Time evolution of the cathodic current density of ZnO
electrodeposition during the step-wise addition of benzene
tetracarboxylic acid (a), p-toluenesulfonic acid (b), benzoic
acid (c) and without any addition (d).

1 mA/cm? in the presence of 50 umol of some nega-
tively charged dyes, e. g. Eosin Y, because of the cat-
alytic effect of the dyes on the electrodeposition [21]. If
benzoic acid was added, the resulting current increased
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only slightly (Fig. 3). During the addition of p-toluene
sulfonic acid, however, a marked increase in the ca-
thodic current density became apparent. With benzene
tetracarboxylic acid, the effect is even larger, and big
steps in the current density were observed for each ad-
dition of the SDA (Fig. 3). The increase in the cur-
rent density during deposition seems to be correlated
mainly with the number of acid groups in the SDA
molecules and strong differences were observed. How-
ever, when the morphology of the deposited ZnO/SDA
films obtained at the same concentration of 50 UM of
each acid was compared, only small differences were
observed. The surface appeared quite flat in all cases
and no large pores (larger mesopores or macropores)
could be detected in the SEM images. Krypton ad-
sorption measurements confirm this by a specific sur-
face area below 20 cm?/cm?. In spite of a strong influ-
ence on the deposition as seen in the current, no mate-
rial with a developed porosity was obtained by adding
small organic acids to the deposition mixture.

Surfactants as opposed to small organic acids
are known to self-assemble into micellar aggregates,
which can serve as templates in the synthesis of meso-
porous molecular sieves. Also in electrodeposition, the
solid/liquid interface of the substrate in the plating bath
should provide a unique environment for surfactant
assembly. Since negatively charged head groups are
needed to bind to the growing ZnO film, we concen-
trated our studies on SDS as a prominent representa-
tive.

SDS was added to the deposition bath in different
final concentrations ranging from 50 uM to 1 mM ei-
ther in one step or by multiple addition. When SDS

K. Nonomura et al. - Nanoparticulate Dye-Semiconductor Hybrid Materials

(b)

Fig. 4. Time evolution of the cathodic current density in the
presence of 600 uM SDS for three individual experiments
lasting 5, 10, 20, 30 min (a) and SEM images of the deposited
ZnO within 20 min in the presence of 600 uM of SDS (b).

was added step-wise to the electrodeposition bath,
only a small influence on the cathodic current den-
sity was detected. However, the course of electrode-
position changed quite strongly when the concentra-
tion of SDS exceeded 400 uM. While below this limit
almost no influence was detected, for concentrations
above 600 UM (up to 1 mM) the films were mechan-
ically instable and full of cracks. Stable films without
cracks, but strongly altered morphology were obtained
for 600 uM SDS. The cathodic current of the elec-
trodeposition in the presence of 600 UM of SDS in-
creased within approximately 200 s to a constant final
value of 2.2 mA/cm?, nicely reproduced also for sub-
sequent individual experiments (Fig. 4a). The observed
steep increase in current up to a maximum value is
typical for three-dimensional crystallization. The ZnO
films deposited in the presence of 600 uM SDS were
highly crystalline as proven by XRD, up to 9 um thick
at a linear increase in average thickness with the de-
position time and highly porous (Fig. 4b) with a spe-
cific surface area of up to 650 cm?/cm? as obtained by
Krypton adsorption [19].

FT-IR spectra measured by attenuated total reflec-
tion (ATR) as well as EDX analysis confirmed the in-
corporation of SDS in the lamellae of ZnO seen in
SEM (Fig. 4b). In order to allow the preparation of
sensitized photoelectrodes in a subsequent step, SDS
was desorbed either by treatment with diluted aqueous
KOH leading to subtle differences in the morphology
or, more efficiently, by extraction with ethanol with-
out disturbing the crystallinity of ZnO. Photosensitiz-
ers like Eosin Y, TSPcZn or TSTPPZn could be incor-
porated from dye solutions. The dye uptake was lin-
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Fig. 5. Optical absorption spectrum of a porous ZnO film prepared in the presence of SDS as SDA with TSTPPZn and TSPcZn

both adsorbed following removal of SDS.

