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ABSTRACT: We report on the improvement of long-term stability of organic solar cells
(OPV) using hindered phenol based antioxidants as stabilizing additives. A set of seven
commercially available hindered phenols are investigated for use in bulk-heterojunction
OPV. Polymer:fullerene films based on poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) are characterized with respect to the
initial power conversion efficiency and the long-term stability improvement under
illumination in ambient conditions. FTIR spectroscopy is used to trace chemical
degradation over time. OPV performance is recorded under ISOS-3 conditions, and an
improved long-term performance of OPV devices, manifested in increased accumulated
power generation (APG), is found for octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
propionate. Using this additive, APG is increased by a factor of 3 compared to the
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reference. Observed differences in the stabilization of tested additives are discussed in
terms of energetic trap states formation within the HOMO/LUMO gap of the photoactive material, morphological changes, and

chemical structure.
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B INTRODUCTION

Organic photovoltaics (OPV) has shown impressive progress
over the past few years. Steady development of better materials
and advanced cell architectures have made OPV more
competitive with other thin film technologies, peak efficiencies
have reached over 10%," and the first products have been
launched in the market.” Yet, organic solar cells are only
considered exotic niche products, mostly due to a comparably
poor durability and batch to batch variations of the compounds
used. While batch to batch variations can easily be overcome
once a large scale market is established via large scale
purification of the materials, improved long-term stability is
still the key to success of OPV. The long-term stability of
P3HT:PCBM was subject of many investigations, especially
noted here are numerous interlaboratory studies conducted by
Krebs et al, who have assembled a vast long-term stability
database for different OPV materials, cell architectures, testing
conditions, and testing laboratories.®> One of their most recent
studies on the long-term stability of encapsulated P3HT:PCBM
devices reports lifetimes in the range 0.5—40 h.> The lifetime of
OPV devices is severely limited by photoinduced oxidation,
which occurs due to UV-radiation and ingress of oxygen and
water into the solar cell device.*® Thus, one way to reduce
degradation is to prevent water and oxygen diffusion into the
device by encapsulation.”” In addition, getter materials
(reactive materials, which in contact with oxygen or water
combine with it chemically or by adsorption, thus preventing it
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from reacting with the active layer materials) can be introduced
to further reduce the influence of reactive species within the
encapsulated device.*® A second way is to effectively reduce the
magnitude of photochemical changes by introducing UV-
blocking layers within the sealing of the device” or by selecting
active layer materials which are inherently more stable against
oxidation.'”"" However, it is not possible to fully prevent water
or oxygen from entering the device. Materials currently
synthesized to achieve high stability la% efficiency-wise behind
the modern high-performing polymers, "> and vice versa.'>'*
Thus, further stabilization of the active layer against chemical
degradation remains a fundamental problem. In this article we
present a new concept for photo-oxidative stabilization of OPV
devices, by ternary blending active layers with small portions of
stabilizing compounds.

B EXPERIMENTAL SECTION

Materials. In this proof-of-concept study, the photochemical
stability of organic solar cell active layers consisting of poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) was investigated. P3HT was purchased from Rieke
Metals Inc., PCBM of purity 99% was delivered by Solenne BV.
P3HT:PCBM blends of mass ratio 3:2 were prepared from stock
solutions, and the resulting solution concentration was 1.2 wt %
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Chart 1. Chemical Structure of the Investigated Hindered Phenols”
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“For convenience, throughout the manuscript the compounds are represented by the number shown next to the structures: #1—2,6-di-tert-butyl-4-
methylphenol; #2—2-2'-methylenebis(6-tert-butyl-4-methylphenol); #3—1,3,5-trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl )benzene; #4—
pentaerythritol tetrakis (3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate); #S—octadecyl 3-(3,5-di-tert-butyl-4-hydroxy-phenyl)propionate, also
known as Arenox A76; #6—4-4'-thiobis(6-tert-butyl-m-cresol); #7—2,6-di-tert-butyl-4-((2,2,6,6-tetramethyl-piperidin-4-ylimino)-metyl)-phenol.

Optimal stabilization effect was obtained using Additive #5.

polymer in chlorobenzene. Five hindered phenols and two bifunctional
stabilizers (hindered thiophenol and hindered phenol and hindered
amine-HAS) (see Chart 1) were obtained from Sigma-Aldrich (#7),
Reagens (#5), and TCI (the rest), and dissolved in chlorobenzene.
The purity of the compounds lies in the range 95—99%.

