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The Effect of Ageing on Exciton Dynamics, Charge
Separation, and Recombination in P3HT/PCBM

Photovoltaic Blends

Felix Deschler, Antonietta De Sio, Elizabeth von Hauff,* Peter Kutka, Tobias Sauermann,

Hans-J. Egelhaaf, Jens Hauch, and Enrico Da Como*

A study of how light-induced degradation influences the fundamental
photophysical processes in the active layer of poly(3-hexylthiophene)/[6,6]-
phenyl Cg-butyric acid methyl ester (P3HT/PCBM) solar cells is presented.
Non-encapsulated samples are systematically aged by exposure to AM 1.5
illumination in the presence of dry air for different periods of time. The extent
of degradation is quantified by the relative loss in the absorption maximum
of the P3HT, which is varied in the range 0% to 20%. For degraded samples
an increasing loss in the number of excitons within the P3HT domains is
observed with longer ageing periods. This loss occurs rapidly, within the first
15 ps after photoexcitation. A more pronounced decrease in the population of
polarons than excitons is observed, which also occurs on a timescale of a few
picoseconds. These observations, complemented by a quantitative analysis
of the polaron and exciton population dynamics, unravel two primary loss
mechanisms for the performances of aged P3HT/PCBM solar cells. One is

an initial ultrafast decrease in the polaron generation, apparently not related
to the exciton diffusion to the polymer/fullerene interface; the second, less
significant, is a loss in the exciton population within the photoexcited P3HT
domains. The steady-state photoinduced absorption spectra of degraded
samples exhibits the appearance of a signal ascribed to triplet excitons, which
is absent for non-degraded samples. This latter observation is interpreted
considering the formation of degraded sites where intersystem crossing and
triplet exciton formation is more effective. The photovoltaic characteristics of
same blends are also studied and discussed by comparing the decrease in the
overall power conversion efficiency of solar cells.

1. Introduction

applications, and low production costs.!!
During recent years there has been a huge
improvement in the power conversion
efficiencies of both single-junction and
tandem-cell devices.>3] Recent reports
show photovoltaic efficiencies reaching 8%
by a combination of low bandgap donor—
acceptor copolymers and a fullerene
derivative.>* A topic which has only been
marginally investigated, but which is just
as important for commercialization, is
long-term device stability. Indeed, esti-
mations on the costs of production and
cells lifetime indicate that organic photo-
voltaics can become competitive with
other technologies if module lifetimes of
5 to 10 years can be attained.'”! Studies
on the long-term stability and the degra-
dation of solar cells have thus far been
mainly focussed on complete devices.[*-11]
While those are of primary importance,
it is not always possible to distinguish
between degradation of the active layer,
the interface with the electrodes, or the
contacts.13] For example, in devices with
regular structure the corrosion of the low
workfunction electrodes usually limits
the lifetime.'”) We have recently shown
that in cells with inverted structure the
degradation under illumination in dry air
affects mainly the active layer, consisting
of a reversible part which is assigned to

Organic solar cells continue to attract a large interest because
of their potential for simple processing methods, lightweight

oxygen-induced doping and an irreversible part which is due
to photo-oxidation.") In principle, the elegant combination of
photoluminescence (PL) and electroluminescence imaging can
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distinguish between degradation of the active layer or electrodes
in a complete device."” However, considering the active layer
per se, it is already a formidable task to unravel and pinpoint
the physical processes responsible for photovoltaic action, each
of which might be undesirably influenced by degradation. In
a recent systematic work Reese et al. studied the photodegra-
dation of the active layer and quantified the changes in photo-
conductance by time resolved microwave conductivity.'® Such
a technique offers the advantage of measuring the photocurrent
in the blend without the complications of extracting charges
with electrodes; on the other hand, it can overlook the dynamics
of the initial photoexcitations, because of poor time resolution
in the nanosecond regime. In addition, the experiment remains
essentially sensitive only to the photocarriers.[1”]

