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Keywords Abstract: Upon absorption of the sunlight, an excited energy state called exciton is

Organic photovoltaics, generated in organic photovoltaics (OPV). There exist two kinds of excitons, singlet

glalgnetlc field effects, and triplet excitons. In OPV, the power conversion efficiency (PCE) is limited by the
olymers

short lifetime of singlet excitons since they recombine quickly. To overcome this
problem, we have introduced the spin %z radical galvinoxyl into the MEH-PPV: PCBM
bulk heterojunction to harvest triplets efficiently. The photovoltaic device shows an
enhancement in PCE compared to the device without galvinoxyl. To reveal the
underlying mechanism for the increase in PCE, magneto-photoconductance (MPC)
of the OPVs was measured for the films, doped with various galvinoxyl
concentration rates.

Spin Radikal Katkilama Yoluyla Organik Fotovoltaik Giines Pillerinin Verimliliginin

Artirllmasi
Anahtar Kelimeler Oz: Giines 15181 absorbesi iizerine, organik fotovoltaiklerde (OPV) eksiton ad1
Organik fotovoltaik, verilen uyarilmis bir enerji durumu olusur. Singlet ve triplet eksitonlar olmak iizere
Manyetik alan etkisi, iki tiir eksiton vardir. OPV'de gii¢ déniisiim verimliligi (PCE), singlet eksitonlarin

Polimerler kisa 6miirleri nedeniyle sinirlidir, ¢iinkii bunlar hizla rekombine olurlar. Bu sorunun

iistesinden gelmek icin, spin % radikali galvinoksili MEH-PPV: PCBM bulk
heterojonksiyonuna dahil ederek tripletleri verimli bir sekilde elde ettik.
Fotovoltaikler, galvinoxyl icermeyen cihaza kiyasla PCE'de artis gostermektedir.
PCE'deki artisin altinda yatan mekanizmay1 ortaya c¢ikarmak icin, OPV'lerin
manyeto-fotokondiiktans1 (MPC), cesitli galvinoksil konsantrasyon oranlar ile
katkilanmis filmler i¢in 6l¢ilmiistiir.

*{lgili Yazar, email: kevsersahintiras@erciyes.edu.tr

1. Introduction

In order to meet the challenges of increasing energy demand, solar energy has been identified as the most
important source of renewable energy. There have been many studies to improve the device efficiencies of organic
photovoltaics (OPV) [1-12]. Typical bulk heterojunction structure for OPV devices consists of an active layer
sandwiched between the anode and cathode. The blend of ©-conjugated polymer and fullerene is simply spin-
coated to create the active layer. It is well-known that the materials with delocalized m-electron systems absorb
sunlight, create photogenerated charge carriers and transport these charge carriers [13,14]. The blend of poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) (donor-D) and 1-(3-
(methoxycarbonyl)propyl)-1-1-phenyl)(6,6)C61 (PCBM) (acceptor—A) is commonly used polymer:fullerene
mixture for the active layer of OPV. MEH-PPV polymer chains absorb light, and excitons are first generated in the
donor nano domains; subsequent dissociation at D-A interfaces occurs due to the difference in energy levels
between the donor’s LUMO and the acceptor’s HOMO (lowest to highest occupied molecular orbital) [15]. For the
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excitons to transfer to the D-A interface, they first move to the polymer domain boundary (~10 ps) where upon
arrival they generate charge transfer excitons [15,16]. These excitons dissociate to create Coulombically bounded
polaron pairs (PP) which have longer lifetime (a few microseconds) and are intermediate species at D-A interface
[17-19]. The PP species may eventually split into "free" electron and hole polarons that can easily be gathered at
the anode and cathode, respectively, and are accessible for charge transport via the A and D domains. Device
efficiency (1) is low due to recombination of PP at D-A interfaces [16,20-22]. Numerous attempts related to active
layer have been studied such as concentration, thickness, dopant addition etc. to optimize low n [6-12]. In the
current work, we present a novel approach to decrease PP recombination at the polymer/fullerene interfaces by
doping the device active layer with spin 1/2 radicals. In the context of organic solar cells and organic light-emitting
diodes, the effects of additional radical dopant spins were initially investigated. It was found that for a certain
doping rate both the efficiency and short circuit current of the doped devices were improved. In the present study,
galvinoxyl (commercially available spin radical) (2,6-di-t-butyl-(3,5-di-t-butyl-4-0x0-2,5- cyclohexadien-1-
ylidene)-p-tolyloxy) at different concentrations was doped into the blend of MEH-PPV: PCBM to observe the
enhancement in device power conversion efficiency, PCE (1). We additionally measure the magneto-photocurrent
(MPC) response, which is sensitive to spin-flip between singlet and triplet PP. Spin-flip mechanism enables PP
separation at D-A interfaces by converting photogenerated PP from spin singlet to spin triplet via spin exchange
between PP and galvinoxyl. To better understand the origin of the improved efficiency, photoluminescence (PL)
of the pristine and galvinoxyl-doped MEH-PPV films was measured.

