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In thin film solar cells based on non-crystalline thin film silicon or organic semiconductors structural disorder leads to localized states
that induce device limiting charge recombination and trapping. Both processes frequently involve paramagnetic states and become spin-
dependent. In the present perspectives article we report on advanced pulsed electrically detected magnetic resonance (pEDMR)
experiments for the study of spin dependent transport processes in fully processed thin film solar cells. We reflect on recent advances in
pPEDMR spectroscopy and demonstrate its capabilities on two different state of the art thin film solar cell concepts based on
microcrystalline silicon and organic MEH-PPV:PCBM blends, recently studied at HZB. Benefiting from the increased capabilities of
novel pEDMR detection schemes we were able to ascertain spin-dependent transport processes and microscopically identify
paramagnetic states and their role in the charge collection mechanism of solar cells.

blends.® Among the different materials TFS was the first to reach
1. Introduction the stage of large-scale solar cell production, while OPV devices
s0 just enter the stage of commercialisation. However, recent years
witnessed the steepest increase of record efficiencies that have
been demonstrated on the lab scale for organic blends.® ° It is
beyond the scope of the present perspectives article to discuss and
compare different solar cell concepts. Instead, we want to focus
on performance limiting effects which involve paramagnetic
states in TFS and OPV solar cells and which can be monitored
through the detection of spin-dependent charge carrier transport
and recombination. The major drawback of OPV and TFS solar
cells are solar conversion performances being far below the
physical limits determined by thermodynamics, the so-called
Shockeley-Queisser limit.!° In TFS and OPV solar cells the PV
efficiency limits are induced by material disorder which strongly
reduces the open circuit voltage and fill factor.?! The most basic
functional solar-cell unit is the light-generated excitation in the
es absorber material (exciton). In a properly designed solar cell this
exciton will lead with an efficiency of nearly 100 % to charge
separated states which are essentially unpaired (paramagnetic)
electrons and holes. Optimum solar cell operation requires their
non-dissipative extraction. Processes that trap or scatter charge
70 carriers can reduce the charge-carrier mobility or induce charge-
carrier recombination and thereby decrement solar cell
efficiencies. Consequently, detailed insight into trapping and
recombination processes may help to develop advanced material
engineering strategies for improved solar cell performance. It is
therefore of major importance to understand the genesis of such
trap states and their role in the charge collection mechanism.
Due to the paramagnetic nature of the charge carriers,
recombination and trapping mechanisms in thin-film solar cells
are frequently accompanied by stable or transient paramagnetic
g0 States, where the spins of light-generated charge carriers interact
with each other or with other paramagnetic sites in the material.
These electron and sometimes also nuclear spins constitute

World energy demand is expected to more than double in the next
50 years. Conventional energy sources will not be adequate to
supply this demand, without causing severe environmental and
climate damage. This calls for the rapid development of abundant
sustainable energy sources. By far the largest carbon-neutral
energy source is provided by the sun. The amount of solar power
that strikes the earth in one year (> 100x10% J) clearly exceeds
the annual global energy consumption ( 15x10% J).t

The practicality of photovoltaic (PV) devices has been
demonstrated by the technological development and successful
commercialization of crystalline silicon (c-Si) solar cells, which
created a rapidly growing billion euro market. By the end of 2011
more than 68 GW of PV capacity has been installed worldwide,
yet, PV energy provided less than 0.1% of world's electricity
needs.? The reason for the huge mismatch between our present
day PV use and its enormous undeveloped potential results from
the fact that PV electricity production despite its impressive
conversion efficiency® and flexibility is still not fully price
competitive to conventional energy sources.

To bridge this gap, research aims at higher PV conversion
efficiency and at the same time a reduction of material costs.
Here, thin-film solar cells have the largest potential since they
can be deposited on a large variety of inexpensive substrates with
tailored physical and optical properties with significantly reduced
material consumption, which results in lower energy payback
time and, in principle, also in better cost effectiveness. The main
absorber materials used for thin-film solar cells are based on (i)
hydrogenated amorphous and microcrystalline silicon (a-Si:H and
pe-Si:H, respectively) summarized as thin-film silicon (TFS) in
the following,* ° (ii) cadmium telluride (CdTe), (iii) Copper
indium (gallium) diselenide (CI(G)S),® and (iv) dye sensitized’
and organic, molecular or polymeric organic photovoltaic (OPV)
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protruding probes to study the impact of device limiting defects
and impurities at interfaces and in the bulk.

During a trapping, tunnelling or recombination event between
two paramagnetic states in a given solar cell material, the electron
spins will be in close proximity of each other and, depending on
their transition probability, will form coupled spin pairs with a
certain spin coherence lifetime. If the formation or dissociation of
these spin pairs changes the conductivity of the sample, electric
transport will become spin-dependent.

By measuring the coupling energies, life and correlation times of
these spin pairs the transport determining site can be identified
and directly ascertained to the underlying charge transport or loss
mechanism. The method of choice to study the dynamics and the
electron spin-coupling energies is provided by electron
paramagnetic resonance (EPR).

However, the sensitivity of microwave (mw) detection techniques
(~ 10 -10*® spins) is usually not sufficient to monitor EPR in
state of the art thin-film solar cells with active layer thicknesses
in the pm to nm range. Moreover, the interpretation of EPR
signals from fully processed thin-film solar cells may be
hampered by EPR signals from the substrate, which have no
relevance for the solar cell operation.'?

In solar cells the sensitivity and selectivity limit of EPR can be
lifted by electrically detected magnetic resonance (EDMR).***
EPR and EDMR are similar in that both monitor the resonance
fields of mw-induced electron spin-flips. Their difference consists
in the detection scheme. EDMR monitors spin-dependent current
changes instead of mw absorption (a more detailed description of
EDMR detection is given in Section 3). Electrical detection
makes EDMR selective to paramagnetic transitions, which impact
charge transport processes while paramagnetic background
signals are inherently suppressed. As it combines the nanoscopic
information content of conventional EPR with the sensitivity of a
current measurement, EDMR provides a tool to directly study the
influence of paramagnetic states on the dark or photocurrent with
a detection sensitivity approaching single spin detection.'®*8

The particular use of EDMR in solar cell research arises from its
capability to identify device limiting loss mechanisms by
determining structural information of transport limiting
paramagnetic sites like e.g. impurities or defects.*** A profound
understanding of this structure-function relationship is mandatory
to rationalize and optimize the material properties and the
manufacturing process of thin film solar cell devices.

Recently it was shown that the information content extractable
from EDMR measurements can be even increased by combining
electrical detection with pulsed mw excitation schemes.?
Following the pathway of advanced pulsed EPR? the successful
implementation of pEDMR paved the way for novel detection
schemes,? 237 which greatly increased the spectral resolution as
well as the selectivity to different spin-dependent transport
mechanisms and spin coupling parameters.

From the onset the development of pEDMR was driven by
applications to thin-film Si materials?®® 3¢ and solar cells.**°
More recently the approach has been extended to their organic
counterparts.3%

In the present perspectives article we outline the function of
pEDMR and how it may be employed to assign and characterize
spin-dependent processes in fully processed TFS and OPV
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devices. In particular, we will show that despite their dissimilar
material composition general conclusions may be drawn on spin-
dependent transport mechanisms in organic and disordered
silicon materials.

The manuscript is organized as follows: Section 2 introduces the
theoretical foundations of spin-dependent transport processes in
TFS and OPV materials. Special emphasis is put on spin-
dependent hopping and recombination as dominating processes.
Section 3 outlines the basic principles and technical requirements
of pEDMR detection. pPEDMR studies in the working principles
of a-Si:H/pc-Si:H pin and polymer MEH-PPV/PCBM solar cells
are presented in Section 4 and 5, respectively. The main results of
this article are summarized in section 6 and the implications and
perspectives of advanced pPEDMR methods on future solar cell
developments and application of pEDMR beyond this field are
highlighted in the outlook Section 7.

2. Spin-dependent transport

In the following we will outline under which conditions
transport-related paramagnetic states may be encountered in TFS
and OPV materials, alongside with an introduction of the
dominating transport processes involving these states.

In TFS devices charge transport is governed through extended
states (band transport). The spins of delocalized electrons and
holes in the conduction and valence bands strongly interact with
each other and the host lattice, so that the spin orientation of one
specific charge carrier is not conserved for long times, except at
very low temperature and/or high magnetic fields, accompanied
by a significant spin polarization. This situation is dramatically
different for charge carriers trapped in localized defect states in
the band gap of a semiconductor (e.g. three fold coordinated Si
atoms, so called dangling bonds (db)) or band-tail states. These
sites are often paramagnetic or can be made paramagnetic
through electronically or structurally induced processes (e.g.
charge injection or doping induced charge transfer). Paramagnetic
defects impact the performance of TFS solar cells via
recombination or alternation of the charge carrier mobility.

In the case of organic semiconductors, hopping of charge carriers
via localized states (positive (P*) and negative polarons (P)) is
the dominating charge transport mechanism. In addition, the
weak spin-orbit coupling in organic materials results in relatively
long spin-relaxation times. In this case the charge transport
process involves long-lived transient paramagnetic states. This
results in the fact that spin states even at room temperature may
have dramatic influence on charge transport and recombination.
However, both material systems share general mechanisms that
render charge transport spin-dependent. Whenever a tunnelling
process from one localized state to another occurs between two
paramagnetic states, spin selection rules may govern the
transition probability, provided that the spin is conserved
throughout the transition. In this case the tunnelling rate may
depend on the relative spin orientation of both charge carriers.
Through this spin coupling effect charge carriers form spin pairs
prior to the transition process. A static magnetic field will affect
the energy of such spin pairs (e.g. through the Zeeman splitting)
and may thus alter the tunnelling rate through various processes.
Irrespective of the underlying microscopic mechanisms, this
translates into a conductivity change observed in
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magnetoresistance measurements in which the resistance (or
conductivity) of a sample is measured upon changing the
amplitude of the static magnetic field. Magnetoresistance in
disordered systems such as a-Si:H was observed already several
decades ago.®® " %8 While the resulting magnetic field induced
change in conductivity was typically restricted to less than one
percent in a-Si, this effect recently generated renewed interest
when large magnetoresistance exceeding 10 % was observed in
organic semiconductors at room temperature.*® This illustrates
that, particularly in organic semiconductors, the spin has a
dramatic influence on charge transport and thus also affects the
carrier collection efficiency in solar cells made from this material.
Thus, it is important to understand the underlying mechanisms on
a microscopic level. Based on magnetoresistance measurements
only this is complicated because such a measurement solely
detects changes of a macroscopic observable, i.e., the
conductivity, but does not provide microscopic insight. As a
result, the origin of the magnetoresistance effect remains a topic
of controversy, although systematic measurements were
performed using various experimental conditions and device
configurations.> 61

In order to complement the information obtainable from
magnetoresistance measurements, it is helpful to actively
manipulate the tunnelling rates that give rise to the change in
resistivity. This can be done by EDMR. In essence, an EDMR
experiment can be regarded as a magnetoresistance measurement
with the added possibility to actively manipulate the tunnelling
rates between specific spin pairs responsible for the
magnetoresistance effects by EPR. Through the spin flip the spin-
pair configuration will change which can lead to a change of the
transition rate between the two spin-pair partners that can be
observed as a change of the sample conductivity. Thereby the
extractable information may be dramatically increased as
compared to magnetoresistance experiments. Resonant spin
manipulation through EPR does not only provide information on
spin-dependent transport mechanisms, but also on the local
structure of paramagnetic states involved in respective transport
processes. This selectivity to particular transport processes in
combination with structural information on the nanoscale is a
unique feature of EDMR based techniques.

