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Here we introduce a new kind of stable inorganic/organic hybrid photovoltaic cells with redox polymers
and nanostructured inorganic semiconductors. The redox polymers based on Nafion and metal complexes
(Ru(bpy)s2*/3* or Fe(bpy)32*/>*) are applied in photovoltaic cells for the first time. These redox polymers
with good charge transport performance are the hole transport material and the solid-state electrolyte
in the photovoltaic cells. The nanoscale structures of inorganic semiconductors of ZnO nanorods/CdSe
nanoparticle films used as the light-harvesting material are easily realized by a two-step electrodeposi-
Photovoltaic cell tion. In terms of the preliminary current-voltage characterizations of the complete photovoltaic device
Zn0 nanorod (Sn03:F/ZnO nanorods/CdSe/Nafion[Ru(bpy)32***, PEG]/Au), an overall energy conversion efficiency (()
CdSe about 4% is achieved. A comparable energy conversion efficiency is also obtained for the photovoltaic cell
with inexpensive Fe(bpy)s2*/>* in the redox polymer. These photovoltaic cells retain 90% for their energy
conversion efficiency in the first six months, showing the extended high stability. In addition, this kind
of photovoltaic cells recovered easily by water due to the advantages of the Nafion-based redox polymer.
These good results, joining with the easily accessible techniques of the cell fabrication, indicate that the
proposed solid-state photovoltaic cells are hopefully to be a new type of ‘cheap’ and long-life photovoltaic
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devices for practical applications.
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1. Introduction

As an alternative and clean energy source, photovoltaic cells
have attracted great scientific and technological interest and have
been extensively investigated in the past decades. Several new
designs for photovoltaic devices [1-5] have been proposed. The rep-
resentative dye-sensitized solar cells (DSSCs) [1] were considered
as the third generation photovoltaic device, which may combine
high-energy conversion efficiency with low production cost. Many
impressive results have been obtained [6-8]. However, the com-
position of a stable and efficient electrolyte, along with a highly
efficient and cost-effective light-harvesting material, remains the
key parameters limiting the lifetime of photovoltaic cells and pre-
venting them for further practical applications.

So far, great efforts have been made to replace the liquid elec-
trolytes with quasi-solid-state or solid-state electrolytes, such as
room-temperature ionic liquids [9,10], polymer gel [ 11-13], organic
[14-16] and inorganic [17-19] hole transport materials. Each of
these materials performs a specific task toward the overall objec-
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tive of the energy conversion. Conducting polymers are well known
as good charge transport materials. As conducting polymer elec-
trolytes [20,21] can substitute the glass electrodes to improve
the flexibility and to reduce resistances of solar cells, they might
become a kind of competitive hole transport materials in photo-
voltaic devices. Regrettably, the conversion efficiencies of the cells
employing conducting polymers [22-24] are lower in compari-
son to the cells using liquid or other polymer electrolytes. It is
mainly due to the low conductivity and the low hole mobility of
the conducting polymers, and the high charge recombination rate
hereby.

Redox polymers are a kind of conducting polymers with advan-
tages including simple preparation, high stability and good charge
transport performance. Their applications have been widely inves-
tigated in catalysis [25], electrocatalysis [26], biosensors [27] and
electrochemical supercapacitors [28]. However, it has not been
reported for their application in photovoltaic cells. Here, the redox
polymers based on Nafion [28-30] (a series of fluorinated sul-
fonic acid copolymers) and metal complexes (Ru(bpy)s;2*/** or
Fe(bpy);2*/3*, bpy: 2,2'-bipyridine) were fabricated and applied in
photovoltaic cells. In the photovoltaic cells, the metal complexes in
the redox polymers capture the separated photo-generated carri-
ers and then transmit the charges toward the counter electrode.
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The redox polymers act as the hole transport material and the
solid-state electrolyte of the photovoltaic cells. The charge transport
mechanism [31,32] of the redox polymers may be the combination
of physical diffusion (physical replacement) and charge hopping
between redox centers. This mechanism is different from that of the
solid-state electrolytes in which overall charge transport depends
on ionic motions in the solid phase, and may result in higher charge
transport rate of the redox polymer [28]. The higher charge trans-
port rate is beneficial to the separation of the photo-generated
electron-hole pairs and the transport of the carriers.

