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Correlating reduced fill factor in polymer solar cells to contact effects
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A probable limiting factor for efficiency and fill factors of organic solar cells originates from the
cathode-polymer interface. We utilize various forms of cathode layer such as Al, Ca, oxidized Ca,
and low melting point alloys in model systems to emphasize this aspect in our studies. The
current-voltage (JV) response in the fourth quadrant indicates a general trend of convex shaped JV
characteristics (d%J/dV?>0) for illuminated devices with good cathode-polymer interfaces and
linear or concave JV responses (d>J/dV?<0) for inefficient cathode-polymer interfaces. © 2008
American Institute of Physics. [DOI: 10.1063/1.2841062]

Organic solar cells have emerged as a potential option to
meet the growing need of renewable energy source. The
power conversion efficiency (PCE) of bulk heterojunction
(BHJ) polymer solar cells (PSCs) based on solution proces-
sible blend of poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-Cg,-butyric acid methyl ester (PCBM) has reached up
to 5% (Refs. 1 and 2) including recent report of PCE =~6% in
solution-processed PSC in a tandem cell geometry.3 In BHJ
solar cells, active layer bulk-morphology plays an important
role in transport processes and is controlled by the factors
such as solvent properties, drying and annealing conditions,’
and appropriate distribution of the two components.4 A cru-
cial factor to realize the maximum impact of the different
strategies finally depends on better fill factor (FF) of the
devices which is more sensitive to the polymer-metal inter-
face morphology unlike other parameters such as the open
circuit voltage (Vo) and short circuit current density (Jgc).
Realistic deposition conditions of the cathode lead to a vari-
ety of interfacial features, of which some are current limiting
and detrimental. We emphasize this aspect in our studies us-
ing a set of high performance model organic donor-acceptor
(DA) blend systems, by monitoring the dependence of the
solar cell parameters.

In case of perfect Ohmic contacts (noninjecting in
reverse bias mode), the behavior of the illuminated JV re-
sponse depends on the drift length (L) ratio (b) of the elec-
trons (e¢) and holes (7) which is given by the ratio of their
mobility (u)—lifetime (7) product (b=, 7,/ my7;).” For bal-
anced transport (b~ 1), photocurrent (J,,) varies linearly
with V at low voltage regime and then saturates at higher
voltage. However, in case of unbalanced w7-limited transport
(b<<1 or b>1) carrier accumulation takes place near both
the contacts modifying the field and in absence of any re-
combination, the thickness (/) of the accumulation region is
governed by the smaller w7 product. In an extreme case (b
>1 or b<<1), the field in the region of slow carrier accumu-
lation becomes almost equal to the applied external voltage
and the resulting current becomes space-charge limited
(SCL). In the SCL and w7-limited cases, the Jon shows a
square root dependence on V, however, the intensity (P) de-
pendence of J,,,(P) varies as P¥*in case of SCL and linearly
in u7 limited case. SCL behavior has been demonstrated for
a blend of PPV derivative and PCBM where w; in PPV
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phase (u,~3.2X 107 cm?/V s) is two orders of magnitude
lesser than the pu, in the PCBM phase (u,~4
X 1072 cm?/V s).° Apart from the mobility mismatch, thick-
ness (L) of the active polymer layer also plays a role. A
transition from non-SCL to SCL has been observed in the
PPV-PCBM blend system by increasing L’ SCL-J;, limits
the FF of the device, maximum possible FF being 42%.° For
balanced transport, a DA pair with comparable w7 is always
preferable. From this point of view, DA pairs, P3HT
(u,~10™* cm?/V s)-PCBM (,~1073 cm?/V s),
and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene
vinylene] (MEHPPV)-CyanoPPV ~ (CNPPV)  (w,=p,
~ 107 cm?/V s) should show comparable efficiency. Ex-
perimentally, in spite of a higher V- of ~1.2 V, all active-
polymer solar cells based on MEHPPV-CNPPV blend has
much lower FF (=30%) (Refs. 8—12) resulting in a lower
PCE as compared to P3HT-PCBM (FF~68%) (Ref. 2) and
has been attributed to the low w in PPV systems and conse-
quent low exciton dissociation rate.'? Solar cells based on
small molecules are also capable of giving high FF
(>50%)."* However, lowering of FF (<25%) due to the
“S-shaped” JV response has been observed in these systems
as well."*'® The characteristic S-shaped JV curve is the sig-
nature of a counterinjecting diode which arises due to charge
accumulation near one of the electrode. Charge carrier accu-
mulation can be a contact-driven process and we demon-
strate the importance of contact effects to the FF in the two
model systems of P3HT-PCBM and MEHPPV-CNPPV
where transport is balanced.

