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Abstract

Blend films of poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-

2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)

in combination with 6,6-phenyl-C61-butyric-acid-methyl-ester (PCBM) are a

model system for low bandgap organic photovoltaics. Typically, solvent additives

are used to improve the power conversion efficiencies of the resulting devices

but possibly also decrease the device stability. In this study, we use the binary

solvent additive 1,8-diiodooctane:diphenylether (DIO:DPE) for PTB7:PCBM

blend films and study how different film drying procedures influence the phys-

ical and chemical stability of the polymer blend. The strong influence of the

drying procedure on the stability against photoinduced degradation of the

PTB7:PCBM films, produced with solvent additives, is shown with data from

UV–visible (UV–vis), Fourier transform infrared (FTIR) and Raman spectros-

copy. The addition of solvent additive molecules DIO:DPE to the PTB7:PCBM

blend accelerates the degradation compared with the pristine blend. At higher

annealing temperature a removal of the additives is bringing degradation back

to the level of the pristine blend films, which is promising for photovoltaic

applications.
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1 | INTRODUCTION

On the road toward marketability, organic photovoltaics
(OPVs) have made impressive progress in recent years.1–3

OPVs especially create interest due to their versatility as
the starting materials can be molecularly engineered in
combination with devices produced from solution in thin
film architecture or on flexible substrates. The wet chemi-
cal approach offers possibilities for a cheap large scale
production by using coating methods such as slot die

coating4–7 or spray deposition,8,9 to bridge the gap between
lab scale and commercial application.10,11 Today, power
conversion efficiencies (PCEs) have already exceeded
19%,12–18 which implies that organic solar cells (OSCs)
are ready to become commercially prevalent against
conventional silicon solar cells that have dominated
the photovoltaic (PV) market for three decades. None-
theless, there are challenges preventing the break-
through of the emergent PV technologies. One major
concern is that some of the materials used in OPVs are
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significantly affected by physical and chemical degrada-
tion when exposed to ambient atmosphere and illumina-
tion. This is problematic for a profitable long-term
operation of PV devices.19–25 Degradation is largely a
problem of the active layer, where photons are absorbed,
excitons are created, subsequently split, and free charges
are transported toward the electrodes. Because the sepa-
ration of excitons requires a material interface, the active
layer is generally composed of at least two materials with
different electronic properties, an electron donor and an
electron acceptor, which are typically arranged in a bulk
heterojunction (BHJ) architecture.26–32

Besides work on newly developed donor and acceptor
materials, over the years different classes of model sys-
tems have been established in the field. Typically, their
PCE values stay behind the recent record setting systems,
however, their value is related in the existing large body
of literature knowledge. In such a scenario, it is possible
to gain further in-depth knowledge. For the class of ful-
lerene derivate based OPVs, PCBM for many years was
the dominating acceptor material. In combination with
the conjugated polymer PTB7 as electron donor, PTB7:
PCBM developed as low bandgap model system.33–35

Figure 1 shows the chemical formulae of the two major
components PTB7 and PCBM. The subunits of the
polymer PTB7 are indicated as TT (thienothiophene)
and BDT (benzodithiophene) units.

In the present work, we expand the knowledge of the
system PTB7:PCBM concerning degradation, by studying
the influence of a binary solvent additive on the stability
of the PTB7:PCBM blend in ambient conditions and
illumination.36–41 Over the years, solvent additives have
been proven to facilitate the desired microstructure in the
active layer due to their selective solubility, thereby
improving the PCE significantly.42–48 The addition of 3%
DIO and 2% DPE to the casting solution was reported to
be a good combination for increasing the PCE of PTB7:
PCBM based devices from below 7% (without solvent
additive) to 9.25%.49 The use of solvent additives requires

an adequate adaption of the drying procedure since their
boiling points are generally higher (168 �C for DIO,
259 �C for DPE) compared to the bulk solvent chloroben-
zene (132 �C). In particular, an incomplete removal of
solvent additive can lead to even more unstable active
layers and open additional degradation pathways beyond
the material's intrinsic physical and chemical degradation
mechanisms.44,50–54

In this study, the influence of the binary solvent addi-
tive DIO:DPE (3:2 vol%) dried by different protocols on
the light-induced degradation of PTB7:PCBM blend films
in ambient conditions is investigated. As reported before,
the combined influence of irradiation and oxidizing
agents such as O2 and possibly solvent additive molecules
is needed for the creation of reactive species and the
alteration of the π-conjugated network in the process of
photooxidation.55–57 During exposure of the PTB7:PCBM
blend samples to the two mentioned stimuli, ultraviolet–
visible (UV–vis) absorption spectroscopy is used to determine
the availability of electronic transitions and vibrational
spectroscopy is selected to gain information about chemi-
cal bonding inside the samples. We show that the addition
of solvent additive molecules to the polymer:fullerene
blend leads to a rapid degradation of the resulting layer.
We conclude that if the beneficial effects from the use of
solvent additives are desired, a complete removal of these
additives is absolutely critical to avoid serious degradation
compared to films without solvent additives.