Organic materials used as the light-harvesting materials in pho-
tovoltaic cells exhibit great potential [33,34] due to the advantage
of easy processing. However, the spectrally narrow absorption, low
carrier mobility and fast aging of organic materials directly limit
to achieve commercially viable device efficiency. Nanostructured
inorganic semiconductors with appropriate bandgap (Eg, 1-2eV)
and high absorption coefficiency offer several advantages over
organic materials [35], for example, the extended stability, the large
surface area, the easily controllable synthesis and the relatively
high intrinsic carrier mobility. Therefore, nanostructured inorganic
semiconductors are probably the most promising light-harvesting
materials for stable and efficient photovoltaic cells.

Consequently, a new type of solid-state hybrid photovoltaic cells
with nanostructured inorganic semiconductors and redox poly-
mer was proposed. And the photovoltaic cells with the structure
of SnO,:F conducting glass substrate/ZnO nanorods/CdSe/redox
polymer (Nafion[Ru(bpy)s2*/3* or Fe(bpy);2*3*, PEG])/Au were
fabricated. The electrodeposited ZnO nanorods/CdSe nanoparticle
films were used as the light-harvesting material. Their morphol-
ogy, structural and optical properties were recorded and analyzed.
The solid-state Nafion[Ru(bpy)32*/3* or Fe(bpy);2*/3*, PEG] redox
polymer films were prepared and then their charge transport
performances were studied by electrochemical methods. The pho-
tocurrent spectra and current-voltage (J-V) measurements of the
complete photovoltaic cells were carried out. The influence of the
thickness of CdSe nanopaticles layer on the performance of these
photovoltaic cells was studied, and the stability with time was eval-
uated.

2. Experimental
2.1. ZnO nanorods/CdSe electrodeposition

ZnO nanorods were prepared by the method of potentiostatic
cathodic reduction based on the work of Cui and Gibson [36].
The electrodeposition was carried out in a three-electrode sys-
tem, in which Pt foil worked as the counter electrode, a saturated
calomel electrode (SCE) served as reference electrode, and the
fore-treated SnO,:F conducting glass substrate (14Qq~!, Ashi
Company, 1cm x 3cm) was used as the working electrode. The
deposition was in the electrolyte of Zn(NOs3), (5mM, Alfa Aesar)
and hexamethylenetetramine (5mM, Alfa Aesar) aqueous solu-
tion and under potentiostatic condition of —0.9V (vs. SCE) for
50 min using a Potentiostat/Galovanostat (Model 173, EG&G, PAR.).
The bath temperature was 90°C. The charge density used in
the ZnO electrodeposition of all the samples in this work was
0.6Ccm~2.

The cathodic electrodeposition [37] of CdSe coating ZnO
nanorods was carried out galvanostatically from a constant stirring
bath containing CdCl, (10gL-1, Alfa Aesar) and saturated solu-
tion of Se in dimethylformamide (DMF, non-aqueous). The current
density was 0.22 mA cm~2. With different time of deposition, CdSe
layers were of different thicknesses. The temperature of the depo-
sition bath was 125 °C. The photoelectrodes of ZnO nanorods/CdSe
were annealed under the temperature of 350 °C for 60 min.

2.2. Preparation and characterization of the solid-state redox
polymer film

The redox polymer film was prepared by the method intro-
duced by Bard [31] and Kobayashi [32]. Nafion solution (1 g, DuPont,
DE1020) blended with polyethylene glycol (PEG, 25 mg, Alfa Aesar),
was spin-coated on the photoelectrodes (ZnO nanorods/CdSe) to
form a Nafion film. Then the Nafion film was dipped into the
saturated solution of Ru(bpy);2*3* or Fe(bpy);2*/3*. The solid-
state Nafion[Ru(bpy)32*/3* or Fe(bpy)3;2*/3*, PEG] redox polymer
based on Nafion and metal complex were formed through the
ion-exchange reaction of Ru(bpy)s;2* and H* in Nafion. After dried
in a glass desiccator for one week, the thickness of the solid-
state Nafion film measured with a Dektak3 Series Elcometer
was about 10 um, and the total concentration of H* sites was
1molL-1.