Indeed, there are a number of different physical processes
contributing to photocurrent in a typical polymer/fullerene
solar cell. First, upon light absorption electron-hole pairs are
created. This process takes place primarily in the conjugated
polymer, because of the high absorption cross-section of optical
transitions which are instead forbidden and thus weak for most
fullerene derivatives.'3201 A large number of electron-hole pairs
form excitons, which undergo diffusion and recombination,
the rest are expected to form polaron pairs.2!2? Before recom-
bining, the vast majority of excitons reaches the heterojunction
where electron transfer occurs, provided that an optimal bulk
heterojunction morphology is present.l>-?l Polaron pairs at the
heterojunction can separate to form free carriers or recombine
via interfacial charge-transfer excitons.2-2l Separated positive
and negative carriers (polarons) then move towards the elec-
trodes within the polymer and fullerene domains, respectively.
The photocurrent is the result of polaron drift and extraction
at the electrodes. From previous studies, it has not been estab-
lished which is the contribution of each process and species
in limiting the performances of aged devices; in other words,
whether excitons, polarons or the charge transfer states are
mainly affected by ageing and to what extent. The degradation
of the polymer/fullerene active layer occurring upon extended
illumination in the atmosphere can in principle impact each
physical process described above. For example, exciton recom-
bination via dark states could be accelerated, negatively influ-
encing the total amount of polaron pairs supposed to be gen-
erated at the heterojunction. Also polarons might be trapped
and their recombination rate increased because of the loss
in the average carrier mobility, which is known to accelerate
recombination.3%31

In this paper, we address the role of irreversible degrada-
tion on the fundamental steps in photovoltaic action for the
model system regioregular poly(3-hexylthiophene)/[6,6]-phenyl
Ce;-butyric acid methyl ester (P3HT/PCBM) blends. We used
time-resolved photoinduced absorption (PIA) spectroscopy to
gain valuable insights on the population dynamics of excitons
and polarons for different levels of ageing. We show that deg-
radation has an influence on both the exciton and polaron pop-
ulations. Within the first 15 ps after optical excitation, during
which time period exciton diffusion to the heterojunction is
expected to occur and polarons are created, we observe a differ-
ence in the relative loss of these two species. In general, for all
studied samples the loss in polarons is larger than the one in
excitons. By using steady-state PIA spectroscopy we show that
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the loss in singlet excitons results in the appearance of a long-
lived population of triplets. We provide a complete overview of
how ageing, by exposure to light, influences the photophysics
of P3HT/PCBM blends and quantify the loss mechanisms by
means of a coupled rate equation model. The paper is struc-
tured in the following way: first the loss in absorption of the
active layer is quantified by linear absorption spectroscopy.
This is used to evaluate the degree of degradation and clas-
sify the different samples studied. The influence of degrada-
tion on the exciton and polaron relative populations is studied
by steady-state photoluminescence (PL) and PIA spectroscopy.
The differences in the population dynamics are then rational-
ized using time-resolved PL and PIA spanning the time range
from hundreds of femtoseconds (fs) to around 1 nanosecond
(ns). In addition, we report solar cells prepared with degraded
blends and discuss the implications of our findings for real
devices.

2. Results

2.1. Exciton Creation and Recombination

Figure 1a shows the absorption spectra of four P3HT/PCBM
(1:0.8 weight) blends differing in the time of exposure to
an AM1.5 solar simulator in dry air and at room tempera-
ture. All the spectra show the typical absorption features
of annealed P3HT/PCBM blends in the visible and UV.32
The absorption in the visible is mainly due to the conju-
gated polymer, since PCBM has only a weak absorption tail
extending into this region.!'8] While the P3HT absorption
band is monotonically decreasing with exposure time (see
inset), the absorption of PCBM, which is more pronounced
in the UV below 350 nm, is less affected. This observation
suggests that PCBM is less likely influenced by the degra-
dation recipe followed here and probably more robust than
P3HT. Remarkably, the decrease in the absorption spectrum
of P3HT seems to be wavelength independent (all spectra
have similar shapes) and only a very weak feature on the red
onset of the absorption is noticed after relative subtraction
of the spectra (not shown). Following the results of Reese
et al.,[1% the short exposure times (ageing time periods) used
in our study exclude changes to the initial morphology after
preparation of the blends.

In Figure 1b we report the ratio of the integrated P3HT PL
(wavelength integration interval 550 to 950 nm) of the non-
degraded blend, PL(0%), to those for the degraded samples,