early correlated with the average film thickness of ZnO
deposited in the presence of SDS proving the uniform
structure of the films. Photoelectrochemical experi-
ments showed that the IPCE values were again consid-
erably higher than those of the one-step films of Eosin
Y/ZnO. The high values of ZnO grown in the presence
of Eosin Y, however, could not be reached, which was
most likely caused by an increased level of electron
traps in the present SDS-grown ZnO as indicated in a
rather slow increase of the photocurrent within 0.1 —
30 s at the beginning of illumination [22]. Figure 5
shows the optical absorption of SDS-grown ZnO with
TSTPPZn (absorption at ~ 420 nm) and TSPcZn (ab-
sorption at ~ 680 nm) leading to good panchromatic
absorption. The IPCE values of TSTPPZn/ZnO films
following the two-step preparation method were about
50 times higher than the values for films obtained in
one step with TSTPPZn present already during depo-
sition of ZnO [22].

2.3. Model Reactions at ZnO Surfaces under UHV
Conditions

The model experiments served to explain the varia-
tion in the crystal morphology of the electrochemically
deposited ZnO films depending on the preparation con-
ditions and the chosen SDA in the deposition bath.
The self-assembly of ZnO in the presence of different
SDA molecules was attributed to a different strength
of their interaction with different crystal planes and a
resulting preferential growth of ZnO into specific crys-
tallographic directions [13]. Single-crystals of ZnO
with different orientations were used as model sur-

faces. The O-terminated H(1 x 1)-ZnO (000-1) and the
mixed-terminated ZnO (10-10) surfaces were used as
a substrate to deposit thin films of phthalocyanines
and structurally related dye molecules. In order to
provide compatibility to the UHV conditions manda-
tory for this work, the molecules had to be deposited
by physical vapour deposition and the chemical an-
chor groups had to be avoided. Instead, the unsubsti-
tuted parent compounds were studied in situ to serve
as models for the hybrid systems. When the unsub-
stituted phthalocyaninatozinc (PcZn) was deposited
on either ZnO(000-1) or ZnO(10-10) clearly different
optical absorption spectra with significantly different
splitting patterns in the electronic transitions were ob-
tained, indicating a significantly different intermolecu-
lar coupling and hence significantly different growth of
these molecules on the different crystal faces of ZnO
(Fig. 6). Beyond the clear influence of acid groups
on ZnO growth as apparent from the electrochemical
study (Fig. 3), also the molecular centre of the dye
molecules had an interaction different to the two ZnO
faces leading to the different molecular aggregation.
This observation is of relevance beyond the influence
of dyes as SDA on film growth but indicates different
electronic coupling of the centre of the chromophores
to the different ZnO planes. Such electronic coupling,
however, will play a decisive role in the process of sen-
sitization and needs to be pursued further. Since the
substrate was oriented almost perpendicular to the ana-
lyzing light beam (parallel to its field vector) the higher
integral absorbance (proportional to *R/R) for compa-
rable average film thickness indicates that the molec-
ular transition dipole of PcZn is oriented close to par-
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Fig. 6. Optical reflection spectrum of PcZn as a function of average film thickness (calibration via quartz micro balance) when

deposited on (a) ZnO(000-1) or (b) ZnO(10-10).

allel to the substrate surface (“lying”) when deposited
on ZnO(10-10) whereas it is oriented close to perpen-
dicular (“standing’”) when deposited on ZnO(000-1).
Since the hybrid materials of ZnO were prepared
from aqueous precursor solutions, water adsorption
on different ZnO crystal planes was studied. Further-
more layer growth of water on ZnO is also a good
model to mimic the formation of hydrogen bonds
which are also of importance for interaction of ZnO
with dyes containing carboxylic, sulphonic, phospho-
ric, OH, NH; or related functional groups. While wa-
ter adsorption on ZnO(10-10) was already reported

0.001 %
transmission

3650 3600 3550 3500

wave number [cm'1]

Fig. 7. Vibrational spectrum of the OH-stretching region of
the clean H(1 x 1)O-ZnO(000-1) crystal recorded in reflec-
tion at grazing incidence (6°).

