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a b s t r a c t

The trends of using biological materials in electronic devices have made great developments in the last
few years. Furthermore, the appealed cost features of organic semiconductors represent a bright low-
cost, environment compatible, and efficient future for bio & nanotechnologies, especially Bio-organic
solar cells which may consider as a noteworthy option for photovoltaic applications. Here, we report a
novel single junction organic solar cell based on photosystem I pigment-protein complex. The complex
which operated either as photosensitizer and charge generator compound, surprisingly. Photosystem I
complexes were extracted from young spinach leaves and used as the active layer of the intended solid-
state solar cell device, subsequently. After the characterization of the final cell, our photovoltaic system
showed the current density of 3470 mA cm�2 which realizes as a notable approach in between photo-
system- I based energy conversion systems.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors (OSCs) used in optoelectronic applica-
tions instead of conventional rare, high cost, and pollutant inor-
ganic compounds have already initiated the substantial interest in
the scientific communities [1]. In general, the tunable mechanical
and photo-electric properties of organic materials have opened the
horizon with an enormous amount of possibilities to produce
strong, flexible, and light-weight materials with the potential for
mass production. As such, OSCs remain a topic of considerable in-
terest for basic and applied research. Of course, this point of care
leads to the generation of organic and hybrid inorganic/organic-
based electronics. In respect to previously mentioned trend, LeB-
lanc and the co-workers [2,3] aligned with their earlier research,
report articles which introduced a new bio-based material with
interesting optoelectronic properties called photosystem I (PSI)
pigment-protein complex.

Inevitably interaction of light in a wide variety of ways with the
matter has been considered as a worthwhile and beneficial source
of energy production in last decades. One of the most presented
light-matter interaction has already known by the name of
photosynthesis mechanism. Oxygenic photosynthesis is an opera-
tion in which the absorbed light converted into chemical energy
through cyclic activities of four multi-subunit membrane protein
complexes: PSI, photosystem II (PSII), the cytochrome b6f complex,
and F-ATPase in cyanobacteria, algae, and higher plants. PSI ad-
vantageously involved in both direct and indirect electron transfer
reactions. On one hand, the light photons capture through its well-
organized peripheral antenna system consisting of pigment net-
works. Afterward, the excitation energy transfers to the reaction
center (RC) where it is used in transmembrane electron transfer
reaction. On the other hand, PSII capturing the light and oxidizes
the water to produce oxygen and reduce membrane-embedded
quinones. The reduced quinones are then utilized by the cyto-
chrome b6f complex in the purpose of membrane proton gradient
production to reduce donor site of the PSI, copper protein plasto-
cyanin (PC). Afterward, the energy migrates through PSI pigment
networks and reaches to P700, a special chlorophyll pair, where
electron generation take places [4,24].

Exhibiting a perfect conversion of absorbed photons to electrons
(e.g. quantum efficiency) of nearly 100% [25] and notable negative
redox potential, arguably introduces PSI as a natural photo-electric
compound. This ability of PSI pigment-protein complex to harvest
the energy of photons strongly depend on the spatial arrangement
of protein subunits and relevant cofactors. Plant PSI made upon 17
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subunits and 193 non-covalently bound photochemical cofactors
[5]. 7 nm � 10 nm � 15 nm PSI complex measured by electron
microscopy [6] contains extraordinary electron transfer chains
(ETCs) begin with P700, the first donor site, and two separated but
almost similar branches, A and B. The branches similarly contain Acc
chlorophyll molecule (first acceptor/donor site), A0 chlorophyll
molecule (second acceptor/donor site), A1 phylloquinone, (third
acceptor/donor site), and three [4Fe-4S] iron-sulfur clusters called
respectively FX, FA, and FB.

Each photon energy hn absorbed by antenna's pigment net-
works made of predominantly chlorophyll molecules and few b-
carotenoids in approximately 10�15 s. The absorbent energy excited
peripheral pigment molecules, then the excitation energy migrates
through internal pigments (e.g. resonance energy transfer), till they
reach P700 site in the RC. Massive resonance energy harvested by
chlorophyll special pair within the deep band gap and subsequently
the work function difference between P700 and the first acceptor/
donor site, Acc, caused generation of the electron to transfer
through ETCs [7,20].

