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ABSTRACT: For stable quantum dot-sensitized solar cells, an
oligomer-contained gel electrolyte was employed with a
carbon-based counter electrode and a hierarchically shelled
ZnO photoelectrode. Poly(ethylene glycol) dimethyl-ether
(PEGDME) was added to the polysulfide electrolyte to
enhance the stability of the methanol-based electrolyte. In
addition, the nanocomposite gel electrolyte with fumed silica
was used, which provided a solid three-dimensional network. A
quantum-dot-modified ZnO nanowire photoanode enhanced
the visible light harvesting, and a Pt/CNT-RGO counter
electrode increased the catalytic activity. The oligomer gel
electrolyte prevented the liquid electrolyte from leaking, and
the carbon-based counter electrode retarded chemical poison-
ing at the counter electrode. The optimized cell exhibited 5.45% photoelectric conversion efficiency with long-term stability
demonstrated over 5000 s operation time.
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■ INTRODUCTION

Quantum dot-sensitized solar cells (QDSSCs) have attracted
much attention as alternative photovoltaic devices that have a
photon-to-electric conversion mechanism similar to that of dye-
sensitized solar cells (DSSCs).1−5 The main advantages of
QDSSCs are photoelectric conversion in the full visible light
range, higher electron collection efficiency, and low cost of
fabrication.6,7 Many attempts have been made to increase the
light harvesting efficiency of QDSSCs through the deposition of
various quantum dot semiconductor nanocrystals such as
CdS,8,9 CdSe,5,10 and PbS.11−13 The semiconductor quantum
dots, which act as visible light harvesting materials, have the
potential to demonstrate several especially advantageous
properties, including the quantum confinement effect, high
absorption, and the generation of multiple electron carriers.3

Co-sensitizing devices using CdS and CdSe have been the
special interest of many researchers because these devices can
absorb the entire visible light spectrum and separate the
photoexcited electron−hole pairs through their type II cascade
band structure.10,14 Furthermore, the nanostructured photo-
electrode used for quantum dot deposition plays an important
role in electron transport and collection. Although mesoporous
TiO2 nanostructures have been widely used as photoelectrodes
due to their high surface area for sensitizer deposition,15,16 one-
dimensional ZnO can also be a potential candidate because its
structure can provide a direct electron pathway for more
efficient electron transport.11,17,18 In addition, ZnO has a
potential application as a photoelectrode due to its higher
electron mobility value as compared to that of TiO2 (205−1000

cm2 V−1 s−1 for ZnO and 0.1−4 cm2 V−1 s−1 for TiO2).
18,19

Furthermore, the lower surface area of the one-dimensional
ZnO nanowire arrays can be overcome through secondary
lateral growth on the on-dimensional nanostructure surface.20

In particular, the three-dimensional ZnO nanostructures in this
study enable efficient charge collection because they consist of a
one-dimensional ZnO nanowire at the core and a two-
dimensional ZnO nanosheet on the core surface.21 This
composition can provide higher quantum dot loading and
higher electron transport, thereby leading to higher charge
collection efficiency. On the basis of these materials, we
examined the highly efficient QDSSCs that had a photoelectric
conversion efficiency of approximately ∼5% under 1 sun
irradiation, as described in previous research.21

However, another important property of QDSSCs that
requires further research for practical application is their
durability. In general, QDSSCs use a polysulfide redox relay-
based electrolyte and gold-deposited counter electrode
assemblies.22,23 Despite the high conversion efficiency of
QDSSCs, photovoltaic devices that employ a liquid electrolyte
have the potential for other problems, including leakage,
volatility, flammability, and quantum dot corrosion.24−26 Thus,
the presence of liquid electrolyte in conventional devices may
also result in some practical limitations for sealing and long-
term stability. A nonliquid electrolyte is necessary for ideally
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durable sensitized solar cells. There have been many attempts
to replace the electrolyte in solid-state sensitized solar cells with
alternatives such as inorganic hole transport materials,27,28

