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OUTLINE 

I- PROCESSING TECHNIQUES 

II- Degradation mechanism in polymer solar cells  
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- Solution processing 
- Film Morphology 
- Morphology / properties Relationship 

- Sources of degradation 
- Types of degradation 
- Some ways to improve Polymer Solar Cells stability 



Procedure 
- Dissolve the material. 
- Cast the solution onto the substrate. 
-  Spin the substrate at 1000 to 6000 revolutions per minute. 
 
Advantages: 

 - high-quality thin films are left behind (uniform thickness until a few hundreds of nm).   
 - control of the film thickness: the thickness of the films goes up with increasing solution 

concentration and down with increasing spin speed. Polymers with larger molecular weights tend to result 
in more viscous solutions, which yield thicker films.   

 - Cheap technique  
   

Drawbacks:  
 - Most (~ 99 %) of the solution is flung off of the substrate 
 - the whole surface is covered 

Spin coating 

Deposition acceleration Rotation at 
constant speed 

drying 

< 2 min 
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Substrate 

Drying solution that leaves a film behind. 

Drop casting 

Advantages: 
 

- Film thickness can be far greater than 1 µm. 
 

- Since the solvent evaporates slowly, the material can crystallize or aggregate into fairly well ordered structures 
 

- This method is very inexpensive. 
 

- In many cases the film can be removed from the substrate by peeling or by dissolving the substrate (which would 
be NaCl or KBr). 
 
Disadvantages: 
 

- The film thickness is difficult to control and is not very uniform. 
 

- Very thin films are difficult to prepare. 
 

- The material must be soluble. 
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Advantages: 
 

- Patterning with resolution approaching 5-10 µm is possible. 
- No material is wasted.  
- Cost can be extremely low 

Disadvantages: 
- Controlling film thickness is difficult. 

Ink-jet printing 

substrate 

Immersion waiting Retraction Drying 

40 min 
Dip-coating 

Advantages: 
 - Depending on the speed the work object is raised 
 - Film thickness can be controlled based on the relationship between the solution viscosity and 
 gravity causing adhered liquid to fall 
 - A uniformly thin film is formed after eliminating excess solution from the object by drying 

 
Drawbacks:  

 - the whole substrate is covered 
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Other techniques are available: 

Spray coating 

Roll-to-roll 
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MORPHOLOGY OF THIN FILMS 

Investigated by Atomic Force Microscopy (AFM) 

Principle of the measurement: 

- The piezoelectric crystal is used to move the sample in the 3 
directions 
 
- The force between the tip and the sample induces a deflection 
of the cantilever which is recorded using the optical lever guide: a 
laser beam is reflected on the cantilever and its position is 
detected using a 4 quadrants photodiode 
 

Information :  AFM images the topography of a sample surface 

Gaël ZUCCHI, Masters REST & STEEM – 2017/2018 7 



~20 nm 
~ 

2 
nm

 

Fibrillar axis 

Substrate 

Conjugated chains pack parallel to each other 
è Nanofibers as π–stacks of conjugated chains 

STUDY OF THE MORPHOLOGY BY AFM 

Degree of polymerization (DP): ~ 40 
units  

C6H13

S n

P3HT 

250 nm 

Measured width ~ 20 nm 
Measured height ~ 2 nm 

8 

Expected chain length ~ 20 nm 
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10 µm 

Fibrillar morphology 
[ ]

n

Poly(octylindenofluorene) 

INFLUENCE OF SUBSTITUTION ON THE MORPHOLOGY(I) 

Top view 

d = 4 - 4.5 Å  

Front view 

9 

- Conjugated chains pack parallel to each other 
 
- π-stacking is maintained   

Fibrillar assembly 

Chem. Mater. 2004, 16,994 
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INFLUENCE OF SUBSTITUTION ON THE MORPHOLOGY(II) 
Modifying the nature of the side groups 

2 µm 

Granular morphology 

[ ]n

Poly(octylindenofluorene) 

Monomer unit 

d = 7 - 8 

Å  

2 units 

- Bulky side groups 
 
- Steric hindrance suppresses the π-interactions 
   between the conjugated chains 

no fibrillar assembly 
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 400 nm 

From solution in  
a good solvent 

From solution in  
a bad solvent 

Untextured morphology 

INFLUENCE OF DEPOSITION CONDITIONS ON THE MORPHOLOGY 

C6H13

S n

P3HT 

Fibrillar morphology 
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Self-assembly of P3HT chains in solution 

In a bad solvent 
(orthoxylene) 

In a good solvent 
(chlorobenzene) 

In a good solvent, chains are coiled : broad absorption around 450 nm 
In a bad solvent, chains are straight, flat and aggregated : red shift + vibronic structure 

INFLUENCE OF THE DEPOSITION CONDITIONS ON THE OPTICAL PROPERTIES (I) 
C6H13

S n

Wavelength (nm) 
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red-shift + broad band in the green region 
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[ ]
nNR= CH2

CH2
CH2
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CH2
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CH3R= 

INFLUENCE OF DEPOSITION CONDITIONS ON THE OPTICAL PROPERTIES (I) 

Change in the emission color 

2 polymers for which luminescence in solution is the same 
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Morphology-mobility relationship (I) 

P3HT deposits prepared by dip-coating 
xylene 

Higher mobility for fibrillar morphology than for untextured films: organization 

from TCB 

from xylene 

from CHCl3 

µ = 2.4 10-3 cm2/Vs 

µ = 1.5 10-2 cm2/Vs 

µ = 8.5 10-2 cm2/Vs 

1 µm 
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Temperature (∞C)
20 40 60 80 100 120 140 160 180

C
ha

rg
e 

m
ob

ilit
y 

(c
m

2 .
V

-1
.s

-1
)

0.05

0.10

0.15

0.20

0.25

RT annealed @150°C 

Morphological transition from a fibrillar 
to a granular morphology at 155°C: 
Charge mobility is strongly reduced 
 

P3HT dip-coated films from CHCl3 

annealed @160°C annealed @180°C 

µ vs annealing T 
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Higher performance for a fibrillar 
morphology than for an untextured film J. Appl. Phys. 2006, 100, 033712  

Morphology-mobility relationship (II) 

0.8 µm 
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Molecular Weigth-Morphology-Mobility Relationship 
 Influence of Mn on the mobility 

Macromolecules 2005, 38, 3312-3319 

Charge carriers are trapped on nanorods 

Low MW: 
more cristalline, but more grain boudaries that limit the mobility 

High MW: 
Less cristaline 
 
Long chains in high-MW films bridge the ordered 
regions and soften the boundaries  

Regioregular Poly(3-hexylthiophene) (rrP3HT):  µ = 1.7.10-6 cm2/V.s (Mn = 3.2K) 
µ = 9.4.10-3 cm2/V.s (Mn = 36.5K) ? 
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J. Phys. Chem. B 2009, 113, 14555 

Adv. Funct. Mater. 2010, 20, 2286 

Mobility as a function of molecular arrangement 
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WHY ARE ORGANIC SOLAR CELLS NOT STABLE?  

Parameters influencing 
the stability: 

Chemical degradation 

- Mechanical stress 
- Metastable morphology 

Type of degradation: 

Morphological degradation 

- Heat 
- Oxygen 
- Water 
- Light (UV) 

Polymer materials are dynamic and reactive, and prone to attack by a range of agents. 

(Un)stability of organic materials (active & buffer layers): 

(Un)stability of the electrodes: 

Chemical degradation of the metallic electrodes with oxygen (corrosion) 

substrate 

substrate 

Al electrode 

ITO Electrode 
Buffer Layer : PEDOT:PSS 

PCBM 
acceptor 

polymer 
donor 

è Many sources of degradation 
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METASTABLE MORPHOLOGY OF THE ACTIVE LAYER 

The bulk heterojunction with an initial specific morphology of interconnected domains do not 

necessarily represent the most thermodynamically stable configuration and growth of PCBM 

acceptor crystallites altering the optimal morphology has been observed. 

During  illumination  the  active  layer  may reach  temperatures  high  enough  to  initiate   

further  phase  separation  

 è larger domains, less effective exciton dissociation and smaller photocurrent. 

 è growth  of  large, micrometer-sized PCBM crystals that will hamper the solar cell 

 performance considerably 
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subtracted (under the assumption that the blend in between
the clusters is quasi-amorphous [27]). The residual inten-
sities of the SAED pattern of the non-annealed active layer
show distinct peaks at d-values of 2, 3.1, and 4.6 Å
corresponding to nanocrystalline PCBM [28]. In addition,

for annealing times between 0.5 and 8 h (not all curves are
shown for clarity), some evolution in the intensity can be
seen at 3.8 Å. The peak appearing here can be attributed to
the superposition of the (0 0 2) and (0 2 0) reflections from
the crystal planes of semi-crystalline P3HT [23]. After 16 h
of annealing, the P3HT peak is very pronounced in the
SAED pattern. At the same time, the peaks corresponding
to nanocrystalline PCBM are reducing. At this point,
P3HT has formed fiber-like crystalline structures that can
be seen clearly in a Bright Field TEM image (Fig. 7c). On
the other hand, PCBM is vanishing from the P3HT:PCBM
matrix and gathering in the PCBM-clusters.
It is clear now that in P3HT:PCBM active layers, two

processes take place [29]. One of them, namely the local
crystallization of P3HT into fiber-like structures, leads to
better charge transport, resulting in a higher Isc. The other
process, as in blends with MDMO-PPV, is again the
clustering of PCBM, which at later times results in a de-
crease of Isc mainly due to a lower interfacial area between
P3HT and PCBM.

3.4. Thermal stability reflected in absorption and emission

The better thermal stability of ‘High Tg PPV’ as
compared to MDMO-PPV and P3HT is also confirmed
by optical spectroscopy. Fig. 8 shows the absorption
spectra of MDMO-PPV:PCBM (1:4), ‘High Tg PPV’:PCBM
(1:4), and P3HT:PCBM (1:1) films. An annealing treatment
of 16h at 110 1C results in a quite remarkable change of the
absorption spectrum of the MDMO-PPV:PCBM blend.
The disappearance of the PCBM-absorption (around
350 nm) in the spectrum of this blend reflects the growth
of PCBM crystallites as observed by TEM in the previous
paragraph.
Indeed, since the optical spectrometer works in a trans-

mission mode, the dense PCBM crystals give rise to tre-
mendous light scattering. As a result, the total transparent

ARTICLE IN PRESS

Fig. 6. Morphology changes in the active layer of MDMO-PPV:PCBM 1:4 (top) and ‘High Tg PPV’:PCBM 1:4 (bottom) as a result of annealing at 110 1C.
The active layers were annealed at 110 1C for 0, 1, 2, 4, and 16 h yielding formation of large PCBM-clusters for the MDMO-PPV based active layers while
maintaining a more stable morphology for the ‘High Tg PPV’ based active layers (scale bar: 2 mm).
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Fig. 7. Evolution of a P3HT:PCBM (1:1) active layer during an annealing
treatment at 110 1C, (a) after 4 h some PCBM-clusters appear, (b) residual
intensities of the SAED-patterns of the bulk, and (c) P3HT-fibers are
clearly visible after 16 h.

S. Bertho et al. / Solar Energy Materials & Solar Cells 92 (2008) 753–760 757

The active layer based on MDMO-PPV show a rapid formation of PCBM-clusters upon annealing      
 è decrease in the D/A interfacial area. 

INCREASING Tg TO STABILIZE THE MORPHOLOGY 

Tg = 50 °C 

subtracted (under the assumption that the blend in between
the clusters is quasi-amorphous [27]). The residual inten-
sities of the SAED pattern of the non-annealed active layer
show distinct peaks at d-values of 2, 3.1, and 4.6 Å
corresponding to nanocrystalline PCBM [28]. In addition,

for annealing times between 0.5 and 8 h (not all curves are
shown for clarity), some evolution in the intensity can be
seen at 3.8 Å. The peak appearing here can be attributed to
the superposition of the (0 0 2) and (0 2 0) reflections from
the crystal planes of semi-crystalline P3HT [23]. After 16 h
of annealing, the P3HT peak is very pronounced in the
SAED pattern. At the same time, the peaks corresponding
to nanocrystalline PCBM are reducing. At this point,
P3HT has formed fiber-like crystalline structures that can
be seen clearly in a Bright Field TEM image (Fig. 7c). On
the other hand, PCBM is vanishing from the P3HT:PCBM
matrix and gathering in the PCBM-clusters.
It is clear now that in P3HT:PCBM active layers, two

processes take place [29]. One of them, namely the local
crystallization of P3HT into fiber-like structures, leads to
better charge transport, resulting in a higher Isc. The other
process, as in blends with MDMO-PPV, is again the
clustering of PCBM, which at later times results in a de-
crease of Isc mainly due to a lower interfacial area between
P3HT and PCBM.

