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Transient electrically detected magnetic resonance spectroscopy

applied to organic solar cells
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Berlin Joint EPR Lab, Fachbereich Physik, Freie Universitdat Berlin, D-14195 Berlin, Germany

(Received 24 April 2015; accepted 15 July 2015; published online 27 July 2015)

The influence of light-induced paramagnetic states on the photocurrent generated by polymer:fullerene
solar cells is studied using spin-sensitive techniques in combination with laser-flash excitation. For this
purpose, we developed a setup that allows for simultaneous detection of transient electron paramag-
netic resonance as well as transient electrically detected magnetic resonance (trEDMR) signals from
fully processed and encapsulated solar cells. Combining both techniques provides a direct link
between photoinduced triplet excitons, charge transfer states, and free charge carriers as well as their
influence on the photocurrent generated by organic photovoltaic devices. Our results obtained from
solar cells based on poly(3-hexylthiophene) as electron donor and a fullerene-based electron acceptor
show that the resonant signals observed in low-temperature (7'=80K) trEDMR spectra can be
attributed to positive polarons in the polymer as well as negative polarons in the fullerene phase,
indicating that both centers are involved in spin-dependent processes that directly influence the

photocurrent. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927446]

Photocurrent generation in solar cells based on organic
semiconductors (OS) often involves localized states which,
if occupied by single electrons or holes, are paramagnetic
and can be detected by electron paramagnetic resonance
(EPR) spectroscopy.'? Since OS typically comprise rather
light atoms, spin-orbit coupling is small, and spin-relaxation
times are long, approaching microseconds at room tempera-
ture in some materials.”* The spin degree of freedom can
thus decisively influence charge transfer (CT) and charge
separation processes in organic solar cells (OSC).” EPR tech-
niques are capable of detecting separated polarons, weakly
coupled CT states as well as triplet excitons.>®™® Further,
EPR spectroscopy allows studying the dynamics of the con-
version between these different types of excited states.’
Transient EPR (trEPR) spectroscopy turned out to be partic-
ularly useful for this purpose. This technique measures time-
resolved EPR signals after a laser-flash excitation and, for
instance, was successfully applied to investigate triplet exci-
ton generation as possible loss channel in blends consisting
of low-bandgap polymers and fullerene-based electron
acceptors.

While EPR-based techniques can provide valuable
insight into excitation transfer pathways in OS used as
absorber layers in solar cells, drawing conclusions on proc-
esses relevant under solar-cell operating conditions is often-
times not trivial, mainly because of the following
difficulties:

(1) It is often not clear whether the paramagnetic species
probed by EPR are relevant for solar cell operation or
represent just a minor subspecies without any influence
on the photocurrent.

(2) EPR measurements are mostly performed on samples
with geometries differing from those of solar cells. For
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instance, studying rather thick OS films can increase the
signal-to-noise ratio in EPR experiments. However, the
properties of thick films (>1 um) with respect to, e.g.,
the nano-morphology may substantially differ from those
of thin films used in fully processed solar cells.

(3) The biasing conditions, e.g., whether charge carriers are
injected or extracted, can affect the dynamics of the par-
amagnetic species and decisively influence the free
charge carrier yield. EPR measurements performed on
solar cell absorber materials without electrodes, which
are essentially carried out under open circuit conditions,
may thus detect other processes and paramagnetic spe-
cies than those dominating in an operating solar cell.

In order to lift these restrictions, we developed the technique
of transient electrically detected magnetic resonance
(trEDMR) that combines the time resolution of trEPR!! and
the unprecedented detection sensitivity of EDMR spectros-
copy.'? This technique usefully complements continuous
wave and pulsed EDMR (cwEDMR and pEDMR) that are
successfully applied to study spin-dependent charge trans-
port and recombination processes in organic and inorganic
semiconductors.'>"> Our setup allows for simultaneous
detection of trEPR and trEDMR (as illustrated schematically
in Fig. 1(a)) from fully processed and encapsulated organic
solar cells. Combining both spin-sensitive techniques pro-
vides a direct link between triplet excitons, CT states, and
free charge carriers as well as their influence on the photo-
current in polymer:fullerene blends. The usefulness of this
approach is demonstrated by measurements performed on
bulk heterojunction solar cells made from the archetypical
materials poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl
C61-butyric acid methyl ester (PCBM).