Solar Cells. Seven hindered phenol based antioxidants, which are
common stabilizers for insulating polymers, were blended in different
mass concentrations with the P3HT:PCBM solution. Solar cells with
active layers containing one of the seven compounds, in concen-
trations of 0.03%, 0.3%, 3%, 10%, and 20% of total dry weight, and
reference cells with no additives added, were prepared inside the
glovebox (0, < 1 ppm, H,O < 1 ppm) by spin-coating on
PEDOT:PSS (Clevios PH) coated ITO/glass substrates (previously
annealed in ambient at 140 °C for 20 min). The thickness of the active
layers was set to 100 nm. Prior to the evaporation of the aluminum
cathode, the films were annealed at 160 °C for 10 min (precathode
annealing). An approximately 150-nm-thick cathode was deposited
under high vacuum (base pressure smaller than 5 X 107 mbar) via
thermal evaporation. Completed solar cell devices were encapsulated
behind glass inside the glovebox using a UV curable epoxy glue DELO
LP 655. The parameters of the as-cast devices, short circuit current
density (J,.), open circuit voltage (V,.), fill factor (FF), and power
conversion efficiency (PCE), were extracted from J(V) characteristics,

which were recorded under AM 1.5 conditions using a Keithley SMU
2400. Do note that the solar cells were pre-cathode annealed to ensure
comparable morphologies of the films and the devices. Due to these
differences in morphology (a thin layer of face-on P3HT is formed on
top, representing a barrier to electron transport), the V. and thus the
efficiencies are lower than in the case of post-cathode devices."®
Accelerated long-term stability testing under continuous light
illumination (1 kW/m?) were performed according to ISOS-3
standards® using a homebuilt setup.'® The solar cell parameters were
traced in situ for more than 100 h via periodic J(V) measurements.
Reported values refer to arithmetic averages of four solar cells.

Spectroscopy. Polymer:fullerene films were prepared in a similar
manner as reported for the solar cell devices, but on CaF, substrates.
Such prepared films were characterized via Fourier transform infrared
(FTIR), UV—vis, and photoluminescence (PL) spectroscopy, before
and after their degradation inside the stability setup used for solar cell
characterization. FTIR spectra were recorded using a JASCO FT/IR-
4000 Series spectrometer. Transmission (T) and reflection (R) spectra
in the wavelength range 300—800 nm were recorded using Agilent
Cary 5000 UV—vis-NIR spectrometer. The film absorption (A) was
calculated via A = 1 — T — R, neglecting any light diffraction. PL-
spectra were recorded using Avantes SensLine spectrometer AvaSpec-
ULS2048XL. The excitation wavelength was 445 nm.

dx.doi.org/10.1021/am5024989 | ACS Appl. Mater. Interfaces 2014, 6, 18525—18537
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Cyclic Voltammetry. In order to determine the redox potentials of
the compounds used, namely, electrochemical energy levels indicating
possible trap states with respect to the HOMO/LUMO of
P3HT:PCBM, cyclic voltammetry measurements were performed.
For this purpose, the compounds were dissolved in dichloromethane
containing n-tetrabutylammonium hexafluorophosphate (TBAPF6) as
the supporting electrolyte. The concentration of the supporting
electrolyte TBAPF6 and the investigated compounds was 0.1 mol/L
and 107 mol/L, respectively. The electrochemistry measurements
were performed on electrochemical working station Zahner IM6/6EX.
The obtained results were analyzed by means of Thales software (v
4.15). A three electrode system consisting of glassy carbon working
electrode, platinum counter electrode, and Ag/AgCl (0.1 M NBu,Cl,
acetonitrile) reference electrode, was used for the electrochemistry
measurements. All potential values are reported versus Ag/AgCl (0.1
M NBu,Cl, acetonitrile) reference electrode. The cyclic voltammo-
grams were recorded at the scan rate of 0.05 V/s at room temperature.
More details concerning the electrochemistry experiments were
already reported in previous published articles.””~** The trap levels
of each of the additives were determined via the empirical relation
Erp = (Eopset + 4.35) eV, where E__,, is the onset of the reduction or
oxidation peak, 0.45 V is the value for ferrocene vs Ag/AgCl, and 4.8 is
the energy level of ferrocene below the vacuum. In the case of the
materials that could not be reversibly oxidized, the potential given is
the irreversible anodic peak potential, the first peak of the CV trace. It
must be noted here that an irreversible peak potential may correspond
to within 100 mV of the reversible oxidation potential if the species
generated by a reversible electron transfer process is consumed by a
rapid, chemical follow-up reaction.***!

7—

B RESULTS AND DISCUSSION

We report on the use of stabilizing additives for stabilization of
OPV against photo-oxidation, thus extending the long-term
stability of encapsulated solar cells. For that purpose, hindered
phenol based antioxidants, which are common stabilizers for
commercial insulating polymers, were blended in different mass
concentrations into the polymer:fullerene mixture. In this
proof-of-concept study, we are demonstrating that not every
stabilizing additive causes an improvement of the long-term
performance of the solar cell device, and discuss the conditions
that have to be met for their successful implementation. For the
tested reference system P3HT:PCBM, only one of the seven
tested hindered phenols, namely, octadecyl 3-(3,5-di-tert-butyl-
4-hydroxy-phenyl)propionate, has shown the ability to
signiﬁcantlZ increase the long-term stability under ISOS-3
conditions> of encapsulated OPV devices, increasing the
accumulated power generation by a factor of roughly four as
compared to reference devices with no additive added.