3.4. Thermal stability reflected in absorption and emission

The better thermal stability of ‘High Tg PPV’ as
compared to MDMO-PPV and P3HT is also confirmed
by optical spectroscopy. Fig. 8 shows the absorption
spectra of MDMO-PPV:PCBM (1:4), ‘High Tg PPV’:PCBM
(1:4), and P3HT:PCBM (1:1) films. An annealing treatment
of 16h at 110 1C results in a quite remarkable change of the
absorption spectrum of the MDMO-PPV:PCBM blend.
The disappearance of the PCBM-absorption (around
350 nm) in the spectrum of this blend reflects the growth
of PCBM crystallites as observed by TEM in the previous
paragraph.
Indeed, since the optical spectrometer works in a trans-

mission mode, the dense PCBM crystals give rise to tre-
mendous light scattering. As a result, the total transparent
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Fig. 6. Morphology changes in the active layer of MDMO-PPV:PCBM 1:4 (top) and ‘High Tg PPV’:PCBM 1:4 (bottom) as a result of annealing at 110 1C.
The active layers were annealed at 110 1C for 0, 1, 2, 4, and 16 h yielding formation of large PCBM-clusters for the MDMO-PPV based active layers while
maintaining a more stable morphology for the ‘High Tg PPV’ based active layers (scale bar: 2 mm).
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Fig. 7. Evolution of a P3HT:PCBM (1:1) active layer during an annealing
treatment at 110 1C, (a) after 4 h some PCBM-clusters appear, (b) residual
intensities of the SAED-patterns of the bulk, and (c) P3HT-fibers are
clearly visible after 16 h.
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The morphology changes are strongly suppressed in the ‘High Tg PPV’ active layers thanks to a 
firmer matrix which restricts the possible migration and segregation of the PCBM molecules  

 è more stable active layer 

to a thermal treatment [17–19]. In particular, the relation
between the morphological instability and the glass
transition temperature of the donor materials is studied
in more detail. We investigated the effect of temperature on
the morphology as well as on the photovoltaic performance
of three polymer:fullerene material systems—the model
systems MDMO-PPV:PCBM and P3HT:PCBM as com-
pared to ‘High Tg PPV’:PCBM, based on a conjugated
polymer with a high glass transition temperature. The
photovoltaic output (i.e. the short circuit current, open
circuit voltage, fill factor, and efficiency) was studied in situ
at various annealing temperatures. Complementary with
this in situ electrical monitoring of the degradation
kinetics, the evolution of the active layer morphology was
studied with transmission electron microscopy (TEM) and
optical and photoluminescence (PL) absorption spectro-
scopy results are discussed.

2. Experimental

Bulk heterojunction solar cells with three different
conjugated polymers (MDMO-PPV(Poly[2-methoxy-5-
(30,70-dimethyloctyloxy)-1,4-phenylene vinylene]) with TgE
50 1C, P3HT(poly(3-hexylthiophene)) with TgE6 1C
[20–23] and ‘High Tg PPV’ with TgE138 1C, all supplied
by Merck) as electron donor materials and PCBM ([6-6]-
phenyl C61 butyric acid methyl ester (Nano-C)) as acceptor
material were made according to the following preparation
guidelines. The devices had an ITO/PEDOT-PSS/polymer:
PCBM/Al structure. Each device had an active area of
25.0mm2. Indium tin oxide (ITO, 100 nm) coated glass
plates were successively cleaned in a soap solution, demi-
neralized water and acetone, each for 10min in an
ultrasonic bath. This was followed by cleaning in boiling
isopropanol for 10min. A 60 nm thick Poly(3,4-ethy-
lenedioxythiophene-polystyrenesulfonate (PEDOT-PSS
(Bayer)) layer was spincoated on the clean glass/ITO
substrates. The substrates were dried for 20min on a
hotplate at 120 1C. The active layer, with thickness of
120 nm, consisting of a blend of polymer and PCBM in
chlorobenzene was spincoated on top of the PEDOT-PSS
layer. The polymer:PCBM ratio for MDMO-PPV, ‘High
Tg PPV’, and P3HT were, respectively, 1:4, 1:4, and 1:1
(these ratios were chosen because they resulted in the best
solar cell performance). The concentrations of the solutions
were, respectively, 0.5, 0.3, and 1.0wt% (weight percentage
of polymer in chlorobenzene solvent) for MDMO-PPV,
‘High Tg PPV’, and P3HT. To obtain complete dissolution
of MDMO-PPV:PCBM and P3HT:PCBM, these solutions
were stirred overnight at 50 1C; the ‘High Tg PPV’:PCBM
solution was stirred for 3 days at 50 1C. The solar cells
were completed by evaporating 80 nm of Al on top of the
active layer.

The current–voltage (IV) characteristics were measured
with an Oriel solar simulator equipped with a xenon short
arc lamp with a power of 150W. The influence of thermal
annealing on the photovoltaic performance was measured

in a set-up that measures IV characterizations at regular
time intervals (illumination with a White 5500K LED
(Lamina)) while the samples were kept under continuous
annealing. In between the measurements, the samples were
kept in the dark.
Values for the glass transition temperature (Tg) of the

‘High Tg PPV’ were determined by UV–Vis spectroscopy.
To this end, an Ocean Optics USB2000 spectrometer with
fiber optics arrangement was used. Samples were prepared
by spincoating the polymer from a 1.0wt% solution in
chlorobenzene onto a quartz substrate. Subsequently, the
substrate was placed in a Linkam TMS94/THMS600
controlled heating/freezing stage, which was positioned in
the optical path of the UV–Vis spectrophotometer. The
sample was then heated from room temperature to 200 1C
(heating rate: 5 1C/min) and subsequently cooled (cooling
rate: 5 1C/min) to room temperature. Each measurement
point was obtained by averaging 500 individual UV–Vis
absorption spectra. The second heating run was used for
the determination of Tg.
The active layer morphology was studied with a

transmission electron microscope (Philips CM12-STEM).
A Varian Cary absorption spectrometer and a Varian Cary
Eclipse fluorometer (excitation wavelength of 485 nm) were
used for the optical absorption and PL measurements,
respectively.

3. Results and discussion

3.1. ‘High Tg PPV’

As described earlier, ‘High Tg PPV’ is characterized by
its rather high glass transition temperature as compared to
MDMO-PPV and P3HT. This means that its blend with
PCBM allows a wide window for investigation of thermal
degradation under elevated temperature conditions. How-
ever, while P3HT and MDMO-PPV are well studied
materials, ‘High Tg PPV’ is not well known, and therefore
requires an appropriate introduction. Fig. 1 shows the
chemical structure of the conjugated polymer that we call
‘High Tg PPV’ for simplicity. The material is a copolymer
designed by Merck. The synthetic route is described
elsewhere by Becker et al. [24].
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Fig. 1. ‘High Tg PPV’: a copolymer designed by Merck with a high glass
transition temperature [24].
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Tg = 138 °C 

Active layer : Polymer + PCBM annealed at 110°C 

Solar Energy Materials & Solar Cells 2008, 92, 753–760 

film area is reduced, explaining the appearance of an
overall background in the spectrum. Only the polymer
regions—essentially PCBM free—contribute to the spec-
trum. The absorption of the ‘High Tg PPV’:PCBM film is
stable during long thermal treatments, which directly
reflects the higher thermal stability of its morphology.

The absorption spectra for the P3HT:PCBM blend
reflect the dual crystallization behavior. For the as-
produced P3HT:PCBM blend the PCBM-absorption is
lower than for the PPV-derivatives because a lower amount
of PCBM is used (a polymer:PCBM ratio of 1:1 instead of
1:4). However, also for this blend, the PCBM-absorption is
reduced upon annealing, indicating the clustering of
PCBM. For this blend, also a redshift for P3HT is
observed, which indicates the ordering of P3HT into the
fiber-like crystalline structures that were visible in the
Bright Field TEM images [30].

An essential step in the PV effect, the electron transfer
from polymer to fullerene, can be monitored by the degree
of PL quenching, which is close to complete in the
unannealed blend films (see Fig. 9, as-produced films). In
the pure MDMO-PPV film, a drastic change in shape and
peak intensity is observed in the first few minutes of the
treatment at 110 1C after which the spectrum remains
unaltered for hours. This initial change is not related to

degradation of the polymer, but should rather be ascribed
to local rearrangements of the polymer chains. (While not
discernable in the figure, the same fast change in shape is
observed upon heating in the blend of MDMO-PPV with
PCBM.) No such initial effect is found in the ‘High Tg

PPV’ film, and only a minor change is observed in both
shape and intensity even after 16 h of annealing at 110 1C.
A thermal treatment of 16 h increases the emission

intensity of each of the blends, pointing to decreasing
charge transfer efficiency. This is much more pronounced
in the blend with MDMO-PPV compared to ‘High Tg

PPV’, which correlates well with the higher stability of the
morphology in the latter. The decrease in charge transfer
efficiency is attributed to the clustering of the PCBM,
reducing the interfacial area between the two components
of the blend. The TEM investigation has clearly demon-
strated the importance of segregation and clustering in
MDMO-PPV:PCBM blends, which is hardly observed for
‘High Tg PPV’:PCBM blends.

4. Conclusion

For the three materials (MDMO-PPV, P3HT, and ‘High
Tg PPV’), a clear correlation between the morphological
evolution of the active layer of solar cells and the

ARTICLE IN PRESS

Fig. 8. UV–VIS absorption spectra of (a) MDMO-PPV:PCBM (1:4), (b) ‘High Tg PPV’:PCBM (1:4), and (c) P3HT:PCBM (1:1) films. Both the spectra of
the as-produced films and after a heat treatment of 16 h at 110 1C are shown.

S. Bertho et al. / Solar Energy Materials & Solar Cells 92 (2008) 753–760758

film area is reduced, explaining the appearance of an
overall background in the spectrum. Only the polymer
regions—essentially PCBM free—contribute to the spec-
trum. The absorption of the ‘High Tg PPV’:PCBM film is
stable during long thermal treatments, which directly
reflects the higher thermal stability of its morphology.

The absorption spectra for the P3HT:PCBM blend
reflect the dual crystallization behavior. For the as-
produced P3HT:PCBM blend the PCBM-absorption is
lower than for the PPV-derivatives because a lower amount
of PCBM is used (a polymer:PCBM ratio of 1:1 instead of
1:4). However, also for this blend, the PCBM-absorption is
reduced upon annealing, indicating the clustering of
PCBM. For this blend, also a redshift for P3HT is
observed, which indicates the ordering of P3HT into the
fiber-like crystalline structures that were visible in the
Bright Field TEM images [30].

An essential step in the PV effect, the electron transfer
from polymer to fullerene, can be monitored by the degree
of PL quenching, which is close to complete in the
unannealed blend films (see Fig. 9, as-produced films). In
the pure MDMO-PPV film, a drastic change in shape and
peak intensity is observed in the first few minutes of the
treatment at 110 1C after which the spectrum remains
unaltered for hours. This initial change is not related to

degradation of the polymer, but should rather be ascribed
to local rearrangements of the polymer chains. (While not
discernable in the figure, the same fast change in shape is
observed upon heating in the blend of MDMO-PPV with
PCBM.) No such initial effect is found in the ‘High Tg

PPV’ film, and only a minor change is observed in both
shape and intensity even after 16 h of annealing at 110 1C.
A thermal treatment of 16 h increases the emission

intensity of each of the blends, pointing to decreasing
charge transfer efficiency. This is much more pronounced
in the blend with MDMO-PPV compared to ‘High Tg

PPV’, which correlates well with the higher stability of the
morphology in the latter. The decrease in charge transfer
efficiency is attributed to the clustering of the PCBM,
reducing the interfacial area between the two components
of the blend. The TEM investigation has clearly demon-
strated the importance of segregation and clustering in
MDMO-PPV:PCBM blends, which is hardly observed for
‘High Tg PPV’:PCBM blends.

4. Conclusion

For the three materials (MDMO-PPV, P3HT, and ‘High
Tg PPV’), a clear correlation between the morphological
evolution of the active layer of solar cells and the
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Fig. 8. UV–VIS absorption spectra of (a) MDMO-PPV:PCBM (1:4), (b) ‘High Tg PPV’:PCBM (1:4), and (c) P3HT:PCBM (1:1) films. Both the spectra of
the as-produced films and after a heat treatment of 16 h at 110 1C are shown.
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PCBM absorption 
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Macromolecules 1995, 11, 2954-2962 
Sol. Ener. Mater.Sol.Cells 2012, 96, 286–291 

Photo-oxidation of P3HT 

Degradation of the backbone: 

we find that some absorbance bands do not belong to P3HT. First, the
absorbance band at 3425 cm!1 is owing to the stretching vibration of
hydroxyl group. Second, the absorbance band at 1732 cm!1 is for the
stretching vibration of carbonyl group. Third, the absorbance band at
1664 cm!1 is for carboxyl group. At last, the absorbance band at
1063 cm!1 is for the stretching vibration of C–O group. These groups
are generated by the oxidization of P3HT during the extraction
described in Section 2.2. Fig. 1 shows that the degree of oxidization
of P3HT is different for these three samples. The degree of oxidization
of sample B is the highest, and the sample C is oxidized more
seriously than sample A. Fig. 2 illustrates that the average molecular
weights (Mw) of A, B and C are 5.3"104, 2.0"104 and 2.5"104,
respectively. The decrease of the average molecular weight is mainly
caused by the chain scission during the process of oxidizing, and the
oxidation of polymer backbone caused a narrow molecular distribu-
tion. This result confirms the former discussion that the order of
degree of oxidization is B4C4A. The proposed oxidation mechan-
ism of P3HT can be summarized as in Scheme 1 [32–34]. The
oxidation mechanism of P3HT includes the oxidation of side chain
and two different types of oxidation of the backbone.

