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Highly efficient organic tandem solar cell with peak power conversion efficiency (PCE) of
7.66% has been demonstrated by simply stacking two same boron subphthalocyanine
(SubPc):C70 bulk heterojunction devices, with a high active inter-connecting layer composed
of bathophenanthroline (Bphen)/Silver/hexadecafluoro-copper-phthalocyanine (F16CuPc)/
MoO3. We find that F16CuPc plays an important role which extends the recombination zone,
facilitates the extraction of hole and the carrier recombination. The measured PCE of the
tandem solar cell corresponds to a 38% increase compared to that the optimal single cell.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Organic solar cells (OSCs) have attracted much atten-
tion as a promising renewable energy source because of
the potential for low cost production of energy, simple fab-
rication process and high flexibility. Further improvement
of PCE is still required for commercialization, although
maximal power conversion efficiency (PCE) of OSCs have
reached to 10% through a combination of synthesis of
novel materials and device engineering [1]. Essential prop-
erties of the organic semiconductors which are narrow
absorption bandwidth, short exciton diffusion length and
low charge carrier mobility, however, limit OSCs’ perfor-
mance improvement. Thus, maximizing light absorption
by increasing the thickness of the layers can reduce the
carrier collection efficiency and make the cell too resistive,
which will have an impact on its performance. In order to
overcome these obstacles, tandem cell in series is devel-
oped, which is considered to be an effective way to get
an efficiency above 15% [2]. For a tandem solar cell, two
or more OSCs are connected in series by stacking them
on top of one another, with an interlayer connecting two
adjacent cells, referred to as inter-connecting layer (ICL).
The ICL plays a very critical role for the tandem OSC perfor-
mance since it needs to facilitate efficient recombination of
opposite charge carriers coming from the adjacent OSCs.
Excellent ICL should possesses following properties: (1)
low electrical resistance, (2) high optical transparency,
(3) low barriers for both electron and hole extraction, (4)
simple-fabrication process. Efficient ICL for carrier recom-
bination between subcells has been shown in literatures
using thin metal layers [3], highly doped organic layers
[4], or metal-oxides [5]. Typically, two or more subcells
with complementary absorption spectra are used in a
series-connected tandem cell to improve the overall
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absorption and to provide a matched photocurrent from
individual subcells [6]. Subcells with identical composi-
tions have also been used in tandem structure, however,
what is a pity that, seldom high efficient tandem OSCs with
identical compositions were reported [7].

Recently, small molecular bulk heterojunction OSCs
with a low donor concentration have gained considerable
interest [8,9]. Such fullerene-based (C60 or C70) small molec-
ular bulk heterojunction OSCs provide high open-circuit
voltage (Voc) of�1 V due to the presence of n-type Schottky
junction formed between fullerene and an adjacent high
work function anode of MoO3. Donor material with low
concentrations doped into the fullerene matrix serves as
efficient exciton dissociation and hole transport agents that
can boost short-circuit currents substantially. As a conse-
quence, fullerene-based OSCs with a low donor concentra-
tion have been demonstrated to provide some of the
highest-performance vacuum-deposited small molecule
OSCs, with PCE up to 8.1% by incorporating a improved com-
bined cathode buffer layer [10]. It is expected that introduc-
ing bulk heterojunction OSCs with low donor concentration
as the subcells into a tandem cell can substantially increase
the efficiency of OSCs, but such reports are still rare to date
[11,12].

In this report, the tandem cells were structured by simply
stacking two same subphthalocyanine (SubPc):C70 bulk het-
erojunction subcells, with a high active ICL consisted of
bathophenanthroline (Bphen)/Silver/hexadecafluoro-cop-
per-phthalocyanine (F16CuPc)/MoO3. As a result, we dem-
onstrated a highly efficient organic tandem solar cell with
peak PCE of 7.66%. The tandem cell reaches a high Voc of
2.00 V, which almost equals the sum of the Voc of the individ-
ual cells. Interestingly, a better FF from 0.45 to 0.52 com-
pared to the single cell was observed. Finally, the
efficiency of the stacked device increases by 38% compared
with the optimized single cell.

