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Abstract Solid-state dye-sensitized solar cells based on

highly porous ZnO films prepared by template-assisted

electrodeposition as electron collector, the indoline dye

D149 as sensitizer and CuSCN as hole collector have been

prepared using three different methods, namely impreg-

nation with saturated CuSCN solution, successive ionic

layer adsorption and reaction (SILAR) and electrodepos-

ition, for filling the pores in the ZnO with CuSCN. The

highest pore filling and the highest conversion efficiency of

0.46% were achieved with the impregnation method, while

SILAR led to a very low pore filling, causing very low

photocurrents, and electrodeposition led to short-circuiting

between the CuSCN and the conducting substrate of the

ZnO sample despite the presence of a compact ZnO bottom

layer between the porous ZnO layer and the conducting

layer, causing very low open-circuit voltages.

Keywords Dye-sensitized solar cells � Electrodeposition �
Zinc oxide � Copper thiocyanate

1 Introduction

Cathodic electrodeposition of ZnO in the presence of

structure-directing additives is a valuable new route for the

preparation of nanoporous wide band gap semiconductor

films for dye-sensitized solar cells (DSSC) [1]. The main

advantage of the method is that fully crystalline material is

directly obtained during the electrodeposition process

without the need for further heat treatment [2]. Dye mol-

ecules with acid groups, which can interact with Zn2? and

are therefore incorporated into the growing ZnO film, were

among the first structure-directing agents used in this

method [3, 4]. While the original goal to deposit efficient

dye-sensitized ZnO films in a single step could not be

achieved due to dye aggregation occurring during the

deposition, the dye aggregates proved to be ideal templates

for the low-temperature preparation of porous ZnO films,

since they can easily be extracted from the as-deposited

ZnO/dye hybrid films by treatment with aqueous KOH.

The same or another dye can then be re-adsorbed to the

films to obtain a dye-monolayer for efficient sensitiza-

tion [5].

ZnO films with an especially high porosity were

obtained by deposition from solutions containing O2 as

oxidant and the xanthene dye eosin Y (EY) as structure-

directing additive [5, 6]. After EY desorption and loading

with the indoline dyes D149 [7] and DN98 [8], respec-

tively, these films were successfully tested in dye-sensi-

tized solar cells, reaching efficiencies of 5.6 and 6.24%,

which are among the highest efficiencies for DSSC pre-

pared by a low-temperature method to date (including

low-temperature films of TiO2). The values are also

higher than efficiencies obtained with high-temperature

films made from ZnO nanoparticles. This is due to the

excellent electron transport properties of the electrode-

posited ZnO films, which was attributed to the virtual

absence of grain boundaries in these films, which were

found to consist of large porous single crystals [9]. An

even better electron transport is expected and has also
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been found for ZnO nanorods [10]. Nevertheless, the

efficiencies achieved with ZnO nanorods were much

lower, i.e., only 1.5% [11]. This is due to the inherently

lower surface area of a film consisting of 1D nanostruc-

tures compared to a 3D nanostructure, given a comparable

thicknesses of the films and the ZnO walls. It further

contributes to the lower surface areas of the nanorod

arrays used in these studies that the ZnO nanorods had

diameters of at least 30 nm [11], compared to a wall

thickness of down to ca. 10 nm for the ZnO films elec-

trodeposited with EY as structure director.

A currently important topic concerning DSSC is the

replacement of the liquid redox electrolyte, which facil-

itates the electron transport from the counter electrode to

the photooxidized sensitizer dye molecules, by a solid or

quasi-solid material, since the long-term prevention of

liquid electrolyte leakage is still not fully solved. Many

kinds of materials have been suggested for this pur-

pose, e.g., gel electrolytes [12–16], polymer electrolytes

[17–23], ionic polymers [24], molecular organic hole

conductors [25], polymer hole conductors [22, 26–30] or

the p-type semiconductors CuI [31, 32], CuSCN [31, 33–

37], and NiO [38]. The filling of the pores in a dye-

sensitized n-type semiconductor film with such materials

is certainly easier when they consist of 1D structures

such as nanorods. On the other hand, efficiencies reported

for solid-state DSSC based on ZnO nanorods of 0.1% are

even lower than for the nanorod-based cells with liquid

electrolyte [39]. It is therefore clearly desirable to use 3D

porous structures with a high surface area also for solid-

state DSSC.

