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a b s t r a c t

Photosynthetic protein complexes are very efficient in solar energy absorption, excitation transfer, and
subsequent electron transfer. These complexes have the potential to be exploited as circuit elements for
various bio-hybrid devices, ranging from biosensors to solar cells. In this report, we characterized a
bioelectronic composite fabricated by interfacing reaction center-light harvesting 1 (RC-LH1) complex
with an un-functionalized gold surface in defined orientation. The orientation of RC-LH1 complex was
controlled by using Langmuir–Blodgett (LB) deposition technique: RC-LH1 complexes were attached to
the electrode facing either with their primary donor or the acceptor sides by’“forward” or’“reverse”
dipping, respectively. Photochronoamperometry was utilized to confirm the integrity of the protein
complexes and their orientation. Electrical transport of protein complexes coupled to gold electrode was
studied by using conductive atomic force microscopy (C-AFM). Two distinct current–voltage (I–V) curves
were observed for two different deposition schemes, indicating opposite orientations of RC-LH1 com-
plexes on the electrode. I–V spectroscopy was also carried out under light illumination, the magnitude of
current was considerably increased by the light illumination and the asymmetry of the curves was more
pronounced. We show that, RC-LH1 complexes attached to the electrode with primary donor side facing
the electrode exhibit much faster electron transfer compared to opposite orientation.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The interfacing of biomolecules to substrates, such as metal
electrodes, is a central issue in bio nanoscience. Typically, a bioe-
lectronic device, for example, a biosensor or a biofuel cell, consists
of an assembly of redox-active proteins on a conducting electrode
such that their bio catalytic activity can be transformed into a
measurable output signal by electronic transduction (Willner and
Katz, 2000). Direct coupling of the bioactive redox enzyme or pro-
tein to an electrode offers important advantages from a technolo-
gical point of view in terms of efficiency, reactivity, specificity,
selectivity and sensitivity. Hence, biomolecular components are
being explored as building blocks for materials and devices for a
variety of purposes, at a rapidly increasing rate. This development is
gaining momentum because it is at the core of bionanotechnology
which is a major focus of current research across the globe. Sig-
nificant research activities in this field are aimed at the integration
of macromolecules of biological origin with electronic circuits,
based on the assumption that this will ultimately provide the ele-
mentary basis for the design of novel bioelectronic devices (Katz
and Willner, 2003). Such devices may incorporate redox-active
proteins and enzymes, which in particular, have a natural pro-
pensity for interaction by exchanging their electrons (Akkilic et al.,
2014; Willner et al., 2006). Recent applications of photosensitive
enzymes and proteins, for example, have shown their potential in
solar energy conversion (Das et al., 2004; Nguyen and Bruce, 2014),
optical memories (Kim et al., 2010), optical bioswitches (Liljeroth,
2012), biosensors (Swainsbury et al., 2014), and biological actin-
ometers (Liu et al., 1992). The scope of interfacing can be extended
to three dimensions to enhance functional sensitivity and
selectivity.

Due to high internal quantum efficiency, photosynthetic pig-
ment protein complexes are very attractive for photovoltaic ap-
plications (Yehezkeli et al., 2014, 2012). In recent years several
attempts have been made to construct the functional devices
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based on biological entities extracted from photosynthetic systems
(Kothe et al., 2014; Mershin et al., 2012; Mirvakili et al., 2014; Tan
et al., 2012a, 2012b, 2013). Immobilized protein complexes on
conducting surfaces retain their function of light absorption and
energy transduction but the quantum efficiency of these devices is
quite low.

Photosynthetic reaction center (RC) has been intensively stu-
died as a model system to understand the basis of light absorption
and energy transduction. Light-induced charge separation in
photosynthetic RC is unidirectional; therefore the performance of
any device based on these complexes is strongly dependent on
orientation of the complexes on the electrode. The optimum or-
ientation of the protein complexes is generally achieved by ad-
sorbing the desired molecules on electrode, which are pre-mod-
ified with a self-assembled monolayer (SAM) of organic molecules,
or specifically, binding the genetically modified complexes with
the electrode (Das et al., 2004; Kondo et al., 2012; Reiss et al.,
2007). In this manner, monolayers of proteins with defined or-
ientation is achieved however, the main disadvantage of these
methods is that the electron transfer drops drastically due to in-
crease in tunneling distance introduced by the SAM or linker
molecule.

