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In this work, bathocuproine (BCP) and bathophenanthroline (Bphen), commonly used in small-molecule organic
solar cells (OSCs), are adopted as the buffer layers to improve the performance of the polymer solar cells (PSCs) based
on poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV): [6,6]-phenyl-Cg1-butyric acid methyl ester
(PCBM) bulk heterojunction.
performance parameters are dramatically improved. The power conversion efficiency is increased by about 70% and

By inserting BCP or Bphen between the active layer and the top cathode, all the

120% with 5-nm BCP and 12-nm Bphen layers, respectively, when compared with that of the devices without any
buffer layer. The performance enhancement is attributed to BCP or Bphen (i) increasing the optical field, and hence
the absorption in the active layer, (ii) effectively blocking the excitons generated in MEH-PPV from quenching at
organic/aluminum (Al) interface due to the large band-gap of BCP or Bphen, which results in a significant reduction
in series resistance (Rg), and (iii) preventing damage to the active layer during the metal deposition. Compared with
the traditional device using LiF as the buffer layer, the BCP-based devices show a comparable efficiency, while the
Bphen-based devices show a much larger efficiency. This is due to the higher electron mobility in Bphen than that in

BCP, which facilitates the electron transport and extraction through the buffer layer to the cathode.
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1. Introduction

Polymer solar cells (PSCs), considered as a
promising source of renewable energy, have at-
tracted much attention because of their low-cost,
compatibility with flexible substrates and large-area
applications.!'=4 Recently, the power conversion effi-
ciency (PCE = 7) of the bulk heterojunction (BHJ)
PSCs around 7% has been realized. %! However, com-
pared with their inorganic semiconductor counter-
parts, the efficiency is still low and not yet suffi-
cient for commercial implementation, for which an
efficiency of 10% is expected to be a minimum re-
quirement. To further improve PCE, it is proved that
the introduction of a buffer layer between the organic
and the electrode layers is an effective approach.[7—11
At present, a thin layer of LiF is commonly used
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as the buffer layer to modify the interface between
the active layer and the cathode in PSCs.'213] Ag
we know, LiF is an insulating material, so the thick-
ness must be strictly controlled in order to prevent
a thicker LiF layer from being detrimental to elec-
tron collection (generally lower than 1.5 nm). For
bilayer organic solar cells (OSCs) based on small-
molecule materials, bathocuproine (BCP) is usually
used as an exciton-blocking layer (EBL) due to its
high band-gap.l'¥ In addition, Chan et al.l'® re-
ported that bathophenanthroline (Bphen) may be a
better alternative compared with BCP because of its
higher electron transporting ability. In this paper,
we use these two materials, BCP and Bphen, re-
spectively, as substitutes for LiF in buffer layers in
PSCs based on a poly(2-methoxy-5-(2-ethylhexyloxy)-
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1,4-phenylenevinylene) (MEH-PPV) and [6,6]-phenyl-
Cg1-butyric acid methyl ester (PCBM) blend. Both
BCP and Bphen can noticeably improve the perfor-
mance of PSCs. Compared with the device using LiF
as a buffer layer, the BCP-based devices show a com-
parable efficiency, while the Bphen-based devices show
a much better efficiency, which may be attributed to
the higher electron mobility in Bphen than that in
BCP.

2. Experiment

All the devices in this work were fabricated on
indium tin oxide (ITO)-coated glass substrates, which
had been carefully cleaned by acetone, ethanol and
de-ionized water consecutively, and finally dried by
blowing with nitrogen gas and baking at 80 °C for
5 min in air. After the dried ITO glass substrates were
treated by UV ozone for 10 min, the filtered poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) was spin coated on the top of the ITO
surface with a speed of 2000 rpm (round per minute)
for 50 s and then annealed in a vacuum at 120 °C
for 10 min. The MEH-PPV:PCBM, dissolved in
chlorobenzene with a weight ratio of 1:4, was spin
coated onto the PEDOT:PSS layer at the same speed
of 2000 rpm. Layers of Bphen, BCP, LiF and an alu-
minum (Al) electrode were thermally evapourated un-
der high vacuum. Deposition rates were monitored
with a quartz oscillating crystal and controlled to be
1 A /s for both organic layers and LiF. A shadow mask
was used for the deposition of the cathode, giving an
active device area of 0.1 cm?. Figure 1 shows the de-
vice configuration of organic photovoltaic cells used in
the study.

a thin buffer layer

glass su strate

Fig. 1. Schematic device structure of organic solar cells.