In this study the authors present first results on the use

of the highly porous electrodeposited ZnO films templated

with EY in solid-state DSSC based on a p-type semi-

conductor as hole collector. CuSCN has been chosen as

the p-type material, since it can be deposited by various

methods such as electrodeposition [40, 41], successive

ionic layer adsorption and reaction (SILAR) [42, 43] and

impregnation with a saturated CuSCN solution [34, 36,

44]. Furthermore, it has some advantages compared to

NiO, which is poisonous and has shown low open-circuit

voltages in TiO2-based solid-state DSSC, and CuI, which

initially leads to quite high efficiencies in TiO2-based

DSSC but has a poor long-term stability due to photo-

oxidation of Cu(I) to Cu(II), while the Cu(I) in CuSCN is

stable during illumination [31, 45]. DSSC have been

prepared using D149 as sensitizer dye and CuSCN

deposited by the three methods mentioned above. In

addition, the pore filling achieved with these methods

under various deposition parameters has been investigated

in detail by scanning electron microscopy (SEM) in

conjunction with energy-dispersive X-ray spectroscopy

(EDXS).

2 Materials and methods

2.1 Preparation of porous dye-sensitized ZnO films

Porous ZnO substrates were electrodeposited at 70 �C from

O2-saturated aqueous ZnCl2 solution (5 mM) containing

0.1 M KCl and 30 lM EY on glass covered with FTO

(F-doped tin oxide, A.I. Glass, 10 X/sq) in a three electrode

setup with a Zn wire as counter electrode and an Ag/AgCl

electrode as reference electrode [7]. The deposition process

consisted of three steps: (1) Pre-electrolysis without ZnCl2
and EY at -1.1 V versus Ag/AgCl for 10 min, (2) depo-

sition of a compact ZnO layer at -1.1 V versus Ag/AgCl

for 10 min after addition of ZnCl2 and (3) deposition of a

ZnO/EY layer at -1.1 V versus Ag/AgCl for 20 min after

addition of EY to the electrodeposition bath. The ZnO/EY

layer was converted into a porous ZnO layer by extraction

of the EY by aqueous KOH (pH 10.5) for 24 h. The FTO

substrates were rinsed with acetone, ethanol, and isopro-

panol, for 30 min each, and attached to a rotating disc

electrode (RDE, 300 rpm) with an active electrode area of

3.8 cm2 in order to achieve a homogeneous film deposition.

For dye sensitization, the substrates with the porous ZnO

layers (Fig. 1) were dried at 120 �C for 1 h and immedi-

ately immersed into a solution containing 0.5 mM D149

dye and 1 mM cholic acid as co-adsorbant, which sup-

presses dye aggregation on the ZnO surface, in a mixture of

acetonitrile and tert -butanol (1:1 by volume) for 30 min.

Fig. 1 SEM image of the cross section of a porous ZnO film with

compact ZnO bottom layer after desorption of the EY template
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2.2 Impregnation with CuSCN solution

Saturated solutions of CuSCN were obtained by stirring a

mixture of 0.7 g CuSCN and 15 mL dipropylsulfide (DPS)

over night and aging for 1 day. Impregnation of the dye-

sensitized ZnO layers with this solution was carried out in

three different ways: (1) Placing the ZnO substrates into a

petri dish on a hotplate containing the CuSCN solution

under variation of the solution level above the substrate, (2)

dropwise addition of CuSCN solution onto a ZnO substrate

directly located on a hotplate under variation of the volume

of each drop and the number of drops added to the film and

(3) dip-coating of a porous ZnO film into a CuSCN solu-

tion (50 times for 30 s, respectively, each step followed by

120 s drying at 80 �C).

