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Abstract: The mechanism of light-induced degradation in organic solar cells based on
regioregular poly(3-hexylthiophene) and indene-Cego bisadduct is studied by transient
absorption (TA) and electron spin resonance (ESR) measurements. After 45-hour light
exposure under simulated solar illumination at 100 mW cm™2, the short-circuit current density,
open-circuit voltage, and fill factor are all degraded by about 20-30% relative to the initial
photovoltaic parameters. For the assignment of limiting conversion processes in the degraded
solar cells, exciton diffusion into a donor/acceptor interface, charge transfer at the interface,
charge dissociation into free charge carriers, and charge collection to each electrode are
observed before and after the light exposure by the TA measurement. As a result, it is found

that the charge collection deteriorates after the light exposure because of light-induced charge
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trap formation in the bulk of the active layer. The origin of charge traps is further discussed

on the basis of ESR measurements and density functional theory calculation.

1. Introduction

Improving device stability has recently become the most important issue for practical use of
organic solar cells while improving device efficiency has successfully led to a power
conversion efficiency (PCE) over 10% even for single junction cells.[1-3] Several
degradation mechanisms have been proposed such as reactions with oxygen or water.[4—6]
Among them, light-induced photodegradation would be the most crucial issue to be solved
because solar cells are inevitably operated under the light exposure. Recent studies have
shown severe deterioration of photovoltaic efficiency down to 60% during the first 100-hour
light exposure.[7] This is called burn-in photodegradation, which comprises a major obstacle
to commercial use of organic solar cells. Thus, it is highly required to understand the burn-in
loss mechanism. Recently, several mechanisms have been discussed for the burn-in
photodegradation: photoinduced oxidation by oxygen atoms trapped in the films,[8-10]
organic or inorganic impurities in the polymers (such as palladium catalysts, tin- or halogen-
containing molecules, and unreacted monomers),[11-13] crosslinking or dimerization of
materials,[14] and polaron trapping either at the interface between the active layer and
electrode or in the bulk of the active layer.[15-19] In other words, the burn-in
photodegradation mechanism is still open question.

For device stability tests, regioregular poly(3-hexylthiophene) (P3HT) and a soluble fullerene
derivative, [6,6]-phenyl-Ce1-butyric acid methyl (PCBM), have been used as benchmark
materials. After thermal annealing, P3HT/PCBM solar cells have been reported to form large
PCBM clusters in the active layer, resulting in less stable operation.[20,21] In contrast,
polymer solar cells based on P3HT and indene-Cego bisadduct (ICBA) have been reported to be

more stable even after thermal annealing.[22,23] This is probably because ICBA is unlikely
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to form aggregates owing to two bulky indene side attachments. Thus, ICBA could be a
better candidate for an alternate acceptor material to PCBM in terms of the thermal stability.
On the other hand, photostability tests have also been performed using PCBM or [6,6]-
phenyl-C-1-butyric acid methyl ester (PC7:.BM). Although the burn-in photodegradation is
observed for P3HT/PCBM and P3HT/PC+1BM solar cells, no photostability studies have been
reported for P3HT/ICBA solar cells. As is the case of thermal stability, the photostability
may be improved by using ICBA instead of PCBM. If not, the photodegradation would
originate from polymers rather than fullerenes. Further study is needed to settle this issue.
Herein, we study burn-in photodegradation mechanisms in P3HT/ICBA solar cells. All the
photovoltaic parameters, the short-circuit current density (Jsc), open-circuit voltage (Voc),
and fill factor (FF) decreased after the light exposure. In order to address the origin of Jsc and
FF losses, we compare exciton diffusion into the donor/acceptor interface, charge transfer at
the interface, charge dissociation into free charge carriers, and charge collection to each
electrode before and after the photodegradation. We further discuss the mechanism of Voc

loss in terms of trap formation after the light exposure.

2. Experimental

2.1. Materials

Two kinds of P3HT were purchased from Rieke Metals, Inc. (4002-E) and from Plextronics
(Plexcore OS 2100). The bromine contents in the P3HT were evaluated by X-ray
fluorescence spectroscopy (see the Supporting Information). Here, we will denote P3HT
from Rieke Metals as P3HT or standard P3HT, and P3HT from Plextronics as bromine-rich
P3HT. ICBA and PCBM were purchased from Luminescence Technology Corp. and Solenne

BV, respectively. All materials were used without further purification.