L (x%), where x indicates the level of ageing as illustrated
in Figure la. The integrated PL is evaluated after rescaling
for the number of photons absorbed at the exciting wave-
length of 500 nm. The data points indicate a hyperbolic
behaviour, typical of a Stern-Volmer type quenching.l** The
Stern-Volmer behavior suggests that excitons diffusing in
the polymer domains encounter quenching sites, whose
density increases approximately linearly with the observed
absorbance loss. Therefore, blend films exposed for longer
time intervals to illumination have a higher concentration
of quenching sites, likely related to species generated during
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Figure 1. a) Absorption spectra of P3HT/PCBM blends subjected to dif-
ferent ageing periods of illumination in dry synthetic air. The relative loss
in% of the absorption at 500 nm is used to classify the samples where 0%
corresponds to the non-degraded sample. The inset shows the absorption
change as a function of the illumination time in hours. b) Ratio between
the integrated PL between 550 and 950 nm of the non-degraded sample
[PL(0%)] and degraded sample [PL(x%)] as a function of the change in
absorption due to degradation as illustrated in (a). The inset shows the
integrated PL of each sample as a function of the absorption change on
a normalized intensity scale.

the photo-oxidation process. Those species appear to be dark,
since we were unable to detect significant differences in
the shape of the PL spectra in the visible and near infrared
up to 1400 nm (not shown). Summarizing the information
extracted from the PL experiments is that photogenerated
excitons in P3HT can decay non-radiatively as a consequence
of interaction with dark species, produced in the degradation
process. Some excitons might be also quenched by charges,
originating from radical-like reactions during degradation.34
For excitons in P3HT this is expected to be a loss channel
competing with diffusion to the heterojunction interface and
charge separation.

Adv. Funct. Mater. 2012, 22, 14611469
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2.2. Polaron and Exciton Population Dynamics

The PL data of Figure 1 provide valuable information on the
quenching of excitons after degradation, but do not offer
a probe for the charge-transfer process, which takes place
at the interface with PCBM and results in the formation of
polarons, i.e., the free carriers responsible for photocurrent. An
experimental technique which gives unique insights into the
population dynamics of both excitons and polarons is PIA spec-
troscopy. We first comment on the different signals obtained in
such experiments in steady-state conditions and then focus our
attention on the dynamics in the picosecond timescale.

Figure 2 shows the continuous wave (cw)-PIA of the samples
at different degradation stages. In PIA the relative differential
transmission, AT/T, of light from a lamp passing through the
blend film is measured with and without laser excitation, which
is centred at 532 nm for the experiment shown. Negative sig-
nals in the graphs reported in this paper (note the —~AT/T in
the vertical scale) indicate an increase in the transmitted probe
light and can originate from ground-state bleaching (GBS) or
stimulated emission (SE). Positive signals are due to a decrease
in the transmitted light and originate from exciton absorption
towards higher excited states or from polaron absorption. The
cw-PIA spectrum of P3HT/PCBM is dominated by the optical
transition of species in P3HT, which have been previously
studied and interpreted.?*! In Figure 2 the band at 670 nm has
been assigned to delocalized polarons (DP), meaning polarons
delocalized over two or more polymeric chains, while the weak
signal above 1100 nm is due to absorption transitions from
the first excitonic state (S;) to a higher exciton states (S,,).5%3¢
We denote this exciton absorption (ExA) and it is expected to

TrA .
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Figure 2. cw-PIA of P3HT/PCBM blends at 0%, 5% and 10% degrada-
tion. The different transitions are indicated as ground-state bleaching
(GSB), delocalized polarons (DP), triplet exciton absorption (TrA) and
singlet exciton absorption (ExA). Excitation was performed at 532 nm.
The spectra were normalized for the GSB which monitors the overall
amount of excited species in the blend. Note the break in the AT/T ver-
tical scale.
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be weak in a steady-state experiment because of the short lived
nature of excitons in a polymer fullerene blend.?! Peaks at
850 nm are due to triplet exciton absorption (T; — T,) and at
1050 nm to polarons with intrachain character.’” Upon ageing
we note that there is a monotonic decrease in the amplitude of
the DP signal, indicating that degradation has an influence on
the population of polarons. While the 0% sample (red curve) has
only two prominent bands at 670 nm (DP) and around 1000 nm
due to polarons, the 5% and 10% samples exhibit a signal at
850 nm, which we interpret as being due to triplet exciton
absorption (TrA). This excited state transition is usually not
observed in regioregular P3HT in blends with PCBM, since the
relatively high yield of polaron formation in the excited state
competes with intersystem crossing of singlet excitons and
population of the triplet state.l??l Supporting this, PIA investiga-
tions on regiorandom P3HT, where polymer chains are more
disordered and polaron generation is less probable,?”8 show
the presence of a band at 850 nm with spin-1 characteristics,
i.e., a triplet.’>3% In contrast, we note little change in the ExA
spectral range among the different samples. Because of the
short lived nature of singlet excitons in P3HT/PCBM those are
almost undetectable in steady-state experiments, like the one
shown in Figure 2. We prefer to address this point in a more

www.MaterlalsVIews.com

quantitative manner below, by analyzing the transients on a
picosecond timescale where excitons are apparent.

