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ABSTRACT

We report an experimental investigation of the magnetic field effect (MFE) in polymer
bulk heterojunction devices at temperatures below 10 K using photocarrier extraction by
linearly increasing voltages. The examined devices were composed of an active layer of
poly(3-hexylthiophene) and [6,6]-phenyl-Cg;-butyric acid methyl ester. In the
experiments, the delay time (t;) dependence of the MFE was investigated in detail. For
ty< 80 ps, a positive MFE was observed in the field region B < 0.1 T and a negative
MFE was observed for B > 0.2 T. For ty > 8 ms, only a positive MFE proportional to B
was observed. For the photocurrent pulse detected immediately after light irradiation,
the MFE was negligibly small. In a high magnetic field of 15 T, a significant MFE
exceeding 80% was observed at 1.8 K for ty= 800 ms. We discuss the results based on a
model of triplet-singlet (or singlet-triplet) conversion in the magnetic field and estimate
the exchange integral for the charge-transfer exciton in this photovoltaic cell.
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Introduction

Magnetic field effects (MFES) in thin-film organic devices have recently been
intensively studied in terms of electroluminescence (EL), charge current, and
photocurrent; the relevant field is known as "organic spintronics".

This field includes two main categories of research. The first category involves
the study of phenomena related to spin current,’> which are similar to those examined
by inorganic spintronics. The second category investigates MFES, which are noticeable
even in extremely low field ranges.®™ In these studies, spin current is not the target.
Organic magnetoresistance (OMAR) is a typical phenomenon examined in this
category.® The present study is classified in this group.

To date, several models have been suggested to explain OMAR and its related
phenomena in the steady states: the electron-hole pair model,” ” the exciton-exciton
interaction model,*® the exciton-charge interaction model,** and the bipolaron model.*
Although the detailed mechanism of MFEs considered in these models is different, their
common assumption is that MFEs are associated with a dynamic process of extinction
and generation of charge carriers and excitons. In other words, MFEs in organic
thin-film devices are not a phenomenon occurring in a thermal equilibrium state. This
indicates that time dependence experiments are crucial for clarifying the mechanism of
MFEs. However, few experimental studies that examine the time dependence of MFEs
have been reported.!” *® In this paper, we report on the time dependence of MFEs
observed in photocarrier extraction experiments using a linearly increasing voltage
(photo-CELIV). The photo-CELIV technique was originally developed to determine the
time and field dependence of the hopping conduction mobility of charge carriers
generated by a light pulse.’># In this technique, a strongly bound Frenkel exciton is
initially formed by the light pulse under zero- or finite-bias voltages. The Frenkel
exciton (FRE) changes into a weakly bound charge-transfer exciton (CTE) within a very
short time of the order of a few tens of femtoseconds. Because the binding energy of the
CTE is not very large, the CTE can dissociate into charge carriers in an applied electric
field or by thermal energy. In the present photo-CELIV experiments, the extraction
current associated with the charge carriers that were formed by this dissociation was
measured using a linearly increasing ramping voltage that was applied after an
arbitrarily chosen delay time tg.

Time-resolved experiments based on the photo-CELIV technique have two
main advantages: First, we can directly determine the density function of the CTE from
the observed photo-CELIV signal at low temperature. Second, in photo-CELIV
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experiments, the lifetime of the photogenerated CTE can be investigated under the
zero-bias-voltage condition, in contrast to time-of-flight experiments, in which a
constant bias voltage is applied throughout the measurement.?

Experiments

Figure 1 shows the structures of the devices used in the measurements. Sample
(a) was a conventional polymer bulk-heterojunction photovoltaic cell.?? The indium-tin
oxide (ITO) and Al electrodes operated as a cathode and an anode, respectively. The
thicknesses of the poly(3-hexylthiophene): [6,6]-phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) active layer, the poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) hole-transport layer, and the Al electrode were
130, 30, and 60 nm, respectively. Details on the fabrication method have been reported
elsewhere.® This sample was used in measurements performed in a high magnetic field
up to 15 T. Sample (b) was an inverted-type polymer photovoltaic cell. In this cell, the
dipole in the thin layer of polyethyleneimine (PEI) effectively reduced the work
function of the ITO from 4.6 eV to 3.5 eV.** Consequently, the ITO electrode functioned
as an anode in this cell. The inverted-type photovoltaic cell had an advantage regarding
its stability in the atmosphere, because a stable metal electrode covered the top of the
sample device. The thicknesses of the PEI, P3HT:PCBM active layer, MoOs3
hole-transport layer, and Ag electrode in this cell were 10, 100, 15, and 45 nm,
respectively. This sample was used in measurements performed in low and
intermediate magnetic fields.