2.2. Device Fabrication
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ITO-coated glass substrates with a size of 42 mm x 42 mm were cleaned by O plasma
treatment for 5 min. Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS, Clevios PVP. AL 4083, Heareus Deutschland GmbH & Co. KG) was spin-
coated (~20 nm) onto the substrates and dried on a hot plate under ambient air. Then, an
active layer of P3HT/ICBA (1:0.7 by weight ratio) was spin-coated from chlorobenzene
solution on the PEDOT:PSS coated ITO substrates in an N»-filled glove box. The active layer
thickness was 200 nm unless otherwise stated. Finally, an Al electrode of around 200 nm
thickness and 49 mm? active area was deposited by vacuum evaporation at a rate of 1.5 nms ™.,
After the Al deposition, the device was thermally annealed on a digitally controlled hot plate
in the glove box at 110 °C for 10 min, then cooled down to room temperature, and again
thermally annealed at 140 °C for 30 min. All the devices were encapsulated in the glove box.
For ESR measurements, rectangular 1TO substrates with a size of 3 mm x 20 mm were used
to insert the device into a sample tube with an inner diameter of 3.5 mm.[17] The active area
of the cell was 2 mm x 10 mm. For the photodegradation test, the devices were exposed to
AM1.5G simulated solar illumination under the open-circuit condition. Because device
temperature was not controlled during the light exposure, the temperature might be higher
than room temperature. However, the temperature rise did not affect phase-separated
morphology at all as will be shown later, suggesting no impact on the device performance.
Hereafter, we will denote the P3HT/ICBA blend cells before photodegradation as “fresh cell”

and that after 45-hour light exposure as “degraded cell”.

2.3. Measurements

The current density—voltage (J-V) characteristics were measured with a source meter
(Keithley, 2611B) in the dark and under AM1.5G simulated solar illumination at 100 mW
cm 2. The light intensity was calibrated using a standard cell for amorphous Si solar cells

(Bunkokeiki, BS-520). The J-V characteristics were monitored every one hour during the
4
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light exposure. Temperature dependence of the J-V characteristics was measured with a DC
voltage and current source/monitor (Advantest, R6243) in a vacuum prober system (ALS
Technology, VPS3-50) under the illumination from a 100 W Xe lamp (Asahi Spectra, LAX-
C100) equipped with a uniform illumination lens unit (Asahi Spectra, RLQL80-0.5).
Electroluminescence (EL) spectra from a photovoltaic cell were measured at room
temperature with a fluorescence spectrophotometer (Horiba Jobin Yvon, NanoLog) equipped
with a liquid-nitrogen-cooled InGaAs near-IR array detector (Horiba Jobin Yvon, Symphony
).

Femtosecond transient absorption (TA) data were collected with a pump and probe
femtosecond transient spectroscopy system. This system consists of a transient absorption
spectrometer (Ultrafast Systems, Helios), a regeneratively amplified Ti:sapphire laser
(Spectra-Physics, Hurricane), and an ultrafast optical parametric amplifier (Spectra-Physics,
TOPAS). The excitation pulse was set at 600 nm with a spot size of ~7 mm?. Microsecond
TA data were collected with a highly sensitive microsecond transient spectroscopy system. A
dye laser (Photon Technology International Inc., GL-301) pumped by a nitrogen laser (Photon
Technology International Inc., GL-3300) was used as an excitation source, which provides
sub-nanoseconds pulses with various fluences from ~uJ to 0.1 mJ cm ™2 at a repetition rate of 4
Hz. The excitation wavelength was set at 610 nm with a spot size of ~1 cm?. TA
measurements were carried out with transmission mode without metal electrode. Note that
the TA spectra and dynamics were highly reproducible even after the several times
measurements. In other words, the laser irradiation had negligible effects on the sample
photodegradation at least under this experimental condition. Details of TA systems we
employed are described elsewhere.[24-26]

Electron spin resonance (ESR) measurements were performed using an X-band spectrometer
(JEOL-RESONANCE, JES-FA200) at 290 K. The number of spins, g factor, and linewidth

of the ESR signal were calibrated using a standard Mn?* marker sample. The absolute value
5
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of the number of spins was calculated using a solution (220 pL) of 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPOL) as a standard. The calibration of the g factor was
performed by using a software program of the ESR system considering high second order
correction to the effective resonance field. Its correctness was also confirmed by using 2,2-

diphenyl-1-picrylhydrazyl (DPPH) as another standard sample.[17]

