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Porous ZnO/EosinY films have been electrochemically deposited by oxygen reduction in the presence of

a zinc salt from EosinY-containing aqueous solutions, with either chloride or perchlorate as counter

anion. EosinY was removed and the films were sensitised by D149. These electrodes were used for dye-

sensitised solar cells (DSC) and charge transport in the porous network was studied by intensity

modulated current/voltage spectroscopy (IMVS/IMPS) and electrochemical impedance spectroscopy

(EIS) under illumination. Doping of ZnO during the electrodeposition could be proven by changes in the

charge transport in ZnO and could be shown to occur when chloride was used as counter ion. By

changing towards perchlorate as counter ion, on the other hand, a more reproducible occupation of trap

levels was obtained at, however, slightly lower voltages in DSC whose origin is discussed in detail.

Introduction

ZnO-based dye-sensitized solar cells (DSC) have been discussed
as an alternative to TiO,-based DSC because of low-temperature-
routes that are available to prepare crystalline ZnO thin films."?
Different growth routes are known to influence the morphology
of ZnO by adsorption of constituents to different ZnO surfaces’®
and we will show how also the recombination characteristics of
ZnO-based DSC can be influenced by the growth route.

Electrodeposition of ZnO from an aqueous -electrolyte
containing Cl” anions can be regarded an established way to
prepare crystalline films at low temperature. In the presence of
EosinY porous electrodes can be produced for ZnO-based DSCs.*
With such state of the art electrodeposited ZnO sensitized by the
indoline dye D149 efficiencies at 1 sun light intensity of up to 5.6
% were reported.’ To reach such efficiency contact of the
electrolyte with the back electrode needs to be suppressed by a
compact blocking-layer which can also be prepared by
electrodeposition.® The chosen growth route will also influence
the quality of the blocking layer, but to our knowledge no
detailed study of such blocking-layers exists. As an alternative,
compact ZnO blocking-layers can also be achieved by other low
temperature methods like sputtering™'® or chemical bath
deposition."!

Charge transport in porous ZnO films has been studied by
several authors in the past.'””'> Mainly photocurrents induced by
a laser flash were used to probe the distribution of defect states in
ZnO and a large amount of defect states below the conduction
band edge were detected. These defect states have a strong
influence on the charge transport controlled by diffusion. A two-
regime-model was developed which considers diffusion disturbed
by trapping and by tunnelling between trap states which is widely

w
b

accepted and used to describe electron transport in porous
semiconductors. '®

It was recently shown that details of the bath and conditions
during electrodeposition of porous ZnO had a significant
influence on the short circuit photocurrent density (Ji.), open
circuit photo voltage (V,.), fill factor (FF) and, consequently, on
the conversion efficiency (1) in DSC, which was explained by
differences in the concentration of surface defects.” Under
typical deposition conditions doping interactions occur in a
widely uncontrolled way. Albeit often leading to quite efficient
cells, a low level of control can hamper technical applications. CI
is reported as an n-type dopant for compact electrodeposited
ZnO, which leads to high free carrier concentrations.'*™ An
effective increase of the conduction band edge was observed,
which was explained by a Burstein-Moss shift. The energetic
distribution of the created defects was measured by comparing
the intensity of the UV emission compared to the visible light
emission. Deep defects created a strong emission in the visible
part of the spectrum.”* Doping reactions of oxide semiconductors
by Cl are known also beyond the present case of ZnO for, e.g.,
Sn0,” and Ti0,,*%* where, however, Cl-doping led to
narrowing of the band gap which was proposed to enhance the
photocatalytic activity of TiO,. By changing the counter anion
from chloride to perchlorate during the electrodeposition of
compact ZnO, Pauporté et al. observed a decrease of emission
from deep defects and explained this by decreased doping of only
0.38 % Cl for samples deposited from a perchlorate-containing
deposition bath compared to 3.3-4.0 % C1 for samples deposited
from a chloride-containing deposition bath.** Hence, by simply
changing the anion during electrodeposition of ZnO a decrease of
defects can be achieved. The importance of a well-controlled
growth was recently emphasized as an important criterion to
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explain the fact that DSC based on ZnO lack behind the reported
efficiencies for those based on TiO, despite comparable physical
properties of the two semiconductors.”*?

