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Tandem cell with structure of indium tin oxide (ITO)/molybdenum oxide (MoO3)/fullerene (C60)/copper phthalo-
cyanine (CuPc)/C60/tris-8-hydroxy-quinolinato aluminum (Alq3)/Al was fabricated to study the effect of net carriers at
the interconnection layer. The open circuit voltage and short circuit current were found to be 1.15 V and 0.56 mA/cm2,
respectively. Almost the same performance (1.05 V, 0.58 mA/cm2) of tandem cell with additional recombination layer
(ITO/MoO3/C60/Alq3/Al/Ag/MoO3/CuPc/C60/Alq3/Al) demonstrates that the carrier balance is more crucial than carrier
recombination. The net holes at the interconnection layer caused by more carrier generation from the back cell on one
hand would enhance the recombination with electrons from the front cell and on the other hand would quench the excitons
produced in CuPc of the back cell.

Keywords: tandem organic solar cells, interconnection layer, carrier balance, carrier-exciton interaction

PACS: 88.40.jr, 72.20.Jv, 73.40.–c, 85.30.De DOI: 10.1088/1674-1056/ac4485

1. Introduction
Solar energy is one of the best available alternatives to re-

duce the usage of and finally replace fossil fuels.[1,2] Though
the efficiency and lifetime are still low, in the past decade,
organic solar cells (OPVs) and perovskite solar cells (PSCs)
have emerged and are promising alternatives to inorganic so-
lar cells because of their low processing cost, ease of pro-
cessibility, roll-to-roll processiblity for large area devices and
mechanical flexibility.[3–7] Various strategies have been ap-
plied to enhance the efficiency of OPVs including controlling
morphology,[8] utilizing low band gap materials,[9] and de-
signing novel structures.[10] One reason for the low efficiency
is the narrow absorption spectrum of OPVs,[11,12] and another
reason is the relative thin organic layer used in OPVs due to
the short exciton diffusion length.[2,13] Tandem structure can
resolve these problems by using different organic materials to
cover a broader absorption spectrum and thicker active layer
to absorb more light in the cells.[12,14,15]

Besides the more light absorption, carrier balance and ef-
ficient carrier recombination at the interconnection are also
very important for high performance tandem OPVs.[16] Un-
less the carrier balance is met, net carriers would appear at
the interconnection to reduce the serial voltage output or even
to quench excitons generated by light absorption.[17] Similar
voltage loss and exciton quenching would occur if the recom-
bination at the interconnection is not efficient even if the car-
rier balance is meet.[14,18] Efforts have been devoted to achieve
the carrier balance through material choosing[16] and thickness
optimization,[14,19] to realize efficient recombination by using

nano-metal cluster,[20,21] a p–n junction,[14,16] or a doped func-
tional material as interconnection layer.[22,23] Recently, we
found that the free carrier can be generated through interfacial
exciton recombination[24] or electron–exciton interaction.[25]

Since carrier balance and efficient recombination at the inter-
connection layer are not always met in tandem devices, it is
necessary to study effect of net carriers at the interconnection
layer.

In this work, a serial tandem device with structure of in-
dium tin oxide (ITO)/molybdenum oxide (MoO3)/fullerene
(C60)/copper phthalocyanine (CuPc)/C60/tris-8-hydroxy-
quinolinato aluminum (Alq3)/Al was fabricated to study the
effect of net carriers at the first C60–CuPc interface. It is
found that carrier balance is more important than efficient
carrier recombination at the interconnection layer when the
photocurrent is small. The net carriers piled up at the inter-
connection layer of a tandem cell would reduce the voltage and
photocurrent output. Due to these net carriers, both enhance-
ment and reduction of external quantum efficiency (EQE) are
found in the same device under light bias.

2. Experimental details
The structure of the tandem cells studied is depicted in

the inset of Fig. 2. ITO coated glass having a sheet resistance
about 15 Ω/square was cleaned by detergent Decon 90 before
film deposition. The tandem OPV was fabricated in a high
vacuum chamber with a base pressure of 5.0×10−6 Pa. The
deposition rate of organic materials was kept at ∼ 0.04 nm/s
and monitored by a calibrated quartz oscillator. A 100 nm
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thick Al electrode was deposited on top of the organic active
layers through a shadow mask that defines an active area of
9 mm2. The device was characterized in a nitrogen-purged
glove box, which is connected to the device fabrication sys-
tem. The EQE was calculated from the Isc measured by SR830
(Stanford Research Systems Inc.) lock-in amplifier. The white
light bias is produced from a halogen tungsten lamp. The cur-
rent density–voltage (J–V ) characteristics were conducted by
Keithley 2400 (Keithley Instruments Inc.) under air mass 1.5
global (AM 1.5G) illumination of 100 mW/cm2 (Newport so-
lar simulator model 94043A).

