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ABSTRACT: Organic solar cells (OSC) based on low-band-gap
thienothiophene−benzodithiophene copolymer have achieved
relatively high efficiency (7−9%) in recent times. Among this
class of material, 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}) (PTB-7) is one of the high-efficiency
materials reported for OSC. However, this material seems to be
intrinsically unstable compared to the commonly used workhorse
polymer, poly(3-hexylthiophene) (P3HT), especially when
illuminated in air. Inverted device architecture is usually adopted
to improve device stability, but the device stability using PTB-7 is
not yet well-understood. In this work, a systematic degradation
study on a PTB-7:PC71BM-based inverted OSC employing F-TiOx as electron-transport layer (ETL) was conducted for the first
time. Air stability, photostability in inert atmosphere, and photostability under ambient conditions of the device were separately
carried out to understand better the polymer behavior in inverted OSC. The device’s air stability with different polymer absorber
layers was studied by exposing the devices in air for up to 1500 h. Because of the long and easily cleavable alkoxy side chains in
the polymer backbone, a PTB-7:PC71BM-based inverted OSC device is highly susceptible to oxygen and moisture when
compared to a P3HT:PC61BM-based device. In addition, with the presence of F-TiOx ETL, a significant reduction in light-
soaking time was also observed in PTB-7:PC71BM inverted OSC for the first time. The TiOx/organic interface was found to be
responsible for the reduction in the light-soaking time.
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■ INTRODUCTION

Solution-processed organic solar cells (OSC) have made
significant progress in recent times with device efficiency
reaching 10%.1−3 However, the device stability of OSCs still
needs serious improvement if they are to be used in outdoor
applications. One way of improving device stability is by
employing inverted architecture. In this architecture, the
positions of the hole-transport layer (HTL) and electron-
transport layer (ETL) are interchanged, resulting in the charges
being collected in the opposite direction across the device
compared to its noninverted or conventional counterpart.
Inverted organic solar cells (IOSC) provide better stability
compared to noninverted devices via the following key
modifications: (1) shifting the hygroscopic PEDOT:PSS away
from the ITO surface to prevent unintended etching and (2)
replacing the low-work-function metal contact (Al) with a high-
work-function metal (Ag) to prevent oxidation.4,5 Impressive
studies have been carried out on P3HT:PC61BM-based devices
to understand its degradation behavior under standard

operating conditions.6−9 To further increase the device
efficiency of OSCs over 10%, development of new photoactive
material based on low-band-gap polymers have been carried
out.10,11 Low-band-gap polymers have been used to increase
device efficiency by extending the absorption of the photoactive
material into the longer wavelength region, and this has been
achieved by adopting the strategy of employing alternating
electron-rich (donor) moieties and electron-poor (acceptor)
moieties to establish a push−pull interaction that results in the
band-gap tailoring.12−18 Because of its symmetric and planar π-
conjugated structure, benzodithiophene (BDT) has proven to
be one of the most efficient donor materials for high-
performance photovoltaic devices with PCBM acceptors. This
property is also expected to provide tight and regular stacking
for the BDT-based conjugated polymers, which in turn could
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enhance the electron delocalization and interchain interac-
tion.19−21

Among these polymers, 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}) (PTB-7)
shows a high efficiency of 7−9% in both conventional and
inverted organic solar cells.1,14,16,22 This polymer consists of
alternating benzodithiophene (BDT) and thienothiophene
(TT) moieties as its backbone. Despite being able to achieve
high device efficiency, the low device lifetime of PTB-7 greatly
hinders its applicability in organic solar cells, and the reason
attributed to this is a side-chain oxidation caused by exposure to
light in air.23 The oxidation of the material consequently alters
its absorption profile, leading to poor device stability. Razell-
Hollis et al. conducted an in situ Raman spectroscopy study on
PTB-7:PC71BM film with exposure to light in air for 10 min
and concluded that the degradation takes place because of the
oxidation of benzodithiophene functional groups, which alters
the electron density of the neighboring thienothiophene unit
and further triggers conjugation-breaking cycloaddition of O2.

