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An electron transporting material of TFTTP (4-(5-hexylthiophene-2-yl)-2,6-bis(5triﬂuoromethyl)thiophen-2-yl)pyridine) was investigated as a cathode buﬀer layer to enhance
the power eﬃciency of organic solar cells (OSCs) based on subphthalocyanine and C60 . The
overall power conversion eﬃciency was increased by a factor of 1.31 by inserting the TFTTP
interfacial layer between the active layer and metallic cathode. The inner mechanism responsible for the performance enhancement of OSCs was systematically studied with the
simulation of dark diode behavior and optical ﬁeld distribution inside the devices as well
as the characterization of device photocurrent. The results showed that the TFTTP layer
could signiﬁcantly increase the built-in potential in the devices, leading to the enhanced
dissociation of charge transfer excitons. In addition, by using TFTTP as the buﬀer layer,
a better Ohmic contact at C60 /metal interface was formed, facilitating more eﬃcient free
charge carrier collection.
Key words: Organic solar cells, Cathode buﬀer layer, Built-in potential, Charge carrier
collection, Optical spacer eﬀect

ties. Firstly, such transparent layer can avoid absorbing
light reﬂected from metal electrode and act as an optical spacer to maximize the optical ﬁeld at the active
donor/acceptor interface, where the free charge carriers
generate [15]. Secondly, it also forms a passivating layer
to protect the underlying acceptor material from being
damaged during the evaporation of hot cathode metal
atoms [16]. Thirdly, it serves as an exciton blocking
layer to prevent excitons generated in the acceptor from
quenching at the cathode contact [12]. Fourthly, the
cathode buﬀer layer should have good electron transporting ability to provide eﬃcient charge collection at
cathode [17]. Moreover, it was recently demonstrated
that the cathode buﬀer layer contributed to the improvement in the dissociation process of charge transfer
excitons (CTE) due to the increased built-in potential
[18]. However, so far the eﬀect of cathode buﬀer layer
on the enhancement of device performance is under debate. A systematic study of the relationship between
cathode buﬀer layer and the OSC characteristics requires further in-depth investigation. And clarifying
the eﬀect of the buﬀer layer will be helpful to modify the organic/electrode interface and greatly increase
the device performance.
In this work, an electron transporting material
TFTTP
(4-(5-hexylthiophene-2-yl)-2,6-bis(5triﬂuoromethyl)thiophen-2-yl)pyridine) was investi-

I. INTRODUCTION

Organic solar cells (OSCs) have recently attracted
broad research interests due to their easy fabrication,
low lost, mechanical ﬂexibility, and lightweight [1−3].
Signiﬁcant progress in improving the power conversion
eﬃciency has been made over the past few years by
illuminating device mechanisms, synthesizing high performance materials, and developing new device architectures [4−6]. These eﬀorts have led to very encouraging eﬃciency of 8%−9% [7−9]. Besides, to improve
the device performance, it has been recognized that the
introduction of a buﬀer layer to optimize the contact between active layer and electrode is an eﬀective method
[10, 11]. Currently, the most commonly used cathode
buﬀer layers in small molecular OSCs are organic electron transporting materials with a wide energy gap,
such as bathocuproine (BCP) [12], bathophenanthroline
(BPhen) [13], tris(8-hydroxy-quinolinato) aluminum
(Alq3 ) [14], bipyridyl-substituted oxadiazole, and 1,3,5tris(2-N -phenylbenzimidazolyl) benzene (TPBi) [11].
The cathode buﬀer layer has multiple functionali-
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FIG. 1 (a) Chemical structure of TFTTP, (b) UV-Vis absorption spectra of SubPc, C60 , and TFTTP ﬁlms, (c) cyclicvoltammetry data of TFTTP, and (d) schematic energy level diagram of OSCs.

gated as a cathode buﬀer layer in planar heterojunction
organic solar cells. By inserting the TFTTP interfacial
layer between active layer and metal cathode, the
overall power conversion eﬃciency was increased by
a factor of 1.31. In order to analyze the role of the
TFTTP layer in OSCs, the optical ﬁeld distribution
and the photocurrent density characteristics of devices
were studied in detail. Also, the dark diode behavior
of the devices was simulated and discussed to further
investigate the mechanism responsible for the eﬃciency
enhancement by introducing TFTTP as the cathode
buﬀer layer. All the results indicated that the introduction of TFTTP layer can signiﬁcantly increase
the built-in potential in the devices and facilitate
more eﬃcient free charge carrier collection at cathode,
whereas the eﬀect of TFTTP as an optical spacer was
minimal.