3. Results and Discussion

3.1. Photovoltaic Properties

Figure 1 shows typical current density—voltage (J-V) characteristics of fresh (black) and
degraded (red) P3HT/ICBA cells. The photovoltaic parameters are summarized in Table 1.
Time evolutions of the photovoltaic parameters during the 45-hour light exposure are shown
in Figure S1. As shown in Figure 1 and Table 1, Jsc, Voc, and FF decreased to 79, 78, and
70%, respectively, after the light exposure. These decreases resulted in an approximately
60% reduction in the power conversion efficiency (PCE). On the other hand, no difference
was found for a saturation current density Jst at a reverse bias of —5 V before and after the
degradation, suggesting that the loss in Jsc is ascribed to depressed charge dissociation and/or
charge collection efficiency rather than charge photogeneration efficiency. We note that the
photovoltaic characteristics were recovered to the initial values after baking the degraded cell
at 130 °C for 20 min as shown in Figure S2. This is consistent with the previous report,[7]
suggesting that the photodegradation does not originate from any irreversible damages of the
device such as conjugation breaks or photoinduced oxidation of materials. We therefore
hypothesize that the origin of the photodegradation is formation of charge traps as reported
previously. For comparison, we performed the same degradation/recovery tests for
P3HT/PCBM cell as shown in Figure S3. As a result, we found that there are no apparent

difference about the photodegradation behavior between ICBA and PCBM. This finding
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suggests that the burn-in photodegradation would be due to polymer materials rather than

fullerenes.

3.2. Charge Generation Dynamics

First, we measured femtosecond TA to discuss how the charge generation dynamics impact
on the loss in Jsc. Figure 2 shows the TA spectra of fresh (panel a) and degraded (panel b)
cells. As shown in the figure, the singlet exciton band was primarily observed at around 1200
nm as reported previously,[24,27] and then decayed in tens of picoseconds. Instead, polaron
bands were observed at around 700 and 1000 nm, indicating exciton diffusion in P3HT
crystalline domains followed by efficient charge transfer to ICBA. The absorption bands at
700 and 1000 nm are assigned to delocalized polarons generated in P3HT crystalline domains
and localized polarons generated in P3HT disordered domains, respectively.[28,29] These
polaron bands negligibly decayed on nanosecond time stage. Figure 3 shows the time
evolution of singlet excitons at 1400 nm, delocalized polarons at 700 nm, and localized
polarons. Note that the time evolution of localized polarons was extracted by subtracting the
transient signal at 1400 nm from that at 1000 nm after the signal at O ps is normalized because
of negligible charge transfer at 0 ps upon crystalline selective excitation at 600 nm as
discussed in ref 28. As shown in the figure, no difference in the charge generation dynamics
was observed at all between the fresh and degraded cells, indicating that the loss in Jsc is not
correlated to exciton diffusion, charge transfer, or charge dissociation. This finding is
consistent with the comparable Js;t as mentioned above and is also indicative of no

morphological change after the light exposure.

3.3. Charge Recombination Dynamics
We further measured TA measurements on microsecond time domains to discuss how the

charge transport dynamics impact on the loss in Jsc. In this time domain, two polaron bands
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were still observed at around 700 and 1000 nm (Figure S4). For the polaron band at 700 nm,
as shown in Figure 4a, no difference in the decay dynamics was observed before and after the
light exposure. For the polaron band at 1000 nm, as shown in Figure 4b, slower decay
dynamics was additionally observed for the degraded cell at a longer time stage (>50 ps).

These decay dynamics are well fitted with a power-law equation.

nO
n(t)= s at) (1)