In this work we transferred the above approach of using
aqueous perchlorate-based solutions for the deposition of
compact ZnO to the electrodeposition of porous ZnO applicable
in DSC by use of the established structure-directing agent
EosinY. We obtained electrodes with a well-defined density of
states (DOS) and compare them to films from chloride-based
solutions. A detailed study of the charge carrier recombination at
the semiconductor/electrolyte interface was performed by
intensity modulated voltage spectroscopy (IMVS)* and intensity
modulated photocurrent spectroscopy (IMPS)*' aside from
classical current-voltage-analysis. Electron lifetimes and electron
transit times were thereby obtained which were related to the
charge recombination resistance (R,.) and the chemical
capacitance (C,) obtained by electrochemical impedance
spectroscopy (EIS).** Insight into the distribution of the DOS
provides a valuable basis to understand the differences in charge
transport and recombination characteristics, a fundamental
prerequisite for further improvement of the efficiency in DSC
based on ZnO.

Experimental
Electrodeposition of porous ZnO electrodes

Glass slides with F-doped tin oxide (FTO, 7Q/sq, Sigma-Aldrich)
were subsequently cleaned in aqueous detergent solution, acetone
and isopropanol (Roth) in an ultrasonic bath for 15 min each. The
FTO-sample was mounted on a rotating disc electrode (RDE)
rotating at 500 rpm. Electrodeposition of ZnO was realised by a
three-electrode setup in a glass vessel at 70 °C. The electrolyte
consisted of an aqueous solution of 0.1 M KCl or 0.1 M LiCIO,
(Sigma-Aldrich) which was saturated with oxygen by intense
purging for at least 15 min before each deposition. Independence
of the reactions from the cation was proven by control
experiments with LiCl for which films did not reveal any
difference to those prepared with KCIl. The counter electrode
consisted of a platinum wire. A RedRod Ag/AgCl (Radiometer
analytical) was used as reference electrode. Prior to
electrodeposition of ZnO the FTO-substrate was pre-electrolyzed
for 30 min at a potential of -1060 mV. Then ZnCl, (Merck) or
ZnClO, (Sigma-Aldrich) was injected from a stock solution to
achieve a concentration of 5 mM ZnCl, or 5 mM ZnClO, in the
deposition bath. A compact ZnO blocking layer of about 800 nm
was deposited for 10 min. Subsequently the platinum counter
electrode was replaced by a zinc wire (99.9 %, GoodFellow) and
EosinY (Sigma-Aldrich) was added to achieve a concentration of
75 uM EosinY. The deposition was continued at a potential of
-960 mV for 20 min. Afterwards, the EosinY was desorbed in an
aqueous solution of 10.5 pH KOH for 12 h. Alternatively, a
compact ZnO layer was sputter-deposited (Leybold-Heraus Z400)
on the substrate instead of electrodepositing ZnO. Recipient
pressure of Argon (Air Liquide, 5.0) was lower than 10 mbar.
Films were prepared at a sputter rate of 12 nm/min. The resulting
blocking layer thickness was about 180 nm.
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Characterisation of ZnO

The morphology was analyzed by Scanning-Electron Microscopy
(SEM) in a Zeiss Merlin instrument at 5 kV acceleration voltage,
120 pA emission current and 2-3 mm working distance with an
in-lens detector. An EDX detector (Oxford Instruments) was used
to analyse the elemental composition of films.

X-Ray Diffraction (XRD) measurements were carried out with a
PANalytical X’Pert Pro setup equipped with a Cu Ka X-ray tube
in Bragg-Brentano geometry. Samples were mounted on a sample
holder and rotated during measurements.