The high-resolution C1s spectra (Fig. 3) of P3HT/TiO2 provide
further insight into the chemical composition of P3HT/TiO2

composites. Gaussian-resolved six peaks have been found at
284.8, 286.0 and 288.7 eV for P3HT/TiO2 composites, which are
assigned to C–C/C–H, C–S/C–O and C¼O, respectively.

The high-resolution O1s spectra (Fig. 4) of P3HT/TiO2 also provide
further insight into the chemical composition of P3HT/TiO2 compo-
sites. Gaussian-resolved peaks have been found at 530.1, 531.3 and
533.6 eV for P3HT/TiO2 composites, which are assigned to Ti–O, C¼O
and C–O, respectively. The area of the decomposed peaks of each
high-resolution O1s spectrum is listed in Table 1. According to
Table 1, A1/(A2þA3) of the three samples are 2.07 for composites
C–A, 0.92 for composites C–B and 2.05 for C–C. We can infer that
P3HT in composites C–B was oxidized deeply than the other and the
degree of oxidation of P3HT in composites C–A is the lowest. It is in
accordance with the FTIR and GPC analysis.

Fig. 5 shows the UV–vis diffuse reflectance spectra of TiO2,
composites C–A, C–B and C–C. TiO2 can only absorb UV light
(lo387 nm) because of its wide band gap (3.2 eV). P3HT/TiO2

composites can absorb both UV light and visible light. Moreover,
there are two absorption bands in UV light zone (from 200 nm to
400 nm) and visible light zone (from 400 nm to 700 nm). The band

from 200 to 400 nm can be assigned to the characteristic absorption
of TiO2 and the P3HT absorption band in the UV light region. The
second band is attributed to the p electron of P3HT transition from
the valence bond to the antibonding polaron state. The absorbency for
P3HT/TiO2 composites decreases in the visible light region, when the
polymer was oxidized. This phenomenon can be accounted for the
reduction in the degree of conjugation of oxidized P3HT.

3.2. Adsorption and photocatalytic degradation of methyl orange

3.2.1. Adsorption of methyl Orange on the surface of P3HT/TiO2

composites in dark
Fig. 6 shows the adsorption ratio of MO and R1, for different

adsorbing time during darkness adsorption. It can be seen that a
negligible adsorption of MO was observed within 60 min in the
presence of pure TiO2 particles. However, the P3HT/TiO2 compo-
sites showed an effect on adsorption capacities. The adsorption
percentages of MO onto the surfaces ofTiO2 and C–C composites
corresponding to the initiative MO were 2% and 41%, respectively.
The adsorption percentages of MO onto the surface of the
composites decreased with the increasing degree of oxidation.
The adsorption equilibrium can be established after 60 min.

The blank experiments showed that no obvious decolouriza-
tion was observed when the MO solution was irradiated by visible
light for 10 h, in the absence of a catalyst, which implies that MO
is stable in visible light. After 60 min of adsorption in the dark, the
visible light was started to irradiate the reactor. Fig. 7 shows the
degradation ratio of MO as a function of irradiation time. From
Fig. 7 it can be seen that only a slight degradation was observed in
the presence of pure TiO2. While P3HT/TiO2 composites show
much higher photocatalytic activities compared to pure TiO2 and
P3HT, the degradation ratio of MO after 10 h of visible light
irradiation in the presence of composites C–C reached 96% in
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degree of oxidation of P3HT in composites C–A is the lowest. It is in
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second band is attributed to the p electron of P3HT transition from
the valence bond to the antibonding polaron state. The absorbency for
P3HT/TiO2 composites decreases in the visible light region, when the
polymer was oxidized. This phenomenon can be accounted for the
reduction in the degree of conjugation of oxidized P3HT.
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adsorbing time during darkness adsorption. It can be seen that a
negligible adsorption of MO was observed within 60 min in the
presence of pure TiO2 particles. However, the P3HT/TiO2 compo-
sites showed an effect on adsorption capacities. The adsorption
percentages of MO onto the surfaces ofTiO2 and C–C composites
corresponding to the initiative MO were 2% and 41%, respectively.
The adsorption percentages of MO onto the surface of the
composites decreased with the increasing degree of oxidation.
The adsorption equilibrium can be established after 60 min.

The blank experiments showed that no obvious decolouriza-
tion was observed when the MO solution was irradiated by visible
light for 10 h, in the absence of a catalyst, which implies that MO
is stable in visible light. After 60 min of adsorption in the dark, the
visible light was started to irradiate the reactor. Fig. 7 shows the
degradation ratio of MO as a function of irradiation time. From
Fig. 7 it can be seen that only a slight degradation was observed in
the presence of pure TiO2. While P3HT/TiO2 composites show
much higher photocatalytic activities compared to pure TiO2 and
P3HT, the degradation ratio of MO after 10 h of visible light
irradiation in the presence of composites C–C reached 96% in

Fig. 2. Molecular weight and molecular weight distribution of P3HT obtained by
extraction with different solvents (A: CH2Cl2, B: THF and C: CHCl3).

Scheme 1. Proposed oxidation mechanism of P3HT. (a: oxidation of side chain,
b and c: two different types of oxidation of the backbone of P3HT).

S. Xu et al. / Solar Energy Materials & Solar Cells 96 (2012) 286–291288

Addition of O2 to thienyl units 

Thiaozonide 
(very unstable) 

we find that some absorbance bands do not belong to P3HT. First, the
absorbance band at 3425 cm!1 is owing to the stretching vibration of
hydroxyl group. Second, the absorbance band at 1732 cm!1 is for the
stretching vibration of carbonyl group. Third, the absorbance band at
1664 cm!1 is for carboxyl group. At last, the absorbance band at
1063 cm!1 is for the stretching vibration of C–O group. These groups
are generated by the oxidization of P3HT during the extraction
described in Section 2.2. Fig. 1 shows that the degree of oxidization
of P3HT is different for these three samples. The degree of oxidization
of sample B is the highest, and the sample C is oxidized more
seriously than sample A. Fig. 2 illustrates that the average molecular
weights (Mw) of A, B and C are 5.3"104, 2.0"104 and 2.5"104,
respectively. The decrease of the average molecular weight is mainly
caused by the chain scission during the process of oxidizing, and the
oxidation of polymer backbone caused a narrow molecular distribu-
tion. This result confirms the former discussion that the order of
degree of oxidization is B4C4A. The proposed oxidation mechan-
ism of P3HT can be summarized as in Scheme 1 [32–34]. The
oxidation mechanism of P3HT includes the oxidation of side chain
and two different types of oxidation of the backbone.

The high-resolution C1s spectra (Fig. 3) of P3HT/TiO2 provide
further insight into the chemical composition of P3HT/TiO2

composites. Gaussian-resolved six peaks have been found at
284.8, 286.0 and 288.7 eV for P3HT/TiO2 composites, which are
assigned to C–C/C–H, C–S/C–O and C¼O, respectively.

The high-resolution O1s spectra (Fig. 4) of P3HT/TiO2 also provide
further insight into the chemical composition of P3HT/TiO2 compo-
sites. Gaussian-resolved peaks have been found at 530.1, 531.3 and
533.6 eV for P3HT/TiO2 composites, which are assigned to Ti–O, C¼O
and C–O, respectively. The area of the decomposed peaks of each
high-resolution O1s spectrum is listed in Table 1. According to
Table 1, A1/(A2þA3) of the three samples are 2.07 for composites
C–A, 0.92 for composites C–B and 2.05 for C–C. We can infer that
P3HT in composites C–B was oxidized deeply than the other and the
degree of oxidation of P3HT in composites C–A is the lowest. It is in
accordance with the FTIR and GPC analysis.

Fig. 5 shows the UV–vis diffuse reflectance spectra of TiO2,
composites C–A, C–B and C–C. TiO2 can only absorb UV light
(lo387 nm) because of its wide band gap (3.2 eV). P3HT/TiO2

composites can absorb both UV light and visible light. Moreover,
there are two absorption bands in UV light zone (from 200 nm to
400 nm) and visible light zone (from 400 nm to 700 nm). The band

from 200 to 400 nm can be assigned to the characteristic absorption
of TiO2 and the P3HT absorption band in the UV light region. The
second band is attributed to the p electron of P3HT transition from
the valence bond to the antibonding polaron state. The absorbency for
P3HT/TiO2 composites decreases in the visible light region, when the
polymer was oxidized. This phenomenon can be accounted for the
reduction in the degree of conjugation of oxidized P3HT.

3.2. Adsorption and photocatalytic degradation of methyl orange

3.2.1. Adsorption of methyl Orange on the surface of P3HT/TiO2

composites in dark
Fig. 6 shows the adsorption ratio of MO and R1, for different

adsorbing time during darkness adsorption. It can be seen that a
negligible adsorption of MO was observed within 60 min in the
presence of pure TiO2 particles. However, the P3HT/TiO2 compo-
sites showed an effect on adsorption capacities. The adsorption
percentages of MO onto the surfaces ofTiO2 and C–C composites
corresponding to the initiative MO were 2% and 41%, respectively.
The adsorption percentages of MO onto the surface of the
composites decreased with the increasing degree of oxidation.
The adsorption equilibrium can be established after 60 min.

The blank experiments showed that no obvious decolouriza-
tion was observed when the MO solution was irradiated by visible
light for 10 h, in the absence of a catalyst, which implies that MO
is stable in visible light. After 60 min of adsorption in the dark, the
visible light was started to irradiate the reactor. Fig. 7 shows the
degradation ratio of MO as a function of irradiation time. From
Fig. 7 it can be seen that only a slight degradation was observed in
the presence of pure TiO2. While P3HT/TiO2 composites show
much higher photocatalytic activities compared to pure TiO2 and
P3HT, the degradation ratio of MO after 10 h of visible light
irradiation in the presence of composites C–C reached 96% in
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Scheme 1. Proposed oxidation mechanism of P3HT. (a: oxidation of side chain,
b and c: two different types of oxidation of the backbone of P3HT).

S. Xu et al. / Solar Energy Materials & Solar Cells 96 (2012) 286–291288

we find that some absorbance bands do not belong to P3HT. First, the
absorbance band at 3425 cm!1 is owing to the stretching vibration of
hydroxyl group. Second, the absorbance band at 1732 cm!1 is for the
stretching vibration of carbonyl group. Third, the absorbance band at
1664 cm!1 is for carboxyl group. At last, the absorbance band at
1063 cm!1 is for the stretching vibration of C–O group. These groups
are generated by the oxidization of P3HT during the extraction
described in Section 2.2. Fig. 1 shows that the degree of oxidization
of P3HT is different for these three samples. The degree of oxidization
of sample B is the highest, and the sample C is oxidized more
seriously than sample A. Fig. 2 illustrates that the average molecular
weights (Mw) of A, B and C are 5.3"104, 2.0"104 and 2.5"104,
respectively. The decrease of the average molecular weight is mainly
caused by the chain scission during the process of oxidizing, and the
oxidation of polymer backbone caused a narrow molecular distribu-
tion. This result confirms the former discussion that the order of
degree of oxidization is B4C4A. The proposed oxidation mechan-
ism of P3HT can be summarized as in Scheme 1 [32–34]. The
oxidation mechanism of P3HT includes the oxidation of side chain
and two different types of oxidation of the backbone.

The high-resolution C1s spectra (Fig. 3) of P3HT/TiO2 provide
further insight into the chemical composition of P3HT/TiO2

composites. Gaussian-resolved six peaks have been found at
284.8, 286.0 and 288.7 eV for P3HT/TiO2 composites, which are
assigned to C–C/C–H, C–S/C–O and C¼O, respectively.

The high-resolution O1s spectra (Fig. 4) of P3HT/TiO2 also provide
further insight into the chemical composition of P3HT/TiO2 compo-
sites. Gaussian-resolved peaks have been found at 530.1, 531.3 and
533.6 eV for P3HT/TiO2 composites, which are assigned to Ti–O, C¼O
and C–O, respectively. The area of the decomposed peaks of each
high-resolution O1s spectrum is listed in Table 1. According to
Table 1, A1/(A2þA3) of the three samples are 2.07 for composites
C–A, 0.92 for composites C–B and 2.05 for C–C. We can infer that
P3HT in composites C–B was oxidized deeply than the other and the
degree of oxidation of P3HT in composites C–A is the lowest. It is in
accordance with the FTIR and GPC analysis.

Fig. 5 shows the UV–vis diffuse reflectance spectra of TiO2,
composites C–A, C–B and C–C. TiO2 can only absorb UV light
(lo387 nm) because of its wide band gap (3.2 eV). P3HT/TiO2

composites can absorb both UV light and visible light. Moreover,
there are two absorption bands in UV light zone (from 200 nm to
400 nm) and visible light zone (from 400 nm to 700 nm). The band

from 200 to 400 nm can be assigned to the characteristic absorption
of TiO2 and the P3HT absorption band in the UV light region. The
second band is attributed to the p electron of P3HT transition from
the valence bond to the antibonding polaron state. The absorbency for
P3HT/TiO2 composites decreases in the visible light region, when the
polymer was oxidized. This phenomenon can be accounted for the
reduction in the degree of conjugation of oxidized P3HT.