Here, the transient signal AOD is converted into the number density n(t) on the basis of the
Beer—Lambert law: n(t) = AOD(t) Na(1000&/)* where Na is the Avogadro’s constant, ¢ is the
molar absorption coefficient (3.5 x 10* Mt cm™* at 700 nm and 3.0 x 10* M~* cm™* at 1000
nm),[29] and | is the film thickness. This power-law equation has been theoretically derived
for bimolecular recombination in energetically disordered materials.[30,31] For the
delocalized polaron band at 700 nm, the slope « is unity ~1 before and after the light exposure,
suggesting negligible charge trap formation in crystalline domains even after the light
exposure. For the localized polaron band at 1000 nm, on the other hand, the slope o is unity
~1 before the light exposure and ~0.4 after the light exposure, suggesting charge trap
formation in amorphous domains after the light exposure.[29] A similar slower decay
dynamics has been reported for blend films based on bromine end-capped P3HT and
PCBM.[32] We thus speculate that the photodegradation we observed would result from
trapped charges due to residual bromines at P3HT chain ends as will discuss later. From the
extrapolation of the slower decay to t = 0, we roughly estimate the trap density to be on the
order of ~3 x 10'® cm™. The trap density was independent of the active layer thickness as
shown in Figure S5b, suggesting that charge traps are not localized at the interface of the
active layer and electrode but rather are uniformly formed in the bulk of the active layer.
Transient photovoltage/photocurrent (TPV/TPC) measurements also indicate the charge trap

formation after the light exposure. As shown in Figure S6, the charge extraction time was
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longer in the degraded cell than in the fresh one. Interestingly, as shown by the green line in
Figure 4b, the slower decay component disappeared after the degraded cell was baked at
130 °C for 20 min. In summary, these findings suggest that the losses in Jsc and FF would be

caused by charge traps formed in P3HT disorder domains as will be discussed later.

3.4. Charge Transfer State Energy

We next focus on the Voc loss observed in the degraded cell. We measured the EL spectra of
the fresh and degraded cells to evaluate the charge transfer (CT) state energy. Figure 5 shows
the CT state emission of the fresh and degraded cells. In the framework of Marcus theory
taking into account interfacial disorder, the spectral line shape of the CT emission is given by

I(E) f exp{_ (Ber - 2- E)z} (2)

E  2n{o? + 24K,T) 2o* +22K,T)

where f is proportional to the square of the electronic coupling matrix element, kg is
Boltzmann constant, T is the absolute temperature, Ect is the CT state energy, 1 is
reorganization energy associated with the CT state emission, and ¢ is energetic disorder of the
CT state at the interface.[33—-35] No difference in the EL spectra was observed for the fresh
and degraded cells. The CT state energy is evaluated to be 1.39 eV with A =0.23 eV and ¢ =
0.06 eV for both cells. On the other hand, as shown in Figure 5b, the EL intensity drastically
decreased under the same current density after the light exposure. These findings indicate that
“dark” recombination sites are generated after the light exposure while the “emissive” CT
state remains the same. Interestingly, the reduced EL intensity of the degraded cell was
recovered to the original intensity observed for the fresh cell after the cell was baked at

130 °C for 20 min. This is again consistent with the recovery of the degraded device
parameters and the disappearance of the slower decay of localized polarons on a microsecond

time domain.
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In order to evaluate the CT state energy of “dark” recombination sites, we measured the
temperature dependence of the J-V characteristics as shown in Figure 6. Under the open-
circuit condition, the applied voltage is equal to the difference between the quasi-Fermi levels

of donor and acceptor materials. Thus, the temperature dependence of the Voc is given by

2
Voo = EX" kT '”[nNr(; J 3)
e''h

where E¢¢ is the effective bandgap of the blend system, which is a good measure for the Ecr,
ne and ny, are the electron and hole densities in the acceptor and donor, respectively, and No is
the density of electronic states in the cell.[34-37] Consequently, the E¢¢™ can be evaluated by
linear extrapolation to 0 K when the product nenn is constant independently of temperature.
As reported previously, P3BHT/PCBM solar cells meet these conditions because of
temperature-independent charge generation above 100 K.[38,39] This would be true for our
devices because the light exposure has no impact on the charge generation dynamics as
mentioned above. For the fresh cell, as summarized in Table 2, the E¢®™ was evaluated to be
1.0 — 1.1 eV, which is consistent with previous reports,[40] although the data sets were
limited to only 4 points because of faster degradation of our devices at lower temperatures.
For the degraded cell, the E¢ was evaluated to be ~0.8 eV. This apparent decrease in the
E.*™ by ~0.2 — 0.3 eV is consistent with the decrease in the qVoc, suggesting that the origin of

the Voc loss is the formation of charge traps with lower energy in P3HT disorder domains.

3.5. Origin of Charge Traps

We further performed light-induced ESR (LESR) measurements of the degraded cell in order
to discuss the origin of charge traps. The LESR spectrum is obtained by subtracting the ESR
spectrum of the fresh cell measured in the dark from that of the degraded cell under simulated
solar illumination, which enables us to obtain ESR signals from only photogenerated species.