To determine the inner surface area, the sensitizer D149 was
desorbed from electrodes in a DMF solution overnight. The
electrodes were then rinsed with ethanol and water and dried in a
nitrogen stream. EosinY was then adsorbed to the electrodes as a
probe molecule by refluxing the films for 30 min in a 1 mM
ethanolic solution of EosinY. It was then desorbed again from the
films into an aqueous KOH solution of pH 10.5 for 12 h. The
amount of EosinY molecules was calculated from the optical
absorbance of this solution at 512 nm. The molar extinction
coefficient at 512 nm is 91.600 M™' cm™. Assuming an occupied
area of 3.32 nm’ for one molecule of EosinY and a porosity of
60 %**3* of the films the inner surface area was calculated from
the average film thickness determined by an Alpha step 100
(KLA Tencor) and referred to the mass of the films based on the

known density pz,o=5.61 gem™.%

Preparation of DSC

ZnO films were dried at 150 °C for 30 min and illuminated by
UV-light for 30 min to hydroxylate the surface.’® The samples
were immersed in a solution of 0.5mM D149 and 1 mM
lithocholic acid in a 1:1 vol% mixture of acetonitrile / tert-butanol
for 15 min and rinsed with ethanol to remove any excess dye. The
films were dried in a nitrogen stream. The counter electrode was
prepared by spreading 20 pL of 5 mM H,PtCls (Sigma-Aldrich)
dissolved in ethanol on a FTO-substrate and subsequent
annealing at 400 °C for 30 min. Both electrodes were sealed
together with a Surlyn foil (jurasol b, jura-plast GmbH). The
electrolyte consisting of 0.5 M 1-methyl-3-propylimidazolium
iodide (Sigma-Aldrich) and 0.05 M iodine (Scharlau) dissolved in
acetonitrile was injected into the cell through two predrilled
holes. The holes were then sealed with a piece of Surlyn foil and
a cover slip. At least two specimen were prepared for each type of
cell.

Photoelectrochemical characterisation

Photoelectrochemical measurements were carried out under
illumination by an Oriel 150 W Xenon arc lamp equipped with an
AM 1.5 solar filter. The light intensity was calibrated with a
pyranometer (EKO Instruments) to 100 mW/cm?. The impedance
under 1 sun illumination was measured with a Zahner IM6
(Zahner Elektrik GmbH) potentiostat with an amplitude of 10 mV
and a step width of 20 mV from V¢ until -0.3 V and with an
amplitude of 20 mV and a step width of 50 mV further to 0 V.
For the interpretation and fitting of the data derived from
impedance spectroscopy under one sun the well-established
equivalent circuit diagram for DSCs, presented in figure (ESI
Fig. 1), was used.*> IMVS and IMPS measurements were carried
out with a Zahner CIMPS system (Zahner Elektrik GmbH) using
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a red light emitting diode (627 nm) that served as the background
light intensity onto which a small sinusoidal amplitude was
superimposed with less than 10 % of the background intensity. A
red light emitting diode was chosen to assure uniform excitation
throughout the sample by weak absorption.

Results and Discussion
Morphological properties and crystallinity

In Fig. 1 (left) a scanning-electron microscopy (SEM) image of a
ZnO sample deposited from a chloride-containing deposition bath
(ZnO(CT)) right after desorption of EosinY is depicted. Fig. 1
(right) shows an image of an analogously treated ZnO sample
prepared from a perchlorate-containing deposition bath
(ZnO(C10y)). Both samples have an open porous structure with
pores of around 10 nm diameter. A detailed observation at higher
magnification also showed no significant difference between both
preparation methods. The inner surface is accessible for an
electrolyte and in former studies the cauliflower-like porosity has
been described in detail for (ZnO(CI")) which has proven to be a
promising electrode for DSCs.>” The thickness of ZnO in our
experiments was roughly 4.5 pm for both preparation methods.
To determine the inner surface of the porous ZnO films we
conducted EosinY adsorption/desorption measurements and
obtained almost identical values for the inner surface of 180.3 +
1.2 m%g for ZnO(CI') and 180.8 + 1.3 m%g for ZnO(ClO,).
Differences in charge carrier recombination characteristics as
discussed below therefore should not be influenced by variations
in surface area.