Langmuir–Blodgett (LB) deposition is a well-known technique
to assemble self-organized molecular monolayer at water-air in-
terface, which is subsequently transferred onto a solid support
(Yan et al., 2012). The most striking feature of LB technique is the
control of the thickness and orientation of the deposited layers.
This method has been extensively used to deposit mono (multi)
layers of the various kinds of molecules, including protein com-
plexes onto a variety of substrates with precise control (Alegria
and Dutton, 1991a, 1991b; Facci et al.,1998; Fang et al.,1995; Fu-
kuda et al.,1992; Talham et al., 2008; Tredgold, 1985; Ueno et
al.,1998; Uphaus et al.,1997; Yan et al., 2012; Yasuda et
al.,1997,1994,1998; Zhao et al., 1992).

Herein, reaction center-light harvesting 1 (RC-LH1) complex
from Rhodopseudomonas (Rps.) acidophila was attached to semi-
transparent (12 nm thick) gold electrodes using Langmuir Blodgett
deposition method. This particular protein complex is interesting
to study because it has been shown to be superior in metal con-
nectivity in terms of high photocurrent generation thus to produce
bioelectronic devices (den Hollander et al., 2011; Kamran et al.,
2014). Herein, we have employed two different dipping strategies:
(1) dipping the slide into the surface assembled monolayer (“for-
ward dip”), (2) Pulling the gold coated slide out of the surface
assembled monolayer (“reverse dip”). Direction of light-induced
current indicates the orientation of the complexes on conductive
electrode, which is corroborated by current–voltage (I–V) curves of
the complexes acquired by conductive atomic force microscopy (C-
AFM). I–V curves acquired under light illumination showed en-
hancement in the magnitude of the current, providing an evidence
of light induced electron transfer in dried LB films. The enhance-
ment of the current under light illumination was more pro-
nounced for RC-LH1 attached to the electrode via primary donor
side compared to the opposite orientation. We show that LB films
of RC-LH1 complexes retain their function of light absorption and
facilitate electron transfer on gold electrodes both in buffer and
dried form. The size of the RC-LH1 complex is also estimated from
compression curve which is in line with the dimensions of the
complex based on its crystal structure.
2. Materials and methods

2.1. Materials

Cytochrome C (cyt c) from horse heart and 2, 3-dimethoxy-5-
methyl-p-benzoquinone (ubiquinone-0, Q-0), both were pur-
chased from Sigma and used without further purification.

2.2. RC-LH1 isolation

RC-LH1 complexes were isolated from Rps. acidophila by using
protocol from Cogdell et al. (Cogdell et al.,1983) and suspended in
buffer (10 mM Tris, pH 8), supplemented with 0.1% Laur-
yldimethylamine-N-oxide (LDAO) and 1 mM EDTA.

2.3. Langmuir Blodgett film

Monolayer of RC-LH1 complexes was prepared using KSV Nima
trough (KSV instruments Co., Helsinki, Finland). The sub-phase of
the LB trough contained only milli-Q water, RC-LH1 complexes
(1 mg/ml) were spread over the water surface and allowed to
settle for 15–20 minutes. The monolayer was compressed between
the barriers of the trough and subsequently transferred onto a gold
electrode. Two types of films were deposited on bare gold elec-
trode: (i) forward-dipped film was fabricated by dipping the gold-
coated glass coverslip into the surface assembled monolayer with
a speed of 2 mm/min and pulling it out with a speed of 20 mm/
min. (ii) The reverse-dipped film was deposited by pulling out the
gold- coated coverslip with the speed of 2 mm/min. The surface
pressure was kept constant during the dipping process.