24

However, most of the device degradation studies until now
were carried out in conventional device architecture, and little
has been known about the degradation behavior of this material
when employed in inverted architecture. Keeping this in mind,
the present study is undertaken to further understand the
degradation behavior of PTB-7:PC71BM blend under exposure
to air, light, and the combination of both in the inverted
architecture.
Though inverted organic solar cells (IOSC) exhibit

significantly better device stability compared to standard-
architecture OSC under ambient conditions, a reversible
light-soaking treatment is required when an n-type oxide is
used as a selective ETL in IOSC. Because this effect is
reversible,25−27 the device has to be activated repeatedly at each
dark−light cycle (every morning if used in outdoor application)
before it can function in full capacity. Hence, this effect should
be addressed for improved device practicality. A typical device
with TiOx as ETL would require approximately 10 min under
AM1.5 illumination to reach its maximum efficiency.28,29 Light-
soaking time of 15 min was needed when Al-doped ZnO
(AZO) was used as the ETL.30 Impurity-modified metal oxides
have also been used by various groups to address the light-
soaking issue.29,31 Recently, we have reported for the first time
on the use of fluorinated TiOx as the ETL to overcome the
light-soaking issue in P3HT:PCBM-based inverted organic
solar cells.29 We have concluded that the ITO/TiOx interface is
responsible for the reduction of light-soaking time because of
the change in TiOx work function that narrows the barrier
width between the two interfaces.29 However, the other
interface, TiOx/organic layer, may also play a role in the
device light-soaking properties. It is thus important to
investigate the contribution from this interface to the light-
soaking time reduction.
In this work, we have conducted a systematic study on the air

stability, photochemical stability, photo-oxidation stability, and
light-soaking characteristics of PTB-7:PC71BM-based inverted
organic solar cells with fluorinated TiOx (F-TiOx) as the ETL.

■ RESULTS AND DISCUSSION
Device Performance. PTB-7:PC71BM and P3HT:PC61BM

were used as the photoactive absorber layer in this study. For
noninverted (conventional) organic solar cells, the device
architecture was ITO/PEDOT:PSS (50 nm)/PTB-7:PC71BM

(100 nm)/Ca (5 nm)/Al (100 nm). For inverted organic solar
cells, F-TiOx was used as the ETL because it was found to
reduce the light-soaking time significantly.29 The corresponding
device architecture was ITO/F-TiOx(80 nm)/PTB-7:PC71BM
(100 nm) (or P3HT:PC61BM (200 nm))/PEDOT:PSS-CFS31
(50 nm)/Ag. The device fabrication steps are described in
detail in the Experimental Section. The device architectures are
depicted in Figure 1a. Scheme 1 shows the chemical structures

of the donor polymers P3HT and PTB-7 used in this work. All
devices, unless otherwise stated, were subjected to degradation
without encapsulation.
A series of OSC devices with both conventional and inverted

architectures were fabricated for lifetime study in this work.
Figure 1b shows the j−V characteristics of the fresh
conventional and inverted PTB-7:PC71BM-based OSC devices.
(See Figure S1 in the Supporting Information for
P3HT:PC61BM-based OSC.) Both types of device exhibit

Figure 1. (a) Illustration of the device architecture for organic solar
cells with conventional (left) and inverted (right) architecture. (b)
Typical j−V characteristics of conventional and inverted organic solar
cells and the corresponding device parameters (with average and
standard deviation of the parameters over at least six devices included,
inset table).

Scheme 1. Chemical Structures of Poly(3-hexylthiophene)
(P3HT) and Polythieno-[3,4-b]-thiophene-co-
benzodithiophene (PTB-7) Polymers Used in This Study
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similar efficiencies (∼7%). This result suggests that the use of
F-TiOx does not significantly affect device performance when it
is used as ETL in inverted OSC.
Air Stability. The air stability of as-prepared IOSC with F-

TiOx ETL was investigated by storing the device under dark
and ambient conditions while monitoring its efficiency (η) over
time, in accordance to the International Summit on Organic
Photovoltaic Stability (ISOS) D-1 shelf scheme.32 The device
lifetime study of PTB-7:PC71BM in both device architectures is
shown in Figure 2a. The samples were subjected to exposure

under dark, open-circuit conditions at ambient atmosphere.
The device performances were measured periodically over the
course of 1500 h (63 days). As a control device, ITO/F-TiOx/
P3HT:PC61BM/PEDOT:PSS/Ag was used to compare with
the PTB-7-based device, and the data is also shown in the same
figure. As expected, PTB-7:PC71BM IOSC is significantly more
stable than its noninverted counterpart, retaining 70% of its
initial device efficiency at ∼120 h of air exposure, whereas the
noninverted device degrades completely within the first 24 h of
exposure. The observed degradation in the conventional device
architecture is attributed to the following: (1) the attack of
oxygen molecules from the easily oxidized Al metal contact into
the photoactive layer, (2) etching of the ITO surface by acidic