In order to attain this information the sample has to be exposed to
a static magnetic field Bo. As a consequence the electron spins
align parallel (spin up, ms = 1/2) and anti parallel (spin down, ms
=-1/2) to By, which leads to the Zeeman energy difference AE.
Further modification of AE results from coupling of the electron
spin to nearby electron and nuclear spins. Prerequisite of many
spin-dependent transport processes are coupled spin pairs. In the
presence of an external magnetic field the spin coupling energies
of two coupled electron spins A and B (Sa = 1/2 and Sg = 1/2)
may be most conveniently expressed by the following Spin
Hamiltonian (SH).*?

Ho= #5San-0aBy + 135505 By
-Jn(St-1) - SaDg-Sg +

dip
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In Eg. 1, the first two terms denote the electron Zeeman
interaction, which couples the electron spins S, and Sg to By via
the anisotropic g-tensors, g and gg, respectively. The third and
the fourth term are exchange and dipolar interaction terms of
electron spin A and B. These interactions are determined by
electron-electron exchange (J, with S= S+ Sg) and dipolar (Dgip)
coupling constants. In the case of weak electron-electron
coupling the energy eigenstates are the product states [1) = |11,
[4> =111>, |12>, [3). The former two states are pure triplet (T)
states. In contrast, the last two states possess singlet (S) and
triplet character.%® The last term in Eq. 1 represents the hyperfine
interaction (HFI), which quantifies the coupling of the i-th
electron spin with the j-th nuclear spin (I;), by the anisotropic
HFI-tensor, A;;. The spin coupling parameters g, A, J and Dy, are
the target of magnetic resonance studies as they contain unique
information on the electronic and local structure of paramagnetic
states.” %2 % Electron spins exposed to a static magnetic field
may be flipped by applying an additional oscillating magnetic
field B, with a frequency v = AE/h. This is the EPR condition.
In EDMR the observable is the conductivity,

o= e[ne:ue + nh:uh]' 2)
This is the major difference to EPR where the observable is the
mw absorption. In Eq. 2 e is the elementary charge and n, and n;,
denote the concentrations of electrons and holes with mobilities
Me and i, respectively. EPR induced changes in the conductivity
(Ao) directly translate into changes in the electrical current (A7)
measured by EDMR. It is obvious from Eq. 2 that these changes
may either result from a variation in charge carrier concentrations
or mobilities. However, understanding under which conditions a
spin flip changes the sample conductivity requires some more
considerations.

The most important spin-dependent processes in TFS and OPV
materials are spin-dependent charge-carrier recombination® and
spin-dependent hopping-transport.®® Both mechanisms are
encountered in thin Si films®"® and devices®” ™ as well as their
organic analogues.”™ "% In the following we will outline the basic
principles of these processes, and relate them to the EDMR
observable. In principle EDMR processes may result from other
processes like e.g. spin-dependent charge carrier scattering,®® ™
spin-dependent charge carrier trapping and reemission™ 7 or
bolometric effects.” All above mentioned spin-dependent process
can lead to very complex modulation of the charge carrier density
and hence contribute in very different ways to the EDMR signal.
In case non-ohmic contacts are used, spin-dependent trap-assisted
tunnelling through contact barriers can also play a role.”” It
requires a very careful analysis of the spin-dependent process,
and in many cases device simulation is an essential requirement
to distinguish between different processes.'® ™ In the following
we will focus on only those spin effects which are believed to
dominate the EDMR of the solar cell devices, which were studied
in the present work.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Spin-dependent (left) charge carrier recombination and (right) hopping-transport involving (a) to c) and g) to i)) localized states below the
conduction (Ec) and above the valence bands (Ev) of TFS and (d) to f) and j) to I)) the polaron levels (P* and P?) between the lowest unoccupied orbital
(LUMO) and the highest occupied orbital (HOMO) of OPV materials. + and — indicate positive and negative charges, while the spin orientation is shown
by arrows pointing up or down. U denotes the correlation energy.

2

Recombination:
a) In TFS excess electrons may be captured by tail states (ts) localized below Ec and above Ey, respectively. These electrons can tunnel further into
energetically lower lying dangling bond (db) states. If the target energy level is already singly occupied before the transition, this process is only allowed
10 if the respective spins are in singlet state. In the depicted case of parallel spin alignment recombination is blocked. b) The relative spin orientation may be
flipped by resonant EPR excitation of either of the spins. c) Once the dangling bond state is doubly occupied, a hole from Ey or from a valence band-tail
state (not shown) can be captured in the db state to accomplish the recombination step. d) In OPV materials charge transport is governed by polarons. A P
may encounter a trapped P* and form a coupled spin pair. Similar to the TFS case the polarons cannot recombine if their unpaired electron spins form a
triplet state. e) EPR spin-flips lead to f) direct recombination between P* and P,
15 Hopping:
g) Charge carriers in TFS (only transport of electrons shown here) that relax to tail states may perform hopping steps between adjacent localized states.
These are spin-dependent when the target energy level is singly occupied before the hop, and the hopping transition produces a doubly occupied site. h)
Blocking of the transport path by spin pairs in triplet state may be lifted by EPR. i) After flipping one of the coupled spins the electron can hop onto the
singly occupied state and propagate further. j) In OPV materials P* and P~ polarons migrate through the material (only P* transport shown here). Again,
the probability for a hop of one polaron to a site that is already singly occupied depends on the relative spin orientation of both polaron spins. k) Flipping
one of the spins 1) lifts again the transport blockade. In TFS and OPV materials hopping may involve positive and negative charges.

N
S

2.1) Charge carrier recombination

Common to charge carrier recombination and hopping-transport
25 is that both can be described in the framework of the spin-pair
model developed by Kaplan, Solomon and Mott which is referred
to as the KSM model.” Fig. 1 depicts the impact of spin-pair
formation on spin-dependent recombination (left) and hopping
(right) in TFS (top) as well as OPV (right) materials.
w0 Fig. 1 a)-c) shows recombination via a paramagnetic impurity
(e.g. a db) located energetically in the band gap of the
semiconductor material. This case is frequently encountered in
TFS materials. Prior to the recombination event spin pairs are
formed by negative charges captured in tail states and
energetically lower lying singly occupied (e.g. db) defects.

w
&

Although it would be energetically favourable if both carriers
occupied the lower-lying state, owing to the Pauli-principle this
transition is only allowed when both electron spins are aligned
anti parallel. Thus, invoking that the spin state is conserved
40 during the transition process, the transition is blocked in the case
of parallel spins. The recombination rate coefficient associated
with the triplet states is ry, i.e. the triplet recombination rate
coefficient. For singlet states the recombination rate coefficient is
given by (rs + ry)/2, for the case of negligible coupling. For any
45 Spin-pair state the recombination rate coefficient can be expressed

by

n=nfifs) + wli ) 3

This journal is © The Royal Society of Chemistry [year]
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i.e. is determined by the singlet and triplet content of the spin-
pair.

The application of mw radiation resonant with either of the two
spin-pair constituents leads to an EPR spin-flip (Fig. 1 b)). The
initially forbidden transition becomes allowed. In essence, the
singlet content of a given pair increases, resulting in an enhanced
recombination probability of the spin pair. The recombination
process is then completed by the capture of a hole from the
valence band (Fig. 1 c)). For a more detailed description of the
underlying spin physics see e.g. Ref.2’ In OPV materials spin-
dependent charge carrier recombination typically occurs between
P* and P~ and hence directly affects the current-carrying species
without the necessity of trapping additional charge carriers at the
recombination site (Fig. 1 d)) to f)). Although details of the
recombination process are different for inorganic and organic
solar cells, the influence of spin-dependent recombination on the
conductivity can in both cases be described using the same set of
equations.?® *® In both material systems recombination annihilates
one positive and one negative charge, resulting in a decrease of n,
and n, and thus, according to Eg. 2, a change in sample
conductivity by

Aco=e[An g+ Anp ], 4)

where An, and Any, denote the EPR-induced deviations of the
concentrations of negative and positive charge carriers from their
respective steady-state values. In inorganic semiconductors n, and
ny, usually represent the concentrations of delocalized charge
carriers, i.e. electrons in the conduction band and holes in the
valence band, whereas they refer to less mobile charge carriers
(P* and P") in most organic semiconductors.

2.2) Hopping-transport

Spin-dependent hopping-transport occurs when tunnelling
between paramagnetic localized states dominates charge carrier
transport. This applies to charge carrier collection in TFS solar
cells,®! particularly at low temperatures, and in OPV cells® which
is shown schematically in Fig. 1 g)-i) and 1 j)-I), respectively.
The spin-dependent transport step is the hop of a single charge
carrier to a singly occupied state having similar energy. The
hopping rate is generally determined by the localisation length
and the separation as well as the energy difference between the
two localized states.®* Note that the size of the correlation energy
U (the energy difference between singly and doubly occupied
states) plays an important role here. For spin-dependent hopping
to occur, U must necessarily be smaller than the width of the
distribution function for the energies of the localized states.® 8
This is certainly the case for a-Si:H, where the band-tail states
extend far into the gap, and the correlation energy is on the order
of 10 meV.® In organic semiconductors U is much larger,
typically several hundred meV. The width of the defect
distribution varies for different materials, but is often found to be
in the same range.®®

Analogous to the recombination process described before, the
transition between adjacent singly occupied states can be blocked
by the relative spin orientation (as shown in Fig. 1 g) for TFS and
j) for OPV materials). Again, EPR excitation (Fig. 1 h) and k))
can flip one spin and enable an initially forbidden transition (Fig.
1 i) and 1)). The enhancement of the hopping rate can be

considered to enhance the mobility (given by [, or W) in the
hopping-transport path. In consequence, a conductivity change

Ac=e[nAw, +nAu | 5)

60 results. Depending on the charge of the hopping carrier (electrons
or holes in TFS and positive or negative polarons in organic
semiconductors (OSC)) the hopping step affects either p, or .
Independent of the material system and the transport mechanism,
spin-dependent transport processes based on the KSM model

es Share a number of important peculiarities.

