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Introduction

As a result of their flexibility and low cost, organic photovoltaic
cells (OPVs) are promising candidates for the next generation
of solar cells.[1–3] Although the power conversion efficiency
(PCE) of OPVs has been greatly improved recently,[4, 5] a system-
atic study is required to clarify the phenomenon of charge ex-
traction, which strongly affects device efficiency and lifetime.
In bulk heterojunction OPVs, charge extraction from the photo-
active layer to each electrode is affected critically by the inter-
face of the photoactive layer with electrodes.[3] To obtain effi-
cient electron extraction, materials of many types have been
employed as the interlayer of the cathode.[6–10] Alkali and alkali
earth metals (e.g. , Mg, Ca, Ba) have been used as the interfacial
cathode layer and have a great influence on the open-circuit
voltage (Voc).

[3] The work function (WF) of the electrodes is

mainly responsible for the built-in electric field in the charge-
extraction pathway.

However, the WFs of alkali and alkali earth metals are closer
to the vacuum level than those of nonreactive high-WF metals
(e.g. , Al, Ag, Au) so that they are prone to react with oxygen
and moisture. To prevent reactive metals from oxidizing into
nonconducting metal oxides, a thin layer of metal fluoride
(e.g. , LiF, CaF2, CsF) can be used as the cathode interlayer in-
stead of pure reactive metals with a low WF.[8–10]

Although these metal fluoride interfacial layers are insula-
tors, they help transport photogenerated electrons efficiently
to the cathode; this phenomenon has been explained by three
different models. The reaction model suggests that the deposi-
tion of a reactive Al metal on LiF, CaF2, or CsF induces a chemi-
cal reaction of Al with the metal fluorides and then releases
low-WF atoms (i.e. , Li, Ca, Cs), which leads to the effective ex-
traction of photogenerated electrons by tuning the effective
WF.[9] The dipole model suggests the large dipole moment of
metal fluorides (e.g. , 6.33 D for LiF) decreases the effective WF
of the negative electrode by decreasing the surface potential
of the Al.[11] The tunneling model suggests that electron trans-
port through the metal fluoride interlayer increases as a result
of the decrease of the effective barrier caused by the reduced
band bending of the active layer if the insulating interfacial
layer is thin enough to permit effective electron tunneling.[7]

The validity of these models is under debate in OPVs as well as

Although rapid progress has been made recently in bulk heter-
ojunction organic solar cells, systematic studies on an ultrathin
interfacial layer at the electron extraction contact have not
been conducted in detail, which is important to improve both
the device efficiency and the lifetime. We find that an ultrathin
BaF2 layer at the electron extraction contact strongly influences
the open-circuit voltage (Voc) as the nanomorphology evolves
with increasing BaF2 thickness. A vacuum-deposited ultrathin
BaF2 layer grows by island growth, so BaF2 layers with a nomi-
nal thickness less than that of single-coverage layer (�3 nm)
partially cover the polymeric photoactive layer. As the nominal
thickness of the BaF2 layer increased to that of a single-cover-
age layer, the Voc and power conversion efficiency (PCE) of the
organic photovoltaic cells (OPVs) increased but the short-cir-
cuit current remained almost constant. The fill factor and the

PCE decreased abruptly as the thickness of the BaF2 layer ex-
ceeded that of a single-coverage layer, which was ascribed to
the insulating nature of BaF2. We find the major cause of the
increased Voc observed in these devices is the lowered work
function of the cathode caused by the reaction and release of
Ba from thin BaF2 films upon deposition of Al. The OPV device
with the BaF2 layer showed a slightly improved maximum PCE
(4.0 %) and a greatly (approximately nine times) increased
device half-life under continuous simulated solar irradiation at
100 mW cm�2 as compared with the OPV without an interfacial
layer (PCE = 2.1 %). We found that the photodegradation of the
photoactive layer was not a major cause of the OPV degrada-
tion. The hugely improved lifetime with cathode interface
modification suggests a significant role of the cathode interfa-
cial layer that can help to prolong device lifetimes.
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organic light-emitting diodes (OLEDs). Therefore, the clarifica-
tion of the role of metal fluorides in OPVs is needed. In this
work, we employed a BaF2 interfacial layer instead of the con-
ventional LiF layer and then investigated the roles of the BaF2