in the literature [23], multilayer adsorption of water
on the polar ZnO(000-1) had not been studied. Expo-
sure of a clean ZnO(000-1) surface to water vapour at
room temperature led to the formation of a sharp, well-
defined hexagonal low energy diffraction (LEED) pat-
tern revealing the presence of a (1 x 1) surface struc-
ture. Investigations with reflection high energy elec-
tron diffraction (RHEED) at various azimuthal angles
have shown that no reconstruction is apparent paral-
lel to the surface. Infrared spectroscopy was used to
further analyze the interaction (Fig. 7). The IR spec-
trum of the OH stretching region of a ZnO(000-1)
shows the vibrational band at 3572 cm ™! that is unique
for the ZnO surface. The signals at 3648 cm~' and
3615 cm™! are due to absorptions from some of the
optical components as shown by reference measure-
ments without ZnO [24]. These experiments provide
the first direct evidence that the O-ZnO(000-1) is hy-
drogen terminated under the chosen experimental con-
ditions. OH-groups are known to play an essential part
within the growth of ZnO from aqueous precursor so-
lutions. Further adsorption of water led to multilay-
ers on this well defined single crystal of hydroxyl-
terminated H(1 x 1)-O-ZnO(000-1) surface as well or-
dered mono-, bi- and multilayers of D,O and H,O.
Temperature-programmed desorption yielded activa-
tion energies of 40.3 kJ/mol and 44.2 kJ/mol. Fur-
ther exposure to water at 113 K resulted in the for-
mation of amorphous 3D-islands. These results dif-
fer substantially from results on the mixed termi-
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Fig. 8. Arrhenius plots of the temperature dependent conductance of either pure ZnO or ZnO with either Eosin Y or ZnPTS
adsorbed in (a) darkness and (b) under illumination with white light of 0.1 mW/cm?.

nated ZnO(10-10), where a more complex scenario for
ZnO(10-10) has been found in which every second wa-
ter molecule of a full monolayer dissociated while the
remaining water molecules were strongly bound by a
“key-lock” type structural arrangement [23]. The re-
sulting water adlayer formed a well-defined (2 x 1) su-
perlattice of intact water molecules which is stable up
to 360 K. The comparison of these results indicates
that the ZnO(10-10) surface should exhibit a more
pronounced ability to participate in hydrogen bridg-
ing with adsorbed SDA or sensitizers and that the two
studied surfaces show significantly different interac-
tion with OH and hence different optimum adsorption
geometries and preferred binding sites for the studied
SDA and sensitizers leading to the different film mor-
phologies observed in electrodeposition.

2.4. Electrical Conduction and Photoconduction in
ZnO/Dye Hybrid Materials

Since samples of ZnO grown in the presence of
Eosin Y or other small SDA molecules often showed
short circuits upon evaporation of metal contacts, the
electrical characterization is focussed on ZnO grown
in the presence of SDS (Fig. 4), which could be con-
tacted safely. Both pristine ZnO electrodes, from which
SDS had been removed by KOH treatment, and ZnO
electrodes, to which either EosinY or TSPcZn was
subsequently adsorbed, were studied. A quadratic de-
pendence of the current on applied voltage was ob-
served for all three materials, speaking for space-
charge-limited currents (SCLC) [25] caused by attenu-

ation of the applied electric field by the injected charge
carriers. This model seems adequate for the electrodes
in these conduction measurements since no charge-
compensating ions are available in the pores. This situ-
ation is of course different from the photoelectrochem-
ical experiments where ions are present and a com-
bined conduction of electrons in ZnO and ions in the
pores filled by electrolyte leads to clearly enhanced
currents. The conduction measurements therefore yield
insight into the electrical properties of the pure elec-
trode material without electrolyte.

Electrical conduction and photoconduction upon il-
lumination at characteristic wavelengths were studied
at low applied potential avoiding the complications of
space charge limitation. The experiments were also
performed under variation of the sample temperature
(Fig. 8). With decreasing temperature, the conductivity
of both the dark and the illuminated samples decreased
by orders of magnitude according to

AE
O = Opexp _ﬁ s

where AE gives the activation energy of conduction.
It consists of a contribution also from a temperature
dependence of the charge carrier mobility but dom-
inated by a thermal activation of the charge carrier
concentration and is described in the most straightfor-
ward way by the energy difference between an elec-
tron trap state and the conduction band in the case of
n-ZnO [26]. k is Boltzmann’s constant, and T is the
sample temperature. The fits of this function to the ex-
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perimental data show good agreement with two char-
acteristic activation energies AE] and AE; and a transi-
tion temperature in the range of 170 K for all samples.
The calculated values are AE; = 238 meV and AE, =
396 meV for the pure ZnO, AE| =220 meV and AE, =
452 meV for ZnO/EosinY, and AE, = 548 meV for
the ZnO/TSPcZn. We relate the two different activa-
tion energies to trap bands at these energies below the
conduction band of ZnO. At the transition temperature
Ty =~ 170 K, the same concentration of electrons is ex-
cited from each trap band and