II. EXPERIMENTS

The structure of organic solar cell is indiumtin oxide (ITO)/poly(3,4-ethylenedioxythiophene):
poly(styrene-sulfonate) (PEDOT:PSS) (20 nm)/subphthalocyanine (13 nm)/C60 (35 nm)/(TFTTP)
(x nm)/Ag (100 nm), x=0, 3, 5, 10, and 15. The
devices were fabricated on the ITO coated glass
substrates. The thickness of ITO ﬁlm was ∼180 nm
with a sheet resistance of 10 Ω/sq. The ITO substrates
were cleaned consecutively in ultrasonic bath including
detergent, acetone, ethanol, deionized water for 10 min
each step, and ﬁnally dried by high purity nitrogen
blow. Prior to loading into a vacuum chamber, the
DOI:10.1063/1674-0068/27/05/593-599

substrates were treated by O2 plasma for 5 min. A
thin layer of PEDOT:PSS ﬁlm (Baytron P AI4083)
was spin-coated onto the ITO glass with a rate of
5000 r/min for 40 s and then thermally annealed at
170 ◦ C for 10 min in ambient. Organic materials were
evaporated successively onto the ITO/PEDOT:PSS
substrates by an organic multifunctional vacuum deposition apparatus at a rate of 1−2 Å/s at pressure of
3×10−4 Pa. Finally, Ag was evaporated as the cathode
at a rate of ∼10 Å/s under pressure of 3×10−3 Pa
without breaking the vacuum. The deposition rate and
ﬁlm thickness were in situ monitored using a QCM
mounted to the substrate holder. The typical area
of organic solar cells, deﬁned by shadow mask, was
12 mm2 . The current density-voltage (J-V ) curves in
dark and under illumination were measured with a
Keithley 4200 programmable voltage-current source. A
light source integrated with a xenon lamp (CHF-XM35)
with an illumination power of 100 mW/cm2 was used
as a solar simulator [5, 10, 11]. The UV-Vis absorption
spectra were measured with a Shimazu UV-1700
system. All the measurements were performed in air
at room temperature.

III. RESULTS AND DISCUSSION

The chemical structure of TFTTP is shown in
Fig.1(a). TFTTP has been chosen as a cathode buﬀer
layer in SubPc/C60 based device, since it has high optical transparency compared with the active materials
of SubPc and C60 . Figure 1(b) shows the absorption
spectra of organic ﬁlms. It can be seen that TFTTP
c
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TABLE I Photovoltaic performance of the cells with various thicknesses of TFTTP layer determined from J-V characterization, where Jmax is short-current density derived from simulated absorption spectra.
Thickness/nm
0
3
5
10
15

VOC /V
0.66
0.77
0.82
0.80
0.77

JSC /(mA/cm2 )
2.84
3.14
3.67
4.10
3.46

FIG. 2 J-V characteristics of OSCs with various TFTTP
thicknesses under illumination with an intensity of
100 mW/cm2 .

is almost transparent in the full UV-visible range, and
therefore does not signiﬁcantly contribute to the absorption of SubPc/C60 device. The band gap energy of
TFTTP was determined to be 3.05 eV corresponding
to the on-set absorption energy. This large energy gap
can eﬃciently block excitons from passing through the
active layer. The lowest unoccupied molecular orbital
(LUMO) level of TFTTP was determined to be around
−3.12 eV by the cyclic-voltammetry data as shown
in Fig.1(c). Therefore, the highest occupied molecular orbital level (HOMO) of TFTTP was −6.17 eV.
Figure 1(d) shows the schematic energy level diagram
of device used TFTTP as the cathode buﬀer layer.
J-V characteristics of OSCs with various TFTTP
thicknesses under illumination with an intensity of
100 mW/cm2 are shown in Fig.2. The detailed information on short circuit current (JSC ), open circuit voltage
(VOC ), ﬁll factor (FF), and power conversion eﬃciency
(ηp ), derived from the J-V curves are listed in Table I.
It can be seen that VOC increases from 0.66 V to 0.77 V
when a 3 nm thick TFTTP inserted between C60 and
Ag. This enhancement is attributed to the increase of
built-in potential and the decrease of saturated dark
current [19, 20]. Then VOC is relatively constant at
0.80 V, independent of the thickness of TFTTP layer.
The reason is that VOC is predominately determined by
the energy diﬀerence between the HOMO of donor material (D) and the LUMO of acceptor material (A) [21].
Moreover, JSC and FF increase signiﬁcantly initially
DOI:10.1063/1674-0068/27/05/593-599