2.3 CuSCN deposition by successive ionic layer

adsorption and reaction (SILAR)

Following a method of Sankapal et al. [43] aqueous solu-

tions of CuSO4 (0.1 M) ? Na2S2O3 (0.1 M) and KSCN

(0.1 M) were used as cation and anion sources. In one

cycle, the ZnO films were first immersed into the anion

source for 10 s, followed by washing in ultrapure water for

5 s, immersion into the cation source for 20 s and a final

5 s washing step. This cycle was repeated up to 50 times at

room temperature.

2.4 Electrodeposition of CuSCN

CuSCN was electrodeposited on porous ZnO substrates

from an aqueous solution containing 0.05 M KSCN,

0.01 M CuSO4, and 0.1 M Triethanolamin (TEA) in a

three-electrode setup with a Pt wire as counter electrode

and an Ag/AgCl reference at 0 �C. Two different methods

were used: (1) Deposition at a constant potential of -0.5 V

versus Ag/AgCl for 1 h according to Ni et al.[41] and (2)

deposition at ?0.1 V versus Ag/AgCl for 10 min in order

to promote nucleation and crystal growth, followed by a

potential ramp (-1 mV s-1) and deposition at -0.5 V

versus Ag/AgCl for 40 min according to Wu et al. [40].

2.5 Preparation and measurement of solar cells

Gold layers were evaporated in vacuum on the deposited

CuSCN layers using an Edwards vacuum deposition

chamber. The gold layers and the FTO layers were con-

tacted with copper wires using silver paste. i–v curves of

the prepared cells were measured with a Zahner IME 6e

electrochemical workstation under illumination with sim-

ulated AM 1.5 sun light (Oriel 300 W Xe lamp ? Oriel

AM 1.5 filter).

2.6 Other characterization methods

The sensitizer dye contents in the porous ZnO was deter-

mined by dissolving a part of the films in N,N-dimethyl-

acetamide (DMA), followed by measuring the UV/VIS

absorption of the resulting solution with a Cary 4000

spectrometer. Film thicknesses were measured with a

Dektak 6 M Stylus profiler. The nanostructure of the ZnO

films before and after CuSCN deposition was studied using

a field emission scanning electron microscope (SEM, Jeol

JSM-6700). Cross section samples for SEM were prepared

by pasting on a Si wafer, cutting with a wire saw and

polishing with polymer-embedded diamond. For qualita-

tive and semi-quantitative analysis of the elements con-

tained in the different layers of the samples, the SEM was

equipped with energy-dispersive x-ray spectroscopy

(EDXS, Oxford Instruments INCA 300).

3 Results and discussion

3.1 Preparation of porous dye-sensitized ZnO films

Figure 1 shows the cross section of a typical sample with a

compact and a porous ZnO film on FTO-covered glass. The

compact layer has a thickness of only about 200–300 nm,

reducing the impact of this layer on the series resistance of

the solar cell compared to earlier studies with the same

kind of porous ZnO sample, where the thickness of the

compact ZnO layer was about 1 lm [7]. The porous ZnO

layer has a thickness of about 1.5 lm, the porous structure

consisting of twisted and interconnected nanowires [7]

being clearly visible. Note that thicker porous films can be

obtained by using longer deposition times for the porous

layer, which was, however, not applied in this study in

order to reduce the time for preparing the samples.

Figure 2 shows typical i–t curve recorded during the

deposition of a porous ZnO substrate. Pre-electrolysis in

O2-saturated aqueous KCl solution leads to a constant

current after about 6 min, showing that the activation

process has been completed (section a). Addition of ZnCl2
(b) leads to a reduction of the cathodic current due to the

formation of ZnO (section c). Within section c, an increase

of the cathodic current is seen at the beginning of the

deposition process, followed by decease to a constant level

after a maximum has been reached. This behavior has often

been seen for the deposition of compact ZnO films and is

explained by Volmer-Weber growth (island growth), where

the increase of the deposition current in the beginning can

be attributed to the increasing surface of the initially

formed seed crystals (3D growth phase), while the decrease

of the current after the maximum indicates the merging of

these crystals (transition from 3D to 1D growth) [46]. After
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addition of EY (d), the cathodic deposition current

increases significantly due to the catalytic effect of EY on

the O2 reduction [6] (section e). In this section, the current

remains about constant, indicating 1D growth throughout

the deposition of the ZnO/EY layer. The slight increase of

the current towards the end of the deposition is explained

by the increasing porosity and thereby increasing surface of

the ZnO [47].