organic p-type polymer hole transporting materials,29−31

polymer included redox coupled electrolyte,32−35 and nano-
composite gel electrolytes.34,36−38 In previous research, we
proposed p-type conjugated polymer (P3HT) imbedded
QDSSCs for a solid-state solar cell device with a 1.5%
photoelectric conversion efficiency.30 However, the device has
a limited photovoltaic performance due to the pore filling of the
photoelectrode interspacing. To improve this limitation, we
have adopted the modified electrolyte containing oligomer
solvent and fumed silica nanocomposite in the polysulfide
electrolyte.39−41 The oligomer polymer solvent is poly(ethylene
glycol)dimethyl-ether (PEGDME) (Mw = 500 g mol−1), which
contains oxygen atom polar ligands for dissolving the redox
couple. By substituting some of the solvent with oligomer, the
volatility and flammability caused by methanol-based electrolyte
can be improved. Moreover, fumed silica was used as the
nanofiller for solidification, thus providing physical strength and
light scattering properties. In addition, the standard gold
deposited counter electrode was replaced with a carbon-based
counter electrode consisting of a carbon nanotube (CNT),
reduced graphene, and Pt nanoparticles. Using this material, the
typical interfacial chemical reaction on the gold surface can be
efficiently retarded, resulting in higher endurance.42 Thus, the
durable and high photon-to-electric conversion efficiency was
obtained in this study, and the resultant photoelectric efficiency
was 5.45% at 1 sun irradiation. The cell also exhibited enhanced
durability over 5000 s operation at 1 sun irradiation.

■ EXPERIMENTAL SECTION
Fabrication of Photoelectrodes. CdSe-/CdS-deposited three-

dimensional ZnO nanostructures were fabricated for the photo-
electrodes using the hydrothermal method. At first, the ZnO nanowire
arrays were grown on F-doped tin oxide (FTO) glass (TEC, 8 Ω/□)
by an ammonia solution method.43 Using the ZnO target, the
patterned 50 nm ZnO film was deposited on FTO glass, and the
substrate was immersed in an aqueous solution containing 10 mM
Zn(NO3)2·6H2O with pH 11 conditions, which was adjusted in
ammonia solution (28 wt % in water). The solution was heated at 95
°C for 12 h until the ZnO nanowire arrays grew to approximately 10
μm. Subsequently, the ZnO nanowire grown FTO glass was
transferred to an aqueous solution of 10 mM Zn(NO3)2·6H2O, 10
mM hexamethyltetramine, and 1 mM trisodium citrate at 70 °C for 9
h.21 After the ZnO nanostructure growth, the CdS and CdSe were
deposited using solution reactions.8,44 The successive ionic layer
absorption and reaction (SILAR) process for the CdS deposition was
conducted using 20 cycles. The electrode was first briefly dipped in a
200 mM CdSO4 aqueous solution for 30 s, rinsed with deionized water
for 30 s, dipped in aqueous 200 mM Na2S solution for 30 s, and finally

rinsed with water for 30 s. This in situ deposition process was repeated
for 20 cycles with the desirable 10 nm CdS shell size on the ZnO
surface. After that, the CdSe was deposited using a chemical bath
deposition (CBD) process. The electrode was immersed in 2.5 mM
Cd(CH3COO)2, 0.25 M Na2SeSO3, and 45 mM NH4OH at 95 °C for
3 h. The process was repeated three times until the desirable CdSe
nanocrystal growth was achieved.45

Using the prepared photoelectrode, the sandwich QDSSC was
assembled with a 0.25 mm2 cell dimension. The carbon-based counter
electrode was prepared using the previous recipe.42 Briefly, the
graphene oxide made using Hammer’s methods and the CNT
purchased from Hanwha nanotech (CM-95) were mixed in a 1:1
weight ratio and dispersed ultrasonically in ethanol (3 g/L).
Subsequently, the H2PtCl·6H2O was added in solution with a 1:1
weight ratio, and 2 mL of HCl was added to the 10 mL solution. After
stirring, the solution was centrifuged and washed twice with ethanol.
The prepared mixture was then spray coated on FTO glass in
isopropyl alcohol dispersed solution (1 g/L) at 120 °C.

Fabrication of Gel Electrolyte. To prepare the gel electrolyte, the
poly(ethylene glycol)dimethyl-ether (PEGDME) (Mw = 500 g mol−1)
(Aldrich) was dissolved in a 7:3 (v/v) mixture of methanol and
distilled water at various volume ratios until a uniform solution was
formed. Next, 0.5 M Na2S, 2 M S, and 0.2 M KCl were added into the
solution. After the mixture was stirred at 60 °C, the fumed silica
nanoparticles (15 nm, Aldrich) were added into polymer blend
solution. The prepared gel electrolyte was stirred for 6 h at 60 °C.

