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ABSTRACT The use of polymer solar cells (PSCs) for indoor dim-light energy harvesting has attracted
significant interest for low power consumption electronics such as the Internet of Things. However, the
photostability study and degradation mechanism under indoor artificial light is far behind than those
under full sun illumination (standard AM 1.5G), which is crucial for the successful commercialization
of indoor PSCs. Herein, the operational lifetime and photodegradation mechanism of PTB7-Th:PC70BM-
based inverted PSCs degraded under standard AM 1.5G and 1000 lux LED 2700K light sources were
compared. A high power conversion efficiency (PCE) of up to 16.19% and a long operational lifetime
(T80) of 3060 min were achieved by LED-irradiated devices, higher and more stable than that of AM
1.5G-irradiated devices with PCE of 9.98% and T80 of only 260 min. Using impedance spectroscopy and
three resistive-capacitive equivalent circuit model, we were able to identify the most suffered layer. Our
results demonstrate that PSCs have potential practical applications as high performance and a high stable
indoor power source.

INDEX TERMS Polymer solar cells, photostability, AM 1.5G, LED light, impedance spectroscopy.

I. INTRODUCTION
The development of polymer solar cells (PSCs) as indoor
dim-light energy harvesting has recently attracted great
interest in powering low-power wireless connected Internet
of Things (IoT) [1]–[3]. It is forecasted that about 28 billion
smart devices, such as sensors, small displays, and actuators,
will be connected into the IoT networks by 2021 [4]. As
these low-power consumption electronic devices are usu-
ally operated indoors, PSCs can be ideal alternative to
provide local power supply by harvesting light from an
indoor environment. The unique features of cost-effective,
lightweight, flexible, environmentally benign, and coloration
of PSCs are highly desirable for indoor applications [5]–[7].
Due to their highly tunable light-absorption photoactive
materials properties and well-matched spectral response
between the absorption spectra of PSCs device with the

emission spectra of common indoor light sources, such
as fluorescence and light-emitting diode (LED) lamps,
PSCs have shown as much higher power conversion effi-
ciency (PCE) under dim-light illumination [8]–[10]. A recent
study by Nam et al. demonstrated that PSCs cells illumi-
nated under 1000 lux LED light could possess max PCE of
26.4%, almost three times higher than those under one sun
illumination (9.34%) [11].
Besides high PCE, stability is another vital fac-

tor for achieving commercial application of PSCs
technology [12]–[15]. Extrinsic degradation in the presence
of water and oxygen, intrinsic degradation in the dark,
and intrinsic photo-induced degradation are dynamic aging
mechanisms that may affect the stability of PSCs [16]–[18].
The development of encapsulation technologies makes it now
possible to control the extrinsic degradation [19]. However,
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the cells are still degraded intrinsically over time, even
with perfect encapsulation. In PSCs, semiconductor poly-
mers are generally degraded under sunlight irradiation in the
absence of oxygen and moisture [20], [21]. Hence, studying
the intrinsic photostability of PSCs under an inert atmosphere
is particularly interesting, as it provides a more solid under-
standing of the process involved in the absence of a substance
that could chemically alter the photoactive materials [22].
Doumon et al. showed that the solar irradiation-induced
degradation of polymer:fullerene solar cells in the inert
condition is mainly due to the ultraviolet (UV) com-
ponents of the solar spectrum affecting the operational
lifetime of polymers with different chemical structure [21].
A recent study by Gasparini et al. also suggested that
the full sun illumination light-induced trap formation may
cause open-circuit voltage (VOC) losses [23]. In addition,
severe burn-in phenomenon has been widely observed at
the beginning of the photodegradation under sunlight and
inert environment in PSCs, which lead the PCE drops
exponentially [24]–[26]. Although the photostability of PSCs
under 1 sun illumination has been reported in several studies,
the photodegradation mechanism of PSCs under LED light
as a common artificial indoor light source has rarely been
studied, which is worth noting that the application of indoor
PSCs in IoT is surging. Therefore, a rigorous understand-
ing of the photostability of PSCs under LED illumination is
urgently needed.
Different optoelectronic techniques are used to monitor

