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In this work PTB7:[70]PCBM (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]]:[6,6]-Phenyl-C71-butyric  acid
methyl-ester ([70])) based solar cells with PEIE (Polyethylenimine, 80% Ethoxylated) as electron transport
layer (ETL) have been characterized along two months using impedance spectroscopy (IS). The experi-
mental data were fitted using an electrical circuit and the time evolution of circuital parameters was ana-
lyzed. At high voltages, the capacitance associated to the PEIE layer decreases within the first days of
measurements while the resistance increases during the same period. The flat band voltage, Vp, obtained
from a Mott-Schottky analysis, decreases with measuring time around 0.1 V, suggesting a deterioration of
PEIE interface that no longer improves the ITO work-function. Carrier mobility decreases from

Degradation

PEIE 2.2 x 102 cm?|Vs to 2.4 x 10~* cm?/Vs within the first few days of measurements.

Low band-gap polymers

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Organic solar cells (OSC) have become a real alternative to inor-
ganic ones since efficiencies up to 13% have been already achieved
(Heliatek). A simple approach is solution-processed bulk hetero-
junction solar cells (BH]J-SCs), whose active layer consists of a blend
of an electron donor polymer and an electron acceptor fullerene
derivative. This low cost technology has a low environmental
impact and offers new device properties such as flexibility, trans-
parency, light-weight and new market opportunities, e.g. wearable
photovoltaics. However, there are still some problems that have to
be solved, such as device stability and lifetime, before organic pho-
tovoltaic (OPV) technology takes off.

Among all materials, poly(3-hexylthiophene) (P3HT) and
phenyl-C61-butyric acid methyl ester (PCBM) is one of the most
studied systems (Hauch et al., 2008; Chen et al., 2011), and solar
cells based on this blend have reached efficiencies over 6% (Lee
et al., 2009). Nevertheless, the development in the last few years
of novel semiconducting polymers based on alternating ester-
substituted thieno (PTBs) has led to a significant increase of the
efficiency (Liang et al., 2010); these materials exhibit higher
open-circuit voltage (V,.), enhanced carrier transport, and lower
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band-gap, which lead to an improved efficient absorption up to
700 nm. Among all PTBs, PTB7 is one of the most successful mate-
rials in terms of efficiency, achieving values up to 9% (He et al,,
2012). State of the art of inverted solar cells based on PTB7:[70]
PCBM reaches efficiencies of 9.3% (Das et al., 2015).

Furthermore, OSC stability has gained significant attention in
the last years, since the ISOS standards to test organic solar cells
stability were established (Reese and et al, 2011). These
procedures include shelf life testing, outdoor testing, laboratory
weathering testing and thermal cycling testing and use the
current-voltage characteristic to monitor the device degradation.
The main agents that cause degradation in OSCs are oxygen and
moisture (Jorgensen et al., 2012). Besides, in standard architecture
devices, the acidic nature of PEDOT leads to the etching and degra-
dation of the ITO electrode, worsening the cell performance. In
order to avoid this effect, inverted architecture has become very
popular. Inverted devices include an air stable high work-
function metal such as silver (Ag) as the anode, whilst ITO behaves
as the cathode. Many oxides are involved in inverted structure,
such as ZnO or TiO, used as electron transport layers (ETL) and
MoOs, W03, V,05 used as hole transport layers (HTL). In these
structures, the anode plays the encapsulation role, and the ITO/
PEDOT interface is avoided. In the last years, polyethylenimine
(PEIE) has become very popular amongst ETL since it has some
advantages over oxides: it reduces the ITO work function from
~4.6-4.8 eV to ~4.0-4.3 eV, its optical and electrical properties
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are very stable and independent from the manufacturer, and it is
easy to use by solution process approaches. Furthermore, it does
not alter the high transmittance of ITO, making its whole sur-
face very smooth (Zhou et al., 2012; Udum et al., 2014; Li et al,,
2014; Polino et al., 2015).

In the last years, impedance spectroscopy (IS) has been used
both in organic light emitting diodes (OLEDs) Pitarch et al., 2006
and OSC to extract valuable information about material and
devices properties such as geometrical capacitance, dielectric con-
stant (&), flat band voltage (Vp), acceptor impurity concentration
(Na), recombination lifetime, diffusion times, and mobility
(Garcia-Belmonte et al.,, 2008; Garcia-Belmonte et al., 2010;
Guerrero et al., 2012).

In this work, we have used IS technique to monitor the degrada-
tion of inverted PTB7:[70]PCBM based OSCs using PEIE as ETL. The
sample cells have been stored in dark conditions, according to ISOS
protocol D1 (Reese and et al.,, 2011). Impedance measurements
were performed periodically along several weeks and experimen-
tal data were fitted using a circuital model. The evolution of the
electrical parameters was monitored, and enables to identify the
main phenomena involved in the degradation.

