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Origin of the Kink in Current-Density Versus Voltage
Curves and Efficiency Enhancement of Polymer-Cgg
Heterojunction Solar Cells

Fernando Araujo de Castro, Jakob Heier, Frank Niiesch, and Roland Hany

Abstract—Current—voltage (J-V) curves of photovoltaic devices
can reveal important microscopic phenomena when parameteri-
zation is properly related to physical processes. Here, we identify
a pronounced effect of thermal annealing on the organic-cathode
metal interface and show that this interface is related to the origin
of the kink often observed in J-V curves close to the open cir-
cuit. We propose that isolated metal nanoclusters that form upon
cathode evaporation lead to defect states close to the interface and
change the electric field distribution in the device. We express this
scenario with a modified equivalent circuit and consistently fit J-V
curves as a function of the annealing process. The developed model
is general in the sense that any physical process that leads to the
change in electric potential as described in this paper will possibly
lead to a kink in the J-V curves. Knowing the origin of the kink
allowed us to largely increase the device efficiency of the archety-
pal material combination Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylene-vinylene] (MEH-PPV) -Cg,. We fabricated solar cells
with an efficiency of 1.85% under 100 mW/cm? AM1.5 illumina-
tion by using a deliberately designed interpenetrating bilayer film
morphology, aluminium as cathode and thermal annealing. This is
so far the highest reported efficiency for this particular combina-
tion of materials.

Index Terms—Annealing, organic-metal interface, photovoltaic
cell, polymer solar cell.

I. INTRODUCTION

ONOR-ACCEPTOR (D-A) heterojunction solar cells
based on organic semiconducting small molecules and
polymers are attracting much attention, in particular due to the
potential of cheap photovoltaic energy production [1]-[4]. To
understand its operation principles and limiting factors, critical
processes in the bulk film and at the organic-electrode interfaces
need to be addressed.
One of the key issues for high light-to-current conversion is
the active thin-film morphology [5]-[7]. However, the princi-
ples that control the arrangement of the D—-A components at the
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nanoscale are not well understood and systematic experimental
studies that correlate varying morphologies with device perfor-
mance are rare. The difficulty arises due to the large number
of parameters that influence the film formation when a poly-
mer blend is deposited from solution [8]—[11]. Post-production
treatments, such as thermal or solvent annealing, can further
improve the initial morphology via phase-separation and crys-
tallization processes [12], [13]. Most of these processes have
been optimized empirically so far.

A number of theoretical studies assist experiments and have
modeled morphology versus performance correlations [14],
[15]. Results suggest the best-performing arrangement to con-
ist of thin layers of donor an r ring the an

n h lectively, while in the bulk of the film th

components interpenetrate on length scales of ~5-40 nm, the
typical exciton diffusion lengths of many polymers and Cg,
respectively [16]-[18].

To experimentally mimic such an interface-enhanced bilayer
film, we recently used surface-directed spinodal demixing of
an active-guest polymer mixture during spin-coating to fab-
ricate a vertically segregated bilayer film with a rough inter-
face [19], [20]. The guest polymer was then selectively removed
and the rough active polymer surface was covered with a second
active component. We demonstrated the developing morphol-
ogy for different solvents, compositions, and guest molecular
weights. The submicrometer structures were easily reproduced
and could be “controlled” by adjusting the experimental param-
eters. With the use of polystyrene as guest polymer, MEH-PPV

lectron donor and Cgg r, this resulted in_much-
impr lar cell performan ith external 1 efficien-
cies (1 ~ 0.6%) more than three times higher than reported for
that particular material combination so far. Here, we exploit this
structuring concept further to optimize organic solar cell per-
formance. Details of the device fabrication are summarized in
Section II [19], [20].

Besides the film morphology, also the organic-electrode inter-
faces critically influence device performance. For instance, the
insertion of a thin buffer layer between Cg( and the cathode often
improves device performance [21]-[24]. The processes related
to charge generation, transfer and collection [25] are finally re-
flected in the quality of the current-density versus voltage (J-V)
characteristics [15]; therefore, these curves are a valuable source
of information [26], [27]. By describing the J-V curves with an
equivalent circuit, parameterization yields, for examples, values
for series ([25) and parallel (R?),) resistances that can be related
to microscopic physical processes.