Sterically Hindered Phenols. The additives introduced
into the P3HT:PCBM system are shown in Chart 1. These
compounds belong to the chemical group of sterically hindered
phenols, and they are commonly used stabilizers for
commercial polymers, such as polyolefins, rubber, styrenic
polymers, polyesters, polyamides, polyacetals, polycarbonates,
polyurethanes, and so forth.”®

In contact with air and light, the polymer reacts with oxygen,
which produces different oxidized polymer species and breaks
the polymer chain, leading to irreversible failure in functioning
of the devices.***® Recently it has been shown by Hintz et al.
that two concurrent mechanisms take place in the degradation
process, depending on the irradiation conditions.”® Under the
UV irradiation, the degradation proceeds as a radical
reaction”*** starting at the a carbon of the alkyl side chain,
and results in simultaneous degradation of the 7z conjugated
system and the side chain. Under visible illumination, however,
the reaction involves a photosensitized species, possibly singlet

Research Article
26,27

oxygen that primarily destroys the 7 conjugated system of
the polymer, leaving the side chain almost unaffected. In white
light conditions, both of the mechanisms are active, but since
the radical chain mechanism has a higher effectiveness, it
dominates even though only a low UV irradiation fraction is
present.26

The generalized scheme of polymer degradation, as first
developed by Bolland and Gee,”® and the degradation
inhibition mechanism via hindered phenols are depicted in
Scheme 1. It is considered that the degradation starts via

Scheme 1. General Polymer Degradation Mechanism and
Stabilization Using Hindered Phenols

Chain Propagation
Pe+0, — PO, e
PO, e+PH — POOH +Pe

Chain Initiation
PH—"T s pPeiHe
PH—"I 5 Pe+HO, o

Hindered Phenol
PO, e+AH — POOH + Ae

Chain Branching

POOH — POe+e0OH
2POOH — PO e+PO, e+H,0
POe+PH — POH +Pe

eOH +PH — H,0+Pe

Chain Termination

PO, ¢+PO,® — POOP + O,
Pe+PQOe — POP
Pe+PO,e — POOP
Pe+Pe—>P—P

adventitious catalysts, such as transition metals, radical
initiators, impurities in the monomers, and minute amounts
of oxygen, which are included in the polymer in course of
polymerization.”® Upon reaction of these impurities with the
polymer, peroxy radical POOe is formed, which abstracts
hydrogen from the polymer and forms and alkyl radical Pe. It
reacts with molecular oxygen practically without any activation
energy, forming additional peroxy radical POOse. Subsequently
they form hydroperoxides POOH upon abstraction of hydro-
gen.

In the presence of hindered phenols (denoted with AH in
Scheme 1), the rate of this reaction, defined by the activation
energy needed to abstract the hydrogen from the polymer,
competes with the rate of abstraction of substantially more
abstractable hydrogen from the hindered phenol.” The stability
of the phenoxyl radical created from the additive is influenced
by the steric hindrance of the hindered phenols (tert-butyl
groups in the 2- and/or 6-position), preventing them from
reacting with the polymer and from dimerization with other
phenoxyl radicals. The labile hydroperoxides are then further
decomposed into highly reactive radicals, alkoxy POe and
hydroxyl eOH. In the last step, the formed radicals recombine
among themselves, leaving behind inert product, thus
terminating the degradation process.”

Ternary Blends. Electronic Trap States. As organic solar
cells are optoelectronic devices, the energy levels (HOMO/
LUMO) of each of the constituents of the bulk-heterojunction
are of fundamental importance for the device performance.
Besides the LUMO (HOMO) offset necessary for the
photoinduced charge transfer between the polymer and
fullerene, the energetic position of any additional blend
constituent might impair the maximum reachable power
conversion efficiency (PCE).*>*! Gap states/trap states Ey,,
within the effective band gap of the photoactive layer Eg,, . =
EXRST — Endyio, are centers for nongeminate recombination
of free charge carriers. The recombination rate of electrons

dx.doi.org/10.1021/am5024989 | ACS Appl. Mater. Interfaces 2014, 6, 18525—18537



ACS Applied Materials & Interfaces

Research Article

Ry (holes Ry,.,,) via trapped holes (electrons) can be given
in the form

_ Ban

etrap —

nptrapped
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Rh, trap p ntrapped
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where i is the charge carrier mobility, n(p) the electron (hole)
density, and pyapped (ntrapped) the density of trapped holes
(electrons). The dimensionless factor § corresponds to the
probability of a free charge carrier to find a trap level and is
therefore strongly morphology dependent. A strong chemical
incompatibility and resulting decomposition of the blend matrix
might lead to the formation of large agglomerates with high
trap density, but at the same time to a reduction of the
probability for free charge carriers to find those traps as the
effective interface area decreases. This is due to the localized
charge transport via hopping, which is in contrast to delocalized
band transport of free charges in classical semiconductor
physics, e.g, silicon solar cells. For this reason, the well-known
Shockley-Read-Hall (SRH) recombination found in classical
semiconductors cannot be used in a one to one manner on
organic solar cell devices, but might be used to give useful
guidance. Similar to the case of SRH recombination, photo-
generated charges, generated at rate G, are captured by
localized trap states with the rates R,;,, and Ry, and are
thermally emitted with rates G,y,, and Gy, back to the
LUMO and HOMO of the active layer; see Figure 1.

