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We present the effects of a concentration graded Li:Al cathode when it is made by one-step evaporation

method using single alloy sources on the performance of organic solar cells. The concentration profile of

the Li:Al cathode and related interface energy levels were investigated by means of secondary ion mass

spectroscopy and ultraviolet photoelectron spectroscopy, in comparison with those of a common Al

cathode. The results indicate that interfacial lithium accumulation introduces a cascade decrease of the

work function (WF) of the cathode. The WF graded cathode applied to bulk heterojunction solar cells

resulted in increased short circuit current and power conversion efficiency. Furthermore, the Li:Al

cathode avoids the formation of interface Al–C complex, which may cause disruption of electron

transport.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Solar energy is one of the promising renewable energy sources.
Among various solar energy technologies, organic solar cells (OSCs)
have many advantages, including low cost, large area, and ease of
processing [1–8]. However, the low efficiency of OSCs remains a
challenging problem for their commercialization [9,10]. In efforts to
enhance the efficiency of OSCs, many researchers have studied
charge collection methods that involve controlling the interface
between the active layer and electrode [11–17]. Several OSCs with
an interlayer, such as 2,20-azobis(2-methylpropionitrile), titanium
oxide, polyethylene oxide, and molybdenum oxide, showed enhanced
performance [4,12–15]. The interlayer serves to protect the organic
layer during metal deposition and also facilitates charge collection
[16,17]. Other researcher groups introduced alkaline layers such as
lithium fluoride (LiF), sodium fluoride, and potassium fluoride
between the active layer and cathode.[14–17] Insertion of a thin
alkaline-fluoride layer (�1 nm) increases the open-circuit voltage
(Voc) of the OSC, because the interlayer promotes strong dipole
formation [16,17]. Accordingly, many researchers have attempted to
increase efficiency through insertion of different types of interlayers.
However, the inserted interlayer requires another vacuum deposition
process, and the controlling of an extremely thin layer (under
1–10 nm) during vacuum deposition could be a very difficult task.
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In this paper, we have prepared an Al cathode incorporating
concentration-graded Li metal for application in OSCs. Using a
Li:Al single alloy source for cathode formation, we successfully
fabricated the concentration graded cathode by an one-step
process. Because the Li metal evaporates faster at a lower
temperature than Al, it is anticipated that the concentration of
Li metal will be higher at the surface of underlying active layer
after overall thermal evaporation. The Li accumulation at the
interface effectively avoids the penetration of carbon (active
material) into the cathode so that it would reduce the formation
of Al–C complex, which may disrupt electron transport. Such
interfacial Li atoms also generate interface dipole that helps
electron collection to the cathode.
2. Experimental

2.1. Film and device fabrication

In this experiment, bulk-heterojunction photovoltaic cells with a
structure of indium tin oxide (ITO)/poly(3,4-ethylene dioxythio-
phene:poly(styrene sulfonate)(PEDOT:PSS)/poly(3-hexylthiophene)
(P3HT)), and [6,6]-phenyl-C-61-buytyric acid methyl ester (PCBM)
blends (P3HT:PCBM)/Li:Al were fabricated. The device structure of
OSCs using this Li:Al cathode is schematically illustrated in Fig. 1(a).
To prepare the devices, ITO glass was cleaned and then exposed to
oxygen plasma for 10 min prior to use. A buffer layer of PEDOT:PSS
(Clavios P) was then spin-coated to a thickness of �40 nm and
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Fig. 1. (a) Device structure of organic solar cells on Li:Al alloy cathode. Dark (b) and illumination (c) J–V curves of the photovoltaic cells with aluminum cathode (’) and

Li:Al cathode (K).
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baked at 200 1C for 5 min. An active layer composed of P3HT
(Rieke Met. Inc.) and PCBM (Nano-C) (1:0.6 in weight ratio) was
spin-coated from chlorobenzene with 22075 nm thin films. The
metal electrode is comprised of Li:Al (Kurt J. lesker Li 0.3 wt%) or Al
(Cerac inc. 99.999%), and was thermally deposited using a thermal
evaporator to a thickness of 150 nm. Both processes were per-
formed under the vacuum of 3�10�6 Torr. After the deposition,
thermal annealing of the samples was performed at 150 1C for
30 min. The defined active area was 4–5 mm2, as determined using
digital microscope.