3.2. Adsorption and photocatalytic degradation of methyl orange

3.2.1. Adsorption of methyl Orange on the surface of P3HT/TiO2

composites in dark
Fig. 6 shows the adsorption ratio of MO and R1, for different

adsorbing time during darkness adsorption. It can be seen that a
negligible adsorption of MO was observed within 60 min in the
presence of pure TiO2 particles. However, the P3HT/TiO2 compo-
sites showed an effect on adsorption capacities. The adsorption
percentages of MO onto the surfaces ofTiO2 and C–C composites
corresponding to the initiative MO were 2% and 41%, respectively.
The adsorption percentages of MO onto the surface of the
composites decreased with the increasing degree of oxidation.
The adsorption equilibrium can be established after 60 min.

The blank experiments showed that no obvious decolouriza-
tion was observed when the MO solution was irradiated by visible
light for 10 h, in the absence of a catalyst, which implies that MO
is stable in visible light. After 60 min of adsorption in the dark, the
visible light was started to irradiate the reactor. Fig. 7 shows the
degradation ratio of MO as a function of irradiation time. From
Fig. 7 it can be seen that only a slight degradation was observed in
the presence of pure TiO2. While P3HT/TiO2 composites show
much higher photocatalytic activities compared to pure TiO2 and
P3HT, the degradation ratio of MO after 10 h of visible light
irradiation in the presence of composites C–C reached 96% in

Fig. 2. Molecular weight and molecular weight distribution of P3HT obtained by
extraction with different solvents (A: CH2Cl2, B: THF and C: CHCl3).

Scheme 1. Proposed oxidation mechanism of P3HT. (a: oxidation of side chain,
b and c: two different types of oxidation of the backbone of P3HT).
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hydrogens, indica t ing tha t the a lkyl cha ins are st ill
intact . The mass analysis gives a peak at m /e 432, while
the UV spect rum shows an absorpt ion band a t 390 nm
consistent with a subst ituted ter thiophene (which shows
a maximum at 360 nm). These findings br ing us to
st ructure 2 in Figure 3 as the most probable for our
compound.
As far as the mechanism is concerned, we suggest that

in the solid state singlet oxygen may add to the extended
 system of the polymer and the products we isola te
come from the compet it ion between a 1-2 and 1-3
addit ion (Scheme 2). Subsequent fragmenta t ions of
these in termedia tes will genera te our products. The
radica l produced in these react ions may give r ise to
recombinat ion or at tack to other chains forming complex
der iva t ives. Indeed t rea tment of the ir radia ted pla tes
with CHCl3 (a solvent in which the or igina l polymer is
soluble) shows the presence of insoluble mater ia l,
indica t ing tha t more complex polymer systems are
present .
Photostabilization w ith Additive s . The natura l

followup to our study of the photoreact ions occur r ing
a t the polyenic cha in was to a t tempt to ident ify sub-
stances able to slow, if not to block completely, the
var ia t ion of the elect ron ic spect ra of ir radia ted poly(3-
butylth iophene). Since in the litera ture, compounds
tha t are normally used against oxida t ion were repor ted
to have unsa t isfactory effect s,19 we decided to invest i-
ga te substances tha t were not used unt il now. N -
Hexadecyl-N -methylaniline (HMA) and 1-phenyldodecan-
1-one (PDK, Figure 4) were chosen because the former
may react with oxygen, while the lat ter may absorb light
and develop it s own photochemist ry.
The addit ive (HMA or PDK) was dissolved in a

solu t ion of PBT in chloroform, and the mixture was
deposited on Pyrex glass by spin coa t ing. Photoir ra -
dia t ion of the samples conta in ing the addit ive was
per formed in a ir a tmosphere, and the process was
followed with UV spect roscopy monitor ing the sh ift of
the PBT band. The plots in Figures 5 and 6 show the
effect of the addit ion of HMA and PDK, revea ling
st r iking differences between the two substances at least
with wavelengths, concent ra t ions, and t ime of ir radia -

t ion used. While the protect ion by HMA depends on
its concentra t ion , the one of PDK seems ra ther insensi-
t ive to tha t parameter and in any case appears to give
bet ter resu lt s.
To understand the mechanism of photostabiliza t ion

of the addit ives and their difference as photoprotectors,
we have studied the excited sta te of both the polymer
and the addit ives, and we tr ied as well to isolate possible
degrada t ion products formed dur ing photoir radia t ion .
The emission spect ra of both polymer and addit ives

a llowed to determine the energies of their excited sta tes(19) Ljunqvist , N.; Hjer tberg, T. Macrom olecules 1995, 28, 5993.

Scheme 2

Figure 4.

Figure 5. Absorbance difference vs ir radia t ion t ime of
P3-BT under a ir in the presence of N -hexadecyl-N -methyl-
an iline (HMA).

Figure 6. Absorbance difference vs ir radia t ion t ime of
P3-BT under a ir in the presence of 1-phenyldodecan-1-one
(PDK).
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sible mechanism of photooxidat ion is an energy transfer
from the excited polymer to oxygen , forming singlet
oxygen that in turn will react with the conjugated chain.
This sta tement is in accordance with a recent repor t by
Heeger et a l.,17 which confirmed the existence of the
intersystem crossing in poly(3-octylthiophene); thus, this
t r iplet sta te can t ransfer energy to oxygen forming
singlet oxygen .
Recen t ly the photodegrada t ion of poly(3-a lkylth io-

phenes) in solut ion has been studied by Holdcroft et a l.12
A degrada t ion mechanism was infer red, and some oxi-
da t ion products were proposed based main ly on FT-IR
spect ra of the ir radia ted solu t ions (Scheme 1). In the
present invest iga t ion , a differen t approach was used
since in the solid sta te the photodegrada t ion of these
mater ia ls may produce low molecula r weight species
that can be easily isola ted and studied in order to clar ify
the mechanism of the process which may in pr inciple
be differen t than in solu t ion . Because genera lly low
molecula r weight species have a bet ter solubility in

organic solvents, we have t rea ted the ir radia ted films
of poly(3-butylth iophene) with hexane to ext ract the
soluble species presen t in the samples. A chromato-
graphic separa t ion a llowed us to isola te small amounts
of two low molecula r weight compounds.
The first molecule was ident ified as the thioanhydride

1 in Figure 3 from vibra t iona l and elect ron ic spect ra
and from mass ana lysis. The FTIR spect rum shows a
ser ies of bands (2960, 2924, and 2852 cm-1) typica l of
the a lipha t ic st retch ing and simila r to those of the
sta r t ing monomer . Another band, absent in the spec-
t rum of the or igina l polymer a t 1725 cm-1, can be
a t t r ibu ted to the CO st retch ing. The UV spect rum
shows an absorpt ion a t 324 nm. These spect roscopica l
da ta are consisten t with the character iza t ion of the
unsubst ituted thioanhydride reported in the litera ture18
for which the IR spect rum shows a band a t 1730 cm-1

and the UV absorpt ion maximum is a t 318 nm. The
mass spect rum of the product shows a 141 m /e peak
cor responding to the highest mass fragment , bu t th is
peak cannot be in terpreted as the molecula r ion . It is
notewor thy tha t the mass spect rum of the 3-bu tyl-
th iophene monomer shows tha t the molecula r mass
peak is genera lly not detected, but only the fragment
cor responding to the loss of the ethyl group is presen t .
If we assume tha t a simila r ethyl group loss from the
molecula r mass a lso occur red in our product , the tota l
mass should amount to 170.
The second compound, tha t was obta ined in higher

amounts, shows in the FTIR spect rum a ser ies of bands
(2960, 2924, 2852 cm-1) typica l of the a liphat ic st retch-
ing and simila r to those of the sta r t ing polymer , while
an addit iona l weak band, absent in the spect rum of the
or igina l polymer , a t 1732 cm-1 can be a t t r ibu ted to the
CdO stretch ing. The 1H NMR spect rum shows the
aliphat ic peaks in the ranges 0.8-1.0, 1.2-1.7, and 2.4-
2.9 ‰ and the th iophene hydrogens in the range 6.7-
7.5 ‰ but does not show the presence of vinyl or a llyl

(17) Kraabes, B.; Moses, D.; Heeger , A. J . J . Chem . Phys. 1995, 103,
5102.

(18) Mor tensen , J . Z.; Lawesson , S. O. Acta Chem . S cand. 1968,
22, 1056.

Figure 2. Absorbance difference vs ir radia t ion t ime of
P3-BT under n it rogen , a ir , or oxygen .

Scheme 1

Figure 3. Structure of the products isola ted after the pho-
tolysis of P3-BT under a ir .
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sible mechanism of photooxidat ion is an energy transfer
from the excited polymer to oxygen , forming singlet
oxygen that in turn will react with the conjugated chain.
This sta tement is in accordance with a recent repor t by
Heeger et a l.,17 which confirmed the existence of the
intersystem crossing in poly(3-octylthiophene); thus, this
t r iplet sta te can t ransfer energy to oxygen forming
singlet oxygen .
Recen t ly the photodegrada t ion of poly(3-a lkylth io-

phenes) in solut ion has been studied by Holdcroft et a l.12
A degrada t ion mechanism was infer red, and some oxi-
da t ion products were proposed based main ly on FT-IR
spect ra of the ir radia ted solu t ions (Scheme 1). In the
present invest iga t ion , a differen t approach was used
since in the solid sta te the photodegrada t ion of these
mater ia ls may produce low molecula r weight species
that can be easily isola ted and studied in order to clar ify
the mechanism of the process which may in pr inciple
be differen t than in solu t ion . Because genera lly low
molecula r weight species have a bet ter solubility in

organic solvents, we have t rea ted the ir radia ted films
of poly(3-butylth iophene) with hexane to ext ract the
soluble species presen t in the samples. A chromato-
graphic separa t ion a llowed us to isola te small amounts
of two low molecula r weight compounds.
The first molecule was ident ified as the thioanhydride

1 in Figure 3 from vibra t iona l and elect ron ic spect ra
and from mass ana lysis. The FTIR spect rum shows a
ser ies of bands (2960, 2924, and 2852 cm-1) typica l of
the a lipha t ic st retch ing and simila r to those of the
sta r t ing monomer . Another band, absent in the spec-
t rum of the or igina l polymer a t 1725 cm-1, can be
a t t r ibu ted to the CO st retch ing. The UV spect rum
shows an absorpt ion a t 324 nm. These spect roscopica l
da ta are consisten t with the character iza t ion of the
unsubst ituted thioanhydride reported in the litera ture18
for which the IR spect rum shows a band a t 1730 cm-1

and the UV absorpt ion maximum is a t 318 nm. The
mass spect rum of the product shows a 141 m /e peak
cor responding to the highest mass fragment , bu t th is
peak cannot be in terpreted as the molecula r ion . It is
notewor thy tha t the mass spect rum of the 3-bu tyl-
th iophene monomer shows tha t the molecula r mass
peak is genera lly not detected, but only the fragment
cor responding to the loss of the ethyl group is presen t .
If we assume tha t a simila r ethyl group loss from the
molecula r mass a lso occur red in our product , the tota l
mass should amount to 170.
The second compound, tha t was obta ined in higher

amounts, shows in the FTIR spect rum a ser ies of bands
(2960, 2924, 2852 cm-1) typica l of the a liphat ic st retch-
ing and simila r to those of the sta r t ing polymer , while
an addit iona l weak band, absent in the spect rum of the
or igina l polymer , a t 1732 cm-1 can be a t t r ibu ted to the
CdO stretch ing. The 1H NMR spect rum shows the
aliphat ic peaks in the ranges 0.8-1.0, 1.2-1.7, and 2.4-
2.9 ‰ and the th iophene hydrogens in the range 6.7-
7.5 ‰ but does not show the presence of vinyl or a llyl

(17) Kraabes, B.; Moses, D.; Heeger , A. J . J . Chem . Phys. 1995, 103,
5102.

(18) Mor tensen , J . Z.; Lawesson , S. O. Acta Chem . S cand. 1968,
22, 1056.

Figure 2. Absorbance difference vs ir radia t ion t ime of
P3-BT under n it rogen , a ir , or oxygen .

Scheme 1

Figure 3. Structure of the products isola ted after the pho-
tolysis of P3-BT under a ir .
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Formation of volatile molecules 
è Collapse of the active layer 

irradiation from a solar simulator of intensity 100 mW/cm2 for 2 h
and by further exposure for 16 h.

3. Results and discussion

3.1. UV–visible absorbance measurement

Fig. 3(a) shows the time profile of UV–visible absorbance of
P3HT film when irradiated with 100 mW/cm2 light intensity at
ambient air. Pure P3HT film shows a broad absorption band
indicative of an extensive π-electron delocalization. The film
shows a peak at 517 nm and two shoulders at 550 nm and
600 nm. The UV–visible absorbance has contributions from both
inter-chain and intra-chain states, with the lowest energy feature

in the π–π∗ region of the absorption spectrum at about 600 nm
being associated with an inter-chain absorption of the regioregular
P3HT film [21,22]. When P3HT film is exposed to the irradiating
light at ambient air, the intensity of the peak at 517 nm and the
two shoulders decreases continuously, which is indicative of
photodegradation of the polymer due to exposure to air and light.
Tromholt et al. showed that UV–visible absorbance measurement
at different time gives valuable information on the stability of
polymers [23].