layer on the PCE, Voc, fill factor (FF), short-circuit current (Jsc),
and lifetime of the devices. Morphological changes of the
metal fluoride interfacial layers with increasing thickness ex-
plain their great influence on device efficiency and lifetime.
We used a combinatorial thermal evaporator to fabricate devi-
ces with various BaF2 thicknesses after loading all samples to
the vacuum chamber together, which helps to exclude the
plausible batch-to-batch variation of the performance ob-
served in solution-processed polymer photovoltaic devices.
The Voc and PCE increased as the nominal thickness of the BaF2

layer increased to the thickness of a single-coverage layer
(�3 nm), whereas the FF and PCE decreased significantly as
the nominal thickness increased further. We discuss the elec-
tron extraction mechanism in OPVs that have BaF2 interfacial
layers. The optimum PCE was higher in a device with a BaF2 in-
terfacial layer (4.0 %) than in one with a LiF layer (3.8 %). We
also demonstrate that devices with a BaF2 interfacial layer had
significantly increased lifetimes under continuous simulated
solar irradiation. We show clearly that the higher performance,
especially Voc, observed in devices with a metal fluoride layer
of less than a single-coverage-layer thickness is because of the
lowered WF caused by the reaction of BaF2 and the release of
pure metal (Ba) upon the deposition of reactive Al on the
metal fluoride film (BaF2). Some BaF2 dissociated into Ba and F
and thus allowed the formation of AlF3 upon deposition of re-
active Al ; these reactions were a major cause of the lowered
WF if the insulating layer of unreacted BaF2 and newly formed
AlF3 was thin enough for the electrons to tunnel through.

Results and Discussion

We fabricated OPVs by using a poly(3-hexylthiophene)
(P3HT):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) blend
as a photoactive layer, poly(3,4-ethylenedioxythiophene):
poly(4-styrenesulfonate) (PEDOT:PSS) as a hole-extraction layer,
and BaF2 as an electron extraction interfacial layer. In polymer
solar cells based on the semicrystalline donor polymer P3HT,
the device PCE tends to be sensitive to the film preparation
conditions (e.g. , drying and thermal annealing conditions),
which, in turn, influence the chain morphology compared with
devices that use amorphous photoactive polymers.[12, 13]

To study the effect of ultrathin interfacial layers of various
thickness on the OPV PCE, all the samples should ideally be
fabricated and characterized at the same time to avoid possi-
ble batch-to-batch variation of experimental conditions during
preparation steps. Therefore, we fabricated all of the samples
at the same time by using a combinatorial thermal evaporator
instead of fabricating them separately by using a general ther-
mal evaporator. The combinatorial chamber allows the system-
atical change in the thickness of the BaF2 interfacial layers of
the negative electrodes in OPVs without breaking the chamber
vacuum after loading the samples.

We measured the current density–voltage (J–V) characteris-
tics in OPV devices with various thicknesses of BaF2 interfacial
layers (0, 0.1, 0.2, 0.5, 1, 2, 3, and 5 nm) under air mass 1.5 G
solar simulated light irradiation of 100 mW cm�2 (Figure 1 a)
and under dark conditions (Figure 1 b). The Jsc, Voc, FF, and PCE
values of the devices varied with BaF2 thickness (Table 1). The
reference device without a BaF2 interfacial layer had Voc =

0.40 V. The Voc increased significantly (to 0.51 V) even in the
device with a nominal 0.1 nm thick BaF2 layer. The Voc seemed

Figure 1. J–V characteristics of the OPV devices with various BaF2 thicknesses
a) under simulated solar AM 1.5G illumination at an intensity of
100 mW cm�2 and b) under dark conditions.