Figure 1c shows the experimental scheme for the photo-CELIV measurements.
J(t) and V(t) on the vertical axis correspond to the extracted current density and
reverse-bias voltage, respectively, and t on the horizontal axis denotes the time. In these
measurements, photocarriers were generated inside the photovoltaic cell using a light
pulse. After a delay time of ty, the carriers were extracted using a linearly ramping
reverse-bias voltage with rate A. Considering that the sample device behaved as a
capacitor for an applied reverse-bias voltage, a step-like displacement current was
expected for ramping under dark conditions. A very small deviation of the dark
extraction current from the step-like form is due to charge carrier injection under
thermal conditions.® When the sample was irradiated before ramping, the CELIV signal
appeared; this corresponded to the additional current due to the photo-generated
carriers.”® 2 In this measurement, we used a triangle-shaped voltage waveform instead
of a sawtooth-shaped one, which is used in conventional CELIV measurements. The
advantage of the triangular waveform is that the CELIV signal can be measured both in
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the ascending and descending sweeps. The offset voltage V, was zero except in the
pulse signal measurements. To ensure the accuracy of the signal integration, the pulse
signal was measured separately under an applied offset voltage of 2.5V or 3 V.

The measurements were performed below 10 K where MFEs are enhanced. In
the high-field (up to 15 T) experiments, we used a solenoid magnet (OXFORD Inst.)
and a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser-pumped optical
parametric oscillator (OPO) as the light source for the photo-CELIV measurements. The
excitation wavelength was selected to be 520 nm and the light intensity was 4.5+0.2 mJ
mm™ pulse™®. In the low- and intermediate-field experiments, we used a split-pair
magnet (Cryogenic Limited), and the second harmonics of the YAG laser (532 nm). The
light intensity (approximately 2.7 pJ) was monitored throughout the measurement to
correct the signal intensity. Based on this correction, we could suppress the error
associated with the light-intensity fluctuation to below 0.2%. The pulse widths of the
OPO and YAG were lower than 10 ns.

Results
(@) Photo-CELIV measurement in a high magnetic field

Figures 2a—d show comparisons of the CELIV signals obtained in the magnetic
fields of B =0 T and 15 T as a function of the electric field. The temperature was T =
1.8 K or 5 K, the delay time t; = 8 us or ty = 800 ms, and the speed of the voltage
increase was A = 20000 V/s. In the magnetic field, the CELIV signals increased in
amplitude and the peaks of the signals shifted to the right. In order to examine the shift

closely, we plotted the magnification of the data at 0 T as shown by the green solid lines.

As can be seen from the plot, the shift at F = 2.5 x 10’ V/m is 0.2-0.3 x 10" V/m for ty=
800 ms (Figs. 2b and 2d) and ~0.1 x 10" V/m for t; = 8 us (Figs. 2a and 2c). The
increase of the CELIV amplitude became more obvious as the temperature decreased
and the delay time increased.

We evaluated the MFE(B), which is defined as

MFE(B) = (1(B) - 1(0)) / 1(0), 1)

where I(B) is the integrated intensity of the CELIV signal in field B. The obtained
values of MFE(15 T) at T = 5 K were 0.6£4% for ty= 8 us and 18+4% for ty= 800 ms.
The corresponding values at 1.8 K were 24+4% for ty = 8 us and 85+4% for ty = 800 ms.