2. Materials and methods
2.1. Materials

PEIE (Polyethylenimine, 80% Ethoxylated, M,, ~ 70,000 g,
Aldrich) was diluted in 2-methoxyethanol (0.2 wt%) Zhou et al.,
2012; Udum et al,, 2014; Li et al., 2014. PTB7 and [70]PCBM
(99.99%) were purchased from Solarmer and Solenne BV, respec-
tively. The active layer solution was prepared with a polymer con-
tent of PTB7 and [70]PCBM mixed in a ratio of 1:1.5 and dissolved
at 2.2% in weight in ortho-Xylene (1,2-dimethylbenzene) (Susanna
et al., 2015). After stirring at room temperature for 30 min, 3%v/v of
1,8-diiodooctane (DIO) is added to the solutions and let on stirring
overnight at room temperature.

Ortho-Xylene, Molybdenum (VI) oxide (MoOs, 99.98% powder)
and silver (Ag, wire > 99.99%) were purchased from Sigma Aldrich.

2.2. Device fabrication

The devices are fabricated on ITO glass-covered substrates (Kin-
tec ~ 15Q/0), patterned with wet-etching in hydrobromic acid
and cleaned in ultrasonic bath with acetone and ethanol (10 min
each step). The PEIE is deposited via spin-coating in air under
chemical hood at 5000 rpm for 60s and then thermally treated
in air at 120 °C on a hot-plate for 10 min (Woo et al., 2014), result-
ing in a thickness of ~10 nm. Subsequently, samples are trans-
ferred to a controlled N, atmosphere where PTB7:[70]PCBM
mixture was spin-coated at 1000 rpm for 60s, resulting in a
thickness of ~80 nm and subsequently treated in slight vacuum
(10! mbar) for 20 min to accelerate the drying process and
remove residual DIO from thin films.

The MoOs hole transporting layer (HTL), and the Ag anode are
thermally evaporated at 10~ mbar for a final thickness of ~5 nm
and ~100 nm, respectively. Six devices of 0.1 cm? are defined on
each substrate. Samples were encapsulated in glove-box before
taking out for characterization.

2.3. Characterization

The layer thickness was evaluated with a profilometer (Dektak
150). The impedance spectroscopy measurements were taken in
ambient and dark conditions, with Solartron 1260.

Device electrical (J-V) performances were characterized outside
glove box with a source-meter (Keythley 2420) under an AM1.5

Class A ABET solar simulator (100 mW/cm?). Encapsulated samples
were stored at room temperature in dark conditions between
measurements.

3. Results and discussion

One of the main advantages of the PEIE layer is to lower the ITO
work function improving charge extraction (Yan et al., 2015). How-
ever, this interlayer presents low conductivity in pristine condi-
tions due to the formation of disordered dipoles at the blend
interface. This results in the J-V curve exhibiting S-shape behaviour
before light exposure, decreasing the fill factor and therefore the
efficiency. In order to remove the S-shape from the J-V curve,
devices were exposed to light, leading to a realignment of PEIE
dipoles (Yan et al., 2015), and therefore improving charge extrac-
tion and enhancing the electrical parameters. Fig. 1 shows the |-
V curves of a pristine device under illumination AM1.5 irradiation
(100 mW/cm?) before and after undergoing light treatment.

Table 1 shows the electrical parameters of the samples after
light treatment.

The IS characterization of encapsulated devices was carried out
in ambient and dark conditions once a week along more than two
months. Previous to each IS measurement, devices were treated
under illumination for several minutes with a white LED in order
to activate the PEIE layer and remove the S-shape until the effi-
ciency was stabilized.

During the first week of measurement, devices were stored
inside the glove-box to check any significant degradation; nothing
was registered, so devices were taken out of the glove box and
stored in ambient conditions. Fig. 2 shows the Cole-Cole diagram
in dark conditions from 1 Hz to 1 MHz at several voltages for day
1 and day 60.

Since experimental data (symbols) resemble a depressed semi-
circle, Constant Phase Element (CPE) has been used as non-ideal
capacitor to model the blend capacitance. It is worth reminding
that a CPE is a non-ideal capacitance that takes into account non-
homogeneities such as porosities, roughness, and surface states

with Zeps = 1/(CPEr(je)™). When the CPEp =1, CPE becomes an
ideal capacitor with C=CPEr. Other remarkable cases are when
CPEpr=0 and CPEp=—1, where CPE becomes a resistor and an
inductance respectively.