Table 1. Voc, Jsc, FF, Rsh, Rs, and PCE of the polymer photovoltaic cells with
various interlayers.

Interlayer Voc

[V]
Jsc

[mA cm�2]
FF
[%]

Rsh

[W cm2]
Rs

[W cm2]
PCE
[%]

Al only[a] 0.400 10.0 53.1 253.8 10.8 2.1
BaF2 0.1 nm[a] 0.511 10.5 57.1 486.6 10.1 3.1
BaF2 0.2 nm[a] 0.538 10.6 57.6 570.6 7.7 3.4
BaF2 0.5 nm[a] 0.552 10.6 58.1 639.0 6.7 3.4
BaF2 1 nm[a] 0.565 10.6 61.4 508.8 7.4 3.7
BaF2 2 nm[a] 0.566 10.8 61.5 516.0 8.2 3.8
BaF2 3 nm[a] 0.572 10.8 57.6 551.4 11.7 3.6
BaF2 5 nm[a] 0.565 10.9 42.2 384.6 30.9 2.6
LiF 1 nm[b] 0.540 10.4 65.1 923.4 5.9 3.8
Ba 1 nm[b] 0.556 10.6 66.0 622.8 5.3 4.0
BaF2 1 nm[b] 0.560 10.7 65.3 535.2 5.7 4.0

[a] P3HT:PCBM films were dried promptly in a circulating N2-filled glove-
box for �3 min after spin casting to reduce the time deviation of device
processing. [b] P3HT:PCBM films were slowly dried in a N2-filled glovebox
for �12 min to maximize the PCE as a result of a slow drying effect.
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to saturate above a 1 nm thickness (Figure 2 a). The strong de-
pendence of Voc on the BaF2 thickness implies that the built-in
potentials (Vbi) of the devices increase with increasing thick-
ness; this effect will be discussed later. All the device per-
formance parameters, such as Voc, Jsc, and PCE, were almost
identical for devices with 1–3 nm BaF2 layers (Table 1). The
maximum device performance (Voc = 0.57 V, Jsc = 10.8 mA cm�2,
PCE = 3.8 %) was obtained with a 2 nm BaF2 layer. As the BaF2

thickness increased up to <3 nm, the series resistance (Rs)
tended to decrease, the shunt resistance (Rsh) tended to in-
crease, and thus the FF tended to increase (Table 1). The PCE
decreased as the BaF2 thickness increased beyond 3 nm be-
cause of the reduced FF (Table 1 and Figure 2 b). A BaF2 layer
thicker than a single-coverage layer is an insulator and forms
a barrier to electron tunneling. BaF2 deposited on the polymer
film had a thickness of a single-coverage layer at 3 nm
(Figure 3).[14] In OLEDs that operate at voltages higher than the
Vbi of a typical OPV, the device luminous efficiencies did not
degrade meaningfully even with much thicker metal fluoride
layers (e.g. , 8 nm).[15] However, in OPVs operated with a much
smaller Vbi than the operating voltages of OLEDs, the tunneling
barrier is difficult to overcome if the metal fluoride layer is
thicker than a single-coverage layer. Although the Voc was still
high in the device with a BaF2 layer thicker than a single-cover-
age layer, the insulating nature of BaF2 and electron accumula-
tion at the interface because of the blockage of extraction in-
creased the Rs from 11.7 W cm2 at 3 nm to 30.9 W cm2 for
a 5 nm BaF2 interfacial layer and thus reduced the FF, which
caused the S-shaped J–V behavior in the device with a 5 nm
thickness (Figure 1 a).

BaF2 follows the island-growth mode on the polymer surface
under vacuum deposition conditions (Figure 3 a) ; this mode is

similar to the growth of LiF.[14, 16] The grain size of BaF2 tended
to increase as the deposited nominal thickness increased as
monitored by using a quartz crystal microbalance sensor. The
average root-mean-square (RMS) roughness also increased as
the BaF2 thickness increased from 0.333 (pristine polymer sur-
face) to 0.436 nm (3 nm BaF2) because the BaF2 grain grows to
the larger island to form a single-coverage layer.

