
 

 

 University of Groningen

Device physics of polymer:fullerene bulk heterojunction solar cells
Bartesaghi, Davide

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bartesaghi, D. (2016). Device physics of polymer:fullerene bulk heterojunction solar cells. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/7d5e7d63-7227-448f-95c0-4be200bbef01


CHAPTER 6

UV-INDUCED DEGRADATION
OF PTB7:[70]PCBM SOLAR

CELLS

Summary

The degradation of organic photovoltaics (OPV) compared to conventional inor-
ganic technologies is one of the critical issues that have to be solved in order to make
OPV a competitive commercial technology. The understanding of the fundamental
mechanisms that reduce the power conversion efficiency (PCE) over time will be
beneficial for the design of new materials with enhanced stability. This chapter focuses
on bulk heterojunction organic solar cells based on PTB7 mixed with [70]PCBM. In spite
of being promising in terms of PCE, devices based on this blend are unstable and have a
short lifetime. When exposed to light in inert atmosphere, the PCE drops by 15% in less
than one hour and by 35% in eight hours; this degradation is induced by the ultraviolet
(UV) part of the spectrum. This chapter analyses the effect induced by UV light on
the transport of charges in PTB7:[70]PCBM. Contrary to expectations, the electron
transport shows evidence of trapping, while the transport of holes appears unaffected.
Furthermore, it is proven that PTB7 is not intrinsically unstable when exposed to
UV light, and that [70]PCBM plays an active role in the UV-induced degradation of
PTB7:[70]PCBM solar cells.
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

6.1 Introduction

Aiming at the commercialization of OPV technologies capable to compete with conven-
tional inorganic solar cells, both the efficiency and the stability of OPV devices need to
be improved. Power conversion efficiencies above 10% have been achieved both in sin-
gle layer and in tandem architecture, [1,2] approaching the efficiency threshold for com-
mercial viability. [3] However, the stability of OPV devices remains a major concern, [4,5]

hindering the commercial success of this technology. Therefore, an increasingly large
number of publications in the OPV field focuses on understanding how organic solar
cells degrade and on improving their stability. [6–14]

Most of the record-efficiency OPVs achieved in the last few year have been realized
with donor polymers based on benzo[1,2-b:4,5-b’]dithiophene (BDT). [15–20] Among these
polymers, the most studied is the donor-acceptor copolymer thieno[3,4-b]thiophene-
alt-benzodithiophene (PTB7), blended with [6,6]-phenyl-C71-butyric acid methyl esther
([70]PCBM). Devices made with this blend exceed PCE of 9% in optimized device struc-
tures. [15,16] The properties of PTB7 have been extensively studied [21–24] and many pub-
lications have focused on the optimization of PTB7:[70]PCBM solar cells. [15,16,25–28] In
spite of the good PCE achievable with PTB7, several researchers have reported that
PTB7:[70]PCBM solar cells are unstable when exposed to light and to the ambient. [29–33]

It has been shown that the principal mechanism of PTB7 degradation, both in neat films
and in blends with [70]PCBM, is via photo-oxidation with the highly reactive singlet 1O2
species; [29,30] the effect of photo-oxidation at the molecular level was described in a later
publication by Razzel-Hollis et al. [31] Furthermore, it has been shown that the presence
of [70]PCBM accelerates the degradation of PTB7 due to increased production of singlet
oxygen. [30,31]

The results reported in Ref. 29–31 regard a photochemical degradation process that
requires the combined exposure of the blend to both light and oxygen. It has been noted,
however, that the performance of PTB7:[70]PCBM solar cells also degrades in inert at-
mosphere when the devices are exposed to light. [32] The photoinduced degradation of
polymer:fullerene blends in inert atmosphere has been attributed to the absorption of
ultraviolet (UV) photons, that in aromatic polymers can induce reactions such as chain
scissions, cross-linking and side-chain rearrangement. [6,7] Lim et al. showed that the
photoinduced degradation of PTB7:[70]PCBM solar cells in the absence of oxygen is
due to UV light: inverted devices, in which the UV part of the radiation is filtered by
the electron-transport layer (ETL), have higher stability under illumination. [32] For their
study, they processed PTB7:[70]PCBM using 1,8-diiodooctane (DIO) as solvent additive.
Although the best performance for PTB7:[70]PCBM has been obtained using DIO, [25] it
has been proven that this additive remains in the blend after deposition of the active
layer [34] and has a negative impact on the stability of the devices. [28] Thus, the results
obtained by Lim et al. may be showing the effect of DIO rather than an intrinsic instabil-
ity of PTB7:[70]PCBM.