Light-induced charge separation oxidizes the primary electron
donor P700 chlorophylls a/a’ heterodimer and Acc site with redox
potential (ERP) of 430 mV, respectively. Then the second electron
acceptor A0 a chlorophyll monomer reduced (ERP of �1000 mV),
then the electron transferred to A1 (ERP of�800 mV) then to FX (ERP
of �705 mV), FA (ERP of �520 mV) and finally FB (ERP of �580 mV)
[8,9].

This novel photovoltaic function of PSI has been recently applied
in different optoelectronic devices. For example, PSI deposited on
various conducting and semi-conducting material substrates like
Au [10e13], ITO [14], Graphene derivatives [15], and TiO2 [16] for
photocurrent generation purposes. The noteworthy approach to-
ward fabricating a solid-state photovoltaic cell based on PSI is re-
ported by Gordiichuk and co-workers [17]. There is a valuable
review on PSI photovoltaics which maintains more detailed appli-
cations and records [18]. In this approach, our group previously has
fabricated two different photovoltaic system based on PSI pigment-
protein complex extracted from young spinach leaves, an electro-
lyte cell and a solid-state one, which prepares additionally a com-
parison situation. Here we report our latest solid-state bio-organic
solar cell based on PSI pigment-protein complex.

2. Experimental

As shown in Fig. 1, the intended solar cell stack contains amino
acidic substrate, PSI multi-layer, a rough and porous interlayer of
fullerene-C60, Indium tin oxide (ITO) as the anode, and the cathode
made of thin film of gold.

2.1. Isolation of PSI complex from spinach leaves

Preparation of PSI pigment-protein complex [19]. Fresh leaves of
spinach (Spinacia oleracea L.) were purchased from the local market
and then prechilled in the dark overnight. The leaves were ho-
mogenized in a buffer containing sucrose (0.3 M, Sigma-Aldrich,
99.5%), NaCl (15 mM, EMD Millipore) and tricine (30 mM, Sigma-
Aldrich, 99%)eNaOH pH 7.8. The slurry was filtered through four
layers of cheesecloth and centrifuged for 2 min at 2000 g. The
resulting chloroplasts were washed twice in a hypotonic buffer
containing EDTA (5 mM, Sigma-Aldrich) and 5 mM tricineeNaOH
pH 7.8. Unstacked membranes were isolated by centrifugation at
25000g for 10 min and suspended in a buffer containing 0.3 M
sucrose and 30 mM tricineeNaOH pH 7.8.

Spinach thylakoids containing 6 mg Chl. mL�1 were solubilized
in Triton X-100 (4.8% w ⁄ v, EMDMillipore). After stirring for 15 min,
the samplewas centrifuged for 15min at 15000 g. The complex was
further purified by diethyl aminoethyl (DEAE)-cellulose (Merck
Millipore) column chromatography with an elution buffer con-
taining 20 mM tricineeNaOH pH 7.8, 0.03% DM. All steps were
performed at 4oC under dim light. The collected solutions from the
column contain PSI complexes were then dialyzed.

2.2. Fullerene-C60 preparation

Fullerene-C60 (Sigma-Aldrich, 99.5%) in solution phase, for
spin-coating, were prepared with toluene (EMD Millipore) as the
initial solvent and deionizedwater as the second solvent. 2.8mg/ml
is the solubility of fullerene C60 in toluene [26]. The measured
volume of toluene was added to 4 mg C60 powder. After a few
second of stirring, a solution with purplish color appeared, Fig. 2a.
The solution was stirred on a magnetic stirrer in a beaker for about
20 min to reach a homogenized solution. Afterward, the amount of
40e50 ml deionized water was added to the system, Fig. 2b. After a
while with respect to heating and using ultrasonic stirrer, toluene
was evaporated and the fullerene-C60 was dispersed in deionized
water made a brownish solution. The final solution were filtered
through filter paper (Whatman 25 mm) to lose large aggregates.
Fig. 2c.

2.3. Tyrosine amino acid

Suspension of tyrosine (L-Tyrosine, Sigma-Aldrich, 99%) in
deionizedwater, for dip-coating, were preparedwith just deionized
water as the solvent. The precise amount of tyrosine (depend on
intended area of coating) powder were added to deionized water.
The complex was stirred well to minimize the size of tyrosine
needles.