The absorber layers of the miniaturized solar cells for
EPR and EDMR were fabricated by spin-coating (1500 rpm
for 305s) inside an inert atmosphere glovebox from chloro-
benzene solution (20g/l, weight ratio 1:1) onto glass

© 2015 AIP Publishing LLC
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FIG. 1. (a) Schematic illustration of a
combined transient EDMR and tran-
sient EPR experiment. (b) Photograph
of a miniaturized organic solar cell

compatible with transient EDMR
measurements. (c) /-V characteristics
of the solar cell measured inside an
EPR resonator at room temperature.
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substrates covered with structured indium tin oxide and an
additional 50 nm poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate layer (spin-coated at 1500 rpm for 30s). The
films have been subsequently annealed at T=120°C for
10 min. The regio-regular P3HT was purchased from Rieke
Metals and the PCBM from Solenne. The solvent as well as
the weight ratio was chosen such that the properties of the
resulting films are suitable for reliably working solar cell
devices.'®'® The back-electrodes were processed by thermal
evaporation at a base pressure of <2 x 10~® mbar and con-
sist of a 10nm thick Ca layer followed by 150nm Al. The
working organic solar cells were placed into short quartz
tubes with an outer diameter of 4 mm and were sealed under
nitrogen atmosphere (glovebox-based preparation) with a
two component epoxy resin (Emerson and Cuming
STYCAST 1266). A photograph of the encapsulated solar
cell is shown in Fig. 1(b). The oxygen-free preparation and
storage of the solar cells are necessary since OSC tend to de-
grade rapidly when being exposed to oxygen and light.'?*°

The current—voltage characteristics shown in Fig. 1(c)
were recorded with a sourcemeter (Keithley 2611A) at room
temperature. For this purpose, the solar cell was placed
inside an EPR resonator and illuminated by a stabilized
white-light source (Polytec DCR 1V).

Transient EPR and EDMR spectra were recorded using
a laboratory-built combined X-/Q-band EPR spectrometer
and a dielectric ring resonator (Bruker ER 4118X-MDS5).
The magnetic field axis was calibrated by a Gaussmeter
(Bruker ER 035M), and the (constant) offset between the
positions of the Gaussmeter and the sample was determined
by a reference sample (nitrogen encapsulated in Cgp).

0
Voltage (V)

Optical excitation at 2=532nm (close to the absorption
maximum of P3HT) was provided by a diode-pumped
Nd:YAG laser (Atum Laser Titan AC compact 15MM)
equipped with a second harmonic generator. The pulse
length was 5ns, and the fluence used was approximately 1.5
mJ/cm?.

The transient EPR and EDMR experiments were per-
formed at T=80K, because the trEPR signals of
P3HT:PCBM blends are well studied at this temperature,’
whereas no room-temperature trEPR data are available for
this material. Cooling was provided by a laboratory-built
helium-gas flow cryostat. The bias voltage was set to
U=0.77V, leading to a negative current response after the
laser flash as shown in Fig. 3. The bias voltage was supplied
by a combined power supply and current amplifier
(Elektronik Manufaktur Mahlsdorf). The response time of
the current detection is limited by the current amplifier as
well as the resistance and the capacitance of the solar cell
and the connection lines under the respective operating con-
ditions. The amplified current transients were recorded by a
digital oscilloscope (LeCroy WaveRunner 104MXi). The
signal acquisition was triggered by the laser flash using a fast
photodiode. Several EDMR transients were accumulated for
each position in the scan range of the static magnetic field.
The time between subsequent laser pulses was 10 ms. The
non-resonant background signal induced by the laser flash
recorded far from the resonant signal was subtracted from
each EPR and EDMR transient.

Transient EPR signals (microwave-detected instead of
current-detected) were recorded under identical conditions
as described previously.”
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FIG. 2. Results of (a) a trEPR mea-
surement and (b) a rEDMR experi-
= ment performed on a P3HT:PCBM
solar cell at T=80K. The lower

graphs show field slices for certain

trEPR signal (arb. units)
trEDMR signal (nA)

times after the laser flash. A constant
offset is added to the blue curves for
better visualization. Thin solid lines:
background-subtracted spectra, thick
solid lines: smoothed spectra, and
dashed lines: simulation results. A bias
voltage of 0.77V was used for both
measurements. The off-resonant cur-
rent response for the trEDMR mea-
surement is shown in Fig. 3.

341 342 343 344 345 341
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Fig. 2 shows the results of (a) trEPR and (b) trEDMR
measurements performed on the same fully processed solar
cell at a microwave frequency of ~9.6 GHz. The upper panel
in Fig. 2(a) shows the color-encoded (red: absorption and
blue: emission) time evolution of the trEPR signal after the
laser flash at =0 vs. the magnetic field. The lower panel
displays two slices along the field axis at 0.4 us and 7 us after
the laser flash. The EAEA-signature (A: absorptive, E: emis-
sive) observed at t=0.4pus can be attributed to spin-
correlated polaron pairs, i.e., CT states at the donor/acceptor
interface.” The purely absorptive signal detected for longer
delays resembles the spectrum of two uncoupled polarons.
Based on its g-value, the low-field signal can be assigned to
a positive polaron in P3HT (P"). The high-field signal origi-
nates from a negative polaron in PCBM (P7).