degradation and gain insights into degradation mechanisms
within the device [27], [28]. Impedance spectroscopy (IS) in
particular can measure the complex dielectric properties of
the material by perturbing a small frequency-modulated (AC)
signal on the direct current (DC) bias voltage in terms of
frequency spectrum [29]. The extracted frequency-dependent
impedance can be interpreted in terms of the equivalent
circuits model with resistive/capacitive (RC) elements to
describe the internal process of PSCs occurring at dif-
ferent time scales during the degradation [30]. In this
work, IS analysis was used to study the photostabil-
ity of the inverted PTB7-Th:PC70BM-based solar cells
under the exposure of 1 sun illumination (standard ref-
erence AM 1.5G) and 1000 lux artificial LED 2700 K
light over aging time. Standard procedures of ISOS L-
1 and low-light measurement protocols were used for
an accurate lifetime determination [31]. The cell reached
a max PCE of 16.19% by illuminating the PSCs cells
under LED light and showed close to 12 times pro-
longed lifetimes (3060 min) relative to the cells illumi-
nated under full sunlight. The photodegradation behaviors
of the devices studied by impedance spectroscopy reveal
that the main cause behind the instability is the electron
transport layer.

II. EXPERIMENTAL DETAILS
As illustrated in the inset Fig. 1a, the studied devices
were fabricated using an inverted structure consisting of

FIGURE 1. Illuminated current density-voltage (J − V) characteristics of
fresh (solid symbol) and degraded (open symbol) cells exposed
under (a) AM 1.5G and (b) 1000 lux LED 2700 K irradiation. The light
intensity of AM 1.5G spectrum is 100 mW cm−2 and 1000 lux LED 2700 K
spectrum is 0.35 mW cm−2. The inset figure is the architecture of inverted
PTB7-Th:PC70BM-based devices fabricated in this study.

ITO/TiOx/PTB7-Th:PC70BM/V2O5/Ag. Inverted PSCs were
chosen because they could enhance device performance
and increase device stability than conventional PSCs [34].
The ITO-patterned glass substrates were first cleaned with
a surface-active detergent and then sonicated in acetone,
methanol, and isopropanol solvents for sequentially 10 min.
Afterward, ITO substrates were dried in an oven at 100◦C for
5 min, followed by ultraviolet-ozone treatment for 15 min.
TiOx, used as the electron transport layer (ETL), was
synthesized by the sol-gel method following the previous
work [14], [32], [33]. The TiOx precursor solution was
diluted in anhydrous methanol with a volume ratio of 1:6
and spin-coated on the top of the ITO substrate at 6000 rpm.
Subsequently, the TiOx films were thermally annealed at
400◦C for 5 min to obtain 15 nm film thickness. The
active layer solution, made by dissolving PTB7-Th:PC70BM
(1:1.5 w/w) in chlorobenzene:DIO (97:3% v/v) with a total
concentration of 25 mg mL−1, were stirred and heated at
40◦C for 18 h and left aging for 48 h. The filtered aging
solution was spin-coated onto the TiOx film at 750 rpm for
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TABLE 1. Photovoltaic parameters of PTB7-Th:PC70BM–based solar cells

just after fabrication under different light sources illumination.

30 sec, yielding an active layer thickness of 100 nm. V2O5
(5 nm) and Ag (100 nm) as the hole transport layer and
top electrodes were sequentially deposited through a shadow
mask under high vacuum conditions (≤ 1 x 10−6 mbar). The
effective area for all devices was 0.09 cm2. All fabrication
process was carried out under nitrogen environment.
The degradation study was carried out at room temper-

ature under an inert environment using two different light
sources: solar simulator AM 1.5G (100 mW cm−2) and an
artificial LED 2700 K light (1000 lux = 0.35 mW cm−2),
following the International Summit on OSC Stability ISOS
standard L-1 and low-light measurements [31]. The current
density–voltage (J-V) characteristics of PSCs devices were
performed using a solar simulator (Abet Technologies model
11 000 class type A, Xenon arc) and LED lamp (warm white
lamp with a color temperature of 2700 K Philips A60 13W
E27, Philips, Netherlands) using a Keithley 2400 source-
measure unit under dark and illumination conditions. The
light intensity of the AM 1.5G spectra was calibrated
by an NREL certified monocrystalline silicon photodiode,
while those of LED spectra were calibrated by a silicon-
cell pyranometer (model MP-100, Apogee Instruments, Inc.)
with a calibration factor of 5.0 W m−2 mV−1. The illu-
minance of LED lamp was measured by a digital light
meter (Spectra Cine, Candela II-A, Model C-2010 EL).
The constant illumination was maintained by warmed the
LED lamp up for 30 min and kept the distance between the
devices and the light source. The spectra of AM 1.5G and
LED light are displayed in Fig. S1 in supplementary mate-
rial. Impedance spectroscopy measurement was performed
under AM 1.5G and LED 2700 K illumination using HP-
4192A impedance analyser in the frequency range between
1 Hz and 10 MHz.