To investigate the charge transport performances of the solid-
state Nafion[Ru(bpy)3;2*/3*, PEG] redox polymer, some sandwich-
type devices of SnO,:F/Nafion[Ru(bpy);2*3*, PEG]/Au were first
constructed. Then cyclic voltammetry (CV) [38] and electrochem-
ical impedance spectroscopy (EIS) [39] were introduced to study
the charge transport performance. As further investigation, we
studied the charge transport performance of the redox polymers
with or without PEG, and found the optimal PEG content. The
experiments were carried out after the sandwich-type devices
of Sn0,:F/Nafion[Ru(bpy);2*/**, PEG]/Au dried in a glass desicca-
tor for ten days, to ensure that the results can reflect the real
charge transport behavior in the ‘dry’ redox polymer films of
the solid-state photovoltaic cells. The Au film with the thick-
ness about 300 nm was sputtered as the counter electrode of the
devices.
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Fig. 1. The structure (a) and the energy diagram (b) of the solid-state pho-
tovoltaic cell SnO,:F/ZnO nanorods/CdSe/Redox polymer/Au. Redox polymer:
Nafion[Ru(bpy)s2*/** or Fe(bpy)s***, PEG], in Fig. 1b, we take the Voyreq =5.5€V
(1.1V) of Ru(bpy)32*3* for example.
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2.3. Cell assembly

Fig. 1 shows the structure (a) and the energy diagram (b) of the
solid-state photovoltaic cells of SnO,:F/Zn0 nanorods/CdSe/Redox
polymer/Au. Here, the CdSe nanoparticles layer coating ZnO
nanorods (NRs) on SnO,:F conducting glass substrate was used as a
composite photoanode. The ZnO nanorods layer was used as trans-
parent window and electron transport material due to its proper
bandgap and high carrier mobility. The redox polymer of Nafion
and metal complexes (Ru(bpy)3;2*3* or Fe(bpy)3;2*/3*) was used as
the solid-state hole transport material in the photovoltaic cells. In
order to avoid short circuit in the cell, the Au film with the thick-
ness about 300 nm was sputtered onto another piece of SnO;:F
conducting glass substrate as counter electrode.

As shown in Fig. 1b, the work functions of 4.8 eV for the F-doping
Sn0; conducting glass and 5.1 eV for the Au cathode are determined
from the ultra-violet photoemission spectra (UPS) [40]. And the
energy values of ZnO and CdSe are determined from their cyclic
voltammetry [41,42] and UV-Vis absorption spectra (the experi-
ment details of UPS and cyclic voltammetry are shown in ESI). The
offset between the CdSe VB and the Au work function is 1.1eV
(Fig. 1b), which will be conducive to the hole transport from CdSe to
the Au cathode. The matching between the energy band structure of

ZnO and CdSe will facilitate the separation of the photo-generated
electron-hole pairs.

2.4. Measurements

The photocurrent action spectra and current-voltage (J-V)
characterizations of the cells were obtained with a photoelec-
trochemical measurement system, which was consisted of a
potentiostat (Model 273, EG&G, PAR.), a two phase lock-in ampli-
fier (Model 5206, EG&G, PAR.) with a chopper (Model 194A, EG&G,
PAR.). The white light illumination of 25 mW cm~2 (1/4 sun) was
from a Xenon lamp of 150W, and the active area of the cell was
0.10 cm?. A solar simulator (Class B, Model 91160, NEWPORT, USA)
with a 300W Xenon lamp and a Air Mass 1.5 filter provided
the white light illumination of 100 mW cm~2. The incident light
power was calibrated using an RK-5710 power radiometer (Laser
Probe Inc.). The results were not further corrected with respect to
transmission losses in the conducting substrate. Monochromatic
light was obtained in the range of 300-800 nm using a SpectraPro
275 Monochromator (Acton Research Corporation). The absorp-
tion spectra were recorded by a Varian Cary 5000 UV-Vis-NIR
spectrometer and the scanning electron microscope (SEM) images
were recorded by LEO-1530. Finally, electrochemical experiments