2 | RESULTS AND DISCUSSION

2.1 | Structure characterization

The (semi-) crystalline polymer stacking structure is
probed with XRD. For the solvent additive free samples
(Figure 2A) three weak and broad scattering features are
found at 2-theta values of 9, 22, and 26� besides the major
broad peak at 18.5�. This 2-theta value corresponds to a
d-spacing of 4.8 Å, which can be interpreted as the stack-
ing distance of the Π-Π system of the polymer.58,59 In the
sample that is produced with DIO:DPE as binary solvent
additive (Figure 2B) the main diffraction peak is shifted
to 19.5� and only one additional weak scattering feature
is detectable at 23�. The shift of the main Bragg peak
(and also of the smaller peak at 22�) by 1� toward higher
angles indicates a contraction of the respective structure.
The average Π-Π stacking distance in the solvent additive
sample is calculated to be 4.6 Å. The loss of some of the
Bragg peaks upon the use of DIO and DPE as solvent
additives indicates a more uniform microstructure that is
characterized by smaller crystalline domain sizes. This is
suggested by the increase of the FWHM of the main

FIGURE 1 Chemical structures of the polymer PTB7 and the

fullerene molecule PCBM.
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reflex. None of the XRD patterns is significantly affected
by the illumination in ambient atmosphere. Hence, the
light induced degradation mechanisms seem to only
affect the local chemical structure, and not the (semi-)
crystalline polymer stacking structure.

2.2 | Optical absorbance

In order to follow the evolution of the conjugation state
and possible electronic transitions, UV–visible spectra are
acquired after predetermined times of illumination.
Figure 3 shows the comparison of the pristine films pro-
duced without and with the binary solvent additive. The
absorbance curves are normalized to the first peak from
the right at around 685 nm.

The use of DIO and DPE as solvent additives leads to
a better defined absorption maximum between 600 and
700 nm comprised of two peaks. The film that is pro-
duced without solvent additive does also show the same
absorption peaks, but the absorbance stays rather con-
stant toward smaller wavelengths. When directly com-
paring the non-normalized spectra, acquired from films
of similar thickness, it appears that the use of solvent
additives rather increases the absorbance in the range
between 600 and 700 nm, than decreases it in the lower
wavelength region (see Figure S1 in the Supporting Infor-
mation). As both, DIO and DPE have their absorption
features at significantly lower wavelengths, the change in
the UV–vis spectra can be attributed to a modification of
the PTB7:PCBM blend structure.

When the pristine films are subjected to illumination
under the presence of oxygen, as in the regular atmo-
sphere (ambient conditions), they are expected to
undergo chemical and physical degradation. This has
been shown before for PTB:PCBM bulk heterojunctions
as well as for similar systems.38,57,60,61 For a fast, intense

degradation of the samples, these studies suggest the
necessity of both, the presence of oxygen and the photon
energy. In order to exclude a spontaneous occurrence of
the expected degradation processes for the present sam-
ples, a set of films was prepared with and without solvent
additives that was stored in the dark at ambient atmo-
sphere. Repeated UV–vis measurements showed no sign
of degradation in the absence of illumination as evident
in Figure S2. Figure 4 shows the development of the UV–
vis spectra during illumination of the film with a blue
LED. From Figure 4, it becomes obvious that in case of
the solvent additive prepared films, degradation, as
probed by the optical absorbance, strongly depends on
the initial drying temperature. No such effect is observed
for the films prepared without solvent additive.

(A) (B)

FIGURE 2 X-ray diffractograms of PTB7:PCBM films produced with (A) and without (B) solvent additive, both dried at 150 �C. Fresh
samples (violet) are compared with illuminated samples (240 min in blue; 2840 min in green).

FIGURE 3 UV–vis absorbance spectra of PTB7:PCBM thin

films drop cast from CB-solution with (blue) and without (red)

DIO:DPE binary solvent additive. Absorbance values are

normalized to the peak at around 680 nm.
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For comparison this experiment is performed also
with different LED light sources (blue, red and white).
The experiment configuration, in particular the LED-
sample-distance is determined in a way that the incident
energy dose per unit area on the sample is the same for
every light source. Information about the respective LEDs
is given in the Supporting Information and UV–vis spec-
tra showing the light induced loss of absorbance are both
presented in Figure S3. In agreement with Löhrer and
coworkers, who investigated the influence of incident
light color on the photo-degradation in the system
PTB7-Th:PCBM in greater detail, we find that blue, red
and white LED illumination leads to a qualitatively simi-
lar degradation effect, as long as the incident radiation
energy is kept constant.60 Nonetheless, the color of the
incident light can influence the specific loss of absorption
in certain wavelength ranges. This behavior is shown in
Figure 5 exemplarily for a sample produced without sol-
vent additive, which displays the loss of absorbance in