2.4. Preparation of gold electrode

Working electrodes were prepared by coating MENZEL GLÄSER
Nr. 1 glass cover slips (Gerhard Menzel GmbH, Germany) with a
thin layer of gold (12 nm). The glass cover slips were first cleaned
by sonication in methanol for 1 h, then washed with distilled
water, and dried under the stream of nitrogen. The dried cover
slips were placed in ozone cleaner for one hour (PR-100, UV Ozone
Photoreactor, UVP). A Magnetron sputtering system (ATC 1800-F,
AJA Corporation) was utilized to deposit a thin layer of gold onto
clean glass coverslips. An additional layer of 1–2 nm of molybde-
num–germanium (MoGe) was sputtered on glass coverslips prior
to gold sputtering to increase the adhesion between gold and
glass. Thin layer of MoGe was deposited at a rate of 1.32 nm/min
under 10 mtorr Argon environment, whereas gold deposition was
carried out at a rate of 9.06 nm/min under Argon and oxygen
environment (10 mTorr Argon and 1mTorr Oxygen). The root
mean square roughness of the deposited films was 2–3 Å (Akkilic
et al., 2014; Salverda et al., 2010).

2.5. Conductive atomic force microscopy

Current–voltage (I–V) curves of LB monolayers were acquired
by C-AFM under ambient condition using commercial atomic force
microscope, equipped with an E-Scanner and a current amplifier
(AFM, Nanoscope IIIa, Veeco, USA). The tunneling junction was
fabricated by sandwiching the monolayer of RC-LH1 complexes
between gold electrode and AFM tip. In order to meet the re-
quirements of the experiments, standard silicon nitride cantilevers
with spring constant of 2 N/m and resonant frequency of 75 kHz
were coated with a thin layer of gold using magnetron sputtering
system. RC-LH1 complexes were located by imaging in tapping
mode; the instrument was switched to contact mode after placing
the AFM tip at desired location. A potential ramp was applied
between the two electrodes and resulting current was measured
to construct I–V curves. I–V curves for both forward- and reverse-
dipped films were recorded by varying contact force and light
conditions. I–V curves under light illumination were acquired by
shining the sample with a light-emitting diode (LED) of central
wavelength of 880 nm and bandwidth of 50 nm.
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2.6. Photochronoamperometry

After depositing LB film of RC-LH1 complexes, the gold-coated
glass coverslip was fixed as the base of a measuring cell containing
buffer (10 mM Tris HCl, pH 8). Light-induced currents were mea-
sured under ambient conditions using potentiostat (Metrohm-
Autolab PGSTAT 128 N), integrated with conventional three elec-
trodes setup, a gold-coated glass coverslip as working electrode, a
saturated calomel electrode (SCE) as reference electrode, and
platinum wire serving as the counter electrode. Light illumination
(by a light-emitting diode centered at 880 nm, with a band width
of 50 nm) was provided from the bottom of the cell, through the
gold-coated glass coverslip. Quinones and cytochrome c were used
as redox mediators in the buffer solution. Light illumination in-
tensity was 23 mW/cm2 for all the experiments, measured by the
power meter. A computer controlled shutter was placed between
the light source and working electrode to turn the light illumi-
nation on/off. A picture of the experimental setup is provided in
Supporting Information (Fig. S2).

2.7. Absorption spectra of Langmuir Blodgett films

Absorption spectra of LB films deposited on gold electrode
were acquired using a fiber-coupled spectrometer (QE 6500, Ocean
Optics Inc.), equipped with a halogen light source.
3. Results and discussion

3.1. Monolayer formation and transfer onto electrode

After spreading detergent solubilized RC-LH1 on air-water in-
terface, the film was compressed and pressure-area isotherm was
recorded. The RC-LH1 complexes arranged themselves on water
surface with their more hydrophilic part facing the water as shown
in Fig. 1A. RC complexes have, previously, been assembled on
water-air interface with slightly more hydrophilic side towards
water and less hydrophilic side hanging in air (Yasuda et al.,1992,
1994; Zaitsev et al.,1992). The collapse pressure was found to be
55 mN/m. The surface pressure-area isotherm shows (Fig. S1) two
distinct regions corresponding to two different packing density
states: liquid and solid. The gas state may not be visible because of
Fig. 1. (A) Schematic representation of the Langmuir–Blodgett deposition method for
different strategies are shown in the figure, representing forward-dipped (left panel) and
RC-LH1 complexes on water air interface is compressed with the barriers to a certain pres
depending on the requirement of the experiment, keeping the surface pressure constant.
forward- and reverse-dipped LB films. Absorption spectra of LB films are measured using
are shown for comparison.
large area of RC-LH1 molecule. In order to avoid squeezed state,
the deposition pressure was selected at the beginning of the solid
state region. The limiting area for RC-LH1 was evaluated to be
110710 nm2 / RC-LH1 complex, which is comparable to size
(11�11 nm2) of the complex calculated from x-rays crystal-
lography (Roszak et al., 2003). Surface assembled monolayer of RC-
LH1 complexes was transferred onto a freshly sputtered gold
surface for further characterization. Morphology of the LB films
deposited on gold electrode was monitored by AFM imaging under
ambient conditions. AFM images show similar surface coverage of
both kinds of films (Figs. S5 and S6).