PEDOT:PSS, and (3) ingress of moisture into the photoactive
materials.5 All these processes would trigger the polymer to
undergo oxidation and form oxygen-induced traps, which will
result in the deterioration in the device performance.9 However,
inverted device architecture resolves most of the aforemen-
tioned issues: (1) Al was replaced by a more air-stable Ag as
metal contact and (2) PEDOT:PSS is moved away from the
ITO (preventing etching).
It is noteworthy that because of the direct exposure of

PEDOT:PSS in air the moisture ingress from the hole-transport
layer into the photoactive material is still possible in inverted
structure. Furthermore, Norrman et al. have previously
reported that the hygroscopic PEDOT:PSS in an inverted
organic solar cell has a high water uptake when exposed to air
in a dark environment, which corresponds to the ISOS-D-1
shelf scheme conducted in this study.4 As a result, the device is
highly sensitive to moisture-induced degradation. Interestingly,
when compared to P3HT:PC61BM IOSC, the device lifetime of
PTB-7:PC71BM IOSC is significantly shorter. P3HT:PC61BM
IOSC could maintain 80% of its initial efficiency up to 600 h of
exposure, whereas PTB-7:PC71BM IOSC already falls below
80% at the first 22 h. Because the attack of oxygen molecules
from the easily oxidized Al metal contact into the photoactive
layer and the etching of the ITO surface by acidic PEDOT:PSS
have been circumvented in the inverted device,4,5 the moisture
ingress seems to be the remaining factor for the observed
degradation. It has been reported previously that the
hydroxylation of PTB-7 could change the polymer structure
and render inferior charge transport property.24

In a closer look at the parameters in the inverted device
(Figure 2b), the open-circuit voltage (Voc), short-circuit current
density (jsc), and fill factor (FF) for the inverted devices
decrease over exposure time in air. The decrease in Voc would
imply the presence of recombination losses, which may be
caused by the change in work function of the hole-transport
layer (PEDOT:PSS) because of the effect of moisture. Hence,
the water absorbed by PEDOT:PSS will eventually diffuse
through and react with the underlying photoactive layer. From
Figure 2b, the moisture effect seems to influence PTB-7 in a
greater scale compared to P3HT. This effect can be explained
by the presence of long alkoxy substituents (2-ethylhexyl-oxy)
in the BDT and TT groups in PTB-7, which is generally more
susceptible to degradation compared to P3HT, where only a
simple alkyl (hexyl) side chain is present (Scheme 1).33

Furthermore, the nanomorphology of PTB-7 may also have
been altered throughout the degradation period, as observed by
a drastic decline in its jsc.

34 As a result, the moisture attack
accounts for the greater decrease in jsc and FF in the PTB-7-
based device compared to those in the P3HT-based device.

Photochemical Stability in N2 Atmosphere. Despite the
OSC devices being reasonably well-protected from oxygen and
moisture through encapsulation, degradation would still occur
over time. It is thus important to understand the behavior of
the photoactive materials under illumination in the absence of
oxygen and moisture. To rule out the effects of polymer
oxidation, the photochemical stability of PTB-7:PC71BM-based
devices were studied by illuminating the samples under
AM1.5G in a N2-filled glovebox (oxygen and moisture < 1
ppm). The j−V characteristics were acquired in situ during the
illumination inside the glovebox. Indeed, the result shown in
Figure 3 strongly suggests that the degradation of organic solar
cells is not necessarily caused by oxygen and moisture alone.
Direct absorption of UV−visible photons by the chromophores

Figure 2. (a) Normalized efficiencies of the PTB-7:PC71BM
conventional (black squares) and inverted (red circles) architectures
under continuous exposure to air under dark, ambient condition
(ISOS-D-1 shelf scheme) for 1500 h. P3HT:PC61BM conventional
(blue triangles) and inverted devices (green triangles) are used as
control devices to compare the stability of PTB-7-based device; (b)
Normalized open-circuit voltage (black symbols), short-circuit current
density (blue symbols) and fill factor (red symbols) for inverted
PTB7:PC71BM (□) and P3HT:PC61BM (△). Normalized error bars
correspond to the standard deviation for six devices, which were
calculated on the basis of the initial value of the device parameters.
Because the efficiencies of the devices differ, this accounts for the large
difference in the error bars between P3HT:PC61BM and
PTB7:PC71BM.
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of aromatic polymers in the absence of oxygen could trigger
various reactions such as photoinduced side chain rearrange-
ment (such as photo-Fries reaction), chain scissions, and cross-
linking.7,35 Because illumination was carried out in the absence
of oxygen and moisture, the degradation would be purely in the
form of photochemical processes.
Given the above condition, the polymer PTB-7 is