Since the crystalline orientation of ZnO may play an important
role for the device parameters,:‘g’39 we conducted x-ray diffraction
measurements (XRD) to study the film texture by the relative
intensity of signals (Fig. 2). ZnO from both deposition baths
showed a clear c-axis orientation normal to the substrate plane
prominent in the (002) reflex (Fig. 2) which is typical for porous
ZnO films electrodeposited in the presence of EosinY.* The
higher intensity relative to the other diffraction reflexes for
ZnO(ClOy4) shows more pronounced crystalline orientation along
the (002) lattice plane compared to ZnO(Cl). Further,
ZnO(ClO4) samples showed a slightly higher crystallinity
compared to the ZnO(CI") samples evidenced by a decreased full
width at half maximum of the (002) diffraction reflex for
ZnO(Cl10y).

Photovoltaic characteristics

The established method to prepare high efficiency ZnO-based
DSCs by electrodeposition from a chloride-containing bath was
varied to detect critical parameters of preparation and to thereby
provide parameters for further optimization. We prepared ZnO-
DSCs: (1) a blocking- and a porous layer electrodeposited from a
perchlorate-containing bath (EC/ZnO(ClOy)), (2) a sputtered
blocking-layer and a porous layer electrodeposited from a
perchlorate-containing bath (SP/ZnO(ClOy)), (3) a sputtered
blocking-layer and a porous layer electrodeposited from a
chloride-containing bath (SP/ZnO(CI)) to compare with (4) the
established DSCs consisting of a blocking- and a porous layer
electrodeposited from a chloride-containing bath (EC/ZnO(CI)).

ss For the direct comparison of the sensitized porous layers we have

Fig. 1 Scanning electron microscopy of porous ZnO deposited from a
chloride-containing (left) or perchlorate-containing electrolyte (right).
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60 Fig. 2 X-ray diffractograms for porous ZnO deposited from a chloride-

containing (bottom) or perchlorate-containing electrolyte (top). Red lines
mark reflection peaks of crystalline ZnO.*!

chosen samples with identical sputter deposited blocking-layers
(type 2, SP/ZnO(Cl10y)) and (type 3, SP/ZnO(CI")) to exclude the

os influence of the different ions in the electrodeposited blocking-

layers. The sputtered compact ZnO is at least equally suited as
electrodeposited compact ZnO to work as a blocking layer to
suppress recombination at the transparent conductive
oxide/electrolyte interface (Table 1 and ESI Fig. 2). Cells based

70 on the sputtered compact ZnO therefore led to similar or better

performance than those using electrodeposited blocking layers
(Table 1). For improved clarity in the presentation we have
chosen one representative SP/ZnO(Cl’) and one representative
SP/ZnO(CIO,) sample for the discussion of detailed device

75 parameters. The IV-curves of the two samples measured under

one sun are presented in Fig. 3 showing almost ideal DSC
characteristics. The corresponding performance parameters of
these (in boldface) and the other cells prepared are listed in Table
1. All samples were treated identically to exclude any other

so effects aside from the different deposition baths. The differences

in the short circuit current density (J,.) are within the typical
range mainly caused by variations in the amount of adsorbed dye.
All samples showed high fill factors of over 70 % typical for
highly efficient DSCs as also reported in the literature.*?

ss ZnO(CI') samples showed a V. increased by around 30-40 mV

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 IV-curves under AM 1.5 conditions of DSCs made of porous ZnO
deposited from CI'-containing (— ——) or ClO4-containing
electrolyte (—) onto sputter-deposited blocking-layers.

0.1 0.2

s compared to the ZnO(ClO,") samples. This observation can be
explained by doping reactions, leading to an increased occupation
of either defect states in the band gap or of states in the
conduction band (Burstein-Moss shift). In both cases the Fermi
level of the semiconductor would be shifted to higher energies

10 resulting in an increased V,. and a shift in the chemical
capacitance. We conducted EDX measurements to check for
differences in chemical doping. For both kinds of samples a Cl-
content around 0.16 at. % was found. A detailed comparison for
all atomic percentages is listed in ESI Tab. 1. Only in the case of

15 the films from the chloride-containing bath, however, Cl led to
the observed changes in the electronic system of the electrodes as
seen in the changes of V,. and explicitly detected by a
significantly wider band gap (Burstein-Moss shift) directly
measured by optical absorbance of the films (ESI fig. 4). From