2. Experiment methods

Materials for fabrication were procured commercially
and were used without further sublimation. Organics and
metal layers were sequentially deposited onto the clean
patterned ITO glass substrates with a sheet resistance of
20 X/sq via shadow masks to form devices with an area of
0.1 cm2. Prior to deposition, the ITO surface was cleaned
in a series of solvents and then treated by ultraviolet–ozone
in a chamber for 15 min. Deposition rates were monitored
with a quartz oscillating crystal and controlled to be
0.05 nm/s for organic layer and 0.5 nm/s for metal layers.
Absorption and transmittance spectra of the organic films
and ICL on ITO substrates were measured with a Shimadzu
UV-3101 PC spectrophotometer with ITO substrates as the
reference samples in the experiments. Current density–
voltage (J–V) characteristics are measured in the dark and
under simulated solar illumination, using a Keithley 2400
measurement unit. For the incident photon-to-current con-
version efficiency (IPCE) measurements, light from Xe
lamps is coupled into a monochromator and their intensi-
ties are calibrated with a Si-photodiode. The light incident
on the device is chopped and the modulated current signal
is detected with a current–voltage and lock-in amplifier. All
the measurements were carried out at room temperature
under ambient conditions.

3. Results and discussion

Before the fabrication of tandem OSCs, we firstly investi-
gated the photovoltaic performance of the single cells, with
a structure of ITO/MoO3 (10 nm)/SubPc:C70 (10%, 50 nm)/
Bphen (6 nm)/Al (100 nm). The weight ratio of SubPc:C70

films was optimized to be 1:10 and was fixed in the next
work. The doping concentration is higher than that reported
in the Refs. [8,9], which may be resulted from the appear-
ance of nanocrystalline domains of SubPc in mixed films
containing 10% SubPc [13] and from extra photocurrent
contributed by the strong light absorption of SubPc. The
absorption spectra of SubPc and C70 films are shown in
Fig. 1(a). SubPc is composed of three N-fused diiminoisoin-
dole rings centered around a boron core (Fig. 1(b)). Such
nonplanar structure influences the molecular packing and
hence film morphology under different deposition condi-
tions [14]. SubPc shows an absorption range between 500
and 610 nm and C70 between 300 and 700 nm, which are
complementary and give a wide spectral coverage.
Fig. 1(b) depicts the current density–voltage (J–V) charac-
teristics of optimized single cell under simulated AM 1.5 G
illumination at 100 mW/cm2. A peak PCE of 5.55% with
JSC = 12.04 mA/cm2, Voc = 1.03 V, and FF = 0.45 is realized
in uniformly mixed OSCs containing 10 wt.% SubPc. Such
performance is comparable to a previous report [15].

Fig. 2(a) plots the IPCE measurements of the single cell
and the normalized absorption spectra for 50-nm-thick
SubPc:C70 film with blend ratio of 1:10. There is a disparity
between IPCE and absorption spectra at k < 390 nm which is
resulted from the low transmittance of ITO and the parasitic
absorption in the buffer layers of Bphen and MoO3. The
response occurring at wavelengths k < 500 nm originates
mainly from C70 while the response at longer wavelengths
corresponds to absorption in both SubPc and C70. As shown
in Fig. 2(a), the IPCE spectra consist of three major peaks at
390 nm, 520 nm and 580 nm approximately. The first two
peaks located at 390 nm and 520 nm respectively, corre-
spond to absorption of C70, and the third peak at 580 nm
is from SubPc. The average IPCE in visible range is between
50% and 60%, indicating that nearly a half of photons is
wasted and does not contribute to the photocurrent, which
provides a large space to increase the performance of the
tandem device with subcells have the same compositions.

The structure of the tandem OSCs used here is ITO/
MoO3 (5 nm)/ SubPc:C70 (T1 nm)/Bphen (2 nm)/Ag
(0.5 nm)/F16CuPc (1 nm)/MoO3 (5 nm)/SubPc:C70 (T2 nm)/
Bphen (6 nm)/Al (100 nm) as shown in Fig. 2(b). Here,
the subcells are connected using an optimized recombina-
tion zone, consisting of 2 nm Bphen, nominal 0.5 nm Ag,
1 nm F16CuPc and 5 nm MoO3. The transmittance spectrum
of the ICL Bphen (2 nm)/Ag (0.5 nm)/F16CuPc (1 nm)/MoO3

(5 nm) is shown in Fig. 1. It can be seen that the transmit-
tance is almost 95% in the range from 400 to 800 nm,
ensuring enough light to be absorbed by the top cell.
Hence, this ICL with high transparency satisfies the optical
requirement as outlined in the beginning. Two subcells are
both composed of SubPc:C70 (10%). A series of tandem cells



Fig. 1. (a) Absorption spectra of neat C60 and SubPc films and the transmittance spectrum of the ICL Bphen (2 nm)/Ag (0.5 nm)/F16CuPc (1 nm)/MoO3 (5 nm)
on ITO substrate. (b) J–V characteristics under 1 sun, AM 1.5G illumination for the optimized single and tandem cells. The inset is the molecular structure of
SubPc and C70.