significantly unstable under illumination compared to other
photoactive materials such as polythiophenes,8,36 MDMO-
PPV,37 and ZnPc,38 which can withstand at least 500 h without
undergoing significant degradation under the same condition.
This result could originate from the chemical structure of PTB-

7 backbone, i.e., benzodithiophene (BDT) and thienothio-
phene (TT) moieties. These two groups of monomers, though
providing an excellent push−pull interaction for band-gap
tailoring, are more susceptible to chemical changes because of
the long alkoxy side chains (in the case of PTB-7). The
presence of the alkoxy side chains in polymers is known to have
negative impact to the polymer stability because the C−O bond
is readily cleavable under irradiation in the absence of
oxygen.37,39 As a result, the high performance and solution
processability of this material would serve as a trade-off against
its stability. Interestingly, the device lifetime of inverted
architecture is better than that of conventional architecture.
The device T80 lifetime (where efficiency drops to 80% of its
initial value) of the IOSC (90 min) is three times longer than
that of the conventional OSC (30 min). The degradation of the
device performance is solely caused by a decrease of fill factor
during illumination (Figure 3, red symbols), whereas the Voc
and jsc remain stable (Figure S2 in the Supporting
Information). The inferior fill factor can be explained by a
possible light-induced morphological degradation in the
photoactive material, which causes a decline in carrier transport
and carrier recombination.40 Hence, the reason for higher
stability is attributed to the presence of the UV-filtering F-TiOx
ETL (80 nm) with a band gap of 3.4 eV (λ ≈ 360 nm) in the
inverted OSC. (See Figure S3 in the Supporting Information.)
The TiOx layer is known to protect the device from UV light
owing to its high-band-gap properties.41 The presence of an
Al:ZnO UV filter between the light source and the device was
also shown to be effective in improving the stability of PTB-
7:PC71BM under illumination.42 Hence, we may conclude that
F-TiOx could act as a UV-protective layer for PTB-7:PC71BM
inverted device and could prevent the occurrence of photo-
induced chemical processes, contributing to a more stable
device compared to the one with a conventional architecture.

Figure 3. Normalized efficiency (black symbols) and fill factor (red
symbols) of the PTB-7:PC71BM conventional (□) and inverted (△)
architectures under continuous exposure to AM 1.5G in a nitrogen-
filled glovebox (absence of oxygen). Dotted horizontal line indicates
the lifetime (T80) of each device. Black lines represent the fitted
degradation profile according to experimental data. Error bars are the
standard deviation obtained from at least six devices, which were
calculated on the basis of the initial value of the device parameters.
Reproducibility of the inverted device seems to be better than the
conventional device, as seen in the difference in their error values.

Figure 4. (a) Normalized efficiencies of the PTB-7:PC71BM conventional (black squares) and inverted (red triangles) architectures under
continuous illumination in air. (b) Corresponding normalized jsc (black symbols) and fill factor (red symbols) of conventional (squares) and inverted
(triangles) architectures. Error bars are the standard deviation obtained from at least six devices, which were calculated on the basis of the initial value
of the device parameters. (c) Raman spectra for fresh and degraded (illuminated in air for 1 h) neat PTB-7 films in air. (d) UV−vis absorption
spectra of freshly prepared and degraded devices (light in air for 1 h) for both conventional and inverted architectures. Inset shows the film color
changes before and after degradation.
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Comparing the photostability test with the air-stability test for
the inverted device (Figure 2), T80 of the photoinduced
degradation (1.5 h) is much shorter than the T80 of air- and
moisture-induced degradation (22 h). The photoinduced
degradation is therefore the more detrimental factor in the
long term stability of PTB-7 in solar cell applications.
Photochemical Stability in Air. When freshly prepared