20 the Tauc-Plot optical band gaps of 3.51 eV and 3.39 eV were
measured for ZnO(Cl) and ZnO(ClOy), respectively. Non-
targeted doping of ZnO therefore led to a significant variation in
V,. for the ZnO(CI") samples of this series (ESI fig. 2) and an
increased occupation of states in the CB of ZnO was confirmed

s by a Burstein-Moss-shift which was not observed for
ZnO(ClOy). V,. appeared to be more constant for ZnO(ClOy)
within our series. Since EDX analysis did not reveal a
significantly higher Cl-content in ZnO(Cl) compared to
ZnO(ClOy4) no proof can be given for Cl-doping in ZnO(CI)

30 which would provide the most straightforward explanation. The
observed changes in the photodynamics could also be a
consequence of increased doping by native defects established
during the electrodeposition in the presence of CI".

Recombination

35 The chemical capacitance C, was determined from EIS
measurements at the cells. The applied forward bias voltage was
corrected for the series resistance of the cells to obtain V. The
semilogarithmic plot of C, vs. ¥, in Fig. 4 allows to analyse the
trap distribution in the electrodes. In the section where C, is

40 exponentially dependant on Vy a linear fit of the semi logarithmic
plot according to equation 1

(M

aeV/»
Cﬂ :Cwexp T

B
allowed to determine the parameter a characteristic for the width
of the trap distribution below the conduction band edge for the
45 ZnO(ClOy") and the ZnO(CI') samples. The similarity in a (see
Table 2) implies a similar width of the distribution of defect

10° 7

a=0.49 +/-0.02
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Fig. 4 Chemical capacitance calculated by fitting EIS data (AM 1.5) to
the equivalent circuit (EIS Fig. 3) for cells constructed from porous ZnO (
so Fig. 3) either deposited from Cl'-containing ( a ) or ClO4-containing
electrolyte ( @ ). The lines represent exponential fits according to eq. (1)
to the capacitance at higher voltages providing the corresponding values
of o indicated in the plot..
states for both preparation methods, therefore allowing a
ss correction for the conduction band offset. The voltage difference
of both lines is characteristic for a conduction band edge shift of
70 mV. A shift caused by excessive doping (Burstein-Moss-shift)
was already discussed above as a possible origin for the higher
Ve for ZnO(CT"). Since V,., however, could also be altered by a
o decreased recombination rate the latter has to be considered for a
conclusive discussion.

Table 1 Average values of the photovoltaic characteristics with standard
deviation under AM 1.5 conditions of DSC of porous ZnO
electrodeposited from a perchlorate containing electrolyte (ZnO(ClOy))

6s or from a chloride-containing electrolyte (ZnO(CI)) on either a sputter-
deposited blocking-layer (SP) or an electrodeposited blocking layer (EC).
Samples chosen for discussion and illustrations below in bold.

Page 4 of 7

Sample /%  Ji./mAcm? Vel V FF /%
EC/ZnO(CIO,)  4.05+0.35  10.01£0.98  0.580+0.01 711
SP/ZnO(Cl0;s)  4.36:0.21  10.54=0.63  0.568+0.001 73+1

EC/ZnO(Cl)  4.83+0.31 11.19+0.95 0.613+0.004 712
SP/ZnO(CI)  4.60£0.04 10.55:0.40  0.600+0.01 75+3

An important tool to correctly evaluate the recombination rate

70 is to plot the recombination resistances of different devices at the
same voltage relative to the conduction band edge. Fig. 5 shows a
semi-logarithmic plot of the resistance for charge recombination
R,.. plotted against the voltage corrected for different conduction
band positions (V) determined in (Fig. 4).** R,,. was directly
75 obtained from fits to the Nyquist-plots of the spectra by the width
of the second arc. For all samples the transport resistance R,
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which describes the conductivity of the semiconductor was
negligible. The R,.. values for ZnO(ClOy4) are larger than the
values for ZnO(CI'). This is indicating that less surface defects
are present in the ZnO(ClOy4) sample since R, is very sensitive
to surface defects which promote recombination.*