Fig. 1B shows that the absorption spectra of forward- and re-
verse-dipped LB films have similar characteristic peaks to that of
absorption spectrum in solution. All the major peaks associated
with RC (800 nm), LH1 ring (885 nm) and carotenoids (400–
500 nm) are intact in the spectra for both kind of films. It may lead
us to a conclusion that LB deposition does not induce considerable
structural deformation during the deposition process. Similar
surface coverage is also depicted by the absorption spectra of
forward- and reverse-dipped LB films.

3.2. Electrochemical characterization of LB films

Bacterial reaction center complex generates charge separation
at primary donor site, so called special pair by absorbing light
energy. This initial charge separation leads to a transmembrane
electron transfer, assisted by its co-factors. Transmembrane elec-
tron transfer is coupled to a proton gradient across the membrane;
the special pair is reduced by cytochrome c to complete cyclic
electron transfer. This charge separation at special pair can be
transferred to an electrode by interfacing the RC or RC-LH1 com-
plexes with a metal electrode. We have used Q-0 and Cyt c in the
electrolyte to replicate the cyclic electron transfer, for RC-LH1
deposited on electrode.

Photocurrent measurements were carried out in a home built
electrochemical cell, which was designed to incorporate a gold-
coated (12 nm) glass coverslip as a working electrode (Fig. 2A and
S2). After depositing LB film, the gold-coated coverslip was fixed in
an electrochemical cell where a reference and a counter electrode
were also inserted in the electrolyte (10 mM Tris HCl, pH 8). Po-
tential was set to �100 mv vs SCE. Upon turning on the light il-
lumination, cathodic current was recorded in presence of charge
defined orientation of reaction center-light harvesting 1(RC-LH1) complex. Two
reverse-dipped (right panel) deposition procedure. Surface assembled monolayer of
sure; subsequently a gold coated slide is dipped into or pulled out of the monolayer,
(B) Absorption spectrum of RC-LH1 complexes in solution and absorption spectra of
fiber-coupled spectrometer equipped with a halogen light source. Overlaid spectra



Fig. 2. (A) Schematic representation of the setup used for light induced current measurements. RC-LH1 complexes are immobilized on a gold electrode, serving as a working
electrode. Reference (saturated calomel) and counter (platinum wire) electrodes are inserted from the top. Light illumination is provided from the bottom of the electro-
chemical cell. RC complex has three types of peptide represented by L, M and H in the figure. Electron transfer in RC is initiated by charge separation at dimer of bacter-
iochlorophyll, called special pair (P) which ends up at Quinone B (QB) after multiple tunneling steps involving bacteriochlorophyll, pheophytin and Quinone A (QA). Pathway
of the electron is indicated by the arrows in the figure. (B) Photocurrents recorded by forward-dipped LB film (red triangles), reverse-dipped LB film (blue circles), and LB film
without any mediator present in the solution. The arrows in the figure show the switching of the light on (arrow pointing upwards) and off (arrow pointing downwards). The
applied potential for all the experiments was �100 mv (vs. SCE). Light illumination was provided by an LED (23 mW/cm2). Quinones (100 mM) and Cyt c (20 mM) are used as
mediators for both types of films. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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carriers (100 mM Q-0 and 20 mM Cyt c). Omitting both the charge
carriers from the electrolyte, no photocurrent was observed
(Fig. 2B, black line). Despite similar surface coverage (depicted by
absorption spectra in Fig. 1B) and other experimental conditions
(mediator’s concentration and applied potential), the magnitude of
photocurrent for forward-dipped LB was found to be 10 times
higher than that of reverse-dipped film (Fig. 2B). The observation
of cathodic current in similar experiments is attributed to transfer
of electrons from working electrode to special pair of RC complex
(den Hollander et al., 2011; Lebedev et al., 2006; Swainsbury et al.,
2014; Trammell et al., 2006).