PTB-7:PC71BM OSC and IOSC devices were exposed to light
in air, significant deterioration in the performance was observed
for both types of devices without encapsulation. The effect of
oxygen and moisture under illumination accelerates the
degradation dynamics in both types of PTB-7:PC71BM device.
The photoactive material is especially vulnerable to oxygen and
moisture under illumination. Various studies have also shown
that oxygen is the dominating factor for polymer degradation,
even in the case of inverted devices.4,6,38 Indeed, the continuous
illumination test shown in Figure 4a suggests that PTB-
7:PC71BM, regardless of the type of architecture, is vulnerable
to oxygen- and moisture-induced degradation. The T80/T50
times for conventional and inverted devices are 18/85 and 3/10
min, respectively. Further investigation of the device parameters
in Figure 4b suggests a likelihood of chemical42,43 and
morphological40,44,45 degradation in the photoactive layer
because of the drastic decrease in jsc and fill factor. The stable
Voc throughout the illumination (Figure S4 in the Supporting
Information) suggests that there is no contribution of the
transport layers to the device degradation. Thus, the photo-
chemical degradation seems to occur only in the photoactive
layer. Note that the device lifetimes are considerably shorter
when compared to that of a P3HT:PCBM-based inverted
device.4 Norrman et al. has previously reported that when a
P3HT:PCBM inverted device was exposed to light in a
controlled environment, photo-oxidation of alkyl side chain will
form R−COOH bonds within the first hour of illumination in
air.4 However, this is not the case for PTB-7 because the alkyl
side chains in the polymer do not seem to participate in the
photochemical degradation.46 Raman spectra with fresh and
degraded neat PTB-7 films were acquired (Figure 4d). The
band between 1200 and 1350 cm−1 can be associated with
phenylene−alkoxy (R−O) stretching in BDT.37 The peaks at
1490, 1549, and 1570 cm−1 are associated with the CC
stretching mode of fused thiophene of BDT units, non-
fluorinated thiophene, and fluorinated thiophene of TT units in
PTB-7, respectively.24 After 1 h of illumination in air, the
Raman intensities of aforementioned peaks decrease. This
phenomenon suggests possible cleavage in the alkoxy side
chains in PTB-7 under illumination and subsequent breaks in
the chain conjugation of the adjacent thiophene subgroups.
Hence, the alkoxy side chains attached to the BDT and TT
backbones are likely the reason for the accelerated photo-
oxidation in PTB-7.
Interestingly, the conventional architecture has a better

resistance toward oxygen than the inverted architecture within
the testing period. There are two possible degradation
pathways: (1) from PEDOT:PSS to photoactive layer and
(2) from F-TiOx to photoactive layer. First, PEDOT:PSS
would undergo phase change under illumination in oxygen, and
subsequent oxidation would occur in the PEDOT:PSS/organic
interface.4 Furthermore, direct exposure to light in air would
render the photoactive layer and PEDOT:PSS to be oxidized to
mainly form R−SOx and R−COOH species.4 For inverted
devices, PEDOT:PSS is entirely exposed to air, as opposed to
conventional devices, rendering it highly sensitive to water, thus

accelerating the hydroxylation process under illumination.
Second, despite the UV-filtering effect, the F-TiOx layer in
the inverted device may also provide a pathway for oxygen to
attack the photoactive layer material. It has been reported that
the oxygen may adsorb to and desorb from the metal oxide
surface when illuminated in air.29,47,48 During the illumination,
the oxygen atoms could then readily attack, redistribute and
oxidize the photoactive layer, causing a shorter device lifetime.
Because of the degradation pathways associated with inverted

device and the inherent unstable nature of PTB-7, the device
lifetime is worse compared to its conventional counterpart. As a
result, there are various oxidation routes that could take place in
PTB-7: (1) Singlet oxygen could be inserted into the CC
backbone, disrupting its conjugation arrangement.23,42 or (2)
The C−O bonds in the alkoxy side chain of PTB-7 would be
highly susceptible to cleavage,33 forming R−COOH and
resulting in the break of π conjugation.24 All these reactions
would result in a reduction of conjugation length that leads to
the bleaching of PTB-7 polymer. This phenomenon was clearly
observed from the hypsochromic shift in the absorption peaks
at 630 and 685 nm of PTB-7:PC71BM film (Figure 4d). It is
well-known that the reaction of anthracene with oxygen will
readily form a 9,10-endoperoxide derivative.49 We believe that
the BDT units also undergo the same reaction, producing the
observed hypsochromic shift. This condition would disrupt the
backbone conjugation of BDT units, thus causing an evident
change in film color from dark blue to brown, corresponding to
the change in the chromophore (Figure 4d, inset).