Fig. 2. Scanning electron microscopy (SEM) images. Top view: (a) ZnO nanorods, (b) ZnO nanorods/CdSe, the charge amount used in CdSe electrodeposition is 0.1 Ccm~2, (c)
ZnO0 nanorods/CdSe, the charge amount used in CdSe electrodeposition is 0.2 Ccm~2, (d) ZnO nanorods/CdSe, the charge used in CdSe electrodeposition is 0.5 C cm~2, cross
section: (e) ZnO nanorods, (f) ZnO nanorods/CdSe, the charge amount used in CdSe electrodeposition is 0.2 Ccm~2.
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Fig. 3. The absorption spectra of the samples. A: SnO,:F/ZnO nanorods, B:
Sn0;:F/ZnO nanorods/CdSe, the charge amount used in CdSe electrodeposition was
0.1 Ccm~2. C: SnO;:F/CdSe, the charge amount used in CdSe electrodeposition was
0.2 Ccm~2. D: Sn0;:F/ZnO nanorods/CdSe, the charge amount used in CdSe elec-
trodeposition was 0.2Ccm~2. E: SnO,:F/ZnO nanorods/CdSe, the charge amount
used in CdSe electrodeposition was 0.5 Ccm~2,

were carried out using computer controlled electrochemical work-
stations (Model 630, CH Instruments, USA and Model PGSTAT12,
Autolab, Metrohm AG). All the experiments were carried out in
room temperature (25 °C).

3. Results and discussion
3.1. Morphology

As can be seen in the SEM images of Fig. 2a and e, the ZnO
nanorods exist a notable roughness, attributed to the rough sur-
face of SnO,:F conducting glass substrates. The height of the ZnO
nanorods increases with the charge amount used in ZnO elec-
trodeposition. Meanwhile, their diameter remains approximately
a constant. For the charge of 0.6Ccm~2 used in ZnO electrode-
position, the height of the nanorod is close to 1.5 wm and the
diameter is within the range of 150-250 nm. Considering the aver-
age surface area (1.5wm in height and 200nm in diameter) of
~1 x 10~8 cm? and the typical density of ~1.5 x 10° cm~2 nanorods,
a surface enlargement factor close to 15 can be estimated for these
ZnO0 nanorods samples. This surface enlargement is beneficial to
the light harvesting and the photon-generation, which will mention
afterwards.

Table 1

As shown in Fig. 2b, ¢, and f, the electrodeposited CdSe nanopar-
ticles spread on the surface of ZnO nanorods and form a layer of
CdSe nanoparticles. The thickness of the CdSe nanoparticles layer
increases with the charge used in CdSe electrodeposition. With
the used charge of 0.1 and 0.2Ccm~2, the thicknesses of CdSe
layer (around the ZnO nanorods) are respectively in the ranges
of 20-30nm and 40-50 nm, which were estimated from a statis-
tical evaluation of the nanorod diameters before and after the CdSe
deposition. With a larger charge (0.5 Ccm~2) in electrodeposition,
the CdSe nanoparticles full-fill the interspace of the ZnO nanorods
and form a dense CdSe film (Fig. 2d).

3.2. Optical properties

The UV-Vis absorption spectra of the SnO,:F/ZnO nanorods,
Sn0,:F/CdSe and Sn0,:F/ZnO nanorods/CdSe samples are shown
in Fig. 3. The energy gap (Eg) of different semiconductor layers
was estimated by using the relation to the direct optical transition
[43]:

Eg(eV) ~ 1240/ A (nm)

where A is the absorption onset. The Eg of 3.14 eV for ZnO nanorods
and 1.68 eV for CdSe nanoparticles are calculated with the absorp-
tion onsets of 395nm and 740 nm from the absorption spectra,
respectively. Both values were in good correlation with previously
reported values [44,45]. The coherence of the absorption spectra
for Sn0,:F/Zn0O nanorods/CdSe and SnO,:F/CdSe (with and with-
out the ZnO nanorods) indicated that ZnO nanorods contributed
little in the light-trapping procedure for the cells. In comparison of
the absorption spectra of the SnO,:F/ZnO nanorods/CdSe samples
with different charge densities used in CdSe electrodeposition, we
thought that the light absorption was insufficient for the sample
with the charge density 0.1 Ccm~2 used in the CdSe electrodepo-
sition. As shown in Fig. 3, the absorption spectrum of SnO,:F/ZnO
nanorods/CdSe sample was in good correlation with the solar spec-
trum, which indicated that ZnO nanorods/CdSe was appropriate to
be a light-harvesting material.