A complete description of transient spin-dependent conductivity-
changes following pulsed EPR excitation requires knowledge
about the fate of the charge carriers before and after spin-flip.%°

¢ é

é electron reservoir

cc

hole reservoir
¢ 5

¢

70 Fig. 2 Rate equations describing the dynamics of the spin pairs and the
free charge-carrier concentrations. Free electrons and holes are created by
light absorption or electrical injection (at the rate G.) and act as
reservoirs which are connected to the spin-pair ensemble via generation
(Gsp), recombination (R) and dissociation (D).

75 The free (or mobile) charge carriers that determine the
conductivity and localized spin pairs that determine the EDMR
response are connected via spin-pair generation, dissociation and
recombination. The interrelation between these quantities can be
expressed by a set of coupled rate equations that are illustrated in

w Fig. 2 (for details see Ref®’). Free charge carriers may be
generated by electrical injection or light excitation at the rate
Gcc. These electrons and holes (TFS) or polarons (OPV) act as
reservoir. For spin-dependent recombination they are connected
to the spin-pair states via spin-pair generation (Gsp), dissociation

g5 (D) and recombination rates (R). R is spin-dependent whereas Ggp
and D are spin-independent. In addition, the influence of spin-
independent recombination on n, and n, has to be taken into
account, which is usually done by a charge carrier life time z.
Ggp is proportional to n.. while D results in an increase of n.. R

90 directly reduces n, and indirectly leads to a decrease of n, due to
reduced D. In the case of spin-dependent hopping spin pairs are

This journal is © The Royal Society of Chemistry [year]
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also connected to the charge-carrier reservoir by a characteristic
pair generation rate (Ggp.4). Further, spin-pair dissociation may
involve spin-dependent or spin-independent processes. Both
possibilities have to be taken into account to quantitatively
describe hopping-induced mobility changes. A complete model of
both spin-dependent recombination as well as hopping-transport
further has to include spin relaxation processes. Spontaneous
spin-flips occur within the spin-lattice relaxation time Ty; thereby
the respective transport channel is switched by converting triplet
into singlet states. Numerical solutions of the resulting coupled
rate equations may be found in Ref.?® % Similar models have
proven to be successful in modelling cwEDMR results in the
past. 88-92

A major challenge of EDMR is to link the relatively small
induced current changes, Al, to the dominant transport channel in
the materials of the device. Typically relative current changes
Al/l are in the range from 107 to 102 Note that such small signal
amplitudes are predicted even when the spin dependence is
coupled to the dominating transport process in the device. The
absolute value of Al/l is determined by temperature, injection
rate, illumination conditions, mw power, frequency and, most
importantly, on the assumed transport process. A quantitative
estimate of A4l/l for different spin-dependent transport
mechanisms in TFS may be found in Ref.?’ Relating EDMR
signals to overall transport properties in the working device is
further complicated by the fact that, due to sensitivity reasons,
most pEDMR studies are carried out at low temperatures. This
usually requires complementary measurements and device
simulations which should include the spin-dependent mechanism.
Depending on the details of the spin-coupling parameters of the
involved spin-pair partners the EDMR signal shape and
amplitude may change dramatically.”® * In the case of weakly
coupled spin pairs EDMR spectra with two distinct resonance
positions at their respective g values are predicted. Only one
single line is expected, even in cases where a spin-pair
mechanism is evident when the resonance signals of both spin
partners overlap due to similar spin-coupling parameters (see Eq.
1) or the interacting spins have dramatically different line widths.
In this case sometimes only the narrow line may be detectable for
a given signal to noise level.

3. Experimental foundations of pEDMR

pPEDMR provides a unique tool to study spin-dependent transport
processes in semiconductor devices and in particular solar cells.
However, pEDMR experiments require dedicated contact and
detection schemes. Despite the fact, that a growing number of
research groups worldwide rely on this technique,® 5% 75 99
pEDMR spectrometers are up to now commercially not available.
In the following we outline the working principle of advanced
pEDMR detection together with the pPEDMR set-up and solar cell
sample designs developed in the EPR/EDMR lab at HZB 3% 4% &

3.1) pEDMR detection

Fig. 3 a) depicts the basic pEDMR excitation scheme.?® The
observable are current transients, Al, following excitation by
intense mw pulses. By integrating A|l| over time, a charge Q is
obtained. Transient pEDMR spectra may be recorded by
integrating I(t) at different time intervals after the mw pulse and
as a function of the external magnetic field B, under continuous
charge generation by light or applied forward applied bias.

The evolution of a spin pair under EPR excitation is sketched in

e Fig. 3 b). Before the mw is switched on (t = 0), the spin pairs
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predominantly populate the long living triplet states. During the
mw pulse the spin-pair states are manipulated and their
population starts to coherently oscillate. After switching off the
pulse, the spin-pair ensemble is no longer in the steady-state.
Therefore, spin-dependent recombination or hopping rates
deviate from their respective steady-state values and affect the
sample conductivity. While the spin manipulation typically takes
place in the range from 10 to a few 100 ns, the detection of the
resulting transient current change (referred to as pEDMR
transient) is performed for some 100 ps until the current has
relaxed to its steady-state value (Al = 0).

a) pulsed EDMR
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Fig. 3 pEDMR excitation and detection schemes a) Time-dependence of
mw power (black) and spin-dependent current transients (red) recorded as
a function of the external magnetic field B,. (b) Spin-pair evolution during
the experiment. The pairs start from pure triplet states, are manipulated
during the mw pulse and are annihilated by recombination (with rate
coefficients Rr, Rz, Rs), hopping or dissociation (with rate coefficient D)
according to their singlet or triplet character. c)-f) Advanced pEDMR
excitation schemes based on a variation of the mw and radio frequency

go (rf) excitation pattern.
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Employing state of the art pulsed EPR instrumentation in
combination with ultra-sensitive current detection, dedicated
PEDMR excitation schemes have been designed to specifically
address the electron spin couplings of paramagnetic states
involved in spin-dependent transport processes. In the following
we will introduce the pEDMR detection schemes summarized in
Fig. 3 c) to f) and highlight their particular use while studying
spin-dependent transport processes.

To observe electron spin Rabi oscillations by means of pPEDMR
(Fig. 3 ¢)), the charge Q resulting from the integration of A|l| over
several microseconds after the mw excitation is recorded as a
function of the pulse length 7.%® 8 % Rabi oscillations allow for
discrimination between spin-dependent transport processes that
involve coupled paramagnetic centres with overlapping EDMR
spectra from those in which the spin-dependent transition takes
place between two centres with spectrally separated EDMR
resonances, i.e. different g or A values.® " 5 In the latter case,
one can address the spins of both sites separately by choosing the
resonance condition according to the resonance position of the
respective site. The frequency of the coherent spin motion is then
given by the Rabi frequency of the resonant paramagnetic centre
provided that the driving field yB; (B, denotes the amplitude of
the mw magnetic field and y is the gyromagnetic ratio) is small
compared to the Larmor separation Aw= (wa —mg) Of the two
respective centres.®® Here, w, and wg are the Larmor frequencies
of spin A and B (see Eq. 1), respectively. When the Larmor
separation of two participating centres is smaller than the driving
field, the Rabi frequency increases by a factor of two (spin
locking case).!®

The temporal damping of spin-Rabi oscillations is determined by
the fate of the electron spin-pairs, in particular recombination,
dissociation and hopping as well as by dephasing of the electron
spins. These processes can be discriminated by echo detected
pPEDMR measurements. Electrically detected electron spin echoes
may be created by the modified Hahn-echo sequence depicted in
Fig. 3 d).3* ™ Rotary echoes?®® ** have been employed for
pPEDMR studies in electron spin dephasing and relaxation
mechanisms as well as to investigate the process of spin-pair
generation. In mw detected EPR spin echoes are formed by a n/2-
n- T — 7, — sequence. n denotes the flipping angle of the electron
spin, whereas z; and 7, are the free evolution periods between the
pulses. For electrical detection of the spin echo the standard two
pulse sequence is extended with a /2 readout pulse at the time of
echo formation.* The final pulse transfers electron coherence to
polarization by rotating the spin system back into singlet or triplet
eigenstates. This step is necessary since the current changes
monitored in pEDMR are sensitive to the singlet triplet symmetry
of the spin-pair. An elegant way to separate spin-dependent and
spin-independent mw induced electrical responses, is provided by
phase cycling of the projection pulse used for spin state read-
OUt.lOl

Echo detected pEDMR experiments set the basis for a large
variety of pEDMR experiments, like the electrically detected
electron spin echo envelope modulation (EDESEEM) (Fig. 3 e)*"
%0 as well as pulsed electrically detected electron nuclear double
resonance (EDENDOR) (Fig. 3 f).3% 3¢

EDESEEM is based on the same ©t/2 - &1 — © - 5 — echo pulse
sequence where coherences are refocused at 71 = 7, to generate a
spin echo, whose amplitude is measured as a function of 7 = 7.

60 (see Fig. 3 e). Nuclear spins coupled to the electron spin give rise
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to modulations imprinted on the echo decay. The magnitude of
HFI couplings may be determined by Fast Fourier
Transformation (FFT) of the echo decay function.

The EDENDOR sequence depicted in Fig. 3 f) is based on the
Davies ENDOR sequence,'® routinely employed in mw detected
EPR. The major difference to pEDMR sequences depicted in Fig.
3 ¢) to e) consists in a radiofrequency (rf) pulse that is applied
alongside with the mw pulses. The sequence starts with a mw
preparation w pulse inverting the population of an electron spin
transition in resonance followed by a rf & pulse. The effect of the
rf pulse on the electron spin echo is monitored by the final ©t/2 -
T - n - /2 readout sequence. If the rf = pulse is not in
resonance with any nuclear spin coupled to the electron spin the
depicted pulse sequence results in a negative echo. In the case
where the rf pulse is in resonance with a nuclear spin, the
detected echo intensity will be less negative. To obtain the
resonance frequency of the coupled nuclei the inverted echo is
recorded as a function of the rf. The resulting spectrum is the
NMR spectrum of the nuclear spins in the vicinity of the electron.
Very recently it was shown that by combining time-programmed
light excitation with EDENDOR, selective excitation of ionized P
donor spins in Si with ultra high sensitivity (~ 3000 nuclear spins)
can be achieved.!®® EDENDOR and EDESEEM are capable of
resolving small hyperfine couplings of electron spins to nearby
nuclear spins that are unresolved in the EDMR spectrum. By
measuring these couplings the electron spin density distribution
of the paramagnetic site under investigation may be mapped out,
which provides important structural information about the orbital
symmetry and the binding environment. Hyperfine spectra in
addition contain information about the isotope composition of the

investigated material, which may be employed to locate
paramagnetic sites in multi layer devices.*
3.2) pPEDMR set-up
a)
" resonator
He cryostate
'.Islaample
‘b . y transimpedance transient
. —_"_— amplifier bandpass amplifier recorder
f——:l—

Fig. 4 a) pPEDMR setup. The solar cell sample (see e.g. Fig. 5) is located
in a He cooled mw resonator . pEDMR excitation is achieved by applying
short high-power mw pulses (10-100 ns, Pmy = 1 kW) resonant with an
external magnetic field. Sample illumination is achieved via optical
windows in the sample cryostat and the resonator or via optical fibres
attached to the sample. A constant voltage source is used to apply a
voltage to the sample and thus establishing a steady-state (photo-) current
I. Changes of the current, A|l|, are recorded as a function of time by a
current detection unit shown in b).