3.2 Impregnation with CuSCN solution

The three methods mentioned in the ‘‘Materials and

methods’’ for the impregnation of ZnO substrates with

CuSCN solution led to much different results. Immersion

into CuSCN solution in a petri dish led to the formation of

a rather thick (ca. 20 lm in average) but inhomogeneous

CuSCN layer. On the other hand, reduction of the level of

the solution above the ZnO sample led to the formation of a

non-compact layer. A thin compact CuSCN layer could not

be obtained. Since a thick compact CuSCN layer would

lead to a high series resistance of the solar cell [34] and a

non-compact CuSCN layer would give rise to short-cir-

cuiting between an evaporated contact layer and the ZnO,

these samples were not investigated further. Similar results

were also obtained by the dip-coating method.

Dropwise addition of CuSCN solution to the ZnO

sample on a hotplate led to much better results. Firstly,

this method resulted in the formation of much thinner (ca.

5 lm) yet homogeneous and compact CuSCN layers on

top of the porous ZnO layer. Secondly, significant

amounts of CuSCN were also deposited inside the porous

ZnO layers. This is evident from the cross section SEM

micrograph shown in Fig. 3 and the related EDXS results

shown in Fig. 4. In Fig. 3, it appears hard to distinguish

between the porous and the compact ZnO layer above the

FTO layer, which appears near the bottom of the micro-

graph (directly at the bottom a part of the glass is visible).

This indicates that the pores in the porous ZnO layer have

at least partly been filled by CuSCN. Consequently, in the

EDXS mapping in Fig. 4 the porous ZnO layer can be

identified by its higher sulfur content compared to other

layers. The good pore filling is due to stepwise addition of

impregnation solution leading to successive growth of

CuSCN in the pores as well as upon the ZnO layer. This

reduces the risk of pore blocking by CuSCN growing on

top of the film.

A quantitative analysis of the sulfur content in the whole

ZnO layer by EDXS gave a value of 0.45 atomic %.

A slightly higher value of 0.55 atomic % was found for

copper. In comparison, zinc was found with a content of

9.5 atomic %. Based on the densities of ZnO (5.61 g/cm3)

and CuSCN (2.85 g/cm3) and assuming that about 2/3 of

the ZnO layer is porous with a porosity (fraction of film

volume not occupied by ZnO) of about 50% [7], it can be

estimated that about 30% of the pore volume has been

filled with CuSCN.

3.3 CuSCN deposition by successive ionic layer

adsorption and reaction (SILAR)

In the SILAR method, cations and anions are deposited

alternatingly on a surface, with excess ions washed away in

between to assure layer-by-layer deposition occuring on

the atomic level. Furthermore, the film thickness can be

easily fine-tuned by the number of cycles, which deter-

mines the number of atomic layers [42]. This should make

SILAR a suitable method for the filling of pores with

CuSCN. However, Sankapal et al. [43] only reported the

Fig. 2 Typical i–t curve recorded during the deposition of a porous

ZnO substrate showing the following steps: a pre-electrolysis in

O2-satured aqueous KCl solution, b addition of ZnCl2, c formation of

the compact ZnO bottom layer, d addition of EY, e formation of the

ZnO/EY layer, which is later turned into a porous ZnO layer by

desorption of the EY

Fig. 3 Cross section SEM micrograph of a porous and compact ZnO

layers (top) on an FTO layer (bottom) after impregnation with CuSCN

solution
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deposition of CuSCN films by SILAR on non-porous

conducting glass substrates for applications in solar cells

[43]. The authors found that it is not possible to deposit

significant amounts of CuSCN into porous ZnO films, at

least those with rather small pore sizes (\20 nm) as used in

this study. This is demonstrated in the EDXS mapping of a

porous ZnO substrate after deposition of CuSCN by SILAR

in Fig. 5. It shows a compact CuSCN layer deposited above

the porous ZnO layer, however, virtually no CuSCN

deposited within the porous ZnO layer, considering that the

signals are not more intense as for the FTO layer and

therefore probably caused by the replacement of a small

amount of CuSCN to these layers during the sample

preparation for SEM.