As it is well known, in addition to acting as charge carri-
ers, the metal complexes of Ru(bpy);2*3* and Fe(bpy);2*3*
themselves are also photoactive. In the comparison of
the UV-Vis absorption spectra (shown in supplementary
information) of Sn0,:F/ZnO nanorods/CdSe and SnO,:F/ZnO
nanorods/CdSe/Nafion[Ru(bpy)3;2*/3* or Fe(bpy)s;2*/3*, PEG] sam-
ples, the metal complexes contribute little to the light absorption.
Additionally, the metal complexes were fixed in Nafion the redox
polymer films. Therefore, the metal complexes of Ru(bpy);2*/3*
and Fe(bpy)3;2*/3* under illumination just act as charge transport
materials in the redox polymer.

The details of D and p of solid-state redox polymers with different complexes and concentration.

Methods Charge transport process Co (1075 molL-1) D¢ (107> cm?s~1) (104 cm2V-1s71)
1.52 + 0.05 0.65 + 0.02 2.60 £ 0.09
2+ 3+ . - . - B .
Ru(bpy)s** — Ru(bpy)s 50402 174 + 0.06 70 4 0.3
1.52 + 0.05 0.61 + 0.02 2.45 + 0.08
3+ 2+
- Ru(bpy)s=*=Ru(bpy)s 50+ 02 1.65 + 0.05 6.6+ 02
Fe(bor o2 o Fe(boyha2* 1.78 + 0.06 0.60 + 0.02 2.40 + 0.08
e(bpy)s** — Fe(bpy)s 56+ 0.2 1.62 + 0.05 6.5+ 0.2
1.78 + 0.06 0.56 + 0.02 2.25 + 0.08
3+ 2+
Fe(bpy)s** — Fe(bpy)s 5.6+ 02 157 + 0.05 63402
1.52 + 0.06 0.70 + 0.02 2.81 £ 0.09
2+ 3+
B Ru(bpy)s2* < Ru(bpy)s 50+ 0.2 211 + 0.07 84+ 03
b o Fe(bay it 1.78 £ 0.07 0.64 + 0.02 2.55 + 0.09
e(bpy)s** <> Fe(bpy)s 56+ 0.2 1.69 + 0.06 6.8 + 0.3

Co: the concentration of the metal complexes, D: the apparent charge transport diffusion coefficient and w: the charge carrier mobility. The relative standard deviations

(RSD) are 3-4%.
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Table 2

The charge transport performances of the redox polymer with various PEG contents. The calculated concentrations of the redox molecules (Ru(bpy)s2*/3*) in these samples

are about 1.52 x 10~ mol L1,

PEG contents/mgg-! 0 5 25 35 45
D (cm?'s=1) 813 x 1077 1.35x 10 4,02 x 10-6 6.50 x 106 421x10°6 216 x 10-6
u(em?V-1s-1) 3.25x 1073 5.4 x 10~ 1.61 x 104 2.60 x 104 1.68 x 104 8.64 x 103