The CELIV signal Jce at low temperatures below 100 K is well described by
the Poole-Frenkel model.?® The CTE density p as a function of dissociation energy ¢ is
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provided by Jce at T = 0 K under the assumption of infinite mobility for the charge
carriers using the following relation:?®

Jee(F) _epF "
A 2

pBFY?), 2

where F is the electric field, g is the Poole-Frenkel parameter, and e is the elementary
charge. This equation is useful for the quantitative analysis of the photo-CELIV data at
extremely low temperatures. However, the application of this equation involves two
requirements: First, the deformation of the CELIV signal due to the finite mobility
effect must be avoided; this effect is considerable for large voltage ramping speeds.
Secondly, the deformation of the CELIV signal due the self-quenching of the CTE must
be avoided. Because self-quenching is dominant immediately after the light irradiation,
a larger value of ty is favorable for avoiding this effect. Then we chose the parameters of
A = 2000 V/s and ty= 8 ms, and evaluated the density function at 0 T and 15 T. Figures
le and 1f show the CELIV measured signal at T = 1.8 K, and the density function
derived from the observed signal using Eq. (2) with f= 1.2 x 10° eV m*® v,
respectively.?” The obtained density functions are well expressed by the Gaussian
function

ple) = Dexpl- (s — 0 /02 @)

with the parameters listed in Table 1. A drastic increase of D, and a small increase of &
are obvious. As we discuss later in detail, the changes of the parameters are due to the
singlet-triplet (S-T) conversion of the CTE. The peak shift reflects the
dissociation-energy difference between the singlet and triplet CTEs. If we evaluate the
peak shift directly from the Gaussian parameters, the shift is 0.007 eV. However,
considering that only half of the Gaussian profile is available in the fitting procedures,
the above shift value is not convincing. Thus, we evaluated the shift directly from the
plots of 15 T and O T (x1.7; green solid line) data, to obtain a shift value of ~0.003 eV.
Although this is a simple technique, we think the obtained value is more reliable.

(b) Photo-CELIV measurement in low (B < 0.2 T) and intermediate (B < 3 T) magnetic
field
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The high-field experiments revealed that the CELIV signal drastically
increased in the magnetic field and the delay time influenced the field dependence.
However, the detailed field and delay time dependence was not investigated.
Subsequently, we examined MFE(B) for various values of tyg. As shown in Fig. 3, which
displays the MFE(B) for B < 0.2 T, the field dependence of the pulse signal immediately
after the light irradiation was rather small. On the other hand, the CELIV signals at ty =
8 us and 800 us exhibit a positive and cusp-like field dependence of MFE(B). For tq >
800 us, MFE(B) decreases and for t; > 8 ms, it is negligible.

Figure 4 shows MFE(B) at several ty values in the field range B < 3 T. The
black solid line shows MFE(B) at ty= 8 us as a guide for the eyes. In the intermediate
field range (B > 0.2 T), MFE(B) is negative for ty< 80 us and changes to be positive for
tqy > 400 ps. For the pulse signal, MFE(B) is also relatively small in this region.

When tq is larger than 8 ms, MFE(B) is approximately proportional to B The
red solid line shows the least-squares fit of cB? to the data measured at tg= 800 ms.
Parameter ¢ was 0.53 x102 T,

Figure 5 shows the delay time dependence of the CELIV signal intensity for
the fields B = 0, 0.1, 3 T; note the logarithmic scale of the horizontal axis. The CELIV
signal intensity exhibits a non-exponential time dependence, i. e., a rapid decrease for
small tq and a very slow decay for large tq. Because the CELIV signal intensity reflects
the CTE population, the figure demonstrates that CTE has very long life time at 2.0 K.
The inversion of the MFE occurs at approximately ty = 300 ps. For ty > 300 ps, the
decrease of the CELIV signal is larger at zero field than in the magnetic field. For t5 <
300 us, the CELIV signal intensity at zero field is between the intensities observed at B
= 0.1 Tand B =3T. This is consistent with the data shown in Fig. 3.