Characterization. Scanning electron microscopy (SEM) images
were recorded using a Phillips XL30S field emission SEM. An atomic
scale analysis of the crystal structure was performed on a transmission
electron microscope (JEM-2200FS, JEOL at NCNT, POSTECH).
The optical absorbance of the samples was analyzed using a
UV2501PC (SHIMADZU) spectrometer with an ISR-2200 integrating
sphere attachment for diffuse reflection measurements. Photocurrent
density−voltage characteristics of the cells were measured using a solar
simulator (ABET, SUN3000). The power of the simulated light was
calibrated to AM 1.5 (100 mW cm−2) using a standard silicon solar cell
(PV Measurement Inc.). Electrochemical impedance spectroscopy
(EIS) experiments were characterized with symmetrical cells in the
dark using a potentiostat (Ivium Technologies). A thin layer
symmetric cell was fabricated by stacking two similar electrodes with
Sulyn spacer and sealed by heating on a hot plate. The frequency range
was used from 100 kHz to 100 mHz, with a modulation amplitude of
10 mV at 0 V bias voltage.

■ RESULTS AND DISCUSSION

To realize stable quantum dot-sensitized solar cells, a
nonvolatile, inflammable electrolyte is necessary. For this
reason, we substituted poly(ethylene oxide) (PEO) for the
liquid electrolyte, which consists of methanol and water. PEO is
a well-known conducting polymer that can be used as an
electrolyte in dye-sensitized solar cells (DSSCs).32,33,46,47 As
the polymer solvent, PEO has electric conductivity as a result of
excellent complexation with ionic salts due to the unpaired

Figure 1. Digital images of the gel electrolytes with various compositions. (a) The comparison of the viscosity and volatility of PEO-based oligomer
at varying concentration (liquid electrolyte and 20 vol %, 80 vol % of the PEO-based oligomer concentrations). (b) The comparison of the liquid
and solidified electrolyte with silica nanofiller additives.
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electrons on the ether oxygen atoms functioning as donors for
the alkali cations in salts. Although the PEO, which generally
has a molecular weight of a few thousand, is widely used as a
polymer solvent, solid-state PEO-based polymers can suffer
from poor electrode−electrolyte contact, and the overall
photon-to-power conversion performance can thus be reduced.
For this reason, we employed the low molecular weight PEO
for more efficient interfacial penetration in the nanostructured
photoelectrode. For a better comparison, the digital images of
the each electrolyte condition are shown in Figure 1a and b.
Figure 1a shows the changes of the electrolyte properties
including viscosity and volatility as a function of PEO oligomer
concentration. Figure 1b exhibits a solidified polysulfide
electrolyte with only silica nanocomposite additives to the
liquid electrolyte. When the electrolyte consisted of methanol
and water, the liquid electrolyte exhibited high volatility and
fluidity. As PEO oligomer (PEGDME) concentration increased
to 80 vol %, the electrolyte showed lower volatility and
enhanced viscosity at room temperature. For the accurate
comparison of the viscosity, we conducted the viscosity
measurement under 297 K condition depending on the
PEGDME vol % concentration. In Table 1, the viscosity

increased gradually with PEGDME concentration. However,
the solidified gel electrolyte could not be obtained with the
application of PEGDME as only an additive because the
oligomer PEGDME has liquidity coming from the low
molecular weight as compared to that of high molecular weight
polymer.48 In the current study, a solidified gel electrolyte was
prepared by employing fumed silica nanocomposite as a
nanoparticle filler.39,40 Silica nanoparticles are a widely used
material because a nanoparticle filler in an electrolyte enables
the electrolyte to form a network that increases gelation and
solidification, as observed in Figure 1b.
For the optimized preparation of the gel electrolyte, we

examined the changes of the electrolyte properties. First, we
compared the electrical properties of the electrolyte with the
concentration of PEGDME. In this measurement, the
PEGDME with 500 g mol−1 was substituted with a mixture
of methanol and water solvent with various volume
concentrations. When it is compared in Figure 2a, the ionic
conductivity of gel electrolyte was relatively lower than liquid