Below 0.4V, the impedance spectra can be accurately fitted
using a single parallel R-CPE associated to the blend layer, in series
with a resistance and an inductance (Fig. 3a). However, for voltages
above 0.4V, several attempts to describe this behaviour with a sin-
gle R-CPE were unfruitful. Finally, the simplest circuit that accurate
fits impedance spectra for voltages above 0.4 V is shown in Fig. 3b.
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Fig. 1. ]J-V curve under 1 sun AM1.5 illumination of a fresh cell, before and after
light exposure in order to improve the PEIE interface.
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Table 1 where C is the depletion layer capacitance, Vp, is the potential
Electrical parameters of devices measured under 1 sun AM1.5. required for flat band conditions at the cathode interface, Ny is
Voc (V) Jsc (mA/cm?) Fill factor (%) Efficiency (%) the acceptor impurity density, A is the area (0.1 cm?), V is the
0.70+0.02 16+2 61+2 6.7+0.8 applied voltage and ¢ and ¢ are the dielectric constant and vacuum

permittivity respectively. The dielectric constant is obtained from
the geometrical capacitance (capacitance at reverse bias) yielding
to & = L, with L the active layer thickness (80 nm) giving € ~ 4.5.

The circuit of Fig.3b is composed by three main parts. The Aeg’

recombination resistance (Rggzc) and the chemical capacitance Inset of Fig. 6 shows the linear regression of Eq. (1) to the exper-
(CPE) model the recombination mechanism in the active layer. imental capacitance data values for the first day of measurement.
Transport resistance (R,) is associated to the transport of charges  This capacitance has been obtained from the total capacitance at
and it is only visible at high frequencies (typically above 10° Hz) 10 kHz, where the chemical capacitance dominates over the geo-
while C, resembles the device geometrical capacitance. An extra ~ Metrical and PEIE capacitances.

(RC)Lowrreq SUb-circuit has been placed in series in order to model The acceptor impurity density N, and the flat band potential Vg,
the PEIE layer. This circuit has been traditionally used to account ~ have been calculated from the slope and the intercept with the X
for the electrodes when these are not perfect ohmic contacts.  axis of the linear fit respectively. The Mott-Schottky analysis has
Finally, a series resistance Rs models wires and contacts, while been performed for all the days of measurement. Fig. 6 shows
the inductance L simulates the high frequency feature. As an exam-  the evolution of V5, and N, with days of measurement. The values

ple, Fig. 4 shows the fits of the first day of measurements at 0.4V  obtained for N, remain almost unchanged around 4.4 x 10'® cm>.

and 0.7 V. While at low voltages the simple circuit of Fig. 3ais able ~ Vp is the potential required for flat band conditions at the cathode
to accurately reproduce the experimental data, at high voltages a interface defined as the difference between the cathode and the
more complicated model is required. semiconductor work functions, ®c-®s (for a highly doped semi-

The series inductance was introduced to model the spectra  conductor ®s can be approximated to the HOMO of the donor
behaviour at high frequency ( >10° Hz). The influence of this com-  polymer). The value of Vp, is reduced from 0.82V to 0.72V along
ponent can be clearly appreciated in the phase diagram of the IS. the degradation process. Authors believe that the Vp reduction
Fig. 5(a) shows the fit obtained with and without inductance. It shown in Fig. 6 is due to an increase of the ITO-PEIE work function.
is observed that for frequencies above 2.5 x 10% Hz only the model ~ This suggests a degradation of the PEIE interlayer, since it no longer
with the inductance is able to accurately reproduce the device  lowers the ITO work-function. In (Weerasinghe et al., 2016) degra-
behaviour. The inductive effects are not usually observed since  dation of PEIE films of un-encapsulated and encapsulated films was
the device resonant frequency defined as f, =5l is above §tudied prior its use in P3HT:PCBM devices. In this_ work Weeras-
1 MHz (Scofield, 1995). However, as it will be shown later in this inghe et al. found that. PE"‘; ﬁ.lms exposed to amblgnt cgndlthns
section, the overall capacitance of this cells is in the order of under 1(_)0h of 1—_sun irradiation showed a clear_ dls_tortlon Of.lts
0.1 uF, and together with an inductance of 10-6 uH leads to reso- electrqmc properties, probably due to a phOtOjOdeatlve formatlo.n
nant frequencies at around 10° Hz. The value of this inductance of amldev groups that ch(:inge thg work funct}on of thg PEIE. This
along the days of measurements is shown in Fig. 5(b). The change d_egradatlon can bg avoided with comm_erc1ally—avallable ultra-
of this parameter is related to variations on the experimental setup hlgh gas/ vapor barrier ﬁ.lms by enc.apSL!latlon protocols developed
between days of measurement such as wires, and isolation of the during their work. Despite the dE\{lFES in our work \Were encapsu-
sample. In all measurements, its value remains in the order of lated and stored under dark con.dmf)ns, deylces were illuminated
WH, 50 its effect on the device performance can be neglected. always before the IS characterilzatllon. This repgated treaFm.ent

The depletion layer capacitance follows a voltage dependence along tW,O months of characterization seems to induce a similar
according to the Mott-Schottky expression (Rhoderick and degradation than that reported.by Weerasmghe et al. probably
Williams, 1988), due _to a non- perfect encgpsulatlon of the de_\nces. .