E; E,
niexp (—ﬁ) = exp (—m)

then leads to a relation of trapped charge in the two trap
bands of ny/ny ~ 5-10* for the pure ZnO. The adsorp-
tion of the sensitizers had a clear influence on the dis-
tribution of the traps in the material as already seen in
the decrease of conductivity and confirmed by the ob-
served changes in the activation energy. Introduction
of the sensitizers led to a trap distribution extending
further into the band gap leading to the increased acti-
vation energies and lower conductivity.

Under illumination the conductivity rose by some
orders of magnitude and the activation energies de-
creased for all three types of materials. For the pure
ZnO deposited in the presence of SDS this can be ex-
plained by a high trap concentration leading to a sit-
uation similar to amorphous semiconductors [27, 28],
thereby confirming the high trap concentration al-
ready concluded from the photoelectrochemical mea-
surements. For the dye loaded ZnO illumination leads
to an excitation of electrons from the ground state of
the dyes. From this first excited state electrons can
be transferred to the conduction band of ZnO as also
seen in the photoelectrochemical experiments. There-
fore, the concentration of electrons in the conduction
band of the ZnO/dye hybrid material increased, and,
hence, the conductivity rose. The highest increase of
the conductivity under illumination could be observed
in case of the Eosin Y sensitized material, explained
by a higher amount of Eosin Y in the hybrid mate-
rial when compared with TSPcZn. We calculate the
thermal activation energy under illumination to AE| =
112 meV and AE, =202 meV for the pure ZnO, AE; =
84 meV and AE; = 200 meV for the Eosin Y loaded
material, and AE; = 70 meV and AE> = 354 meV for
the ZnTSPc loaded ZnO. The decrease in activation en-
ergy relative to the dark conductivity by about a factor
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0.5 can again be regarded typical for amorphous mate-
rials, if aside from electron traps near the conduction
band also hole traps near the valence band are consid-
ered [27,28].

The observed photoconduction showed rather slow
increase and even slower decrease when the light was
switched on and off, pointing to a large concentra-
tion of deep traps. Persistent photoconductivity (PPC)
was observed also earlier for ZnO [29,30] or other
II-VI semiconductors [31]. Typical relaxation times for
the decreasing photoconductivity were in the range of
some hours up to several days, but the increasing con-
ductivity under illumination was found to stem from
faster process (Fig. 9). Different models have been pro-
posed to explain the origin of PPC and in many cases,
PPC was attributed to metastable defects present be-
tween a shallow and a deep trap state [29,30]. The
dependence of the observed slow changes was stud-
ied in dependence on the illumination wavelength to
differentiate between contributions of the ZnO matrix
and adsorbed dye molecules. A photoconductivity sig-
nal also for pure ZnO already occurs under illumina-
tion with red light corresponding to a photon energy of
1.9 eV, far below the band gap energy and increased
for higher photon energies, again typical for materials
with a high concentration of traps. ZnO with adsorbed
Eosin Y showed a particularly high photocurrent un-
der illumination with green light, corresponding to the
absorption peak of Eosin Y around 520 nm. The build-
up and decay transients of the photocurrent follow a
non-exponential time dependence and functions of the
form

I=1I(1—exp(—t/7)")

which could be fitted to the rise of the conductivity un-
der illumination and of the form

I=Iyexp(—t/7)%

to the decay when the illumination was switched off.
The corresponding fits are shown by solid lines in the
plots of Figure 9. The curves could be jointly fitted
with % = 0.76 for all rising curves and 3 = 0.57 for the
decay curves, indicating one respective trapping mech-
anism in the electrodes. The characteristic time con-
stant T describes the initial relaxation process, when
the light is switched on or off. It spreads over a range
between 5300 s and 23500 s, confirming widely differ-
ent concentration and energy distribution of trap lev-
els in the different samples. The smallest value was
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Fig. 9. Photocurrent versus time curves for (a) ZnO and (c) ZnO/Eosin Y after illumination with five different excitation
wavelengths (LEDs B 656 nm, ¢ 594 nm, A 534 nm, ¥ 474 nm, ¢ 440 nm) was switched on, for (b) ZnO and (d) ZnO/Eosin
Y samples after illumination was switched off. The thin solid lines indicate stretched exponential fits.

reached for ZnO with adsorbed Eosin Y, when the illu-
mination with green light was switched off, explained
by fastest saturation of the effect for strongly absorbed
light.