All the experiments in this paper were divided
into several groups due to the limitation of our evapo-
ration equipment where only four devices can be fab-
ricated at once. So the device without any buffer layer
was fabricated and acted as a reference for compari-
son in each group. The minor variation of the PCE,
mainly caused by fill factor (FF), for the reference
devices with the same structure cannot influence our
experimental trends.

The current—voltage (I-V) curves were measured
with a Keithley 2410 source-measurement unit in the
dark and under illumination of 150-W xenon lamp at
an intensity of 100 mW /cm?. The absorption spectra
of the organic films were recorded by Shimadzu UV-
3101 PC spectrometer. All the measurements were
carried out in air at room temperature.

3. Results and discussion

Figure 2 shows the absorption spectra of MEH-
PPV, PCBM, BCP and Bphen films on quartz sub-
strates. Obviously, both the BCP and the Bphen films
have nearly negligible absorbances as compared with
those of the photoactive MEH-PPV and PCBM films,
so that the buffer layers do not absorb the light re-
flected from the cathode. On the other hand, a thin
film between the active layer and the electrode is usu-
ally used as an optical spacer to redistribute the light
intensity.>16) With this consideration, we simulate
the optical field distribution for a single wavelength il-
lumination (500 nm, corresponding to the MEH-PPV
absorption peak) in the PSCs with different thick-
nesses of BCP or Bphen (the same refractive index,
1.750718] at X = 500 nm, for both BCP and Bphen
due to their similar optical properties). The simula-
tion result is shown in Fig. 3. It can be seen that
the position of the maximum peak shifts toward the
centre of the active layer and the relative optical in-
tensity is enhanced with the increase of the BCP (or
Bphen) thickness. High optical field intensity in the
active layer results in high optical absorption, there-
fore we anticipate that this enhanced optical intensity
will lead to the increase of the short-circuit current
density (Js), and thus the PCE.

Absorption/arb. units

0, b
300 400 500 600 700 800
Wavelength/nm

Fig. 2. Absorption spectra of MEH-PPV (solid), PCBM
(dash-dot), BCP (dot), and Bphen (dash).
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Fig. 3. Simulated optical field distributions (for 500-

nm illumination) each as a function of the position in
the Glass/ITO (25 nm)/PEDOT:PSS (40 nm)/MEH-
PPV:PCBM (85 nm)/BCP or Bphen (0, 1, 3, 5 nm)/Al
(100 nm) PSCs. The refractive indices of glass, ITO,
PEDOT:PSS, MEH-PPV:PCBM, BCP (or Bphen), Al
layers are 1.42, 1.92, 1.50+0.02i, 1.814-0.13i, 1.75, and
0.824-6.021i, respectively, at A = 500 nm.

3.1. Introduction of BCP as the buffer
layer

For small-molecule OSCs, BCP is commonly used
as a buffer layer between the acceptor and the top
cathode due to its large energy gap (3.5 eV).[514
Here, this small-molecular-weight material is used to
improve the performance of PSCs based on MEH-
PPV and PCBM blend. Figure 4 shows the cur-
rent density—voltage (J-V') characteristics of the de-
vices with the thickness of BCP ranging from 0 to
5 nm under an illumination of 100 mW /cm?. The de-
vice without the BCP layer has a poor performance:
Jse = 2.25 mA /cm, open-circuit voltage (Vo )=0.71 V,
and FF=36.4%. The calculated n is equal to 0.58%
(n = JscVocFF /Py, where Py is the incident light

power density). After inserting a thin BCP buffer
layer between MEH-PPV:PCBM and Al layers, all
the performance parameters are improved. When
the thickness of BCP film is 5 nm, the device ex-
hibits a good performance with Jy. = 2.95 mA /cm?,
Voe = 0.75 V, and FF=44.1%. The corresponding 7
is 0.98%, which has a 69% increase over that of the
device without BCP. This significant improvement is
attributed to the following effects: (i) as an optical
spacer, BCP increases the light absorption in the ac-
tive layer by redistributing the optical field inside the
device; (ii) as an EBL, BCP effectively blocks the exci-
tons generated in MEH-PPYV from cathode quenching.
The confinement of excitons can increase the probabil-
ity of exciton dissociation at MEH-PPV /PCBM inter-
face and thereby leads to a high photocurrent;™® (iii)
as a protection layer, BCP prevents the underlying
layer from deteriorating during Al deposition.[®:16:19]
Table 1 summarizes the key photovoltaic parameters
as a function of BCP thickness under illumination.

—a— 0 nm BCP
2 —o— 1 nm BCP
—4— 3 nm BCP
—v— 5 nm BCP

Current density/mA-cm™2

Voltage/V

Fig. 4. The J-V characteristics for the devices with dif-
ferent thicknesses (0, 1, 3, 5 nm) of BCP under illumina-
tion at 100 mW /cm?2.