If additional BaF2 was deposited on the surface, small BaF2

grains started to grow on top of one layer and thus the space
between the large grains was filled by these, and the RMS
roughness decreased to 0.369 nm (4.5 nm BaF2). Therefore, the
first RMS roughness peak can be found at the thickness of
a single-coverage layer (�3 nm; Figures 3 band S1). Once the
recessed regions between the large grains were filled by small
BaF2 grains, they tended to grow further and thus the RMS
roughness increased again to 0.508 nm (6 nm BaF2). This re-
peated growth and filling process of BaF2 grains was well pre-
sented in the AFM data (Figure 3 b). If the BaF2 layer is thinner
than a single-coverage layer, different electron extraction paths
are possible, through BaF2 islands or directly to the Al elec-
trode (Figure 4 a). The nanomorphology evolution of the BaF2

islands before single-coverage-layer formation strongly affect-

Figure 2. Variation of the device performance parameters with BaF2 thick-
ness: a) Voc and Jsc and b) PCE and FF.

Figure 3. a) AFM images of thermally evaporated BaF2 on the polymer sur-
face with varying thickness. b) Average RMS of roughness (Rq) versus BaF2

thickness.
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ed the decrease of the cathode WF up to a certain point of
metal fluoride coverage (or nominal thickness) ; this effect re-
sulted in gradual increases of Vbi and thus Voc of the devices as
a function of nominal thickness (Figures 2 a and S1 f).

This Voc improvement can be explained by the decreased ef-
fective WF of the negative electrode (Al) because the BaF2

layer induces a shift in the surface WF according to the reac-
tion model or the dipole model. Such a reduction has been
observed previously in polymer light-emitting diodes that use
a thin metal fluoride layer by electroabsorption measurements
that estimate the Vbi of the devices based on the Schottky–
Mott model and an approximation of the rigid tilting of poly-
mer energy levels with bias.[16] Based on the bulk chemical re-
action of BaF2 with the reactive Al metal shown in Equation (1),

the overall heat of formation is 605.44 kJ mol�1, indicative of an
endothermic reaction.[14]

3 BaF2þ2 Al! 3 Baþ2 AlF3 ð1Þ

Additional thermal energy required for the exchange reac-
tion can be provided by the latent heat released by evaporat-
ed Al atoms upon deposition.[14] The effective WF of the BaF2/
Al cathode estimated by a photovoltaic measurement[17] was
2.9 eV (with thicker BaF2 than a single-coverage layer), whereas
the Ba WF is 2.7 eV.[14] However, the exchange reaction occurs
dominantly on the surface of BaF2 ; therefore, if the BaF2 layer
is thicker than the depth to which Al atoms penetrate the BaF2

layer, unreacted BaF2 still acts as a dipole layer. From classical
electrostatics, the dipole layer near the electrode causes a de-
crease (DF) in the energy barrier at the interface given by
Equation (2):

DF ¼ Nm=e0e ð2Þ

in which N is the number of charges per unit surface, m is
the dipole moment, e0 is the vacuum permittivity, and e is the
static dielectric constant.[18, 19] Therefore, the decreased effec-
tive WF of the BaF2/Al electrode can result from dipole-layer
formation at the interface or from the combined contribution
of dipole-layer formation and the low-WF metal released by re-
action; the dipole moments of unreacted BaF2, the low WF of
the Ba released upon Al deposition, and dipole moments of
the reaction product AlF3 eventually leads to an increase of Vbi