2.2. Measurement

The current–voltage characteristics (J–V) of photovoltaic cells
in the dark and under a simulated AM 1.5 white light illumination
were measured with a Hewlett-Packard 4155A semiconductor
parameter analyzer (Yokohama Hewlett-Packard, Tokyo). The
voltage scan rate was a 20 mV/s from positive potential to
negative potential. The AM 1.5 white light was produced from a
solar simulator based on a filtered Xe lamp (Oriel, 91193) and its
intensity was adjusted with a Si reference cell (Fraunhofer ISE,
certificate no. C-ISE269) for 1 sunlight intensity of 100 mW/cm2.
All the photovoltaic properties were evaluated in ambient air at
room temperature (from 20 to 22 1C). For ultraviolet photoelec-
tron spectroscopy (UPS) measurements, active layers were spin
cast on precleaned ITO substrates and then the samples were also
kept in a high vacuum chamber overnight to remove residual
solvent. We deposited Al and Li:Al thin films by water-cooled
Knudsen cells in an ultra-high vacuum (UHV) system under a
pressure of about 2.4�10�8 Torr. The typical deposition rate was
4 Å/min, monitored by a quartz crystal microbalance. Samples
were subsequently transferred to an analysis chamber to inves-
tigate the interface electronic structures before and after each
film deposition without exposure to air. UPS measurements were
performed in UHV using a hemispherical electron energy analyzer
(VG-Scienta SES-100) and a He I ultraviolet source (_o¼21.2 eV)
without a monochromator. UPS spectra were obtained with a
sample bias of �10 and �5 V for secondary electron cutoff and
highest occupied molecular orbital (HOMO) regions, respectively.
Total energy resolution of the UPS spectra was less than 0.1 eV.
3. Results and discussion

Fig. 1 shows the dark (b) and illuminated (c) the J–V curves of
OSCs prepared with Li:Al and Al cathodes, respectively. It can be
seen from Fig. 1(b) that the dark current of the solar cells was
lowered by about five times upon replacing Al with Li:Al cathode.
The curves of illuminated J–V for the two devices using different
cathodes are shown in Fig. 1(c). To ensure reproducibility, we
fabricated five cells for each case (Table 1) and all the parameters
are represented as mean values. The device with the Al cathode has
a short circuit current (Jsc) of 7.4270.64 (mA/cm2), open-circuit
voltage (Voc) of 0.670.01 (V), calculated fill factor (FF) of 0.5270.01,
and power conversion efficiency (PCE) of 2.3170.19 (%). The device
with the Li:Al cathode has a Jsc of 8.3370.43 (mA/cm2), of
0.6270.01 (V), FF of 0.4970.01, and PCE of 2.5170.11 (%).

From above, it turns out that the cells made of Li–Al alloy for the
cathode always had a higher Jsc (from 7.42 to 8.33 mA/cm2), while
the changes in Voc were marginal. The insertion of a buffer layer
such as LiF may increase Voc reported in [16]. However, here for
cells with Li:Al cathode, the increased photocurrent was observed
to enhance the efficiency with marginal change in Voc, a dominant
factor for enhanced cell efficiency. This improvement might be
attributed to work function (WF) engineering of the cathode and
hindered formation of Al–C complex as suggested in [18].

To confirm the WF effect and Al–C complex formation of the
Li:Al cathode in OSC devices, the interface between active layer
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and cathode was analyzed using UPS and secondary ion mass
spectrometry (SIMS). Fig. 2(a) and (c) shows the UPS spectra
around the Fermi level when two different cathode materials
Fig. 2. Hel UPS spectra of deposition of Al (a) and Li:Al (c) with thickness of 2–40 Å o

(d) interface constructed from data obtained by UPS.

Table 1
The cell performances of organic solar cells with different cathodes (Al, Li:Al).

Voc (V) Jsc (mA/cm2) FF PCE (%)

Li:Al Al Li:Al Al Li:Al Al Li:Al Al

0.6123 0.5819 8.5543 8.5485 0.5104 0.5299 2.6733 2.636

0.6213 0.6086 7.7725 6.9469 0.4975 0.525 2.4024 2.2199

0.6254 0.6144 7.9554 7.2252 0.4842 0.5162 2.4094 2.2915

0.6088 0.6082 8.7079 7.1474 0.4807 0.5049 2.5483 2.1948

0.6151 0.6066 8.6557 7.2139 0.4748 0.505 2.5279 2.2098
with various film thicknesses were deposited on P3HT:PCBM,
respectively. And the WF variation as a function of cathode
film thickness was measured. Based on these measurements the
energy diagram at the active layer and cathode interface refer-
enced to Fermi level (EF) was drawn as shown in Fig. 2(b) and (d).

Initial WFs of P3HT:PCBM layers shown in Fig. 2(b) and (d) were
4.22 and 4.12 eV, respectively. These values were directly obtained
from UPS measurements. The HOMO positions of the layers in
Fig. 2(a) and (c) are 0.45 and 0.55 eV referenced to Fermi level [19].
The ionization energies of both the P3HT:PCBM layers are 4.67 eV.
Upon the deposition of first 2 Å of Al, the WF was lowered to
3.94 eV. However, when 2 Å of Li:Al was deposited, the WF value
was 3.53 eV. Their corresponding HOMO positions are lowered to
0.65 and 0.8 eV, respectively. The direction of these band bending is
the same as that of WF lowering, but the difference in their
n P3HT:PCBM coated glass. Energy level diagram for P3HT:PCBM/Al (b) and Li:Al
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magnitudes (0.25–0.2¼0.05 eV) is marginal when it compared with
WF difference between Al (3.94 eV) and Li:Al (3.53 eV). When the
cathode thickness exceeds 6 Å, the HOMO position of the active
layer can no longer be identified, but metallic Fermi edge becomes
distinct.