Fig. 2. (a) IPCE of the single cell ITO/MoO3 (5 nm)/SubPc:C70 (10%, 50 nm)/Bphen (6 nm)/Al (100 nm) and normalized absorption spectrum of SubPc:C70

(10%, 50 nm). (b) Schematic of the tandem OSC structure.

Table 1
Performance summery of tandem OSCs with different thickness of bottom
and top subcells.

Devices (T1, T2, nm) JSC (mA/cm2) Voc (V) FF PCE (%)

Single cell 12.04 1.03 0.45 5.55
(30, 30) 4.46 1.98 0.53 4.68
(30, 40) 7.38 2.00 0.52 7.66
(30, 50) 6.04 2.00 0.48 5.80
(40, 30) 4.13 1.99 0.51 4.19
(40, 40) 6.57 2.02 0.49 6.50
(40, 50) 6.90 1.99 0.45 6.17
(50, 30) 4.00 2.02 0.50 4.04
(50, 40) 6.50 1.97 0.47 6.01
(50, 50) 6.78 1.98 0.43 5.78
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with different thickness of T1 and T2 were fabricated in
older to optimize performance of the tandem cell.

Table 1 summarizes the extracted parameters for the
devices. The experimentally measured Voc of the tandem
cells nearly equals the double of the single cell as expected
reaching to as high as about 2 V, demonstrating the correct
operation of the series connected tandem architecture and
the effectiveness of the interlayer. The small variation of
the Voc is easily understood by considering that the Voc of
subcell itself is increased with the active layer thickness
for such low donor concentration based bulk heterojunc-
tion cell [16]. Subcell thickness affects markedly on the
tandem cell performance. Compare with the bottom cell,
such influence becomes more pronounced for the top cell.
For example, JSC varies between 4.00 mA/cm2 and 4.46 mA/
cm2 (in ca. 12%), 6.50 mA/cm2 and 7.38 mA/cm2 (in ca.
13%), 6.04 mA/cm2 and 6.90 mA/cm2 (in ca. 14%) at
thickness of bottom cell changes from 30 nm to 50 nm
when thickness of top cell is fixed as 30, 40 and 50 nm,
respectively. While the thickness of bottom cell is fixed
at 30, 40 and 50 nm, JSC varies in a larger range, i.e., from
4.46 mA/cm2 to 7.38 mA/cm2 (in ca. 65%), 4.13 mA/cm2 to
6.90 mA/cm2 (in ca. 67%), 4.00 mA/cm2 to 6.78 mA/cm2
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(in ca. 70%) as thickness of top cell changes from 30 nm to
50 nm. Thus, device performance is mainly restricted by
the top cell. It is known that matched JSC of bottom and
top single cells is critically important for achieving high
photovoltaic response of the tandem cells in series. In
our case, since bottom and top single cell are constructed
with the same composition, a thicker top cell is needed
to extract more light and to produce a same photocurrent
with the bottom cell. Indeed, relative high JSC and PCE were
all obtained by the devices that the top cell is thicker than
that of the bottom cell.

The thickness of bottom cell and top cell for the most
efficient tandem cell is 30 nm and 40 nm, respectively.
The J–V characteristics of the most efficient tandem and
reference single cells taken under AM1.5G 100 mW/cm2

illumination are shown in Fig. 1(b) and photovoltaic
parameters are listed in Table 1. The best tandem cell
yields a PCE of 7.66% with a JSC of 7.38 mA/cm2, a Voc of
2.00 V and a FF of 0.52. The JSC in the tandem cell remains
61% compared to the JSC in the most efficient single-cell
device, indicating that more photos are utilized for the
photocurrent generation. With FF increase from 0.44 to
0.52 combined with a doubled Voc, as a result, PCE of the
tandem cell increases by 38% compared with the optimized
single cell.