the spectral ranges around the red and blue LED's central
wavelength for illumination with all three LEDs.
Figure 5A indicates no clear influence of LED color on
the loss of absorbance in the wavelength range between
430 and 530 nm (blue), whereas in Figure 5B, which
shows the wavelength range from 580 to 680 nm (red) a
clear dependence is evident. In this wavelength regime,
the blue LED causes the slowest photo-degradation. As
soon as the light source has a significant portion of red
light, the photo-degradation happens considerably faster.
This trend is shown by the black symbols in Figure 5 that
stand for illumination with the white LED. The red LED,
which naturally yields even a higher red light fraction,
causes the strongest absorbance fade, even though only
slightly stronger than the white LED. Since the incident
energy is the same for all LEDs these findings show that
the photo-degradation is caused by all LEDs over the
entire spectrum but the presence of red light particularly
accelerates this process in the corresponding wavelength

(A) (B)

(C) (D)

FIGURE 4 In-situ UV–vis absorbance spectra under illumination for PTB7:PCBM thin films produced with (B, D) and without (A, C)

solvent additive at high (A, B) and low temperature (C, D) for the film drying. Each data set is normalized to the initial (0 min) spectrum's

peak at around 680 nm.
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range. An influence of LED color in the low wavelength
range is not found. These findings show that the studied
degradation is more dependent on the light intensity than
the LED's central wavelength, at least in the visible
range. For better comparability and the simplification for
the measurement setups only the blue LED is used in the
further degradation experiments.

Figure 4A,B display the absorption spectra of the
completely dried films (at 150 �C) without and with sol-
vent additives, respectively. All spectra rapidly lose absor-
bance in the two characteristic peaks at 625 and 683 nm
within the first 2 h of (blue) LED illumination. These
peaks originate from the polymer's conjugated network.62

The low wavelength tail of the spectra is relatively insen-
sitive to the light exposure and only is affected at very
long illumination times. After 2 h most of the characteris-
tic absorbance of the films is lost and a global bleaching
over the entire wavelength range is apparent. This pro-
cess continues over days to reduce the sample's absor-
bance. When films are dried at 70 �C, the film that is
produced without solvent additive (Figure 4C) behaves
roughly identically to the film that is dried at higher tem-
peratures (Figure 4A). The comparison of the samples
with solvent additives (Figure 4B,D) reveals a clear differ-
ence in the response to illumination over time. Whereas
the properly dried film (Figure 4B) shows a relatively
slow, gradual decrease of the characteristic absorbance,
this process occurs on a shorter timescale when the dry-
ing temperature is reduced to 70 �C. Figure 4D illustrates
an almost immediate loss of the absorption between
550 and 750 nm after 10 min of illumination.

To determine optical transitions of PTB7 and follow
their evolution over the illumination time UV–vis spectra
are fitted with Gaussian functions with equal width at
half maximum height and distance between each
other.24,63,64 A detailed description of the fit procedure is
found in the Supporting Information. In the following

only the 0–0 and 0–1 transitions, represented by the first
two Gaussian peaks, are analyzed, because higher transi-
tions smear due to a high disorder in both, the physical
and electronic structure of the materials.

Resulting peak integrals and positions of the 0–0 and
0–1 transitions are presented in Figure 6 as function of
the illumination time. The area of a transition is propor-
tional to the probability for it to occur. Figure 6A,B show
a monotonous decay of probability of both transitions in
all samples with increasing illumination time. This
decrease is more distinct for the 0–0 transition
(Figure 6A) than for the 0–1 transition (Figure 6B). Such
behavior coincides with the impression from Figure 4,
where the loss of absorbance is particularly pronounced
in the high wavelength region. Comparing the behavior
of the individual samples, both transitions show a similar
picture. The solvent additive sample dried at low temper-
ature (blue symbols) shows a decrease in the transition's
probability almost immediately. The decay occurs much
more slowly and gradually for the other two samples (red
and black symbols). However, it should be noted that the
high temperature dried solvent additive sample (red)
shows a significantly higher stability for both transitions
than the sample, produced without solvent additives.
This finding might be explained with the intrinsically dif-
ferent absorbance spectrum of the samples in the wave-
length range between 600 and 730 nm (compare
Figure 4) originating from the structure modification,
which is induced by the use of DIO:DPE as binary sol-
vent additive.49 As shown in Figure 6C,D, the specific
energy of the 0–0 and 0–1 transition increases slightly
with ongoing film degradation. While this shift is around
0.03–0.04 eV for the solvent additive free and high tem-
perature dried sample with DIO:DPE (black and red sym-
bols), its magnitude is almost doubled for the solvent
additive sample dried at low temperature (blue symbols).
This highlights the unstable structure of this sample.