In order to probe the exciton dynamics we performed fs-PIA
spectroscopy by exciting the sample with 200 fs pulses cen-
tred at 550 nm and recording the change in transmission of
time delayed pulses at 1500 nm. This probe wavelength allows
us to observe the rise and decay of ExA, in a spectral region
well separated from the contribution of polarons.l3¥ Here, we
have removed a small long-living background, likely caused by
a weak polaron signal from PCBM, since its anion is expected
to absorb in this region.l*") Figure 3a shows the AT/T tran-
sients probing the ExA for the different blends, rescaled for the
number of absorbed photons. For all samples the signal sets in
within our time resolution of approximately 250 fs, but shows
different amplitudes at zero time delay and a faster initial decay
in the degraded samples as compared to the non-degraded
blend (0%, red curve). This clearly indicates that in the degraded
samples part of the initial hot excitons do not contribute to this
signal within the first 250 fs. By looking at the decay, when exci-
tons are already thermalized, we note that degradation leads
to a faster dynamic, suggesting that exciton quenching during
the diffusion process of the first picoseconds contributes to the
loss in the overall exciton population as well. It is interesting to
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Figure 3. PIA transients for PHT/PCBM blends with the probe centred in the absorption bands of excited singlet state (ExA, 1500 nm) and delocalized
polaron (DP, 700 nm), respectively. a,b) Transient rises and decays on a short timescale (0-15 ps). ¢,d) transient decays on a long timescale (0-900 ps)
for ExA and DP, respectively; symbols are data points whereas the solid lines represent fits according to the model of rate equations described in the
text. Excitation performed at 550 nm with <10 ) cm™2. The transients have been rescaled for the amount of photons absorbed, i.e., 1-100°P) of the

degraded samples at the exciting wavelength of 550 nm.
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compare these decays with the dynamics of the DPs, which are
supposed to be representative for the carriers contributing to
photocurrent in the solar cell.®]

In Figure 3b we report the transient dynamics of DPs probed
at 700 nm. The non-degraded sample (red curve) at zero time
delay shows an ultrafast negative feature (positive on a +AT/T
scale) slightly longer than the duration of the pump-probe
pulses, which evolves into a positive signal with a rather long
rise time, reaching a maximum at approximately 40 ps. In the
degraded samples the rise in DPs appears to be faster and the
initial negative feature is absent. Another feature characterising
degraded samples is that the overall amount of DP is smaller as
the signals saturate at —AT/T = 0.52 x 1072 for the 0% sample,
and 0.35 X 1072 and 0.29 x 1072 for the 10% and 20% samples,
respectively. The rise appears to correspond to the decay of exci-
tons seen in Figure 3a and it has been previously interpreted
as the feeding of the free polarons from excitons or charge
transfer excitons.l*1*2 In contrast to these previous reports, we
propose that the generation of DPs is not subjected to a rise, but
rather the AT/T signal in this spectral region is superimposed
to a short-lived SE feature.?!l The SE has dynamics resembling
those of ExA (Figure 3a), since it originates from the same spe-
cies, i.e., excitons in the P3HT domains, though they are not
exactly identical. The reason is that SE is due to excitons recom-
bining in the P3HT domains, whereas ExA in principle should
originate from all the excitons photogenerated in P3HT, i.e.,
those recombining, trapping, or separating to form polarons at
the heterojunction. To support the interpretation that the nega-
tive feature is due to SE, it is worthwhile noting that the loss of
excitons at time zero seen in the ExA transients is reflected in
the absence of the negative SE signal for the 10% and 20% sam-
ples in Figure 3b. If the rise in DP were due to the splitting of
excitons after diffusion to the polymer/fullerene interface, the
faster decay of ExA would mean a faster — thus more efficient —
exciton separation towards carriers, which is not observed since
the maximum DP amplitude decreases. For the 20% sample the
rise of the DP signal appears to be instantaneous and uncorre-
lated to a diffusion of excitons towards the interface taking place
within a few picoseconds. This interpretation is in agreement
with recent experimental studies by infrared femtosecond PIA
spectroscopy, where polarons can be selectively probed in the
absence of superimposed stimulated emission contributions
and appears without any rise on a picosecond timescale.l?!*!
Further indication of the fact that in P3HT/PCBM blends a
substantial amount of polarons is generated immediately after
excitation and not as a consequence of exciton diffusion to the
interface, is the different relative loss in excitons and DPs. For
the 20% sample the initial loss in excitons with respect to the
0% sample, estimated at zero time delay is about 31%, whereas
the loss in DPs, obtained from their maximum AT/T, amounts
to about 45%.