Table 1. Key parameters for organic photovoltaic devices with different thicknesses (0, 1, 3, 5 nm) of BCP

as the buffer layer.

BCP/nm Jsc/mA-cm™2 Voc/V FF/% n/% Rs/2
0 2.25 0.71 36.4 0.58 1253.5
1 2.59 0.81 43.7 0.92 538.6
3 2.99 0.77 41.1 0.95 547.2
5 2.95 0.75 44.1 0.98 840.2

3.2. Introduction of Bphen as the buffer
layer

BCP easily crystallizes when exposed to the at-

mosphere environment due to the presence of water

and oxygen.!? Chan et al.['*) and Wang et al.?Y pro-
posed another effective EBL Bphen which has similar
electrical and optical properties but better water with-
standing and oxygen blocking abilities as compared

with those of BCP. In this paper, another group of
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devices with the same structure as above (see Fig. 1),
but in which Bphen is adopted to replace BCP as the
buffer layer, were fabricated. Figure 5 shows the J-V
characteristics of the devices without and with Bphen
modification. The Bphen thickness also varies from
0 to 5 nm. The device with no buffer layer shows
a similar performance to that in Fig. 4. By modify-
ing the Al cathode by 5-nm Bphen provides a signif-
icant improvement on the device performance where
Jsc increases to 3.98 rrlA/011127 Voe t0 0.74 V, and FF
to 44.3%. The corresponding 7 reaches up to 1.30%,
which has a 95% increase as compared with that of the
device without any buffer layer. Table 2 shows the key
parameters for the devices with different thicknesses
(0, 1, 3, 5 nm) of Bphen. It is worthwhile noting that
Bphen-based devices show a better performance than

that of BCP-based devices.
cussed in Subsection 3.3.

The reason will be dis-

4
X3

—=— () nm Bphen

3.07 —0— 1 nm Bphen
—4— 3 nm Bphen
1.5 1 —v— 5 nm Bphen

Current density/mA-cm™2

Voltage/V

Fig. 5. Illuminated J-V characteristics for the devices
with different thicknesses (0, 1, 3, 5 nm) of Bphen.

Table 2. Key parameters for organic photovoltaic devices with different thicknesses (0, 1, 3, 5 nm) of Bphen

as the buffer layer.

Bphen/nm Jsc/mA-cm™2 Voc/V FF/% n/% R/
0 2.22 0.73 41.3 0.67 763.4
1 3.14 0.76 45.3 1.08 382.4
3 3.67 0.76 44.1 1.23 455.7
5 3.98 0.74 44.3 1.30 424.1
3.3. Comparison between BCP and as the BCP thickness increases to 5 nm, the Ry has

Bphen as the buffer layers

Figure 6 shows the variations of Jy., Vo (a), FF,
and PCE (b) each as a function of Bphen and BCP
thicknesses. It can be clearly seen that the Jy. of BCP-
based device first increases and then drops with the
thickness of BCP buffer layer, while that of Bphen-
based devices increases monotonically with the thick-
ness of Bphen. J,. depends on the light absorption as
well as the carrier transport after exciton separation
into free charges.?? As discussed in the beginning,
BCP (or Bphen) increases the absorption in the ac-
tive layer due to the redistribution of the light inten-
sity. On the other hand, the insertion of a nanometer
buffer layer may result in the formation of a better
Ohmic contact and consequently lower the series re-
sistance (Rg) of the device. From the illuminated J—
V' characteristics in Figs. 4 and 5, we evaluate the
specific Ry, which is given by the inverse gradient of
the J-V curve at 0 mA/cm?. As shown in Tables 1
and 2, the Ry decreases from 1253.5 2 to 538.6 2 and
from 763.4 Q to 382.4 Q when the reference devices are
modified by 1-nm BCP and 1-nm Bphen, respectively.
This demonstrates that both BCP and Bphen can im-
prove the polymer/Al interface efficiently. However,

a sharp increase, leading to a slight drop in Js.. As

shown in Fig. 7,21-23]

