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In this work, we performed a study on the recovery of the photovoltaic performance of an ITO/
PEDOT:PSS/P3HT:PCBM/Ca/Al solar cell after the hole transport layer (PEDOT:PSS) had been
degraded by contact with the environment. A device that was fully built in an inert environment
exhibited a fill factor (FF) of 0.64, while the device whose hole transport layer was exposed to air
presented a FF equal to 0.2. In addition, the J-V characteristic curve of the degraded device did not
follow the photovoltaic pattern exhibiting the degenerate S shape. However, the elimination of the
deleterious effect was achieved by bombarding gold ions on the contaminated surface of
PEDOT:PSS by means of the Metal Plasma Immersion Ion Implantation technique. Due to the low
energy of the ionic beam of gold, the implanted gold atoms were located at few nanometers off the
surface, forming nanometric clusters, that is, gold nanoparticles. Most probably, the degradation of
the J-V photovoltaic curve, represented by the S-kink effect, was caused by the appearance of a
potential barrier at PEDOT:PSS/P3HT:PCBM interface, which was demolished by the gold nano-
particles that have work function close to HOMO of P3HT. This S-kink effect was also simulated
by using an equivalent circuit model constituted by a two-diode circuit, one of which plays the role
of the undesirable potential barrier formed at the PEDOT:PSS/P3HT:PCBM interface. Our analysis
shows that deposition of gold nanoparticles next to the interface recovers the good hole injection
condition from the PEDOT:PSS into the active layer, restoring the fill factor and the device

efficiency. Published by AIP Publishing. https://doi.org/10.1063/1.5017672

INTRODUCTION

Bulk Heterojunction Organic Solar Cells (BHJ-OSCs)
have been the subject of extensive research over the past few
years, as they show great potential to become a commer-
cially available technology for renewable energy produc-
tion.'™ Flexibility, lightness, processability in solution, and
inexpensive manufacturing are some of the desired features
that have stimulated the technology of BHJ-OSCs.”® The
two-phase morphology of the active layer in BHJ-OSCs,
which is composed of a nanometric mixture of an electronic
polymer, as donor, and a certain acceptor molecule, allows a
complete conversion of photogenerated excitons into charge
carrier pairs. In such a configuration, a BHJ-OSC has exhib-
ited a power conversion efficiency (PCE) above 10%.”'°
However, the BHJ-OSC technology is still far from penetrat-
ing the energy conversion market because many drawbacks
need to be overcome, for example, noxious effects at interfa-
ces of successive internal layers. The search for improve-
ment of stability and increased operating lifetime of
BHIJ-OSCs has been requesting a great effort of research on
organic photovoltaics.'""'* Thereby, the performance of a
solar cell depends not only on the properties of the
donor—acceptor absorbing layer, but also on the properties of
interfaces between the multilayer components.'* One of the
most common undesired effects in the BHJ-OSCs is the
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arising of S-kink in the current density-voltage (J-V) curve
of the cell under illumination, which deteriorates the shunt
and the series resistances, reducing significantly their fill fac-
tor (FF) and its power conversion efficiency (PCE).M’21
Several explanations have been proposed for the S-kink
effect: interfacial dipole formation,’ charge accumulation,®’
contact degradation effects,>”"1%2223 imbalance in the elec-
tron and hole mobility,*'” reduction in the charge carrier
extraction,”'® and phase separation of the two organic com-
ponents.'® Tt has also been shown that degradation of the
hole transport layer (HTL) is responsible for many effects
that degenerate the J-V photovoltaic curve. Street et al.
showed that the degradation of BHIJ-OSCs resulting from
ambient exposure affects preferentially the hole transport layer
instead of the active layer,>* while Wagner ef al. demonstrated
that increasing the value of the work function of HTL reduces
eventual potential barriers between the Fermi level of the
anode and the HOMO level of the active layer, thereby
decreasing the series resistance of the interfaces and increasing
the fill factor of the device.'” By investigating the degradation
effects in indium-tin oxide (ITO)/TiO,/P3HT:PCBM/MoQO5/
Ag inverted solar cells, Sundqvist et al. showed that a robust
S-kink was removed by exposing the cell to UV light (light-
soaking). In this work, the authors concluded that the improved
performance was obtained by the decrease in the work function
of ITO/T 102.25 In addition, simulations of J-V photovoltaic
curve of a BHJ-OSC, carried out by Yang and collaborators,
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showed that S-kink arises when the hole injection energy bar-
rier exceeds 0.2eV, which is most probably due to accumu-
lated charge carriers at the vicinity of the contact.*®
Nevertheless, further experimental investigations are still nec-
essary to shed light on the origin of the S-kink phenomenon
and mainly to provide methods to consistently eliminate it.

