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Abstract

The stability of organic photovoltaic (OPV) devices in ambient conditions has been a
serious issue which needs to be addressed and resolved timely. In order to probe the
degradation mechanism in a donor-acceptor block copolymer PDPP-TNT:PC71BM bulk
heterojunction based OPV devices, we have studied current-voltage (J-V) behaviour and
impedance spectroscopy (IS) of fresh and aged devices. The current-voltage characteristic of
optimized fresh devices exhibit a short circuit current (Ji«) of 8.9 mA/cm?, open circuit
voltage (Voc) of 0.79 V, fill factor (FF) of 54.6 %, and power conversion efficiency (PCE) of
3.8 %. For aged devices, Jsc, Voc, FF, and PCE was reduced to 42 %, 10 %, 56% and 76% of
its initial value, respectively. The impedance spectra measured under illumination for these
devices was successfully fitted using a CPE based circuit model. For aged devices, the low
frequency response in impedance spectra suggests an accumulation of the photo-generated
charge carriers at the interfaces which impedes the charge extraction at the electrodes and
leads to a significant lowering in fill factor. Such degradation in device performance is
attributed to the incorporation of oxygen and water molecules in devices. An increase in the
recombination resistance associated with the bulk heterojunction active layer indicates a
deterioration of free charge carrier generation and conduction in devices. Such observations
from impedance measurement appear as an electrical signature of the probable physical

mechanisms responsible for degradation of OPV devices.

Index Terms - Capacitance-voltage (C-V) characteristics, charge carrier lifetime, charge
transport, impedance spectroscopy, degradation mechanism, lifetime, organic photovoltaic

device.



I. INTRODUCTION

During the past decade, bulk heterojunction based organic photovoltaic (OPV)
devices have emerged as a potential renewable energy source. OPV devices offer a wide
range of advantages like flexibility, lightweight, low cost and high throughput processing [1].
Optimization of device architectures, improvement in device fabrication techniques and
continuous development of high performing materials have steered improvement in the
power conversion efficiency (PCE) up to >10% [2, 3]. In order to establish OPVs
competitive with conventional silicon photovoltaic technology, the efficiency and life-time of
these devices need to be significantly improved [4, 5].

In OPV devices few degradation mechanisms are known. For example: Diffusion of
oxygen and water molecules into the devices, degradation of interfaces, the active materials,
inter-layers and electrode materials, electrochemical reactions with the organic materials
during device operation and morphological changes [4-7]. However, some of these
mechanisms are interrelated and occurs simultaneously which makes it difficult to identify
exact degradation mechanisms. Further, it is more difficult to quantify effect of individual
degradation mechanism towards the overall degradation of OPV devices. Decay in current-
voltage (/-7) characteristics is typically due to changes in dynamics and recombination
kinetics of charge carriers lead by various degradation mechanisms. In order to identify the
degradation mechanism and their impact on electrical parameters of devices we need a group
of complimentary characterization tools to probe charge carrier transport and their
recombination kinetics in the bulk active layer, and at various interfaces in OPV devices.

Impedance spectroscopy (IS) is an effective tool to study transport and recombination
mechanisms in the bulk, interfaces and electrodes in OPV devices under working conditions
[8]. This technique has been applied to outline the possible degradation mechanisms by
comparing the impedance characteristics in fresh and aged devices. Using impedance analysis
for ageing OPV devices the formation of an electron barrier at the electrode barrier and role
of defects are identified as important degradation mechanisms [9, 10].