A possible reason for the poor pore filling compared to

impregnation might be that by loading one ion species at a

time into the quite narrow pores of the ZnO network a

partial charging of the pores occurs, leading to an elec-

trostatic repulsion of further ions of the same charge. This

inhibits the formation of a dense layer. Because the intro-

duced ions relatively weakly interact with the non-charged

ZnO network, the washing steps done in a SILAR cycle

before the counter ion is introduced may lead to a further

reduction of their surface coverage. The same effect is

known from Si-rich zeolites, which can hardly be loaded

with metal ions, unless a strong binding of cations in the

pores is promoted by the incorporation of negatively

charged AlO2
- units into the SiO2 framework.

On the rough external surface of the ZnO film the

introduced charges can be better distributed than in narrow

pores and thus the ion adhesion is improved. This leads to

better growth of CuSCN than in the pores. The CuSCN

grown on top of the ZnO layer eventually starts to block the

pore entrances, and consequently the introduction of ions

into the ZnO pore system is becoming increasingly diffi-

cult. By impregnation, in contrast, electroneutral CuSCN

units are directly introduced into the ZnO pores and, thus,

there is no repulsion effect in the pores and no preferential

deposition on the external surface.

3.4 Electrodeposition of CuSCN

Electrodeposition of CuSCN into nanostructured ZnO

layers for dye-sensitized solar cells has first been per-

formed by O0Regan et al. [37] using an organic deposition

solution. However, the use of organic solvents such as

ethanol has some disadvantages, such as a lower conduc-

tivity compared to aqueous solutions, and possibly the

partial desorption of the sensitizer dye [48]. The authors

have therefore chosen two recently developed methods

using aqueous solutions containing KSCN and CuSO4 [40,

41] for the electrodeposition of CuSCN in this study.

Figure 6 shows the i–v curves for the CuSCN deposition

in porous ZnO substrates according to both methods, i.e.,

the deposition at constant potential (Fig. 6a) and the three-

step deposition including a potential ramp (Fig. 6b). Fig-

ure 6a shows a steep decrease of the deposition current

immediately after the start of the deposition process. This

decrease appears too large to be explained by a transition

from 3D to 1D growth as in the electrodeposition of ZnO.

Rather it seems to reflect the increasing resistance of a

compact CuSCN layer deposited on top of the porous ZnO

substrate. A top view of this compact CuSCN layer is seen

in Fig. 7, revealing the typical large CuSCN crystals with

sizes of hundreds of nm. When the three-step method is

used (Fig. 6b), CuSCN deposition slowly starts during the

potential ramp from ?0.1 to -0.5 V versus Ag/AgCl at

about -0.3 V versus Ag/AgCl. However, when the final

potential of -0.5 V versus Ag/AgCl is reached, the further

current transient behavior is very similar to that in Fig. 6a.

The maximum current density reached at the end of the

potential ramp in Fig. 6b is even lower than the initial

Fig. 4 EDXS mapping for Sn,

Zn, and S of the sample shown

in Fig. 3. The division of the

sample into porous ZnO layer,

compact ZnO layer and FTO

layer is indicated according

to the mapping of the three

elements

Fig. 5 EDXS mapping for Zn,

Cu, and S of a porous ZnO

sample after deposition of

CuSCN by SILAR. The lines

clarify the positions of the

CuSCN (top), ZnO (middle)

and FTO (bottom) layers
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current density in Fig. 6a, so that an advantage of the three-

step method is not evident. Furthermore, the current

observed during the potential ramp seems to be partly

capacitive, which is seen in the sudden drop of the current

by about 50% immediately after the end of the ramp.