P3HT-PCBM blend based PSC was prepared using stan-
dard protocolk4 on indium tin oxide substrates coated with a
layer of poly(ethylenedioxythiophene):poly(styrene sulfonic
acid). P3HT and PCBM in chlorobenzene of concentration
25 mg/mL were mixed (in 1:1 weight ratio), stirred, filtered,
and subsequently, spin coated to get uniform films of thick-
ness less than 100 nm. Al and Ca (followed by a 200 nm
thick Al deposition) depositions were done through shadow
mask in a base pressure of 107% mbar. The typical device
area was 10 mm?. The fabrication details of MEHPPV-
CNPPV devices have been provided elsewhere.®

The JV characteristics measured in the dark (J,) and
under illumination (J;) with white light are shown in Fig. 1
for PBHT-PCBM solar cell with Ca cathode. J; (V) gives rise
to a FF of 53% under low-white light illumination leading to
a moderate PCE =2.1% (neglecting reflection losses). Simi-
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FIG. 1. (Color online) JV characteristics of a PHT:PCBM solar cell with
active area of 4 mm?. The device shows Jsc=0.18 mA/cm?, V=044V,
compensation voltage V,=0.54 V, and FF=53% under white light illumina-
tion with power density of 2 mW/cm?. Inset depicts Jon vs (Vo=V).

lar efficiency was achieved under AM1.5 (100 mW/cm?)
illumination (supplementary Fig. 1 in Ref 16). The photocur-
rent (J,,=J;-Jp) against the effective applied bias voltage
(Vy—=V) is depicted in the inset of Fig. 1, where V, is the
compensation voltage, defined by the voltage at which the
Jpn=0. Jp, linearly increases with voltage at low effective
field (Vo—V=0.1) and for high effective field (V,—V>0.1),
Jpn gradually saturates to the value, ¢gG(E, T)L and becomes
independent of V  (assuming no charge carrier
recombination),’” where q 1is the electronic charge and
G(E,T) is the generation rate of free carriers (7T is the tem-
perature). These devices (with L <100 nm) have no signifi-
cant SCL contribution. The dissociation efficiency is quite
high and weakly dependent on field since one-sixth of the
total photogenerated charge carriers [which give rise to satu-
ration photocurrent in high effective field region (Vy,—V
>0.1)], is already dissociated in the low effective field re-
gime (V,—V=0.01) (Fig. 1, inset). The performance of PSC
can be adjudged by the second derivative (d*J/dV?) or the
extent of convexity which is >0 in the region Vi, <V
<Voe, where Vi..(=0.18 V) is the knee voltage.
Replacing the Ca electrode with Al gives rise to a point
of inflection near V¢ and subsequent concavity in the fourth
quadrant (d*J/dV?<0 in the range Vi,..<V<Vqc) of the
JV characteristics with similar magnitude of Jgc and Ve
(Fig. 2). Work function differences do not significantly alter
Voc which is in accordance with the idea that V¢ is con-
trolled primarily by the energy levels of the DA materials.
The morphology and the chemical integrity of the interface
play crucial roles in the J(V) mechanism. Slow evaporation
rate or an inverted geometry has been speculated to be useful
to get a better PCE with Al cathode.'®' Tn our case, Al
electrode formed by slower deposition rate appeared to im-
prove the FF (supplementary Fig. 3 in Ref. 16) with magni-
tude approaching the values corresponding to Ca electrode
(which was less sensitive to the deposition rate) devices. Ex-
tremely fast deposition rate gave rise to the concavity in the
JV characteristics. The inhomogenity of interfaces is higher
with a rapid evaporation rate of metal and is evident in the
surface images (supplementary Figs. 4 and 5 in Ref. 16). The
origin of different FF depending on the deposition conditions
can be attributed to a variety of physical and physiochemical
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FIG. 2. (Color online) JV characteristics of a PHT-PCBM solar cell with
Al (@), Ca/Al (H), and exposed Ca (A) cathodes. Under white light
illumination of 20 mW/cm?, Al device shows FF of 12.5%.
Jsc=147 mA/cm? and V=046 V. In calcium device, FF=37.8%,
Voc=0.52, Jgc=2.35 mA/cm?. Exposed Ca gives rise to barrier which in
turn reduces FF to =~28% with Jgc=1.58 mA/cm? and Vo=0.54 V.