3. Results and discussion
The structure of organic solar cells (OSCs) is shown in

Fig. 1. The structures for subcells A and B are ITO/MoO3

(5 nm)/C60 (40 nm)/Alq3 (5 nm)/Al (100 nm), ITO/CuPc
(25 nm)/C60 (50 nm)/Alq3 (5 nm)/Al(100 nm), respec-
tively. The structures of tandem devices C and D are
ITO/MoO3 (5 nm)/C60 (40 nm)/Alq3 (2 nm)/Al (1 nm)/Ag
(1 nm)/MoO3 (3 nm)/CuPc (20 nm)/C60 (50 nm)/Alq3

(5 nm)/Al and ITO/MoO3 (5 nm)/C60 (40 nm)/CuPc
(25 nm)/C60 (50 nm)/Alq3 (5 nm)/Al (100 nm), respectively.
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Fig. 1. The structures of the four devices.

Figure 1 shows the J–V curves of the best four devices, in
which devices A and B are the subcells used in tandem devices
C and D. The open circuit voltage (Voc) and short circuit cur-
rent (Isc) are 1.01 V, 1.33 mA/cm2 and 0.45 V, 3.75 mA/cm2

for devices A and B, respectively, consistent with the reported
values.[26,27] A statistical analysis was performed on 10 OPVs
for each device, and the corresponding results are summarized
in Fig. 3. It reacts the same trend as suggested by the com-
parison of best devices. The best performance of four devices
can be read out from Table 1 that the Voc and Isc are 1.05 V,
0.58 mA/cm2 and 1.15 V, 0.56 mA/cm2, respectively, for tan-
dem devices C and D. The performance difference between the

two tandem devices is quite small and the only difference be-
tween C and D is the recombination interlayer (Alq3 (2 nm)/Al
(1 nm)/Ag (1 nm)/MoO3 (3 nm)) used in device C. The pos-
sible reason is the small photocurrent obtained in these two
devices and thus high efficient recombination interconnection
layer is not necessary.
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300 400 500 600 700 800
0

3

6

9

Device C
Device D

E
Q

E
 (

%
)

Wavelength (nm)

0

0.2

0.4

0.6

J
E
Q

E
 (

m
A

/
c
m

2
)

Fig. 4. EQE spectrum and the integrated current density for devices C
and D.

The optical distribution and light absorption in devices
C and D are quite similar. The external quantum efficiency
(EQE) spectrum and its corresponding integral current density
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(JEQE) for devices C and D are observed in Fig. 4. The inte-
gral currents are 0.60 mA/cm2 (device C) and 0.58 mA/cm2

(device D), which are consistent with the Jsc results extracted
from the J–V characteristics as Table 1.

Table 1. Best parameters of devices A, B, C and D.

Device Voc (V) Jsc (mA/cm2) FF Pmax (mW/cm2)
A 1.01 1.33 0.34 0.45
B 0.45 3.75 0.60 1.02
C 1.05 0.58 0.33 0.20
D 1.15 0.56 0.36 0.23

The optical calculation is subject to Bruggeman’s effec-
tive medium approximation. The calculation program from the
website (numpy.scipy.org) is an open source program which
is based on Python language. The optical constant and thick-
ness of materials are compiled into the document, which is rec-
ognized by the software as the input document of the model.

The material and thickness of each layer were input the corre-
sponding documents to complete the data establishment of the
device model, by using the refractive index n and extinction
coefficient k of substrate ITO from Ref. [28], of MoO3 from
Ref. [29], of CuPc from Ref. [30], of C60 from Ref. [31] and
Alq3 from Ref. [32]. Optical calculation by transfer matrix[33]

shows that the small photocurrent is caused by the unbalanced
carriers from the subcells. As shown in Fig. 5, the light with
wavelength shorter than 550 nm is mainly absorbed by C60
while light with wavelength longer than 550 nm is mainly ab-
sorbed by CuPc.[34] The much larger number of photons ab-
sorbed by the back cell (indeed, the Isc of device B is much
larger than that of device A) indicates that net carriers (holes)
might exist at the interconnection of the two subcells. The
voltage reduction (∼ 0.4 V) caused by these holes at the inter-
connection is the reason for the smaller voltage compared to
the sum of the two subcells (∼ 1.5 V).
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Fig. 5. The calculated light absorption distribution in devices C ((a), (b)) and D ((c), (d)) (front cell (a), (c) and back cell (b), (d)) based on
transfer matrix. The input of the light illumination is 100 mW/cm2 AM 1.5G sunlight.

Figure 6 shows the EQE of devices C and D with and
without light bias. Both EQEs and their corresponding phases
measurements (as shown in Figs. 6(c) and 6(d)) are similar.
The tandem cells show photoresponse in the whole wave-
length range of 300–800 nm, which means both C60 and CuPc
contribute to the photocurrent. However, the contribution
from CuPc (550–800 nm) decreases under light bias, and the
stronger the light bias is, the more decrease can be observed.
Interestingly, the response in the UV range which can be as-
signed to the response of C60 is enhanced under light bias.
The integration of EQE under 100% light bias by AM1.5G
spectrum is equal to the Isc measured. The large phase shift
under light bias is an indicator of displacement current in the
550–800 nm range.[22] Thus, it can be concluded that the pho-