(A) (B)

FIGURE 5 Integrated optical absorbance of a simple PTB7:PCBM blend film in the wavelength ranges 430 to 530 nm (A) and 580 to

680 nm (B). Values are normalized to the absorbance at t = 0 min. Blue symbols represent degradation caused by the blue LED, red symbols

stand for the red LED and black symbols for the white LED.
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Since a complete removal of the bulk solvent can be
inferred from the data (see next section), the change in
properties can most likely be attributed to residual sol-
vent additive molecules. Even though the initial film
shows comparable optical properties, it is much more
unstable and loses its characteristic absorbance much fas-
ter than the completely dried film. Since no distinct dif-
ference between the different drying protocols is visible
for the solvent additive free sample in the following only
the 150 �C dried samples will be studied as reference.

2.3 | Changes in the chemical bonding

Fourier transform infrared spectroscopy is used to recog-
nize chemical changes in the bonding structure of IR
active functional groups with special focus on the poly-
mer's conjugated system. Figure 7 shows an overview of
the FTIR spectra in the relevant frequency ranges
between 3000 and 2800 cm�1 as well as between 1800
and 1000 cm�1. More precisely, films produced with and

without DIO and DPE as binary solvent additive, and
both, freshly prepared films and in a light-degraded state
are compared. The dark blue lines are spectra of pristine
films and the green lines are the FTIR spectra of the
degraded films. No characteristic peaks of the solvents
are visible, which indicates that the polymer:fullerene
film is represented by the spectra. It is obvious that some
absorbance peaks in the spectra are strongly attenuated,
or completely erased upon illumination, whereas others
remain constant and there are even parts in the spectra,
that gain absorbance.

The assignment of the most prominent peaks is
given by Table 1 in accordance to previous studies on
comparable systems.39,50,60,65 In the wavenumber range
between 3000 and 2800 cm�1 we observe several peaks
originating from CH2 and CH3 stretching modes of alkyl
side chains. A slight decrease in the absorbance of these
peaks can be observed in the film that is produced with-
out solvent additive. This decrease is more pronounced
in the solvent additive sample. Peaks in the region
between 1800 and 1600 cm�1 are assigned to C O

(A) (B)

(C) (D)

FIGURE 6 Results from in-situ UV–vis spectroscopy. UV–vis absorbance spectra are fitted with Gaussian functions to determine optical

transitions of PTB7. (A) and (B) show the resulting area for the 0–0 and 0–1 transition, respectively, over illumination time. (C) and

(D) show the corresponding position of the transitions in terms of energy. The dashed lines are a guide to the eye only.
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stretching modes. The freshly fabricated films feature
two distinct peaks at 1738 and 1705 cm�1, respectively
for C O stretching modes of ester side chains. These
peaks are sharper for the additive-free sample. The TT-
related peak at 1705 cm�1 appears more distinct. These
absorbance peaks are not increasing upon illumination
but it seems that they get superimposed by adjacent
broader peaks. This effect is more pronounced in the
sample that is produced with solvent additives. The gen-
eral increase of absorbance is attributed to the uptake of
oxygen and the formation of new C O bonds as one
aspect of the light induced degradation process.60 The
peak that is found at 1570 cm�1 is attributed to C C
stretching modes in the thiophene rings of the thie-
nothiophene segments. Toward lower wavenumbers,
there are broad absorption bands between 1480 and
1420 cm�1 attributed to C H bending modes. A charac-
teristic peak at 1430 cm�1 reflects the stretching vibra-
tion in the benzene rings of PCBM. At 1400 cm�1 a
sharp peak is present in the spectra of the pristine films.
It almost vanishes in the degraded samples. This peak is
assigned to the C F stretching mode. It has to be noted,
that this bond is present only once per PTB7 monomer.

Figure 8 displays the detailed spectral evolution in
the relevant regions of the FTIR spectra (3000 to
2800 cm�1 and 1700 to 1350 cm�1) over time, up to an
illumination time of up to 1200 min: sample with solvent
additives dried at 60 �C (Figure 8A,B); sample also with
solvent additives dried at 150 �C (Figure 8C,D); and sam-
ple that is produced without solvent additive
(Figure 8E,F).

Figure 8A,C,E compare the C H stretching modes of
the alkyl side chains. The well dried solvent additive sam-
ple and the neat polymer:fullerene blend sample behave
almost identically. They feature the same peaks at identi-
cal positions and ratios. Over the entire displayed fre-
quency range they lose about 15% absorbance uniformly.
Figure 8A exhibits a completely different trend for the
insufficiently dried sample with DPE:DIO. The freshly
prepared film shows significant differences in the spec-
trum as the sample is exposed to light over time. The
higher frequency peaks of the respective double peaks
are strongly suppressed and hardly visible. This means
that CH2 vibrations are nicely visible and their intensity

TABLE 1 Peak positions of the most prominent IR absorption

features with the assigned types of vibrations that are expected

from the sample according to literature.39,50,60,66

Peak position Assigned bond vibration

3000–2800 cm�1 CH2/CH3 stretch in alkyl side chains

1800–1620 cm�1 newly created C O stretch

1738, 1705 cm�1 C O stretch in ester groups of PCBM &
TT side chain

1569 cm�1 C C stretch in TT-thiophene rings

1490 cm�1 C C stretch in BDT-thiophene
rings (weak)

1480–1420 cm�1 CH2/CH3 bend, C C stretch

1430 cm�1 char. C C stretch in PCBM benzene
rings (const.)