The observed changes on the time scale of hours
could only be observed because the samples were an-
alyzed in a pure state in an inert vacuum environment.
In the photoelectrochemical experiments in the pres-
ence of a redox electrolyte, relaxations occurred within
0.1-30 s because of competing charge transfer [22].
Nevertheless both types of experiments clearly showed
the strong influence of trap levels on the photocon-
duction and photovoltaic characteristics of the present
ZnO electrodes prepared in the presence of SDS.

3. Conclusions

The interplay of experimental methods from a range
of different fields has been used to determine the key
parameters to optimize the performance of sensitized
ZnO electrodes prepared by electrodeposition. Water

adsorption was found to play a crucial role on bare
surfaces of ZnO and adsorption of different structure
directing agents (SDA) was also found to directly in-
fluence the observed current during electrochemical
deposition and the resulting morphology of the ZnO
thin films. The current of the O,-reduction and hence
ZnO precipitation was found to increase not only upon
addition of Eosin Y as an electrocatalyst but also in
the case of organic acids like toluenesulfonic acid or
benzenetetracarboxylic acid lifting the blocking of the
surface by Zn>"-addition [20]. Crystalline ZnO with
a large accessible inner surface as determined by gas
sorption measurements was in particular obtained by
addition of the anionic surfactant SDS. Deposition of
unsubstituted phthalocyanines as model chromophores
showed different adsorption and aggregate formation
on the different pure ZnO surfaces in UHV indicat-
ing different electronic interaction of the chromophore
system with different faces of ZnO. It can therefore
be assumed that aside from acidic chemical anchor
groups also the interaction with the chromophore sys-
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tem plays a role in ZnO crystallization. Consequences
of the electronic coupling of the chromophores on
the photoelectrochemical performance of electrodes
have to be assumed and should be investigated further.
Temperature-dependent measurements of the electrical
conduction and photoconduction under illumination at
different wavelengths showed the presence of deep trap
levels in the porous ZnO matrix and also in the hy-
brid materials with adsorbed sensitizers leading to long
response times and persistent photoconduction in the
samples if measured in vacuum. Photoelectrochemical
measurements in the presence of a redox electrolyte
showed much faster response times because of fast in-
teractions with these trap levels. A detailed character-
ization of the electrode kinetics clearly revealed the
relevance of an optimized inner surface area with ad-
sorbed sensitizers that are accessible by the redox elec-
trolyte and of a maintained high electrical conductivity
at preferably low trap density also in the porous ZnO
matrix. These parameters reflect the need for a good
accessibility of the sensitizers for both electronic trans-
port in the semiconductor matrix and ionic transport in
the electrolyte. Both transport pathways are attenuated
by an increased surface area of the electrodes. An in-
creased surface area, however, allows an increased sen-
sitizer concentration and hence increased light harvest-
ing. Experiments are on the way to further optimize the
materials by a strategic pore design of different pore
sizes and their optimum distribution in the film.