In this work, we show that an S-kink effect in an ITO/
PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-poly(styre-
nesulfonate))/rr-P3HT:PCBM/Ca/Al device arises due to the
exposition of PEDOT:PSS layer to air. However, this delete-
rious effect is largely reduced when gold nanoparticles
(AuNPs) are implanted at a few nanometers from the
degraded surface of PEDOT:PSS, recovering the good per-
formance of the solar cell, despite eventual undesirable
effects of absorption or reflection by gold particles.’

This study was made by comparing three identical devices,
manufactured side by side on the same substrate, except that, in
two of them, the PEDOT:PSS layer was exposed to air, while
the other was all the time protected from external contact, and
used as reference. One of the devices that had the degraded
PEDOT:PSS layer exhibited the S-Kink in the current-voltage
curve under illumination. The second device had the degraded
layer bombarded by ionic beam of gold, and the device manu-
factured with it showed a performance compared with the refer-
ence device. Based on equivalent circuit models, which had
been recently described in the literature,”* we analyzed the
results of the degraded cell by making use of a two-diode
equivalent circuit, in which the additional diode in the tradi-
tional equivalent circuit of a solar cell represents an energy bar-
rier formed at the PEDOT:PSS/P3HT:PCBM interface.
Therefore, the incorporated AuNPs at the hole transport layer
had recovered the former interfacial properties, most probably
restoring the electronic structure appropriate to the injection of
holes that would have been damaged by the action of oxygen.

EXPERIMENTAL

We prepared two ITO/PEDOT:PSS/rr-P3HT:PCBM/Ca/
Al devices on the same batch, side by side, obeying the pro-
cedure described as follows. First, a glass substrate with a
patterned indium-tin oxide (ITO) was cleaned in an ultrasonic
detergent bath (60 °C), then with acetone and isopropanol for
10 min each, and finally dried under nitrogen gas flow. The
ITO surface was then treated for 10min in the UV-ozone
cleaning chamber to remove residual organic contaminants.
PEDOT:PSS (Clevios P Al 4083) was spin-cast at 3000 rpm
for one minute to form films of 35nm thick, which were
annealed at 120°C for 10 min. After thermal annealing, the
ITO/PEDOT:PSS films were exposed to air for a few days, to
provoke reduction reaction or other degradation effects.
Before finalizing the manufacture of the devices, in one of
them, ion gold was implanted through the surface of
PEDOT:PSS film. For this, we used the Plasma Immersion
Ion Implantation &and Deposition (MEPIIID) technique with
a very low ion energy implantation (49 eV), which provides a
unidirectional flux of charge-neutral plasma.>**! The implan-
tation dose was of 6.4 x 10" ions/cmz, measured through
Rutherford backscattering spectrometry (RBS). During the
gold ion implantation, the non-implanted device was
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protected by a metallic shadow mask [Fig. 1(a)]. Thereby, it
resulted in one non-implanted ITO/PEDOT:PSS structure and
other similar structure in which the layer of PEDOT:PSS was
implanted with gold ions [Fig. 1(b)].

It has been observed that metal implantation above the
solubility limit in a given substrate generates metal nanopar-
ticles nucleation and growth.>? In this way, gold ion implan-
tation, using very low energy (49eV), nucleate gold
nanoparticles in the maximum gold concentration depths in
the PEDOT:PSS film, generating an array of nanoparticles at
approximately 3nm depth,*® as determined by the implanta-
tion profile [Fig. 2(a)] calculated by Monte Carlo simulation
using the highly reliable TRIDYN software package.>*
Nevertheless, recent Transmission Electron Microscopy
(TEM) images of cross-section of PMMA bombarded by
gold under the same conditions showed that after implanta-
tion, the diffusion mechanism extend the penetration up to
a depth of 10nm. Field Emission Scanning Electron
Microscopy (FE-SEM) images of the implanted PEDOT:PSS
surface show the formation of AuNPs having average diame-
ters not higher than 10 nm [Fig. 2(b)]. It is important to stress
that, most probably, the AuNPs are not spheroids, but proba-
bly flattened nanospheres. Figure 2(c) shows similar FE-SEM
image obtained in a non-implanted region for terms of com-
parison. These images were performed with an INSPECT
F50 Field Emission Gun (FEG)-SEM microscope.