1400 cm�1 C F stretch (TT)

(B)

(A)

FIGURE 7 FTIR absorbance spectra of PTB7:PCBM thin film samples produced without (A) and with (B) solvent additive, both dried at

150 �C, around the relevant ranges from 3000 to 2800 cm�1 and 1800 to 1000 cm�1, respectively. Dark blue curves are recorded for freshly

prepared samples, whereas green curves show measurements of light and oxygen degraded samples.

1666 SCHWAIGER ET AL.



and ratio match the other samples but the CH3 vibrations
cannot be observed, which might give a hint that residual
solvent additive molecules could be located in the vicinity
of the side chain ends and thus damp the CH3 stretching
vibrations.50,60 The increase of sample transmission over
time is faster for this sample compared to the other sam-
ples. 15% loss of absorbance, compared to the initial
absorbance, is reached already within 48 min of illumina-
tion (extrapolated), whereas after the entire 1200 min
there is a reduction of 83% in absorbance from the initial
value.

The spectral region that is most relevant for the con-
jugated system of the polymer chain is shown in the right
column of Figure 8B,D,F. The low temperature treated
solvent additive sample shows by far the largest changes
in the spectra with illumination time. The peaks at 1569,
1490, and 1400 cm�1 disappear completely almost imme-
diately upon illumination. The band between 1480 and

1420 cm�1, which is supposed to be relatively stable, sig-
nificantly decreases in intensity, which indicates an
accelerated degradation of PCBM. The high temperature
dried solvent additive and the neat PTB7:PCBM sample,
visible in Figure 8D,F, respectively, show a different
behavior to the former and similar among each other.
The peaks between 1480 and 1420 cm�1 remain constant
in intensity, while the others decrease gradually to
approximately half of the initial intensity. At wavenum-
bers around 1650 cm�1 a newly forming peak can be
observed. It is assigned to photooxidation products asso-
ciated with the thiophene system and indicates degrada-
tion induced formation of C O bond stretching
vibrations.50,66 The spectra are fitted with a number of
Lorentzian functions (see example in Figure S5) and inte-
gral intensities for selected peaks are plotted against illu-
mination time in Figure 9. The violet, red and orange
curves are representative for the alkyl side chains, blue

(A) (B)

(C) (D)

(E) (F)

FIGURE 8 In-situ FTIR absorbance

spectra of PTB7:PCBM thin films under

LED illumination in the wavenumber

ranges 3000 to 2800 cm�1 (A, C, E) and

1690 to 1350 cm�1 (B, D, F). From top to

bottom the different samples with

solvent additive dried at 60 �C (A, B),

with solvent additive dried at 150 �C (C,

D) and without solvent additive (E, F)

are displayed.
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and cyan stand for the characteristic C F and C C
stretching modes in the thiophene rings of the conjugated
system, respectively.

Generally, a decrease of the peak area can be
observed, which indicates, that the respective functional
groups are strongly affected by the degradation. The peak
at 2957 cm�1 is excluded from the analysis due to its very
low significance compared to the neighboring 2925 cm�1

peak, which is only 7% (see Figure 8A). A representative

fit of the peak without deconvolving the influence of the
rapidly changing neighbor peak was not possible. When
comparing Figure 9B,C, there is only very little quantita-
tive difference evident and they can be seen as qualita-
tively identical. This suggests that a drying temperature
of 150 �C is sufficient to remove any DIO and DPE mole-
cules or at least enables the formation of a film that is as
stable as the one produced without solvent additives. On
the other hand, the low temperature dried solvent addi-
tive sample (Figure 9A) shows a much more rapid decay
of the characteristic IR absorbance peaks. The alkyl chain
associated modes (except the 2957 cm�1 peak, already
mentioned) loose between 70% and 80% in intensity,
while they stay almost stable in the other two samples.

The peak, associated with the C F stretching vibra-
tion at 1400 cm�1 decays for all samples, but while it
diminishes by 80% almost immediately and completely
vanishes after around 60 min in Figure 9A, the loss of
intensity is much slower and more gradual in
Figure 9B,C, where even after 300 min of illumination
30% to 40% of the initial peak area is left. A glance at the
C C bonds in the thiophene rings of the conjugated sys-
tem yield very similar results for the low temperature
dried solvent additive sample, as the absorbance of the
1569 cm�1 peak, visualized in cyan in Figure 9A drops
very fast and disappears almost completely. For the high
temperature dried solvent additive and solvent additive
samples the decay is again much slower and 60% to 70%
of the initial band intensity remain after 300 min illumi-
nation. Analogously to the results from optical absorp-
tion, the insufficient removal of solvent additive
molecules results in a very unstable film, that is subjected
to light and oxygen induced degradation in a much stron-
ger way than the samples, which are dried at higher tem-
perature or produced without solvent additive. As already
reported before, the conjugated polymer backbone is
affected more, compared to the alkyl side chains or fuller-
ene domains.39,40,65 The C F bond stands out here with
especially strong degradation susceptibility.