Fig. 4 a) depicts the X-band pEDMR setup at HZB based on a
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3

commercial EPR spectrometer (Bruker Elexsys E580), which was
upgraded by the equipment for electrical detection (see Fig. 4
b)).*® The sample is mounted in a dielectric mw resonator (Bruker
ER 4118XMD5 or EN 4118XMD4) inside the sample magnet
and cooled using a continuous flow helium cryostat (Bruker ER
4118CF) with optical access. Mw excitation is achieved by mw
pulses (typical pulse length 10-500 ns) generated by the mw
bridge of the EPR spectrometer and amplified by a travelling
wave tube amplifier (output power ~ 1 KW). The temperature is
adjusted between 2.5 and 300 K by a temperature controller
(Oxford ITC 503). Inside the resonator the solar cell samples can
be illuminated by a halogen cold light source (Schott KL 2500
LCD), an Argon ion laser (Coherent Innova 90C-A4) or an
actively stabilized laser diode (A =635nm, Elektronik-
Manufaktur Mahlsdorf) directly through the cryostat window.
Alternatively, the light can be fed through a fibre with an attached
micro prism that allows for illumination independent of the
sample orientation. Fig. 4 b) depicts the current detection scheme.
The equivalent circuitry of the solar cell can be considered as a
parallel circuit consisting of current source, resistor, and
capacitor. A differential transimpedance amplifier (Elektronik-
Manufaktur Mahlsdorf) converts the current signal A|l| into a
voltage which is then filtered by a bandpass with lower cut-off
frequency of 1 Hz to remove the DC-component of I. The upper
cut-off frequency can be varied in order to control the time
resolution of the detection setup.*® The resulting signal is then
amplified to a level that is suitable for the transient recorder
(Bruker Speclet).

3.3) pPEDMR contact scheme

The fabrication of appropriate pEDMR solar cell samples is
challenging since the necessary preparation steps differ and have
to be optimized for each material system. However, there are
general requirements the sample has to fulfil.

Firstly the geometry of solar cells to be analysed is inherently
limited by the dimensions of the mw resonator, which, are
determined by the wavelength of the mw. At X-band frequencies
a solar cell area of 1 x 1 mm? has proved to be reasonably small
to yield homogeneous mw amplitudes over the whole active area
of the solar cell. Secondly, each type of sample requires a special
contact structure, which is usually realized in the following way.

1012

1.0 30

01

Fig. 5 TFS solar cell contact scheme for pEDMR measurements. The
black areas indicate the strip lines and contact pads consisting of 100 to
200 nm aluminium, gold or silver. The isolating glass substrate is not part
of the cell and the contacts run in parallel on the front side of the
substrate. To allow for illumination through the transparent substrate ZnO
serves as transparent conductive oxide. The grey rectangles represent the
active area (solar cell). Current flows perpendicular to the substrate plane
through the multilayer TFS structure. A micrograph from this part of the
samples is shown in the blow-up on the right. All dimensions are in mm.
Similar contact schemes were employed for pPEDMR measurements on
OPV cells.

4.0 490

The electrical contacts of the active device (or layer) are
connected to contact pads on the opposite side of the EDMR

structure via thin film metal stripes on the substrate. Since

ss conductive material generally distorts the mw modes in the
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resonator and thus leads to inhomogenities of By, it is essential to
keep the thickness of the strip lines below the skin depth for the
mw at the particular frequency (approx. 1 um for aluminium at
10 GHz). For the same reason the strip lines have to be long
enough so that the contact pads and the cables connected to them
with silver paste are situated outside of the resonator.

Fig. 5 shows the contact structure prepared for pEDMR
measurements on pic-Si:H solar cells, presented in Section 4. The
solar cell (grey area) is electrically connected to contact pads that
are positioned outside the mw resonator by metal strip lines
(shown in black) with a thickness below the skin depth of the mw
radiation. The patterning of the contacts as well as the
confinement of the active solar cell area to 1 mm? was realized by
laser scribing techniques.'®

The contact structure is depicted along with a micrograph of the
active device areas. This structure is used for thin-film solar cells
which are deposited on a foreign substrate (e.g. glass or quartz).
Since the (isolating) substrate is not part of the cell, both the front
and the rear contact run in parallel on the front side. A similar
structure incorporating MEH-PPV/PCBM blends was processed
for experiments presented in Section 5.

4. pEDMR on a-Si:H/pc-Si:H solar cells

Solar cells based on a-Si:H and pc-Si:H offer the potential for a
significant energy and cost reduction, as they can be deposited at
moderate temperatures on inexpensive substrates'® with low
material consumption. High-quality pc-Si:H consisting of small
crystallites surrounded by an amorphous phase and device grade
a-Si:H can be combined in tandem solar cells by plasma
enhanced chemical vapour deposition (PECVD) processes.'%
Due to their complementary electronic and optical properties
efficient use of the solar spectrum " can be accompanied by a
significant reduction of light-induced degradation of the
electronic quality.'%

Still, TFS solar cells suffer from an inferior electronic quality
compared to crystalline silicon. In thin-film devices trapping and
recombination at localized defects in the band gap and tail states
near the band edges are the main limiting factors for the cell
performance.?t 81 109111 | oss of device performance in TFS can
occur in the bulk of the absorber layers due to material disorder
which is induced by the fabrication process,?* **2 at the homo and
heterojunction interfaces to the doped and window layers'*® as
well as a result of material degradation.’** Many of the device-
performance determining defects are paramagnetic (in the case of
db) or can be made paramagnetic by light excitation (in the case
of band-tails), which renders EPR ideally suited to study defect
concentrations and the local defect environment, 10 112 115. 116

In recent years we developed and applied dedicated pPEDMR
methods (see Fig. 3) to study the impact of structural defects in
fully processed TFS solar cells.?® 2 430 53 15 grder to
demonstrate the potential of pPEDMR to identify and track device
limiting spin-dependent transport and loss mechanisms in TFS
solar cells we will in the following discuss some of our recent
achievements on pc-Si:H thin-film solar cells. To improve charge
carrier collection these devices are fabricated in the pin
configuration. Details of the device architecture are depicted in
Fig. 6. Note that the highly p-doped pc-Si:H is used as a window
layer which has superior quality as compared to a p-doped a-Si:H



layer.
c-Si
Ag columns
ZnO:Al H boor
a-Si:H (n) P
uc-Si:H (i)
-Si:H
glass

e [ 117 T

Fig. 6 Left: Layer structure of the superstrate thin-film n-a-Si:H/i-pc-
Si:H/p-pc-Si:H pin solar cell. Right: Enlarged view of the phase boundary
between H rich a-Si:H and H depleted c-Si grains in the pc-Si material.

s Mc-Si:H solar cells were deposited at the Forschungszentrum
Jillich by PECVD on Corning glass'® with a process that was
shown to reach conversion efficiencies above 10 %.'Y" Fig. 6
depicts the layer structure of the solar cells, consisting of 150 nm
ZnO:Al TCO, boron-doped p-pc-Si:H, 1 pm intrinsic pc-Si:H

10 absorber, phosphorous-doped n-a-Si:H emitter, ZnO:Al and silver
as a back contact. The total phosphorus and boron concentration
in the films is estimated to be 1.5 at. % and 0.2 at. %,
respectively. The solid-phase hydrogen concentration in pc-Si:H
and a-Si:H is known to be about 10 at. %. pPEDMR measurements

15 were carried out on the pEDMR set-up described in Section 3.2.
The solar cell was operated in reverse direction (Upi,s =-1.0 V)
and cooled to a temperature of 10 K by a He-flow cryostat
resulting in a photocurrent of 17 pA (active layer area of about 1
mm?) under illumination with a heat-filtered tungsten halogen

20 lamp (50 mW/cm?).

" 354
=14~ ; : 352
. 350

B0 (mT)

: “ 348
t (us) 40 50 346

Fig. 7 2D pEDMR spectrum of a pc-Si:H pin solar cell measured at

T=10K. The sample was biased in reverse direction and illuminated

with white light. Al was detected after a 320 ns long mw pulse (fow =
25 9.81 GHz).

30

Fig. 7 depicts a 2 dimensional (2D) pEDMR spectrum of a pc-
Si:H pin solar cell at T = 10 K showing transient current changes
Al as a function of time after the mw excitation pulse (z = 320

ns) and the external magnetic field By (see also Fig. 3a)). The
30 spectrum exhibits an asymmetric resonance line with a
pronounced field dependence of the current transients. Both facts
indicate the presence of different EDMR signals contributing to
the observed pEDMR spectrum.
In the following we will demonstrate how advanced pEDMR
35 detection schemes may be employed to deconvolute the different
spectral components and conclude on their nanoscopic
environment as well as the underlying spin-dependent transport
processes and locate them in the multilayer solar-cell (see Fig. 6).
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Fig. 8 Top: pEDMR spectrum (Al normalized to 1) of a pic-Si:H pin solar
40 cell taken 2.2 ps after a 100 ns mw pulse, T = 10 K (fat solid line:

experiment; dotted lines: individual spectral components as obtained from

the fit, thin red solid line: excitation profile of the mw pulse). Resonance

positions of the different paramagnetic sites are indicated by vertical

lines. Bottom: pEDMR spectrum on a broader magnetic field range
45 measured under similar experimental conditions optimized for this field

range.