III. RESULTS AND DISCUSSION
In this work, we study the device performance, photostabil-
ity lifetime, and degradation behavior of the cells exposed
under continuous illumination of two different light sources,
standard reference AM 1.5G (100 mW cm−2) and 1000 lux
LED 2700 K lamp (0.35 mW cm−2) in inert atmosphere.
Fig. 1 shows the illuminated current density-voltage (J − V)
characteristics of the studied devices before and after the
photo-aging test. It can be observed that the J − V curve
for the degraded cell under AM 1.5G illumination (Fig. 1a)
was shifted to lower open-circuit voltage (VOC), while the
degraded cell under LED illumination (Fig. 1b) shows a more

TABLE 2. Summary of photostability lifetime of the fabricated cells

degraded under AM 1.5G and 1000 lux LED light illumination.

pronounced shift to the lower short-circuit current density
(JSC) respect to the fresh cells. More detailed photovoltaic
parameters values are summarized in Table 1, where all
numbers represent the average and standard deviation values
from four cells in each group. The dark J − V charac-
teristics of these devices are displayed in the supporting
information (Fig. S2 in supplementary material and Table SI
in supplementary material).
In agreement with prior work [32], a max PCE of the fresh

device under 1 sun illumination was 10% with the average
PCE of 9.64%, a VOC of 0.79 V, a JSC of 17.13 mA cm−2,
and a fill factor (FF) of 71.4%. On the other hand, the
fresh cells illuminated under LED light have a PCE about
1.6 times higher than that of 1 sun-illuminated cells, show-
ing the highest PCE of 16.19% with an average PCE of
15.7%, a VOC of 0.65 V, a JSC of 0.13 mA cm−2, and
an FF of 65.6%. The PCE enhancement of the PSCs cells
illuminated under LED light is in good agreement with the
related studies using PTB7-Th:PC70BM as the photoactive
materials [10], [35], [36]. It may be due to the well-match
between the absorption photoactive spectra of PSCs with
the emission spectra of the LED spectrum. The LED light
was employed because it provides low power consumption
as a versatile light source, which is reckoned to be widely
used for the industrial and domestic household [37].
To investigate the effect of different light source illumi-

nation on the photodegradation mechanism of the studied
devices, the photo-aging test was conducted in an inert atmo-
sphere (<0.1 ppm O2 and <0.1 ppm H2O) under continuous
illumination of standard 1 sun and 1000 lux LED light. In
an inert environment, the degradation due to ambient mois-
ture and oxygen can be avoided, giving a less significant
effect on the studied photostability mechanism. Fig. 2 shows
the performance parameters of the devices: PCE, JSC, VOC,
and FF over the aging time, normalized to their initial val-
ues. Following the ISOS-L-1 and low light measurement
protocols, the device lifetimes are listed in Table 2. The
photo-aging test was carried out until the PCE of the cells
decays 20% from its initial value, known as E80, T80. The
initial PCE (E0) and the times T95, T90, and T85 defined in
the protocols [31] are also shown in the table. After reach-
ing T80, we found that the lifetimes of the cells aged under
LED illumination are almost 12 times longer than under AM
1.5G solar simulator. It indicates a vivid effect of different
light source illumination on the photodegradation pathways
of PSCs.
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FIGURE 2. Normalized device performance parameters (a) PCE, (b) JSC, (c) VOC, and (d) FF of inverted PTB7-Th:PC70BM-based device under two light
sources exposure: AM 1.5G solar simulator (black squares) and 1000 lux LED lamp (blue circle).

As presented in Fig. 2a, the PCEs for all cells decrease
exponentially over the degradation time. The PCE of LED-
aged cells dropped 20% after 3,060 min of continuous
illumination, while those of 1 sun-aged cell reaches its
T80 only in 260 min. Rapid decay of all of the stud-
ied PSCs devices in the first few minutes are observed
in Fig. S3 in supplementary material. This phenomenon is
often reported as a “burn-in loss” degradation mechanism
due to the photochemical reaction within the device layers
and the presence of processing additive 1,8-diiodooctane as
photo-acid [38]–[40].
Fig. 2b presents the normalized JSC values for two dif-

ferent light sources photo-aging over the degradation time.
At T80, the devices illuminated under AM 1.5G solar sim-
ulator show an increasing JSC 4% higher in respect of
its initial value. That increment may arrive from the UV-
irradiation dependence, known as light-soaking effect, when
the UV components from the solar simulator spectrum irradi-
ate the cells. The light-soaking phenomenon in inverted PSCs
employing TiOx or the other metal-oxides materials as ETL
has been widely observed [41]. It may originate from the
photoinduced rearrangement of the Fermi levels at indium
tin oxide/TiOx interface, as reported elsewhere [42], [43].
On the contrary, the JSC of LED-aged cells fell 21% at
T80. The JSC decay under LED illumination originates from
the absence of UV components in the LED spectrum. This
behavior correlates well with the PCE behavior over the
photo-aging time.