1077-260X/$26.00 © 2010 IEEE
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In real solar cells, however, nonideality often occurs. De-
creased R, and increased IR, reflect current leakage or charge
transport/extraction problems, respectively. In particular, the
diode parameters in the dark and under illumination can vary
strongly [27], [28]. More complex features are difficult or im-
possible to analyze using the traditional equivalent circuit de-
rived for inorganic solar cells [29]. For instance, a “kink”
i metim r in_the J— r 1 V.. that

in 1 fill factor (FF fficiency. The
origin of this “s-shape” is a matter of continuing research
[21], [22], [30]-[32]. One theoretical study [33] relates its
appearance to a variety of possible effects, such as reduced
D-A electron transfer rate, slow intermolecular charge hop-
ping or to metal-organic interfaces with a potential barrier
for charge collection. In inorganic solar cells, the s-shape
is related to interfacial defects that lead to increased charge
recombination [34].

In this paper, we systematically optimized solar cells using
the MEH-PPV-Cg material combination an i 1k mor-
phology and organic/metal interface issues in detail. MEH-PPV
was used as one of the first electron donor polymer together
with fullerenes in photovoltaic devices already some 15 years
ago [35], [36]. Although this system has been extensively in-
vestigated [2], [17], [36]-[42], efficiencies reported so far were
disappointing and typically below ~0.2%. One of the obstacles
to fabricate well-performing polymier-Cg solar cells is believed
to be_the low solubility of Cg that prevents the formation of
polymer-fullerene blend films with high fullerene content [2].

Here, we report much-improved efficiencies ( > 1.8% for
100 mW/cm? AM1.5 simulated sunlight illumination) for opti-
mized cell fabrication. In the first part of the paper, we compare
different donor-acceptor morphologies and show that the ef-
ficiency of cells with MEH-PPV-Cg interpenetrating bilayer
films is higher than for bulk heterojunction or planar bilayer
devices. Then, we investigate the effect of annealing at different
temperatures and for different times and identify a pronounced
effect on the fullerene—Al interface. We further investigate the
fullerene—cathode interface using different metals and includ-
ing a buffer layer before metal evaporation. In the second part
of the paper, we develop a physical model to relate the origin
of the kink to the fullerene—cathode interface. We propose that
filled trap states close to the metal-organic interface change the
electric field distribution inside the device and screen the elec-
tric field at the interface, leading to the observed kink. Such
traps are created by the presence of isolated Al nanoclusters in
the Cgq layer that formed during cathode evaporation. Based on
this reasoning, we fitted experimental J-V curves by introduc-
ing a modified equivalent circuit where a second diode is added
in series with the solar cell diode, but with opposite current
characteristics. The consistent fitting of experimental curves
supports the proposed mechanism. Our physical model explains
the origin of the kink in J-V curves and indicates the origin of
device performance increase when using buffer layers between
the fullerene and the electrode. In addition, it is not restricted to
the investigated materials and can be applied to different organic
electronic devices.

1691

II. EXPERIMENTAL

Coo (>99.95%, SES Research) was used as received.
Poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene-vinylene]
(MEH-PPV, M, = 40 000-70 000, Aldrich) was pu-
rified before use. The polymer was dissolved in THF
(1 g/150 mL), extruded through a silica gel flash chromatog-
raphy column, precipitated in hexane, filtrated through a
membrane filter (0.45 pm) and finally dried overnight in a vac-
uum oven at 40 °C. Blend and bilayer photovoltaic devices were
fabricated on cleaned [19] ITO-coated glass (Thin Film Devices,
resistivity < 20 {)/square). A layer of PEDOT:PSS (Aldrich,
conductivity ~ 1 S/cm) was spin-coated on ITO, followed
by heating for 10 min at 140°C in air. Then, samples were
transferred to a glove box under N» atmosphere. Unless oth-
erwise stated, active films were deposited from chlorobenzene
solutions inside the box.

Planar double layers were prepared by spin-coating a 30-nm
thick MEH-PPV film from a 5 mg/mL solution. Blend films
(1:2 wt/wt) of MEH-PPV and polystyrene (M,, = 3000) were
spin-coated to fabricate nanostructured MEH-PPV layers af-
ter selective (and complete) removal of polystyerene with cy-
clohexane. These, on average ~30 nm thick MEH-PPV films,

vered PEDOT-P mpl h istin rfi
roughness with lateral and vertical length scales of ~50 nm
and ~5-10-nm peak-to-valley, respectively [see Fig. 2(d)]. The

principles of this surface-directed spinodal demixing process
of a polymer mixture to create bilayer interface undulations is
described in detail in [19] and [20]. For both bilayer configura-
tions, a 40-nm thick film of Cgy was then thermally evaporated
onto MEH-PPV. For the fabrication of blended films, 5 mg/mL
MEH-PPV was dissolved in either CB or diCB, and an ex-
cess of fullerene was added to form Cgg-saturated solutions.