electrolyte (0%) due to the lower ionic conductivity of the
oligomer PEO (∼10−3 S cm−1) as compared to that of the
methanol, water mixture (∼10−2 S cm−1).33 The characteristics
of electrolytes were also examined in EIS analysis using the
symmetric cell consisting of Au CE/electrolyte/Au CE. With
the EIS spectra of symmetric cells, we could analyze the two
semicircles attributed to the charge transfer at the counter/
electrolyte interface and diffusion of ions in the electrolyte. The
semicircle that indicates the charge transfer at the counter
electrode (in the kHz range) was not observed due to the high
radius semicircle at the low frequency region related to the
diffusivity of the electrolytes. For this reason, we simply
compared the radius of the semicircle with the assumption that
the charge transport resistance is equal because the counter
electrode was fixed in this experiment.49,50 In Figure 2b, from
the semicircle radius, we could compare the conductivity of the
electrolyte consisting of various concentrations of PEO
oligomer (PEDGME) and methanol/water mixture. As
shown in Figure 2b, the internal resistance showed a larger
radius for the semicircle, and indicates that the gel electrolyte
has the lower ionic conductivity. The results exhibited the same
trend as Figure 2a in that ionic conductivity was lowered as the
concentration of PEO oligomer increased.
Using the same electrolytes as Figure 2, we fabricated the

QDSSC cells. Figure 3 shows time-dependent photoresponse
parameters of the PEGDME-contained electrolyte-based
quantum dot coupled ZnO nanostructures for the various
concentrations of PEGDME. In the QDSSC system, we used
the three-dimensional ZnO nanostructured photoelectrode
modified by the CdS and CdSe quantum dots. Using the Au
deposited counter electrode, the cell exhibited ∼4.68% photon-
to-current conversion efficiency with the methanol/water
mixed polysulfide electrolyte under 1 sun irradiation at the 5
mm × 5 mm cell size. When the PEO oligomer (PEDGME)-
based gel electrolyte was adapted to the QDSSCs, there was
not a remarkable change under a 20 vol % PEO oligomer ratio
electrolyte. Basically, the current density is dependent on the
ionic conductivity. However, 20 vol % PEO oligomer-based gel
electrolyte showed an unusual current value measured as
compared to that of liquid electrolyte. In Figure 2, 20%
PEGDME electrolyte showed slightly lower conductivity than
did the liquid electrolyte, which can result in lower redox
couples and the associated reactions at the electrolyte/
photoelectrode interface. In detail, a higher concentration of
the redox couples might increase the side effect of the
recombination of the electrons injected in the photoelectrode,
thereby reducing the open circuit values.47,51 When comparing

Table 1. Measured Viscosity Values of the PEGDME 500
Mixed Electrolyte at 297 K

PEGDME (vol %) 0 20 50 80
viscosity (mPa s) 3.44 9.13 15.6 28.1

Figure 2. Comparison of the (a) ionic conductivity and (b) electrochemical impedance spectroscopy (EIS) analysis data of the symmetric cell (Au/
electrolyte/Au) with various PEGDME concentrations.
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the 20% electrolyte with that of liquid electrolyte, the current
density exhibited enhancement, although the modified electro-
lyte showed lower ionic conductivity and diffusivity. Thus, we
assume that the lower ionic conductivity with comparable
values (∼10−2 S cm−1) results in the lowering of the interfacial
recombination ratio in the charge generation process. However,
over the 20 vol % concentration of PEO oligomer (PEDGME)
electrolyte, the low ionic conductivity influences the cell
performance primarily through changes in the current density.
In addition, the effect of the gel electrolyte can be distinguished
in time-dependent cell performances. This is mainly due to the
change in the electrolyte properties such as volatility and
flammability. Although the fabricated cell was sealed with the
cover glass and Surlyn, the cells may suffer from the electrolyte
leakage and corrosiveness in the fabrication process. As time
goes by, the fabricated cell degraded rapidly in liquid

electrolyte. Although the cells employing a high PEO gel
electrolyte ratios enhanced durability, the lower overall cell
performance was not adequate for practical utilization. Thus,
we have optimized the PEO composition of the gel electrolyte
to the 20 vol % in the QDSSC system. However, the desired gel
electrolyte was not suitable for solidified QDSSC because they
still have lower viscosity and flammability due to the lower
molecular weight oligomer PEO.
For this reason, we used the silica nanocomposite additives

to the 20 vol % PEO electrolyte solution. There are many
nanomaterials used for the nanofiller such as silica nanoparticles
and TiO2,