The normalized VOC over the photo-aging time is
presented in Fig. 2c. The sun-aged cells show decreased
values of around 10% after they reached T80. VOC losses
may arise from light-induced trap states/defects, as described
elsewhere [23]. Different behavior was observed in LED-
aged cells, and their VOC start to increase slightly until
30 min and remain stable after 50 min. The other
performance parameters that need to take into account is
FF, as shown in Fig. 2d. Normalized FF of sun-aged devices
decreases abruptly around 16% of its initial value until T80.
On the other hand, the FF values of LED-aged cell have fol-
lowed the trend: stable for a long time, decrease for a short
time, suddenly increased, and continue following the same
trend until it has decreased up to its initial value at T80.
To examine the charge carrier recombination mechanisms

within the devices, the dependency of the JSC and VOC on
light intensity (Plight) was measured and the results are shown
in Fig. 3. The JSC generally follows a power-law dependence
upon Plight, as described by the expression:

JSC ∝ PS1
light (1)

where S1 represents a power-law exponent. For bulk het-
erojunction polymer/fullerene-based solar cells, S1 ranges
typically from 0.85 to 1 [44]. A linear dependence was
observed when the value of S1 close to 1 indicates weak
bimolecular recombination. Conversely, a value of S1 smaller
than 1 suggests that bimolecular recombination of free charge
carriers can limit the photocurrent devices [45]. Figs. 3a and
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FIGURE 3. (a,b) JSC and (c,d) VOC dependence on light intensity over aging time of inverted PTB7-Th:PC70BM-based device under (a,c) AM 1.5G
and (b) 1000 lux LED light illumination. All measurements were carried out in an inert atmosphere.

b show the plots of JSC vs Plight for the cells illuminated
under solar irradiation (10 – 100 mW cm−2) and 1000 lux
LED light intensity (<1 mW cm−2). It is apparent that the
slope is unity and is not influenced by different light sources
exposure. All plots were fitted using equation 1. The similar
fitted S1 values for the fresh (0.98) and aged (0.94) cells
illuminated under AM 1.5G and LED irradiation suggest that
there is neither bimolecular recombination nor a build-up of
space charge in all devices for both fresh and aged cells.
To gain more insight into recombination kinetics between

the fresh and photo-aged PSCs, the logarithmic dependence
of VOC vs. Plight can be expressed using the expression
derived from the Shockley diode equation as following [46]:

Voc ∝ S2
kBT

q
ln

(
Popt

) ∝ n
kBT

q
ln(Jsc) (2)

where n is the recombination ideality factor of the diode
(n = S2/S1), kB is the Boltzmann constant, T is the Kelvin
temperature, and q is the elementary charge. Fig. 3c and d
show semilogarithmic plots of VOC versus Plight for fresh
and aged-PSCs under both illumination. The fitted S2 values
were obtained from equation 2. The obtained S2 values of
0.99 and 1.26 lead to obtained n values of 1.01 and 1.28 for

the fresh cells under 1 sun and 1000 lux LED light illumi-
nation, respectively. Furthermore, the increasing S2 values
were expected when we carried out the photoaging test. The
solar-aged cells have S2 values of 1.75 and the LED-aged
cells of 1.47, resulting in n values of 1.86 and 1.38, respec-
tively. This trend is coherent with the ideality factor of the
diode obtained from the dark J − V fitting model (n value
in Table SI in supplementary material). These results are
in the range of expected values since the ideality factor for
PSCs ranges between 1 and 2 (1 ≤ n ≤ 2) [47]. Following
theoretical considerations, the condition of n equal to 1 indi-
cates the bimolecular recombination mechanism governs the
charge recombination in PSCs, whereas when n near to 2, it is
dominated by trap-assisted recombination mechanism [40].
In addition, the increase from n = 1 to n = 2 indicates
the increasing trap density, as observed in the solar-aged
cells. A higher increased of n values of solar-aged cells
(n = 1.86) from its fresh sample suggest the recombina-
tion losses in solar-aged cells are mainly due to band-trail
trap states in bulk. It can explain a rapid decay of VOC
over the AM 1.5G aging time is due to the light-induced
trap formation, as shown in Fig. 2c. On the other hand, the
lower n values for LED-aged cells compare to their solar-
aged counterpart can be attributed to low concentration traps
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FIGURE 4. Cole-Cole plots at open-circuit voltage bias over aging time of
PTB7-Th:PC70BM-based devices under (a) AM 1.5G and (b) 1000 lux LED
illumination. The experimental results were fitted using the 3RC circuit
model (solid lines).

in bulk under low-light illumination, resulting in the most
stable VOC values over the LED aging time (Fig. 2c).