Light-Soaking Characteristics. The light-soaking proper-
ties of PTB-7:PC71BM inverted organic solar cells is vital to
their practicality. It is important to realize the negative influence
of the light-soaking property on the device from the perspective
of outdoor applications. The reversible light-soaking effect
signifies repeated photoactivation every morning in outdoor
applications. A rough estimation of light-soaking time, based on
8 min under indoor AM1.5G illumination, would imply at least
1 h of outdoor light-soaking every morning (Figure S5 in the
Supporting Information). In other words, for an average 8 h of
daily sunlight, the first few hours of energy conversion every
morning will be lost, despite its long device lifetime. Thus, it is
important to address this issue by significantly reducing the
required light-soaking time. Our previous reports have shown
that F-TiOx could significantly reduce the light-soaking time by
more than 10-fold for an inverted P3HT:PC61BM device
compared to conventional sol−gel TiOx.

29 Hence, a
P3HT:PC61BM device with sol−gel TiOx and F-TiOx ETL
was used as a control device to compare with PTB-7:PC71BM
device in this work, as shown in Figure 5. Light-soaking time
(τsoak) is defined as the time required for the efficiency to reach
95% of its maximum value (η(τsoak) = 0.95ηmax); the light-
soaking effect for various devices was tabulated in the figure
inset. It is noteworthy that the light-soaking time, regardless of
the photoactive material used, is also drastically reduced by
employing F-TiOx as the ETL. On one hand, we may conclude
that the improvement in light-soaking properties of an IOSC is
independent of the photoactive layer material. On the other
hand, the use of F-TiOx ETL is essential to improve the light-
soaking issue. It was previously shown that the presence of
fluorine in TiOx matrix would decrease its work function and
increase the overall carrier concentration; thus, it accelerates
the UV-triggered trap-filling action.29

Apart from these effects from the ITO/F-TiOx interface, the
F-TiOx/organic interface could also contribute significantly to
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the reduction in the light-soaking time. It was also found that
the film morphologies of sol−gel TiOx and F-TiOx drastically
differ. As clearly observed from the AFM images in Figure 6,
sol−gel TiOx has significantly smaller grain size compared to F-
TiOx because of the nature of coating techniques used.
Titanium oxide coated with sol−gel technique hydrolyzes
uniformly over the ITO substrates; whereas for F-TiOx film, the
film was formed by means of island and cluster growth.29 As a
result, the film is significantly rougher than sol−gel TiOx, giving
root-mean-square roughness (rrms) values of 4.2 nm for F-TiOx
and 1.7 nm for sol−gel TiOx. It is known that higher roughness
of underlying metal oxide could increase the contact surface
area with the subsequent layer for solar cell applications.50,51

Ho et al. reported recently that ZnO nanorod ETL, which has a
higher surface roughness, could effectively enhance the
electron-transport properties by providing a larger contact
area to transport electrons through the layer.51 As a result, the
higher roughness of the film is possibly another factor
contributing to the significant reduction of light-soaking time.
When there are more interactions between F-TiOx and PTB-
7:PC71BM, electrons from the photoactive layer could
contribute to the trap-filling of the metal oxide. It would result
in a faster trap-filling action compared to that of sol−gel TiOx
in addition to the UV-excited electrons from the light-soaking
treatment. Thus, the use of F-TiOx ETL in PTB-7:PC71BM
IOSC could produce a light-soaking-free device.

■ CONCLUSIONS
A systematic degradation study to investigate the air stability,
photostability in inert atmosphere, and photostability in air of

PTB-7:PC71BM-based inverted organic solar cells with F-TiOx
as the ETL was conducted. The inverted device was proven to
be stable when stored under dark and ambient conditions
compared to a conventional device, largely because of the
protection of photoactive layer by PEDOT:PSS and the high-
work-function metal. However, because of the easily cleavable
side chains in PTB-7 polymer, the PTB-7:PC71BM inverted
device is significantly unstable compared to P3HT:PC61BM
under the same conditions. Though the UV-filtering effect of F-
TiOx could contribute to the better photostability in N2
atmosphere, the inverted device would still degrade over time
by means of phototriggered chemical changes in the absence of
oxygen. When the device is exposed to light in air, the inverted
structure degrades significantly faster compared to the
conventional device. The photo-oxidation effect from the direct
exposure of PEDOT:PSS to air and the rearrangement of
oxygen in F-TiOx layer upon illumination in the inverted device
may be the cause of the greater instability. Lastly, the light-
soaking characteristics of ITO/F-TiOx/PTB-7:PC71BM/PE-
DOT:PSS/Ag were also studied and compared with those of
the device using sol−gel TiOx as the ETL. The significantly
rougher F-TiOx film could enable electrons to be transported
from the photoactive layer to the F-TiOx, thus contributing to
the reduction of light-soaking at the F-TiOx/organic interface.