and thus of Voc.
To elucidate the effect of the BaF2 layer on the OPV per-

formance, BaF2/Al and Ba/Al electrodes were compared. A Ba
interfacial layer also produced a gradual increase of the Voc,
which was also correlated to the island-growth mode of Ba
similar to the growth mode of BaF2 (Figure 5). The Voc values of
OPVs with a Ba/Al electrode were also almost saturated above
1 nm thickness, similar to those with the BaF2/Al electrode.
Once the surface was covered by Ba to a thickness greater
than a single-coverage layer (�3 nm as determined from the
AFM images shown in Figure S2), no further changes in WF
and thus Voc occurred (Figure 5). The common phenomenon
that Voc is a function of the nominal thickness of both the Ba
and BaF2 interfacial layers suggests that the change in Voc is
a consequence of the morphological evolution of the layer
during island growth. However, because Ba is metallic, unlike
BaF2, the device with a 5 nm thick Ba layer maintained the sa-
turated FF, Jsc, and PCE, unlike the device with a 5 nm thick
BaF2 layer (Table 1). This result supports the idea that the poor
PCE of OPVs with BaF2 thicker than a single-coverage layer can
be ascribed to the insulating nature of the thick BaF2 that im-
pedes charge transfer across the interface.

We also investigated the effect of an ultrathin BaF2 interfa-
cial layer by measuring the capacitance–voltage (C–V) charac-
teristics at 1000 Hz. In general, the capacitance tended to in-
crease to a peak as a function of the applied voltage and then
decreased immediately. The capacitance is mainly correlated
with the accumulated space charges inside the devices. The

Figure 4. Schematic device configurations of P3HT:PCBM solar cells.
a) Island-growth mode of a BaF2interfacial layer on a P3HT:PCBM photoactive
layer. If the nominal thickness of the BaF2 layer is less than that of a single-
coverage layer (<�3 nm), two different charge-extraction paths coexist be-
cause of the existence of BaF2 islands that do not fully cover the photoactive
layer. b) If the BaF2 thickness is thicker (>�3 nm) than a single-coverage
layer, the BaF2 layer covers most of the photoactive layer surface so that the
electrons must pass through the insulating interlayer to be extracted to the
cathode.
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distinct capacitance peaks changed consistently as a function
of BaF2 thickness. The voltage at the peak capacitance (Vpeak) is
correlated with Vbi according to Equation (3):[20]

Vbi � Vpeak /
kBT

e
ð3Þ

in which kB is the Boltzman constant, T is the absolute temper-
ature, and e is the magnitude of the electron charge. The Vpeak

value is always smaller than Vbi at room temperature because
of the space charges near the electrodes, and Vpeak approaches
Vbi as the temperature decreases. Therefore, at room tempera-
ture, Vpeak is considered to be an effective value of Vbi. In OPVs,
a high Vpeak implies a high Vbi (Figure 6 b). Vpeak as a function of
thickness has the same trend as Voc (Figure 6 b), which implies
that Vpeak at room temperature was observed at the open-cir-
cuit condition (or flat-band condition). At voltages above the
open-circuit condition, the capacitance tended to decrease
sharply because of the recombination of space charges with
injected opposite charges. However, the correlation of Vpeak

with Vbi above 3 nm BaF2 interfacial thickness (e.g. , 5 nm) devi-
ated from the trend observed below 3 nm thickness. The ca-
pacitance at higher voltages than Vpeak in the device with 5 nm
BaF2 tended to decay more slowly than in devices with thinner
layers ; this tendency implies that the accumulated charges
near the thick BaF2 layer were not dissipated effectively by re-
combination with injected charge carriers.

We performed X-ray photoelectron spectroscopy (XPS) of
the Al 2p and F 1s peaks for Al deposited up to 1.5 nm on
a 3.0 nm BaF2 film surface (Figure 7). The Al 2p core-level spec-
trum (Figure 7 a) of 3.0 nm of BaF2 on the P3HT:PCBM layer
before Al was deposited showed no Al 2p feature as expected.