By using only 100 mM Q-0 as a mediator, a photocurrent of
110078 nA/cm2 for forward-dipped and 10575 nA/cm2 for re-
verse-dipped film was recorded. The magnitude of photocurrent is
enhanced significantly (570.3 mA/cm2 for forward-dipped and
50079 nA/cm2 for reverse-dipped film) by supplementing the
electrolyte with 20 mM cyt c. The enhancement of photocurrent by
addition of cyt c is attributed to the wiring effect provided by cyt c
between primary donor side of RC complex and the working
electrode (Lebedev et al., 2006). The magnitude of the photo-
current was further increased by increasing the concentration of
Q-0 and cyt c. At a certain concentration of the mediators
(1600 mM and 320 mM for Q-0 and cyt c, respectively) we have
observed saturation of the magnitude (Figs. S3 and S4). The elec-
tron transfer in RC is unidirectional that is from primary donor to
terminal acceptor. The observation of cathodic current indicates
that the electron transfer is taking place from electrode to RC,
which is contributed by only those RCs having their primary donor
side facing the electrode (den Hollander et al., 2011; Trammell
et al., 2006). The large difference in magnitude of photocurrent for
forward- and reverse-dipped LB films show that the majority of
RC-LH1 complexes for forward-dipped films are attached to the
electrode with their primary donor side facing the electrode,
whereas for reverse-dipped films, only a small fraction of mole-
cules have this particular orientation.
3.3. Current–voltage (I–V) characteristics of LB films

The direction of photocurrent gives an indication of two dif-
ferent orientations of RC-LH1 complexes on the electrode. This
conjecture was further investigated using conductive atomic force
microscopy (C-AFM). I–V curves were recorded by sandwiching
the oriented LB films between a gold electrode and a gold-coated
AFM tip. A potential ramp was applied between the tip and the
electrode to record the resulting current. Asymmetric I-V curves
were recorded for both forward- and reverse-dipped films (see Fig.
S5). For forward-dipped films, more current was recorded for
positively applied potential compared to negative potential
whereas opposite I–V curves were recorded for reverse-dipped
film, that is, more current for negative potential compared to po-
sitive was recorded. RC-LH1 complex has two types of co-factors;
the central part (RC complex) has a dimer of bacteriochlorophyll
and two symmetric branches of co-factors, each branch containing
bacteriochlorophyll, a bacteriopheophytin and quinone. The RC
complex reported to have diode like I–V characteristics (Lee et al.,
1997; Mikayama et al., 2009, 2006; Reiss et al., 2007; Stamouli
et al., 2004). The peripheral part expected to have symmetric I–V
response because it has similar architecture of co-factors to that of
light harvesting 2 (LH2) complexes and LH2 complexes exhibit
symmetric I–V response across V¼0 (Stamouli et al., 2004). The
symmetric behavior of the I–V curves is attributed to the presence
of carotenoid molecules, which act as molecular wires spanning
the LH2 complex and they are capable of efficient electron transfer
(Stamouli et al., 2004; Sumino et al., 2013).

The characteristic I–V curves of RC-LH1 complexes measured in
our experiments seem to have signature of both RC and LH1
complexes. The I–V curves can be imagined as superimposition of
a diode like I–V curve and a symmetric curve across V¼0. The
asymmetry of I–V curves arise from the presence of RC complex at
the center of the LH1 ring, and the symmetric part is contributed
by LH1 complex. Because the RC complex is protruding from cy-
toplasmic side of the membrane, the I–V curves are recorded at
least at an applied force of 2 nN, which is presumably sufficient to
induce some deformation to the protruding part of RC to get access