We have also studied the long timescale dynamics of these
two photoexcitations, which are reported in Figure 3c and d for
ExA and DP, respectively. While excitons are short-lived, the
DPs show rather slow recombination dynamics. For the non-
degraded sample, the transient, shown in red, does not exhibit a
decay on a timescale of 1 ns in accordance with previous studies
on non-degraded P3HT/PCBM blends.?38 This is consistent
with the long-lived nature of the DPs, which are supposed to be

Adv. Funct. Mater. 2012, 22, 14611469
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extracted from the active layer and contribute to the photocur-
rent. In contrast, the 10% and 20% degraded samples exhibit
an initial decay on the hundreds of picoseconds timescale. This
confirms that the products resulting from photo-oxidation are
also influencing the polaron dynamics at later times and evi-
dently lead to an accelerated recombination. Summarizing, we
stress that relative losses in exciton and polaron populations
are not identical upon ageing of the blend. The loss in polarons
seems to be more severe.

In order to obtain a quantitative estimation of the trapping
rates involved in the loss process we have modelled the tran-
sient absorption curves with a system of coupled rate equations
outlined here. First, we have considered that the initial hot
excitons, [HEx], are branching into four different populations,
which are the recombining excitons [Exr], the diffusing exci-
tons [Exd], the free polarons [Polf] and trapped excitons [Ext]
according to the rate equation:

d[HE __ [HEYJ _ [HEx] _ [HEx] _ [HEy "

dt THEx —Polf THEx—Exd THEx —Exr THEx —Ext

This initial ultrafast partition or branching of HEx is a nec-
essary step to describe the decrease in the signal of ExA and
DP at zero time delay and consistent with the experimental
reports that diffusing excitons are not the exclusive reservoir of
polarons in P3HT/PCBM blends and the latter can form quasi-
instantaneously.?'* Equation 1 takes into consideration the
fact that a portion of the initial HEx is generated in P3HT close
enough to the heterojunction interface to diffuse and reach
PCBM, those constitute the diffusing excitons, Exd, while some
other within the P3HT domains far from the interface are just
recombining, Exr, or are trapped to dark states because of deg-
radation products, Ext. The first term on the right hand side of
Equation 1 takes into account the direct formation of polarons
from the HEXx as evidenced from the experiments by Piris et al.?!]

The time constants, or inverse probabilities, for the genera-
tion of free polarons Ty, poyp diffusing excitons Tyyp,_g.q, recom-
bining and trapped excitons Tygy gy, and Typ g respectively,
determine the initial branching ratios in Equation 1. We have
described the transient signal of ExA considering two contribu-
tions, one originating from diffusing excitons:

d [Exd] [HEx] [Exd] [Exd]
a B - )

THEx —Exd TDiff TExd —Polf

and a second from recombining excitons:

d[Exr] _ [HEx]  [Ext] o)

dt THEx —Exr TExr

Both populations are fed by [HEx], i.e., the initial amount of
hot excitons induced by the pump laser pulse, with the respec-
tive probabilities set by Tygepa and Tyge g These excitons
are influenced by diffusion to the interface, Tpyy, or forma-
tion of a trapped polaron, Tyg, po in the case of Equation 2
and recombination tg,, for Equation 3. To model the transient
DP absorption signal, we used two contributions originating
from free and trapped polarons, [Polf] and [Polt], which are
described by
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d[Polf] [Exd] [HEx] [Polf] Table 1. Time constant for the different photophysical processes

di = — + - (4)  described in Equation 1-5 considering samples showing 0%, 10% and

Toiff THEx —Polf Tpolfr 20% absorption loss.