Discussion

Figure 6 shows the energy level diagram summarizing the main processes
involved in charge photogeneration in the bulk-heterojunction photovoltaic cell.?° In
the photovoltaic cell, the singlet FRE, a strongly bound electron-hole pair, is formed in
either the donor or the acceptor molecule immediately after the light irradiation. The
FRE migrates to the donor-acceptor boundary and is converted into a CTE within
several tens of femtoseconds. The CTE dissociates in the weak electric field or by
thermal energy to form free positive and negative polarons (P or P°), which carry the
charge current. Some of the free polarons recombine through bimolecular
recombination to occupy a polaron pair (PP) state. In photo-CELIV experiments, we can
control the charge generation process (ksst, Ksst) through the applied electric field.
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In the following discussion, we apply the electron-hole pair model to the
diagram of Fig. 6 and examine the origin of the MFEs observed in this study. In this
model, we assume a nearly zero exchange interaction for the electron-hole pair. In this
situation, an electron-hole pair undergoes an S-T (or T-S) conversion. This conversion is
influenced by the magnetic field and causes the MFEs, because of the different rate
constants associated with the singlet and triplet pairs. For example, consider the case of
an excited triplet species with a lifetime longer than that of singlet species being the
precursor. Singlet species are formed from the triplet species through the T-S conversion.
Consequently, the T-S conversion results in the decrease of the number of the excited
species, of the carrier density, and of the photocurrent. The reverse occurs in the case of
a singlet precursor.

Under the condition of nearly zero exchange interaction, several mechanisms
of the S-T (or T-S) conversion are known.** 3 The hyperfine-coupling mechanism takes
into account the off-diagonal matrix elements between the singlet and the three triplet
sub-levels derived from the hyperfine coupling interaction. The three triplet sub-levels
and the singlet level are degenerate at zero field but two of the triplet sub-levels separate
in a finite magnetic field owing to the Zeeman effect. Consequently, the rate of the S-T
(or T-S) conversion is highest at zero field and decreases in the finite magnetic field.
The Ag effect arises from the difference of the electron and hole g factors. The S-T (or
T-S) conversion due to this mechanism has a zero rate at zero field and increases with
increasing magnetic field. When we consider the two mechanisms affecting the excited
triplet precursor, a positive MFE is expected for the photocurrent near zero field owing
to the hyperfine-coupling mechanism and a negative MFE for the photocurrent in the
high-field region because of the Ag mechanism. The reverse occurs for the excited
singlet precursor.

Another important mechanism to cause the S-T conversion is thermal spin
polarization.®*** In this mechanism, thermal relaxation towards a stable spin state in a
magnetic field is considered. This relaxation occurs in a similar time-scale to that of the
spin-relaxation time. Unlike the Ag and hyperfine-coupling mechanisms, S-T
conversion due to this mechanism occurs even though the exchange constant J is large.
The singlet species are required to have a life time longer than the spin-relaxation time.
Because the Zeeman energy is more than the thermal energy under a magnetic field of
15 T below 5 K, this mechanism should be especially important for the MFE data at 15
T.

The above scenario for the MFE concerns the singlet and triplet species of one
excited state. In organic thin-film devices, we must consider the S-T (or T-S) conversion
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for three excited states (FRE, CTE, and PP), as shown in Fig. 6; consequently, the
situation is more complicated. In the following, we discuss the origin of the MFEs of
the photo-CELIV signal based on this framework.

First, we discuss the relatively small MFE observed for the pulse signal
immediately after the light irradiation, as shown in Fig. 3 and Fig. 4. The pulse signal
arises from the direct dissociation of the singlet FRE or the dissociation of the CTE
produced by the singlet FRE. In either case, an MFE is expected in the pulse signal if an
S-T conversion occurs in the FRE. Therefore, the absence of MFEs indicates that the
FRE is not associated with the MFE. Because the FRE exhibits strong exchange
coupling, no S-T conversion or resulting MFEs should be expected for FRE.* This
concept is consistent with our observations.

Secondly, we discuss the CELIV signal for a delay time ty< 80 ps. As shown in
Figs. 3 and 4, in this delay time range, a positive MFE(B) is observed for a field of B <
0.1 T and a negative one for B > 0.2 T. This MFE is explained by considering the
hyperfine and Ag effects for the triplet precursor. Because no S-T conversion is
expected for singlet FREs with large exchange interaction, singlet species are expected
to be dominant for the CTE immediately after its formation. On the other hand, the
dominant species of the PP, which is formed as a result of bimolecular recombination of
free polarons, should be the triplet. Thus, it is plausible that in this delay time region,
MFE is governed by the triplet precursor of the PP. The quench of MFE in the weak
field region for ty > 8 ms is possibly due to the saturation of the T-S conversion.
According to Devir-Wolfman et al.* a positive MFE for the photocurrent of a
P3HT:PCBM bulk heterojunction in the weak-field range is assigned to the PP. This
conclusion is consistent with our analysis, as described above.