In this paper we report an investigation of the degradation mechanism in poly{3,6-
dithiophene-2-yl-2,5-di(2-octyldodecyl)-pyrrolo [3,4-c] pyrrole-1,4-dione-alt-naphthalene}
(PDPP-TNT) and PC71BM based bulk heterojunction inverted OPV devices using
impedance spectroscopy. PDPP-TNT is a conjugated structure having naphthalene and
diketopyrrolopyrrole (DPP) as donor and acceptor moieties in the polymer backbone,

respectively. PDPP-TNT is an interesting hole transporting polymer which has shown



reasonably good performance in organic field-effect transistors (OFETSs) and OPV devices
[11]. In this paper, we report a comparative study of internal charge dynamics and
recombination kinetics in fresh and aged PDPP-TNT:PC71BM bulk heterojunction based
inverted OPV cells. These devices were fabricated and characterized under room ambient.
The electrical characteristics and performance of these devices were measured over three
weeks under the ambient condition without encapsulation. We have performed current-
voltage (/-V), capacitance-voltage (C-V) measurements and impedance spectroscopy (IS) to
study charge carrier transport, their accumulation, and recombination kinetics in PDPP-
TNT:PC71BM bulk heterojunction based fresh and aged devices.

1. EXPERIMENTAL DETAILS

Inverted OPV devices were fabricated on patterned indium tin oxide (ITO) substrates
with a configuration of ITO/ZnO/PDPP-TNT:PC71BM/MoOx/Ag. The schematic of inverted
OPV devices with the molecular structure of PDPP-TNT and PC71BM is shown in Fig. 1.
ITO coated glass substrates were cleaned using soap solution (2% micro-90) in de-ionized
(DI) water at 50 °C for 20 minutes. The substrates were rinsed with DI water, and sonicated
in acetone and isopropanol, respectively. Further, these substrates were dried with dry
nitrogen (N2) and treated with UV-ozone to induce the hydrophilicity. A sol-gel of ZnO (0.45
M) was prepared using zinc acetate in 2-methoxyethanol and ethanolamine. The prepared
solution was spin coated at 2000 rpm for 60 seconds to deposit ZnO thin film (~ 40 nm) on
the substrate. A drying process was performed on a hot plate at 250 °C for 15 minutes in
room ambient [12]. The PDPP-TNT was synthesized as described earlier, and PC71BM was
used as it was received from Lumtec, Taiwan. The PDPP-TNT:PC71BM blend layer was
deposited by spin-coating a solution (15 mg/ml) of PDPP-TNT (33 wt%) and PC71BM (67
wt%) in a mixture of chloroform and o-dichlorobenzene (4:1 by volume) at 5000 rpm for 60
seconds on top of ZnO layer. The PDPP-TNT:PC71BM layer was annealed on a hot plate at
60 °C for 10 min to remove the excess solvent [11, 13]. The thickness of the active layer used
in these devices is ~150 nm. Molybdenum oxide (MoOx) of 10 nm thickness, an electron
blocking layer, was deposited on top of the active layer by thermal evaporation. The top
silver cathode (100 nm) was subsequently deposited by thermal evaporation through a
shadow mask under a pressure of ~ 2 x 10 mbar to complete the device, resulting a device
area of approximately 0.09 cm?,

Current density-voltage (J-V) characteristics of OPV devices were measured under an

AM1.5G illumination source (1000 Wm?) using a Photo Emission Solar Simulator (Model



#SS50AAA). The light intensity was adjusted with a NREL calibrated Si solar cell. The
Keithley 4200 SCS parameter analyzer was used for the measurement of J-J characteristics
of OPV devices. The impedance analyzer (Autolab PGSTAT-302N) was used for C-V
measurement and impedance spectroscopy. Impedance spectra were recorded by applying a
small voltage perturbation (10 mV) at frequencies ranging from 1 MHz to 1 Hz.
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Fig. 1. The structural design of inverted PDPP-TNT:PC71BM bulk heterojunction solar cells with

molecular structures of the active layer components.