(peraturelovernighty The nondissolved Cgy was removed using

0.45 pm filters. Blend films were prepared by spin coating at
3000 r/min for 60 s. Thermal annealing was carried out on a
digital controlled hot plate inside the glove box either before
or after cathode deposition through a shadow mask in a vac-
uum chamber (~ 10~% mbar). The cathode was either Al, Ag,
a double layer of Ca (20 nm)/Al (40 nm), or a double layer
of BCP (2 nm)/Al (40 nm). The typical evaporation rate for

Devices
with active areas of 7.1 or 3.2 mm? were produced. Solar cells
were characterized under inert atmosphere using a Xe lamp as
light source with part of the infrared radiation reduced through
a water filter. A filter set (Oriel) was used to simulate AM1.5G
conditions. Details on device fabrication and characterization
are described in [19]. For the fitting, numerical calculations
were performed on Visual C++- by iteratively minimizing the
mean least error, which is given by the sum over the differ-
ences between measured and fitted curves at each voltage. The
fitting of some of the J-V curves was truncated before the
onset of the current increase after saturation in forward bias
since our model is not able to predict the current behavior in
that region.
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Fig. 1. External quantum efficiencies (EQE) of ITO/PEDOT-PSS/MEH-
PPV/Cg(/Al solar cells before (a) and after (b) annealing the complete devices
at 150 °C for 30 min. Comparison between different active film morphologies:
structured interpenetrating bilayer (full line), planar bilayer (dashed line) and
bulk heterojunctions spin-coated from dichlorobenzene (diCB, dotted line) or
chlorobenzene (CB, dashed-dotted line).

III. RESULTS AND DISCUSSION
A. Effect of Morphology

Fig. 1 shows external quantum efficiency (EQE) spectra for
planar and interpenetrating bilayer (BL) solar cells as well as
bulk heterojunction (BH) devices with active layers deposited
either from chlorobenzene (CB) or dichlorobenzene (diCB).

Annealing the complete cells (i.e., with top Al cathode) at
150°C for 30 min increased the monochromatic efficiencies.
The relative increase was larger in the 450-550 nm region
of MEH-PPV absorption than at wavelengths below 450 nm,
where predominantly Cg absorbs, and was more pronounced
for the blend and planar bilayer heterojunction devices. These
changes are due to a combination of temperature-induced ef-
fects at the organic—electrode interfaces (see in the following)
and in the active bulk film morphology. For example, enhanced
MEH-PPV interchain packing [43], [44] as well as crystalliza-
tion of Cgy upon annealing [45], [46] can influence the charge
transport and collection efficiency, while interdiffusion of Cg
with MEH-PPV [40] results in an increased D—A interface and
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improved charge generation. The different exciton diffusion
lengths in MEH-PPV (~5 nm) [18] and Cg( (~40 nm) [16]
explain the larger relative EQE increase for MEH-PPV when
increasing the heterojunction interface.

Fig. 2(a) shows the white light current-density versus volt-
age curves of the same devices after annealing. The efficiency
values are depicted in Fig. 2(b). V. is smaller for BH cells,
since it is difficult to avoid that the components interconnect
partially both electrodes, leading to a loss of voltage [47]. A
second mechanism influencing V. relates to the directional dif-
fusion current. The photocurrent is composed of a drift and a

diffusion component. In bulk heterojunctions, the direction of
he d D) nterf 1 . | |
ith r he electr nd the n rren iffu-
ion of iers is small. On the other hand, in the bilayer, th

heterojunctions are aligned to direct the charges to the appropri-
ate electrodes. This yields nonzero diffusion current at flatband
conditions, and an extra field is required to reach V. [48], [49].

The pronounced phase separation in spin-coated BH-CB films
[see Fig. 2(c)] explains the small short-circuit current for this
device. The low solubility in CB probably triggers the fullerene
precipitation at an early stage of the spin-coating process while
the polymer is still dissolved, resulting in large domain sizes
(>30 pm) that favor exciton relaxation after light absorption
rather than charge generation after exciton diffusion to the het-
erointerface. This could be prevented by changing the solvent to
diCB, where Cg( is more soluble [37]. For these BH-diCB cells,
no phase segregation was observed with the optical microscope,
which indicates that donor and acceptor phases were in more
intimate contact. This is confirmed by the much increased J;.
(~ 4.6 mA/cm?). However, recombination losses for this film,
indicated by the strong dependence of current on reverse bias
(see Fig. 2(a), dotted line between —0.2 < V< 0) [50], are prob-
ably a signature of a nonideal internal morphology, dominated
by indirect paths to the contacts and charge trapping islands of
one component into the other.