In order to identify the effect of different fullerenes on the
photobleaching of P3HT, films of P3HT:ICBA and P3HT:PCBM were
aged by light illumination at 100 mW/cm2 at ambient air and their
absorption spectra were measured at different times. Fig. 3(b) and
(c) shows the time evolution of P3HT:ICBA and P3HT:PCBM film
absorption when the films are irradiated for different times in
ambient air condition. Absorbance of P3HT:ICBA and P3HT:PCBM
film decreases with irradiation time at ambient air and this
indicates the poor light stability of the P3HT even in the presence
of the fullerene. However, the comparison of Fig. 3(a) with (b) and
(c) reveals that fullerenes stabilize the P3HT slowing down its
photodegradation. This effect is more pronounced in the case of
PCBM rather than ICBA blended to P3HT.

Fig. 4 shows the absorbance of P3HT, P3HT:ICBA and P3HT:
PCBM film normalized to their initial value as a function of
irradiation time in ambient air. As shown in Fig. 4, the intensity
of the absorption band at 517 nm of P3HT film decreases con-
tinuously. For P3HT mixed with either ICBA or PCBM, the intensity
of the absorption band at 490 nm for P3HT:ICBA and 505 nm for
P3HT:PCBM films decrease more slowly compared to pure P3HT
film. Simple inspection of Fig. 4 shows that P3HT mixed with ICBA
or PCBM has improved air stability relative to the pure film
of P3HT.

Studying the P3HT products of photodegradation in ambient air
by IR and UV spectroscopy, Manceau et al. clearly demonstrated
that P3HT oxidation involves the radical oxidation of the n-hexyl
side chains and the subsequent degradation of the thiophene rings
[24]. As stated by the authors carbon atom at α-position to the
thiophene ring is the preferential site for a radical attack. Breaking
of thiophene ring results in a loss of π-conjugation and bleaching
of P3HT film with the lowering of UV–visible absorbance.

Hoke et al. experimentally showed that photoexcited electrons
on the polymer and fullerene have contribution for the photode-
gradation of polymer [19]. According to the proposed mechanism,
photogenerated electrons on the polymer or fullerene can be
transferred to diatomic oxygen forming the superoxide radical
anion, O2

! , which initiates the degradation of the polymer. Hoke

Fig. 3. Change in the UV–visible absorbance of (a) P3HT, (b) P3HT:ICBA and
(c) P3HT:PCBM film when irradiated at ambient air with 100 mW/cm2 light at
different time.

Fig. 4. Normalized UV–visible absorbance of P3HT (at 517 nm), P3HT:ICBA
(at 490 nm) and P3HT:PCBM (at 505 nm) film as a function of irradiation
(100 mW/cm2 light) time at ambient air.
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Photochemistry of PPVs: photo-oxidation 

- Photoexcited polymer transfers energy to O2 
 
 
- Singlet oxygen reacts with the vynilene group  

 
è  Formation of an intermediate product 
that breaks down by chain scission: 

Jensen [55] have studied the photo-oxidation of a series of
OPVs and also some poly-(phenylene acetylenes) (PPAs)
with infrared reflection absorption spectroscopy (IRAS). A
film of the polymer (e.g. MEH-PPV) on aluminum was
irradiated with an argon ion laser (514 nm) with an
intensity of 10mWcm!2 and IRAS spectra were taken at
intervals up to 9 h. The IR bands corresponding to the
different groups in the polymer and the photooxidized
product were identified.

The most obvious change was the appearance of a broad
carbonyl peak centered around 1740 cm!1 while peaks due
to the vinylene group 969 cm!1 diminished simultaneously.
The relative reactivities of three different OPVs were
measured and it was found that MEH-PPV-CN and
PPV-DP (see Fig. 6) was 76% and 45% less reactive
towards singlet oxygen than MEH-PPV itself. Bianchi et al.
[56] used elipsometry to investigate the photo-oxidation
of MDMO-PPV films and the measured complex di-
electric function e* (E) and complex refractive index
n*(E) as a function of exposure to white light radiation
(100mWcm!2). The results showed that the vinylene
groups were oxidized to carbonyl groups.

Neugebauer et al. [57,58] investigated the photochemical
degradation using Fourier transform infrared spectroscopy
(FTIR). The area under the IR bands at 1182 cm!1 (C60),
1506 cm!1 (MDMO-PPV) was measured as a function of
time while the sample film was illuminated with an argon
laser (488 nm, 30mWcm!2). A much faster decay of the
MDMO-PPV component was observed reaching a plateau
after about 3 h. When ambient air was substituted with
argon no significant reduction in the IR bands were
observed over 8 h. The authors concluded that the stability
of the polymer part of the solar cell needed to be improved
and that protective technologies such as additives and/or
protective layers could be used. Padinger et al. [59] also
studied the degradation of a bulk heterojunction MDMO-
PPV/PCBM cell. The output current of the solar cell either
in the dark or under white light illumination (80mWcm!2)
and protected by inert gas was measured as a function
of time.
A very rapid decay was observed for the cell under

illumination as might be expected from previous work. The
decay of the cell kept in the dark between measurements
was also significant however and this decay was enhanced

ARTICLE IN PRESS

O O
+
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+

Fig. 5. Initial reaction of a PPV polymer with singlet oxygen. Singlet oxygen adds to the vinylene bond forming an intermediate dioxetane followed by
chain scission. The aldehyde products shown can react further with oxygen.

Table 1
Relative rates of singlet oxygen degradation constants for substituted oligo-phenylene-vinylenes and a PPV [54]

O

O

R

R n

BCHA-PPV
R=5,6-dihydroxycholestanyl-

R

R

EE-OCH3   R=OCH3
EE-CH3       R=CH3
E E -CN R=CN

NC

CN

EE-vCN

Molecule kdeg (rel)

BCHA-PPV 8.0
EE-OCH3 0.57
EE-CH3 0.52
EE-CN 0.16
EE-vCN 0.01

M. Jørgensen et al. / Solar Energy Materials & Solar Cells 92 (2008) 686–714 691

Characterization by IR spectroscopy: simultaneous 
diminution of the peaks due to the vynilene groups and 
appearence of a broad carbonyl peak 

Starting polymer Photooxidized products 

Fragmentation of the conjugated backbone: 

1306 K. Norrman et al.

of illumination (the information depth is ¾1 nm). The
absence of peaks above m/z ¾200 for the illuminated
sample (Fig. 3(B)) suggests that there are no intermediate
degradation products above ¾200 g mol"1 (assuming that
all types of intermediate degradation products produce
molecular ions), which implies that 20 h of simulated
sunlight is extensive. However, the XPS results suggest that
the photooxodation has not reached its maximum at 20 h.

Just as the absence of peaks in the mass spectrum
provides information on the degradation of compound
1, the appearance of new peaks can also provide useful
information. Figure 4 shows the mass spectrum for the
illuminated sample in the mass range between m/z 50 and
m/z 170. Some of the peaks that have appeared as a result
of illumination are marked by numbers. By a combination
of exact mass determination and the isotopic distribution,
it is possible to elucidate the elemental composition of the
fragment ions observed in the illuminated samples. From the
elemental compositions, it is possible to provide reasonable
suggestions for the origins of the observed fragment
ions relative to molecule 1, which, in turn, will provide
information on the chemical degradation mechanisms. On
the basis of the mass spectrum in Fig. 3(B), the abundant
fragment ions were identified and the origins relative to
molecule 1 are proposed in Scheme 3 (fragment ions 9 and
10 were not observed, which is explained in a subsequent
section).

It should be emphasised that there is no reason to assume
that the fragment ions in Scheme 3 have the indicated
structures in the gas phase of the mass spectrometer. The
structures have been drawn only to clarify from where in
molecule 1 the fragment ions could possibly originate.

On the basis of the observed fragment ions for the illu-
minated sample, it is proposed that the photooxidation
takes place primarily at the vinylene groups. Photooxida-
tion of conjugated materials is well documented in the
literature.23 – 31 The fact that so many fragment ions are
observed with presumably intact aromatic rings is consis-
tent with the XPS results that show that 45% of the carbon is
aromatic after 20 h of illumination. Furthermore, no fragment
ions containing two or more benzene rings are observed after
20 h. For example, 9 and 10 (Scheme 3) were not observed

Figure 4. TOF-SIMS spectrum of the sample that was
illuminated for 20 h in the mass range between m/z 50 and
m/z 170. Relevant peaks have been labelled with a number
that relates to subsequent schemes and figures.

and can be regarded as intermediate photoinduced degrada-
tion products if it is assumed that 9 and 10 are not fragment
ions of larger photoinduced degradation products.

The various fragment ions have different degrees of
specificity with regard to reaction channels, i.e. chemical
degradation mechanisms. For example, 4 (Scheme 3) can only
be formed from one reaction channel, i.e. from the chlorine
end-group of 1. In the same way, component 8 (Scheme 3) can
only be formed from the nitrogen end-group of 1. Fragment
ion 5 (Scheme 3) can be formed from three reaction channels.
Fragment 7 (Scheme 3), being the most abundant ion above
m/z ¾100 has three obvious reaction channels but can, in
principle, additionally be formed from 5 (Scheme 3) since the
only difference between 5 and 7 is an oxygen. Fragment ion
6 (Scheme 3) has a low specificity, i.e. it can originate from
various parts of 1. Large fragment ions have few (or one)
reaction channels, and most small fragment ions have many
possible reaction channels, i.e. low specificity. For example,
small hydrocarbon fragment ions with only a few carbons
can originate from basically anywhere in 1, i.e. low specificity
and hence a low degree of information.
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Scheme 3. Proposed origins of observed abundant fragment ions (4–8) in the sample that was illuminated for 20 h. The fragment
ions marked with 9 and 10 were not observed for the 20 h sample, but corresponded to intermediate degradation products (explained
in detail in the text).
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- Identification of the fragments by mass spectrometry 
- Fragmentation of the whole polymer chains in small photo-oxidation products 

MDMP-PPV 
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greatly when the cell was kept at an elevated temperature
of 57 1C. The underlying mechanisms for the degradation
were not discussed in this paper, but the rapid degradation
in the dark indicates that photo-oxidation is only one of
several decay mechanisms and other mechanisms such as
addition of aluminum to double bonds followed by
reaction with water are equally likely. Chambon et al.
[60,61] have used a combination of IR and UV techniques
to elucidate the degradation mechanisms of the MDMO-
PPV polymer. According to these investigations, oxidation
of the ether side chains may predominate over direct attack
of oxygen on the double bonds in the presence of large
amounts of PCBM that efficiently quench the excited state
whereby sensitization of singlet oxygen is suppressed. The
carbon atom next to the ether oxygen of the side chain is

especially susceptible to radical initiated oxidation as
shown in Fig. 7. The specific degradation of the side
groups could be followed by observing the IR band at
1352 cm!1 ascribed to the ether linkage. In the presence of
oxygen, this band disappeared over a 100 h irradiation
time. When PCBM was present however, this degradation
was retarded by a factor of ten. It was concluded that
PCBM protects MDMO-PPV by acting as a radical
scavenger. If oxygen was excluded from the experiments
a far more dramatic decrease in the rate of degradation of a
factor of 1000 was observed. The authors proposed that the
loss of photovoltaic properties were due to other degrada-
tion processes such as morphology changes or degradation
at the interfaces.
Alstrup and Norman [62,63] studied photo-oxidation of

a PPV oligomer as shown in Fig. 8 that was used as the
active material in an OPV device. The molecule was
equipped with end-groups that facilitate a mass spectro-
metric analysis (TOF-SIMS). The authors found the
vinylene groups to be especially susceptible to photo-
oxidation in agreement with what is described in the
literature and discussed previously in this section. The
unique part of the experiment was that it was possible to
monitor the reaction/degradation of specific bonds in the
molecule as a function of time. Fig. 9 demonstrates this for
selected specific degradation processes. The implications of
this finding is that the history of the cell or the age of the
cell may determine which degradation processes that are
taking place or dominate in the cell at any given time. The
degradation mechanisms that are important for the
degradation of the solar cell performance when the cell is
freshly prepared may thus not take place at a later stage
where other processes that were not preponderant in the
beginning take over.
The reaction of P3HT with oxygen has not been

investigated in any detail yet. It is known however, that
poly(3-alkylthiophenes) form charge transfer complexes
with oxygen shown in Fig. 10 [64]. The resulting cation and
anion radical species can be detected by electron spin
resonance and represents a doping of the polymer. It was
found that a sample under vacuum contained
5.4" 1017 spins g!1 (electrons). In oxygen (1 atm), the spin
density increased more than ten-fold to 7.1" 1018 spins g!1.
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MDMO-PPV 
Oxidation of the 
ether side chains 

- When MDMO-PPV + C60: degradation was retarded 
by a factor of 10:  