Fig. 8 shows field slices of the 2D pEDMR spectrum recorded
2.2 s after a 100 ns mw n-pulse (top) and the same spectrum on
a broader field range (bottom) measured under the same
s0 experimental conditions except for a mw power increased by
9dB in order to enhance the broad spectral components. The
spectra contain two narrow components and, in addition, a broad
(> 20 mT) component with lower intensity. For the identification
of the paramagnetic sites we analysed the pEDMR spectrum by
ss fitting Lorentzian and Gaussian functions to the experimental
data. Best fits to the experimental spectra can be obtained when
assuming two narrow resonances at gce =1.9975(5) and
ge = 2.0049(5) and an additional pair of lines separated by 25 mT,
which are symmetric to gp = 2.003. This pronounced splitting is
e well known to arise from hyperfine interaction between
phosphorus electron and nuclear spins in a-Si:H.2* In the present
sample structure (see Fig. 6) phosphorus is only incorporated in
the n-doped a-Si:H window layer. Moreover, for pic-Si:H neither
the 4.2mT hyperfine splitting known from c-Si, nor the
s abovementioned 25 mT are observed even when the material is

This journal is © The Royal Society of Chemistry [year]
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deliberately doped with P.# 0 These facts allow for an
assignment of the broad signal component to paramagnetic
fourfold-coordinated P°, donor atoms in the n-a-Si:H layer.*® In
intrinsic and n-doped pc-Si:H an EPR resonance at g = 1.997 -
1.998 was observed and assigned to shallow localised states in
energetic proximity to Ec, typically referred to as CE states.™*”
119121 1t was demonstrated by cwEDMR measurements on pic-
Si:H films that these states are involved in hopping-transport at
low temperatures.? 12 The g value of the second resonance, g, is
10 close to g =2.0044, which is the signature of an EDMR signal
which was recently associated with hopping of electrons between
band-tail states in a-Si:H (known as the ‘e signal).!?® 12
Therefore g is associated with conduction band-tail states in the
n-a-Si:H layer. However, additional sources of evidence had to be
15 employed to unambiguously assign the observed EDMR
resonances and the underlying transport processes.

3

E; 1k Gee = 1.9975| 4
€ ... g, =2.0049
s | g. =2.0030
2

@ 0.5F 7
Q
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0 ’ 50 100
time [us]

Fig. 9 Integrated peak intensities (Apeax) Obtained by deconvoluting the 2D
pEDMR spectrum (Fig. 7) with wide magnetic field range. The broad
spectral component was taken into account by assuming a pair of

20 Gaussian lines that are symmetric to gpr = 2.003. Ordinate scales were
normalized to 1.

EDMR signals are due to altered spin-dependent charge-transfer
probabilities between paramagnetic states. In the framework of
the KSM model, application of an intense mw pulse, in resonance
with either of the participating states, generally increases the
transfer probability. However, this rate change of a microscopic
process can influence the photocurrent in a solar cell in different
ways. It depends in a complicated way on the microscopic
mechanism, the device physics, and, in the particular case of pin
solar cells, on the bias voltage applied to the sample. 11> 116

Both, the time evolution as well as the sign of Al may be
employed to conclude on the character of the observed spin-
dependent charge transport process. To extract this information
from the 2D pEDMR data (Fig. 7) we deconvoluted the signals in
time domain by taking the line parameters from the spectra
shown in Fig. 8 as fixed parameters and their relative intensities
as fit parameters. In this way we obtained the integrated peak
intensities A Of the resonances at gce = 1.9975(5)
(FWHM = 1.8 mT) and g.=2.0049(5) (FWHM =1.8 mT). The
signal at gp = 2.003 was taken account of by assuming a pair of
symmetric Gaussian lines centred around gp with equal intensities
split by 25 mT. Thus, we were able to independently study the
time behaviour of the spectrally overlapping signals. Fig. 9 shows
the results of this analysis. The intensity axes are normalised to
s allow for a good comparison between the dynamics of the

2

a

3

S

3

&

4

S

transient signals.

3 : : :
' (. + )T, a)
T, | e
‘S | | T,=1.6 us
= | g, = 2.0042
a 1t | i
[ e v el e .\.-; el In': '.-d: e I\-J '“:.w. I'.u'l '-""~..-':‘:u.."'w'::w'*'m".\..-'l‘u"'kdﬂ'»u"k."'u\. 4
0 1 2 3 4 5 6

T,+7. [us]

ge b)

—
n

—_

o

ESEEM amplitude [%]
(=]
N

FFT [arb. units]

0 5 10 15 20 25 30 35 40
frequency v = /21 [MHz]

Fig. 10 a) Electrically detected electron spin echoes measured on the ge
resonance position. Spin echoes were recorded with the pulse sequence
given in Fig. 3 e) by simultaneously incrementing z; and z,. The echo

s0 decays approximately mono-exponentially (time constant Tp = 1.6 ps).
ESEEM modulations are superimposed on the echo decay. b) EDESEEM
measured. at ge (upper trace) and gce (lower trace). The displayed time
traces were obtained by dividing the raw data by a 9"-order polynomial
fit. a) Magnitude FFT spectra of echo modulations in a) normalized to

ss 200 (®Si) modulation. Vertical lines indicate the nuclear Larmor
frequencies (@) of Si, *P, and *H, respectively

The present pEDMR data has been recorded in reverse bias.
Under this condition we found for all three signals an
enhancement of the photocurrent (Al > 0) immediately after the
s mw pulse. The positive sign of Al is an indication for a spin-
dependent hopping process, whereas one would expect an initial
quenching (Al < 0) right after the mw pulse in the case of spin-
dependent recombination. Note that in both cases theory predicts
that the pEDMR transient shows a sign reversal when non-
es vanishing triplet transition probabilities are present.?®
Additional information, whether the pEDMR signals originate
from one spin-dependent transport process or whether different
mechanisms give rise to the pEDMR resonances may be obtained
from the time dependence of the pEDMR signals. In the present
70 case the time dependence of the pEDMR transients at gcg and ge
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strongly differs, whereas a clear correlation between the rise and
fall times of g, and gp may be observed. For this to occur, both
centres must either be involved in one process (namely hopping
from phosphorus to a tail state and vice versa) or two different
processes (hopping via phosphorus states and hopping via band-
tail states) which influence I, in a similar way.** The latter
process seems to be very unlikely, considering the large
difference in density of states. Based on the experimental results
we cannot unambiguously discriminate between both
possibilities, but the correlation between the pEDMR transients
supports the interpretation that both signals stem from a spin-
dependent hopping process in the n-a-Si:H layer. To further
corroborate this assignment and conclude on the origin of the CE
signal we performed EDESEEM measurements on the same
sample structure.

Since the online monitoring of electron-spin coherence as in
conventional EPR is not possible in EDMR, the electron-spin
echo decay depicted in Fig. 10 a) was recorded in a two-
dimensional experiment with the pulse sequence depicted in Fig.
3 €)% % Fig 10 b) displays EDESEEM after eliminating the
unmodulated part of the echo envelope recorded at resonance
positions of the gce and g. EDMR signals (see Fig. 8). The FFT
spectra of the respective time traces are depicted in Fig. 10 c).
Several pronounced resonance peaks are observed at frequencies
matching the nuclear Larmor frequencies @y or 2, of #°Si, 3P
and *H nuclei, respectively. This indicates that ESEEM originate
from abundant distant nuclei with weak anisotropic and
negligible isotropic HFI, since only in this case ESEEM
frequencies match the nuclear Larmor frequencies.

The spectrum recorded at g, shows strong P ESEEM, which
further supports the assignment of these centres to the n-a-Si:H
emitter layer doped with a large phosphorous concentration. In
contrast to crystalline silicon, doping studies of a-Si:H showed
that phosphorous atoms occur in threefold- (P3) and fourfold-
coordinated (P,) atomic configurations, where only the latter acts
as a dopant!® Note that only the neutral state (P,) is
paramagnetic. The P nuclei observed by ESEEM can only be
attributed to the diamagnetic P4’ configuration. In the alternative
case large HFI between the electron spin of the P,’ configuration
and the *P nuclear spin on the same atom would shift the
ESEEM resonances out of the detection window.?® This
assignment is also supported by the fact that the present spin pairs
observed by EDMR are weakly coupled i.e., they exhibit a
negligible electron-electron coupling. This indicates that the
electron spins are separated by more than 3 nm, a value well
beyond the detection radius of ESEEM (~ 8 A).

EDESEEM spectra obtained at gce = 1.9983 show the same
resonance positions as at g, but a strong reduction of the
o(®**P) o(*Si) intensity ratio (cf. lower curve Fig. 10 c). Reduced
31p intensity supports the assignment of the gce resonance to the
pc-Si:H layer, which, in contrary to the n-a-Si:H layer, does not
contain P dopants. The residual contribution of 3P ESEEM does
not arise from HFI between CE electron spins and *'P nuclear
spins. Instead it may be attributed to an off-resonant excitation of
e-centres by the excitation profile of the rectangular mw pulse.
This is verified by a numerical simulation of the mw pulse
excitation profile (cf. Fig. 8), which indicates that a 32 ns mw
pulse excites a large fraction of the e-centre resonance.
Quantitative simulations reveal that the off-resonant e-centre

60 contribution is only reduced by a factor of two when tuning the
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magnetic field to gcg, which is in accordance with the observed
relative amplitudes of the different isotopes in the ED-ESEEM
spectrum (cf. Fig. 10 ¢).

The same argumentation holds for ‘H ESEEM observed at the
resonance position of the CE centres. The signal contributions at
o (H) or 2w (*H) can again be assigned to an off-resonant
excitation of e-centres as they are reduced by about a factor of
two as compared to e-centres. Simulations show that CE centres
alone do not show signal contributions at @ (*H) or 2e, (*H),*
hence they are not coupled to distant H atoms. The fact that the
vicinity (r<6 A) of CE centres is depleted from hydrogen has
important consequences for the microscopic assignment of CE
centres in the pc-Si:H material. In pc-Si:H grains of perfect
crystal quality form columns that are separated by grain
boundaries (see Fig. 6)." In contrast to a-Si:H, these crystalline
grains contain only small amounts of hydrogen. Due to this fact
the absence of *H-ESEEM in case of CE centres indicates that CE
centres are located inside crystalline columns or grains and not in
the hydrogen rich amorphous phase or at the boundary between
crystalline and amorphous tissue phases at the surface of the
columns (see Fig. 6). However, in pc-Si:H dislocations or point
defects are absent in crystalline columns and grains.?” The
dominant lattice distortions or crystal defects in crystalline
columns are coherent twin boundaries.*?” We therefore assign CE
centres to localized conduction band-tail states induced by twin
grain boundaries. These centres are restricted to the crystalline
phase of pc-Si:H.

n-a-Si:H

i-pe-SiH
Fig. 11 Band-diagram of a pc-Si:H pin solar cell at room temperature.