The structured interpenetrating bilayer performed best. The
device provided a reasonably high J,. (~ 5 mA/cm?) while
maintaining a large V. (~0.62V). It also showed the highest
FF (~48%), which is attributed to improved charge transport

and collection. Possible reasons that account for the FF increase
in the structured bilayer configuration reas istan

to the anode for better hole extraction [1 hotodopin 1], or

different charge transport properties in the polymer film when
spin-coated from a blend [50]. We also note that the surface

roughness of the MEH-PPV layer determines the roughness of
the Cg( layer, and consequently of the fullerene—Al interface.
We modeled the electric field distribution across the device in
the presence of a rough electrode [19]. The electric field close
to hills of the electrode is enhanced by a factor of about two
at a distance of 5 nm from the metal what improves charge
collection.

It has been reported that the lowest unoccupied molecular
orbital (LUMO) of Cg, aligns with the Fermi level of the
metal electrode [52]. This suggests that electron injection from
fullerene into Al would not be a device-limiting factor. Although
this may be valid for ideal planar electrode interfaces, our results
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Jo (MAIEM?) Vo (V) FF (%) 1 (%)

BH-CB 2.16 0.50 36.2 0.39
pBL 3.94 0.60 32.0 0.76
BH-diCB 4.59 0.52 36.6 0.91
iBL 5.01 0.62 47.8 1.48

(®)
=110 nm
5nm
0nm

(d

(a) Current-density versus voltage curves of MEH-PPV/Cyo devices illuminated at 100 mW/cm? AMI.5 simulated sunlight (95.6 mW/cm? for BH-

diCB) after annealing the complete cells at 150 °C for 30 min. Comparison of cells with different active film morphologies: structured interpenetrating bilayer
(iBL, full line), planar bilayer (pBL, dashed line) and bulk heterojunctions spin coated from dichlorobenzene (BH-diCB, dotted line) or chlorobenzene (BH-CB,
dashed-dotted line). (b) Efficiency values for the devices of Fig. 2(a). Js. is the short-circuit current density, V. is the open-circuit voltage, FF is the fill factor,
and 7 is the power conversion efficiency. (c) Optical microscope picture of an MEH-PPV:Cg( blend film spin-coated from chlorobenzene. Scale bar is 300 pm.
(d) Atomic force microscopy height image of a structured MEH-PPV film as used for the iBL device.

below show that the electrode morphology is indeed decisive for
the overall solar cell efficiency.

B. Effect of Thermal Annealing

To investigate the effect of elevated temperature treatment
on device performance in detail, annealing experiments were
carried out with solar cells fabricated in the best-performing
interpenetrating bilayer geometry. Fig. 3 shows white light J-V
curves obtained from annealed solar cells after [see Fig. 3(a)]
and before [see Fig. 3(b)] Al deposition. It is apparent that
cells treated without the top contact degraded at higher temper-
atures. In analogy to related devices, we attribute these changes

to overgrowth of Cgq crystallites with associated crevices in
the film and degradation of the morphology. leading to pin-
holes or reduced contact area with the evaporated metal [53].
On the other hand, the performance of solar cells annealed af-
ter the deposition of the metal cathode increased for higher
temperatures.

Fig. 3(c) and (d) quantifies the dependence of cell perfor-
mance on annealing temperature and time. Both V;,. and FF in-
creased with time and temperature up to around 150 °C/15 min
and then saturated at ~615 mV and 49%, respectively. J. did
not change for annealing at 120 °C, started to increase at 150 °C
and reached a maximum of ~ 5.9 mA/cm? for a temperature of
200 °C. The overall power conversion efficiency increased to
n = 1.85% for annealing at 180°C for 30 min, then was

approximately constant until 200 °C/5 min. For even higher
temperature and longer times, devices rapidly started to degrade
(data not shown).