" : LUMO,
A
v Re, trap Ge, trap
‘\ trap
G Rh,trap Gh,trap
\ 4
HOMO,

Figure 1. Electrons and holes produced by the photoinduced charge
transfer are captured by a trap level Ey,, with the rates R, and Ry, .qp.-
Electrons (hole) occupying the localized trap state can be thermally
emitted back to the acceptor LUMO (donor HOMO) with rate G,

( Gh,trap) .

etrap

Following Boltzmann statistics, the generation from trap
states or detrapping Gy,, depends exponentially on the
energetic position of the trap state with respect to the
HOMO of the donor (that is, LUMO of the acceptor) of the
photoactive material
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Thus, at room temperature holes or electrons which were
trapped in an energetic state near the middle of the effective
band gap or just far away from either the donor HOMO or
acceptor LUMO, most likely stay localized until their
recombination with a free charge carrier. Thus, trap states
close to the middle of the band gap will possibly lead to the
biggest loss of free charge carriers and a reduction of the
maximum short circuit current and open circuit voltage.

Figure 2 shows the photovoltaic parameters dependent on
concentration of Additive #7. The strong exponential decay in
all of the parameters even at relatively small concentration (up
to 3%) suggest that the cause might be the introduction of a
trap level.

The cyclic voltammogram of this compound, shown in
Figure 3a, revealed a —4.06 eV LUMO level, and an additional
oxidation peak with an onset at —4.6 eV. As the optical band
gap was estimated from Figure 3b to 2.8 eV, thus giving a
HOMO level of —6.89 eV, we attribute the small oxidation
peak to impurities®>** (various synthesis residue catalysts>**°
and defects®) within the additive.

Note, in Figure 4, that the trap level is ~0.4 eV lower than
the LUMO of PCBM and 0.4 eV bigger than the HOMO of
P3HT. Thus, the Additive #7 forms deep trap states within the
effective band gap of the active layer. Already at a low
concentration (0.3%) of added Additive #7, solar cells have a
power conversion efficiency prior to degradation, PCE,, of
0.02% (compared to 1.48% for the reference device without
additives), due to a significant reduction of the open circuit
voltage to 109 mV compared to 389 mV of the reference solar
cells without additives. This reduction of the V. is in perfect
agreement with the considerations above, which predict a
reduction of the open circuit voltage for traps near the band gap
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Figure 2. Photovoltaic parameters dependent on concentration of Additive #7 in the active layer, (a) short circuit current (dark red squares) and
efficiency (green circles), (b) open circuit voltage (blue squares) and fill factor (magenta circles). The parameters of the reference device (with no

additive added) are represented, respectively, by colored lines.
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Figure 3. (a) Cyclic voltammogram of compound #7 in a dichloromethane solution containing 0.1 mol/L of the supporting electrolyte n-
tetrabutylammonium hexafluorophosphate (TBAPF6). The potential is given with respect to the Ag/AgCl reference electrode; the scan rate was S0
mV/s. (b) Absorption spectrum was used to determine the optical band gap. UV—vis absorption was measured on thin films spin coated on a CaF,

substrate.
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Figure 4. Energetic position of the electrochemical level of Additive
#7, in comparison to the HOMO and LUMO levels of the photoactive
blend P3HT:PCBM. Values are given with respect to the vacuum
energy. The dotted level in the gap of Additive #7 represents the trap
level.

middle, and visualizes the importance of the knowledge of the
energetic levels of each of the blend constituents. A
morphological problem due to the addition of the additives
could be excluded in all of the cases (see Discussion)
Morphological Issues. The second highly important point
that has to be taken into account when analyzing the solar cell
performance is the influence of an additional third compound

on the morphology of the binary blend. In order to achieve an
optimum trade-off between charge separation, charge transport,
and charge extraction, small amounts of stabilizing additives are
often used. Although their role is limited only to interaction
with the blend constituents in liquid phase, and upon drying
they are expected to have left the active layer, they can
drastically alter the blend morphology.®” In our case, we are
adding solid compounds which stay in the active layer (for
further details, please refer to the Table SI4 and Figure SI3 in
the Supporting Information), thus creating a ternary blend. The
thermodynamic interactions between the components in a
ternary blend are significantly more complex; thus, changes in
morphology, which will in turn affect the performance of the
devices, might occur.>®%°

Figure 5 shows the experimentally measured photolumines-
cence signal, as well as the AFM (atomic force microscopy)
topography of the reference P3HT:PCBM film compared to
the film containing one of the hindered phenols (Additive #7),
both measurements obtained prior to degradation.