2.4. Bio-organic solar cell fabrication

Prior to device fabrication, the ITO-coated glasses (Sheet re-
sistivity of 100 U/sq) were cleaned with the standard procedure
using distilled water, acetone, and isopropanol. The substrates were
then masked with plastic tapes and treated with UV/O3 for 10 min,
respectively. The masked substrates were dipped in activated
tyrosine suspension and rest for 2 days. Afterward, the samples
were pulled out carefully and dried under clean-desk atmosphere.
Deposited layer of tyrosine was soaked gently in deionized water to
remove any unbounded colloids. After a mild drying processing, the
solution containing PSI were deposited through spin-coating. In the
next step, fullerene-C60 were deposited through spin-coating,
subsequently. The samples were transferred to a sputtering ma-
chine contains gold cathode. Finally, the device were finished with
30e40 nm layer of gold deposited via sputtering under the condi-
tion of 150 mbar for about 300 s. The masks were carefully rejected
and cells with the active area of 50 mm2 were obtained.

2.5. Characterization

Device performance measurements were done using solar
simulator contains metal halide lamp of AM 1.5G spectrum with
80 mWcmm�2 calibration. Cross section and surface morphologies
of the layers were studied by scanning electron microscopy (SEM,
Tescan Vega/II). Hitachi-CF16RX and SigmaII-3-30 K centrifuge
machines were used during protein extraction. Spectrophotometric
characterizations were recorded via both UVeVis Carry 100 Bio and
ELIZA power wave xs2.

3. Results and discussions

Although this quest provides advancements in organic-based



Fig. 1. Bio-organic solar cell stack (ITO/Tyrosine/PSI/C60/Au).

Fig. 2. Preparation of Fullerene-C60 dispersed in deionized water: (a) C60 in toluene solution, (b) Adding deionized water to the system, (c) Toluene evaporation and C60 dispersion
in deionized water.
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energy conversion devices, it suffers from the relatively hard
compatibility of biological compounds in the non-inherent envi-
ronments, for example in this study solid-state solar cell. Therefore,
some efforts were organized in order to optimize the functionalities
of the solid-state bio-organic solar cell contains PSI complex multi-
layer. In this approach, three suggestions were applied to optimize
the device performance.

(i) Regarding with the importance of PSI orientation for charge
carriers transport through energy levels, a layer made of
tyrosine amino acids was employed as a buffer layer between
ITO and PSI. The partially positive activated surface of ITO
was attracted to the free radical oxygen (eOH) of Phenolic
end. The Amine (eNH2) side chains were attached with free
oxygen radical of Carboxyl. Subsequently, the array of tyro-
sine molecules (Poly-tyrosine) appeared on ITO substrate
with free Phenolic ends, Fig. 3.

(ii) The micro-needle shape of tyrosine molecules preferably act
as a rough surface. Therefore, the cross section for photons
impact is raised which arguably has a positive effect on the
efficiency of the cell [27]. Fig. 4aeb.



Fig. 3. Poly-tyrosine molecules: negative and free phenolic terminals attract toward partially positively charged ITO.

Fig. 4. Top-view SEM images of PSI's neighbor layers: (a) Tyrosine micro-needles before rinsing step, (b) Tyrosine micro-needles after rinsing in water bath, (c &d) Porous structure
of Fullerene-C60 layer prepared under treatment of C60 dispersion in deionized water.
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(iii) Dispersed C60 demonstrated extraordinary Nano-strings
structure, Fig. 4ced. Nano-strings porous property was pre-
vented the PS1 layer in losing lots of its moisture. In addition,
the PSI sensitive layer was protected via this layer from de-
fects caused by deposition of the gold electrode layer. We
managed our experimental works in the way which the PSIs
sense less environmental damages, we avoid using the
Physical Vapor Deposition (PVD) or similar techniques for
deposition of C60 which is all the known and homogeneous
ways, and in addition avoid the post-phase annealing steps.

In Fig. 5, the selected results of chromatography were demon-
strated. Observing absorption spectrum of each output through
chromatography steps helped to find the richest solution in the PSI
complex. Regarding with environmental condition of the spinach
plant, the absorption peak for PSI varies from 670 nm to 680 nm
[20].