C. Cgo-Cathode Interface

As apparent from Fig. 3(a), the performance increase with
annealing is concomitant with the removal of the “kink” close to
V5. However, the s-shape did not disappear when annealing was
performed before electrode evaporation [see Fig. 3(b)]. These
observations suggest that the s-shape comes from the organic—
Al interface. Therefore, we fabricated a set of identical devices
but using different cathode materials. This allows discriminating
between temperature-induced changes of the film morphology
and organic—electrode interface issues, since it is reasonable to
assume that the morphology develops independently of the type
of confining metal cap [53].

For silver (work function Wy ~ 4.7 eV) and calcium
(W ~ 2.9 eV) no kink was observed, even without anneal-
ing [see Fig. 4(a)], and pristine Ca-cells showed a high FF of
51.5% and 1 = 1.2%. For as-prepared cells with gold cathode
(W; ~ 5.1eV), aslight s-shape was observed; however, the be-
havior with annealing was different from Al. As shown earlier,
the performance of Al-devices (W; ~ 4.1 eV) increased with
annealing, whereas the J-V curves of both Au- and Ag-cells re-
mained almost constant [see Fig. 4(b)]. Finally, solar cells with
Ca electrode degraded at higher temperature, showing a strong
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Current-density versus voltage curves of interpenetrating MEH-PPV/Cg cells as a function of annealing temperature for 100 mW/cm? simulated

AML.5 sunlight conditions: (a) cells annealed after Al deposition and (b) cells annealed before Al deposition. (c) Open-circuit voltage (V) and fill factor (FF),
(d) short-circuit current (Js ) and power conversion efficiency (1) as a function of annealing temperature and time (in minutes, after Al evaporation). NA denotes

not annealed sample.

dependence of photocurrent on reverse bias, a small J;. and a
decrease in overall efficiency to 7 = 0.49%.

A similar effect as with thermal annealing was achieved by
using an additional buffer layer. Fig. 5 compares the J-V curves
of two similar devices where the only difference is a 2-nm
BCP layer deposited between Cgy and Al. As evident, the s-
shape was absent with BCP for the chosen deposition condition
(see Section II), but a kink in the J-V curves also started to
develop if the rate of Al evaporation was increased by a factor
of approximately ten (not shown).

Our results demonstrate the particular characteristic of the
Al cathode and post-production treatment for the electronic
transfer processes at the organic—metal interface

2], [54]. Italso agrees
with the fact that it is often necessary to include a buffer layer
between Cg and the cathode in order to achieve high-efficiency
devices [21]-[24].

D. Origin of the Kink in J-V Curves

To reveal the origin of this phenomenon, we consider a sim-
plified morphological picture of nanometer-sized Al islands that

are formed inside the organic layer during cathode evaporation
(see Scheme 1). Experiments by Song et al. support this sce-
nario [55]. They observed an s-shape curve when they purposely
coevaporated a mixture of 1.2 wt% Al with Cg( between a Cg
layer and a BCP/Al electrode, while a good J-V curve was ob-
tained without this mixed layer. It is well known that metals can
diffuse into organic films [55]-[61]. During evaporation, metal
atoms that reach the substrate surface are adsorbed and can dif-
fuse on the surface or into the bulk, until the cohesive energy
of the metal cluster or the reaction with the substrate material
prevents its desorption and further diffusion [62]. For instance,
metal atom diffusion into the Cg lattice has been observed when
evaporating Au [56], Ag [57], [63] or Al [64] on fullerene films.
Since Cg is a strong electron acceptor, these metals can transfer
charge to the fullerene [24], [64], inducing electronic bandgap
states with energy levels that depend on the degree of electron
transfer [65] and the size of the metal clusters [63], [66], [67].
For Ag clusters in Cg, it has been observed that there is a critical
cluster size below which only weak van der Waals interactions
exist between the metal and the fullerene, while for larger clus-
ters, charge transfer occurs [63]. Upon thermal annealing, one
expects a higher mobility of the metal atoms, that is facilitated
by the reorganization of the Cg( film toward a more crystalline
structure [45], [68]. The diffusion is spatially isotropic for a sin-
gle metal atom inside an “infinite” fullerene film [60] and can
even allow atoms from the metal film to penetrate the organic
layer, as in the case of Au on diindenoperylene thin films [58].
However, due to the large cohesive energy of metals and the
strongly decreased diffusion constant of clusters [69], we ar-
gue that, at elevated temperatures, these clusters capture the
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Fig. 4. J-V curves from interpenetrating bilayer MEH-PPV-Cg solar cells
using different metals as cathodes: Ca—Al bilayer (full line), Ag (dashed line),
Al (full circles) and Au (open squares). Before (a) and after (b) annealing the
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diffusing atoms, leading to the coalescence of the metallic is-
lands and eventually to the merging with the bulk cathode. The
effect of thermal annealing would then be to decrease the den-
sity of induced bandgap states (traps, see Scheme 1) close to
the organic—cathode interface. It is clear that the extent of metal
diffusion, cluster formation or coalescence strongly depends on
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Scheme 1. (Top) (a) Proposed morphology of the Al-Cg( interface before
and after (A) annealing the complete solar cell, and implication (b)—(d) on the
J-V characteristics. (b) Energy diagram with the LUMO level of Cg, the Fermi
level of Al and the trap states in the bandgap of Cg( introduced by the metal
nanoclusters. .J;; represents current that flows between the Cgg LUMO and Al
directly, and .J;2 represents the current from electrons that were trapped and
detrapped. The trap region in (b)—(d) is represented by a vertical dotted line,
while the donor—acceptor (D—A) heterojunction is represented by a vertical solid
line. Sizes are out of scale to allow visualization. (c) Electric potential (®) drop
inside the device with (full line) and without trapped charges (dashed line) at
short circuit. (d) Absolute value of the electric field (F) as a function of the
position inside the device, showing the screening effect due to trapped charges.
(Bottom) distribution of the charge density including the trapped electrons inside
Cgp, for V< Ve (c)and V' > Vi (d).