AFM measurements suggest quite similar film topography,
and presumably the bulk; thus, the cause of the slightly lower
photoluminescence signal of the film containing Additive #7

0.16
a) —e— Reference

0.14- #1
. 0.121 "‘:5
:; ——
S 0.104 — #4
g —— #5
= 0.08- #6
N 0.06 ——#7
©
% 0.044
=2

0.02-

0.00-

700 800 900
Wavelength (nm)

600

1000

0,0pum

05 1,0 15 20

10,0 nm

0,0nm

Figure S. (a) Photoluminescence signal of P3HT:PCBM nondegraded films containing each of the seven hindered phenols (concentration as noted
in Table 1), as well as the reference without any additive. The PL excitation wavelength was 445 nm (~2.78 V), which is below the optical gap of
each of the additives. (b) AFM topography image of the reference film and of the P3BHT:PCBM film containing compound #?7.
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Figure 6. (a) Normalized UV—vis absorption spectra of the nondegraded films with additives and one reference with no additive on CaF substrates.
Normalization was done with respect to the absorption peak at around 500 nm. (b) Relative change in absorption of the films after 120 h of
continuous 1000 W/m? illumination in ambient. Note that all spectra were normalized to the absorption peak at 500 nm of the corresponding
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Figure 7. Optical microscope images of the reference film: (a) as-cast, (b) after 5 days of degradation under illumination (1000 W/m? ambient). (c)

Frequency count of the cluster size for both samples.

compared to the reference and the rest of the films with
hindered phenols is not expected to be morphology-related.
However, as AFM can only probe the surface morphology,
further measurement techniques such as scattering meth-
ods,*** differential scanning calorimetry,43 or 3D tomog-
raphy** are needed to confirm the exact morphology of the
bulk.*"*#*5% Nevertheless, since the performance of most of
the solar cells containing additives is comparable to that of the
reference cells (see Supporting Information Table SI3),
knowing the exact detailed morphology of the active layer
morphology is not necessary for investigating the role of
hindered phenols on the stabilization of OPV, and relevant
information can be obtained indirectly using UV—vis and PL
spectroscopy and IV measurements. However, in general,
compounds other than those reported within this manuscript
might cause significant morphological changes, and thus affect
the solar cell performance more drastically.

18530

Two possible factors might explain the observed lower
photoluminescence signal. First, its bandgap, unlike that of the
rest of the additives, reaches further in the visible spectra (see
Supporting Information Table SI1). As the normalization was
done with respect to the excitation laser wavelength, and the
absorption of the film in that region is additionally higher due
to the absorbance of the additive, the normalization might
result in an underestimation of the photoluminescence. The
other possibility is that the additive is capable of acting as an
additional excitation quencher. This interpretation is further
supported by a fill factor >50% of the solar cells containing
Additive #7 (see Supporting Information Table SI2), which is
comparable to the reference solar cell. In case the additive acted
as a compatibilizer for P3HT and PCBM, causing a finer
intermix of both components across the blend, a much smaller
FF would be expected, due to a drastic increase of the
recombination of charge carriers and the buildup of space

dx.doi.org/10.1021/am5024989 | ACS Appl. Mater. Interfaces 2014, 6, 18525—18537
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Figure 8. Long-term (a) PCE, (b) J,, (c) V., and (d) FF of solar cells without additives and containing hindered phenol #S as a function of stressing
time, for a set of four solar cell devices. The solar cells were measured continuously during 1000 W/m? illumination of a metal halide lamp. The time
dependence of the parameters was fitted using a biexponential decay curve, by least-squares-fitting of measured cells. In order to avoid the effect of
day-to-day variations in humidity and room temperature, all devices were measured in a fully automated test setup. The inhomogeneity of the

illumination was measured to be within 10% of the nominal value.

charges.***® The relatively unchanged morphology of the
blend, especially the degree of polymer order, was further
supported by UV—vis measurements in Figure 6.

Bleaching. Blend films containing one of the seven
hindered phenols and a reference film without additive were
prepared on CaF substrates. Freshly prepared and degraded
films were investigated via UV—vis and FTIR spectroscopy to
elucidate the effect of the antioxidant on the blend degradation
upon direct illumination in ambient conditions. Note that the
active layer was not shielded from UV-radiation during aging.
Figure 6 shows the normalized absorption spectra of all
investigated films prior to degradation in air, as well as the
relative absorption change upon film aging. In agreement with
the morphology results reported above, the polymer order
within all films stays unaltered independent of the stabilizing
additive compared to the reference device, which is manifested
in a nearly identical ratio of the A,_, and A,_, absorption peaks,
and a good overlap of the absorption spectra in the wavelength
range 300—800 nm after normalization to the maximum
polymer absorption. Since all additives have shown large optical
band gaps (see Supporting Information Table SI1), the blend
absorption for each of the investigated films only differs in the
high energy region.

While there is no significant difference observable for the
freshly prepared films, this changes drastically upon degrada-
tion. After 120 h of film aging under 1000 W/m? continuous
light illumination in air, all of the films show significant
photobleaching; see Figure 6b). The bleaching of the ground
state polymer absorption (S;—S; transition) due to formation
of a charge transfer complex between O, and the polymer in
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early degradation stages,47 as well as due to the creation of a
photo-oxidized polymer species,””** can be observed in the
wavelength range 450—650 nm. Below 450 nm the “bleaching”
is a consequence of a simultaneous morphological degradation
including the formation of large fullerene clusters at elevated
temperatures*”**7>° and additional photochemical degradation
of the fullerene derivative.”">> The newly formed absorption
band (above 650 nm) upon illumination was recently
interpreted as the high energy electronic absorption (P,
band) of P3HT corresponding to the D,—D, transition of
the polymer radical cation.*”**™>% A second interpretation,
more relevant for our samples, is the increase of light scattering
due to morphological changes and the formation of PCBM
clusters during degradation. Figure 7 shows the optical
microscopy images of the reference film without the additive
prior to and upon degradation, to support this conclusion.