Fig. 5. UV-spectrophotometry of fourteen micro-solutions harvested from chromatography column. This procedure reveal the richest solution for PSI extraction. In our experiment
phase 9 shows the highest peak in range of chlorophyll a absorption spectrum.

Table 1
Photovoltaic parameters of fabricated device presented with two different cell
strategies.

Structure VOC (V) JSC (mA cm�2) FF (%) PCE (%)

Tyrosine þ PSI 0.03 �0.12 29 0.001
Tyrosine þ PSI þ C60 0.36 �3.47 33 0.517
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According to energy diagram, Fig. 6, the device was fabricated.
The results and the outputs of the bio-organic solar cell are
demonstrated in Table 1. This collation demonstrates the impor-
tance of inter-layer for PSIs to make potential links with electrodes
in the purpose of efficient charge transport.

Fig. 7 shows the light/dark activity of the device without PSI.
Regarding with the deposition of PSIs to act as an active layer of the
device. I-V curve of the final cell, and the comparison situation in
Fig. 8 demonstrate the activity of bio-organic solid state solar cell
based on PSI pigment-protein complex.

To the best of our knowledge, 3470 mA/cm2 current density (JSC)
Fig. 6. Energy diagram (work function i.e. Wf) of the final cell. PSI contains multiple donor
experiment environment addressed slight shifts within its energy level (grey dashes).
of our bio-organic solar cell could be a remarkable achievement
between identical reports on this topic. The latest experiment in
this category is addressed by Gizzie and co-workers [21].
/acceptor sites which demonstrated as consecutive Wfs. Poly-tyrosine due to different



Fig. 7. I-V characteristic of the cell without the PSI active layer.

Fig. 8. Characterization of final cell in comparison with different situation, the final cell, black line, I-V with whole stack of ITO/Tyrosine/PSI/C60/Au. The blue shows the multi-layer
of PSI complex sandwiched between ITO and Au cathodes, and the red line is a demonstration of the cell in absence of C60 inter-layer.
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As we know, the solar cell is basically a diode connected with a
current source in parallel. The parasitic resistors i.e. Series (RS) and
Shunt (RSH) are also incorporated into the equivalent circuit to
represent different parasitic effects inside the solar cell [22,23]. The
approximate value of RS and RSH can also be extracted from I-V
curve. Under ideal solar cell conditions, RS should be as small as
possible while RSH should be too large. With respect to this, the I-V
curve of our device suffers from low shunt resistance which means
the device has had current leakage. In our point of view, the current
leakage happens with the situation which demonstrated in Fig. 9.
The difference between two PSI heads (P700 and the 4Fe-4S clus-
ter) in the charge density and polarity slightly made each PSI
molecule to act as a dipole. Regarding this, we believe that the
optimize orientation of the PSI molecules aligned in the direction
the cell structure would raise the PCE, subsequently. The poor
alignment of PSI molecules causes damping of the charge carriers.



Fig. 9. Charge transport availability through two PSI complex: (a) six situations which the transport is forbidden or do not happenwhich lead to current leakage through system, (b)
an available state for efficient charge transport.
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Therefore, with multi-layer deposition of PSIs, it is really important
to control the assembly of PSI molecules. This would be the next
step for our further investigations on this topic. For topographic
purposes and analyzing the conductivity of the PSI layer (bulk), the
Atomic Forced Microscopy were assisted. The PSI-bulk layer was
deposited on the silica substrate under the same condition of the
real experimental cells. Fig. 10.
Fig. 10. AFM images of PSI-bulk layer on the silica substrate: (a) topography of 1
4. Conclusion

All in all, the bio-organic solid-state solar cell based on PSI
pigment-protein complex was fabricated and optimized regard
with PSI new isolation method, compatible inter-layers, effective
interface area, heat-free deposition techniques, and low vacuum
situations. Although the Power Conversion Efficiency (PCE) of 0.51%
00-amplitude probing (b) backward analyzing (c) 3D-plate of same surface.
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is very low however, it promises a bright future for solar energy
conversion systems with more environment compatibility and low
costs conditions. For further studies, it is important to control the
assembly of PSI layer by layer or in advanced situations molecule by
molecule, design a perfect device architecture, matchable energy-
levels, and try engineering the PSI's ETCs for better charge carrier
mobility.
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