substrate temperature, free volume, deposition rate and metal—
polymer interaction strength [57]-[59]. Therefore, details of the
interface morphology are expected to depend on the metal.

We propose the following relevant electronic processes due to
the presence of localized trap states in Cgq close to the interface
with Al (see Scheme 1). Under light irradiation, photogenerated
electrons will populate the trap states. In steady state, this ex-

ve cf lensity cf he electri ial d
across the device. At short-circuit and for small reverse bias
conditions, the potential drop in the organic layer will be re-
duced, while it is increased in the trap region close to the bulk
metal film [see Scheme 1(c)]. The smaller electric field at the
D-A heterojunction might result in increased geminate recom-
bination of coulombically bound electron-hole pairs [50], and,
consequently, reduced photocurrent. On the other hand, the in-
fluence of the trapped charges on the overall charge collection
efficiency is probably small, since it is usually assumed that
holes and electrons that escape the junction are collected loss-
free in the bilayer D—A film configuration [4]. For increasing
negative bias, the probability for detrapping/tunneling rises and
we expect an increasing current Jgo to flow through the trap
region towards the Al bulk film.

Under forward bias, the following regimes have to be dis-
tinguished [see Scheme 1(d)]. In the low field region (V. >
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Fig. 6. Proposed equivalent circuit including a rectifying element (diode 2)
with opposite current characteristics to that of the solar cell diode (diode 1).
When no current J;2 flows through the counter diode, the circuit is reduced
to the traditional equivalent circuit used to parameterize inorganic p-n junction
solar cells [29], with the series resistance given by Ry + R)2.

V' > 0), the change in electric field at the D—A heterojunction
leads to a decrease of the photocurrent. The observed decrease
in V;, is explained by the presence of a negative charge density
close to the contact, which leads to a voltage drop [see Scheme
1(c)]. For low positive voltages (~ V), the trapped electrons
efficiently screen the electric field at the Cgp—Al interface. In
this case, charge transfer across the trap region between Al and
Cgo 1s not favorable, and a saturation trend rather than diode
current behavior is expected (onset of the kink). Since the cur-
rent through the trap region (J;2) is constantly very small in this
low forward bias region and strongly increases in reverse bias,
its behavior is similar to a rectifying component with opposite
current characteristics to that of the solar cell diode.

Athigh forward bias (V' > V), the trapped charges no longer
screen the applied electric field effectively, and the typical expo-
nential increase in diode forward current is re-established. The
transition voltage directly depends on the trap density. When
expressing the trap region as a diode, the transition voltage rep-
resents the diode breakdown. For dark measurements, the trap
states will be populated under forward bias by electrons injected
from Al. The effect of the filled traps is to reduce the forward
current and to increase the diode onset voltage. This agrees with
our observations (not shown).

