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Abstract
There are two conventional methods to eliminate counter-diode in intermediate connecting
layer (ICL) for tandem organic solar cell (OSC), namely forming tunneling junction by using
heavily doped electron (ETL) and hole transport layer (HTL) and establishing recombination
center of metal layer in between ETL and HTL of ICL. Here, a new method to solve the typical S-
shape current density (J)–voltage (V) characteristics of tandem OSC resulted from quasi-Fermi
level splitting in ICL has been proposed and demonstrated. Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) and amino-functionalized alcohol soluble conjugated poly-
mer (PF6N25Py) are effective HTL and ETL respectively in single OSC. Their direct combination
as ICL would result a typical S-shape J–V curve due to mis-aligned quasi-Fermi levels. Our
results show that workfunction of PEDOT:PSS can be widely tuned by changing thickness of as-
prepared zirconium acetylacetonate (a-ZrAcac). With an 11.1 nm thickness of a-ZrAcac, the WF
of PEDOT:PSS has been considerably decreased from 5.0 eV to 3.49 eV. Based on PEDOT:PSS/
a-ZrAcac/ PF6N25Py ICL, a high efficiency tandem OSC with 8.21% PCE, ignorable Voc loss and no
S-shape J–V curve has been achieved. The removal of S-shape in J–V curve is also demonstrated
when a-ZrAcac is inserted between PEDOT:PSS/ UV-inactivated zinc oxide (ZnO) as ICL in
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tandem OSC. Consequently, this method contributes towards a general strategy to develop
other qualified ICL with different HTL and ETL for tandem OSC.
& 2016 Elsevier Ltd. All rights reserved.
Introduction

Tandem organic solar cell (OSC) using high efficiency
photoactive materials with complimentary absorption spec-
tra has the potential to further boost the efficiency of OSC
[1–12]. A qualified intermediate connecting layer (ICL) has
been recognized to play an important role for the high
performance tandem OSCs [9,13,14]. There are three
essential requirements for the qualified ICL: (1) optically,
the ICL should be transparent so that light loss by the
absorption of ICL is minimized; (2) electrically, the ICL
should form ohmic equivalent contact so that there is no
counter-diode induced Voc loss and S-shape formation in
current density (J)–voltage (V) characteristics; (3) the ICL
should be robust enough to protect bottom cell from
dissolved by the solvent of top cell.

The efficient combination of electron transport layer (ETL)
and hole transport layer (HTL) as qualified ICL has been
limited to poly(3,4-ethylenedioxythiophene): poly(styrenesul-
fonate) (PEDOT:PSS)/ aluminum-doped zinc oxide (AZO), UV-
activated titanium dioxide (TiO2) or zinc oxide (ZnO), PEDOT:
PSS/ ethoxylated polyethylenimine (PEIE) and molybdenum
trioxide MoO3/Ag (Al)/TiO2 (ZnO) so far in literature, which
meets the above three requirements simultaneously [5,9,15–
17]. The appearance of S-shape in tandem J–V curve is the
major cause of the limitation. In single OSC, the major origin
of S-shape has been reported in the literature resulted from
imbalanced carrier mobility, accumulated charge carrier,
interface barrier and undesirable dipole formation [18–21].
In tandem OSC, constructed from non S-shape single subcells,
the S-shape J–V curve in tandem is mainly caused by the
interface barriers in ICL resulted from counter-diode formed
by carrier transport layers with mis-aligned quasi-Fermi level
[14,22,23].

To better align quasi-Fermi level in ICL, such as PEDOT:
PSS/AZO (or UV-activated TiO2 or ZnO), both the heavily
doped HTL and ETL are essential to form tunneling junction
to eliminate the counter-diode in ICL, which largely limits
the selection of different ETL and HTL materials working as
qualified ICL. It is reported that in inverted single OSC
structure, when PEDOT:PSS and ZnO are combined as
equivalent ETL, a pronounced S-shape appears, which
reduce FF, Voc as well as Jsc dramatically [23]. By replacing
ZnO with AZO, the S-shape disappears and the device shows
comparable photovoltaic performance compared to the
device with single AZO as ETL. The S-shape resulting from
PEDOT:PSS/ZnO and PEDOT:PSS/TiO2 as ICL has also been
reported [24,25]. After irradiation of UV light, the S-shape
disappears by increasing the doping level of ZnO and
TiO2 to form tunneling junction. However, the UV irradia-
tion, which has to propagate through the organic materials
of active layer before reaching and activating the oxide
layer in ICL, would exacerbate the organic materials and
device degradation in long term [26]. Another strategy to
eliminate the S-shape is to insert a thin layer of Ag or Al as
recombination layer between HTL and ETL. More specifi-
cally, metal oxides based HTL and ETL, such as MoOx and
TiO2 or ZnO, have been used as part of ICL, between which
Ag or Al nanoclusters, thermally evaporated under high
vacuum condition, act as recombination center to better
align metal oxides quasi-Fermi level [16,17]. In this case,
when the recombination rate is higher than carrier genera-
tion rate due to illumination, the quasi-Fermi level align-
ment is achieved [27]. However, this metal oxide/metal/
metal oxide ICL usually results in some small amount of Voc,
Jsc and FF loss due to the incomplete separation of ETL and
HTL, decreased ICL optical transmittance and high series
resistance respectively. Thus, broadening the efficient
combination of HTL and ETL as qualified ICL with the
features of all-solution process, UV-soaking free and good
electrical properties with ignorable Voc loss and S-shape
free J–V characteristics is highly desirable for the evolution
of tandem OSC.