In this chapter, we investigate the UV-induced degradation of PTB7:[70]PCBM solar
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6.2. Results and discussion

cells without DIO. In spite of the importance of the charge transport in determining the
efficiency of OPV devices, [35,36] the knowledge of how transport properties degrade in
PTB7:[70]PCBM blends is currently lacking. We analyse the effect of UV on the charge
transport properties. We fabricate conventional devices, so that the UV part of the ra-
diation is not filtered by the ETL. To exclude any effect from the solvent additive, we
process the blend from pristine ortho-dichlorobenzene (oDCB) solution. We measure the
transport of charges in PTB7:[70]PCBM blend and how it changes upon illumination in
N2 atmosphere. While the transport of holes remains unaltered, exposure to UV light
has an effect on the transport of electrons, which becomes less effective. This may in-
dicate that the electron transporting material, [70]PCBM, is affected by the degradation
of the blend. We compare the efficiency of devices in which either only the polymer or
both polymer and fullerene have been exposed to light. To selectively expose only the
polymer, we fabricate PTB7:[70]PCBM solar cells via sequential processing. [27,37] Briefly,
sequential processing consists of a two-step deposition of the active layer, firstly the
polymer and then the fullerene derivative. A correct choice of the solvents for the two
steps results in the intermixing of polymer and fullerene, to give a morphology that is
similar to what is obtained from the one-step deposition of the blend. [27,37,38] Sequential
processing enables us to compare what happens when the polymer is exposed to light
before or after the addition of [70]PCBM; we observe that the performance of the solar
cell is not reduced if the exposition to UV light occurs in the absence of the fullerene
derivative on the time scale of our experiment.

Our results prove that PTB7 is not intrinsically unstable when exposed to UV light,
and that the UV-induced degradation of the blend is due to the presence of [70]PCBM.
Since fullerene derivatives such as [70]PCBM and its C60-equivalent PCBM are used as
electron acceptor material in many state-of-the-art organic solar cells, [3,39] understand-
ing the effect of [70]PCBM on the stability of the devices is crucial: it will direct the
research towards the design of new donor materials, compatible with [70]PCBM, or al-
ternatively towards the design of new electron acceptors, in order to improve device
stability.

6.2 Results and discussion

In this section we present the results of our measurements regards the stability of
PTB7:[70]PCBM solar cells processed from oDCB solution and exposed to light in in-
ert atmosphere, the characterization of the transport of electrons and holes in the
PTB7:[70]PCBM blend, and the results obtained from the sequential processing exper-
iment. All the details about the fabrication and characterization of the samples are in the
Experimental Section. The exposition to light for all the samples presented in this paper
has been carried out in inert atmosphere (a N2 atmosphere, with less than 0.1 ppm H2O,
and less than 0.6 ppm O2); during the exposure and the measurement, the temperature
was kept constant (295 K).
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

6.2.1 Solar cells performance upon UV exposure

We fabricate conventional BHJ solar cells with a PTB7:[70]PCBM (Figure 6.1) blend. To
determine how much the PCE of the device diminishes due to UV exposure in inert
atmosphere, we measure the JV characteristic of one solar cell every 30 minutes for 8
hours, keeping it continuously under the light of a solar simulator. When not measuring
the JV curve, we keep the device in open circuit conditions.

Figure 6.1: Chemical structures of PTB7 and [70]PCBM.

The normalized PCE of the device is displayed in Figure 6.2a: a fast reduction of the
PCE is visible in the first hours of light exposure, after which the performance decreases
at a slower rate. At the end of the observation period, the PCE is reduced to 65.7% of
the initial value. To prove that the UV light is causing the reduction of the performance,
we measure the JV curve of a second device keeping a long-pass filter in front of the
lamp during all the observation time. The spectrum of the incident light is shown in
Figure 6.2(b); by applying the long-pass filter, all the light with wavelength below 425
nm is blocked, while the intensity of light with wavelength between 425 nm and 525 nm
is reduced. When the UV part of the radiation is filtered, the reduction of the PCE of the
device is much slower.