The behavior in the intermediate region 80 us<ty< 8 ms seems to be described
by the combined effects governing the MFEs in the regions ty< 80 us and ty> 8 ms.
Thus we omit the relevant discussion here. Next, we discuss the CELIV signal for t4> 8
ms. In this delay time region, no MFE was observed in the weak-field region B< 0.1 T
and a positive MFE, approximately proportional to B2, was measured in the high-field
region. This behavior is consistent with the gigantic MFE shown in Fig. 2 and is
attributable to the S-T conversion in a magnetic field. As discussed above, the singlet
species is expected to be dominant for the CTE immediately after its formation.
Therefore, the MFE in this delay time region is attributable to S-T conversion owing to
the singlet precursor of the CTE. This consideration is again consistent with the
conclusion of Devir-Wolfman et al.** Here, we should emphasize the absence of
weak-field MFE and the B? dependence of the high-field MFE; this behavior is different
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from that of the PP triplet precursor for ty< 80 us. The most plausible explanation for
this behavior is non-negligible exchange interaction J for the CTE.

In this context, the shift of the peak for the CTE density function shown in Fig.
2f is noteworthy. The CTE, immediately after formation, should be in the singlet state,
and the magnetic field should enhance the S-T conversion either by Ag mechanism or
by thermal polarization. Consequently, the triplet ratio of the CTE should be higher at
15 T than in the zero field. Then, a peak shift of Ag = 0.003 eV provides the lowest
estimate for the dissociate energy difference between the singlet and triplet species of
the CTE. The dissociation energy does not contain any contribution from the Zeeman
effect because the dissociation of the electron-hole pair due to electric field does not
cause rotation of spins. Then, we simply evaluated the exchange interaction 2J > 0.003
eV. As the exchange interaction reduces the energy of the triplet CTE, the dissociation
energy of the triplet CTE, which is dense in the magnetic field, should be larger than
that of the singlet CTE. Thus a peak shift towards the high-energy side under the
magnetic field is expected. This consideration is consistent with the observation.

Because the magnetic field B; = J/gus > 13 T is very large, the rate constant,
which causes S-T conversion of the CTE due to the Ag effect, should be very small. In
such a case, the total rate constant of the S-T conversion (sum of the rate constants due
to the Ag effect and thermal polarization effect) should also be small. This is consistent
with the observations that the MFE associated with the CTE explicitly appears for t;> 8
ms, while the MFE associated with PP is evident even at ty = 8 us (Fig. 4). The
high-field MFE drastically increases on lowering the temperature (Fig. 2). This
indicates that the S-T conversion of the CTE should be caused more effectively by the
thermal polarization effect rather than by the Ag effect. In order to observe the magnetic
response for the CTE with a small rate constant of S-T conversion, the singlet CTE
should have a lifetime longer than the spin conversion time. Figure 5 indicates that the
CTE has a lifetime longer than 0.8 s. Therefore, the above-mentioned requirement is
fulfilled in this system.

Because the PP is formed after the CTE as shown in Fig. 6, one may be puzzled
as to why the MFEs associated with the PP occur earlier than the MFE associated with
the CTE. This could be understood by considering that the PP is formed at a time earlier
than ty = 8 us from free polarons generated by the dissociation of the CTE. From the
observed delay time dependence of the MFE and energy diagram shown in Fig. 6, the
order of the time scale is deduced to be formation of CTE < formation of PP < T-S
conversion of PP < S-T conversion of CTE.
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Summary and conclusion

In this paper, we have reported experiments on the time dependence of MFEs
based on photo-CELIV measurements of PSHT:PCBM bulk-heterojunction photovoltaic
cells at extremely low temperatures. No MFE associated with the FRE was detected,
which is consistent with the large exchange interaction of the FRE. For ty < 80 us, we
observed a positive MFE due to the hyperfine-coupling mechanism and a negative MFE
due to the Ag mechanism; these MFEs were ascribed to the triplet PP precursor. For ty>
8 ms, a positive MFE due to the S-T conversion of the CTE was observed. Based on the
photo-CELIV analysis at low temperatures, we estimated the difference in the
dissociation energy between the singlet and triplet species of the CTE to be larger than 3
meV. Consequently, the exchange interaction J of the CTE was calculated to be J > 1.5
meV. The high-field MFE at low temperature is mainly caused by the thermal
polarization effect.
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Table 1 The parameters of the Gaussian functions (Eq. (3)) used to fit the observed
density functions of the CTE. The increase of the central energy (&) in the magnetic
field of 15 T corresponds to the peak shifts of the CELIV signals.