FF
0.29
0.37
0.35
0.38
0.33

ηp /%
0.54
0.89
1.05
1.25
0.88

Jmax /(mA/cm2 )
7.55
7.65
7.69
7.67
7.51

RS A/Ω·cm2
128.28
22.26
22.09
12.40
20.06

and reach a maximum value in the device with 10 nm
thick TFTTP. Once the TFTTP layer is thicker than
10 nm, JSC and FF decrease. As a result, the device
with a structure of ITO/PEDOT:PSS (20 nm)/SubPc
(13 nm)/C60 (35 nm)/TFTTP (10 nm)/Ag (100 nm)
shows the highest ηp of 1.25% with JSC =4.10 mA/cm2 ,
VOC =0.80 V, and FF=0.38. Furthermore, compared
with the eﬃciency of the cell without a cathode buﬀer
layer, the eﬃciencies of each cell with a TFTTP layer
are dramatically enhanced. However, the overall performance is lower than those of other reports [22] with
an almost identical architecture. We ascribed the loss
to the comparatively high impurity density of organic
materials and exposure to atmosphere during measurement, which would greatly reduce the charge carrier
mobility [23].
For comparison, the photovoltaic characteristic of the
cell with 10 nm BCP as the cathode buﬀer layer is
also shown in Fig.3(a). The device exhibits a power
conversion eﬃciency of 1.04% with JSC =3.37 mA/cm2 ,
VOC =0.88 V, and FF=0.35. It is worth to note that
with the optimal thickness of 10 nm TFTTF layer, the
eﬃciency of the cell is higher than that of BCP based
cell due to the enhancement of JSC . The relatively high
ηp obtained for TFTTP based device may be attributed
to the high electron mobility, which improves the charge
transport and collection.
The electron mobility of TFTTP and BCP were measured from the ﬁeld dependent space-charge-limited
current (SCLC) model [24]. Figure 3(b) presents the
J-V characteristic of electron only device with a structure of Ag (100 nm)/TFTTP (or BCP, 70 nm)/Ag
(100 nm). The ﬁtting result is also shown. TFTTP
has a relatively high electron mobility of about
2.10×10−5 cm2 /V s, which is signiﬁcantly higher than
that of BCP (3.10×10−6 cm2 /V s). The lower electron mobility of BCP may lead to a relative higher series resistance (RS A) of OSC devices [25]. The RS A
calculated from the J-V curves are 12.40 Ω·cm2 and
22.52 Ω·cm2 for TFTTP and BCP based devices, respectively. It has also been reported that higher carrier
mobility of cathode buﬀer layer may enhance the OSC
performance in terms of power conversion eﬃciency, due
to the adequacy of the photogenerated electron being
transported to the cathode [26]. Therefore, interfacial
materials with high charge mobility should be optimized
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FIG. 3 (a) J-V characteristics of OSCs with 10 nm BCP as a cathode buﬀer layer in dark and under illumination, (b) J-V
characteristics of electron-only device with a structure of Ag (100 nm)/TFTTP (or BCP, 70 nm)/Ag (100 nm). The symbols
are experimental data for electron transport, while the solid lines are the ﬁtting results according to the ﬁeld-dependent
SCLC theory.

FIG. 4 Normalized electric ﬁeld optical distribution in OSC devices with diﬀerent TFTTP thickness of (a) 0 nm, (b) 3 nm,
(c) 5 nm, (d) 10 nm, (e) 15 nm. (f) Calculated absorption fraction in the active layer of devices with various thicknesses of
TFTTP.