Furthermore, we compare the normalized PCE of PTB7:[70]PCBM solar cell un-
der illumination with the performance of a reference device made with poly(3-
hexylthiophene) (P3HT) blended with [70]PCBM. The P3HT:[70]PCBM sample shows
only a slight reduction of performance during the first hours of light exposure.
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Figure 6.2: a) Normalized PCE versus time for a PTB7:[70]PCBM solar cell continuously exposed
to light with and without using a long-pass filter to cut UV radiation and for a reference

P3HT:[70]PCBM solar cell. The thickness of the active layer is 100 nm for the PTB7:[70]PCBM, 220
nm for P3HT:[70]PCBM; b) spectra of the light of the solar simulator recorded with and without

the long-pass filter in front of the spectrometer; c) JV characteristics of PTB7:[70]PCBM solar cells
as spun and after 8 hours of exposition to light. We note that the difference between the black and
the blue curve is only due to the presence of the long-pass filter; d) normalized Jsc, Voc, and FF for

the PTB7:[70]PCBM solar cell continuously exposed to light without using long-pass filter.
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

The performance of PTB7:[70]PCBM solar cells decreases rapidly during the first
hours of light exposure. The PCE of a PTB7:[70]PCBM solar cell is 4.32% for the fresh
device, and drops to 2.84% after 8 hours of exposure (Figure 6.2(c)). Performing the mea-
surements in inert atmosphere excludes the photo-oxidation reaction described by Soon
et al. [30] as a cause for the reduction of PCE. Figure 6.2a clearly shows that this reduction
is largely due to the effect of UV radiation. Atomic force microscopy (AFM) images of
the topography of the film before and after exposition do not reveal any change in the
morphology upon UV exposure (data not shown); therefore, we conclude that the degra-
dation is due to a photochemical reaction triggered by UV radiation. As a result of this
photochemical reaction, the power generated by the cell, given by the maximum |JV|
product (Table 6.1), drops from 43.2 W/m2 (fresh device) to 28.4 W/m2 after 8 hours of
UV exposure.

Figure 6.2(d) reports the normalized short circuit current (Jsc), open circuit voltage
(Voc), and fill-factor (FF) of the cell exposed to light without long-pass filter; Jsc is the
most affected parameter, dropping to ∼75% of its initial value after 8 hours. Voc drops
slightly at the beginning of the observation period and then remains almost constant, FF
decreases slowly in time; both these parameters are at ∼90% of their initial values after
8 hours.

Table 6.1: Solar cell parameters of the JV curves reported in Figure 6.2(c)

Exposure time Jsc Voc FF Jmax Vmax PCE P
[min] [A/m2] [V] [-] [A/m2] [V] [%] [W/m2]

0 104.14 0.774 0.536 71.927 0.600 4.32 43.2
480 78.90 0.723 0.498 54.833 0.520 2.84 28.4

0 (UV filter) 69.64 0.770 0.505 47.124 0.576 2.71 27.1

A trivial solution to avoid the effect of UV would be to use a long-pass filter. Al-
though this would stabilize the blend, it would also reduce the number of incident pho-
tons, and hence the number of photogenerated charges. This would decrease the gener-
ated power to 27.1 W/m2 (see Figure 6.2(c) and Table 6.1). It is therefore important to
understand the fundamental mechanism of the UV-induced loss of efficiency, in order to
suppress it and at the same time exploit the low-wavelength photons.

We verify that the UV-vis absorption of the blend does not vary significantly upon
UV exposure (data not shown); the number of photogenerated excitons is thus the same
in the fresh device and after 8 hours of exposure. The loss of performance is possibly
related to a decrease in the internal quantum efficiency, which implies a reduction of the
rate of the photogeneration of charge carriers (G).
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6.2. Results and discussion

From the value of the current density at -2 V (saturation current, Jsat), we calculate G
according to [40]

G =
Jsat

qL
(6.1)

where L is the thickness of the active layer. We assume here that -2 V is a sufficient bias
to extract all the photogenerated charges. After 8 hours of exposure to unfiltered light,
G drops from its initial value of 8.22×1027 m−3 s−1 to 7.21×1027 m−3 s−1. Therefore, we
identify the reduction of G as a cause of the drop in the short circuit current of the device.
The higher voltage dependence of the JV curve of the degraded sample, resulting in a
lower FF if compared to the pristine device, suggests that the drop in G is possibly due to
an enhancement of the geminate recombination in the bulk of the device. The absorption
of the blend does not change upon one hour of UV exposure (data not shown), excluding
the photobleaching as a cause of the degradation.

6.2.2 Charge transport

To characterize the transport of holes and electrons in the blend, we fabricate single car-
rier devices in which a layer of PTB7:[70]PCBM is sandwiched between selective elec-
trodes that suppress the injection of electrons (hole-only devices) or holes (electron-only
devices). The current flowing through the devices is measured before and after exposing
the active layer to the light of the solar simulator. Figure 6.3 displays the JV character-
istics of single carrier devices for different illumination times. The hole current only
slightly diminishes for longer exposure times, and it is almost constant already after 15
minutes of exposure; the electron current is more significantly reduced upon exposing
the active layer to UV radiation. Therefore, the loss of performance is related to a deteri-
oration of the electron transport properties.