D (10** states m> eV?) & (eV) o(eV)
0T (1.8 K) 1.0 0.087 0.029
15T (L8 K) 17 0.094 0.033
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Figure Captions

Fig. 1 (a) Conventional polymer bulk-heterojunction photovoltaic cell used for the
high-field experiments. The ITO and Al electrodes operate as a cathode and an anode,
respectively. The thicknesses of the P3HT:PCBM active layer, PEDOT:PSS
hole-transport layer, and Al electrode were 130, 30, and 60 nm, respectively. (b)
Inverted-type polymer bulk-heterojunction photovoltaic cell used for the low and
intermediate-field experiments. The ITO and Ag electrodes function as an anode and a
cathode, respectively. The thicknesses of the PEI, P3HT:PCBM active layer, MoOj3 hole
transport layer, and Ag electrode were 10, 100, 15, and 45 nm, respectively. (c)
Experimental scheme of photo-CELIV measurements. The symbols J(t) and V(t) on the
vertical axis correspond to the extracted current density and reverse-bias voltage,
respectively, and t on the horizontal axis denotes the time. Vnaxand Vo are the maximum
and offset applied voltages, correspondingly. In these measurements, photocarriers were
generated inside the photovoltaic cell using a light pulse. After a delay time of tg,
carriers were extracted using a linearly ramping reverse-bias voltage with rate A. The
offset voltage Vo was zero except in the pulse signal measurements. To ensure the
accuracy of the signal integration, the pulse signal was measured separately under an
applied offset voltage of 2.5V or 3 V.

Fig. 2 (a)-(e) Comparisons of the CELIV signals measured in the magnetic fields B = 0
T and 15 T as a function of the electric field. (a) T =5 K, tqy = 8 us, A =20000V/s; (b) T
=5K, tg =800 ms, A =20000V/s; (c) T=1.8 K, ty =8 us, A=20000V/s; (d) T=1.8K,
ty =800 ms, A = 20000V/s; () T = 1.8 K, ts =8 ms, A = 2000V/s. The green solid lines
represent the B =0 T data magnified for comparison.

(f) Density function of the geminate pair, as determined from the CELIV data shown in
(e) using EqQ. (2). The density functions are well reproduced by the Gaussian functions
of Eq. (3) with the parameters of Table 1. The green solid line represents the B=0 T
magnified for comparison.

Fig. 3 Measured MFE(B) for B < 0.2 T at T = 2.0 K. The observed MFE for the pulse
signal is rather small. A positive and cusp-like field dependence of MFE(B) is displayed
by the CELIV signals for ty < 3 ms. For ty > 8 ms, MFE(B) is negligible.

Fig. 4 Measured MFE(B) values at T = 2.0 K for B < 3 T at several ty. The black solid
line shows the least-squares fit of Eq. (4) to the MFE data at ty = 8 ps using the
parameters a = 3.21x102, By=0.0112 (T), and b=3.32 (T°°). The red line shows the
least-squares fit of B? to the data at t; = 800 ms. The observed B? dependence is
consistent with the large value of MFE(15 T) ~ 85% at ty = 800 ms, as shown in Fig. 2.

Fig. 5 Delay time dependence of the CELIV signal intensity at T = 2.0 K for the fields B
=0, 0.1, and 3 T. Note the logarithmic scale of the horizontal axis. The CELIV signal
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exhibits a non-exponential decay as a function of time and an inversion of the MFE at
approximately ty = 300 us. Because the CELIV signal intensity reflects the CTE
population, the figure demonstrates that CTE has very long life time at 2.0 K.