In this measurement, a continuous-wave method with a modulation frequency of 100 kHz was
10
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used for the external magnetic field. In other words, the signals observed here were due to
photogenerated charge carriers with a lifetime of >10 us. Here, the g factor was evaluated
from the resonance magnetic field where the ESR spectrum with a first derivative form has a
value of zero, and the peak-to-peak ESR linewidth AHpp value was evaluated as the difference
between the two magnetic fields at a peak and valley in the ESR spectrum. As shown by the
black line in Figure S8a, the g factor and AHpp in the ESR spectrum of the fresh cell were
evaluated to be 2.00221 and 0.476 mT, respectively, which are consistent with those of P3HT
hole polarons as reported previously.[17,41] Figure 7a shows the LESR spectrum of the
standard P3HT/PCBM solar cells. As shown in the figure, a broad and weak signal was
additionally emerged after the light exposure, suggesting formation of deeply trapped
immobile charge species. As mentioned before, we speculate that the photodegradation we
observed would result from trapped charges due to residual bromines at P3HT chain ends.
We therefore measured LESR spectra of bromine-rich P3HT/ICBA blend cells in order to
confirm our speculation. Figure 7b shows the LESR spectrum of the bromine-rich
P3HT/ICBA blend cell. The broad signal became more apparently where the g factor and
AHpy of the broad signal were evaluated to be 2.00336 and 1.13 mT, respectively. These
values are in good agreement with those obtained from DFT calculation for thiophene
oligomers attached with or without bromine atoms (see the Supporting Information). As
shown in Tables S3 and S4, larger g factor and hyperfine coupling (hfc) constants are found
for thiophene oligomers attached with bromine atoms.[42] In other words, these larger g
factor and AHpp observed for the degraded cell suggest that hole polarons are deeply trapped
at around bromine residuals during the light exposure. We therefore conclude that the origin
of light-induced trap formation is caused by residual bromine atoms at the chain ends that are
likely to be located in disorder domains. Further experiments to reveal the formation
mechanism of the bromine-induced traps are currently in progress, and will be reported in a

separate paper.
11
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4. Conclusion

We have discussed photodegradation mechanism of P3HT/ICBA blend cells on the basis of
TA and ESR measurements. All the fundamental photovoltaic conversion processes were
observed before and after the photodegradation by the TA measurements. As a result, we
found that the light exposure has no impact on the charge generation including exciton
diffusion into the P3HT/ICBA interface, charge transfer from P3HT to ICBA, and charge
dissociation into free charge carriers. In addition, we found that the charge collection
efficiency is decreased by charge trap formation in P3HT disorder domains after the
photodegradation. On the basis of ESR measurement and DFT calculation, we assign the trap
sites formed in disorder domains to bromine residuals at P3HT chain ends. We therefore
conclude that the losses in Jsc and FF are due to the decrease in the charge collection
efficiency because of trap formation at the P3HT chain ends, and that the loss of Voc is
ascribed to the formation of such deep recombination sites. We propose that the burn-in loss

could be suppressed by increasing polymer molecular weight and/or crystallinity.
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Figure 1. J-V characteristics of fresh (black) and degraded (red) P3HT/ICBA cells in the
dark (broken lines) and under AM1.5G simulated solar illumination at 100 mW cm2 (solid
lines).
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Figure 2. TA spectra of the a) fresh and b) degraded P3HT/ICBA blend cells. The excitation
wavelength was set at 600 nm with a fluence of 2 uJ cm 2.
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Figure 3. TA decays of the fresh (black) and degraded (red) P3HT/ICBA blend cells: a)

singlet exciton at 1400 nm, b) delocalized polaron at 700 nm, and c) localized polaron. The
time evolution of localized polaron was extracted by subtracting the transient signal at 1400
nm from that at 1000 nm after the signal at 0 ps is normalized.
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Figure 4. Charge recombination dynamics of the P3HT/ICBA blend cell with an active layer
thickness of 100 nm: a) delocalized polaron at 700 nm, and b) localized polaron at 1000 nm.
The black and red lines represent decay dynamics in the fresh (black) and degraded (red) cells.
The green line in the panel b is polaron decay obtained after the degraded cell is baked at