All of the films are significantly bleached upon degradation.
As all of the tested additives are known to work as antioxidants
in other polymer systems, these results might be somewhat
unexpected, since photobleaching is attributed to the breaks in
conjugation,”**® and in the case of P3HT it was found that the
magnitude of absorption decrease is directly proportional to the
number of oxidized thiophene rings.’

Tested phenols suffer from a significantly higher bleaching of
the active layer in the visible wavelength range compared to the
reference film without the additive. This suggests increased
thiophene ring destruction in the presence of the additives.
Indeed, it was reported that the contribution of some products
of consumption of hindered phenols that arise during polymer
lifetime as a consequence of reactions with alkylperoxy radicals,
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principally the ultimate transformation products quinone
methides,>”*® to discoloration of stabilized plastics during
aging.

It was shown in a study by Hintz et al. that, depending on the
irradiation wavelength, two different degradation mechanisms
will take place, each attacking different parts of the polymer.*®
Hindered phenols are preventing the radical degradation
pathway”* which affects both alkyl side chains and the
conjugated 7 system, but have no effect on the degradation
via photosensitized species which primarily attacks the
conjugated 7 system.”” This explains why films that are
protected by hindered phenols from the highly effective free
radical attack still exhibit photobleaching.

It was already reported in MDMO-PPV cells that the loss in
absorbance is not the main factor responsible for the decrease
in performance upon photooxidative degradation.”® As photo-
bleaching is a consequence of the loss in conjugation and thus
backbone degradation, the side chain reactions do not
contribute to the visual impression of degradation which is
observable in simple UV—vis measurements; however, they will
be of significant electronic importance.

This becomes clear considering two things. First, the
absorption and thus extractable current density is more or
less linearly dependent on the concentration of absorbers and
their absorption coefficient. Second, the recombination rate of
free charge carriers and excitons depends on the probability of
finding traps or defects. If we assume that radicals and later
stage degradation products lead to exciton trapping and
recombination, due to a strong electron pulling effect, the
number of extractable charges is proportional to the probability
that no traps can be found. In the case of homogeneously
distributed traps (volume concentration c,), the latter one can
be expressed by the Poisson probability

p = exp(=Ve,) (5)

where V is the via diffusion accessible volume of the exciton.
Indeed, Bauld et al. found an exponential relationship between
the solar cell efficiency and paramagnetic defect (radical)
density.®

By these considerations we want to emphasize that the visual
appearance is not necessarily a good indication of the device
performance. Additional measurements yielding information
about the fraction of reaction products are therefore of utmost
importance. Furthermore, optical results should be always
compared to the actual device performance.

Long-Term Stability. After investigating the optoelectronic
and morphological properties of the P3HT:PCBM films
containing hindered phenols, solar cells containing each one
of the seven antioxidants were tested with respect to the
stability enhancement of the solar cells compared to reference
solar cells without additives. Encapsulated pre-cathode
annealed solar cells were stressed for 150 h under accelerated
degradation conditions. In Figure 8 the solar cell parameters
during continuous illumination of 1000 W/ m? of the reference
cell without additives and the best stabilized cell containing
Additive #S are compared.

In the investigated samples only two time regimes were
observed; thus a biexponential decay in the form

t t
PCE(t) = “1'EXP(_t_) + az-exp(—t—)

1 2

(6)

was used to quantitatively describe the time dependence of the
photovoltaic parameters during illumination."

Two values, f,,,., and g, for the burn-in period and the
lifetime of the solar cell, respectively,” are extracted from the
fitted curves for the purposes of evaluating the stability of the
solar cells. The burn-in of the PCE is characterized by a fast
decay, described by the time constant ¢;, while t, corresponds to
a slow degradation process of the solar cell following the burn-
in. However, there is no exact rule on how to derive these
parameters, and the burn-in period is commonly approximated
by a point in time where the dynamics of the decay changes. In
this study, we analytically define the burn-in time as the
intersection between the first derivations of the two exponential
contributions of the fitted curve

t . =1n % tz—tl
burn-in A1t2 tl _ t2 (7)

Thus, in order to interpret the effect of the additive on the
stabilization of the OPV device, we defined an additional
parameter, APG, which can be calculated to reflect
commercially relevant information concerning the power
which can be generated by the device. Accumulated power
generation (APG) is calculated as the integral of extrapolation
of PCE measured under continuous illumination (1 kW/m?)
for a given period of time (two years), as depicted in Figure 9.

A
2 years

APG=j' [a1 exp-t—1t+a2 exp;—:] dt
0

fitted PCE

time

Figure 9. Graphical representation of accumulated power generation
APG.

This parameter incorporates the initial and final power
conversion efficiency in one parameter, thus taking into
account that a device with initially slightly lower PCE can
compensate for it with a slower decay of the PCE, resulting
with a higher power accumulation throughout their lifetime.