I1l. RESULTS AND DISCUSSIONS
The J-V characteristics of fresh and aged OPV device, shown in Fig. 2(a) and 2(b)

respectively, were measured under dark and light in room conditions. The observed electrical
parameters of optimized fresh devices were: a short circuit current (Jsc) of 8.9 mA/cm?, open
circuit voltage (Voc) of 0.79 V, fill factor (FF) of 54.6 % and power conversion efficiency
(PCE) of 3.8 %. The same for three weeks aged devices were: a short circuit current (Js) of
5.1 mA/cm?, open circuit voltage (Vo) of 0.71 V, fill factor (FF) of 24.2 % and power
conversion efficiency (PCE) of 0.9 %.
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Fig. 2. J-V characteristics of inverted PDPP-TNT:PC71BM bulk-heterojunction solar cells under

dark and light measured in room ambient, (a) fresh device, (b) three weeks aged device.

The device parameters were remains constant over two weeks. A significant drop in the
device performance parameters was noticed during the third week. For aged devices, Js, Voc,
FF, and PCE was reduced to 42 %, 10 %, 56% and 76% of its initial value, respectively. A
significant lowering in Ji indicates a decrease in excitons dissociation at PDPP-TNT/PC71BM
interface and collection of charge carriers at the electrode [14]. As shown in Fig. 2(b) the
aged device could not retain the shape of J-V curve in spite of a small lowering in V.. The J-
V' characteristic for aged device turns to S-shape as shown in Fig. 2(b). In bulk heterojunction
devices, such S-shaped J-V curve is reported and attributed to the formation of partially
blocking contacts caused by interfacial effects [15]. From the dark J-V characteristic, we
noticed that there is no significant change in reverse saturation current. It does indicate that
the electrical contacts remain injecting amid degradation of the devices.

With this result, one cannot be sure about the main cause of degradation of the
devices with time. In order to get more insight about changes in these devices, we have
performed impedance spectroscopy along with C-7 analysis for both fresh as well as aged
devices.

The C-V characteristic of fresh and aged devices was measured in dark, and under
light (1 Sun) as shown in Fig. 3. In fresh devices, a significant increase in the capacitance is
noted as compared to the same measured under the dark. This increase in capacitance
indicates the modulation of space-charge density and charge accumulation in the device
under illumination [16]. The Mott-Schottky (MS) analysis of C-V data shows that the space-
charge density N4~ 5.4 x 1076 #/cm? (under light) as compared to N~ 1.1x10"7 #/cm? (under
dark). The built-in voltage (V) determined from the intercept of linear fitting results in 0.73

Volts under both dark and light conditions.
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Fig. 3. Comparison of Capacitance-Voltage (C-V) characteristics of (a) fresh and (b) aged

devices under dark and light condition.

The space-charge width (/) depends on the space-charge density and the built-in voltage,

and can be estimated using following equation,

W _ Zg(Vbi_V)
_ gN 4

For fresh devices, the estimated space-charge width under dark and light are 54 nm and 13
nm, respectively. The higher space-charge density under light implies lower depletion width
in devices. This reduction in  changes the energy bands diagram in devices under the light,
and affects the built-in electric field, expressed as Eni~ (Vui-V)/W, present in the space-charge
region [17]. Such modulation in built-in field controls the charge-collection in devices. A
similar analysis in the case of aged devices results Vi = 0.34 Volts and Veip = 0.77 Volts.
The estimated space-charge width under dark and light are 113 nm and 70 nm, respectively.
Correspondingly, the space-charge density under dark and light are 1.6x10'° #/cm? and
5.4x10" #/cm?, respectively.

The space-charge width determined by a bias voltage (0-1 volts) ranges below the thickness
of the active layer (~156 nm) used in these devices. Thick bulk-heterojunction layer in
devices ensure reliability of MS analysis on the measured C-V data. The estimated defect
level (N4~ 10%-10'7 #/cm?®) from our C-V data matches well with the same reported by

Deledalle et. al for the donor polymer DPP-TT-T which is based on the same



diketopyrrolopyrrole (DPP) based functional group, and donor (D)-acceptor (A) coupling

scheme to synthesize organic polymers [18].

OPV device under light shows higher capacitance as compared to the same measured
in dark. The observed results can be analysed based on depletion region formation at the
BHJ/ZnO interface [19]. The characteristic capacitance found more in the device under light
than the dark, which can be explained as the more charge generation in the bulk than the
charge transport to the electrodes and hence accumulation of charges are higher when a

device is under operation [20].