a)
Au ion implantation

b)
[ Ca/Al | D-cell \||'AuNP-ce11\
B P3HT:PCBM 1 W !
B PEDOT:PSS |
M 1To !
[ ] glass :

I

I

FIG. 1. (a) Au ion implantation on PEDOT:PSS layer by the Metal Plasma
Immersion Ion Implantation and Deposition (MEPIIID) technique; (b) final
device structure ITO/PEDOT:PSS/rr-P3HT:PCBM/Ca/Al of D-cell and
AuNP-cell built on the same substrate.
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FIG. 2. (a) Depth profile of Au implanted PEDOT:PSS for the ion energy (49 eV) and dose (6.4 x 10" ions/cm?) used in this experiment, as calculated by the
TRIDYN simulation code; (b) FE-SEM micrograph of a PEDOT:PSS thin film containing the AuNPs: the white bar represents 400 nm length; (c) FE-SEM
micrograph of a neat PEDOT:PSS thin film over ITO substrate: the white bar represents 400 nm length.

The manufacture of both devices was then completed
inside a glovebox, filled with nitrogen, where the active layer
was deposited using a ready-to-use electronic ink (purchased
from Aldrich) consisting of rr-P3HT:PCBM mixture dis-
solved in 1,2-dichlorobenzene. The ink was spin-cast at
1000 rpm for 3 min resulting in a 170 nm-thick film. Thermal
annealing was performed on a hot plate at 140 °C for 10 min.
Finally, a top electrode made of calcium (30 nm) and alumi-
num (70nm) was thermally evaporated through a shadow
mask under low pressure (1076 mbar). The ITO/PEDOT-
PSS/tr-P3HT:PCBM/Ca/Al devices were then distinguished
by the PEDOT:PSS layer characteristics, i.e., one being
degraded by air exposition, which was nominated by D-cell,
and the other in which gold was implanted in the degraded
PEDOT:PSS, identified as AuNP-cell [Fig. 1(b)]. As a
comparison guide, a third device of the same architecture
was built entirely within the glovebox, and referred to as the
reference cell (R-cell).

Kelvin Probe Force Microscopy (KPFM) technique
(NanoScope IITA-Bruker) was used to measure the temporal
evolution of the contact potential difference (Vpp) of a neat
PEDOT:PSS during its exposition to air. Finally, current
density-voltage (/-V) curves were measured with a Keithley
2400 source measurement unit, and the device was illumi-
nated with an Oriel Sol3A Class AAA Solar Simulator,
which gives the AM 1.5G (100 mW/cmz) condition. All J-V
curves were measured under N, atmosphere and at room
temperature.

RESULTS AND DISCUSSION

The J-V curves displayed in Fig. 3(a), from D-cell and
AuNP-cell, shows how efficient the implantation of gold was
in the recovering of a good performance of the solar cell.
There was a considerable improvement in the values of the
series resistance (Rj), the parallel resistance (R,;), and the fill
factor (FF). The comparison of the current density vs voltage
(J-V) measurements obtained in the D-cell and AuNP-cell
devices, under AM 1.5G (I,=100 mW/cmz) condition,
shows that the unsatisfactory values of the series (R,) and
shunt resistances (R;,) as well as those of the fill factor (FF)
shown in the D-cell are greatly improved in the AuNP-cell
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fittings

& i
3 ]
-10 - [ PR IR I N -
04 -02 00 02 04 06 08
Voltage (V)
b) 5

T [ - T 1T 1
| m R-cell ]

04 -02 00 02
Voltage (V)

04 06 08

FIG. 3. (a) J-V characteristics of degraded and Au-implanted solar cells
characterized under AM 1.5 illumination (100 mW/cmz). In red is shown the
fit using the modified circuit model given by Eq. (1) (D-cell) and Eq. (2)
(AuNP-cell). (b) J-V curve under illumination of Reference cell.
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[Fig. 3(a)]. That is, while the shape of the J-V curve of the
D-cell shows the deleterious effect of the S-kink effect, the
response of the AuNP-cell recovered the shape of the refer-
ence R-cell [Fig. 3(b)]. This result indicates that the degrada-
tion caused by the air exposition of the PEDOT:PSS was
responsible for the appearance of the S-kink effect, and that
the formation of gold nanoparticles just below the
PEDOT:PSS surface, by the ion implantation technique,
somehow eliminated the negative effect of exposure to air.
Table I displays the values extracted from Fig. 3 for the
short-circuit currents (J,.), the open circuit voltages (V,.),
the fill factors (FF), the power conversion efficiencies
(PCE), and the series and shunt resistances (R; and Ry;,), of
the three cells: D-cell, AuNP-cell, and R-cell. The values of
FF, PCE, and resistances R, and R, obtained from D-cell
device were 20%, 0.7%, 196 Q cmz, and 110 Q cm2, respec-
tively. Much better values were obtained in AuNP-cell:
FF =64%, PCE =2.36%, R, =14 Q cm?, and R;;,= 1815 Q
cm?. Therefore, the similarity between the J-V curves of the
AuNP-cell and R-cell, and the values of the characteristic
parameters of the solar cells, confirm that the ion implanta-
tion in the PEDOT:PSS layer destroyed the deleterious
effects caused by its exposure to the environment.