Both the bottom and top contacts of hole-only and electron-only devices are opaque,
and it is not possible to study the effect of UV on the current as a function of the exposure
time using a single device. Thus, we fabricate more samples of each kind; before evapo-
rating the top contact, the devices are exposed to light in inert atmosphere for different
times. To minimize sample-to-sample variations, we spin cast every sample from the
same solution and with the same procedure, we carefully keep the temperature at 295 K
during the light exposures, and we evaporate the top contact simultaneously for devices
of the same kind. We are therefore confident that the differences which we observe in
the JV curves for different exposure times are due to the effect of UV light, and not to
sample-to-sample variations.

6.2.3 Trap-assisted recombination in PTB7:[70]PCBM solar cells

From the comparison between PTB7:[70]PCBM and P3HT:[70]PCBM solar cells in
Figure 6.2, it can be concluded that PTB7:[70]PCBM is unstable when exposed to UV. No
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Figure 6.3: JV characteristics of hole-only (a) and electron-only (b) devices of
PTB7:[70]PCBM exposed to light for different times. The thickness of the active layer of each

sample is reported in the legends.

reduction of the PCE is observed for the reference P3HT:[70]PCBM cell; one may there-
fore consider [70]PCBM to be stable, and expect to observe a drop in the hole transport
properties of the blend upon UV exposure, PTB7 being the hole transporting material.
Thus, it is surprising to obtain a drop in the electron transport properties.

A possible cause for the observed reduction of the electron current for longer expo-
sition times is the formation of electron trapping states as a product of the UV-induced
reaction. The presence of electron trapping states is capable to explain the stronger volt-
age dependence of the electron current if compared to the hole current [41] and the slight
clockwise hysteresis [42] in the electron-only JV curve (Figure 6.3).

It is well known that trapped charges may undergo Shockley-Read-Hall (SRH) re-
combination [43,44] and that such trap-assisted recombination pathway results in an
stronger dependence of Voc on the light intensity [45] if compared to a trap-free solar
cell. [46] The slope of Voc versus the natural logarithm of the light intensity can be ex-
pressed as a function of the thermal voltage VT = kBT

q , where kB is the Boltzmann con-
stant, T is the temperature and q is the elementary charge; if the SRH recombination is
absent, the slope is equal to Vt.

To check whether the UV radiation introduces more electron traps in PTB7:[70]PCBM
solar cells, we measure the dependency of Voc on the light intensity for a fresh sample
and after every hour of light exposure, for a period of 2 hours. We change the intensity of
the incident light by using a set of neutral density filter. To block the photoinduced reac-
tion during the intensity scan, the long-pass filter is used in combination with the neutral
density filter. For this reason, the maximum light intensity at which the measurements
are performed is lower than 1 sun (1000 W/m2). The outcome of this experiment is
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6.2. Results and discussion

shown in Figure 6.4. For the fresh device, the slope is 1.33 VT; it increases to 1.41 VT and
1.46 VT after one and two hours of light exposure, respectively. Repeating the experi-
ment with the UV radiation blocked during all the time of light exposure results in an
almost constant slope.
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Figure 6.4: a) Voc vs incident light intensity for PTB7:[70]PCBM solar cells, measured for the fresh
device and after exposing the cell to light for one hour and two hours. We analysed two samples,
one exposed to unfiltered light (full symbols), the other exposed to filtered light (empty symbols);

b) Slope of Voc versus the natural logarithm of light intensity for the two devices.

These results confirm the hypothesis that a small amount of electron traps is present
in the blend and that the exposition to UV radiation increases the number of trap states,
resulting in a stronger SRH recombination.

6.2.4 The role of [70]PCBM

To check whether the presence of [70]PCBM is a key factor for the UV-induced photo-
chemical reaction in PTB7:[70]PCBM, we fabricate solar cells via sequential processing
Figure 6.5a). A list of proper solvents for the sequential processing of PTB7:[70]PCBM is
given in Ref. 27. We choose chlorobenzene (CB) as a solvent for PTB7 and a mixture of
2-chlorophenol (2-CP) and 1-butanol (50:50 vol. ratio) as a solvent for [70]PCBM.

Depositing PTB7:[70]PCBM in two step enables us to expose the active layer to light
in different moments; therefore, we can measure the performance of devices in which the
polymer is exposed to light either in the presence or in the absence of [70]PCBM. Com-
paring the results with a pristine reference device, we can establish whether the presence
of [70]PCBM during light exposure is a necessary condition for the loss of efficiency.