3.3. The charge transport performance of the solid-state redox
polymer films

There are two factors that may influence the charge transport
performance of the solid redox polymer: the microstructure of the
Nafion films on the one hand [28,32], and the concentration of the
redox molecules (the metal complexes) in the polymer on the other
hand. For the low solubility of Ru(bpy)s2*, the amount of redox
molecules exchanged into the Nafion film is low, as well as the
concentration of redox molecules in the solid-state polymer film.
The concentrations (Cy in Table 1) of the redox molecules with
electrochemical activity are calculated from the solid-state cyclic
voltammetry [46] (the calculation details are also available in ESI).
The maximum concentration is measured only about 10~4 molL-1.
According to the CV and EIS experiments of the redox polymer
with the SnO,:F/Redox Polymer/Au devices, the apparent charge
transport diffusion coefficient (D¢t) of 1076 to 10~> cm?2 s~! and the
charge carrier mobility (u) about 10~4cm2V~-1s-1 for the redox
polymer Nafion[Ru(bpy);2*/3*, PEG] were obtained (Table 1). The
charge carrier mobilities (1) were achieved according to the fol-
lowing Einstein’s equation:

w/cm?s 1v-T = %Da ~ 40D¢/cm? s~1(298 K)

where e is the elementary charge of electron, K is the Boltzmann
constant, and T is absolute temperature.

The addition of PEG can improve the conductivity of redox
polymer films [32] by the effect of the microstructure of the
redox polymer. We have investigated the charge transport perfor-
mances of the solid-state redox polymer with various PEG contents.
The redox polymer with PEG content of 25 mgg~! represents the
best charge transport performances (Table 2). In addition, the
I-V curves for SnO,:F/Redox Polymer/Au devices with or with-
out PEG in the redox polymer are shown in Fig. 4. The ratio for
the current densities of the redox polymers with or without PEG
at £2V is approximately 10, showing the good rectification effi-
ciency of the redox polymers with PEG. The similar results can be

10 T
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Fig. 4. I-V curves for SnO;:F/Redox Polymer/Au with or without PEG in the redox
polymer. The redox molecules: Ru(bpy)s;2*/3*, PEG content: 25mgg-'.

obtained with the redox polymer using Fe(bpy)3;2*/3* as the redox
molecules.

The redox polymers exhibit the comparable charge trans-
port performance with the organic hole transport materials
[16,31]. Furthermore, the charge transport performance of
Nafion[Fe(bpy);2*3*, PEG] (with Fe(bpy);2*3* as the redox
molecules) has also been studied. The results showed that
it had high charge transport performance compared with
Nafion[Ru(bpy)32*/3*, PEG]. Therefore, Nafion[Fe(bpy);2*/3*, PEG]
could be a potential candidate for the solid hole transport mate-
rial in the solid-state photovoltaic cells, due to the much lower cost
of Fe(bpy)32*/3* than Ru(bpy);2*/3*.

3.4. Characterizations of the solid-state photovoltaic cells

The typical current-voltage (J-V) characteristics in dark and
under the 25mWcm~2 white light illumination of photo-
voltaic cell with the structure of SnO,:F/ZnO nanorods/CdSe/
Nafion[Ru(bpy)32*/3*, PEG]/Au are shown in Fig. 5. The short-circuit
current density (Jsc), open-circuit voltage (Voc) and fill factor (FF)
are 2.30mAcm2, 553 mV and 0.74, respectively, and an overall
energy conversion efficiency (() of 3.8% is achieved. The photocur-
rent action spectrum of the photovoltaic cell is shown in Fig. 6. The
reflective loss of the complete cell was not taken into account in
the incident photon-to-current conversion efficiency (IPCE) calcu-
lation. The IPCE of the cell exceeded 40% in a broad spectral range
from 300 to 640 nm, reaching its maximum of 51% at 480 nm. This
good correlation with the energy range of the solar spectral recon-
firmed that CdSe was a suitable light-harvesting material.

A series of photovoltaic cells with different charge amounts
used in the CdSe electrodeposition (i.e., the different thickness of
CdSe nanoparticles layer) was fabricated and the current-voltage
(J-V) characterizations were measured. The characteristic param-
eters of Js¢, Voc, FF and ( are summarized and shown in Fig. 7. The
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Fig. 5. The current-voltage (J-V) characteristic of a SnO,:F/ZnO

nanorods/CdSe/Nafion[Ru(bpy)s2*/3*, PEG]/Au photovoltaic cell. Voc=553mV,
Jsc=2.30mAcm~2, FF=0.74, (=3.8% (in the 25 mW cm~2 white light illumination
and the active area of 0.1cm?, Js.: short-circuit current density, Voc: open-circuit
voltage, FF: fill factor, (: energy conversion efficiency).
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Fig. 6. The incident photon-to-current conversion efficiency (IPCE) spectrum of
Sn0;:F/Zn0 nanorods/CdSe/Nafion[Ru(bpy);2*/>*, PEG]/Au photovoltaic cell (under
short circuit).