2. Materials and Methods
2.1. OPV device fabrication and characterization

Figure 1 A and B show the device structure of OPV and the chemical structures of the active layer materials,
respectively. For the anode layer, 40 nm transparent indium tin oxide (ITO) coated glass substrates (Delta
Technologies) were cleaned by ultrasonic treatment (in acetone, Helmanexx, deionized water and isopropanol
alcohol sequentially) and followed by oxygen plasma cleaning. The conducting polymer poly (3,4-ethylene
dioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS), purchased from Ossila Ltd., was spin coated at 4000 rpm
for 60 s at ambient conditions onto the ITO layer with 50 nm thickness to provide sufficient hole transport to the
active layer. Then, they were transferred to a nitrogen-filled glovebox (02 < 1 ppm) for annealing at 150 °C for 30
min. The organic blend was used as the active layer was spin coated from a blend of Poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4- phenylenevinylene], MEH-PPV (Sigma Aldrich) polymer as donor, [6,6]-phenyl-Ces1-butyric
acid methyl ester, PCBM (Nano-C) fullerene as acceptor and galvinoxyl (Aldrich) as spin radical (only for doped
devices). The blend was prepared by dissolving MEH-PPV (8 mg/ml) and PCBM at 1:4 weight ratio in
chlorobenzene. The blend was doped with different concentration rates of galvinoxyl solution between 0% to 17%.
The active layer was spin-coated from the blend at 2000 rpm for 60 s and annealed at 120 °C for 1 hour. As the
cathode layer, 30 nm thick Ca followed by 100 nm thick Al was thermally evaporated to provide effective electron
injection to the active layer at a base pressure of 107 mbar. The device area was 1x1 mm?2. The samples were
placed inside the dynamic vacuum of a cryostat located between the poles of an electromagnet to measure I-V
characteristics, MPC and PL. The solar cells were tested by the solar simulator with AM1.5G filter and a xenon
lamp. Keithley 2400 sourcemeter unit was used to measure 1-V characteristics of the device. PL emission of the
doped and undoped blend was excited by 100 mW continuous wave laser at 488 nm.

MEH-PPV PCBM
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Figurel. A) Device structure of OLED, B) Chemical structures of MEH-PPV, PCBM and galvinoxyl.
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2.2. Magneto-photocurrent measurements

MPC measurements were performed in a closed cycle He cryostat positioned between the poles of an
electromagnet at room temperature. The magnetic field, B which the electromagnet produced was up to 300 mT.
While the solar cells were illuminated with 80 mW cm-2 Xenon lamp, Keitley 2400 sourcemeter unit was used to
measure at zero bias as the B field sweeps. The value MPC was calculated by using Equation 1,

wpe) = [0 0

PC(B) is photocurrent when the magnetic field is on, and PC (0) is when it is off.
3. Results

The spin 1/2 radical we chose for our experiments has a conjugated molecule with C2 symmetry. By keeping other
molecules apart, the large t-butyl groups on the molecule stabilize the radical and prevent further radical-radical
contact in the solid state. Even when there is oxygen present, this molecule remains stable [23, 24]. Its chemical
structure can be thought of as a resonance hybrid of two configurations with a localized unpaired spin-polarized
electron on different oxygen since the unpaired electron is delocalized throughout the entire molecule.

We note that the weight ratio for the blend of MEH-PPV: PCBM was optimized at 1:4. The effect of spin %2 radical
galvinoxyl doping in the active layer of MEH-PPV: PCBM on solar cell characteristics was observed. The power
conversion efficiency of a solar cell is calculated by using general parameters; Vupp, Jurr and Pin as shown in
Equation 2,

_ Pmax _ VmppJMmPP (2)

~ pin Pin

Vwmpp is the voltage at the maximum power point, and Jwmpp is the point current at the maximum power (Pmax) that
can be obtained by the device. Pin is the incident power that is provided by the solar simulator. The plot of n and
Jsc for the solar cells depending on the doping level of the galvinoxyl spin radical is given in Figure 2 A and B,
respectively. The galvinoxyl radical-induced boost in Jsc and n peaks at around 3% and subsequently disappears
with additional increasing doping. As the doping concentration rate changed from 0% to 17%, the obtained value
for n varies from ~0.7% to 0.5%. At 3% doping level 1 reaches the maximum value of ~0.85%. Similar change was
observed for the Jsc which varies from ~1.8 mAcm-2to ~1.6 mAcm-2 as the doping level changes between 0% to
17%. At 3% doping level, Jsc increases to 2.4 mAcm2. About half of the improvement in the device n can be
attributed to a 33% rise in Jsc, which suggests that carrier photogeneration is either increased or carrier
recombination is decreased, or both. The device performance started to suppress at higher galvinoxyl doping
levels (>10%). Similar results about the enhancement of OPV and OLED devices were obtained by other groups
[25-27]. The action of galvinoxyl additions is divided into two regimes by the ideal doping concentration (3%) at
which n maximizes: an "enhancement” regime where n grows with doping and a "suppression” regime where 1
declines with doping [26].
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Figure2. A) n and B) Jsc versus galvinoxyl doping level plots.