■ EXPERIMENTAL SECTION
Materials. Chemical-bath-deposited F-TiOx was prepared from

ammonium hexafluorotitanate ((NH4)2TiF6, 99.99%, Sigma-Aldrich)
and boric acid (H3BO3, ≥ 99.99%, Sigma-Aldrich) as precursors. For
sol gel-TiOx, titanium isopropoxide (TTIP, 97%, Sigma-Aldrich),
acetylacetone (AA, Sigma-Aldrich), and isopropanol (IPA, reagent-
grade, Aik Moh Paints & Chemical Pte. Ltd.) were used. Polythieno-
[3,4-b]-thiophene-co-benzodithiophene (PTB-7, 1-Material), phenyl-
C71-butyric acid methyl ester (PC71BM, Nano-C), and poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS, Her-
aeus Clevios P VP AI 4083, product code M121, Ossila) were used as
donor, acceptor, and hole-transport layers, respectively. Chloroben-
zene (CB, Sigma-Aldrich) and 1,8-diiodooctane (DIO, Sigma-Aldrich)
were used as the solvents for donor and acceptor. Capstone FS-31
(Dupont) was added into PEDOT:PSS prior to spin-coating. Silver
(Ag) metal was purchased from K. J. Kurt Lesker & Co. (99.99%).
Regioregular (>98%) poly(3-hexylthiophene) (P3HT, Sigma-Aldrich)
and phenyl-C61-butyric acid methyl ester (PC61BM − 99.5% purity,
Nano-C) were used to fabricate the P3HT:PCBM inverted device to
study the light-soaking effect. All the above-mentioned materials were
used as received.

Solution Preparation. The precursor solutions for F-TiOx films
were prepared by mixing appropriate concentration of ammonium
hexafluorotitanate ((NH4)2TiF6, 99.99%, Aldrich) and boric acid
(H3BO3). Both solutions were stirred separately for at least 10 min at
room temperature before mixing. The stirred solutions were mixed
and placed into a preheated bath at 40 °C before immersing ITO

Figure 5. Light-soaking effect on the efficiency of fresh devices with
sol−gel TiOx or F-TiOx layer for P3HT:PC61BM and PTB-7:PC71BM
devices upon AM 1.5G illumination under N2 atmosphere. Symbols
represent experimental data, whereas the solid lines are fitted function
(details at Table S1 in the Supporting Information). Embedded table
shows the summary of the resulting light-soaking time (τsoak) of each
device.

Figure 6. AFM topographic image for (a) sol−gel TiOx and (b) F-TiOx, indicating the corresponding root-mean-square roughness value.
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substrates into the bath for F-TiOx deposition. The deposited film was
finally annealed at 180 °C for 1 h. The precusor solution for sol−gel
TiOx was prepared by mixing titanium isopropoxide, acetylacetone,
and isopropanol in volume ratio of 1:0.5:10. PTB-7:PC71BM blend
was made in the ratio 1:1.5 (the concentration of PTB-7 was 12.5 mg/
mL, whereas PC71BM was 18.75 mg/mL) in chlorobenzene (96%)
and 1,8-diiodooctane (4%). P3HT:PC61BM blend was made in the
ratio 1:0.8 (the concentration of P3HT was 15 mg/mL, whereas
PC61BM was 12 mg/mL) in dichlorobenzene (DCB). The mixed
solutions were stirred and heated at 60 °C overnight in a N2 filled
glovebox prior to spin-coating.
Device Fabrication. Both conventional (noninverted) and