2.4 | Laser induced degradation followed
by Raman spectroscopy

Besides the illumination induced degradation with LEDs,
also laser light sources as used in spectroscopic studies
can themselves induce degradation. Here we use a
Raman laser (785 nm), which itself causes the degrada-
tion in the excitation spot for the measurements.38,65 The
observed kinetics enable an investigation of the develop-
ment of the stacking structure of the conjugated polymer
system. Raman scattering is used to follow primarily the
C C stretching vibrations. The FTIR and Raman

(B)

(A)

(C)

FIGURE 9 Development of intensities of selected IR

absorption peaks in the CH2/CH3 (orange/red) and the

characteristic C C and C F peaks (cyan/blue) from the fingerprint

region. From top to bottom the different samples with solvent

additive dried at 60 �C (A), with solvent additive dried at 150 �C
(B) and without solvent additive (C) are displayed. A multiple

Lorentzian fit was used and peak areas are normalized to

t = 0 min.
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degradation studies are complementary to each other,
since the degradation of the films is induced by different
light sources characterized by different intensities and
thus occurred on differing timescales. Due to the higher
incident intensity per unit area of the laser, changes
observed by Raman scattering are expected to occur
faster.

The range of Raman shifts from 1100 to 1650 cm�1

contains the features, which are representative of the
polymer's conjugated system. Figure 10 shows Raman
spectra in this range during laser illumination time of

120 min. The assignment of the individual peaks is given
in Table 2. Figure 10A depicts data from the low temper-
ature dried sample with the binary DIO:DPE solvent
additive, whereas Figure 10B,C are representative for the
high temperature dried solvent additive and the neat
blend sample, respectively. It is evident, that the signal of
the solvent additive sample, dried at 60 �C is significantly
noisier than the other two and, analogously to the obser-
vations from FTIR spectroscopy, peak intensity is drop-
ping much more rapidly. These effects are unlikely to be
caused by the changes in the surface morphology of the
films as profilometry measurement shows no significant
differences, especially for the two samples that are pro-
duced with solvent additives (see Figure S6). There is a
very fast decay of peak intensity for the solvent additive
sample dried at 60 �C. As it is also obvious in Figure 11A,
the peak intensities drop below 30% of the initial value
within the first 10 min of illumination, whereas they
appear more stable in the other samples (Figure 11B,C).

Of particular interest are the peaks between 1400 and
1600 cm�1 assigned to C C double bonds in thiophene
and benzene rings of PTB7 domains. The variation of the
peak intensities with time are shown in Figure 11 for all
three samples for the first 60 min of illumination. It is
apparent that in the well dried samples the peak at
1580 cm�1 is more stable over the illumination time com-
pared to the other peaks. This finding indicates that the
thienothiophene segments of the polymer chain are less
affected than the benzodithiophene segments represented
by the peaks at 1440 and 1490 cm�1. While they lose
about 50% of intensity, the 1580 cm�1 peak shrinks by
only �30% within the first 45 min of illumination. Two
peaks, which describe C H and C C bonds in the side
chains, are overlapping in a broad peak around
1300 cm�1. In Figure 10A the broad peak remains stable,
while the peaks that are discussed before vanish almost

(B)

(A)

(C)

FIGURE 10 In-situ Raman spectra of PTB7:PCBM thin films

under Laser (785 nm) illumination in the Raman shift range from

1120 to 1670 cm�1. From top to bottom the different samples with

solvent additive dried at 60 �C (A), with solvent additive dried at

150 �C (B) and without solvent additive (C) are displayed.

TABLE 2 Peak positions of the most prominent Raman peaks

with the assigned types of vibrations that are expected from the

sample according to literature.38,65,67

Raman peak position Assigned bond vibration

1250 cm�1 C H asymmetric bend

1325 cm�1 C C stretch

1440 cm�1 C C stretch in TT-thiophene rings &
BDT backbone

1490 cm�1 C C stretch in BDT backbone &
side chains

1550 cm�1 C C stretch in non-fluorinated
TT-thiophene rings

1570 cm�1 C C stretch in fluorinated
TT-thiophene rings
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immediately. In Figure 10B,C, the peaks are more stable
and decrease more gradually over time in a similar fash-
ion. The broader feature seems to be relatively stable, but
less distinct in the well dried solvent additive sample.
This behavior may indicate that the broad feature around
a Raman shift of 1280 cm�1 represents a structure, which
can be attributed to the bonding of solvent molecules,
rather than to the polymer:fullerene system. After report-
ing many similarities between the solvent additive sam-
ple, dried at 150 �C and the pure PTB7:PCBM sample,
the results from Raman spectroscopy presented in
Figure 10 show some differences for the two. The broad

peak at 1280 cm�1 is almost stable in the solvent additive
free sample (Figure 10C), whereas it decreases for the
well dried solvent additive sample in the same way as
most other peaks.