The electrons separated from the excitons in the active layer
should be extracted at the interface between PCBM and the
cathode electrode [2]. Since the lowest unoccupied molecular
orbital (LUMO) of PCBM is located at 3.7 eV below vacuum level
(Evac), the band gap between the HOMO of P3HT and the LUMO of
PCBM is estimated to be 0.97 eV. As mentioned above, the
bending of their molecular energy level in contact with either
Al or Li:Al does not give a big difference (0.20 eV for Al vs. 0.25 eV
for Li:Al). However, the WF lowering after Li:Al deposition is more
dominant compared to Al deposition (3.94 eV for Al vs. 3.53 eV for
Li:Al), resulting the formation of a strong interface dipole (eD)
(potential difference of vacuum level at the interface¼band
bendingþdipole moment) at the P3HT:PCBM/Li:Al (eD¼0.08 eV
for Al vs. 0.34 eV for Li:Al). As a result, the PCBM in contact with
Li:Al cathode feels lower barrier for electron injection to cathode
(3.93–0.32¼3.61 eV for Al vs. 3.53–0.17¼3.36 eV for Li:Al). It is
easily understood that the incorporation of Li lowers the work
function of the metal cathode [20], since the WF of bulk Li (2.9 eV)
is lower than that of Al (4.3 eV) [17]. As the Al thickness increases,
the WF increases to reach 4.3 eV as expected. The Li:Al also shows
similar behavior since most Li atoms are deposited only at the
very first stage. From above results, it can be assumed that the
concentration of Li should be higher at the interface between the
active layer and cathode and this would cause higher electron
collection efficiency.

Depth distributions of carbon and lithium in the cathode layer
were analyzed by dynamic SIMS as shown in Fig. 3. Thin films of
Al (40 nm), Li:Al (40 nm), and LiF/Al (0.6/39.4 nm) cathodes were
deposited on the active layers to investigate both C and Li profiles
mainly near the interface. The flat depth profiles of aluminum are
omitted here because of abundant amount of Al in the first place.
Li was detected about 10 nm range (30–40 nm depth) on the
active layer in the case of the Li:Al cathode. This provides clear
evidence of Li metal doping in Al and indicates that Li evaporates
more rapidly than Al because Li and Al have different thermal
properties (Li: melting point¼453.7 K, boiling point¼1615 K,
Al: melting point¼931.25 K, boiling point¼2793 K) [21,22].

Carbon was also detected within the metal electrode of 40 nm
thickness as shown in Fig. 3. The distribution of carbon in the
shallow depth means the interdiffusion of Al of the electrode and
Fig. 3. SIMS depth profiles of Li and C in the organic solar cell devices with

different cathodes (Al, Li:Al, and LiF/Al).
C of the active layer. However, the distribution of carbon was
observed at much shallower depth in the pure Al than the Li:Al
cathode. This indicates that lithium evaporated first and can
protect the active layer from damage by penetration of the Al
cathode material. A similar observation was also reported by
Greczynski et al. [18]. They reported that a LiF interlayer can
protect the active layer from Al–C complex formation. To compare
the blocking effect of Li with LiF, 40 nm-thick LiF (0.6 nm)/Al
(39.4 nm) based cathode was also prepared on the active layer. To
obtain optimized cell performance, the thickness of LiF was
controlled to have 0.6 nm. As can be seen in Fig. 3, the concentra-
tion profile of carbon was still observed more earlier than the
Li:Al cathode. This represent that the Li:Al cathode is more
effective to block the formation of Al–C complex due to
the unwanted penetration of Al source into the active layer. The
formation of Al–C complex disrupts p-conjugation along the
backbone and interrupts efficient electron transport in polymer
solar cells. This behavior can also contribute to an increase of the
Jsc value in bulk heterojunction cells.
4. Conclusions

We fabricated organic photovoltaic cells with a Li:Al concen-
tration graded cathode using a simple one-step thermal evapora-
tion method. Concentration graded Li metal, which evaporates
before Al due to its lower melting point, from the top of active
layer to the Al cathode may induce cascade WF lowering from the
LUMO energy level to the WF of Al. The cascade lowered WF of
the Li:Al cathode lowers the energy barrier for electron transport
from the active layer to the cathode and thereupon affects
the charge collection efficiency. Furthermore, the Li:Al cathode
showed reduced formation of Al–C complex, which disrupts
electron transport. This results in improved Jsc and overall photo-
voltaic efficiency.
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