The paramagnetic states giving rise to the pEDMR signals are labelled by
their respective g values.

p-uc-Si:H

In summary, we demonstrated that the ultra sensitive detection
and identification of paramagnetic states as well as their
assignment to particular solar cell layers and charge transport
processes can be accomplished by pEDMR in completely
processed pin solar cells. To separate EDMR signals originating
from the respective layers we deconvoluted spectrally
overlapping signals in the time domain and complemented this
information with EDESEEM experiments selective to different
paramagnetic sites in the sample. The paramagnetic centres that
were identified by pEDMR are sketched in Fig. 11 and labelled
by their respective g-values. These states lead to the following
spin-dependent transport processes. In the n-a-Si:H window layer
electron hopping between conduction band-tail states and

105 phosphorus donor states dominates at cryogenic temperatures.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 11



Similarly, in the intrinsic pc-Si:H absorber hopping occurs via
paramagnetic conduction band-tail states that could be traced
back to twin boundaries inside crystalline grains. The above
mentioned measurements were performed at cryogenic
temperatures. The identification of defect states and transport
mechanisms at low temperatures constitutes the basis for studies
focusing on spin-dependent processes under normal solar cell
operating conditions. Benefiting from instrumental improvements
we succeeded in performing pEDMR  measurements
10 (photocurrent relaxation as well as coherent experiments) at room
temperature.
Fig 12 (a) shows first pPEDMR measurements on pc-Si:H pin
solar cells performed at T = 300 K in the dark under forward bias
injection at U = 0.47 V. We observe a positive asymmetric
15s pPEDMR signal at g = 2.0059 close to the signature that is
generally associated with dbs in intrinsic pc-Si:H. The inset of
Fig. 12 shows the spectrum on a broader magnetic field range. It
was measured under the same experimental conditions except for
a mw power increased by 9 dB to accentuate possible broad
spectral components. In contrast to the low temperature case (see
Fig. 8) we observe no contributions from phosphorus states in the
n-a-Si:H or any other broad features. While at 10 K hopping-
transport among tail states prevails, the conductivity at 300 K is
dominated by transport that takes place above the mobility edge
s and therefore does not exhibit the typical spin-dependence of
hopping-transport. These arguments support the assumption that
the pEDMR signal originates from recombination of electrically
injected electrons and holes via db states in the i-pc-Si:H layer.
This is in agreement with previous cwEDMR measurements and
w0 simulations on pc-Si:H pin solar cells.*> ' However, based on
the pEDMR spectra alone it is impossible to elucidate the
underlying microscopic mechanism of this spin-dependent
process. In order to shed additional light on the underlying spin-
dependent transport process, we performed room temperature
35 Rabi oscillation measurements at the g = 2.0059 resonance peak
[cf. Fig. 12(b)] of pc-Si:H pin solar cells. Oscillations could be
recorded by varying the mw pulse length for different mw power
levels. We observed a single Rabi nutation frequency that
increases with increasing mw power. The fact that the double
40 Rabi frequency is missing indicates that the room temperature
spin nutations of pc-Si:H pin solar cells are dominated by the
Rabi frequency of spin pairs under selective excitation conditions
(see next Section for a detailed description). Under the
assumption of a KSM process, this means that only one spin-pair
45 partner is excited by the mw pulse. The reason for this result is
not clear yet, but it clearly shows that the observed room
temperature EDMR signal is not associated with a direct capture
process. Hence, further experiments are necessary to identify the
spin-dependent process observed at room temperature.
so We are convinced that advanced pEDMR techniques will impact
the further development of Si solar cells. Just to mention two
important examples. Firstly, the further development of thin-film
solar cells based on polycrystalline (poly)-Si with grains larger 1
pum with higher charge carrier mobility and smaller grain
ss boundary surfaces area.’?**! Such materials can be obtained by
exposing evaporated a-Si samples on glass in an oven to a
temperature of 600 °C for about 24 hours (solid phase
crystallization, SPC) or by melting the a-Si layer with a laser or
electron beam. Although such techniques may produce grain
60 Sizes larger than 20 pum, the resulting Voc of poly-Si solar cells is
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smaller than that of pic-Si:H.*** 1% The reason for this observation
is currently believed to originate from the poor passivation of
defects at the poly-Si grain boundary, which can only be realized
by a post deposition hydrogenation treatment.3*
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Fig. 12 (a) Room-temperature pEDMR spectrum taken at t = 2.0 ps after
a 320ns long mw pulse. The measurement was performed without
illumination in the forward bias regime (U = 0.47 V, | = 20 pA). The inset
shows the pEDMR spectrum on a larger magnetic field range. (b)

70 Electrically detected spin-Rabi nutations at the centre of the resonance
line at g = 2.0059 for several mw attenuation levels, A, as indicated in the
plot.

65

Secondly, the further improvement of wafer-based c-Si solar cells
by reducing charge carrier recombination at the surface or
75 backside of the c-Si absorber, for instance by depositing ultra-thin
layers of doped a-Si:H (10 nm) at temperatures as low as 150°-
200° C. If properly doped, this a-Si:H layer forms a pn
heterojunction at the front and a nn+ heterojunction at the
backside of the solar cell which act as minority and majority
s charge carrier blocking and surface passivation layer,
respectively. The growth of these layers only involves low
temperatures and module efficiencies as high as 23 % have been
reported on (100)-oriented wafers, if an intrinsic a-Si:H buffer
layer is deposited prior to the junction-forming doped a-Si:H
s layer.**® However, in order to further increase the cell efficiency
beyond 23 %, a detailed understanding of spin dependent and
spin independent charge carrier trapping through interface states
is required.
In both cases pEDMR is capable of answering remaining
o questions about the ongoing charge transport and loss
mechanisms and thereby assist the design of novel solar cells
with optimum efficiency.
The potential of pPEDMR techniques is not limited to TFS, c-Si
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and its alloys, but may be useful also for the study of other PV
materials like CIS, CIGS or CdTe. First attempts to detect an
EDMR signal in CIGS solar cells by our group have so far not
been successful. Nevertheless, new efforts in this unexplored area
of research may provide useful information about transport and
loss mechanisms in solar cells incorporating different
semiconductor materials.

5. pEDMR on MEH-PPV/PCBM solar cells

Optoelectronic devices based on organic semiconductors (OSC)
are subject to intense research activities. They provide the
possibility to combine low cost and ease of production and are
thus qualified to set the stage for cheap electronic applications. In
the display market optoelectronic components based on OSC
were shown to outperform their inorganic counterparts in many
aspects and by now found their way into several commercial
applications. A similar development can be expected in the field
of OPV, where bringing down the costs for solar energy
conversion is the main obstacle on the way towards making solar
energy conversion compatible with conventional energy sources.
In fact, the maximum efficiency of organic solar cells has steeply
increased in recent years.'*2

Common to all devices made from OSC is that they critically
depend on a detailed knowledge of charge transport in the
composing materials. In Organic Light Emitting Diodes (OLED)
the charges must efficiently be transported to the place where
they recombine radiatively, in OPV cells the separated positive
and negative charge carriers forming upon exciton dissociation
(cf. Sec. 2) have to be transported towards the electrodes without
losses. In contrast to many inorganic semiconductors, the spin
degree of freedom in OSC plays an important role even at room
temperature. The spin-orbit coupling in organic materials is low,
resulting in long spin-relaxation and spin-coherence times.**®
Further, conduction in OSC is usually dominated by hopping of
charge carriers between localized states. Bound excited states
(excitons) may influence charge transport more severely than in
classical semiconductors because of the relatively low dielectric
constant, which translates into strong exciton binding energies.
Despite the important consequences of the spin on charge
transport in OSC, details of the relevant transport processes, in
particular those influenced by spin selection rules, remain elusive
to date. EDMR is well suited to provide a detailed understanding
of the interrelation between localized charge carriers and the
conductivity in OPV devices. As explained in Sec. 2, this
technique is particularly sensitive to  spin-dependent
recombination and hopping-transport involving doubly occupied
sites (bipolarons). Both processes have previously been
investigated using cwEDMR* 1310 and originate from the same
spin-dependent processes as discussed before in case of a-Si:H
and pc-Si:H. However, in many cases the cwEDMR spectrum
alone does not provide sufficient insight into the detailed
microscopic mechanisms because different spin-dependent
processes may result in indistinguishable spectra. For example,
when the EDMR spectrum exhibits a structureless line consistent
with the EPR signature of e.g. P*, several possible scenarios must
be considered. In this case the EDMR signal may equally arise
from (i) recombination of positive and negative polarons when
the resonance line associated with P is either too broad to be
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visible in the spectrum or indistinguishable from the spectrum of
the positive polaron, (ii) spin-dependent formation of bipolarons
from weakly coupled P*P* precursor pairs, (iii) quenching of
triplet excitons by positive polarons or (iv) spin-dependent
processes involving a single P* only. In many cases some of the
above scenarios can be excluded based on a careful evaluation of
the experimental conditions and knowledge about charge
transport obtained from electrical characterisation of the sample.
Nevertheless, determining the microscopic process governing the
EDMR spectrum is often plagued with ambiguity.

Fig. 13 Bulk heterojunction (BHJ) solar cell structure for EDMR
measurements. MEH-PPV and PCBM molecules are shown in red and
blue, respectively. (1) During solar cell operation, light excited P* (red
spheres) and P~ (blue spheres) with random spin orientation (indicated by
short arrows) are created and (2) separated at the interface between
electron and hole conducting regions. P* and P are than extracted via
MEH-PPV and PCBM phases, respectively. Polaron pathways are
indicated by long arrows. Instead of measuring the effect of light
excitation, the fate of polarons in OPV materials may be studied by
selective injection of charges by a bias voltage bias (polaron pathways not
shown).

pEDMR can help because apart from delivering the spectral
fingerprint of the contributing paramagnetic centres this
technique can provide additional information on the spin-
dependent mechanism in a wide range of materials and material
combinations.

Recently, pPEDMR was used to investigate recombination of
photogenerated P*P~ pairs in films of poly(2-methoxy-5-(2’-
ethyl)-hexyloxy-p-phenylene) vinylene (MEH-PPV) at low
temperature.®® The hyperfine-field experienced by the
recombining P*P" pairs was explored by exploiting coherent spin
effects.’! Yet, the application of pEDMR is not restricted to the
low-temperature regime, making this technique particularly
useful for the investigation of charge transport in solar cells under
realistic solar cell operating conditions. We have applied pEDMR
to study charge transport through the conjugated polymer MEH-
PPV in BHJ solar cells using [6,6]-phenyl Cg;-butyric acid
methyl ester (PCBM) as acceptor material. The solar cells were
fabricated on indium tin oxide (ITO) coated glass substrates.
After cleaning and structuring the ITO electrodes, a single layer
of MEH-PPV and PCBM was spin-coated from a solution in
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chlorobenzene in the ratio of 1:4 (by weight). A 100 nm thick Al

layer was subsequently deposited through a shadow mask, giving

an active device area of 5 mm?2. The electrodes extended along

the length of the substrate to bring them out of the mw resonator.
s The structure of the solar cells is depicted in Fig. 13.
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Fig. 14 Integrated cwEDMR spectrum obtained at room temperature
without illumination. A fit to experimental data assuming (a) a single
resonance with a Lorentzian line shape and (b) two overlapping resonance
lines with different line shapes (Lorentzian and Gaussian) are shown
10 along with the experimental spectrum.