d[Polt] _ [Exd] . [Polt] (5) Sample Thex-ext [fS] Texd-polt [PS] THEx - Polf [s] Tpolfr [NS]

d TExd—Polt  Tpalir 0% 10%10° 100 300 10

The modelling with two polaron populations was neces-  10% 200 30 500 8
sary to consider the biexponential decay of Figure 3d for the  20% 100 10 600 3

degraded samples. In Equation 1 we optimized Typy pq =
300 fs and Tyg, gy = 100 fs for the non-degraded sample and
kept them constant in the fitting of all the other curves. These
lifetimes are in very good agreement with the typical thermali-
zation rates of excitons measured in conjugated polymers.*
The rates of free polaron formation (Tygy per)~! and trapping
of the hot excitons (Tygygyx) ", were varied because of degra-
dation induced phenomena. In Equation 2 and 4 we kept con-
stant Tpyr = 6 ps and the rate of trapped polaron recombina-
tion Tpyy, = 175 ps. Since this latter recombination rate does not
involve mobile polarons but rather trapped we do not expect to
have a substantial dependence on the level of ageing. 7, was
obtained from time resolved PL experiments (not shown). The
six decay curves were then fitted adjusting the remaining four
decay times and are shown as solid curves in Figure 3c,d. The
fittings describe well the transient curves for all samples both
in amplitude and dynamics.

We first discuss here the rates which were varied in order
to obtain a decrease in the amplitude of both ExA and DP sig-
nals, during the time duration of the laser pulse. We notice
that 1/Tyge gy Which is the rate at which hot excitons turn
into trapped excitons, is an important fitting parameter in our
model. For instance at 0% this rate can be as small as (10 ps)~,
since the other more probable processes of Equation 1 domi-
nate, while for increasing degradation levels it has to be set to
a higher value of (100 fs)™ (see Table 1, second column). The
initial decrease in DP signal could be described considering
changes in Tyge.pop, Which has a lower probability (600 fs)~!
upon degradation, with respect to the 0% sample (300 fs)~!
These two fitting parameters have an accuracy of about +10 fs.
For the different decays, the faster dynamics of ExA on a ps

timescale upon degradation is described by decreasing Tg,q.po-
This lifetime is also responsible for generating the correct
amount of trapped polarons to fit the DP curves. Our model
is also capable of reproducing the long decay time of DP,
which appears to be dominated by two lifetimes. Here, we have
decreased the recombination time of free polarons, Tp,, from
>10 ns in the 0% to 8 ns and 3 ns for the 10% and 20% samples,
respectively (last column in Table 1). This recombination rate
increases with ageing of samples and is consistent with a large
number of defect sites induced by the degradation process. The
first contribution in these curves is from the recombination of
trapped polarons fixed at 175 ps.

Summarizing, the main message we can extract from the rate
equation model is that the ultrafast initial loss in ExA and DP are
due to an increased probability of trapping of hot excitons and
a decreased probability of free polaron formation, respectively.
These two trends are summarized in the second and fourth
columns of Table 1 and determine the major initial losses. The
faster decays observed in Figure 3a for the ExA upon degrada-
tion are due to the generation of trapped polarons by the dif-
fusing excitons. Finally, the faster decay in the DP signal, which
is observed in Figure 3d upon degradation, is a consequence of
an increased population of trapped polarons and polaron recom-
bination which enters the few nanosecond regime, last column
of Table 1. Figure 4 is a scheme summarizing the main photo-
physical processes in aged blends where the different mecha-
nisms of trapping and recombination refer to Table 1.

While the initial ultrafast processes account for the major ini-
tial loss in the species contributing to the functioning of a solar

(a) (b) () (d)
LUMO —
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>
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(]
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HOMO =it e j 1
P3HT — ® —
PCBM

Figure 4. Energy scheme illustrating the different processes occurring in aged P3HT/PCBM blends, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of P3HT (green) and of PCBM (blue) are indicated on a vertical energy scale: a) hot exciton trapping
in P3HT, b) exciton splitting by degradation products to form trapped polarons, c) hindered charge transfer at the interface between P3HT and PCBM,
and, d) recombination of free polarons in P3HT. The processes illustrated here correspond to the lifetime presented in Table 1.
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cell, the long timescale of DP recombination is seriously compro-
mised for extensive degradation treatments, such as those used to
obtain the 10% and 20% sample. Here, the long-lived polarons,
which are contributing to the photocurrent, recombine in 8 and
3 ns, a lifetime that is prohibitive to reach efficient charge extrac-
tion, which usually occurs on a microsecond timescale.*! To verify
this prediction, we produced solar cells with the same materials
following an identical ageing procedure and studied the current
voltage characteristics upon illumination with a solar simulator.