for higher device performance.
To scrutinize the contribution of cathode buﬀer layer
to the improvement of device performance under short
circuit condition, the optical spacer eﬀect of TFTTP
was investigated using a one-dimensional transfer matrix method to simulate the optical ﬁeld distribution
within the device [17]. The normalized optical electric
ﬁeld |Ej (x)|2 /|E0 (x)|2 distributions of the OSC devices
are presented in Fig.4 (a)−(e). We can see that the
intensity maximum trends to shift to the center of acDOI:10.1063/1674-0068/27/05/593-599

tive layer when TFTTP thickness increases from 0 nm
to 15 nm. This enhancement may partially lead to the
increase of photocurrent.
To quantitatively estimate the eﬀect of the TFTTP
layer on light absorption, the fraction of incident light
intensity absorbed by the active layer was simulated
based on the transfer matrix formalism. The absorption spectra are shown in Fig.4(f). It can be seen that
when TFTTP was inserted between C60 and Ag and
used as the cathode buﬀer layer, the light absorbed by
c
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FIG. 5 Photocurrent density (Jph ) of OSCs without/with
10 nm TFTTP layers as a function of eﬀective applied bias
voltage (Veff ).

SubPc was increased, while the light absorbed by C60
was decreased. As a result, the introduction of TFTTP
layer has a minimal eﬀect on the total light absorption. Moreover, by integrating these spectra with the
incident AM1.5G solar spectrum and assuming that internal quantum eﬃciency (IQE) is 100% [12], we can
calculate the expected Jmax , and these values are also
given in Table I. We can see that the calculated data
are signiﬁcantly higher than the measured JSC . This is
induced by the energy loss origined from the inevitable
recombination of excitons and charge carriers during
transportation. It is also signiﬁcant to note that the
calculated Jmax is only increased by 1.6% after modifying the cathode with 10 nm TFTTP. This indicates that
the optical spacer eﬀect of buﬀer layer is minimal, and
the increase in JSC is mainly due to the enhancement
of internal quantum eﬃciency. However, when TFTTP
thickness increases to 15 nm, the calculated Jmax tends
to decrease, resulting from the decreased electric ﬁeld
intensity in SubPc layer. This implies that a relatively
thick TFTTP layer as an optical spacer may have a
negative eﬀect on the device performance.
In addition to the optical spacer eﬀect, the RS A can
have a pronounced eﬀect on JSC , as shown in Table I.
The RS A was calculated from the nearly liner part
(∼2.0 V) of the J-V curves. It can be found that the introduction of TFTTP signiﬁcantly decreases the RS A.
Especially, at the optimal thickness of 10 nm TFTTP,
RS A decreased from 128.28 Ω·cm2 to 12.40 Ω·cm2 . The
reduction of RS A is mainly due to the decrease of
contact resistance. However, the further increase of
TFTTP thickness to 15 nm results in an increase of
RS A to 20.06 Ω·cm2 . This is because that the thicker
TFTTP layer introduces bulk resistance, which contributes to RS A of the devices. The change of RS A
is in good agreement with the variation of JSC .
It has been reported that the buﬀer layer can increase
the photocurrent by preventing exciton from recombining at acceptor/cathode interface [17]. In order to quantify the inﬂuence of the buﬀer layer on exciton quenchDOI:10.1063/1674-0068/27/05/593-599

FIG. 6 (a) Dark J-V characteristics of OSCs without/with
10 nm TFTTP layers. The solid lines represent the ﬁtting
results using the Mott-Gurney law. (b) The saturation dark
current density of the devices.

ing, photocurrent density (Jph ) versus eﬀective applied
bias voltage (Veff =V0 −V ) is depicted in Fig.5. The photocurrent density is given by Jph =JL −JD , where JL and
JD are the current density under illumination and in the
dark, respectively. The compensation voltage (V0 ) is determined by the voltage at which Jph =0. It can be seen
that the introduction of TFTTP increases Jph , which is
5.83 and 6.29 mA/cm2 at high Veff (∼3 V) without and
with 10 nm TFTTP layers, respectively. Therefore, the
large bandgap of TFTTP buﬀer layer can provide an energy barrier to exciton transport, and thus conﬁne the
excitons to the active layers, leading to an 8% increase
of photocurrent. In addition to the exciton blocking
eﬀect, the increase of device performance is expected
from the reduced non-radiative recombination of charge
transfer excitons (CTEs), which has been identiﬁed as
one of the main causes of energy loss in OSCs. From the
normalized photocurrent density (Jph /Jsat , here Jsat is
the saturation photocurrent density), the CTE dissociation probability at V =0 is calculated, which increases
from 48.54% to 65.02% after TFTTP was inserted.
It has been reported that this enhancement may be
due to the increase of internal electrical ﬁeld (Vbi ) [18].
Under short circuit condition (V =0), the CTEs generated at donor/acceptor interface can either decay to
the ground state with a rate kF or be separated into
free charge carrier with a ﬁeld-dependent rate of kD (E).
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Hence, the dissociation probability P (E) is [27],
kD (E)
kD (E) + kF
(
)
EB
3
kD (E) = kR
exp −
·
4πa3
kT
(
)
b2
b3
b4
1+b+
+
+
+ ...
3
18 180
P (E) =