 C60 acts as a radical scavenger 
 
- In absence of O2, degradation 1000 times slower   

Radical-initiated oxidation (R
.
)  

Fragmentation of the ether side chains: 

Photochemistry of PPVs: photo-oxidation 

J. Polym. Sci A Polym. Chem. 2007, 45, 317 – 331 
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Fullerenes as acceptors : PC60BM  

8

St
ru

ct
ur

e 
de

s 
Fu

lle
rè

ne
s

Rè
gl
e 
d’
EU

LE
R 
su
r l
es
 p
ol
yè
dr
es
 :

Q
ue

lq
ue

 so
it 
le
 fu

lle
rè
ne

 C
2n
, i
l s
er
a 
co
m
po

sé
 d
e 
:  

(2
n 
–
20

)
2

he
xa
go

ne
s

+ 
   
12

   
   
   
 p
en

ta
go

ne
s

C 6
0

C 2
0

C 5
40

Fullerene C60 

7

-S
ym

ét
ri

e I
h

-2
0 

he
xa

go
ne

s e
t 1

2 
pe

nt
ag

on
es

-L
ia

iso
n 

[5
,6

] =
 1

,4
5 

Å
-L

ia
iso

n 
[6

,6
] =

 1
,3

8 
Å

St
ru
ct
ur
e 
du

 C
60

D
ès

19
70
,E

iji
O
SA

W
A
av
ai
té
m
is
l’h
yp
ot
hè
se

qu
’u
ne

m
ol
éc
ul
e

en
fo
rm
e
de

ba
llo
n
de

fo
ot
ba
ll
po
uv
ai
te
xi
ste
r

« footbalene » 

Discovered in 1985 (Nature 1985, 318, 162-163)  
Nobel Prize to H. Kroto, R. Smalley, R. Curl in 1996 

Advantages:  
- Surface energy compatible with those of polymer 

- High electron mobility (up to 1 cm2/V.s, long exciton diffusion length ≈ 40 nm) 
- Large electron affinity : LUMO: -3.7/-4.3 eV:  
- Well soluble in organic solvents 
- Size of domaines D/A similar to exciton diffusion length 
- Isotropic Charge transport: 3D compatible with polymers 
- Good thermal stability (> 250°C) 
- 5000 $/g in 1990; 120$/g in 2017 !!! Industrially used 
 Drawbacks: 

- No green synthesis 
- Aggregation in operating conditions 
- Limited tunability of the energy levels 
- Low visible absorption 
- Photo-oxidation was evidenced: 
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« polymer/fullerene blend » 

LUMO

HOMO

Photo-oxidation products

Xiao et al. JACS 2007, DOI: 10.1021/ja0763798
Matsuo et al. Chem Comm 2012, DOI: 10.1039/c2cc30262dEpoxide

Di-carbonyl

Beth Rice

23

J. Am. Chem. Soc. 2007,129, 16149-16162 
Chem. Commun. 2012, 48, 3878-3880 
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Xiao et al. JACS 2007, DOI: 10.1021/ja0763798
Matsuo et al. Chem Comm 2012, DOI: 10.1039/c2cc30262dEpoxide

Di-carbonyl

Beth Rice
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P3HT PC60BM  

O2 can favor recombination 
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[60]PCBM

Limitation : Un niveau relativement bas de la LUMO du PCBM limite le Voc

F. Wudl and coll. J. Mater. Chem. 2010, 20, 2934

HOMO(D)
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HOMO[60]PCBM
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PC60BM et PC70BM

- Limitation de la Voc :
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C60

Increasing of
solubility

OCH3

O

[60]PCBM

F. Wudl and coll.,
J. Org. Chem., 1995, 60, 532

OCH3

O

OCH3
O

H3CO

O

[70]PCBM

isomer (85%) isomer (15%)

Increasing of
absorption

Désavantages du PC60BM

- Faible absorption dans le visible du PC60BM:

Développement du PC70BM

è PC61BM replaced by PC71BM 

PC70BM 

- PC70BM most absorbant in the visible range 
 

- Better photochemical stability 

But… 

As for PC60BM, the low-lying LUMO 
level limits the VOC 

J. Mater. Chem. 2010, 20, 2934 

PC70BM is expensive (> 600 €/g) and no-green synthesis 

Gaël ZUCCHI, Masters REST & STEEM – 2017/2018 



Photo-oxidation of PEDOT:PSS 

Also, PEDOT:PSS is very acidic (pH = 1-3) 
  
 è Corrosion of the adjacent metallic electrode (with water)   
 è Etching of ITO  

 
PEDOT:PSS  is  found  as  one  of  the  main  sources  of  device  degradation 

Poly(3,4-ethylenedioxythiophene)    polystyrene    sulfonate (PEDOT:PSS) : smoothes the electrode surface and 
acts as a hole transporting layer 

Nature Commun. 2016, 7, 11287 

M ixed electronic/ionic transport in conducting polymers
(CPs) is attracting a great deal of attention due to a host
of new devices that leverage the coupling of these

carriers to enable new modes of operation. One example is the
organic electrochemical transistor (OECT), which consists of a
CP layer in which ions injected from an electrolyte modify hole
conductivity. Owing to their high transconductance1,
these devices have been shown to be efficient transducers of
biological activity, with applications ranging from neural
interfacing2,3 to biosensing4. The inverse mode of operation,
where a CP film injects ions into an electrolyte, has been used for
drug delivery with exceptional spatio-temporal control5,6.
In addition to applications in bioelectronics, OECTs are
being developed for printed electronics7,8, and more recently,
neuroinspired electronics9–11. Mixed transport in CPs is
also leveraged in energy applications including batteries/
supercapacitors12, electrochromic windows13 and in electro-
mechanical actuators for soft robotics14,15. Despite the many
opportunities enabled by mixed conduction in CPs, the lack of
fundamental understanding of combined ionic/electronic
transport and its connection to morphology hinders rational
materials and device design.

A prototypical CP used in many mixed conductor devices is
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfo-
nate); (PEDOT:PSS). This material has attracted interest for its
high hole conductivity (41,000 S cm! 1), high stability and for its
commercial availability as a dispersion for solution processing16.
PEDOT:PSS dispersions are typically described as being
composed of gel-like particles comprising a polyanion (PSS! )-
rich shell which helps to stabilize the PEDOT-enriched particles
in aqueous solvents17,18. PEDOT oligomers are believed to
polymerize onto the PSS template (Fig. 1a), meaning that PEDOT
itself is inherently ill-characterized as far as molecular weight and
polydispersity. The gel particles (Fig. 1b) deposit in what has been
described as a pancake-like morphology19–21, and show signs of
p-stacking22–25 (Fig. 1c,d). PEDOT:PSS structure has been
intensely studied by a variety of techniques including electron
microscopy, X-ray scattering, elemental and surface-sensitive
scanning probes17,22–26, largely with the goal of understanding
and enhancing hole transport to make better electrodes for
optoelectronic devices. Changes in formulation content,
processing or post-processing have been shown to lead to
enhancements in hole conductivity by inducing morphological
re-arrangements, minimizing excess dopant phase (that is,
insulating PSS) or both. A thorough review of the methods and
suggested mechanisms to enhance conductivity can be found
in ref. 27.

Ion transport in PEDOT:PSS (and in CPs, in general) has been
explored only on a limited basis. The presence of electronic
carriers in the film renders most techniques used to study ion
conduction inutile. Nevertheless, the electrochromic nature of
PEDOT:PSS, which gives rise to changes in film absorption on
electrochemical (de)doping, allows us to follow ion motion in the
film28–30, and to extract ion-drift mobility31. Similar to ion-
exchange membranes such as Nafion32, hydration of PEDOT:PSS
was found to establish ion-transport pathways, leading to a
high ion mobility31. The nature of these ion pathways and
their connection to film structure and morphology is not well-
understood. Moreover, unlike the case of hole transport, attempts
to modify the structure of PEDOT:PSS in a systematic manner
and to monitor the effect on ion transport are lacking. It is
important, for example, to deduce if hole and ion transport can be
improved simultaneously, and, if not, whether an optimal
morphology exists wherein device performance is maximized.
This calls for a comprehensive study where both ion and hole
transport are measured in films processed to have different
structure and morphology. Thorough quantification of the latter
is particularly important, as there have been differing reports on
the influence of the same additive on film morphology24,25. This
is a challenging proposition, as PEDOT and PSS have similar
densities and bonding environments (limiting X-ray scattering
contrast), and are disordered on multiple length scales.

Here, we investigate the microstructure and morphology of
PEDOT:PSS films modified with varying amounts of co-solvent
dispersion additive, ethylene glycol (EG), and relate these findings
to measurements of electronic and ionic transport. To overcome
the low contrast and a relatively disordered film microstructure,
we use Synchrotron radiation and resonant soft X-ray scattering
(rSoXS) and investigate the multi-scale microstructure of
PEDOT:PSS films. The combined use of carbon-edge X-ray
scattering and spectroscopy allows the deduction of the absolute
nano-scale domain composition of the films. We find that the
PEDOT:PSS-rich cores and PSS-rich matrix are surprisingly
impure even with a large dispersion content of EG, but that the
co-solvent enhances film heterogeneity. We then investigate both
ionic and electronic (hole) transport in the same formulations.
Ionic transport is probed using a spectroscopic analysis of the
electrochromic moving front, revealing an ion motion heavily
affected by the meso-scale domain size and composition. We find
that ion and hole transport are oppositely affected by the addition
of EG—a finding that is corroborated by the structural work
herein. We show that this suggests an optimal morphology exists,
enabling enhanced ionic mobility and hole conductivity, and
leading to improved transconductance in OECTs. Therefore, this
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Figure 1 | PEDOT:PSS structure and morphology. The chemical structure of PEDOT:PSS and commonly described microstructure of the CP system
(a) synthesis onto PSS template, (b) formation of colloidal gel particles in dispersion and (c) resulting film with PEDOT:PSS-rich (blue) and PSS-rich (grey)
phases. (d) Aggregates/crystallites support enhanced electronic transport.
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Aggregates/crystallites : 
enhanced electronic transport 

Oxidative degradation of PSS in PEDOT:PSS. 

This polymer was originally synthesized by Liu et al.
[116] to act as an interface layer between the TiO2 elec-
trode and P3HT in a hybrid cell. Later it was found
that this polymer could be used to prepare very stable
solar cells [106] with a lifetime in excess of 10,000 h
under full sun (AM1.5G), high temperature and with
exclusion of oxygen and moisture [50,117]. A comparative
study between devices based on the soluble precursor
P3MHOCT and P3CT showed that while the former
devices degraded rapidly over a few hours, virtually no
decay was observed for P3CT [117]. Since then prolonged
degradation studies have shown that P3CT-based devices
do decay albeit at a much slower rate than P3HT devices.
A possible explanation for the longevity is that P3CT
is a very hard material that may retard diffusion. It is
however not so simple to replace P3HT by P3CT since it is
synthesis requires a high-temperature cleavage step of
about 200 1C after the film has been made. This step is
not directly compatible with the formation of a bulk
heterojunction with PCBM where temperatures up to a
maximum of !160 1C are employed when creating bulk
heterojunctions of P3HT and PCBM. Devices based on
P3HT–PCBM heterojunctions that were stable during

1000 h of accelerated testing under inert atmosphere have
been reported [118].

2.10. Stability and lifetime reports

There have been some studies reporting the stability of
devices under ambient conditions without encapsulation or
with simple mechanical protection of the active layer with
no barrier properties. All of these studies report a relatively
short lifetime [119–127]. Studies employing either inert
atmosphere during characterization or encapsulation have
also been reported [128–130] and further studies reporting
the dark stability of devices encapsulated in a flexible
barrier material [131–133]. Finally, accelerated studies
where the devices are subjected to extra stress in the form
of high temperatures, high incident light intensities and
continuous illumination are beginning to receive attention
[134,135]. For OLEDs, electrical stress has also been
employed [136].

2.11. Air stable polymer solar cells

The most desirable of all characteristics in the context of
stability is operation of the device in the atmosphere
without any form of encapsulation. The reason for this
being that any combination of materials in a device that
achieves this will have solved problems of stability and
degradation that house the key to future developments.
Unfortunately, very few such studies have been reported.
In one study, an inverted cell geometry was employed with
a gold anode giving devices with an operational stability of
2 weeks while it is not clear from the work if the
illumination was continuous [137]. The authors have
confirmed that the devices were left in the dark between
measurements (private communication). There has so far
been one study that reports a reasonable storability in

ARTICLE IN PRESS

CH CH2
n

S

O

O O

COOH

CH CH2
n

S

O

O O

CH CH2
n

O¯

CH CH 2
n

*

O2PSS

CH CH2
n

SO3¯
Oxido-

de-sulfonato-

substitution

Fig. 15. Oxidative degradation of polystyrene sulfonic acid (PSS) in PEDOT:PSS. The asterisk indicates the carbon most susceptible to oxidation.

S
S

OO

C4H9

n
S

S

OHO

n

~200 °C

P3MHOCT
Soluble/processable

P3CT
Insoluble

Fig. 16. Synthesis of the P3CT polymer for stable solar cells.