If 0.5 nm of Al was deposited, a single peak (Al1) at 76.24 eV
was obtained by using a peak-fitting routine as indicated by
the colored peaks shown in Figure 7 b. After 1.0 nm of Al was
deposited, this peak shifted to 76.01 eV and two additional
peaks emerged at lower binding energies of 73.32 (Al2) and
74.56 eV (Al3) after detailed peak fitting (Figure 7 c). This ap-
pearance of the new peaks indicates that new chemical states
of Al were formed; the nature of the new chemical states will
be discussed later. Further deposition of Al up to 2.0 nm shift-
ed the binding energies of the peaks to 75.87, 74.50, and
73.18 eV for the Al1, Al2, and Al3 peaks, respectively. The inten-
sities of the Al2 and Al3 peaks (i.e. , new chemical states) in-

Figure 5. Device performance of P3HT:PCBM solar cells that have a Ba cath-
ode interlayer as a function of Ba thickness: a) Voc and b) PCE and FF. Figure 6. a) C–V characteristics of P3HT:PCBM solar cells versus the thickness

of BaF2 interfacial layers. Vertical lines: peak points. b) Vpeak and Voc versus
BaF2 thickness.

Figure 7. a) Al 2p XPS spectra for 3.0 nm of BaF2 on a P3HT:PCBM layer. b)–
d) Evolution of the Al 2p peak with increasing Al thickness on the BaF2 layer.
e) F 1s XPS spectra for 3.0 nm of BaF2 on a P3HT:PCBM layer. f)–h) Similar F 1s
XPS spectra. Dots: measured data; red lines: results of least-square peak-fit-
ting procedures by using Voigt function peak shapes; colored peaks: fitting
components. F1 and F2 indicate the F 1s core-level peaks from BaF2 and
AlF3, respectively.
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creased significantly with the increasing amount of Al deposi-
tion (Figure 7 c and d). The intensity ratio (Al1/Al2/Al3)
changed from 1.00:0.18:0.33 at 0.5 nm of Al to 1.00:0.48:1.16
at 1.5 nm of Al, which was deposited by using effusion cells at
the rate of approximately 1 nm min�1.

The F 1s core-level XPS spectrum obtained for a pristine
3.0 nm BaF2 film surface showed only a single F 1s peak (F1) at
685.80 eV (Figure 7 e). Clearly, this peak is because of the F
atoms in the BaF2 film. After 0.5 nm of Al deposition, the origi-
nal F 1s peak moved to 685.65 eV and an additional peak (F2)
appeared at a higher binding energy of 687.16 eV (Figure 7 f).
After 1.0 (Figure 7 g) and 1.5 nm (Figure 7 h) of Al deposition,
a new chemical state of fluorine, which is different from the
fluorine atom in BaF2, appeared. The intensity ratio (F1/F2) of
the two F 1s peaks was 1.00:1.92 for 0.5 nm of Al (Figure 7 f),
which changed to 1.00:1.32 at 1.0 nm of Al and 1.00:1.20 at
1.5 nm of Al.

Reference spectra[24, 25] indicate that the Al1 peak (76.01 eV,
Figure 7) is caused by Al atoms in Al�F bonds, Al2 (74.56 eV) is
a result of Al�O, and Al3 (73.32 eV) is because of metallic Al.
Similarly, for 0.5 nm of Al deposition, F1 (685.65 eV) is a result
of BaF2 and F2 (687.16 eV) is caused by AlF3. These peak identi-
fications indicate clearly that Al atoms adsorbed on the BaF2

film break Ba�F bonds and make Al�F bonds to form a thin
layer of AlF3 on BaF2 and that at 0.5 nm of Al most of the de-
posited Al atoms form AlF3 as evidenced by the single Al 2p
peak (Figure 7 b). However, the intensity ratio of the F 1s peak
from BaF2 and AlF3 did not change much at 1.0 and 2.0 nm of
Al deposition; thus the AlF3 thickness did not increase with in-
creasing Al deposition; that is, the AlF3 layer is more or less
confined to the near-surface region of the BaF2 film. This con-
clusion is consistent with the evolution of Al 2p peaks, in
which the Al 2p peak from AlF3 slowly decreased with increas-
ing Al deposition, whereas the Al oxide and metallic Al peaks
naturally increased. As a reaction between Al and BaF2 oc-
curred, released metallic Ba and the resultant formation of AlF3

upon reaction seem to be primary factors for the change in
WF. Therefore, we conclude that if a BaF2 layer thinner than
a single-coverage layer was deposited on the polymer layer in
OPVs, the increased Voc can be understood primarily by this re-
action model.