Figure 12 shows the evolution of the relative Raman
peak intensities. All peak intensities are added and nor-
malized to 100% for each measurement. The general
trend for all samples is a decrease of the very prominent
peak at 1490 cm�1 and a relative increase of the peaks
that are located at lower Raman shifts. This indicates the
denaturation of the conjugated system under

(B)

(A)

(C)

FIGURE 11 Development of intensities of selected Raman

peaks. From top to bottom the different samples with solvent

additive dried at 60 �C (A), with solvent additive dried at 150 �C
(B) and without solvent additive (C) are displayed. A multiple

Lorentzian fit is used and peak areas are normalized to t = 0 min.

Dashed lines are guides to the eye.

(B)

(A)

(C)

FIGURE 12 Development of the relative Raman peak

intensities of PTB7:PCBM thin films during laser (785 nm)

illumination. From top to bottom the different samples with solvent

additive dried at 60 �C (A), with solvent additive dried at 150 �C
(B) and without solvent additive (C) are displayed. A multiple

Lorentzian fit is used and peak areas are normalized to 100%

irrespective of the absolute intensities for each point in time.
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illumination in ambient atmosphere that has been
reported before. This effect is most pronounced in
Figure 12A, which shows the solvent additive sample,
dried at 60 �C. For the solvent additive sample, which is
dried at higher temperature (Figure 12B) and the sample
without solvent additive (Figure 12C) the relative
decrease of the 1490 cm�1 peak is less distinct and sets in
after about 30 min. This observation indicates that the
stability of the conjugated system in the PTB7:PCBM
blend film, which is essential for the application as active
layer, is critically dependent on a complete removal of
solvent additive molecules during the fabrication process.

As noted above, the Raman peak at 1490 cm�1 is a
good indicator for the conjugated system, since it repre-
sents C C stretching vibrations in the PTB7 backbone. A
shift of this peak toward larger Raman shifts has been
reported before and is seen as a measure for the degrada-
tion of the PTB7 conjugated polymer network.38 This
shift is also found in the present study and is shown in
Figure 13. The low temperature dried, solvent additive
free sample shown in blue, features the largest peak
shift of more than 3 cm�1 within 120 min of illumina-
tion, where the shift is more rapid in the initial phase.
Qualitatively similar, but with less absolute peak posi-
tion shift are observed for the solvent additive sample,
dried at 150 �C and the sample that was produced with-
out solvent additive, represented by the red and black
symbols, respectively. The properly dried sample with
solvent additive shows even slightly higher stability in

terms of peak position, compared to the neat PTB7:
PCBM film.

The results from Raman spectroscopy further confirm
the trends, which are already shown in our UV–vis and
FTIR spectroscopy data. The addition of solvent additive
molecules to the polymer:fullerene blend lead to a rapid
degradation of the resulting layer. Thus, a complete
removal of these additives is absolutely critical in order to
fabricate viable and durable devices.

3 | CONCLUSION

The present analysis of UV–vis, FTIR and Raman spec-
troscopy data during illumination shows the influence of
the binary solvent additive DIO:DPE and the applied dry-
ing protocol on the stability of PTB7:PCBM films. All
methods come to the consistent result that the use of
DIO in combination with DPE as solvent additives
requires an adapted drying procedure due to their higher
boiling point and tendency to remain in the film. The
conjugated system in the PTB7:PCBM blend, which is the
key for the application in organic photovoltaics, is much
more unstable when DIO and DPE are used as solvent
additives and the drying temperature is reduced to 60 �C
(or 70 �C for the UV–vis analysis). In comparison drying
at 150 �C and also a production without solvent additives
leads to physically and chemically more stable films.
Residual solvent additive molecules are likely to cause
this effect since they can act as additional oxidizing
agents and are very mobile inside the film, thus providing
pathways for material transport (e.g., atmospheric oxy-
gen). Both aspects can be assumed to foster an acceler-
ated degradation. The high diffusivity of DIO in this
system has already been shown by quasi-elastic neutron
scattering and can be assumed to also hold for the binary
system, which is investigated here.59 The findings empha-
size the importance of complete drying of the active layer
before its use in a solar cell and reveal the main working
points for light and oxygen induced degradation to be
considered in future material development.