M. Jørgensen et al. / Solar Energy Materials & Solar Cells 92 (2008) 686–714698

C atom most 
susceptible to 
oxidation 

M ixed electronic/ionic transport in conducting polymers
(CPs) is attracting a great deal of attention due to a host
of new devices that leverage the coupling of these

carriers to enable new modes of operation. One example is the
organic electrochemical transistor (OECT), which consists of a
CP layer in which ions injected from an electrolyte modify hole
conductivity. Owing to their high transconductance1,
these devices have been shown to be efficient transducers of
biological activity, with applications ranging from neural
interfacing2,3 to biosensing4. The inverse mode of operation,
where a CP film injects ions into an electrolyte, has been used for
drug delivery with exceptional spatio-temporal control5,6.
In addition to applications in bioelectronics, OECTs are
being developed for printed electronics7,8, and more recently,
neuroinspired electronics9–11. Mixed transport in CPs is
also leveraged in energy applications including batteries/
supercapacitors12, electrochromic windows13 and in electro-
mechanical actuators for soft robotics14,15. Despite the many
opportunities enabled by mixed conduction in CPs, the lack of
fundamental understanding of combined ionic/electronic
transport and its connection to morphology hinders rational
materials and device design.

A prototypical CP used in many mixed conductor devices is
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfo-
nate); (PEDOT:PSS). This material has attracted interest for its
high hole conductivity (41,000 S cm! 1), high stability and for its
commercial availability as a dispersion for solution processing16.
PEDOT:PSS dispersions are typically described as being
composed of gel-like particles comprising a polyanion (PSS! )-
rich shell which helps to stabilize the PEDOT-enriched particles
in aqueous solvents17,18. PEDOT oligomers are believed to
polymerize onto the PSS template (Fig. 1a), meaning that PEDOT
itself is inherently ill-characterized as far as molecular weight and
polydispersity. The gel particles (Fig. 1b) deposit in what has been
described as a pancake-like morphology19–21, and show signs of
p-stacking22–25 (Fig. 1c,d). PEDOT:PSS structure has been
intensely studied by a variety of techniques including electron
microscopy, X-ray scattering, elemental and surface-sensitive
scanning probes17,22–26, largely with the goal of understanding
and enhancing hole transport to make better electrodes for
optoelectronic devices. Changes in formulation content,
processing or post-processing have been shown to lead to
enhancements in hole conductivity by inducing morphological
re-arrangements, minimizing excess dopant phase (that is,
insulating PSS) or both. A thorough review of the methods and
suggested mechanisms to enhance conductivity can be found
in ref. 27.

Ion transport in PEDOT:PSS (and in CPs, in general) has been
explored only on a limited basis. The presence of electronic
carriers in the film renders most techniques used to study ion
conduction inutile. Nevertheless, the electrochromic nature of
PEDOT:PSS, which gives rise to changes in film absorption on
electrochemical (de)doping, allows us to follow ion motion in the
film28–30, and to extract ion-drift mobility31. Similar to ion-
exchange membranes such as Nafion32, hydration of PEDOT:PSS
was found to establish ion-transport pathways, leading to a
high ion mobility31. The nature of these ion pathways and
their connection to film structure and morphology is not well-
understood. Moreover, unlike the case of hole transport, attempts
to modify the structure of PEDOT:PSS in a systematic manner
and to monitor the effect on ion transport are lacking. It is
important, for example, to deduce if hole and ion transport can be
improved simultaneously, and, if not, whether an optimal
morphology exists wherein device performance is maximized.
This calls for a comprehensive study where both ion and hole
transport are measured in films processed to have different
structure and morphology. Thorough quantification of the latter
is particularly important, as there have been differing reports on
the influence of the same additive on film morphology24,25. This
is a challenging proposition, as PEDOT and PSS have similar
densities and bonding environments (limiting X-ray scattering
contrast), and are disordered on multiple length scales.

Here, we investigate the microstructure and morphology of
PEDOT:PSS films modified with varying amounts of co-solvent
dispersion additive, ethylene glycol (EG), and relate these findings
to measurements of electronic and ionic transport. To overcome
the low contrast and a relatively disordered film microstructure,
we use Synchrotron radiation and resonant soft X-ray scattering
(rSoXS) and investigate the multi-scale microstructure of
PEDOT:PSS films. The combined use of carbon-edge X-ray
scattering and spectroscopy allows the deduction of the absolute
nano-scale domain composition of the films. We find that the
PEDOT:PSS-rich cores and PSS-rich matrix are surprisingly
impure even with a large dispersion content of EG, but that the
co-solvent enhances film heterogeneity. We then investigate both
ionic and electronic (hole) transport in the same formulations.
Ionic transport is probed using a spectroscopic analysis of the
electrochromic moving front, revealing an ion motion heavily
affected by the meso-scale domain size and composition. We find
that ion and hole transport are oppositely affected by the addition
of EG—a finding that is corroborated by the structural work
herein. We show that this suggests an optimal morphology exists,
enabling enhanced ionic mobility and hole conductivity, and
leading to improved transconductance in OECTs. Therefore, this

S

S

S

S

S

S

OO

OO

OO

OO

OO

OO

SO3H SO3H SO3H SO3H SO3HSO3−

+

PEDOT +

PSS −

a

b

c

d

Figure 1 | PEDOT:PSS structure and morphology. The chemical structure of PEDOT:PSS and commonly described microstructure of the CP system
(a) synthesis onto PSS template, (b) formation of colloidal gel particles in dispersion and (c) resulting film with PEDOT:PSS-rich (blue) and PSS-rich (grey)
phases. (d) Aggregates/crystallites support enhanced electronic transport.
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But: they are in consequence highly reducing 

Chemical degradation of the electrodes 

- Oxidation at the metal/polymer interface and/or at the upper surface of the metal layer 
 è formation of an insulating layer of metal oxide (barrier to charge extraction) 

 

-  Water diffuses through the device via the Al grains and leads to degradation at all the interfaces  
 

-  Oxygen diffuses mainly through the pin-holes in the aluminum film causing localized or inhomogeneous 
degradation 

 

-  Al species diffuse through the debvice and form organo-metallic compounds with the active layer 

 Chem. Phys. Lett. 2015, 640, 201–214 

Metal electrodes (anode): 
 

Al and Ca are attractive metals used as negative electrodes in OPV devices because of their low work 
function, high electrical conductivity, and their ability to be deposited as thin layers. 
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ITO (cathode: transparent as thin film and conductive): In2O3 doped with SnO2 
 

è Indium was found in the PEDOT:PSS layer 

è Hygroscopic nature of PSS facilitates absorption of water that leads to etching of the ITO layer 

a probe wavelength of 800 nm, under anaerobic conditions,
showed a fast decay in the presence of an oxidizable
species (methanol). In the presence of oxygen (unsealed
sample), a 50-fold increase in the rate was observed. First-
order rate constants of 70 and 1.4 s!1 were measured.
Durrant and co-workers have developed film-type materi-
als of polymer titania composites as photocatalytic oxygen-
scavenging materials for use in packaging. Durrant et al.
also reported hybrid solar cells based on TiO2 and various
conjugated polymers [79–82]. While no lifetime data
or mention of stability was given for these hybrid
cells, it is likely that photo-oxidation of the conjugated
material took place leading to device degradation vis-à-vis
Refs. [75–78].

Interestingly, some of the hybrid solar cells are based on
mixtures of the inorganic semiconductor oxides such as
TiO2, ZnO, SnO2, Nb2O5, CeO2 and CeO2–TiO2 and the
same phenomenon of photo-oxidation catalyzed by the
oxide should be observed. Their efficiency and lifetime
depend on oxygen and UV-irradiation in a complicated
way. Lira-Cantu et al. investigated the solar cell diode
characteristics and lifetime with respect to these factors
with devices made up from the oxides TiO2, Nb2O5 or ZnO
in a bilayer structure with the organic polymer MEH-PPV
[83,84]. Oxygen was found to be critical to the performance
of the solar cells. Only in the presence of air, was there a
significant short-circuit current JSC. Lifetime studies
showed a rapid decrease in JSC when the devices were
tested in an argon atmosphere or in vacuum. If oxygen was
then admitted partial recovery of solar cell performance
was observed. Irradiation with UV-light resulted in
irreversible degradation and photobleaching of the poly-
mer. Applying a UV-filter with a cut-off at 400 nm retarded
this degradation, but did not inhibit it totally. In general, a
short-term improvement of the current density is observed
for all these hybrid solar cells working in air followed by a
slower decay due to degradation of the polymer. The use of
a UV-filter has been reported as beneficial for the stability
in hybrid solar cells based on MDMO-PPV and zinc oxide
nanoparticles [85].

A later study with isotopic labeling using 18O2 showed
that oxygen diffuse throughout the cell and is incorporated
in the semiconductor oxide layer (Nb2O5) under illumina-
tion. This ‘‘breathing’’ was linked to the performance of
the solar cell [48].

The interaction with oxygen and water in hybrid solar
cells is by no means clear at present. For instance, in the
case of hybrid cells based on zinc oxide some results seem
to indicate that oxygen (and/or possibly water) is needed in
an annealing step [86] for the devices to work well in air
[83,86] while other reports achieve operation in the absence
of oxygen [87].

2.6. Chemical degradation of the metal electrode

Aziz et al. [88–90] have investigated degradation
mechanisms for organic light-emitting diodes (OLEDs)

and they concluded that the major cause of degradation
was due to (at least) three independent processes. Among
the most relevant ones for solar cells are electrochemical
reactions at the ITO and aluminum electrodes. It was also
stated that the inclusion of moisture and impurities within
the polymer will enhance ionic conduction and hence
accelerate corrosion. Finally, it was found that illumination
of the device will also accelerate degradation.
A theoretical investigation of the PPV aluminum inter-

face has been carried out by Lögdlund et al. [91] proposing
a direct reaction with the formation of Al–C bonds as
shown in Fig. 13. It is the low work function of aluminum
that makes it useful as the negative electrode material in
solar cells and it also results in the high reductive power.
The proposition of such a mechanism has its roots in the
experimental observation of the reaction between PPVs
and alkali metals [92,93] or aluminum [94]. Further, both
interface and bulk-related defects have been linked to the
degradation of OLEDs [95]. This reactivity has been
recognized for a long time in organic chemistry where
aluminum metal has been used for reduction via electron
transfer to organic compounds (i.e. the Clemmensen
reaction). An alternative to aluminum–carbon bonds as
proposed by Lögdlund et al. would therefore be single-
electron transfer with the creation of anion radicals on the
polymer. In any case, both organo-aluminum compounds
and anion radicals are highly reactive species that will react
with any proton donors present or oxygen. One such
proton donor could be traces of water introduced in the
production of the device e.g. from PEDOT:PSS. The end
result would be reduction of the vinylene groups to e.g.
saturated bridges with the loss of conjugation in the
polymer. This has however not been demonstrated directly
by any characterization techniques. One special case is
that of calcium where it has been shown that it only reacts
with water at room temperature [96]. Metallic calcium
electrodes will thus not react with molecular oxygen under
dry conditions. Organocalcium compounds formed by
addition of calcium to organic compounds however will
react with oxygen vis-à-vis the discussion of aluminum
above.
PCBM (and other fullerenes) have a very high electron

affinity and would seem more prone to reaction with the
metal electrode. C60 reacts with alkali metals to form
compounds like K3C60. A similar reaction could be
envisaged at the interface between PCBM and the
aluminum electrode though this has not yet been demon-
strated.

ARTICLE IN PRESS

Al

A l

Fig. 13. Proposed structure of how part of the PPV structure may react
with aluminum according to Lögdlund et al.

M. Jørgensen et al. / Solar Energy Materials & Solar Cells 92 (2008) 686–714 695

C-Al bond reacts with H+ (H2O) or O2 
J. Chem. Phys. 1994, 101, 4357 
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Increasing the stability of Polymer Solar Cells : active layer improvement (1) 

è appropriate tuning of their electronic levels :  
è HOMO level cannot be more positive than 5.2 eV (oxidation threshold of air) 
è HOMO of the donor should be reasonably low to achieve high VOC 

è tuning of their glass-transition temperature (cross-linking) 
è using thermo-cleavable side chains : side chains are eliminated post deposition, making otherwise 
unprocessable but stable materials available 
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The X-ray diffractometry (XRD) measurements of the as-spun

film and the films annealed at 150 and 200 !C are shown in Fig. 3.

The as-spun film showed a diffraction peak at 2q¼#4.40!, which

corresponds to a d-spacing of 20.1 !A. This peak is considered to

reflect the inter-lamellar distance as observed for PDQT.6c The

muchweaker diffraction intensity forPDQT-tc is probably due to

the presence of the C]O groups on the 2-octyldodecanoyl side

chains, which interfere with the molecular ordering. The primary

peak of the thin film annealed at 150 !C became intensified,

resulting from the improved molecular ordering by the thermal

annealing. After annealing at 200 !C for 3 h, this diffraction peak

completely disappeared. This is due to the elimination of the side

chains, which results in the shortening of the interlayer distance. It

is also noted that the diffraction intensity in the broad range

from #15 to 30! increased, which is possibly the result of

formation of the amorphous phase. The atomic forcemicroscopic

(AFM) images in Fig. 4 show that the PDQT-tc film annealed at

150 !C (without removal of side chains) is quite smooth (with an

RSM roughness of 0.89 nm), which is comprised of small nano-

grains (#20 to 30 nm). After removal of side chains by annealing

at 200 !C for 3 h, the nanograins in the resulting PDQT-n film are

connected to form nanofibers. The film becomes rougher (with

an RSM roughness of 1.42 nm) and has large gaps (#10’s to

100’s nm) between domains.