2.3. Device Performance

In order to quantify the effect of degradation on device perform-
ance, P3HT:PCBM cells with inverted structure were character-
ized electrically after the degradation procedure. Devices with the
stack ITO/hole-blocking-layer(HBL)/P3HT:PCBM were degraded
for different periods of time in dry oxygen under illumination
and the progress of degradation was monitored by UV/vis absorp-
tion. Degraded stacks, as well as non-degraded (kept in glovebox
in dark during fabrication) were then completed by applying the
PEDOT:PSS layer and the silver electrode (Figure 5a). Figure 5b
shows the current voltage characteristics of two exemplary cells,
degraded 0%, 2%, and 5%. An absorption loss of the active layer by
5% results in the reduction of device power conversion efficiency
from 1= 2.9% to about 0.23%. This loss is mainly due to a decrease
in the short circuit current, from 8.1 to 1.0 mA cm2. The loss in
fill factor is less dramatic from FF = 0.64 to 0.4 and, interestingly,
we note that the open circuit voltage is not affected by degradation,
at least up to 5%. The 88% loss in J,. for a device with 5% absorp-
tion loss is a combination of several factors, about 24% are due
to the reduction of charge-carrier formation (polarons) during the
first 250 fs after the light pulse, as determined from the DP tran-
sient PIA signal (not shown). We conclude that the remaining 64%
of loss in extracted charge carriers is due to loss in absorption (5%)
and enhanced charge-carrier recombination on the microsecond
timescale not accessible in the present experiments, or trapping

(a)
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> «—>

Glass/ITO

Current density (mA*cm™)

www.afm-journal.de

in PCBM which is not evident in our data. Longer ageing periods
corresponding to the 10% sample resulted in the total absence of
photovoltaic response in the cells.

3. Discussion

The analysis of our photophysical data pinpoints the proc-
esses responsible for the degradation of performances in the
active layer of polymeric solar cells based on P3HT/PCBM.
In particular, the data presented in Figure 3 together with the
rate equation model identify a faster trapping of the initial hot
excitons and a less probable formation of free polarons during
exciton relaxation. The experimental observation that the major
losses are occurring while excitons have not yet completely
relaxed indicates that hot excitons are more prone to undergo
a trapping process with a degradation product or other proc-
esses diminishing their density. This hypothesis can be ration-
alized considering that hot excitons are more delocalized and
in a coherent state. In this configuration they can experience a
larger number of conjugated segments in the first few hundred
femtoseconds and find a degradation product easily.[*%]

The more significant loss in polarons which results in the
decrease of the maximum amplitude reached by the DP absorp-
tion signal is a consequence of less probable free polaron for-
mation and competing hot exciton trapping. In non-degraded
systems such polarons are formed on an ultrafast timescale
(<100 fs), involving those P3HT chromophores which are very
close to the heterojunction interface. It is interesting that degra-
dation of the polymer domains, which is demonstrated by our
absorption and PL experiments (Figure 1), is influencing an
ultrafast process occurring primarily for chromophores close to
the interface. We suggest here that the degradation products,
likely originating from photo-oxidation of the polymer, might be
more concentrated at the heterojunction, where P3HT chains
are at the border of a semi-crystalline domain and oxygen can
diffuse easily with respect to the core of the domains.
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Figure 5. a) Structure of the solar cell used in the electrical measurements. b) Current density vs. bias voltage for a PZHT:PCBM device with inverted
structure under illumination with a solar simulator before (red squares) and after (yellow triangles and black circles) degradation by illumination in dry
synthetic air. The extent of degradation corresponds to an absorption loss of the active layer by 2% (black circles) and 5% (yellow triangles).
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The shorter lifetimes of ExA observed upon degradation have
been modelled considering the formation of trapped polarons
from diffusing excitons. While we did not observe clear indi-
cations of the build-up of a triplet population in the transient
experiments, our steady-state PIA clearly indicates the presence
of those on a longer time- scale. To explain these observations,
we recall that regiorandom P3HT shows signatures of triplets
in PIA, while having the same chemical formula of regioreg-
ular P3HT.? An important difference between the regioregular
P3HT used here and regiorandom is the conjugation length
and the intrachain planarity, two effects which are known to
increase the triplet yield.*”! On the basis of this arguments, we
can discuss the increased triplet yield in degraded blends con-
sidering that degradation products disrupt the conjugation of
the polymer or may create carbonyl groups where intersystem
crossing to the triplet manifold is enhanced.*8] The compar-
ison between the losses in DP population and the J. of solar
cells evidences the fact that a large factor in the degradation
of photovoltaic performance is ascribed to a shortening of the
long timescale recombination (>10 ns), which may also involve
charge trapping in PCBM. In this direction, the recent work by
Reese et al. reports on the presence of PCBM degradation prod-
ucts acting as effective traps for the transferred electrons.!'%l