Fig. 3. Current–voltage (I–V) spectroscopy of forward-dipped (FD) and reverse-dipped (RD) Langmuir–Blodgett (LB) films in dark and under light illumination at different
contact forces. The tunneling junction was constructed by sandwiching the oriented monolayers between a gold electrode and a gold coated AFM cantilever. The LB film was
scanned by tapping mode AFM, subsequently the tip was placed at desired position and the instrument was switched to contact mode. A potential ramp was applied
between the tip and electrode and resulting current was measured. (A) I–V spectroscopy of FD–LB film at contact force of 2 nN in dark (red curve) and under light (black
curve) conditions. (B) I–V spectroscopy of RD–LB film at a contact force of 2 nN in dark (black curve) and under light (blue curve) conditions. (C) I–V spectroscopy of FD–LB
film at contact force of 4 nN in dark (red curve) and under light (black curve) conditions. (D) I–V spectroscopy of RD–LB film at a contact force of 4 nN in dark (black curve)
and light (blue curve) conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to co-factors of LH1 complex. The appearance of RC contribution
on opposite side of the curves for forward- and reverse-dipped
films is a clear evidence of opposite orientation of films.

We have recorded I–V curves at multiple points in LB films. 100
I–V was recorded for each sample to confirm reproducibility of the
results. For forward-dipped films 80 percent of the curves re-
present the RC-LH1 complexes with their primary donor side fa-
cing the electrode. For reverse-dipped films, 75 percent of the I–V
curves show the acceptor side facing the electrode.

I–V curves were also acquired under light illumination. At a
contact force of 2 nN the tunneling current in the I–V curves of
both types of films was increased but for forward- dipped LB film
the increase was more pronounced than that of reverse-dipped
film, quantitatively, 6 fold increase in the magnitude of current
was observed for forward-dipped film compared to only 50% in-
crease in reverse-dipped film (see Figs. 3A and B). The enhance-
ment of the current was restricted to only part of the I–V curve
associated with RC, the other part of the curves (presumably
contributed by LH1 ring) was unaffected by the light illumination.
Different electron transfer rates for different orientations of RC
complex have been previously reported. Trammell et al. for ex-
ample, have measured light induced electron transfer of reaction
center complex tethered to carbon electrode in two different or-
ientations (Trammell et al., 2006). They have shown that the
electron transfer rate was an order of magnitude higher when
primary donor side was connected to electrode compared to the
configuration where RC was connected to the electrode via H
subunit. The observed difference was attributed to different
lengths of linker molecules and thickness of H subunit, which
introduces an additional tunneling distance of 2.4 nm (Trammell
et al., 2006). However, in our study no linker molecule is involved,
so the difference in electron transfer rate can be attributed to H
subunit and direct interaction of primary donor side and H subunit
with the gold electrode. It was interesting to notice that by in-
creasing the contact force, the difference in electron transfer rate
in forward and reverse dipped films was decreased. At a contact
force of 4 nN (see Figs. 3C and D), the current enhancement for
both types of films was very similar. Hence, this force might be
enough to induce sufficient deformation to H subunit to reduce
the tunneling distance significantly. Therefore, we need to exert at
least a force of 4 nN for RC-LH1 complexes attached to the elec-
trode with H subunit facing the electrode to get similar electron
transfer rate to that of RC-LH1 with primary electrode donor side
facing the electrode. These results have unveiled new feature of
RC-LH1 films that is their functional integrity under dried form.
This will open new doors for applications of this protein complex
in solid state electronic devices.

4. Conclusions

We have been able to control the orientation of RC-LH1 com-
plexes on a bare gold electrode. RC-LH1 complexes attached to the
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electrode with their primary donor side facing the electrode re-
sulted in faster electron transfer compared to opposite orientation.
This optimized orientation of protein complexes is achieved by
Langmuir–Blodgett method, a very simple deposition technique,
without any modification to protein or electrode surface. I–V
spectroscopy has independently verified the opposite orientations
of forward- and reverse-dipped LB films. I–V curves under light
illumination also showed faster electron transfer for forward-
dipped LB film at low contact force. Future work will focus on
contact force dependent electron tunneling in LB films, optimiza-
tion of surface coverage and stability of LB films under continuous
light illumination, which are important prerequisites for photo-
voltaic applications.
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