inverted bulk heterojunction organic solar cells based on PTB-
7:PC71BM and P3HT:PC61BM were prepared on prepatterned tin
doped indium oxide (ITO, Xinyan Technology Ltd.)-coated glass
substrates. The sheet resistance of the ITO (thickness = 90 ± 10 nm)
was found to be around 15−20 Ω/sq. The substrates were precleaned
using a detergent solution, followed by successive ultrasonication in
deionized water, isopropanol, and acetone for 15 min each. The
substrates were then dried in an oven at 60 °C for 2 h. For the
conventional device, this was followed by UV−ozone treatment for 15
min. Then, the PEDOT:PSS solution was filtered through a 0.45 μm
cellulose filter and was later spin-coated at 5000 rpm for 60 s to obtain
an approximately 50 nm thin layer on the ITO substrate, and the
samples were then annealed in a N2-filled glovebox at 140 °C for 20
min. A 100 nm layer of PTB-7:PC71BM was then spun onto the ETL
at 1600 rpm for 20 s, and the resultant film was then annealed on a hot
plate at 60 °C for 5 min. Ca (30 nm) and Al metal (100 nm) were
then sequentially evaporated in 4 × 10−6 mbar through a predesigned
shadow mask, resulting in an active device with an area of 9 mm2. The
completed device architecture is ITO/PEDOT:PSS/PTB-7:PC71BM/
Ca/Al. For the inverted device with F-TiOx as the ETL, 80 nm of
fluorinated TiOx (F-TiOx) was deposited onto ITO by immersing the
ITO substrate into a chemical bath, comprised of 0.1 M ammonium
hexafluorotitanate ((NH4)2TiF6) and 0.2 M boric acid (H3BO3) at 40
°C for 90 min. Finally, the films were subjected to annealing at 180 °C
for 1 h before transferring into a N2-filled glovebox. For the inverted
device with sol−gel TiOx as the ETL, 80 nm of precursor solution was
spun on ITO substrates and left to hydrolyze in air for 2 h before being
annealed at 180 °C for 1 h. The annealed films were then transferred
into a N2-filled glovebox. A 100 nm layer of PTB-7:PC71BM was then
spun onto the ETL at 1600 rpm for 20 s, and the resultant film was
then annealed on a hot plate at 60 °C for 5 min. A 70 nm layer of
PEDOT:PSS blended with CFS-31 (PEDOT:PSS-CFS-31) with
volume ratio of 5.5% was then coated onto the active layer in air
through a 0.45 μm cellulose filter and annealed at 140 °C for 1 min in
the N2-filled glovebox, as reported in our earlier work.

52 Ag metal (100
nm) was then thermally evaporated at 4 × 10−6 mbar through a
predesigned shadow mask, resulting in an active device with an area of
9 mm2. The completed device architecture is ITO/TiOx/PTB-
7:PC71BM/PEDOT:CFS-31/Ag. For inverted devices with
P3HT:PC61BM, all fabrication steps are the same except for the
photoactive layer spin-coating: P3HT:PC61BM was spun onto the
ETL at 800 rpm for 30 s, and the resultant film was then annealed on a
hot plate at 140 °C for 1 min. The completed device architecture is
ITO/TiOx/P3HT: PC61BM/PEDOT:CFS-31/Ag.
Device Characterization. The current density−voltage (j−V)

measurements were obtained under 1 sun illumination (ABET
technologies Sun 2000 Solar Simulator) and a Keithley 2400
sourcemeter. The intensity was calibrated using a silicon reference
cell (Fraunhofer ISE). The light-soaking treatment was done using the
same lamp source, where the devices were continuously illuminated,
and data were periodically acquired. The thicknesses of all layers were
measured using a cross-sectional SEM image by using JEOL FEG JSM
6700F field emission SEM operating at 15 keV. All the fabrication
steps, except coating of TiOx and PEDOT:PSS, were performed inside
a glovebox of N2 atmosphere (Charslton Technologies, ≤ 1 ppm
moisture and O2). Cell degradation studies were carried out in various
conditions: dark condition in air (25 °C, relative humidity 55%, ISOS-
D-1 shelf scheme32), exposure to AM1.5G illumination in N2-filled

glovebox, and continuous illumination by solar simulator light source
in ambient condition. Light-soaking experiments were conducted by
monitoring the j−V characteristics in situ while illuminating the freshly
prepared device under AM1.5G. The UV−vis absorption spectra were
acquired using Agilent Cary 7000 Universal Measurement Spectro-
photometer in the wavelength range from 300 to 800 nm. Raman
measurements were done using a Renishaw inVia microscope with a
50× objective in a backscattering configuration. The exciation source
was a 514 nm (Ar ion) laser; spectra were obtained with a laser power
of 0.25 mW and an acquisition time of 15 s. AFM images were
collected using a Veeco Nano Scope IV Multi-Mode AFM system in
tapping mode.
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