4. Experimental

The synthesis and preparation of 5,10,15,20-tetrakis
(4-sulfonatophenyl)porphyrinatozinc (TSTPPZn) and
2,9,16,23-tetrasulfophthalocyaninatozinc(II) (TSPcZn)
was performed as reported earlier [32], all other chem-
icals were purchased commercially. The electrodepo-
sition of ZnO/dye hybrid materials was carried out in
a three electrode single compartment cell containing
70 mL of solution with a saturated calomel electrode
(SCE) as reference electrode, a Zn wire as counter
electrode and 2.5 x 1.5 cm? pieces of F-doped SnO,
on glass (ASAHI GLASS) as working electrode under
potentiostatic control (Wenking Potentiostat ST 88) at
—0.9 V vs. SCE for 30 minutes at 70 °C. The one-step
electrodepositions were carried out from aqueous solu-
tions with 0.1 M Zn(NO3), and 25 — 50 uM of the dyes.
The “two-step” films were prepared from ZnO/Eosin Y
(or ZnO/SDS, respectively) grown as described above,
but from an oxygen-saturated solution of 5 mM ZnCl,
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(FLUKA, > 98%), 0.1 M KCIl (ROTH, > 99%) and
50 uM Eosin Y (ALDRICH) or 600 uM SDS and on a
rotating electrode (500 RPM) [19]. The SDA was then
desorbed overnight by a treatment in aqueous KOH
(pH 10.5). Different sensitizers were subsequently ad-
sorbed from solutions in ethanol or water. UV-vis spec-
tra were measured in transmission using a HITACHI
U-3000 spectrometer or a PERKIN ELMER Lambda
9 using air as reference. The film thickness was mea-
sured by an ALPHASTEP or VEECO Dektak 3 surface
profiler. The dye content of the films was analyzed by
UV-vis absorption spectroscopy following dissolution
of the films in 7 N aqueous NHj solutions. The sur-
face area of the films was determined from adsorption
isotherms of Krypton at 77 K measured by an ASAP
2010 apparatus (Micromeritics). Prior to each adsorp-
tion measurement, samples were outgassed at 150 °C
over night, this temperature being the upper limit of the
stability of the organic components contained within
the films. For the determination of the small surface
areas of thin films containing only about 1 mg of ZnO
per cm?, the adsorption of Krypton at 77 K was cho-
sen because its saturation vapour pressure is low at this
temperature. Consequently the “dead space” correction
for gas molecules that are not adsorbed is small enough
to measure the low amount of adsorbed gas with rea-
sonable precision [17].

The photoelectrochemical study was performed in
a conventional three-electrode arrangement in a 5 mL
glass cell with the deposited thin film as a window
of the cell illuminated from the glass/FTO side and
used as the working electrode, a Pt counter electrode
and a Ag/AgNOj; reference electrode with acetonitrile
(ROTH, 99.9%) as internal solvent. A 1:4 by vol-
ume mixture of acetonitrile with ethylene carbonate
(FLUKA, > 99%) dissolving 0.5 M tetrabutyl-ammon-
ium iodide (TBAI, SIGMA, 99%) and 0.05 M Io-
dine (SCHARLAU, 99.8%) was used as electrolyte.
The measurements were performed at a potential with
negligible dark currents (—0.2 V vs Ag/AgNO3). For
the time-resolved measurements, an ORIEL 1000 W
xenon arc lamp equipped with a water filter and a UV
cutoff filter to restrict illumination to the visible range
(385 nm—900 nm) at 200 mW cm ™2 was used. The il-
lumination time of the electrode was controlled using a
mechanical shutter. The shutter needed about 10 ms to
reach a completely open (or closed) position as mea-
sured with a SIEMENS SFH 291 silicon-PIN-photo-
diode. The potentials and currents were measured with
a JAISSLE Bi-Potentiostat-Galvanostat with a rise
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time of 100 us connected to a HAMEG HM 305 os-
cilloscope. Photocurrent spectra were measured with
a BUNKO KEIKI CEP-2000 spectral sensitivity ana-
lyzing system adjusted to 10'® photons cm=2 s~!. The
results are generally reported in terms of the IPCE (In-
cident Photon Conversion Efficiency), the amount of
electrons in the external circuit divided by the amount
of photons incident on the electrode. To provide an es-
timate of the sensitisation efficiency of the dyes in the
different electrodes, however, the observed photocur-
rent was also normalised on the dye content to obtain a
number comparable to a turnover frequency in cataly-
sis [33] by dividing the photocurrent density (in terms
of electrons generated per second in a unit electrode
area) by the dye content per unit electrode area.

The model adsorption and desorption experiments at
single crystalline ZnO faces were performed in a ultra-
high vacuum system equipped with RHEED (reflection
high energy electron diffraction), UV-vis spectroscopy,
IR-spectroscopy and thermal desorption spectroscopy.
For the IR experiments the H(1 x 1)-ZnO(000-1) sur-
face was prepared by cooling the single crystal ZnO
substrate to 130 K before applying repeated cycles of
argon-ion bombardment at 473 K for 20 min and an-
nealing to 873 K for 5 min (each cycle) before ultra-
pure water vapour was leaked into the chamber. A sim-
ilar protocol was used also for ZnO pretreatment be-
fore deposition of the organic model compounds from
Knudsen evaporation cells.
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