As already mentioned in the introduction, the literature is
rich in results that indicate that the degradations of materials
that compose the electrodes and/or the charge carriers transport
layers are factors that generate S-kinks in photovoltaic J-V
curves, and hence cause damage on the device performance.
Jin et al. showed that the thermal degradation of PEDOT:PSS
causes a decrease in the fill factor and the appearance of the
S-kink in the photovoltaic curve of a P3BHT:PCBM solar cell.*®
Other investigations concluded that charge carrier accumulation
at the vicinity of the active layer is the origin of this S-kink
effect, which would generate an interfacial electric field reduc-
ing the effective potential along the active layer.>” Based on the
solvent effect on the PEDOT:PSS layer, Namkoong et al. con-
cluded that the weakening of the electric field inside the active
layer of a P3BHT:PCBM solar cell leads to the impoverishment
of extraction charges, and consequently, the decrease in device
efficiency.® They proposed that this effect is caused by the
emergence of an energy barrier at the PEDOT:PSS/
P3HT:PCBM interface caused by a decrease in the work func-
tion of PEDOT:PSS. Kumar and collaborators obtained similar
results, i.e., the undesirable S-kink, by introducing an energy
barrier caused by a layer of Bathocuprine (BCP) between the
PEDOT:PSS and the active layer.'® They attributed the appear-
ance of the S-curve to a dipolar effect located at the BCP layer,
and to explain this effect, they developed a drift-diffusion
model that takes into account the effects of chemisorption at
interfaces between intermediate layers and the active layer.

TABLE I. Summary of the D-cell, AuNP-cell, and R-cell device parameters. R;
and Ry, were obtained from slope’l of J-Vcurve at V=0 (Ry,) and V=V (Ry).

Jsc (mA/em?) Ve (V) FF (%) PCE (%) R, (Q cm?) Ry, (Q cm?)

D-cell 6.3 0.56 20 0.7 196 110
AuNP-cell 6.6 0.56 64 24 14 1815
R-cell 8.7 0.58 61 3.1 12 1000

J. Appl. Phys. 123, 155502 (2018)

Similar conclusion were obtained by Street ef al. in an experi-
mental investigation®* and by Yang et al.,*® who simulated the
influence of the injection barrier on the performance of organic
solar cells, including the influence on the S-kink curve. More
recently, Gusain et al. using Kelvin Probe and XPS analysis
showed that work function of PEDOT:PSS can vary up to
0.2V due to chemisorbed oxygen (O,"). In this case, oxygen
molecules would modify the PEDOT:PSS/PCDTBT:PCBM
interface characteristic in a bulk heterojunction solar cell,
resulting in the appearance of an S-kink.*® In order to check the
action of air on the electrical properties of PEDOT:PSS surface,
we carried out a contact potential difference (Vpp) measure-
ment in a neat PEDOT:PSS layer exposed to air, by KPFM
technique, and we observed that Vcpp, and therefore work
function of PEDOT:PSS, experimented a variation of 0.2V
after few hours of air exposition (Fig. 4). This leads us to con-
clude that degradation caused by air exposition builds a barrier
for hole injection into the active layer, in agreement with the
hypothesis raised by the works above-mentioned.

To further explore the parameters of the D-cell, we resort
to the equivalent circuit model proposed by Castro,* in
which, in our case, a second diode represents the barrier
effect caused by charge carrier accumulation at the interface
(Fig. 5). Circuit 2 is the additional circuit containing a rectify-
ing diode (J,) in parallel with a resistor R,;,. An analytical
expression for this circuit was derived by Romero ez al., who
made use of the Kirchoff’s law and the Lambert W-function,
whose equation gives the dependence of the voltage V in
function of the measured density electric current J, e

nlkBTW

V= +Jpn +Jo1)Rsm1 —

q q
JoiR ——Rgu(J +J, J
X {nlkBT o1 shlexp[kaT st (J + Jpn + 01)]}

nszT

+ (J —Jo2)Rg2 + w

q —-q
X JooR ———Ryn(J — J, JR;.
{nszT 02R g2 €xp {nszT s 02)]}+ s
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FIG. 4. Contact potential difference of PEDOT:PSS layer measured at dif-
ferent exposition times to the environment.
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FIG. 5. Modified equivalent circuit proposed by Castro et al.*° The red part
is the traditional equivalent circuit (circuit 1) often used to parameterize
organic solar cells, and in blue is shown the additional circuit (circuit 2)
including a rectifying diode (diode 2) in parallel with a resistor R,.