The side chain-free PDQT-n films are insoluble in any solvents

for NMR analysis. To indirectly elucidate the chemical structure

of PDQT-n, compound 2 was thermally decomposed at 250 !C

for 20 min in a sealed vial on a hotplate. The mixture after

heating was analyzed using 1H NMR, which unambiguously

showed that 2 was completely decomposed and the new peaks

that appeared in the aromatic region are identical to the peaks of

the known compound 1 with free N–H groups (ESI†). The

thermal decomposition of compound 2 to form compound 1 was

also investigated using FT-IR, which confirmed that the removal

of the side chains and the appearance of the N–H groups started

at #200 !C (ESI†). Therefore, it is reasonable to assume that

PDQT-tc was converted into the side chain-free native conju-

gated polymer PDQT-n as proposed in Scheme 1.

The UV–Vis absorption spectra of PDQT-tc in chloroform

solution and of thin films are shown in Fig. 5. In solution,

PDQT-tc exhibited an absorption maximum (lmax) at 762 nm.

The as-spun thin film showed a lmax at a longer wavelength of

800 nm, suggesting an improved coplanarity of the polymer

backbone and chain packing order. Thermal annealing at 150 !C

led to a further red-shift in the lmax to 820 nm. As the annealing

temperature was increased to 200 !C, the absorption peak of the

resulting PDQT-n film significantly blue-shifted to 772 nm. This

dramatic change suggests the shortening of the effective p-
conjugation length of the polymer chains, which is probably the

direct result of the formation of a less ordered, amorphous phase

where the polymer backbones are rather twisted. The strong

interchain hydrogen bonding between the C]O and the N–H

Fig. 2 Top: FT-IR spectra of PDQT-tc films on Si wafer annealed at

different temperatures for 20 min in nitrogen. Bottom: FT-IR spectra of

PDQT-tc films on Si wafer at 200 !C for 20 min and 3 h, respectively.

Fig. 3 XRD diagrams obtained from PDQT-tc thin films on DTS-

treated SiO2/Si substrates annealed at 150 !C for 20 min and 200 !C for

3 h in nitrogen along with one of the as-spun thin film (r. t.).

Fig. 4 AFMimages (2mm$ 2mm)ofPDQT-tc thin films annealed at 150
!C for 20 min (left) and 200 !C for 3 h (right) in nitrogen. The root mean

square (RMS) roughness of the films is 0.89 nm (left) and 1.42 nm (right).

18952 | J. Mater. Chem., 2012, 22, 18950–18955 This journal is ª The Royal Society of Chemistry 2012
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Improving properties of the active materials : 

J. Mater. Chem., 2012, 22, 18950–18955 

Fig. 8 Donor group stability ranking.

Fig. 9 Chemical structure of the investigated polymer samples (left). The X denotes one of the two acceptor units shown to the right of the broken line

(middle). The evolution of the normalized amount of absorbed photons during photochemical ageing of all materials is shown in the plot (right).

Fig. 10 Chemical structure of the investigated polymer samples (left). The X denotes one of the two acceptor units shown to the right of the broken line

(middle). The evolution of the normalized amount of absorbed photons during photochemical ageing of all materials is shown in the plot (right).

4138 | J. Mater. Chem., 2011, 21, 4132–4141 This journal is ª The Royal Society of Chemistry 2011
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è Using more photostable chemical groups 
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Designing Non Fullerenes Acceptors (NFA) 

the high planarity of its backbone), which adversely affected the
formation of crystallites and significantly reduced the hole
mobility.
3.3. Fluorination of Benzene
Fluorination of BnDT31 and thiophene units38 usually requires
electrophilic fluorination with fluorinating reagents such as N-
fluorobenzenesulfonimide; in contrast, fluorinated benzene can
be readily incorporated into the conjugated backbone starting
from commercially available compounds. Since fluorinated
phenyl rings as part of conjugated side chains have been
discussed in previous sections, here we focus on the effect of
having fluorinated benzene units in the conjugated backbone.
Enhancement of polymer backbone planarity and aggrega-

tion was observed for polymers containing fluorinated benzene
units compared with their nonfluorinated counterparts.43

Furthermore, the position of the fluorine atom on the benzene
unit can significantly affect the crystallinity of the polymer,
which can have an impact on the photovoltaic device
performance. Li et al.44 found that fluorination at the two
ortho positions of benzene resulted in a conjugated polymer
(PTFB-O) (Chart 2) having lower symmetry. This reduced
symmetry led to reduced crystallinity of the polymer compared

with the para-difluorinated one (PTFB-P). As expected, the
more crystalline polymer (PTFB-P) formed better charge
transport pathways in its BHJ device with fullerenes, thereby
achieving a higher PCE value. However, it was quite surprising
to find that the less crystalline polymer (PTFB-O) actually
matched better with the non-fullerene acceptor (NFA) and
achieved much higher efficiency than PTFB-P. This study
indicates that the design rationale of conjugated polymers for
NFAs can be quite different from the one for fullerenes.
Just as in the case of PNTz4TF4, overfluorination of benzene

can also cause reduced solubility and adversely affect the
morphology of the active layer. For example, Ko et al.45

prepared PDTBTBz-4F with tetrafluorinated phenyl rings
(Chart 2). Compared with polymers with zero, one, and two
fluorines, the solubility of this tetrafluorinated polymer was
much reduced, leading to large phase separation with PC71BM.
This resulted in low and unbalanced charge carrier transport in
the PDTBTBz-4F-based device, leading to large decreases in Jsc
and PCE.

4. OUTLOOK
Fluorination of both the donor and acceptor moieties of
conjugated polymers for solar cells has proven to be a viable
method for improving device performance. Fluorination can
increase the device efficiency in a variety of ways, such as
deepening the HOMO level of the polymer to improve Voc and
improving the charge mobility and transport, leading to
increased Jsc and FF.
The studies discussed previously focused on fluorination of

the donor polymers and mainly utilized fullerenes as the
electron acceptors, which have been the standard because of
their high electron affinity and charge mobility. Recently,
however, more research has focused on NFAs because of their
advantages over fullerenes, including improved light absorption
and easier tuning of the optoelectronic properties. Many
research groups have incorporated NFAs into their PSCs to
improve the device performance, and some have begun to
investigate whether fluorination of the acceptor molecule can
further increase the efficiency as it does for the previously
discussed donor polymer. For example, Dai et al.46 synthesized

Figure 5. Tetrafluorination of the high-performing polymer PNTz4T
leads to reduced device performance of PNTz4T4F. Adapted from ref
39. Copyright 2016 American Chemical Society.

Figure 6. Fluorination of both the donor polymer and the non-fullerene acceptor contributes to the record-high efficiency of polymer solar cells
(13.1%). Adapted from ref 5. Copyright 2017 American Chemical Society.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.7b00326
Acc. Chem. Res. 2017, 50, 2401−2409
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achieved much higher efficiency than PTFB-P. This study
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NFAs can be quite different from the one for fullerenes.
Just as in the case of PNTz4TF4, overfluorination of benzene

can also cause reduced solubility and adversely affect the
morphology of the active layer. For example, Ko et al.45

prepared PDTBTBz-4F with tetrafluorinated phenyl rings
(Chart 2). Compared with polymers with zero, one, and two
fluorines, the solubility of this tetrafluorinated polymer was
much reduced, leading to large phase separation with PC71BM.
This resulted in low and unbalanced charge carrier transport in
the PDTBTBz-4F-based device, leading to large decreases in Jsc
and PCE.
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conjugated polymers for solar cells has proven to be a viable
method for improving device performance. Fluorination can
increase the device efficiency in a variety of ways, such as
deepening the HOMO level of the polymer to improve Voc and
improving the charge mobility and transport, leading to
increased Jsc and FF.
The studies discussed previously focused on fluorination of

the donor polymers and mainly utilized fullerenes as the
electron acceptors, which have been the standard because of
their high electron affinity and charge mobility. Recently,
however, more research has focused on NFAs because of their
advantages over fullerenes, including improved light absorption
and easier tuning of the optoelectronic properties. Many
research groups have incorporated NFAs into their PSCs to
improve the device performance, and some have begun to
investigate whether fluorination of the acceptor molecule can
further increase the efficiency as it does for the previously
discussed donor polymer. For example, Dai et al.46 synthesized

Figure 5. Tetrafluorination of the high-performing polymer PNTz4T
leads to reduced device performance of PNTz4T4F. Adapted from ref
39. Copyright 2016 American Chemical Society.
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Acceptor Donor 

Fluorinated molecules: 

Increase in device efficiency due to: 
-  better crystallinity (F…H; F…S; F…π non covalent interactions)  
-  improve charge transport 
-  absorption shifted to the red 

Structure of the device : ITO / PBDB-T-SF:IT-4F / MoO3 / Al PCE = 13.1 % 

J. Am. Chem. Soc. 2017, 139, 7148−7151 
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Increasing the stability of Polymer Solar Cells : active layer improvement (2) 

Fullerene derivatives : « universal » electron acceptors but : limited tunability of energy levels, poor light 
absorption ability, weak endurance against thermal, photo and morphological stresses. 
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James R. Durrant et al. Adv. Mater. 2017, 1701156

h = 9.5 %

h = 10.9 %

Light soaking without UV light

Annealing at 85 C, N2

Acceptors Donor 

James R. Durrant et al. Adv. Mater. 2017, 1701156

h = 9.5 %

h = 10.9 %

Light soaking without UV light

Annealing at 85 C, N2

Non Fullerenes Acceptors (NFA) 

James R. Durrant et al. Adv. Mater. 2017, 1701156

h = 9.5 %

h = 10.9 %

Light soaking without UV light

Annealing at 85 C, N2Annealing at 85°C / N2 

James R. Durrant et al. Adv. Mater. 2017, 1701156

h = 9.5 %

h = 10.9 %

Light soaking without UV light

Annealing at 85 C, N2

Structure of the device (inverted configuration) : Ag / MoO3 (HTL) / Donor + acceptor / ZnO (ETL) / ITO 

ELUMO = -3.90 eV 
EHOMO = -5.58 eV 

ELUMO = -4.10 eV 
EHOMO = -6.10 eV ELUMO = -3.69 eV 

EHOMO = -5.34 eV 

NFA: device more resistant to UV, heat, higher VOC due to highest LUMO level  

UV light 
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James R. Durrant et al. Adv. Mater. 2017, 1701156

h = 9.5 %

h = 10.9 %

Light soaking without UV light

Annealing at 85 C, N2

η	=	9.5%	without	
processing	additive	

η		=	6.6%	without	processing	additive	
η		=	10.9	%	with	processing	additive	
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Increasing the stability of Polymer Solar Cells : structure of the device 

substrate 

substrate 

Al electrode 

ITO Electrode 
Buffer Layer : PEDOT:PSS 

acceptor polymer 
donor 

Conventional structure :  

Tranparent anode 

ITO / PEDOT:PSS / D-A blend / Al, Ca 

Buffer layer :  
Hole Transporting Layer and 

smoothen the surface of the electrode 

Active Layer Low work 
function metal 
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Improved conventional structure :  

substrate 

substrate 

Al electrode 

ITO Electrode 
Buffer Layer 

acceptor polymer 
donor 

Buffer Layer 

è LiF as a cathode buffer layer: 
- prevents diffusion of cathode elements to the AL  
- acts as an Electron Transport Layer (ETL) 

è Replace acidic PEDOT:PSS by more stable 
materials such as MoO3 

+ - 

Inverted structure :  
substrate 

substrate 

Al electrode 

ITO Electrode 
Buffer Layer 

acceptor polymer 
donor 

Buffer Layer 

Tranparent 
cathode 

ITO / ETL / D-A blend / HTL / Au, Ag 

Buffer layer :  
ZnO 

Active Layer High work 
function metal 

Buffer layer :  
WO3 

+ - - + 

Encapsulation of the device: encapsulant material must be 
capable of reducing the ingress of moisture and oxygen as well as 
remaining resistant to UV radiation. It also protects the device against 
scratch and improves mechanical flexibility. 
Some encapsulants: poly(ethylene naphthalate), polyurethane,  
alternate coatings of polyacrylate/Al2O3. 
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General Conclusion : Polymer Solar Cells  

- Suitable for Embarked electronics :  

- Record efficiency > 13% 
 

 è possibility to tune energy levels (chemistry), improve morphology (donor/acceptor interface) 
 
- Lifetime : >1 year (7 years at optimal orientation / 10 years in vertical conditions have recently been reported 

                    Adv. Energy Mater. 2017, 7, 1701201) 
 
- Low-cost devices and large area: solution processing 

 è mechanical flexibility of the materials and devices 

3 points to mature to the market :  - processing 
    - stability 
    - efficiency  