In aged devices at certain bias under the light, minority charge carrier concentration
increases near the electrode (i.e., electrons at ZnO) as compared to the dark conditions which
result in more charges at surface states. The extra charge accumulation at surface states
enhances the voltage drop in the dipole layer and consequently, lowering in built-in voltage is
noticed. Such changes at BHJ/ZnO interface also explains S-shape J-V/ characteristic
observed for aged devices [21]. As compared to fresh devices, lower built-in voltage and
higher space-charge width noticed in aged devices indicate a redistribution of the built-in

electric field in active layer leading to a reduction in Js.

Fig. 4(a) shows the Nyquist plot for fresh device measured under light over the
frequency range 1 Hz to 1 MHz, at bias voltage 0.5 to 0.9 V. The impedance spectra
comprise of one dominant semicircle and a curved feature observed in low and high-
frequency regions, respectively. The high-frequency impedance region is zoomed and shown
in Fig. 4(b). The impedance characteristic observed in both frequency regions showed a
strong dependence on the bias voltage. In the low-frequency region, with an increase in bias
voltage up to Vo, the radius of semi-circle decreases rapidly and the depressed semi-circular
features are observed. The measured IS data is fitted with the earlier equivalent circuit model

as shown in Fig. 4(c).
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Fig. 4. (a) Impedance spectra of the optimized device measured under light at various bias
voltages. Dotted points are experimental data and solid lines are fittings. (b) High-frequency

region is shown. (c) The equivalent circuit for the fitting of impedance spectra.

Fig. 5 shown the impedance Cole-Cole diagram for aged device measured under light
over the frequency range 1 Hz to 1 MHz, at a bias voltage. The impedance spectra for aged
device comprise of one dominant semicircle at low frequency and a second, small and flat
semi-circular feature at high frequency, both showing a strong bias voltage dependence. The
high-frequency region of the impedance spectra is shown in Fig. 5(b) with decreasing
impedance value as bias voltage increases. The impedance behaviour in the low-frequency
region at different bias voltage is different from the same for the fresh device. The aged
device has increasing impedance with the increase in bias voltage up to V.. and decreasing
impedance with increasing bias voltage above Vo as shown in Fig. 5(c) and (d), respectively.
Below Vo, the charge accumulation in the device leads to increase in the semicircle radius

with increasing bias voltage.

We have modelled IS experimental data using an equivalent circuit shown in Fig.
4(c), which consist of CPE element (attributed to charge accumulation) in parallel with
recombination resistance [22]. The BHJ OPV devices, comprising PDPP-TNT:PC71BM
blend layer sandwiched between ITO/ZnO and MoOx/Ag electrodes, is modelled as a parallel
combination of a resistor (R) - capacitor (C). Here the capacitor represents a bulk capacitor
(Ce) associated with the depletion region inside the active layer and it is equivalent to the
geometrical capacitance of the device. The resistor (R) has a combination of bulk resistance

() and recombination resistance (rr.) representing resistive characteristics of the active



layer, and the recombination of photo-generated electrons and holes, respectively. The photo-
generated holes and electrons are associated with the acceptor and donor molecules, and this
feature can be assigned to a chemical capacitor (C.). In this model, the constant phase

element (Ccre) is used instead of a chemical capacitance, and it covers the aspects of
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Fig. 5. (a) Impedance spectra of the aged device measured under light at various bias
voltages. Dotted points are experimental data and solid lines are fittings. (b) The high-
frequency region is shown. (c) Impedance spectra measured under light with bias voltages

below V5 (d) Impedance spectra under light with bias voltages above Voc.

nature of interfaces and morphology present in the blended active layer in OPV devices [23].
The electrical resistance present at metal electrodes and electrode/contact layer/active layer
interfaces is assigned to a series resistance Rs. As shown in Fig. 5 the R-C circuit has r

connected in series with 7. || Ccpe and Cg is connected in || to this combination. Finally, Rs is



connected in series with the R-C circuit. The rrc || Ccre combination includes all internal
charge dynamical processes and contributes to the response of the device in the low-
frequency region while the r: || C; combination contributes to the same in the high-frequency
region [16, 24].