Simulations (dashed lines) were performed using the
easyspin21 toolbox for Matlab (The MathWorks, Natick,
MA) with the principal values of the g-matrices (2.0028
2.0019 2.0009) taken from Ref. 22 for P in P3HT and
(2.0003 2.0001 1.9982) taken from Ref. 23 for P~ in PCBM.
While the simulation result agrees well with the measured
spectra for short delays, we observe substantial differences
for long delays. This discrepancy between simulation and
measurement for P in the trEPR signal was observed
previously” and can be explained with a not yet completely
Boltzmann populated spin system for 7 us delay after flash
(DAF) at 80 K. For a complete relaxation of the polarization,
the system needs ~30 us at this temperature.

For the CT state simulations, we assumed isotropic
g-values (again based on Refs. 22 and 23) and weak isotropic
coupling between the polarons. Note that while the interac-
tion between the polaron spins is presumably dominated by
(anisotropic) dipolar coupling, simulations based on iso-
tropic coupling can reproduce the experimental CT state
spectrum surprisingly well.” We speculate that the averaging
over many CT states with different relative orientation
between the P and P~ g-matrices results in a trEPR spec-
trum that looks like a spectrum from polaron pairs with iso-
tropic spin coupling.

Fig. 2(b) (top) shows the color-coded transient EDMR
spectrum of the solar cell close to flat-band conditions. Clear
differences are observed as compared to the transient EPR
spectrum, which are, among other points, related to the
detection of the change of sample conductivity instead of

343 344 345

Magnetic field (mT)

absorbed and emitted microwave radiation. This spectrum
shows current quenching (Q: % < 0) as well as enhancing
(En: % > () signal components. Since / is negative at a con-
stant bias of ~0.77V at 80K, a negative current response
corresponds to an enhancing signal and vice versa as shown
in Fig. 3. Both data sets (trEPR and trEDMR) were
background-corrected by the off-resonant microwave
absorption and the photocurrent response after the laser flash,
respectively.

The trEDMR spectrum for short DAF fits surprisingly
well with the simulation assuming literature g-values for
P3HT and PCBM. For this simulation, no coupling between
both polarons was included because the coupling strength
cannot be reliably extracted from the experimental spectrum.
The inversion of the trEDMR signal measured between 0.4
and 7 pus is accompanied by a variation of the spectral shape
detected for short and long delays (0.4 us as compared to
7 us). This change can be observed in the inset of Fig. 3, fol-
lowing the red and green vertical lines set to the maxima of
the late spectrum. The EDMR spectrum at 7 us DAF was
simulated using again the complete anisotropic g-matrix for
P* from literature, but for P~ only the g.-component was
used as the relevant g-value.

For the analysis of the time behavior of the trEDMR sig-
nals, three slices along the time axis at different resonant

50 —off-resonant
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FIG. 3. Off-resonant current transient (solid black line) and background-
corrected resonant transients recorded at different magnetic field positions
(red dashed-dotted line, blue dashed line, and green solid line). The off-
resonant transient is divided by a factor of 250 for better comparability.
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magnetic field positions are given in Fig. 3. In addition, an
off-resonant current transient (black solid line) is shown to
visualize the background current response after the laser
excitation. These background transients are subtracted from
the trEDMR signals shown in Figs. 2 and 3. The resonant tran-
sients exhibit a transition from a current enhancing process
(for short delays) towards a current quenching process (for
long delays). Note that the off-resonant transient has a negative
sign. The transition of the outer two transients occurs at a simi-
lar delay time as the transition from the CT state towards the
purely absorptive signal seen in the trEPR measurement.

Our results demonstrate that trEPR and trEDMR meas-
urements can be performed on fully processed solar cells
under identical conditions. This paves the way for more
detailed studies of the influence of paramagnetic centers on
the photocurrent in thin-film solar cells.