Fig. 6 Energy level diagram summarizing the main processes involved in the
photocharge generation in the bulk-heterojunction photovoltaic cell. In the
photo-CELIV experiments, the charge generation processes (ksst, Ksst) Were controlled
through the applied electric field. The S-T (or T-S) conversion and the difference of the
reaction rates for the singlet and triplet species induced the MFE on the photocurrent.
Because of the exchange interaction, the rate constant of the S-T conversion in the CT
exciton is quite small and no S-T conversion is expected in the Frenkel exciton.
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Fig. 1 (a) Conventional polymer bulk-heterojunction photovoltaic cell used for the
high-field experiments. The ITO and Al electrodes operate as a cathode and an anode,
respectively. The thicknesses of the P3HT:PCBM active layer, PEDOT:PSS
hole-transport layer, and Al electrode were 130, 30, and 60 nm, respectively. (b)
Inverted-type polymer bulk-heterojunction photovoltaic cell used for the low and
intermediate-field experiments. The ITO and Ag electrodes function as an anode and a
cathode, respectively. The thicknesses of the PEI, P3BHT:PCBM active layer, MoO3 hole
transport layer, and Ag electrode were 10, 100, 15, and 45 nm, respectively. (c)
Experimental scheme of photo-CELIV measurements. The symbols J(t) and V(t) on the
vertical axis correspond to the extracted current density and reverse-bias voltage,
respectively, and t on the horizontal axis denotes the time. Vpnaxand Vg are the maximum
and offset applied voltages, correspondingly. In these measurements, photocarriers were
generated inside the photovoltaic cell using a light pulse. After a delay time of tg,
carriers were extracted using a linearly ramping reverse-bias voltage with rate A. The
offset voltage Vo was zero except in the pulse signal measurements. To ensure the
accuracy of the signal integration, the pulse signal was measured separately under an
applied offset voltage of 2.5V or 3 V.
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Fig. 2 (a)-(e) Comparisons of the CELIV signals measured in the magnetic fields B =0
T and 15 T as a function of the electric field. (a) T =5 K, ty =8 us, A = 20000V/s; (b) T
=5 K, ty =800 ms, A =20000V/s; (c) T=1.8 K, ty=8 us, A =20000V/s; (d) T=18K,
ty =800 ms, A =20000V/s; (e) T = 1.8 K, ts =8 ms, A = 2000V/s. The green solid lines
represent the B =0 T data magnified for comparison.

(f) Density function of the geminate pair, as determined from the CELIV data shown in
(e) using Eq. (2). The density functions are well reproduced by the Gaussian functions
of Eg. (3) with the parameters of Table 1. The green solid line represents the B=0 T
magnified for comparison.
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Fig. 3 Measured MFE(B) for B < 0.2 T at T = 2.0 K. The observed MFE for the pulse
signal is rather small. A positive and cusp-like field dependence of MFE(B) is displayed

by the CELIV signals for ty < 3 ms. For ty > 8 ms, MFE(B) is negligible.

Page 18 of 22



Page 19 of 22

Dalton Transactions

B(T)

Fig. 4 Measured MFE(B) values at T = 2.0 K for B < 3 T at several ty. The black solid
line shows the least-squares fit of Eq. (4) to the MFE data at ty = 8 pus using the
parameters a = 3.21x102, By=0.0112 (T), and b=3.32 (T*°). The red line shows the
least-squares fit of B? to the data at t; = 800 ms. The observed B? dependence is
consistent with the large value of MFE(15 T) ~ 85% at ty = 800 ms, as shown in Fig. 2.
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Fig. 5 Delay time dependence of the CELIV signal intensity at T = 2.0 K for the fields B
=0, 0.1, and 3 T. Note the logarithmic scale of the horizontal axis. The CELIV signal
exhibits a non-exponential decay as a function of time and an inversion of the MFE at
approximately ty = 300 us. Because the CELIV signal intensity reflects the CTE
population, the figure demonstrates that CTE has very long life time at 2.0 K.
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Fig. 6 Energy level diagram summarizing the main processes involved in the
photocharge generation in the bulk-heterojunction photovoltaic cell. In the
photo-CELIV experiments, the charge generation processes (Ksst, kest) were controlled
through the applied electric field. The S-T (or T-S) conversion and the difference of the
reaction rates for the singlet and triplet species induced the MFE on the photocurrent.
Because of the exchange interaction, the rate constant of the S-T conversion in the CT
exciton is quite small and no S-T conversion is expected in the Frenkel exciton.
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