51,52 but silica is commonly used as a nanocomposite
to solidify the electrolyte.38,49 Silica nanoparticles efficiently
decrease the crystallinity of the polymer and provide free
volume in the electrolyte, resulting in enhanced ionic diffusivity.
Specifically, the silica nanoparticles facilitate solidifying the

Figure 3. Time-dependent photoresponse parameters ((a) open circuit voltage, (b) current density, (c) fill factor, (d) efficiency) of the PEGDME-
containing electrolyte-based quantum dot coupled 3D ZnO nanostructures for various concentrations of PEGDME (black: liquid electrolyte; 20, 50,
and 80 vol % are red, green, and blue, respectively).

Figure 4. Comparison of the (a) ionic conductivity and (b) electrochemical impedance spectroscopy (EIS) analysis data of the symmetric cell (Au/
electrolyte/Au) with various silica concentrations.
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electrolyte by attractive forces between the silica particles. It has
been reported that silica nanoparticles can scatter incident light
within the embedded electrolyte, which also affects the current
density. In the current study, we employed the silica for
solidifying the electrolyte in various concentrations. As shown
in Figure 4, apparently ionic conductivity is not dependent on
silica concentration, but the ionic conductivity was slightly
enhanced at 10 wt % silica concentration. The ionic
conductivity increased with the silica concentration until 10
wt %, followed by a decrease. This result can be explained by
the conjecture that the optimum concentration of the silica
provides the channel for the charge freely with the gel network
and efficient transport of the redox couple. That is, the cations
of the electrolyte can adsorb on the silica surface (Si−OH) and
consequently enhance the anion redox couple mobility in the
gel electrolyte.40,49 However, they can hinder the transport of
the redox couples in the electrolyte or interfacial reaction at the
photoelectrode surface at concentrations above the optimum.
This charge diffusivity also can be observed in an EIS analysis of
the Au CE/electrolyte/Au CE symmetric cells. Except the 10
wt % silica concentration, the other higher concentrations
showed increased internal resistance, as shown in Figure 4b.
This trend can also be observed in photo response

parameters in the QDSSC system. In this measurement, all
cells were fabricated with CdSe/CdS-deposited 1D ZnO
nanostructured photoelectrode and Au-deposited counter
electrode. The electrolyte was the 20 vol % PEO-based gel
electrolyte as optimized in previous experiment. As expected,
the cell showed maximum values in photocurrent density as

depicted in Figure 5b. This result is mainly due to the enhanced
ionic conductivity and diffusivity of the electrolyte, and it is
assumed that the gel electrolyte with added nanocomposite also
efficiently scatters the incident light. Although there are many
assumptions that the nanocomposites can retard the interfacial
recombination ratio because the nanoparticle lowers the redox
couple contact area, the enhancement of the open circuit
voltage that relates to the recombination ratio is not remarkable
(Figure 5a). As compared to the fill factor, which is related to
the electron transport resistance and shunt resistance (Figure
5c), there was no trend in the function with silica
concentration. Although there was an enhancement at the
point of 5 wt %, it may be related to the reduced interfacial
contact area at the electrolyte and photoelectrode due to the
adsorption of the silica nanoparticles. This result can be
explained by the slight increase of the open circuit values in
Figure 5a. From these results, we concluded that the 10 wt %
silica nanocomposite is the optimum concentration in photo
response performance as well as giving solidification.
The other important element in providing stability is the

counter electrode as well as the electrolyte. Generally, the
QDSSC applies the Au-deposited counter electrode for the
electron injection to the redox couples, but the poisoning of the
Au electrode can degrade the stability of the cell, as shown in
the above results.42 In this study, we employed the carbon-
based counter electrode instead of the Au-deposited electrode.
As observed in Scheme 1, the sandwich assembled QDSSC
system consists of the three main components. The three-
dimensional ZnO nanostructured photoelectrode was used for