photovoltaic cell with the charge amount in the CdSe electrode-
position of 0.2Ccm~2 represents the best performance. We can
explain from the morphology (Fig. 2) and the UV-Vis absorption
spectra (Fig. 3) as follows. As we know, the key points in improv-
ing the energy conversion efficiency of the photovoltaic cell are the
increase of the photon-generated carriers and the efficient separa-
tion of electron-hole pairs, as well as their collection [16,47-49].
The increase of the photon-generated carriers strongly depends on
the light absorption, which relies on the material of light-trapping
layer and its adequate thickness. Meanwhile, the separation and
collection efficiency of the photon-generated electron-hole pairs
depend on the distance of the electron-hole pairs traveling over
(i.e., the thickness of CdSe nanoparticle layer) and the interface area
where the electron-hole pairs are separated and collected [50-52].
There are more recombinations during the electron-hole pairs
traveling over long distance before being separated and collected,
which will result in a reduction of Js, FF, and finally decrease the

energy conversion efficiency. The thickness of CdSe nanoparticles
layer with the charge density of 0.1 Ccm~2 is only about 20-30 nm,
which leads to the insufficient light absorption and a poor pho-
toelectric performance. The notable surface enlargement of ZnO
nanorods allows a reduction in the thickness of CdSe layer, which
will significantly improve the collection efficiency of electron-hole
pairs. The similar behavior has been observed in the extremely
thin absorber (ETA) solar cells [50]. In addition, the scattering at
the interfaces of ZnO nanorods/CdSe will increase the optical path
through the sample and induce the enhancement of the photon
absorption, which was known as the light-trapping effect [53]. With
increasing the charge amount to 0.2Ccm~2 in the electrodeposi-
tion, the CdSe layer can harvest enough light. However, if the charge
amount increases continuously in the electrodeposition (0.5 C cm—2
or even more) procedure, there are more recombinations during
the electron-hole pairs traveling over large distances of the thicker
CdSe layer. Therefore, the photovoltaic cell with the charge amount
in CdSe electrodeposition of about 0.2 Ccm~2 represents the best
performance.

To study the stability of these solid-state photovoltaic cells, the
aging tests of another series of current-voltage (J-V) characteriza-
tions with a same cell have been carried out. The time-dependent
changes of the characteristic parameters are shown in Fig. 8. The
energy conversion efficiencies measured as the cell was fabricated,
1 week later, 1 month later, 2 months later and 6 months later are
3.8%, 4.0%, 3.7%, 3.5%, 3.4%, respectively (The completed cell was
stored in a transparent glass desiccator and under ambient light
during this period). Attributed to the increase of Jsc and Vy, the
energy conversion efficiency moderately increases to 4.0% 1 week
after fabrication. A similar phenomenon has been observed in solid-
state DSSCs and ETA solar cells [50]. The cells retain 90% for its
energy conversion efficiency over six months, showing the high
stability of these photovoltaic cells.

The charge mobility of the Nafion[Ru(bpy )32*/3* or Fe(bpy)32*/3*,
PEG] redox polymer strongly depends on the microstructure of the
redox polymer films [28,29,32]. The moisture in the redox poly-
mer can ameliorate the microstructure of the redox polymer films
to increase the charge mobility. It may play a role in enhancing
the device efficiency. Consequently, after 6 months dried in the
glass desiccator, the completed cell (the same cell as used in Fig. 8)
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Fig. 7. Characteristic parameters of Sn0O,:F/ZnO nanorods/CdSe/Nafion[Ru(bpy)32*/>*, PEG]/Au photovoltaic cells with different charge used in CdSe deposition.
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Fig. 8. Characteristic parameters of a same SnO;:F/ZnO nanorods/CdSe/Nafion[Ru(bpy)3;2*/**, PEG]/Au photovoltaic cell measured at different time.