The trEPR spectrum obtained from P3HT:PCBM bulk
heterojunction solar cells at 80 K (Fig. 2(a)) shows the transi-
tion from the initial EAEA pattern (resulting from spin-
correlated polaron pairs) towards a purely absorptive spec-
trum as expected for either separated non-interacting polar-
ons or thermalized pairs with weak coupling. Distinguishing
between the latter two species is not possible based on the in-
formation from trEPR alone. It is thus conceivable that the
absorptive spectrum at 7 us originates from long-lived
weakly coupled pairs that do not split up into separated
charges and, in consequence, have no influence on the photo-
current. However, whether or not paramagnetic centers influ-
ence the photocurrent can directly be inferred from the
trEDMR measurement (Fig. 2(b)). Here, we observe a reso-
nant decrease of the photocurrent at 7 us DAF. This clearly
shows that spin-dependent processes do affect the photocur-
rent. Yet, the trEDMR spectrum does not allow us to identify
the underlying microscopic process. In particular, we are not
able to discriminate between spin-dependent recombination
of positive and negative polarons'* and spin-dependent hop-
ping transport'” involving polymer segments that are tempo-
rarily occupied with two like-charge polarons. Both
mechanisms could be active here and can possibly yield a
quenching signal for the given bias voltage. In fact, which
process dominates under distinct experimental conditions of-
ten remains a topic of controversy.>**>

As the background-subtracted current transients shown
in Fig. 3 reveal the transition from a current-enhancing to a
current-quenching signal for some magnetic field positions,
we presume that different spin-dependent mechanisms domi-
nate the trEDMR spectrum on different time scales after the
laser flash. An overshoot caused by the capacitance and the
resistance of the sample may generally lead to a sign change
of the trEDMR signal as well. However, the fact that the
time behavior of the resonant current transients at different
magnetic field positions varies substantially excludes this
effect as a possible cause of the sign change. Note that the
off-resonant current transient is negative throughout the
whole time window shown in Fig. 3 (except for a small posi-
tive signal for short delays). A second indication for two
processes, a current enhancing and a current quenching one,
is that the spectral shape changes throughout the transition
(cf. inset of Fig. 3).

Appl. Phys. Lett. 107, 043302 (2015)

The trEPR spectrum consists of an early spin-polarized
CT state and late Boltzmann populated separated polaron
states. The decay of the spin-polarized CT state is presum-
ably dominated by the spin-lattice relaxation time of the spin
states. The trEDMR and the trEPR spectra show similar
decay and rise times for the early and late signals. This indi-
cates that the rEDMR spectrum also arises from spin-
polarized (early) and Boltzmann populated (late) states.

In the light of the present discussion on the identification
of spin-dependent processes,”**> we would like to empha-
size that we clearly see a trEDMR signal centered at the
g-value attributed to P~ in PCBM, confirming that the signal
involves negative polarons in the fullerene phase. This
g-value clearly differs from g =2.003 which was suggested
to be related to defect-induced paramagnetic centers in
PCBM giving rise to room temperature EDMR signals in
degraded PCBM films.*®

The resonant signals in the trEPR and trEDMR spectra
at t=7us can be attributed to P* in P3HT and P~ in
PCBM.**** However, there are small but significant devia-
tions between the trEPR and trEDMR measurements. All
measurements can be simulated using g-matrices for both
blend materials determined by light-induced EPR.
Interestingly, we obtain excellent agreement between the
measured trEDMR spectrum for long delays and the simula-
tion assuming an isotropic line centered at g. of photogener-
ated P~ in PCBM (as determined from light-induced EPR
measurements). This may indicate that the EDMR intensity
is mainly governed by polaron pairs comprising PCBM mol-
ecules (accommodating the P~) with a preferential orienta-
tion with respect to the direction of the external magnetic
field. A more detailed analysis of this phenomenon is cur-
rently being carried out.

Note that the trEDMR measurement does not allow us
to resolve whether or not the polarons giving the trEPR spec-
trum at 7 us are already separated. However, the trEDMR
measurements clearly show that the microwave manipulation
of the spin states of positive and negative polarons influences
the photocurrent for a delay of 7 us at low temperatures. The
challenge of future experiments will be to face short spin
relaxation times and to investigate trEDMR at room
temperature.

In conclusion, this study demonstrates that trEDMR
experiments at 80K can provide information on paramag-
netic species in fully processed organic solar cell devices
that usefully complement the conclusions drawn from trEPR
experiments. Our results show that the resonant signals
observed in the trEDMR spectrum of P3HT:PCBM solar
cells are consistent with the EPR line parameters of photo-
generated P" in P3HT and P in PCBM,22’23 indicating that
both centers are involved in spin-dependent processes that
influence the device current.

We thank Dieter Neher and his group at the Universitat
Potsdam for helping us with the sample preparation and for
the possibility to fabricate the EDMR solar cells in Potsdam.
We acknowledge financial support from the DFG (SPP
1601) and the Helmholtz Association (Energie-Allianz
Hybrid-Photovoltaik).
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