The I-V properties of MEH-PPV: PCBM devices doped with different weight percentages of galvinoxyl radicals are
displayed in Figure 3B. To see if the improvement in Jsc with the addition of galvinoxyl is also due to an
improvement in device active layer optics, we compared PL spectra for the pure MEH-PPV: PCBM films and those
that have been doped with galvinoxyl. Figure 3A shows the PL spectrum of pristine and galvinoxyl doped blend
films. PL is due to the radiative emission of photon excited states generated by photon absorption. There are two
PL emission peaks at 1.9 eV and 2.05 eV appearing in both films. As the m-electrons relax to the inter-chain states,
PL emission peak at 1.9 eV appears. The other peak at 2.05 eV is the result of the relaxation of the m-electrons to
the ground state [28, 29]. The quenching of the PL spectrum as the blend doped with galvinoxyl confirms that the
population of the triplet excitons (longer lived excitons) increased.
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Figure3. A) PL spectrum of pristine and galvinoxyl doped (3 wt.%) MEH-PPV: PCBM blend film and OPV device and B) I-V
characteristics of the OPV solar cells doped with various wt.% of galvinoxyl radical.

The ratios of singlet and triplets can be altered by an external B-field through formation and intersystem
conversion, leading to MFEs in PL based on intra- and intermolecular excitation states. To understand underlying
mechanism of the improved characteristics of solar cell in galvinoxyl doped devices, MPC measurements were
performed. Figure 4 shows MPC response of OPV devices with various galvinoxyl doping. It is clearly seen when
the galvinoxyl doping level is 3%, MPC reaches the maximum response. MPC in OPV blends is due to magnetic field
manipulation of spin triplet and singlet states within the PP spin manifold [30-32]. MPC value was increased from
3% to 6% when galvinoxyl doping rate was changed from 0 wt.% to 3 wt.%. However, as the doping level increased
MPC value becomes 2% which is less than the value at 0 wt.%. Consequently, the lowering of MPC with galvinoxyl
weight percentage demonstrates that the spin 1/2 radicals disrupt the intersystem crossing rates between the
different spin states of the PP species, emphasizing the significance of the galvinoxyl spin instead of its
donor/acceptor properties. The improved carrier photogeneration following galvinoxyl doping is caused by
reduced PP geminate recombination at the D-A interfaces.
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Figure4. MPC response of OPV devices doped with various wt.% of galvinoxyl radical up to field, B of 300 mT.

We notice that the pattern of the OPV enhancement with weight percentage and the MPC value with galvinoxyl
weight percentage are similar. At 3 wt.%, the maximum increase in MPC is observed; at 10 wt.%, its value returns
to that of undoped device. This demonstrates that there is a strong relation between the spin % properties of
galvinoxyl additives and the enhancement of the characteristics of OPV.

4., Discussion and Conclusion

Our most recent research on spin-enhanced bulk heterojunction organic solar cells is presented in this study. We
were able to improve the performance of the solar cell device by doping MEH-PPV: PCBM OPV with spin 1/2
radical galvinoxyl. We observed that this boost is directly connected to the radical's spin degree of freedom, which
through spin-spin interaction lowers the rate of PP recombination at the MEH-PPV: PCBM interfaces. For the
enhancement to take place, the donor/acceptor interface must exist in the active layer. Experiments show that
galvinoxyl-doped OPV devices have a higher PCE value due to reduced PP recombination at the MEH-PPV: PCBM
domain interfaces from spin 1/2 radical additions. Galvinoxyl, a spin 1/2 radical, is thought to improve PP
separation at MEH-PPV: PCBM interfaces by changing photogenerated PP from spin singlet to spin triplet by spin
exchange interaction with galvinoxyl. Since triplet PP has a longer lifetime than singlet PP, the improved
intersystem crossing yields a long-lived PP species with a higher probability of dissociating into free polarons.
Density functional theory (DFT) calculations related to the physical results of this model were investigated by
Zhang et al. [25] At high concentrations of galvinoxyl doping, triplet-triplet annihilation of triplet PP accumulated
at the D-A interface may eventually occur, resulting in radiation loss rather than dissociation into free electrons
and holes.
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