Overall, the effect of nanosized Al clusters distributed at the
organic—metal interface of the solar cell can descriptively be
translated into an equivalent circuit with an additional rectify-
ing diode with a current characteristic that opposes the normal
cell diode. To examine this assumption, we used the equivalent
circuit shown in Fig. 6 to fit experimental J-V curves, where the
second diode represents the effect of traps at the interface. It is
a generalization of the traditional equivalent circuit developed
for p-n junction inorganic solar cells [29] and often used to pa-
rameterize organic photovoltaics [27]. If no current crosses the
second diode (J49 = 0), it is reduced to the traditional circuit,
with the series resistance equals to R, 4+ R,». For the proposed
circuit, the current versus voltage characteristics is described by

(ARpl -+ ARpg) J = (V — AR, J) + ARpl Jia
—AR2Ja2 — AR (1

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 16, NO. 6, NOVEMBER/DECEMBER 2010

5
o Not annealed
— fitting
— * Annealed 120 °C
NE — fitting *,
o
\

<

E

20

‘@

=

()

°

€

g

S

S

(@]

5
T T T T T T T T
-1.0 -0.5 0.0 05 1.0
Voltage (V)
Fig. 7. Experimental and fitted (solid lines) J-V curves using the modified

equivalent circuit of Fig. 6 for interpenetrating MEH-PPV-Cg( bilayer solar
cells with Al as cathode before annealing (circles) and after annealing the
complete cell at 120 °C for 30 min (stars). The model is not able to predict the
current increase after the kink, since this represents a breakdown of the second
diode that was not included in the calculation. The inset exemplifies this effect
showing a typical diode curve (dashed line), a schematic experimental curve
with a kink (dotted line), and a simulated curve using the modified circuit (solid
line).

where
Jin = Jsi{explar(V — ARy J — AR,2J — AR 9 Jy2)] — 1}
(@)
Jao = Jsa{exp[—a2(V — AR, J — AR,1 JJ + AR, Ja
— AR, 1)) - 1} 3)

and a; = q/n;ksT (i = 1,2), with ¢ the elementary charge, kp
the Boltzmann constant, A the area, T the absolute temperature
and n the ideality factor of the respective diode.

To limit the computational time and to increase the conver-
gence of the numerical calculation, we approximated the voltage
drop across each diode by introducing the effective resistances
R4 and Ry-, such that

Ja = Jsl{exp[al (V - ARle)] - 1} 4)
Jiz = Jea{explaz(V — AR J — AR,1 1) — 1} (5)

Note that, due to the different directions of current flow in each
diode, the sign of the voltage drop across diode 2 is negative
but it is positive for diode 1. Therefore, a larger R;; decreases
the current flow through diode 1, but an increase of Rsy or
R, x J; effectively increases the current through diode 2. It is
interesting that the current through the second diode contains
a light dependent term (J;). This qualitatively agrees with the
view that traps are filled by photogenerated electrons.

Figs. 5 and 7 show that the simulated curves agree well with
the experimental data. Our circuit is not able to simulate the
region of exponential current increase after saturation of the
forward current (see Fig. 7). As discussed before, this transition
point represents the breakdown of the second diode, which was
not included in the equivalent circuit model. The situation is
exemplified in the inset of Fig. 7, where we exaggerated the
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transition region in a schematic J-V curve (dotted line) and
included curves representing the simulation with the modified
equivalent circuit (full line) and a typical diode curve without
s-shape (dashed line). Therefore, our fittings are only relevant
before the onset of current increase after saturation in forward
bias. Curves with no concave J-V response could equally well
be simulated by zeroing the current through diode 2 (see Fig. 5),
because the traditional circuit just represents a limiting case
from the more general equivalent circuit (see Fig. 6).

Upon annealing, AR, strongly decreases from 1300 to
235 Q-cm? and AR, drops from 100 -cm? to almost zero
(0.002), indicating that the current through diode 2 strongly
decreases. At the same time, the parameters from diode 1
(AR,; ~ 1300 Q-cm?, ARy; ~ 40 Q-cm? and ideality factor
~1.89) change only slightly. This indicates that the main effect
of annealing occurs at the Cgo/Al interface, represented in the
model by the second diode. These trends qualitatively agree
with the microscopic picture of trap states induced by metal
nanoclusters. Upon annealing the complete cell, such clusters
coalesce and/or contact the metal bulk film [see Scheme 1(a)],
decreasing the number of traps and the charge density close to
the contact. This reduces the voltage loss and increases the cell
performance (see Fig. 3).