Figure 5. Silica concentration versus photoresponse parameters ((a) open circuit voltage, (b) current density, (c) fill factor, (d) efficiency) of
QDSSCs based on quantum-dot-coupled 1D ZnO nanostructures.
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efficient light harvesting and charge generation. With the CdS
and CdSe cosensitization, which can absorb the visible light
over 750 nm, they can generate a high current density over 15
mA cm−2 under 1 sun irradiation. The Pt/CNT-RGO sprayed
counter electrode was employed for the counter electrode,
which mainly plays a role in electron injection to the
electrolyte. With the 1D CNT and 2D RGO, the 3D
components facilitate the efficient fast charge transport and

the large surface as well as high electrical conductivity. In
addition, the nanosized Pt noble metal was anchored on the 3D
carbon support, giving enhanced electrocatalytic activity. This
carbon-based counter electrode (CE) was fabricated according
to our previous research, and it exhibited enhanced perform-
ance over the Au-deposited counter electrode. Specifically, the
carbon-based CEs exhibited the enhanced stability because they
efficiently retard the chemical reaction mainly occurring at the
noble metal surface. Although the carbon-based CEs use the
nanosized Pt noble metal, the chemical reaction with the redox
couple is insignificant due to the lower amount of the noble
metal as compared to the Au counter electrode. The
comparison of cell performances for variant component-based
cells was performed, and the results are shown in Figure 6.
Using the carbon-based counter electrode, the cell showed the
enhanced photo response performance with 5.69% photon-to-
current conversion efficiency, which is enhanced as compared
to an Au CE cell (5.09%). This value represents the enhanced
electrocatalytic activity of the carbon-based counter electrode
over the Au-deposited reference electrode. Subsequently, we
employed the gel electrolyte to the 3D ZnO nanostructured
photoelectrode and the carbon-based counter electrode (Figure
6b). The cell exhibited comparable photo response parameters,
with 5.45% photon-to-electric conversion efficiency with a
liquid electrolyte cell (Table 2). As mentioned above, we have
considered two factors in stable QDSSC system. The first factor

Scheme 1. Schematic Image of the CdSe/CdS/ZnO
Nanostructure-Based QDSSC Sandwich Cell Using the
Carbon-Based Counter Electrode with the Polysulfide Gel
Electrolyte and the Corresponding Electrode Images

Figure 6. (a,b) J−V curves of the 3D ZnO-based QDSSCs with (a) carbon-based counter electrode versus Au counter electrode (liquid electrolyte)
and (b) gel and liquid electrolyte using carbon-based counter electrode. (c) Normalized time-to-current analysis with different conditions.
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was the effect of the flammable and volatile solvent, which
causes lowering of the cell performance and electrolyte leakage
problem. The other was the chemical reaction of the redox
couple with noble metal in counter electrode. Thus, we have
investigated these effects sequentially in this study. In our
system, the gel electrolytes exhibited lower cell efficiency
(5.45%) when compared to the liquid cell’s efficiency (5.69%)
due to their lower electrolyte conductivity. The IPCE
measurements were performed for two cells, and the results
showed behaviors similar to I−V results (Figure 7).

Finally, with these three different QDSSC cells, we compared
the stability of the cell under 1 sun irradiation conditions during
the 5000 s. With the normalized current density measurements,
we observed the remarkably enhanced stability of cell
performance for the gel electrolyte employing the carbon CE-
QDSSC system. This result is due to the efficient prohibition of
poisoning at the counter electrode and to the stabilized gel
electrolyte using the oligomer and nanocomposite. Such an
improved performance of the optimized QDSSC indicates that
the modified electrolyte and counter electrode can affect the
long-term stability with lowering of the leakage and chemical
corrosiveness.

■ CONCLUSION
In this study, we successfully improved the QDSSC cell stability
using the oligomer-based gel electrolyte. With the lower
molecular weight PEO, we replaced the methanol-based solvent
of the polysulfide electrolyte and achieved solidification using
the silica nanocomposite additives. The modified gel electrolyte
showed comparable photo response properties as compared to

those of the liquid electrolyte. In addition, we employed the
carbon-based counter electrode to reduce the chemical
reactions, which can affect to the cell performance and lead
to degradation. Using the 1D CNT for charge transport and 2D
RGO for highly reactive surface, the prepared counter electrode
facilitates the electric conductivity. Additionally, the electro-
catalytic properties can be enhanced by the nanosized Pt
deposition on a carbon scaffold. As a result, the QDSSC cell
was optimized for long-term stability and highly efficient light
harvesting. The optimized cell exhibited 5.45% photon-to-
electric conversion efficiency with long-term stability over 5000
s operation time.
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