340

In order to investigate transport of P* through the polymer phase,
the experimental conditions were chosen accordingly. We used a
constant bias voltage of U = 1 V (resulting current | = 18.7 pA) to
electrically inject charge carriers into the blend. Note that this

15 Voltage is considerably lower than required for electron injection
into MEH-PPV, i.e. lower than the operating voltage in OLEDs
made from this material. Further, the large offset between the
energy levels of MEH-PPV and PCBM assures that P* reside on
the donor polymer and P~ on PCBM .12 143

20 Fig. 14 a) shows the integrated cwEDMR dark spectrum of the
BHJ solar cell obtained employing field modulation and using a
constant forward bias for charge carrier injection (U =1.0V, | =
18.7 pA). The spectrum is similar to cwEDMR spectra of MEH-
PPV based diodes,'*® except here we observe a relative increase

25 in the current at resonance. A fit assuming a single Lorentzian
line, which is shown alongside with the experimental data in Fig.

14 a, reveals g = 2.0028(3). This g-value is in accordance with
earlier EDMR and light-induced EPR measurements on polarons
in PPV and excludes the possibility that PCBM anions (g =

30 1.9995) significantly contribute to the spectrum.*** 1** However,
the clear deviations between fit and experimental data are much
larger than the noise floor and thus indicate that the spectrum
consists of several contributions. Fig. 14 b) shows the same
experimental spectrum and a two-component fit comprising a

ss narrow Lorentzian line and a broad Gaussian line with
indistinguishable g-values. The good agreement between the
experimental results and the fit corroborates the assumption of a
two-component spectrum.
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Fig. 15 B; dependence of the pEDMR spectrum obtained using a constant

mw pulse length of 160 ns.
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The cwEDMR line shape shown in Fig. 14 may be explained by
two MEH-PPV polaron populations differing in environment
and/or mobility. Different environments lead to different g and
HFI tensors. Immobile centres then give a Gaussian line, while
45 polaron mobility may average the anisotropies, leading to a
pseudo-Voigtian line shape with strong Lorentzian character that
was approximated by a purely Lorentzian line in Fig. 14. Yet, the
cWEDMR spectrum alone does not allow us to conclude on the
microscopic mechanism, i.e. to identify a spin-dependent process
so involving two separate S = % species and to exclude scenarios
(iii) and (iv) above.
In order to elucidate the microscopic process associated with the
EDMR signal we recorded pEDMR spectra for different
amplitudes of the magnetic component of the mw field quantified
by B;. Fig. 15 shows the resulting spectra (integrated current
change following a 160 ns long mw pulse). For low B; we
observe a single resonance in accordance with the cwEDMR
spectrum in Fig. 14. Upon increasing the mw power this line
broadens and a ‘dip” appears in the centre of the spectrum, which
is particularly pronounced for B; = 0.73 mT. This is an indication
of coupled spin pairs with overlapping spectra for both
constituents of each pair. When B, is sufficiently high to
simultaneously excite both spin-pair partners, spin locking
occurs. This effect was previously observed for radical pairs in
biological systems.™® In our case the appearance of spin locking
can be rationalized as follows. According to the KSM model, the
EDMR spectrum is often assumed to be due to the formation of S
= % spin pairs as part of a transport process in which a rate
constant critically depends on the singlet content of the pair. The
70 mw field induces changes to the singlet and triplet populations
away from equilibrium, leading to a resonant current change.? In
the case of spin locking both spins are manipulated
simultaneously, not affecting the singlet content of the pair. Spin
locking is most effective in the centre of the spectrum. As a
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result, a pair that is initially in a pure triplet state will not acquire
singlet content.X” % Intersystem crossing (ISC) promotes
population transfer between the mixed spin-pair states and thus
effectively leads to an increase of the singlet content
accompanied by a non-vanishing EDMR signal even in the
(unrealistic) case of complete spin locking. Nevertheless, the mw-
induced increase of the singlet content is less effective than in the
absence of spin locking and thus gives rise to the power-
dependent line-shape changes. While the observation of a dip in
the centre of the spectrum is persuasive, the spin locking
mechanism should also result in a characteristic behaviour in
coherent spin nutation experiments (Rabi oscillations).
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Fig. 16 (a) Electrically detected spin Rabi nutations obtained at room
temperature (integrated charge Q as a function of the mw pulse length for
several values of B;). The solid curves show the experimental data
(vertically offset for clarity). The dashed curves represent the results of
simulations based on the line parameters obtained from the cwEDMR
spectrum (Fig. 14) and the mw intensities (see Ref. % for details). (b) Fast
Fourier Transform (FFT) of the data shown in (a). (¢) FFT of a
background-subtracted Rabi nutation measurement (B; = 1.0 mT) for
different amplitudes of the static magnetic field. The solid curve
represents the increase in Rabi frequency Q as a function of the offset
between B, and the resonance field described by the given formula (y:
gyromagnetic ratio, w: mw frequency, w: Larmor frequency).

Fig. 16 shows pEDMR-detected Rabi oscillations measured on
resonance for different amplitudes of B;. At low power (B; =
0.26 mT) the frequency of the oscillation (©/2m) corresponds to
the Rabi frequency, Q = yB,, where y is the gyromagnetic ratio,
which here is found to take the value expected for a total spin Y.
Upon increasing B, the Rabi frequency increases and a second
frequency component at 2Q is observed. This component rises in
intensity when increasing B;, whereas the Q component
decreases. The power level at which the second frequency
component appears (~0.36 mT) approximately coincides with the
change of the pEDMR spectrum shown in Fig. 14. These
observations unambiguously illustrate that spin locking of
(initially) weakly coupled pairs of S = % particles is occurring
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and that these are responsible for the spin-dependent process
associated with the EDMR spectrum.

Fig. 16(c) illustrates the influence of the static magnetic field on
the Rabi frequency for B; = 1.0 mT. The Q- as well as the 2Q-
component can clearly be observed in this plot. The characteristic
shape of the Q-component can be rationalized by the formula
shown in Fig. 16 (c). The off-resonance term w-w_ causes the
Rabi frequency to increase with the field offset when B, deviates
from the resonance-field position.

In the absence of spin locking the mw field directly affects the
singlet content of the pairs at the Rabi frequency Q (cf. Sec. 2).
Spin locking decouples the singlet state from the triplet manifold,
so that the population transfer is restricted to be within the triplet
states (which are not necessarily eigenstates). These changes
occur at 2Q. In the presence of ISC the singlet and triplet
populations tend to equalize. ISC may, e.g., be caused by
hyperfine interaction between polaron and nuclear spins. The link
for population transfer between S and T° is thus partly re-
established. However, in this case the singlet content of the spin-
pair oscillates at 2, since the T° state content is varying at this
frequency. These changes manifest in the spin-dependent current
changes.

The fact that we observe spin locking establishes the assumption
that the EDMR spectrum is caused by weakly coupled pairs of S
= Y% particles, leaving two possibilities for the underlying
microscopic mechanism, namely spin-dependent bipolaron
formation from P*P* precursor pairs and P*P" recombination.
Distinguishing between these mechanisms requires careful
consideration of the experimental conditions and the device
structure, because the experimental observation alone is fully
consistent with either a unipolar P*P* (bipolaron formation) or a
PP (recombination) process. Since the discrimination between
both mechanisms is of crucial importance, and recent pEDMR
measurements performed on pure MEH-PPV devices at
cryogenic temperatures revealed EDMR signals due to PP
recombination,**! we provide a detailed description of how we
arrive at our data interpretation.

We deduce that in MEH-PPV:PCBM blend devices operated at U
= 1V the pEDMR is due to the unipolar P*P* process. This is
primarily based on the absence of a resonance at g = 1.9995, the
PCBM radical anion g-value. A plausible cause for the absence of
a PCBM P resonance at room temperature would be that the line
is too broad to be detected due to the increased spin-relaxation
rate. However, spin locking requires the simultaneous excitation
of significant portions of both spin partner resonances. This
cannot be achieved for a resonance that is too broad to be
resolved in the pEDMR spectrum at the mw powers used.

P*P" recombination on MEH-PPV could be compatible with the
EDMR data, and may explain pEDMR and ODMR studies on
pristine MEH-PPV films.* However, it is not a credible
explanation for blends. We exclude P*P" recombination on MEH-
PPV because of the low probability for electron injection into
MEH-PPV in the blend at U = 1V. Even if negative polarons
formed on the polymer, the presence of PCBM, which has a large
offset in its HOMO and LUMO levels as compared to MEH-
PPV, 12 1% would result in negative charge carriers on the PCBM
and positive charge carriers on the MEH-PPV in the blend.'*
Thus, we are left to conclude that the most reasonable
explanation for the spin locking signal we observe is spin-
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dependent bipolaron formation on MEH-PPV. We infer from Fig.
14 that two different P* entities are detected and are relevant to
the transport mechanism, indicating the model in which the spin-
dependent positive bipolaron formation involves partners with
dissimilar environments and/or mobilities and, accordingly,
different line shapes. A mechanism consistent with this model is
trap-mediated isoenergetic hopping. Deep level transient
spectroscopy detects a hole trap 0.3-0.4 eV above the HOMO.**°

mobile P PP pair . -, transport blocked
4 formation. - -" “spin-locking. ~ triplet P'P
o T "\

-é- \'A (!t; ) T/’:"\'T "'._-‘ _{’h 4}-
: no spin-locking ,':
T !

i bipolaron
~.._ T ..~ transport allowed

trapped P’ spin flip

Fig. 17 Bipolaron formation under resonant mw excitation. In the scheme
polaron charge and spin are indicated by + and arrow, respectively. Grey
shaded ellipses indicate trap sites accommodating P* or bipolarons. From
left to right polarons form weakly coupled spin pairs in a mixed S T state
upon encounter of mobile and trapped polarons. Resonant mw excitation
alters the S and T content, with an oscillation frequency Q (no spin
locking) or 2 (spin locking). ISC transfers population from T° to S.
Depending on the S and T content of the pair, either triplet P*P* pairs
(transport blocked) or bipolarons (transport allowed) are formed.

If the energy of the mobile P* and the doubly occupied bipolaron
state is similar, isoenergetic hopping can occur. The bipolaron
formation process in accordance with our EDMR results is shown
in Fig. 17.

Mobile P* drift in the electric field provided by the bias voltage.
s When a mobile P* encounters a trapped P*, a P*P* pair forms.
Depending on the relative spin orientation of both charge carriers,
the mobile species may or may not hop to the site of the trapped
P" to form a bipolaron. Since the hopping process occurs
predominantly along the direction of the electric field, it results in
a current enhancement and consequently yields a positive EDMR
signal.®® It is conceivable that the bipolaron is stabilized by a
negative charge on an adjacent PCBM molecule.™

The process impacts solar cell operation: after optical generation
of an exciton and subsequent separation into P* and P, the
positive polaron is transported towards the ITO electrode. If
another (trapped) P* with parallel spin orientation is encountered,
the transport path involving positive bipolaron formation is
blocked, so hindering charge transport to the electrode, and hence
lowering the efficiency of the solar cell.