We fabricate three different samples. One, which serves as a reference, is kept in the
dark until the moment of the measurement. A second sample (which we call ”blend-
exposed”) is exposed to light for one hour before evaporating the top contact. Finally, a
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

third sample (”polymer-exposed”) is exposed to light for one hour before deposition of
[70]PCBM.

The JV characteristics of the three samples under illumination are shown in Figure
6.5b. The PCE of the blend-exposed sample is 61% of the PCE of the reference sample.
Interestingly, the sample exposed to light before deposition of [70]PCBM does not show
any reduction of PCE with respect to the reference sample. The PCE of the polymer-
exposed sample is actually slightly higher than the PCE of the reference sample. The
lack of a reduction of the solar cell performance when the polymer is exposed to UV in
the absence of [70]PCBM is a clear proof that this fullerene derivative is actively involved
in the photochemical reaction occurring in PTB7:[70]PCBM upon UV exposure.

Step 1: spin cast PTB7 Step 2: spin cast [70]PCBM 

LiF/Al 

PTB7:[70]PCBM 

PEDOT:PSS 

Glass/ITO 

Step 3: deposition  
of the top contact 

PTB7 in CB, 
10 mg/ml 

[70]PCBM in  
2-CP:1-butanol 
      10 mg/ml 
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Figure 6.5: a) Schematic outline of the sequential processing of PTB7:[70]PCBM solar cells. b)
JV characteristics of the samples fabricated via sequential processing. The reference sample is

kept in dark until the moment of the measurement. The blend- and polymer-exposed samples are
exposed to light for one hour before Step 3 and before Step 2, respectively.

Moreover, the sequential processing experiments rules out the possibility that the
degradation of the PTB7:[70]PCBM solar cell exposed to UV light is due to light-induced
reaction at the interface between the active layer and the electrical contacts. The exposure
to light for the devices fabricated via sequential processing occurs before evaporation of
the LiF/Al top contact; reactions at the interface between the active layer and LiF are
thus not responsible for the lower PCE of the blend-exposed sample when compared
to the reference. If instead the degradation is caused by photoinduced reaction at the
PEDOT:PSS/PTB7:[70]PCBM interface, the PCE of the polymer-exposed sample would
also be lower than that of the reference sample.

One may argue that the [70]PCBM triggers the UV-induced degradation of the poly-
mer by absorbing the UV part of the radiation and subsequently transferring energy to
PTB7. To verify this, we we measure the absorption spectra of PTB7 and [70]PCBM (Fig-
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ure 6.6): although [70]PCBM absorbs more than PTB7 in the spectral region 350 - 450 nm,
the difference between the absorption coefficients of the two materials in the UV region
is no more than a factor of 2. Thus, the polymer is also absorbing a significant fraction of
the UV light and the fact that the fullerene derivative has the only role of absorbing UV
radiation can be ruled out.
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Figure 6.6: Absorption coefficient of PTB7 and [70]PCBM. In the spectral region 350 - 450 nm,
[70]PCBM absorbs more light than PTB7.

It is known that [70]PCBM accelerates the degradation of PTB7 in the presence of
oxygen, [30,31] The results reported here are a clear proof that [70]PCBM is also respon-
sible for the UV-induced degradation of PTB7:[70]PCBM solar cells in inert atmosphere.
The exact mechanism of the photochemical reaction that causes the loss in PCE upon UV
exposure is beyond the scope of this work.

6.3 Conclusion

We presented a study of the UV-induced degradation of PTB7:[70]PCBM solar cells in
inert atmosphere. The loss of PCE of the devices exposed to simulated solar light is
largely due to the UV component of the radiation, which mostly affects the short circuit
current. From the point of view of the device physics, the drop in PCE upon UV exposure
is related to the reduction of the photogeneration rate of charges and by the deterioration
of the electron transport properties of the blend. Additionally, our results indicate that
the strength of the trap-assisted recombination increases when the blend is exposed to
UV light.
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Chapter 6. UV-induced degradation of PTB7:[70]PCBM solar cells

The results provided in this chapter highlight that [70]PCBM plays a key role in the
UV-induced degradation of PTB7:[70]PCBM solar cells. PTB7 is not intrinsically unstable
when exposed to UV radiation: exposing the polymer to light before adding [70]PCBM
to it does not affect the PCE of the device, which is very similar to the PCE of a fresh
device. Only if [70]PCBM is present, does the UV radiation trigger a photochemical re-
action that results in a lower performance of the device. Thus, the fullerene derivative
plays an active role in the photoinduced reaction that causes the reduction of PCE; al-
though we do not investigate further the exact mechanism of this reaction, our results
suggest that the compatibility with [70]PCBM under UV radiation should be one of the
main goals to achieve in the design of future donor materials.
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