(1)

(2)

where kR is the bimolecular rate constant of the bound
e-h pair, a is the initial separation of bound e-h pair
at the interface, b=e3 E/8πεε0 k 2 T 2 , εε0 is the dielectric constant, and EB is the CTE binding energy. An
internal electric ﬁeld can be obtained even at zero bias
by using electrodes with diﬀerent work functions. The
built-in voltage in the device can be determined directly
from the J-V measurements using the Mott-Gurney law
[28],
J=

9
(V − Vbi )2
εε0 µ
8
d3

(3)

The dark J-V characteristics of OSCs without and with
10 nm TFTTP layers are shown in Fig.6. At higher
voltage region where the ﬂat band condition is reached,
the measured current is dominated by space charge
limited. It can be observed that in the case of bare
Ag cathode, the device exhibits a Vbi of 0.2 V. After
modifying the cathode with 10 nm TFTTP layer, the
Vbi increases to ∼0.65 V. This enhancement of Vbi can
prevent the geminate-pair from recombining at donoracceptor interface, leading to the increase of photocurrent. However, it should be pointed out that a large external bias voltage is usually required to eﬃciently separate the electrons and holes, and thereby gives a CTE
dissociation probability of 100%. It has been proven
that in most polymer-fullerene systems, a reverse bias
larger than 5−10 V (electric ﬁeld of 25−50 V/µm for
200-nm-thick ﬁlm) is required to dissociate the majority
of CTEs at room temperature [29].
The enhancement of Vbi induced by TFTTP layer increases the VOC of OSC as well. Figure 7 shows the energy band bending of OSCs under open circuit condition
before and after modiﬁcation with TFTTP buﬀer layers. It is known that the VOC equals the energy diﬀerence between the electron and hole quasi-Fermi levels,
which in turn are stated by the charge concentrations
under steady-state illumination. As mentioned above,
the ﬁeld-dependent CTE dissociation process increases
the charge density at the interface by reducing the recombination, and increases the quasi-Fermi level splitting between electron and hole, then contributes to the
increase of VOC . In addition, the decrease of saturation
dark current density also results in the improvement of
VOC .
The TFTTP ﬁlm was found to reduce the saturated
dark current by a factor of 0.43, as shown Fig.6(b). The
reduced saturated dark current should be ascribed to
DOI:10.1063/1674-0068/27/05/593-599

FIG. 7 Schematic energy level of the device under open
circuit condition without/with TFTTP buﬀer layers.

the formation of better Ohmic contact between C60 and
Ag cathode. This is also constant with the decreased RS
after the introduction of TFTTP layer. This indicates
that the recombination of charge carriers at C60 /Ag interface was reduced due to the better interface contact,
leading to the improvement of carrier collection.

IV. CONCLUSION

The eﬀect of TFTTP as a cathode buﬀer layer on
the performance of OSCs was studied. With the introduction of 10 nm TFTTP layer, the power conversion eﬃciency was increased by a factor of 1.31 primarily due to the increase in JSC and FF. It was found
that the enhancement of device performance was mainly
contributed from the improvement of CTE dissociation
eﬃciency due to the increased built-in potential. In
addition, the use of TFTTP layer was beneﬁcial for
the formation of good Ohmic contact between C60 and
Ag cathode, facilitating more eﬃcient charger collection. Moreover, the simulation of optical ﬁeld distribution inside devices showed that the optical spacer effect of TFTTP was minimal, whereas a relatively thick
TFTTP layer decreased the light absorption eﬃciency.
Therefore, the modiﬁcation of organic/metal interface
with a cathode buﬀer layer plays a critical role in the
improvement of device performance. At an optimal ﬁlm
thickness, the TFTTP cathode buﬀer layer can both enhance the built-in potential to eﬃciently separate the
charge transfer excitons (CTEs) and form a better contact to prevent the recombination of charge carriers at
C60 /metal interface.
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