130 °C for 20 min. The excitation wavelength was set at 610 nm with a fluence of 0.6 pJ

cm2,
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Figure 5. a) EL spectra of fresh (black), degraded (red), and baked (green) cells with an
active layer thickness of 100 nm. b) EL peak counts against the current density. The legends

of the symbols are the same as those in the panel a.
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Figure 6. Temperature dependence of the Voc for fresh (black circles) and degraded (red

circles) cells. The solid lines represent the best fitting curves with the linear relationship

(Equation 3). The triangle represents the emissive CT state energy evaluated from the EL
spectrum.
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Figure 7. LESR signals of a) standard P3HT/ICBA and b) bromine-rich P3HT/ICBA cells
after 5.5-h light exposure.
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Table 1. Average device parameters for P3HT/ICBA blend cells before and after the
photodegradation

Jsc Voc PCE
Sample [mA cm2] \Y] FF [%]
Fresh 6.75 0.80 0.54 291
Dearaded 5.30 0.62 0.38 1.25
€9 (79%) (78%) (70%) (43%)

3 Values in parentheses in the bottom row represent retention of each photovoltaic parameter
from their initial values.

Table 2. Summary of interfacial energy and their difference from Voc

Ecr? Egeff qVoc Ect — qVoc Eg™ — qVoc
sample [eV] [eV] [eV] [eV] [eV]
Fresh 1.39 10-11 0.78 0.61 0.2-03
Degraded 1.39 0.8 0.61 0.78 0.16

3 “Emissive” CT state energy estimated from the EL spectra.
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Photodegradation mechanism in regioregular poly(3-hexylthiophene)/indene-Ceo bisadduct
(P3HT/ICBA) blend cell is studied. After 45-hour solar cell operation under AM1.5G
simulated solar illumination, photovoltaic efficiency drops by ~60%. The origin of the
photodegradation is attributed to charge trap formation during the light exposure. Light-
induced charge traps are generated in the P3HT disorder domains, most probably because of
residual bromine atoms at P3HT chain ends.

Keyword: Organic photovoltaics, Stability, Burn-in, Transient absorption, Electron spin
resonance

Y. Tamai, H. Ohkita*, M. Namatame, K. Marumoto, S. Shimomura, T. Yamanari, S. Ito

Light-Induced Degradation Mechanism in Poly(3-hexylthiophene)/Fullerene Blend Solar
Cells
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S1. X-ray fluorescence spectroscopy

To evaluate bromine content of P3HT, we carried out energy dispersive X-ray fluorescence
spectroscopy. The same amount of P3HT powder from Rieke Metals and Plextronics was
prepared in each sample holder. An X-ray fluorescence spectrometer (Hitachi High-Tech
Science, EA1000VX) was used for this purpose. The measurement time was 600 s. The Br

Ka intensities of each P3HT samples are summarized in Table S1.

Table S1. Bromine contents in P3HT.

sample Intensity Standard

[cps] deviation
Standard P3HT 836.7 12
(Rieke Metals) ' '
Bromine-rich P3HT
2436.2 1.8

(Plextronics)
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S2. Time evolution of photovoltaic properties
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Figure S1. Normalized time evolution of a) P3HT/ICBA and b) P3HT/PCBM solar cells
(100-nm-thick) under AM1.5G simulated solar illumination at 200 mW c¢m™2: Jsc (black), Voc
(red), FF (green), and PCE (blue).
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S3. Photovoltaic properties after baking
Figure S2 shows typical J-V characteristics of fresh (black) and degraded (red) P3HT/ICBA
cells with an active layer thickness of 100 nm. The photovoltaic characteristics were
recovered to the initial values after the degraded cell was baked at 130 °C for 20 min as

shown by the green line. The same degradation/recovery behavior was observed for
P3HT/PCBM cells as shown in Figure S3.

-2

Current Density / mA cm

Voltage / V

Figure S2. J-V characteristics of fresh (black) and degraded (red) P3HT/ICBA solar cells
with an active layer thickness of 100 nm. The green line is the J-V characteristics after the
degraded cell was baked at 130 °C for 20 min.

Current Density / mA cm

Voltage / V

Figure S3. J-V characteristics of fresh (black) and degraded (red) P3HT/PCBM solar cells
with an active layer thickness of 100 nm. The green line is the J-V characteristics after the
degraded cell was baked at 130 °C for 20 min.
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S4. Microsecond TA measurements
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Figure S4. TA spectra of a) fresh and b) degraded P3HT/ICBA blend cells. The excitation
wavelength was set at 610 nm with a fluence of 1.6 pJ cm 2.