The random characteristics of a blended active layer in OPV devices can be attributed

to the distribution of relaxation times, and is related to impedance asZ=Y,*(jw) ™", where Yo

is the coefficient of the CPE and n represents an “ideality” factor characteristic of the
distribution of relaxation times. » varies from 0 to 1.0, with O corresponding to pure resistive
and 1.0 corresponding to pure capacitive behaviour [23].

The recombination resistance (r.c) and constant phase element (Ccrr) take into
account the recombination of photo-generated holes and electrons, and photo-generated
charge carriers (holes on donors and electrons on acceptors) in the inhomogeneous
morphology of D-A the blend active layer, respectively. The average charge carrier lifetime
(=) can be estimated using following equations [23]:

1

_ (W)’

rec

and 7 =7 Cﬂ (1)

The impedance spectra for both fresh and aged devices were fitted using the same
model. The ideality factor used in the fitting of the impedance data ranges around 0.54-0.95
which reaffirms capacitive nature of CPE. Due to this reason we represent Ccpe by the
chemical capacitance (C,), alternatively. The fitted recombination resistance (rc), calculated
chemical capacitance (C,.) and the electron lifetime using equation (1) are plotted in Fig. 6.
For the fresh device, r.. decreases with bias voltage as shown by black dots in Fig. 6(a),
indicating more charge carrier recombination as expected. However, r.. for the aged devices
increases up to V.. and shows decreasing trend above Vo. as shown by red dots in Fig. 6(a).
An increase of the 7. (the intercept of the semicircle on the X-axis at low-frequency region)
with bias voltage up to Vec can be attributed to a dominant charge accumulation in the device.
This suggests that the charge accumulation increases at the interface leading to an increase in
the device resistance which explains a significant reduction in fill factor. Fig. 6(b) shows the
variation of C, with the bias voltage for fresh (black dots) and aged (red dots) device. For the
fresh device, C,. appears almost constant for 0.5 to 0.7 V and increased for 0.8 and 0.9 V due

to charge injection. However, C. for aged devices shows an increase with the bias voltage



which also confirms accumulation of the photo-generated charge carriers. Fig. 6(c) shows the

variation of electron lifetime (z.), a product of r... and C,, with the bias voltage for fresh

(black dots) and aged devices (red dots).
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ambient. We have characterized these non-encapsulated devices in room ambient for three

weeks in order to study degradation. A significant drop in the device performance parameters
was noticed during the third week. For aged device Jsc, Voe, FF, and PCE were reduced to 42
%, 10 %, 56% and 76% of its initial value, respectively. The J-V characteristics of the aged

device turn to S-shape indicating the formation of partially blocking contacts caused by

interfacial effects. The M-S analysis of C-V measurement under illumination suggests

lowering in built-in voltage due to the extra charge accumulation at surface states which



enhances the voltage drop in the dipole layer at BHJ/ZnO interface. Such changes at
BHJ/ZnO interface also explains S-shape J-V characteristic observed for aged devices. The
impedance spectra measured under illumination for fresh and aged devices have been
successfully fitted using a CPE-based circuit model. Under illumination, the low-frequency
response of aged devices in impedance spectra suggests an accumulation of the photo-
generated charge carriers at the interfaces which impedes the charge extraction at the
electrodes and leads to a significant lowering in fill factor. Such degradation in device
performance is attributed to the incorporation of oxygen and water molecules in devices [25].
An increase in the recombination resistance associated with the bulk heterojunction active
layer indicates a deterioration of free charge carrier generation and conduction in devices.
Such observations from impedance measurement appear as an electrical signature of the

probable physical mechanisms responsible for degradation of OPV devices.
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