Fig. 3 plots FF as a function of sum thickness of bottom
and top cell. One can see that FF manifests an approximate
linear decrease with the sum thickness increases. For the
cells with the same total thickness, the thinner bottom cell
based tandem cells show a better FF, implying more bal-
anced photocurrent in the two subcells which is in accor-
dance with previous description. It is remarkable that
most tandem cells with different T1 and T2 show a higher
FF than that of the single cell. Similar results were reported
by other groups [17], and an analytical model was pre-
sented recently [18]. For our devices here, a higher FF
may be attributed to several following reasons: (1) light
intensity is distributed at two subcells and current density
of the tandem cell is much smaller than that of the single
cell, which suppress non-germinated recombination of
devices. Non-germinated recombination is quite severe in
Fig. 3. FF as a function of total thickness of bottom and top cells.
such Schottky junction based bulk heterojunction OSCs,
and a linear decrease of FF with increase incident light
power density was observed by Chen etc. [19]. Suppressing
non-germinated recombination by a decreased photocur-
rent pushes a higher FF. (2) The ICL of the tandem cell
may function more efficiently than the electrode buffer
layer in a single cell, which is assumed to be attributed to
the effect of F16CuPc. In order to confirm this assumption,
devices without F16CuPc in ICL were constructed. Fig. 4
depicts the J–V characteristics of the tandem cells
(T1 = 30 nm, T2 = 40 nm; T1 = 50 nm, T2 = 50 nm) with or
without 1 nm F16CuPc in ICL under 100 mW/cm2 AM 1.5G
illumination and their parameters are summarized in
Table 2. Compared with the traditional ICL with the struc-
ture of Bphen/Ag (or Al)/MoO3 used in small molecular tan-
dem OSCs, inserting 1 nm F16CuPc between Ag and MoO3

improves devices performance greatly. It can be seen that
the inclusion of 1 nm F16CuPc results in FF increases
remarkably from 0.37 and 0.44 to 0.43 and 0.52, respec-
tively, and the JSC also increases a little simultaneously.
Recently, our group demonstrated an improved perfor-
mance of the OSCs by using an electron transport material
F16CuPc as an anode buffer layer [20]. More recently, we
also reported that inserting an organic heterointerface layer
composed of F16CuPc/1,1-bis-(4-methyl-phenyl)-amin-
ophenylcyclohexane (TAPC) can great improve the perfor-
mance of OSCs [21]. The improvement with introducing
F16CuPc or organic heterointerface composed of F16CuPc is
achieved by promoting extraction of holes, in which holes
collection with F16CuPc relies on the recombination at the
interface of donor (or anode buffer layer)/F16CuPc with
electrons injected from ITO anode via the LUMO of F16CuPc
and holes injected from donor or anode buffer layer. It can
be seen from the schematic diagram of the ICL interfacial
energetic (Fig. 5) that without F16CuPc charge recombina-
tion only occurs at Ag nanoparticles which are sparsely dis-
tributed [22] and may behave less than effective. When
1 nm F16CuPc inserted, electrons in the bottom cell can
transport via the LUMO of F16CuPc reaching to the interface
of F16CuPc/MoO3 and recombine at the interface with holes
Fig. 4. J–V characteristics of the tandem cells (T1 = 30 nm, T2 = 40 nm;
T1 = 50 nm, T2 = 50 nm) with or without 1 nm F16CuPc in inter-connect-
ing layer under 100 mW/cm2 AM 1.5G illumination.



Table 2
Comparison of the performance of the OSCs with or without 1 nm F16CuPc
in the inter-connecting layer.

Devices (T1, T2, nm) JSC (mA/cm2) Voc (V) FF PCE (%)

(30, 40) (w/o F16CuPc) 7.14 1.96 0.45 6.30
(30, 40) (with F16CuPc) 7.38 2.00 0.52 7.66
(50, 50) (w/o F16CuPc) 6.29 1.96 0.38 4.67
(50, 50) (with F16CuPc) 6.78 1.98 0.43 5.78

Fig. 5. The schematic energy level diagram of the ICL Bphen (2 nm)/Ag
(0.5 nm)/F16CuPc (1 nm)/MoO3 (5 nm). Electrons and holes are shown as
filled and open circles, respectively. The energy levels are given in units of
eV.
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generated in the top cell come. Hence, in the case of the
tandem cell here, F16CuPc is believed to extend the recom-
bination zone and to facilitate the extraction of hole and the
recombination of the electron and hole, which make the ICL
work more actively and boost the performance of the tan-
dem cell. In a word, inclusion of F16CuPc does improve
the photovoltaic response of the tandem cells, and a more
detailed working mechanism is under research.
4. Conclusion

Tandem organic solar cell with a PCE of 7.66% was
achieved. By simply stacking two same SubPc:C70 bulk
heterojunction devices, with a high active improved ICL
composed of Bphen/Silver/F16CuPc/MoO3, we obtained a
38% increase in PCE compared to the optimal single cell.
Our results demonstrate the superiority of the tandem
OSCs based on low donor concentration bulk heterojunc-
tion. What is more, we find that highly efficient tandem
OSCs consisted of the subcells with same active materials
can be constructed by using an active ICL.
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