was kept in a moisture-saturated container for one week. And after
that, we measured the J-V performance of the cell (The J-V curve
shows in ESI). The Jsc, Voc, and FF are 2.52mAcm~2, 558 mV and
0.74, respectively, yielding an overall energy conversion efficiency
of 4.2%, which is even slightly higher than the initial value. The
results imply that this kind of photovoltaic cells can be recovered
easily by water. It is hopefully that these photovoltaic cells can be
a kind of ‘rejuvenatable’ photovoltaic cells with long life.
Furthermore, the performance of the solid-state photovoltaic
cell with Fe(bpy)32*/3* as redox molecules in the redox polymer was
studied, intending to replace the relative high price Ru(bpy);2*/3*.
Fig. 9 shows the J-V curves in dark and under 25mW cm2
white light illumination of the photovoltaic cell of SnO,:F/ZnO
nanorods/CdSe/Nafion[Fe(bpy);2*/3*, PEG]/Au. The Js, Voc, FF are
2.22mAcm~2, 545mV and 0.70, respectively, yielding an overall
energy conversion efficiency of 3.4% which is comparable with
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Fig. 9. The current-voltage (J-V) characteristics of  SnO,:F/ZnO

nanorods/CdSe/Nafion[Fe(bpy);2*/>*, PEG]/Au photovoltaic cell. V,c=545mV,
Jse=2.22mAcm2, FF=0.70, (=3.4% (in the 25mW cm~2 white light illumination
and the active area of 0.1 cm?).

the photovoltaic cell with Ru(bpy)3;2*/3* as metal complexes in the
redox polymer. The results demonstrated that this kind of solid-
state photovoltaic cells were promising to be practical photovoltaic
devices with long-term stability, low production cost and high-
energy conversion efficiency.

Finally, to study the light intensity on the photovoltaic cell,
we evaluated the photovoltaic cells under the various white
light illuminations of 25 mW cm~2, 50 mW cm~2, 75 mW cm~2 and
100 mW cm~2, respectively. These white light illuminations are
from a solar simulator with a 300 W Xenon lamp and a Air Mass
1.5 filter. As shown in Fig. 10, with the incident light power inten-
sity increase, the short-circuit current density (Jsc) increase from
2.37mAcm2 to 9.08 mA cm~2, meanwhile only a slightly increase
of 12mV for the open-circuit voltage (Vyc), the fill factors almost
keep a constant about 0.74, and the overall energy conversion effi-
ciencies (() are near, in the range of 3.8-4.1%. We evaluated some
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Fig. 10. The current-voltage (J-V) characteristics under various incident light inten-
sities of 25mW cm~2, 50 mW cm~2, 75 mW cm~2 and 100 mW cm~2, respectively.
The cell structure: SnO,:F/Zn0O nanorods/CdSe/Nafion[Ru(bpy)s2*/3*, PEG]/Au.
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other cells under the white light illumination of 100 mW cm—2
(AM1.5), with the standardized characteristic parameters shows in
ESL

4. Conclusions

We elucidated a photovoltaic device which utilizes the popular
semiconductors of ZnO nanorods/CdSe as light-harvesting mate-
rials and redox polymers Nafion[Ru(bpy);2*** or Fe(bpy);2*/3*,
PEG] as the charge transport materials. The nanostructured inor-
ganic semiconductor of ZnO nanorods/CdSe represented good
performance in light trapping. The solid-state redox polymers of
Nafion[Ru(bpy)3;2*/3* or Fe(bpy)3;2*/3*, PEG] with high charge trans-
port performance are promising to be a new type hole transport
material in photovoltaic cells. The good results primarily achieved
were comparable with those of ETA solar cells which used the sim-
ilar inorganic semiconductor materials [46,47] and the DSSCs with
other conducting polymer electrolytes [22-24]. Furthermore, with
the optimization of the techniques in fabricating, for example, the
high-density vertically aligned ZnO nanorods, the optimum of the
redox polymer film, these solid-state photovoltaic cells are of con-
siderable potential for practical application due to the long-term
stability, easy fabricating and low cost.
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