In Table 1 the determined long-term performance of the
solar cells with and without additives is given in the form of
biexponential fit parameters a,, a,, t, and t,, percentage ratio of
the final and initial efficiency PCE,,q/PCE(, fyumin and t.
values, and APG.

It becomes obvious that only one of the seven tested
hindered phenols is suitable for an application as stabilizer for
organic solar cell devices. The use of octadecyl 3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propionate, also known under the
product name Arenox A76, lead to an increase of the
accumulated power generation by a factor of 3 compared to
the reference device without additive, while all other tested
compounds did not improve the stability of the active layer.

The increase of the APG obtained with Additive #5 is caused
by a simultaneous increase of the burn-in time as well as an
overall slower decay of the PCE (compare t, and ¢, values with
those of the reference device and all other additives). Note also
that the ratio a,/a, is significantly smaller compared to all other
devices (#5—0.4 compared to ~1 for all other cases). This is
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Table 1. Solar Cell Long-Term Performance for Devices with and without Additives”

# conc. [%]  PCE, [%] a a ti[h] & [h]  tyuni [h]
1 20 1.26 0.36 0.57 14.0 331 40
2 20 1.30 0.38 0.63 15.1 321 40
3 10 0.87 0.34 0.24 9.4 186 33
4 20 1.55 0.62 0.55 10.7 170 33
S 20 1.57 0.40 1.05 22.3 742 58
6 20 1.23 0.53 0.47 21.5 289 63
7 0.03 1.25 0.38 0.46 14.4 354 45
ref 1.48 0.59 0.58 12.2 434 45

tige. (h]  PCByynin [%] PCEenq [%] PCE,,q/PCE, [%] APG,y,, [kWh/m’]
61 0.53 0.34 27 194
57 0.58 037 29 208
30 021 0.10 11 48
28 048 0.20 13 100
142 1.00 0.84 53 788
49 0.41 0.26 21 147
65 042 0.29 23 168
85 0.54 0.39 27 259

“Note that optimization was done with respect to the maximum obtainable additive concentration yielding a PCE which is not smaller than 2/3 of
the reference’s PCE (see Supporting Information Table SI3). Also note that the cells were pre-cathode annealed. Reported values refer to the
arithmetic average of 4 solar cells. Shown are the calculated parameters of the bi-exponential fit, a,, a,, t;, and t,, as well as the commonly used ty5.in
and t, time. The power conversion efficiency after the burn-in (PCE,,) and the power conversion efficiency after the end of the test period of
168 h (PCE,,q) are shown for completeness. The extrapolated accumulated power generation after two years of continuous illumination with 1 kW/
m? (APGZYIS) is used as assessment for the stabilization effect. Highlighted in bold is the row with the devices having APG value higher than the

reference, stabilized with Additive #5.

equivalent to a significantly decreased loss of the PCE during
the burn-in period. Furthermore, this result indicates that the
dominant degradation mechanism of the active layer might
have changed compared to the reference device.

The activity mechanism of hindered phenols is based on
hydrogen transfer from the phenolic hydroxy group to
alkylperoxyls derived from polymers oxidizing by a chain
breaking mechanism.”®® The primary transformation products
are phenoxyl radicals A®, which play a key role in the chemistry
of phenolic antioxidants, and are the precursors of all further
transformation products. In the course of aging, the activity of
the additive gets depleted, in interactions with alkylhydroper-
oxides, photolysis, sensitized photooxidation, and impurities
(such as transition metal ions).>”®> Essential bimolecular
processes are depicted in more detail in Scheme 2, and include
disproportionation to quinone methide (QM) and starting
phenol (InH) (route a), that is, regeneration of antioxidant and
formation of R* trap (route d and e); C—O and C—C couplings
leading to aryloxycyclohexadienones (ArO—CHD) and phe-
nolic dimers (HIn*—°InH); and recombination with RO,* to
alkylperoxycyclohexadienones (ROO—CHD) (route c).**

The transformation products of the phenols can also possess
antioxidant or even radical scavenging abilities, as in the case of
propionate type phenolics (various derivatives of 3-(3,5-di-tert-
butyl-4-hydroxyphenyl)propionic acid), such as Additives #4
and #5, which makes them superior to the other types of
hindered phenols. The effect is based on an intermolecular
rearrangement and aromatization of the conjugated QM
system.** As shown in Scheme 3, the initial additive is prone
to aromatization to a phenolic cinnamate, a strong antioxidant.
In reactions with alkylperoxy radicals, dimeric quinone methide
is formed, which can rearrange to a phenolic cinnamate dimer,
which is capable of scavenging alkylperoxyls. In the ultimate
phase, a conjugated quinone methinoide dimer is formed.
Analogous transformations also take place in polynuclear
propionate phenolics, such as Additive #4.°> However, the
other tested compound from this group, Additive #4, exhibited
a much lower stabilization effect. We suggest that its bulky
structure might be the cause for it, as it is known to limit the
solubility of the additives in insulating polymers.*>*® This
would result in a nonhomogenous dispersion throughout the
active layer, which in turn reduces the active layer fraction
which is in contact with the additive and can thus be stabilized.
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Scheme 2. Essential Bimolecular Processes of Hindered
Phenols (Adapted from Pospisil et al.**)
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Similar observations can be made in the subclass of partially
hindered benzyl phenols, which have substituents at least in 4-
(or 2- or 6-) position having H atoms on a C atom vicinal to
the phenyl group,”>**% such as Additives #1, #2, and #3. Since
the hydroxyl group of the phenol is the active hydrogen donor,
one would expect that the stabilizing effect of an additive is in
direct correlation with the number of available phenol groups
within the additive. However, stronger efficiency loss after 1
week of degradation of Additive #3, as compared to Additives
#1 and #2, as shown in Table 1, suggests, as in the case of