Therefore the observed change in V,. of about 30-40 mV
among ZnO(ClOy") and ZnO(CI') (Table 1) is found smaller than
the shift of the conduction band edge of about 70 mV. The

0.35 0.30

T
0.40
VIV

0.25

10 Fig. 5 Recombination resistance calculated by fitting EIS data (AM 1.5

2

3

3

@

0

o

0

b

conditions) to the equivalent circuit (EIS Fig. 3) for cells constructed
from porous ZnO ( Fig. 3) either deposited from Cl'-containing ( a ) or
ClO4-containing electrolyte ( @ ). The lines represent exponential fits
according to eq. (2) providing the corresponding B-values.

observed difference in V,, is therefore caused by a shift of the
conduction band edge by the Burstein-Moss-effect as already
discussed above superimposed to a change in the recombination
rate® since a smaller R, was found for ZnO(CI) (Fig. 5).

Table 2 a- and f- values determined from EIS measurements for cells
constructed from porous ZnO (see Fig. 3) either deposited from CI-
containing or ClO4 -containing electrolytes.

Sample o §
SP/ZnO(CT) 0.46 +/- 0.02 0.58
SP/ZnO(ClOy) 0.49 +/- 0.02 0.60

From the slope of the semi logarithmic plot one can obtain the
f-parameter by a linear fit according to equation 2.

p( ﬂeV]
kT
e describes the elementary charge, V' the inner voltage of the cell,
kg the Boltzmann constant, 7 the temperature and f stands for the
non-linearity of the reaction order of the recombination reaction
at the semiconductor/electrolyte interface.’> Almost constant f-
values of 0.60 for ZnO(ClO4) and 0.58 for ZnO(Cl) were

obtained confirming the similarity of the materials aside from
different extent of doping.

R, =R @

rec — “Y0,rec

Electron lifetimes and transit times

IMVS and IMPS measurements were conducted to study the
influence of the different growth conditions on the transport

40

45

55

60

properties in the porous sensitized ZnO films. The electron
lifetimes 7, and transit times 7, were obtained by fitting of the
imaginary part of the response spectra as described in detail
elsewhere.’™?! In Fig. 6 7, is plotted against the incident light
intensity. The sample deposited from a perchlorate-containing
deposition bath showed an enhanced 7, over the whole
measurement range in comparison to the sample deposited from a
chloride-containing deposition bath. This finding can be
explained by the trapping —detrapping model in which it is

2 N
10°4°
%) 1S
- To~.
g 1 S~ - 9
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= 4 ol -~ \’
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107 4+ . s
10 100

Light intensity / wm?

Fig. 6 Electron lifetime 7,, measured with IMVS depending on backlight
intensity for cells constructed from porous ZnO ( Fig. 3) either deposited

from Cl'-containing(- -) or ClO4-containing electrolyte (- @ -).
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Fig. 7 Electron transit times measured with IMPS depending on backlight
intensity for cells constructed from porous ZnO ( Fig. 3) either deposited
from Cl'-containing (- a -) or ClO4-containing electrolyte (- @ -).
assumed that under open circuit conditions trapping and
detrapping of electrons is fast compared to recombination
reactions with the electrolyte or electron transport along
theporous network. Recombination reactions mediated trough
trap states are neglected in this model.** 7, is then given by

with 7, corresponding to the free electron lifetime in the

3)

u.traps

{ c
T, =1+

C/! ,CB
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conduction band, C, ;. to the chemical capacitance of unfilled
trap states and C, c5 to accessible conduction band states in the
semiconductor. For a given mobility of electrons in the
conduction band the ratio between the two chemical capacities
s determines the observed 7,. Doping of ZnO decreases C, s
more than C,cz by increasing the electron density in the
semiconductor and, hence, predominantly increasing the
occupation of traps below the conduction band. This leads to a
strongly decreased C,, ;45 (Fig. 4) at only slightly decreased C,, ¢
10 and to a thereby decreased 7, since the trapping probability for

0.7

0.6

g T g T g T g T g
50x10"® 1.0x10" 1.5x10" 2.0x10" 2.5x10"
DOS / cm®

Fig. 8 Internal voltage plotted against the density of states for cells
constructed from porous ZnO ( Fig. 3) deposited from Cl containing
electrolyte (- a -) or from a ClO4 containing electrolyte (- @ -)

15 additional light-induced charge carriers is decreased. In the case
of films deposited from a perchlorate bath considerably less
doping leads to a larger C,, ;,,/C,, cs Which results in a higher 7,
(Fig. 6).