It is interesting to examine the effects of other conceivable
interface processes and their influence on the organic—metal
charge transfer. One such possibility relates to the formation
of complexes through chemical bonding that might improve
interface charge transfer [44]. For low-temperature device fab-
rication conditions [70], the carbons of PCBM (a soluble Cg
derivative) were found to be unaffected when evaporating Al. On
the other hand, there are reports that covalent Cgo—Al bonds are
formed at high temperatures [71], accompanied by an increase
of the Al work function. We do not speculate on the detailed
mechanism of such charge transfer improvement or whether
chemical reactions occur at all for our initial device fabrication
conditions, but we argue that the relatively low annealing tem-
peratures probably would not induce additional reactions. In any
case, an increase of the work function for chemically bound Al
should rather result in a decrease of device performance, since
the electric built-in field would decrease.

It has been suggested that annealing increases the organic—
metal contact area [72]. This is a likely event in our case as well,
however, it probably does not determine the J-V characteristics.
This is because an incomplete coverage of Cgy with Al corre-
sponds, as a first approximation, to a smaller active device area,
which results in decreased photocurrent but does not change the
overall J-V curve.

We also consider the influence of a potential energy barrier
at the interface, which would most likely consist of a thin Al
oxide layer in our devices that forms during cathode evaporation
[73]. Depending on the position of the relative energy levels
and the layer thickness, such an insulation layer could indeed
act as a nonlinear series resistance and lead to concave J-V
response following similar arguments as for our proposed trap
model. However, we exclude Al,O3 as a possibility to explain
the changes in J-V characteristics, since this oxide would be
inert in our temperature range of annealing. A second argument
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relates to the experiments using a BCP buffer layer (see Fig. 5).
These solar cells did not show a kink in the J-V curves, although
then Al was used as cathode and evaporated under the same
conditions.

Kinks have also been reported for material combination other
than Cg( and Al and also for solar cells fabricated in an inverted
geometry, where the organic material was deposited onto the
metal [32], [44], [54]. If similar processes explain the concave
J-V curves remains open at this point. However, we argue that
our model is rather general since it anticipates that any pro-
cess that leads to the screening of the electric field close to the
contact, with the importance of such screening effect being volt-
age dependent, will affect the onset of current increase in J-V
curves. Finally, some authors have speculated that a nonspecific
“slow charge transfer” at the contact induces a concave J-V
curve. Indeed, our model implies retarded charge transfer and
explains its origin.

IV. CONCLUSION

In conclusion, MEH-PPV-Cg, solar cells with power-
conversion efficiency approaching 2% were demonstrated by
applying a two-step process to fabricate an interface-enhanced
bilayer D—A film, using Al as cathode and post-production ther-
mal annealing. One aspect for possible further improvement
relates to the polymer purity. Although not studied in detail,
the purification process of MEH-PPV was fundamental, and
efficiencies of solar cells fabricated with as-received polymer
never exceeded ~0.2% and strongly varied from batch-to-batch.
Therefore, a performance increase might be expected from im-
proved chemical synthesis of MEH-PPV, to minimize constitu-
tional defects and to control molar mass and distribution [74].
In addition, the bilayer film architecture is not yet optimized.
Typical aspect ratios of topographical features were far below
1 (height ~5-10 nm, widths ~50 nm), which limits the hetero-
junction interface area and does not allow using thicker active
films. The amplitude of features is limited by the interfacial ten-
sion between the active and the guest polymer. Therefore, other
guests for the initial spin coating process or external forces
might be used to amplify the initial interface ripples [75].

Our investigation emphasized the effect of thermal annealing
on the fullerene—Al interface. For as-prepared cells, a typical
kink (“s-shape”) occurred in the current-density versus voltage
characteristics close to V., but the concave J-V response was
almost completely removed upon annealing. We suggest that
isolated Al nanoclusters are formed upon cathode evaporation
leading to defects close to the interface. Under cell operation,
these trap states are filled with electrons, what modifies the
electric potential drop in the device and screens the electric field
at the cathode side for low forward bias. At elevated temperature,
the metal islands probably coalesce and eventually merge with
the bulk cathode, decreasing the trap density. We expressed
this scenario with a modified equivalent circuit for a solar cell
and were able to fit the experimental data. The trend of the fit
parameters as a function of annealing temperature indicated a
strong change at the interface and a less pronounced effect on
the bulk, what correlates with our experimental observations. By
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decreasing the current through the additional diode, the behavior
of an ideal solar cell is re-established. Our results indicate that
the main effect of a buffer layer, such as BCP, is to protect the
fullerene from metal diffusion and that exciton diffusion to the
cathode is not a limiting process in these cells [21].
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