In this expression, J,, is the saturated photocurrent, J, is
the reverse saturation current in dark, # is the ideality factor,
R, is the series resistance, and R, is the shunt resistance.
The indices 1 and 2 addressed to the equivalent circuit 1 and
2, which represent, respectively, the ITO/PEDOT:PSS and
the P3HT:PCBP/Ca-Al parts of the degraded device.
Equation (1) was then used to fit the J-V curve of the D-cell,
whose result is the continuous red line shown in Fig. 3(a).
The fitting for the AuNP-cell was performed by a traditional
equation [Eq. (2)] of the equivalent circuit (circuit 1) of clas-
sical solar cells, i.e.,

J(V) = Jo{ exp [%} — 1} +

V —JR,

— T (2
Rsh o ( )

A summary of the adjusted parameters obtained from
Eq. (1) for the J-V curve of D-cell [Fig. 3(a)] is shown in
Table II. The adjusted value for J,;, is coherent with those of
Js recorded from the D-cell and the AuNP-cell. The same
we can say for Jy; and Jy,, which are very small compared
with J,,;,. The model is also consistent for the adjusted values
of the resistances of both cells, because the adjusted values
of Ry (AuNP-cell) and R;,; are equal to those shown in
Table 1. The measured value of the series resistance of D-
cell (Table I) is close to the sum of the adjusted R, with the
series resistance R, of the AuNP cell. The agreement among
the parameters obtained from the experiments with those
calculated by expressions (1) and (2) corroborates the
hypothesis that a potential barrier was formed in the
PEDOT:PSS/P3HT:PCBM interface due to exposition to air.
In addition, the implantation of gold ions, which generated a
layer of gold nanoparticles near the surface of the

TABLE II. Summary of the adjusted parameters of J-V curve of D-cell from
Eq. ().

Ry Jon Jor Joz R Rz
(Q-cm? (mAfcm?) (uA/cmz) (,uA/cmZ) n; ne (Qem?)  (Qcem?)

14 7.6 146 1.43 561 1.0 1815 177

J. Appl. Phys. 123, 155502 (2018)

PEDOT:PSS, seems to be the key factor that eliminated the
adverse effect of this potential barrier, recovering then the
good performance of the solar cell. As a final explanation,
we can infer that the HOMO level of PEDOT (~5.1eV),
which is close to the HOMO of P3HT (5.2¢eV), had its value
decreased by 0.2eV due to degradative action of air as
shown in Fig. 4. This effect can be the reason for the barrier
formation for the injection of holes, leading to an S-kink in
the J-V curve. The generated Au nanoparticles, which have
work function around 5.4eV,*? thus restored the hole injec-
tion from the PEDOT:PSS layer into the P3HT:PCBM active
layer.

CONCLUSIONS

In this paper, we show that degradation of the
PEDOT:PSS layer by exposition to air causes a worsening in
the performance of an ITO/PEDOT:PSS/ir-P3HT:PCBM/Ca/
Al solar cell, mainly in the fill factor, in the series, and in shunt
resistances, and consequently, in power conversion efficiency.
It is known from the literature that charge carrier accumulation
at interfaces between transport layers and the active layer cre-
ates an interfacial energy barrier. Through contact potential
difference measurement, we were able to measure this barrier,
which, among other effects, diminishes the effective electric
field inside the active layer, degrades the properties of the mul-
tilayer solar cells, and results in the emergence of S-shape in
the current-voltage (J-V) curve under illumination. We con-
clude that the degradation of PEDOT:PSS due to oxygen, in
our case, is responsible for the S-kink recorded in the D-cell.
This was supported by the extracted solar cell parameters using
the equivalent circuit model proposed by Castro and collabora-
tors * and analytically solved by Romero e al.*' Finally, the
deleterious effect caused by degraded PEDOT:PSS was sub-
stantially removed by incorporating gold nanoparticles in the
PEDOT:PSS film close to the rr-P3HT:PCBM active layer.
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