We further optimized the device performance by controlling
the conditions under which a spin-cast P3HT:PCBM layer was
dried (Table 1) and compared the performance of the device
that used a BaF2 interfacial layer with that that has a metal
fluoride, LiF, used widely as an interfacial layer. The Voc was
slightly higher in the device that used BaF2 (1 nm) than in the
device that used LiF (1 nm), which results in a slight increase
of PCE from 3.8 % (LiF) to 4.0 % (BaF2) (Figure 8).

The BaF2 layer increased the device lifetime significantly
(Figure 9). Device degradation was determined by measuring
the device half-life in terms of PCE under continuous simulated
solar irradiation at 100 mW cm�2. The device with a 1 nm BaF2

interfacial layer had a half-life (545 h) that was nine times
longer than that of the device without an interfacial layer
(60 h) (Figure 9); this difference implies that the cathode inter-
face has a dominant influence on the device lifetime.[15, 27, 28] <

If the device performance parameters of our BaF2/Al device
were compared with those of an Al-only device during the
device stability measurement, the device without an interfacial
layer was degraded mainly in the performance parameter of
Voc under solar irradiation (100 mW cm�2 in 25 8C). This means
that the BaF2 interfacial layer plays a critical role to preserve
the Vbi and Voc of the devices during the photovoltaic opera-
tion, which can be attributed to prevention of Al diffusion into
the active layer by the metal fluoride interlayer.[28] We also
found that the BaF2 layer blocks the diffusion of Al into the
P3HT:PCBM layer (Figure S3).

We collected photoluminescence (PL; Figure 10 a) and UV
absorption spectra (Figure 10 b) from a driven OPV pixel ex-
posed to continuous solar simulated irradiation (100 mW cm�2)

Figure 8. Comparison of the optimized P3HT:PCBM solar cells that have
a BaF2 or LiF interlayer. J–V characteristics of the devices with LiF (1 nm) and
BaF2 (1 nm) interlayers under simulated solar AM 1.5 G illumination at an in-
tensity of 100 mW cm�2. P3HT:PCBM films were dried slowly (�12 min) to
maximize the performance.

Figure 9. Stability measurement of P3HT:PCBM solar cells kept under contin-
uous simulated solar irradiation at 100 mW cm�2. a) PCEs of the devices that
have three different cathode structures over time. Comparison of per-
formance parameters : Changes over time of b) Voc, c) Jsc, and d) FF of the
continuously illuminated device that has a BaF2/Al cathode or an Al cathode.
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until the PCE decayed to the half of the initial value and com-
pared them with those of the fresh OPV pixel stored under
dark conditions over the same period. To measure the UV ab-
sorption spectra of the devices, the cathode layers were care-
fully detached by using scotch tape. The PL and UV absorption
spectra of the illuminated (i.e. , driven) pixel were almost identi-
cal to those of the unilluminated (i.e. , undriven) pixel. These
results show clearly that the molecular degradation of
P3HT:PCBM is not a major cause of OPV device degradation.
Instead of the photodegradation of the organic material, inter-
facial degradation caused by Al diffusion into the organic
layers during device operation is one of the major causes of
device degradation.[26, 28]