10°  10°  10* 10° 10° 10*
Time /s Time /s

Figure S5. a) Transient decays of localized polarons in P3HT/ICBA degraded cells (200-nm-
thick) excited with a fluence of 0.13 to 1.6 pJ cm? from bottom to top in the panel. b)
Transient decays of localized polarons in P3HT/ICBA degraded cells with an active layer

thickness of 200 nm (black) and 100 nm (red).
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S5. Charge carrier lifetime and charge extraction time

Charge carrier lifetime under the open-circuit condition was measured by transient
photovoltage/photocurrent (TPV/TPC) techniques. Figure S6a shows the charge carrier
lifetime plotted against charge carrier density. The charge carrier lifetime under the 1 sun
condition was estimated to be 4.7 us for the fresh cell and 8.5 us for the degraded cell. The
lifetime of the fresh cell is much shorter than that reported for P3HT-based cell.[S1] This
result suggests that morphology of our cell was not optimized partly becauese of the non-ideal
blend ratio (1:0.7 by weight) and bisadduct (less crystalline) fullerene. The lifetime of the
degraded cell is slightly longer than that of the fresh one, which is not remarkable but highly
reproducible.  This is probably because of the reduction in charge mobility after the
degradation. Note that carrier density of the degraded cell under the 1 sun condition was
slightly lower than that of the fresh cell. This is probably because of imcomplete charge

collection under the TPC measurement, resulting in underestimate of the charge density.

a) O fresh 1001 ®) fresh |
104l A degraded | > ] degraded }
.=
- K
& a5 | = 3
10 = 3
o
Z
100} . 107
A P B | " | o0 | "
10'¢ 10'7 0 10 20 30
n/ecm” Time/ us

Figure S6. a) Charge carrier lifetime under the open-circuit condition plotted against carrier
density. The red symbols represent the lifetime under 1 sun condition. b) Time evolution of
laser induced voltage rise under the short-circuit condition.

Figure S6b shows the time evolution of transient photovoltage under the short-circuit
condition. These decays were fitted with two exponential functions as shown by the red lines.
The lifetimes (and their fractions) are summarised in Table S2. At the short-circuit condition,
transient photovoltage decay is mainly attributed to the charge collection to electrodes. Thus,
the faster components correspond to the charge extraction time. On the other hand, the slower
components are comparable to the charge carrier lifetime under the open-circuit condition

evaluated by the TPV measurements. We thus attribute to trapped charges, which are not
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collected to the electrode but rather recombine to the ground state. The fraction of the slower
component increased after the light exposure, which is consistent with the Jsc loss we

observed.

Table S2. Charge carrier lifetimes (and their fractions) in fresh and degraded cells.

sample 71 [us] 72 [us]

fresh 16(97%) 8.0 (3%)

degraded 2.3 (87%) 9.0 (13%)

S6. LESR measurements

Figure S7a shows typical J-V characteristics of standard (black) and bromine-rich (red)
P3HT/ICBA cells fabricated on rectangular 1TO substrates with a size of 3 mm x 20 mm.
Time evolutions of the Jsc during the 6-hour light exposure are shown in Figure S7b. The
device parameters fabricated on the rectangular 1TO substrates are typically lower than that of
normal cells (42 mm x 42 mm) primarily because of the difficulty in device fabrications as

reported previously.[S2] Nonetheless, these devices exhibited similar degradation behavior as

reported.

q

a) : b) 1

: : : ; &)

E ! < 0.8
~ -
Z S 06r )
g7 =
5 g 0.4}F .
A )
= Z o2} Standard i
D Bromine-rich
g 0 1 ) [ 1 [
@) 0O 1 2 3 4 5 6

Voltage / V Exposure Time / hour

Figure S7. a) J-V characteristics of standard (black) and bromine-rich (red) P3HT/ICBA
solar cells on rectangular ITO substrates with a size of 3 mm x 20 mm before (solid) and after
(broken) simulated solar illumination, and b) Normalized time evolution of Jsc during the
LESR measurements.
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Figure S8. ESR signals of a) standard P3HT/ICBA and b) bromine-rich P3HT/ICBA cells.
The black and red lines represent the ESR spectrum of the fresh cell in the dark and that of the
degraded cell under simulated solar illumination, respectively.
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S7. Density functional theory (DFT) calculation