In this work, an all-solution processed, UV-soaking free, multi-
layered effective ICL composed of HTL/as-prepared zirconium
acetylacetonate (a-ZrAcac)/ETL has been proposed and demon-
strated with ignorable Voc loss and no S-shape formation in J–V
curve. The ICL has a structure of PEDOT:PSS (HTL)/a-ZrAcac/
PF6N25Py (ETL). The S-shape formed between PEDOT:PSS and
PF6N25Py has been successfully removed by incorporation of a-
ZrAcac. Meanwhile, the processing temperature of the ICL is
under 100 1C, which is of great benefit for deposition of
photoactive layer to avoid high temperature detriments. In
addition, the ICL is all-solution, room temperature process,
which is suitable for large area solution processes such as roll-to-
roll printing, spray, and spin-coating. Furthermore, this PEDOT:
PSS/a-ZrAcac/PF6N25Py ICL shows very good J–V characte-
ristics. Through studying the J–V characteristics at diffe-
rent low temperatures, it is shown that thermionic emission
within a-ZrAcac accounts for the effective recombination of
electrons and holes in ICL. We demonstrate a 1.20 V
Voc and 3.51% PCE tandem OSC consisting of two identical
subcells (homo-tandem) from poly (3-hexylthiophene) (P3HT):
[6, 6]-phenyl C61-butyric acid methylester (PC60BM). The high
efficiency tandem consists of P3HT based subcell and low
bandgap poly(4,8-bis(5-(2-ethylhexyl)-thiophene-2-yl)-benzo
[1,2-b54,5-b9]dithiophene-alt alkylcarbonylthieno[3,4-b]thio-
phene) (PBDTTT-C-T) based subcell shows 8.21% PCE with
1.60 V Voc. In addition, the removal of S-shape in J–V curve
resulted from ICL is also demonstrated when a-ZrAcac is inserted
between PEDOT:PSS and UV-inactivated ZnO as ICL in tandem
OSC. As a result, this new ICL strategy contributes towards a
general strategy for combining different HTL and ETL as
qualified ICL with features of UV-soaking free, room tempera-
ture and all-solution process in tandem OSC.
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Experimental section

Material synthesis and preparation

PEDOT:PSS PH4083 was purchased from Clevious, Inc.
PF6N25Py, the amino functionalized water/alcohol soluble
conjugated polymer, was provided by Huang's group [28].
P3HT, PC60BM, ICBA and PBDTTT-C-T were purchased from
Solarmer Energy, Inc. PC70BM was purchased from Nano-C.
Zirconium acetylacetonate and Triton X-100 were purchased
from Sigma Aldrich, Inc.
Fabrication of single junction OSC and tandem OSC

ITO glass with a sheet resistivity of 15Ω square�1 was cleaned
with detergent, acetone, ethanol in sequence followed by
15 min UV-ozone treatment. After that, a thin layer of PF6N25Py
was spin-casted at 3000 rpm for 40 s and then vacuumed for
10 min. PF6N25Py was first dissolved in methanol (2 mg ml�1)
with a small amount of acetic acid (2 ul ml�1), after which the
solution was further diluted in butanol (1: 9 vol%). P3HT:PC60BM
(1:1) in 1,2-dichlorobenzene (DCB) with a concentration of
20 mgml�1 was spin-coated at 670 rpm for 40 s followed by
1 h slow growth within a petri dish. The samples were then post-
annealed at 100 1C for 10 min. For fast growth, P3HT:PC60BM
with the same concentration in DCB was spin-coated at different
speed and annealed at 100 1C for 10 min immediately. P3HT:ICBA
(1: 1) in 1,2-dichlorobenzene (DCB) with a concentration of
18 mgml�1 was spin-coated at 800 rpm for 40 s followed by 1 h
slow growth within a petri dish. The sample was then post
annealed at 120 1C for 10 min as well. After that, a modified
PEDOT:PSS was spin-coated on top of P3HT:PC60BM and P3HT:
ICBA active layer with 2000 rpm and followed by 100 1C anneal-
ing for 10 min. The modified PEDOT:PSS was mixed with Triton
100 (500: 1 vol%) and stirred overnight before usage. After that,
100 nm Ag was thermal evaporated to complete the device.
PBDTTT-C-T:PC70BM (1: 1.8) in chlorobenzene (CB) with a
concentration of 10 mg ml�1 and a 3% volume ratio of 1,8-
diiodooctane (DIO) was spin-coated at 1500 rpm for 40 s followed
by 1 h vacuum treatment. After that, 10 nm MoO3 and then
100 nm Ag were thermal evaporated to complete the device.