Conclusions

Thin BaF2 interfacial layers were used as a cathode interlayer to
improve the power conversion efficiency (PCE) and device life-
time in organic photovoltaic cells. As a reaction occurred be-
tween Al and BaF2, the released Ba and resultant formation of
AlF3 upon reaction changed the effective cathode work func-
tion, the built-in potential, and thus the open-circuit voltage
(Voc) of the devices. The BaF2 interfacial layer follows an island-
growth mode so that the Voc strongly depended on the mor-
phological evolution of this layer. This dependence resulted in
a gradual increase of the Voc and PCE with BaF2 layer thickness
because of incomplete coverage in the thickness range below
the thickness of a single-coverage layer (�3 nm). However,

after the BaF2 layer thickness exceeded a single-coverage layer,
the PCE tended to decrease; this can be explained by an in-
creased series resistance and thus reduced fill factor because
of the insulating nature of the thick BaF2 and space charges ac-
cumulated by the insulating layer inside the devices. X-ray
photoelectron spectroscopy indicated that the Al deposition
on BaF2 indeed dissociated BaF2 to form an AlF3 layer that
exists only at the interface between BaF2 and Al. We also dem-
onstrated that the lifetime of devices with a BaF2 interfacial
layer was significantly longer (approximately nine times) than
that of a device without an interfacial layer under continuous
simulated solar irradiation (100 mW cm�2) ; this result indicates
the importance of the interfacial layer on the device lifetime.

Experimental Section

Device fabrication

A PEDOT:PSS (CLEVIOSTM PH) dispersion was diluted in isopropyl al-
cohol (1:1 w/w), spin-coated to give a 35 nm thick hole-extraction
layer on top of indium-tin-oxide (ITO)/glass, and baked on a hot-
plate in air at 200 8C for 10 min. The photoactive layer was com-
posed of a 1:1 mixture of P3HT (regioregularity>98 %, average
molecular weight (Mw) �25 700, RiekeMatals Inc. , P200) and
PCBM(nano-C Inc.) in anhydrous 1,2-dichlorebenzene (DCB)
(Sigma–Aldrich). A P3HT:PCBM:DCB (20 mg/20 mg/1.5 mL) solution
was heated at 60 8C fo14 h to achieve good homogeneity. After
the PEDOT:PSS/ITO substrates were moved to a N2-filled glovebox,
the P3HT:PCBM solution was spin-on the PEDOT:PSS to give
210 nm thickness, then dried sufficiently slowly (3–12 min) to allow
time to enhance the molecular ordering. Then the substrates were
baked in a vacuum hotplate at 150 8C for 30 min. The BaF2 interlay-
er was thermally evaporated on the P3HT:PCBM film at a deposition
rate of 0.1 � s�1 under high vacuum (<5 � 10�7 Torr), and the Al
cathode was deposited sequentially: first, 20 nm thickness at a dep-
osition rate of 1 � s�1 and then 80 nm thickness at 5 � s�1 under
high vacuum (<5 � 10�7 Torr). The photoactive area (0.06 cm2) was
defined by using metallic shadow masks. The devices were encap-
sulated with a glass lid by using a UV-curable epoxy resin in a N2-
filled glovebox.

Device characterization

The J–V characteristics were obtained by using a computer-con-
trolled Keithley 2400 source measurement unit under simulated
solar AM 1.5G illumination (100 mW cm�2) generated by using
a Xe-lamp-based solar simulator system (Newport 69907, Class
AAA, 450 W).

The device stability was measured by using a McSciencePolaro-
nixK3600 Solar Cell Reliability Test System. The Jsc, Voc, FF, and PCE
were recorded over time under continuous illumination with solar
simulated light (air mass 1.5 G, 100 mW cm�2). Photoelectron spec-
troscopy measurements were conducted by using a modified
KRATOS AXIS165 system connected to a home-built organic and
metal deposition chamber so that all the film depositions and
measurements could be conducted without exposing the samples
to ambient pressure. The energy resolution of XPS was approxima-
tely1.0 eV. The base pressure of the measurement and the deposi-
tion chambers were 1.0 � 10�9 and 1 � 10�8 Torr, respectively. All
depositions and measurements were conducted at RT.

Figure 10. Spectra of driven and undriven OPVs. Driven cell : OPV devices
were exposed to continuous simulated solar irradiation at 100 mW cm�2

until the PCE was reduced by 50 %. Undriven cell : OPV devices were stored
under dark conditions for the same period. a) PL and b) UV absorption
< spectra.
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