Fig. 7 shows the evolution of the three mains resistances of the
2(Vp V) (1) circuit, associated to the blend, the PEIE and the transport at differ-
AzqggONA ent bias voltages. PEIE and transport resistances can only be

extracted at high bias (V> 0.4 V). On the other hand, at low bias
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Fig. 2. Impedance spectra under dark conditions at several voltages (solid lines show the fit of the circuital model shown in Fig. 3) for the first (a) and last day of
measurements (b). Inset: zoom to the low impedance range to show the high voltage spectra.
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Fig. 3. (a) Circuital model used to fit the IS at low voltages (V < 0.4 V) and (b) at high voltages (V > 0.5 V).
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Fig. 4. Experimental impedance of the first day of measurements for 0.4 Vand 0.7 V
(symbols) and fits using the circuit of Fig. 3a (dotted) and Fig. 3b (line).
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Fig. 5. (a) Experimental data (symbols) and fits using circuital model in Fig. 3, with

(continuous line) and without (dotted line) inductance. (b) Inductance along days of
measurements.
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Fig. 6. Evolution of Vj, and N, along days of measurement. Inset: C ™ vs V using
capacitance values obtained from the fit.

the blend resistance can be several orders of magnitude higher
than the other resistances, screening the resistive effect of PEIE.

In order to observe the overall device resistive trend, total resis-
tance has been calculated and plotted in Fig. 7d. This resistance
is dominated by the blend, so its evolution with time is similar.
Fig. 7d shows that the main changes take place during the first
20 days, when the device was taken out of the glove-box, and sta-
bilizes during the following days. Two different trends at low and
high bias can be observed. On one hand, at low bias the total resis-
tance decreases with time indicating an increase of the ]J-V slope
before the onset voltage, due to an increase of leakage currents;
on the other, at high bias (above 0.6V) the total resistance
increases with time. Both trends lead to a decrease of the FF and
thus of the efficiency. Fig. 7b and ¢ show that both, the PEIE and
transport resistances, also increase during the first 20 days of mea-
surements for 0.6 and 0.7 V, and then stabilize. This reflects that
the charge transport inside the device is being limited by the diffu-
sion of charges and at the same time the PEIE layer is becoming
less conductive.

Fig. 8 shows the blend and PEIE capacitances at different bias
voltages. Blend effective capacitance has been calculated from

the CPE parameters using Cger = [(CPErR)"/P¥]/R (Jorcin et al,,
2006), where R stands for the recombination resistance. This
capacitance increases with applied voltage due to an increase of
injected carriers. The increase of this capacitance with the degrada-
tion time suggests a charge accumulation in this layer indicating a
worsening of carrier extraction, and thus a device degradation. On
the other hand the capacitance associated to the PEIE decreases
with the time. This trend together with the increase of the respec-
tive resistance reflects that this film is loosing gradually its conduc-
tivity, worsening the device behaviour. Finally the geometrical
capacitance remains almost constant along all the degradation
time (~9 nF (not shown)).

From the values of transport resistance and chemical capaci-
tance the mobility at 0.7V has been calculated using Eq. (2)
(Garcia-Belmonte et al., 2008).

L2
- Ve

H (2)
where V7 is the thermal voltage (Vr=KT/q) and 1p is the diffusion
time defined as tp = R;C,,. Fig. 9 shows that the mobility decreases
quickly in first few days from 2.2x103cm?/Vs to
2.4 x 107*cm?/Vs and then remains almost constant for the rest
of the degradation process. These values are in good agreement
with mobilites found in the literature for this blend (Ebenhoch
et al., 2015). It is worth mentioning that although the sample was
stored during the first days in the glove-box, the mobility decreases
quickly during the first days. However, the sample was taken out of
the glove box to measure the impedance. We believe that the time
used for the IS characterization outside the glove box is enough for
oxygen and water to degrade the material.

4. Conclusions

In this work impedance spectroscopy (IS) of an inverted organic
solar cell based on PTB7:[70]PCBM has been measured for more
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