it appears that the photogener-
ated electrons are difficult to transport from the lowest
unoccupied molecular orbital (LUMO) of PCBM to an
Al cathode because of the large barrier formed by the
EBL LUMO, which is at least 0.8 eV for both BCP and
Bphen. Peumans and Forrest!' suggested that elec-
tron transport in the BCP EBL occurs mainly through
defect states induced by the hot metal atoms during
cathode deposition. Based on this hypothesis, it is
believed that for a thicker BCP, the region far from
the BCP/Al interface has insufficient defect states for
carrier transport, thereby leading to a lower electron
mobility ue in the BCP layer (u. is proportional to
the defect state density), and thus, an increased Rs.
In contrast to BCP, the device with 5-nm Bphen as
the EBL still yields a small Rs. Moreover, the Bphen-
based devices show the better performance over that
of the BCP-based devices (the maximum PCE of
1.30% and 0.98% for the Bphen and BCP based de-
vices, respectively). Those can be explained by the
fact that pe of Bphen (5.0x10~% cm?-V—1.s71)4 is
two orders of magnitude higher than that of BCP
(5.0x107% em?-V~1.s71).[23] The much higher y, fa-
cilitates the electron transport and extraction, and
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thereby results in a larger Jy., which is in agreement
with the experimental data (see Tables 1 and 2).
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Fig. 6. Variations of Jsc, Voc (a), FF and PCE (b) with
Bphen (M) and BCP (Q) thicknesses.
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Fig. 7. Energy level diagram of the modified photovoltaic

device.

As a buffer layer, there must be an optimized
thickness due to the reduction of electron mobility
with the thickness increasing. Considering this, we
continue to increase the thickness of Bphen from 8 nm
to 15 nm. A device without Bphen was also fabri-
cated and acted as a reference for comparison. Figure
8 shows the J-V characteristics of the devices with
different thicknesses (0, 8, 12, 15 nm) of Bphen. The
key parameters of these PSCs are summarized in Ta-
ble 3. The performance of the reference device is
slightly higher than those in Figs. 4 and 5.
be clearly seen that Jy first increases to a maximum

It can

of 3.99 mA /cm? as the Bphen thickness increases to
12 nm and then decreases as the Bphen buffer layer be-
comes thicker. Furthermore, the Ry also has an abrupt
increase when the thickness of Bphen reaches 15 nm
(see Table 3). The interpretation of these results is
similar to that of BCP-based devices. Additionally, it
should be especially noted that at the optimum thick-
ness of Bphen (12 nm), the 7 reaches to 1.73%, which
is a more-than-twofold increase as compared with that
of the reference device.

45
—=— 0 nm Bphen
3.0 —o— 8 nm Bphen
—a— 12 nm Bphen
1.5 —v— 15 nm Bphen
_ 110

Current density/mA-cm™2

Voltage/V

Fig. 8. Illuminated J-V characteristics for the devices
with different thicknesses (0, 8, 12, 15 nm) of Bphen.

Table 3. Key parameters for organic photovoltaic devices with different thicknesses (0, 8, 12, 15 nm) of

Bphen as the buffer layer.

Bphen/nm Jsc/mA-cm™2 Voc/V FF/% n/% R/
0 2.25 0.76 46.6 0.80 620.9
8 3.47 0.86 49.4 1.47 362.8
12 3.99 0.86 50.4 1.73 295.8
15 3.79 0.86 48.8 1.59 377.4

3.4. Comparison between LiF and or-

ganic materials as the buffer layers

Finally, a device with 1-nm LiF commonly used

in PSCs was fabricated for comparison.

Figure

9

shows the J-V characteristics of devices with 1-nm
LiF, 5-nm BCP and 12-nm Bphen (the optimum
thicknesses for BCP and Bphen based devices, re-
spectively). The device with 1-nm LiF exhibits a Jy
of 2.89 mA/ecm?, a V. of 0.7 V, an FF of 49.1%,
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and a n of 0.99%, which is comparable to that of 5-
nm BCP-based device (0.98%), but lower than that
of 12-nm Bphen-based device (1.73%). The results
suggest that Bphen is the best choice as the buffer

4_
—a— 1 nm LiF
—o— 5 nm BCP
24 —4— 12 nm Bphen

Current density/mA-cm™2

Voltage/V

Fig. 9. Illuminated J-V characteristics of devices with
1-nm LiF (W), 5-nm BCP (), and 12-nm Bphen (A) as
the buffer layers.

layer in PSCs due to its large energy gap and high
electron mobility.

4. Conclusion

We investigated the effects of interfacial buffer
layers—BCP and Bphen on the performance of poly-
mer solar cells based on MEH-PPV and PCBM blend.
After inserting 5-nm BCP and 12-nm Bphen between
the active layer and the cathode, the PCE are sub-
stantially increased by a factor of 0.69 and 1.16, re-
spectively, as compared with the devices without any
buffer layer. The roles of BCP and Bphen might be
the same for efficiency improvement because of their
similar optical transparency and energy gap. How-
ever, compared with traditional devices by using LiF
as the buffer layer, the BCP-based devices show a com-
parable efficiency, while Bphen-based devices show a
much higher efficiency. This is due to the better elec-
tron transport ability of Bphen than that of BCP.
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