factors. A simplistic analysis of bias dependent schottky-type
depletion width can explain the lowering of the Jy, in 0
< V<V region. In maximum power point, the device is
operating under a bias of 220 mV (corresponding field
~2.2X10* Vem™) which makes the current at this point
(Jimax) to be only 7% of Jgc. This argument is not applicable
for PSCs with a slower, more uniform coated Al layer. The
difference can be reconciled to the metal-polymer reaction
leading to different barrier levels and widths under different
thermodynamic conditions.”’ The reduction of FF can also
arise due to the chemical degradation of the metal-polymer
interface. These observations were confirmed on two weeks
exposure of the samples with Ca cathode which showed the
signature of degradation due to exposure to ambient where
the appearance of a “kink” (second point of inflection where
d*J/dV? changes its sign from negative to positive) in the
fourth quadrant reduces the FF by half (Fig. 2). The kink in
the fourth quadrant, which is suppressed at low light inten-
sity (<10 mW/cm?) (supplementary Fig. 2 in Ref. 16), is
indicative of a defect induced recombination process. A non-
uniform contact or incomplete coverage of the metal over the
polymer surface can result in a scenario of charge accumu-
lation leading to a barrier formation which can possibly ex-
plain the resulting J(V) response.

The situation is, however, different in case of PSCs
based on MEHPPV-CNPPV blends. In Fig. 3, the JV char-
acteristics of a MEHPPV-CNPPV device indicate FF =20%
for Al and 28% for Ca electrodes. Jgc is one order of mag-
nitude smaller in Al devices due to the higher series resis-
tance (RgA~95 k€ cm?) as compared to Ca devices (R¢A
~0.4 kQ cm?). The dark-JV characteristics is almost sym-
metric in the entire voltage range (—2—+2 V). The high J,
in the reverse bias region can be attributed to the carrier
injection through the CNPPV phase in reverse bias mode and
not to the mechanical pinholes. Occurrence of high reverse
Jp has been observed in devices with different area (ranging
from 1 to 25 mm?). The strong increase in Jp, in the forward
bias above 0.8 V is an indication of current througch MEH-
PPV phase. This suggests that MEHPPV phase also connects
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FIG. 3. (Color online) The JV characteristics of a MEHPPV-CNPPV device
with Al (@) and Ca/Al (M) cathodes, under monochromatic light illumina-
tion of power density of 1 mW/cm?. For Al cathode, J3c=0.015 mA/cm?,
Voc=1.18 V, and FF=20%. For Ca device, Jsc=0.43 mA/cm?,
Voc=0.76 V, and FF=28%.

to both the electrodes and the blend is cocontinuous. The
reason for poor fill factor can be attributed to the poor recti-
fication property from the high reverse injection current
which competes with the diffusion current under illumination
apart from the lower exciton dissociation rate arising from
the low carrier mobility in these systems.12

We further confirm our hypothesis based on our study
with a low melting point (MP) cathode alloy of In-Sn—-Pb-Bi
(~58 °C). This alloy forms an Ohmic contact with the poly-
mer and is a good electron collecting cathode. This thermally
deformable cathode layer also provides a direct evidence of
the importance of the cathode morphology on the FF. P3HT-
PCBM solar cell characteristics with this cathode were car-
ried out on a hot stage in a microscope platform. This system
using the low MP alloy can be used to gauge the effects
caused by physical and the physiochemical features at the
interface. The physical effect appear in terms of the effective
contact area between the metal alloy and the semiconductor
while the trapped oxygen and moisture upon freezing the
sample acts as the source for an additional oxide-barrier
layer. The similarity of the IV in the melt phase (at 60 °C)
and solid phase (at 45 °C) of the cathode in the device
shown in Fig. 4 indicates similar contact area for the two
phases with a high FF of >40%. However, during the solidi-
fication process, if defects are introduced, the IV drastically
changes with a significant field dependent reverse bias 1(V),
as shown in Fig. 4, and a low FF of <24%. The effects
related to the heating and cooling rates of the cathode and the
consequent structures at the interface are currently being pur-
sued in our laboratory.

In conclusion, we have observed that the shape of the JV
characteristics in the power generating fourth quadrant
strongly depends on the quality of polymer cathode interface
and does not always bear the fingerprint of bulk material
properties. A partial metal coverage or a chemically modified
layer can reduce the fill factor drastically in an otherwise
efficient solar cell device. The most commonly known bulk-
limiting factors, such as space charge effect due to difference
in mobility numbers and strong field dependence of dissocia-
tion efficiency, seem to be secondary in these cases. These
results show a clear distinction between generation-transport
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FIG. 4. (Color online) IV characteristics of a PAHT-PCBM blend solar cell
(active device area was ~4 mm?) with meltable alloy as the cathode show-
ing the FF~37.66% and 24.8% when the interface is contaminated. FF in
the melt phase is 41% and 38% in the solid phase.

occurring in the bulk and carrier collection efficiencies
which is determined by cathode-polymer interface morphol-
ogy. An identifiable direct signature of this effect manifests
in the form of the profile of the JV characteristics.

We thank Professor S. Ramakrishnan for providing us
with MEHPPV and helping us in synthesizing CNPPV.
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