The electron transit times 7, determined under short-circuit of

20 the cells are shown in Fig. 7, also dependent on the incident light
intensity. It can be assumed that at short circuit trapping and
detrapping of electrons is no longer fast compared to their
transport along the porous network and, hence, the resulting 7 is
decreased by a decreased probability of trapping events. Since the

25 trapping probability is mainly determined by the concentration of
unoccupied trap states, a discussion of the observed density of
localized (trap) states (DOS) in the samples is needed.

Distribution of states determining recombination and electron
30 transport

Since C, jqps >> C,, cp it is possible to calculate the DOS from C,
by the formula

pos=—_S Q)

" edd1-p)

where 4 is the geometric area of the active layer of the DSC, d
35 the thickness of the active layer and p the porosity of the porous
ZnO layer. p is assumed to be 0.673* as typical for
electrodeposited porous ZnO in the presence of EosinY which is

consistent with the SEM of Fig, 1.'74>34,
In Fig. 8 the DOS thus calculated from the experimental values

40
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of C, are presented. The samples deposited from a chloride-
containing deposition bath show a lower DOS at a given V. Since
a constant distribution (f) of DOS (V) has been found (Fig. 5)
this means that ZnO (CI') offers less unoccupied trap states at a
given V; consistent with the shorter 7, and decreased 7, for these
samples. In the case of ZnO(CI') the trap states are filled to higher
occupancy at a given corrected voltage V; (Fig. 8). This means
that less traps are unoccupied in ZnO(CIl) leading to fewer
trapping events. Therefore 7, is decreased (Fig. 6, eq. 3) and
charge carriers can move faster resulting in a shorter transit time
7p (Fig. 7).

In ZnO(CI') the occupation of trap states in the gap and of
states in the CB is increased by Cl-doping or native defects. Thus
the DOS is shifted to lower values at a given inner cell voltage V;
explaining the lower 7, and the decreased 7p. The non-targeted
and poorly controlled extent of such doping leads to a higher
variation in the occupation of trap levels in ZnO(CI’) compared to
ZnO(ClOy). The latter show widely constant DOS for
preparation either on sputter-deposited or electrochemically
deposited blocking layers (ESI Fig. 3).

Conclusions

As an alternative to the established deposition from a chloride-
containing deposition bath, nanoporous ZnO films can also
successfully be electrodeposited from a perchlorate-based
deposition solution. The morphology of the obtained ZnO is
determined by EosinY present in both solutions and therefore
does not differ significantly. Good crystallinity and preferred c-
axis orientation is observed in both cases. Thorough investigation
of DSCs prepared from these films by IV measurements,
impedance spectroscopy and IMVS/IMPS, however, revealed
significant differences. The density of occupied trap states is
strongly influenced by the chosen growth route for ZnO affecting
the charge transport dynamics in the porous semiconductor
network. By choice of the deposition bath one can directly
influence the electron lifetime 7, and the electron transit time zp.
Doping of ZnO occurs during electrodeposition from chloride-
containing solutions but a similar reaction was not observed when
a perchlorate-based solution was used despite the detection of Cl
on both kinds of films. Such doping in ZnO(CI') leads to a
decreased 7, at, however, also decreased 7,. Thus special
attention should be paid to doping during the electrodeposition of
ZnO. Electrodeposited porous ZnO from perchlorate-containing
baths is characterized by a more reproducible trap occupation.
For further studies these findings open the possibility to control
and deliberately vary the doping of ZnO opening an interesting
way to further improve ZnO-based dye-sensitised solar cells and
mesostructured solar cells in general.
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