dx.doi.org/10.1021/am5024989 | ACS Appl. Mater. Interfaces 2014, 6, 18525—18537



ACS Applied Materials & Interfaces

Research Article

Scheme 3. Transformation Products of Propionate Type Phenolics (Adapted from Pospisil et al.*®)
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Figure 10. FTIR spectra of the samples containing Additive #5 and reference samples with no additive: (a) hydroxyl region, (b) carbonyl, (c)

fingerprint region.

Additive #4, that the stabilization effect might be limited by the
bulkiness of the stabilizer. The origin of the PCE decay, the
degradation mechanism, cannot be resolved from the PCE
measurements alone, and other measurements are needed.
Imaging techniques are mentioned here such as photo/
electroluminescence imaging, dark-lock in thermography'® of
solar cells, as well as Fourier transform infrared spectroscopy
(FTIR) or UV—vis absorption spectroscopy”**® and photo-
electron spectroscopy® or time-of-flight secondary ion mass
spectrometry analysis in conjunction with isotopic labeling of
degraded thin films,% in order to resolve whether the
degradation of the electrodes, photo-oxidation of the photo-
active layer, or formation of defect states are the main
degradation factors.

From the considerations in previous sections and the above-
mentioned structural characteristics, we suggest that the
increase in long-term performance using Additive #5 is
occurring via a reduction of radical states and reduced exciton
recombination. To confirm this, we measured the reference and
degraded (AM 1.5 illumination in air) samples with FTIR, as
shown in Figure 10. As identified in the study by Manceau et

al, the peak arising at 3460 cm™' in the spectra of degraded
samples is attributed to hydrogen-bonded —OH stretching of
alcohols and hydroperoxides.”* These products correspond to
the products formed in the chain propagation step, in reaction
of peroxy radicals with the polymer, which yields hydro-
peroxides and alkyl radicals, as depicted in Scheme 1. As seen in
Figure 10a, the intensity of these peaks in the sample
containing Additive #5 is lower, which is consistent with the
above-mentioned characteristic of partially hindered phenols to
form quinone methides, which by reacting with alkyl and
peroxy radicals in the chain propagation step can reduce the
amount of hydroperoxides formed. As a consequence, less of
the reactive alkoxy and hydroxyl radicals will be formed in the
chain branching step, and those which will be formed will
partially also react with the additive-borne quinone methides.
This is confirmed in Figure 10b, where it can be observed that
the samples containing Additive #5 have an overall lower
intensity in the carbonyl region, which is where the
contributions of oxidative products arising from the decom-
position of hydroperoxides,” including esters, anhydrides,
aliphatic and aromatic ketones, and carboxylic acids, are
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located. In concordance, in the CH-stretching region, the
intensity ratio of reference and degraded samples, as observed
in the interval from 3100 to 2700 cm™',***’ indicates a
reduction of side chains degradation in the presence of Additive

#3.

B CONCLUSIONS

We report on the successful stabilization of organic solar cells
using hindered phenols as stabilizing additives. Successful
implementation of a stabilizing additive will depend on the
polymer:fullerene system into which the additive is introduced,
whereby the resulting ternary blend morphology and energy
level alignment play the decisive role. Our work shows, on the
example of stabilization of PZHT:PCBM system using a set of
structurally varying hindered phenols, that it is possible to find
such a compound which stabilizes the lifetime of the devices
and at the same time does not disrupt its performance. Not all
of the tested compounds were found suitable for use, due to the
formation of trap states in the HOMO/LUMO gap of the
photoactive layer. However, in the presence of octadecyl 3-(3,5-
di-tert-butyl-4-hydroxyphenyl)propionate, also known under
the product name Arenox A76, a drastic increase of the
accumulated power generation (APG) of devices, by a factor of
3 compared to the reference without the stabilizing additive,
was obtained. We suggest the hydrogen donation mechanism,
in combination with the radical scavenging properties of the
propionate type hindered phenols, to be responsible for the
significant reduction of radicals within the photoactive layer,
which can in turn stabilize the performance by decreasing the
exciton recombination. However, as the possible morphological
changes and trapping effects are strongly related to the specific
polymer:fullerene system, one has to inspect the possible
morphological and trapping issues for every such active layer
system. The proof of the concept presented in this paper gives a
general guideline on the important factors to be taken into
consideration in choosing a fitting additive for any active layer
system, which could prove to be of high importance for the
commercialization of the organic solar cells, as it could enable
the implementation of highly efficient materials regardless of
their innate stability.
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