While EDXS mapping of the whole cross-sections of a

porous ZnO substrates after CuSCN electrodeposition did

not lead to explicit results concerning the CuSCN content

of the ZnO layers, EDXS measurements at smaller sections

of the ZnO layers led to some quantitative data, which are

summarized in Table 1. By far the higher CuSCN content

is achieved with electrodeposition at constant potential,

although the content is only about half that achieved by

impregnation for which a S/Zn ratio of 0.048 was found.

The very low CuSCN content of the porous ZnO layer after

applying the three-step method is rather surprising at first

sight, since the potential ramp should actually enable the

formation of more seed crystals due to the higher reactant

concentration preserved in the pores due to the lower initial

current density. However, it may be the case that the

application of a potential ramp leads to the formation of

seed crystals mainly where the electrolyte is in direct

contact with the conducting FTO layer, e.g., where small

cracks are present in the compact ZnO layer, and much less

in the porous ZnO layer, because the electron concentration

in this layer is too low before and at the beginning of the

potential ramp.

Fig. 6 i–v–t curves of the electrodeposition of CuSCN in porous ZnO

substrates a at constant potential and b in a three-step process under

variation of the deposition potential as indicated

Fig. 7 SEM micrograph of an electrodeposited CuSCN layer depos-

ited on a porous ZnO substrate at a constant potential of -0.5 V

versus Ag/AgCl

Table 1 Zn and S contents from EDXS measurements for porous

ZnO films after electrodeposition of CuSCN into the films using two

different methods

Electrodeposition

method

Zn content/

atom %

S content/

atom %

S/Zn

ratio

Constant potential 18 0.46 0.026

Three-step method 15 0.06 0.004

Fig. 8 i–v curve of a ZnO/D149/CuSCN solar cell with CuSCN

deposited into the porous dye-sensitized ZnO layer by impregnation

under illumination with AM1.5 simulated sun light
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3.5 Measurement of solar cell efficiencies

The performance of the best cells prepared using the three

different deposition methods for CuSCN, respectively, are

shown in Table 2. As expected from the highest CuSCN

content in the porous ZnO film, the cell prepared by

CuSCN impregnation shows the highest photocurrent and

also the highest open-circuit voltage, leading an overall

efficiency of 0.46% (i–v curve see Fig. 8). This is lower

than the 1.5% achieved by O0Regan et al. [37] with a solid-

state dye-sensitized solar cell based on ZnO and CuSCN,

however, it has to be considered that, in opposition to the

work of O0Regan et al., in this study all preparation steps

have been carried out at low temperature suitable for

flexible solid-state DSSC.

The solar cell prepared by SILAR shows a much lower

photocurrent, which is expected from the very small

amount of CuSCN deposited in the porous ZnO layer.

Also the photocurrent observed with the cell prepared by

CuSCN electrodeposition, which is about half that of the

cell prepared by impregnation, is consistent with the

amount of CuSCN deposited into the porous ZnO layer,

since the S/Zn ratio for electrodeposition at constant

potential was found to be about half that of the S/Zn ratio

found for the impregnation method (see foregoing sub-

chapter). It is striking, however, that the open-circuit volt-

age of the cell prepared by electrodeposition is very low

compared to both other cells. This indicates that not only in

case of the three-step electrodeposition method, but also in

case of the CuSCN electrodeposition at constant potential

some CuSCN is deposited directly from the conducting

FTO layer, eventually leading to some short-circuiting.

4 Conclusions

The results of this study show that highly porous ZnO films

prepared by template-assisted electrodeposition are in

principle suitable for the preparation of solid-state dye-

sensitized solar cells using CuSCN as hole conductor. The

highest pore filling and efficiency was obtained with cells

prepared by the impregnation of dye-sensitized porous ZnO

films with saturated solutions of CuSCN in dipropylsulfide,

which showed an efficiency of up to 0.46% despite a pore

filling of only about 30% and the low ZnO layer thickness

used in this preliminary study. Improvement of the pore

filling and the use of thicker ZnO films should make possible

an increase in efficiency by about one order of magnitude.
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