tocurrent mainly comes from the contribution of C60. The
analysis of the physical processes happened in the tandem de-
vices is much helpful for understanding the phenomena we
observed. Due to the special structure chosen in this study, the
photons absorbed by the back cell are much more than those
absorbed by the front device, as shown in Fig. 5. Most exci-
tons produced in the front cell are separated at the MoO3–C60
interface and most excitons generated in the back cell are dis-
sociated at the second CuPc–C60 interface, which are similar
to the subcells A and B, respectively. Electrons left in the front
cell would recombine with holes coming from the back cell to
make the tandem cell work properly. The recombination oc-
curs at the interconnection (the first C60–CuPc interface, inset
of Fig. 1) between the front cell and the back cell, where ex-
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citons can also be dissociated, especially for device D without
recombination layer. Holes and electrons would be collected
by ITO and Al electrodes, respectively, as the J–V measure-
ments show, and thus exciton dissociation at the first C60–
CuPc interface would cause reverse flowing of carriers and
generating displacement current as observed in Fig. 6. Both
electrons left in the first C60 layer and holes generated from
exciton dissociation at the second CuPc–C60 interface pile up
at the first C60–CuPc interface with the help of built-in elec-
tric field in the device. The large energy barriers encountered
by these carriers boost their recombination and at the same
time these holes and electrons quench excitons in CuPc and in
the first C60 layer, respectively. As shown in Fig. 5, the back
cells absorb more illumination than the subcells, which results
to the more exciton at the back cells. At the free carriers at
CuPc–C60 interface is more than at the MoO3–C60 interface,

and the left carriers were combination. However, the left car-
riers can not be balanced. The net carriers would appear at
the interconnection to reduce the serial voltage output or even
to quench excitons generated by light absorption. The fourth
but not last process happens at the first C60–CuPc interface
is the carrier–exciton interaction to help the carriers to over-
come the energy barrier.[25] In brief, four processes coexist
at the interconnection between the front and back cells: ex-
citon dissociation, carrier recombination, exciton quench, and
carrier–exciton interaction. Unless the exciton–exciton inter-
action is considered, the exciton dissociation will not be af-
fected by light bias, which is also the case for subcells. But
other three processes can be modulated by light bias, resulting
in the modulation of apparent EQE. Indeed light bias changes
the apparent EQE of tandem device (as shown in Fig. 6) but
has no effect on subcells (not shown here).
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Fig. 6. The EQE of devices (a) C and (b) D with and without white light bias. The intensity of the light bias is changed by neutral density filter
and its value is shown in the inset. The phase information of the EQE measurements of devices C and D is shown in (c) and (d), respectively.

To further understand the effect of net carriers at the in-
terconnection, C60 and CuPc are selectively excited by using
450 nm and 620 nm band pass filter, as shown in Fig. 7(a). Fig-
ure 7(b) shows the EQE measurements under light bias com-
pared with the one without light bias. Similar to the white
light bias, both blue and red light biases modulate the appar-
ent EQE with increase and decrease in range of 300–400 nm
and 500–800 nm, respectively. The modulation is more promi-
nent by selective exciting CuPc with red light bias. Red light
bias selectively excites CuPc to produce excitons for dissoci-
ation at the second CuPc–C60 interface. Electrons are col-
lected by the Al electrode while net holes are piled up at the

first CuPc–C60 interface. These holes are waiting there to
quench the excitons in CuPc produced by chopped monochro-
matic light (500–800 nm), decreasing the apparent EQE in this
range. When the chopped monochromatic light (300–400 nm)
excites C60, these holes would accelerate the recombination
with the electrons coming from the first C60, increasing the
apparent EQE accordingly. When changed to blue light bias
which is stronger than red light bias for our study, it selectively
excites both C60 layers to produce excitons for dissociation at
MoO3–C60 and the second CuPc–C60 interfaces. The num-
ber of excitons in the second C60 layer is larger than that in
the first C60 layer, as shown in Fig. 5. Thus most of holes
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(net carrier) in CuPc would recombine with the electrons (net
carrier) from the first C60 layer. Similar processes would hap-
pen like red light bias since the left holes are piled up at the
first CuPc–C60 interface. Due to the fewer holes (net carrier)
at the first CuPc–C60 interface, the apparent EQE decrease in
500–800 nm and increase in 300–400 nm are less prominent
than the case of red light bias.
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Fig. 7. (a) The absorption spectra of CuPc and C60; the transmission
of blue and red band pass filters. The blue and red light biases used in
this study are realized by put a band pass filter before a white light. (b)
Apparent EQE modulation by light biases.

4. Conclusion
By intentionally choosing the device configuration, the

carrier balance is broken to accumulate net carriers at the in-
terconnection layer of a tandem cell. By carefully studying
the effect of these net carriers by using light bias, the impor-
tance of carrier balance in tandem OPVs is identified. Ex-
citon dissociation, carrier recombination, exciton quenching,
and carrier–exciton interaction coexist at the interconnection
of a tandem device. By using light bias technique, these pro-
cesses are modulated, reflecting in the apparent EQE variation.
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