4, Conclusions

We performed a photophysical study on the fundamental proc-
esses enabling photovoltaic action in P3HT/PCBM blends
subjected to different ageing periods. The blend films were
exposed to a solar simulator in a dry air atmosphere and named
according to the relative absorption losses. By combining PL
and PIA spectroscopy we can quantify the species affected by
degradation, i.e., excitons and polarons. Our analysis of the
data, supported by a coupled rate equation model, suggests that
exciton trapping can take place on a rate comparable to the one
for electron transfer to PCBM. Ageing has major consequences
on the polaron generation which is reduced with degradation
and has to compete with the fast hot exciton trapping process.
The results have important implications for understanding
degradation and ageing phenomena in organic solar cells and
modelling device losses in aged photovoltaic devices.

5. Experimental Section

Materials: P3HT with a regioregularity of >90% was provided by
Merck, PC[60]BM was purchased from Solenne and used as received.
Thin films of the blends were obtained by doctor-blading on precleaned
glass substrates in ambient atmosphere. For all the blends, solutions of
the polymer and fullerene were prepared in spectroscopic grade o-xylene.
Prior to degradation, the films were annealed at 140 °C in the glovebox
for 2 min. Subsequently the samples were degraded by illuminating
them with the full spectrum of a sun simulator in dry synthetic air until
the desired loss of UV-vis absorption was achieved. Before performing
spectroscopy on the degraded samples, they were brought back into the
glove box and encapsulated by putting a glass plate on top of the film
and sealing the edges with gas-tight epoxy resin (Torrseal). In order to
remove any reversibly bound oxygen from the films, the samples were
annealed in the glovebox at 130 °C for 10 min before encapsulation.

PL Spectra: were obtained with a double monochromator fluorometer
(Jobin-Yvon) equipped with a Peltier and a water cooled detectors

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sensitive in the NIR spectral range down to 0.8 eV. Measurements were
performed exciting at 520 nm by a monochromated Xe lamp, with the
sample kept in vacuum at 10° mbar. No significant differences were
observed for samples measured in air, proving the high quality of the
encapsulation.

Steady-State PIA: measurements were performed exciting the samples
with the second harmonic of a Nd:YAG laser (532 nm) and detecting the
laser-induced change in the transmission of a Xenon lamp with a lock-in
amplifier. Silicon and InSb detectors were used to cover the visible and
near-IR range. The samples were measured under vacuum at room
temperature.

Time-Resolved PIA Measurements: Femtosecond transient absorption
experiments were performed with a home-built setup starting with
a Tisapphire regenerative amplifier seeding and optical parametric
amplifier. Pulses having a 200 fs duration centred at 550 nm were used
as pump, whereas a white light supercontinuum generated in a sapphire
plate was used as probe. Detection of the pump-induced changes in the
probe beam was performed with a silicon or HgCdTe detectors to cover
the visible and near-IR probe beams, referenced to the pump chopping
frequency.

Device Preparation and Measurement: For manufacturing the cells,
an inverted architecture was chosen, which allows the placement of the
electron-blocking layer on top of the photoactive layer. Solar cells in an
inverted structure were manufactured in a two-step process as follows.
First, after cleaning the glass/ITO substrate by sonication in acetone
and isopropanol, an organic hole blocking layer (HBL) was applied,
followed by the P3HT:PCBM (ratio 1:0.8) active layer. The obtained half-
finished devices were then annealed in a glovebox at 140 °C for 5 min for
morphological reasons and degraded in dry synthetic air (80% N,, 20%
0O,, H,0 < 1 ppm) under irradiation of 1 sun afterwards. The progress of
degradation was monitored by UV-vis absorption measurement, carried
out with a Perkin Elmer UV-VIS Lambda 35 spectrophotometer. After
degradation the solar cells were completed in a second step, by applying
a highly conductive PEDOT:PSS layer and thermal evaporation of 500 nm
of Ag as a metal grid (fingers with a distance of 2 mm and a width of
0.I5 mm). Before evaporation, all devices were annealed in glovebox
at 140 °C for 5 min, again, to get only the irreversible degradation of
the photoactive layer. All layers are applied out of solution by doctor
blading.

For characterization, the cells were illuminated with the AM1.5 g
spectrum of a Steuernagel Solartest 1200 solar simulator at 100 m\W cm~2.
J-V characteristics (current density vs. voltage) were recorded using a
Keithley 2400 SMU together with a Keithley 7001 Multiplexer system and
custom software. The degradation was done in glovebox to avoid further
degradation.
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