DFT calculations were carried out for the hole polaron states of isolated thiophene hexamer
(6T-H.), bromine-monosubstituted 6T at one chain end (6 T-HBr), and bromine-bissubstituted
6T at both chain ends (6T-Brz) as shown in Figure S9. Those structures in the polaron states
were optimized using UB3LYP functional and 6-31+G(d,p) basis set. The g tensors and
hyperfine coupling (hfc) constants were calculated with the gauge-independent atomic

orbitals (GIAO). All the calculation were performed using Gaussian 09, Revision D.01.[S3]

9x

g,

Figure S9. Chemical structures of a) 6T-H>, b) 6T-HBr, and c) 6T-Br.. Molecular principal
axises were set as X: molecular short axis, Y: molecular long axis, Z: perpendicular to
molecular plane.

Table S3. Calculated principal g values g; and the g shift from a free electron Agi (i =X, Y, 2).

Ox Oy 0: Jave ? AQx Agy AQ;

6T-H2  2.00295 2.00092 2.00210 2.00199 0.00063 -0.00140 -0.00022
6T-HBr 2.00483 2.00325 2.00178 2.00329 0.00251 0.00093 -—0.00054

6T-Br.  2.00514 2.00722 2.00146 2.00461 0.00282 0.00490 —0.00086

P3HT® 200310 2.00152 2.00203 2.00222 0.00078 —0.00080 —0.00029

3 The gave Values are calculated by Equation S1. ® These values were obtained from ESR
measurements.[S4]

Table S3 summarizes the principal values of the calculated g tensors gi and the g shift Ag; (i =
X, Y, z) from a free electron (ge = 2.002319). An average of the principal values gave was

calculated as
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an =95 {1")+95(m" )+ 97(n’)

| =sin&cosg¢ (S1)
m=sin gsin ¢

n=cosé

where < > represents spatial average. Here random orientation of molecules was assumed to
calculate the gave. For 6T-Hy, the calculated g values agree well with the experimentaly
measured ones as shown in the bottom row of Table S3. On the other hand, the g values
increased by attaching bromine atom at the chain end. The g value of 6T-HBr was in good
agreement with that of the broad signal observed in the LESR measurements. Table S4
summarizes the calculated hfc constants on each atom where hfc constants of only bromines
and neighbor atoms are shown to save space. The labels are shown in Figure S10. The hfc
constants also increased by attaching bromine atom at the chain end. The increase in hfc
would result in increase in peak-to-peak ESR linewidth AHp,[S5] which is also in good
agreement with the ESR signal we observed. We therefore attribute the broad signal to

bromine-related polarons.

Figure S10. Atomic numbering of 6T-H>. For 6T-HBr, no. 44 was replaced to Br. For 6T-
Brz, nos. 29 and 44 were replaced to Br.
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Table S4. The hfc constants (mT) for bromines and neighbour atoms.

Label Atom 6T-H: 6T-HBr 6T-Br:
—0.02900 —0.02878 —0.02078
24 S —0.00800 —0.00798 0.00282
0.05970 0.05903 0.01862
—0.21369 —0.21203 —-0.19226
25 C —0.12549 —0.12503 —0.12596
—0.11439 —0.11393 —0.11476
0.11571 0.11560 0.16989
27 C 0.12461 0.12440 0.18009
0.77201 0.77190 0.87139
-0.32712 -0.32711 —0.52893
29 X —-0.22072 —0.22081 —0.29753
—0.08072 —0.08071 1.13027
—0.02900 —0.02098 —0.02078
39 S —0.00800 0.00273 0.00282
0.05970 0.01953 0.01862
—-0.21369 —0.19451 —-0.19226
40 C —0.12549 —-0.12661 —0.12606
—-0.11439 —0.11531 —0.11476
0.11571 0.17021 0.16989
42 C 0.12461 0.18041 0.18009
0.77201 0.87191 0.87139
—-0.32712 —0.52640 —0.52893
44 Y —-0.22072 —0.29470 —-0.29753
—-0.08072 1.12410 1.13027

X =H for 6T-H, and 6T-HBr, Br for 6T-Br.. Y =H for 6T-Hy, Br for 6T-HBr and 6 T-Br».
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