4 | EXPERIMENTAL SECTION

4.1 | Sample preparation

The low-bandgap conjugated polymer PTB7 (purity:
>99.9%, molecular weight: 10,000–120,000 g/mol, poly-
dispersity: 2.6) and the fullerene PCBM (purity: >99.9%)
were used to prepare thin films with a weight ratio of
1:1.5, respectively. This blend ratio was reported to be the
optimal composition for the application in solar cells but

FIGURE 13 Evolution of peak position of the most prominent

PTB7 Raman peak at around 1490 cm�1 during laser (785 nm)

illumination. Respective peak positions are displayed for the

different samples with solvent additive dried at 60 �C (blue), with

solvent additive dried at 150 �C (red) and without solvent additive

(black). The peak is fitted with a single Lorentzian function.
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also for slightly modified systems.62,68–70 Chlorobenzene
(CB) was used as the bulk solvent for both components
and for the samples produced with binary solvent addi-
tive, diiodooctane (DIO) and diphenylether (DPE) were
added to the blend solution. All chemicals were used as
purchased from 1-Material (PTB7), Solenne BV (PCBM)
and Merck (solvents). For the production of thin films
both, PTB7 and PCBM were dissolved in CB (20 mg/mL).
To achieve a weight ratio of 1 to 1.5 between PTB7 and
PCBM, the solutions were subsequently mixed in a vol-
ume ratio of 1:1.5 (PTB7 solution: PCBM solution). For
the samples with solvent additive, DIO (3 vol%) and DPE
(2 vol%) were added, where the respective fractions refer
to the final solution volume. All solutions were stirred for
at least 12 h at 70 �C to ensure complete and homoge-
neous solvation. The final films were produced by drop
casting on glass or silicon substrates. The substrates were
inclined with an angle of about 20� against horizontal
and the respective amount of solution was applied homo-
geneously with a syringe. Subsequently, the samples were
dried on a heating plate at their individual temperature
for 10 min. All samples, irrespective of their drying tem-
perature, appeared completely dry and no liquid like or
viscous behavior could be observed.

4.2 | X-ray diffraction

Structural investigation of the samples was performed by
X-ray diffraction (XRD). A Bruker D8 Advance Labora-
tory diffractometer with a copper X-ray tube (K-alpha
lines at a wavelength of 1.5418 Å) was used. Diffracto-
grams were obtained in a 2-theta range from 3 to 30�

with an increment of 0.025� and a measurement time of
3 s per step. Samples were taken out of the diffractometer
for the illumination with the blue LED.

4.3 | UV–vis absorption spectroscopy

UV–visible (UV–vis) absorbance spectra were acquired
with a Perkin Elmer Lambda 35 spectrometer, in trans-
mission geometry. The wavelength range of the measure-
ment was 350 to 1000 nm using a tungsten halogen lamp.
The spectral resolution was 1 nm at a scan speed of
480 nm/min. All samples for UV–vis spectroscopy were
drop cast on glass substrates. The amount of solution and
subsequent film thickness was chosen to yield maximum
absorbance values of 1.0–1.5, according to the Lambert-
Beer-Law, in the relevant wavelength range. Samples
were fixed to a static sample holder that could be located
at the exact same position for each measurement. LED
illumination was then performed outside of the

spectrometer for the required time before the sample was
transferred back into the instrument for the next mea-
surement. Details on the illumination setup and used
LED can be found in the supporting information.

4.4 | FTIR spectroscopy

Fourier transformed infrared (FTIR) absorbance mea-
surements were performed with a Bruker Equinox
55 FTIR-spectrometer. Data acquisition and baseline sub-
traction were performed with the OPUS 6 software.
125 scans from 4000 to 400 cm�1 were performed for
each measurement with a resolution of approximately
1 cm�1 at an acquisition time of 1 s per measurement
point. The samples for FTIR-analysis were drop cast on
quadratic 20 � 20 mm2 silicon substrates with 30 μL
solution. Subsequently the sample was fixed to the sam-
ple holder and oriented in a 45� angle against the probe
light path to allow 90� LED illumination inside the
instrument.

4.5 | Raman spectroscopy

Raman spectra were recorded with a modular, fiber-
based Raman system, designed by Horiba Yobin. A
Horiba iHR 320 spectrometer is used in the system, which
was installed in a darkened and temperature controlled
environment. A 100 mW infrared laser with a central
wavelength of 785 nm was used for excitation. The exci-
tation light was guided through a superhead, where laser
and Raman scattering paths are merged and divided,
respectively. The light paths traveled through a lens sys-
tem that focused the laser on a spot approximately
110 mm in front of the last lens. The sample position was
manually adjusted around this spot to optimize Raman-
scattered signal, reaching back to the superhead through
the lens system. Samples were produced analogously to
FTIR-samples via drop casting on silicon substrates. For
the illumination of the sample the Raman-laser itself was
used. In order to slow down the degradation to a measur-
able timescale, the laser was attenuated by a gray filter
with an optical density of 1. The acquisition time for
single Raman measurements was set to 20 s.
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