In spite of the fact that J − V curves could provide
the information in which performance parameters were
affected by photodegradation, they could not give con-
crete evidence to understand the detrimental cause of PSCs
performance deterioration. It is because of the complexity of
the photodegradation mechanism. Hence, impedance spec-
troscopy (IS) measurements were carried out under solar
simulator and LED irradiation aging condition to gain more
information on the photostability of PTB7-Th:PC70BM-
based devices. The IS measurements were performed under
the frequency sweep from 1 Hz to 10 MHz over the aging
time from T0 up to T80 at the open-circuit voltage bias,
superimposing an AC signal with 50 mV amplitude. The
experimental data were fitted by an equivalent electrical
model using three resistor/capacitor (3RC) circuits in series,
as shown in Fig. S4 in supplementary material. These ele-
ments are related to the series resistance of ITO and the
resistance and capacitance of TiOx, active layer, and V2O5.
The geometrical capacitance values of each layer can be
calculated theoretical capacitance and their values shown
in Table SII in supplementary material.
Fig. 4 shows the Cole-Cole (Nyquist) plots of the impedance

spectra of solar-aged and LED-aged PSCs measured at the
open-circuit condition with their corresponding Bode plots in

FIGURE 5. The percentage contribution of each layer resistance to the
total resistance of the cells for fresh and degraded devices photodegraded
under (a) standard AM 1.5G and (b) 1000 lux LED 2700K irradiation. The
values were extracted by modeling the IS measurements at open-circuit
conditions.

Fig. S5 in supplementary material. It is observed that a single
process represented by one arc behavior in the Cole-Cole
plot and one maximum in the real and imaginary compo-
nents of the Bode plots depend on the illumination condition
given, high-frequency features under AM 1.5G illumination
and low-frequency features under LED 1000 lux illumina-
tion. The important parameters that can be extracted from
the Cole-Cole plots after fitting with the 3RC circuit model
are the capacitance (C), resistance (R), and time constant (τ ).
It can be seen that all plots over the degradation time show
typical arc behavior, indicates that the equivalent 3RC circuit
model is suitable for these spectra. Moreover, the diameter
of arc increases as the aging time increases, suggesting an
increased bulk resistance of PTB7-Th:PC70BM devices [29].
It is worth noting that the diameter of the arc is directly related
to the value of the resistance. The extracted resistance values
of the fitted data from solar-aged and LED-aged cells over the
lifetime stability are listed in Tables SIII and SIV, respectively
in supplementary material. It is observed that the LED-aged
cells have orders of magnitude higher resistance than that of
solar-aged cells. The higher resistances of LED-illuminated
fresh and aged cells were mainly due to the bulk RC lad-
der under low-light conditions, as we report elsewhere [10].
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Moreover, the fitting values of solar-illuminated fresh cells
are dominated by ITO series resistance. Nevertheless, as the
aging time increase, the measurement is strongly affected by
TiOx resistance.
To further analyze in which layer affects most the pho-

todegradation under different light sources illumination, the
percentage contribution of each layer resistance to the total
resistance (Rtot = RS+RETL+Rbulk+RHTL) was investigated,
as shown in Fig. 5. We found the �Rlayer/Rtotal (Rlayer/Rtotal
of aged – Rlayer/Rtotal of fresh) of TiOx is the highest among
the other layers under both AM 1.5G and LED illumination.
This result suggests that the performance deterioration of
PSCs under both AM 1.5G and LED illumination is mainly
due to the degradation of TiOx layer. Such degradation may
arise because of the photochemical activation when it is in
operation [48].

IV. CONCLUSION
In conclusion, an electrical degradation study of the inverted
structure of ITO/ETL/PTB7-Th:PC70BM/V2O5/Ag PSCs
photodegraded under two different light sources in an inert
atmosphere was presented. A high PCE of up to 16.19% and
a long operational lifetime T80 of 3060 min were achieved
by LED-irradiated devices, higher and more stable than that
of AM 1.5G-irradiated devices with PCE of 9.98% and T80
of only 260 min. Using impedance spectroscopy and three
resistive-capacitive equivalent circuit models, we were able
to reveal that the main source of the photodegradation in
the PTB7-Th:PC70BM-based device is the electron transport
layer (TiOx). Our results demonstrate that PSCs have poten-
tial practical applications as high performance and a high
stable indoor power source.
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