This example shows that pPEDMR can successfully identify loss
pathways relevant to carrier collection in organic solar cells under
ambient conditions. The underlying mechanisms are not
accessible by cwEDMR or EPR techniques; however, a profound
understanding of charge transport on a molecular level is a
necessary prerequisite for prospective solar cell concepts utilizing
the properties of the charge-carrier spins.

It is expected that pEDMR will contribute to the progress in a
number of disciplines dealing with transport in organic
semiconductors due to the importance of point defects for their
so electrical properties.®

A particular research area exemplifying the lack of knowledge

S

=)

a

&

regarding microscopic details of transport is the field of organic
magnetoresistance, i.e. the change in resistivity of an organic
semiconductor film as a function of an external magnetic field.
Several microscopic models, all of them involving localized
(paramagnetic) states, were put forward to explain this effect.'>
It seems that depending on the experimental conditions different
mechanisms prevail, but discriminating between them solely
based on magnetoresistance measurements is impossible. EDMR
has the potential to clarify this important issue because the
different processes are expected to result in dissimilar EDMR
signals. However, no combined magnetoresistance / EDMR study
on organic semiconductors has been reported yet.

Another aspect that could be elucidated with the aid of pEDMR is
the investigation of intermediate states involved in charge
separation following exciton fission at the donor:acceptor
interface in OSC. The exact role of these states dubbed charge
transfer states in the course of free charge-carrier generation is
subject of intense debate.’>*%® This can partly be attributed to the
fact that it is often not clear whether the species probed by the
respective experimental technique (mostly time-resolved optical
spectroscopy) indeed represent the relevant species involved in
free charge-carrier generation. In many cases it is impossible to
exclude that the signals originate from trapped charge carriers not
contributing to the photocurrent of the OSC. pEDMR is a suitable
technique for studying the influence of charge transfer complexes
on the free charge carrier yield as it is inherently only sensitive to
current-influencing processes.

6. Conclusion

In the previous sections we demonstrated the potential of
advanced pEDMR detection schemes to study spin-dependent
transport processes in fully processed solar cells. Strategies were
presented to study defect structures in TFS and OPV solar cells
on the micro scale,® locate defect centres in multi layer devices*®
53 and conclude on the underlying transport pathways. 8 53

For thin film pc-Si:H pin solar cells we could show that electron
hopping is the dominating spin-dependent transport pathway in a-
Si:H as well as in the pc-Si:H absorber layer at low temperatures.
In both materials hopping involves conduction band-tail states.
However, while in a-Si:H hopping occurs between two different
paramagnetic states, namely conduction band-tail states and
phosphorus donor states, it happens solely via conduction band-
tail states in the pc-Si:H layer. We found that conduction band-
tail states in pc-Si:H are located in a material phase that is
depleted from hydrogen, which is only the case for the crystalline
contribution in pc-Si:H. Thereby we were able to assign the gce
EDMR signal to twin boundaries inside crystalline grains. Such
states can act as trapping sites for mobile charge carriers and
hence will limit the solar cell efficiency.

In the dark current at room temperature we observe a so far
unidentified signal with the signature of a dangling bond in
intrinsic pc-Si:H. We could clearly show that this signal is not
associated with a direct capture process since the typical features
of spin locking that is expected for this process are missing. The
underlying spin dependent transport process is not clear yet.

In the organic MEH-PPV/PCBM solar cells we observed a
process which strongly resembles charge-carrier hopping in TFS
materials, namely bipolaron formation from positively charged
MEH-PPV polarons. This process involves P* pairs, where the

10 partners differ in their mobility and local environment. We found
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that when mobile and trapped P* encounter, a bipolaron may be
formed when the polaron spins are aligned anti parallel to each
other. In the alternative case this transport channel is blocked.
Despite the dissimilar material composition, morphology and
device architecture of TFS and OPV solar cells under study, we
found that similar spin-dependent transport processes impact their
operation. However, depending on the operation conditions
(temperature, bias voltage) and EDMR resonance fields other
spin-dependent transport processes like recombination may
dominate spin-dependent transport. In TFS, in particular a-Si:H,
as well as in OPV materials EDMR studies yielded clear evidence
for spin-dependent recombination.

We could show that unique information to distinguish between
spin-dependent transport processes may be obtained by the
combination of different advanced pEDMR methods. For TFS as
well as OPV systems detailed understanding of spin-dependent
transport mechanisms and the accompanied paramagnetic states
in the bulk material, at grain boundaries and interfaces is required
in the quest for optimized solar cells.

7. Outlook

The capabilities of advanced pEDMR techniques are certainly not
limited to the material systems presented here, but will be also
useful for the characterization of future solar cell designs and
other electronic devices. As these devices will include multiple
layers of varying morphology and material composition, complex
contact and interface structures as well as nanostructures
embedded in organic and inorganic matrices, dedicated pPEDMR
approaches have to be developed to obtain structural and
functional details at different length scales and time intervals. The
use of advanced pEDMR spectroscopy for solar cell research
only started and currently a rapidly growing arsenal of pPEDMR
based methods and its multi-resonance extensions is being
developed. In the following we identify major fields, where
recent progress in EDMR methodology as well as novel
theoretical approaches may significantly impact pEDMR based
solar cell research.

A) Novel pulse sequences

Recent years witnessed the development of an increasing number
of pEDMR detection schemes. The major benefits of these
techniques are strongly increased spectral and temporal
resolution. The possibility to access pEDMR signals in the time
domain permits studies in light induced charge transfer processes
in PV materials on the ns to ms time scale. Thereby short lived
transient or metastable states may be investigated by optical
pump - pEDMR probe experiments. High spectral resolution on
the other hand is a prerequisite for the precise determination of
spin coupling parameters. In particular g and A tensors contain
important information on the wave function and the atomic
structure around paramagnetic defects and localized charge
transfer in inorganic as well as in organic materials.

B) Multifrequency pEDMR

The availability of pulsed multi-frequency (MF) EPR
spectrometers up to several hundred GHz paved the way for
PEDMR experiments at different resonance frequencies.” % %7
Thereby the information content extractable from advanced
pEDMR methods can be even increased.

Following the pathway of modern MF EPR spectroscopy™®
PEDMR experiments carried out at different frequency bands are
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capable of further increasing the spectral resolution. Thereby

60 spectrally overlapping paramagnetic sites with slightly different g

values (see e.g. Fig. 8) as well as canonical g tensor components
may be resolved by increasing the external magnetic field. This
allows for an unambiguous identification of paramagnetic states
contributing to the same EDMR spectrum. In addition, orientation
selective multi-resonance experiments like EDESEEM and
EDENDOR may be performed to obtain the relative orientation
of g and A tensors. However, electrical detection provides the
potential to go even beyond the limits of MF EPR. Due to its high
detection sensitivity EDMR experiments can be performed over a
very wide field range on the same sample size, ranging from By <
10 G to B, > 80 kG.” By changing the resonance condition
from the low field limit up to very high resonance fields the spin
transition probabilities and populations are drastically changed,
which strongly changes the spectral shape and may induce
switches between different spin-dependent processes.” % 1%
Thereby significantly increased information about the spin-
dependent transport mechanisms and the involved paramagnetic
sites can be obtained, which may help to study spin-dependent
transport processes at a level hardly achievable with any other
method.

C) Combination with quantum chemical approaches

Detailed structural models as well as the location of paramagnetic
states in the solar cell band structure may be obtained by
combining pPEDMR spectroscopy with density functional theory
(DFT). Despite the wealth of information that is contained in the
spin coupling parameters a direct relation between these
parameters and the particular structural details is oftentimes not
possible. This situation can be improved by simultaneous DFT
calculations of the spin coupling parameters on computer
generated model structures. DFT codes capable of calculating g
and A tensors in crystalline™®®! and non crystalline'® Si
materials became available only recently. First applications on
Si/SiO2 interfaces®” proved that by combining DFT calculations
with the sensitivity and spectral resolution of advanced pEDMR
detailed structural information of recombination active defects at
Si interfaces may be obtained. In organic chemistry the
calculation of spin coupling parameters is widely used to study
cofactor radicals in proteins.®® However, the application of this
powerful approach to function determining paramagnetic sites in
organic solar cell has only started.*®*

D) Spatially resolved pEDMR

High resolution pEDMR methods in combination with quantum
chemical approaches primarily target at the local structure on the
nanoscale. Due to its ultimate sensitivity pEDMR provides the
possibility to carry out spatially resolved experiments with pum-
mm resolution. pEDMR microscopy would provide additional
valuable information about the distribution of defects at
interfaces, grain boundaries and in the bulk. Since they require
tailor made sample probes, mw excitation schemes and magnet
equipment such experiments are very demanding. Nevertheless,
several work groups met this challenge and are currently
evaluating the feasibility of such spatially resolved pEDMR
experiments e.g. at TU Munich and Technion Haifa.

E) Device simulations including spin-dependent transport

115 Processes

PEDMR is a reliable technique to identify paramagnetic states
involved in spin-dependent electronic processes in thin-film
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silicon solar cells. However, it is not a priori clear whether the
observed electronic process (e.g. charge carrier recombination at
deep defects) is a performance dominating contribution or a
minor part of the overall current, since pEDMR is merely
sensitive to spin-dependent processes. In order to relate the
observed spin-dependent processes to global charge carrier
transport processes of solar cells, pPEDMR measurements have to
be complemented by device simulations. Several studies reported
analytic or numerical device simulation, which include the spin
dependence by explicitly simulating singlet and triplet
populations of paramagnetic states (e.g. deep defects) or by
introducing a perturbative change of the capture cross section.*®
.. 128 By comparing a joint model of the current-voltage
characteristics and the relative EDMR signal with the actual
experimental values can decide if the observed electronic process
is indicative of a transport channel important for device
operation. A modelling of the EDMR signal intensities, resonance
fields and absolute signs was successfully achieved in a-Si:H
solar cells using a semiclassical model based on rate equations®
and in pc-Si solar cells by either simulating a two-diode model*2
or a numerical model*?. In all the above cases the current-voltage
characteristics and the EDMR signal could be modelled
quantitatively assuming a single spin-dependent recombination
process which indicates that EDMR monitors the most important
electronic processes of solar cells, albeit the typically small
magnitude of mw induced current change. However, further
refinement is needed to model pEDMR signals occurring at
cryogenic temperatures and advanced quantum chemical
calculations are needed for a theoretical prediction of rate
coefficients to approach the goal of parameter-free simulations of
EDMR signals.

A combination of these techniques can yield a multiscale picture
of charge transport and loss mechanisms in fully processed solar
cells at ambient as well as at cryogenic temperatures. It is our
belief that among the numerous spectroscopic techniques, that are
used to characterize and understand solar cells, pPEDMR will play
an important role in the endeavour to understand dominant
factors that determine charge transport and loss mechanisms.
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