For tandem OSC fabrication, ITO glass with a sheet resistivity
of 15 Ω square�1 was cleaned with detergent, acetone, etha-
nol in sequence followed by 15 min UV-ozone treatment. After
that, a thin layer of PF6N25Py was spin-casted at 3000 rpm for
40 s and then vacuumed for 10 min. For P3HT:PC60BM homo-
tandem OSC, P3HT:PC60BM in DCB was spin-coated at 2500 rpm
for 40 s followed by 100 1C post annealing for 10 min. Modified
PEDOT:PSS was then spin-coated at 2000 rpm for 40 s on top of
photoactive layer and post annealed at 100 1C for 10 min. Then
a-ZrAcac, dissolved in isopropanol (IPA) with different concen-
tration, was spin-coated above the photoactive layer at
3000 rpm. After that, a thin layer of PF6N25Py was spin-
coated atop. Then P3HT:PC60BM in DCB was spin-coated at
3000 rpm on top of ICL followed by 100 1C annealing for
10 min. Then modified PEDOT:PSS is spin-coated atop at
2000 rpm for 40 s and annealed at 100 1C post annealing for
10 min. The device was finalized by thermalization of 100 nm
Ag. For high efficiency tandem OSC, to control the thickness to
tune the short circuit current of first cell, a varied concentra-
tion of P3HT (16–18 mg ml�1) was used. P3HT:ICBA in DCB was
first spin-coated at 900 rpm for 40 s followed by 1 h slow
growth in petri dish and then post annealing at 120 1C for
10 min. After the deposition of PEDOT:PSS/a-ZrAcac/PF6N25Py
ICL, PBDTTT-C-T:PC70BM in CB was spin-coated at 1500 rpm for
40 s followed by 1 h slow vacuum treatment. The high
efficiency tandem OSC device was finalized by thermal eva-
poration of 10 nm MoO3 and 100 nm Ag as well.

Characterizations

J–V characteristics of OSCs were measured by using Keithley
2635 source meter and ABET AM 1.5 G solar simulator with a
light intensity of 100 mW cm�2. The ICL film thickness was
measured by spectroscopic ellipsometry (J.A. WOOLLAM CO.
INC.). The photoactive film thickness was measured by a
Dektak alpha-step profile. To evaluate the absorption of the
device, the reflection of the device was measured with a
goniometer combined with a CCD spectrometer and inte-
grating sphere. The absorption of the devices was obtained
by (100-R)%. For tandem EQE measurement, a 532 nm and
730 nm light bias were selected to light bias the front and
rear cells to measure the EQE of the P3HT:ICBA and PBDTTT-
C-T:PC70BM respectively. The shunt resistances of tandem
OSC is as high as 3.21� 105 Ω cm2, derived from its dark J–V
curve. Thus voltage bias is not necessary to avoid over-
estimation of EQE. UPS measurement was performed using a
He I discharge lamp (Kratos Analytical) with energy of
21.22 eV and a resolution of 0.15 eV. A 10 V bias was applied
on samples to enhance the measured signals.
Results and discussion

ICL properties

Equivalent Ohmic contact of ICL in Single OSC
To demonstrate the PEDOT:PSS/a-ZrAcac/PF6N25Py working as
qualified ICL in tandem OSC, we will first investigate the single
unit OSC performance with PF6N25Py as ETL and PEDOT:PSS as
HTL. In order to increase the wettability of the hydrophilic
PEDOT:PSS on the hydrophobic photoactive layer, such as the
P3HT:PC60BM, a modified PEDOT:PSS with Triton X-100 surfac-
tant is used as described in Experimental section. PF6N25Py, an
amino functionalized water/alcohol soluble conjugated poly-
mer, has previously been reported as ETL in organic solar cell
and its chemical structure is shown in Figure 1b [28]. The single
P3HT:PC60BM OSC with structure of ITO/PF6N25Py/ P3HT:
PC60BM/ PEDOT:PSS/Ag (Device A) has been fabricated as
control device. Its J–V characteristics and photovoltaic para-
meters are shown in Figure 1c and Table 1 respectively. The
good photovoltaic performance of the control device with
0.60 V Voc, 9.60 mA cm�2 Jsc, 65.5% FF and 3.77% PCE demon-
strates that PF6N25Py and PEDOT:PSS are effective ETL and
HTL in single OSC. For tandem OSC, efficient combination of
ETL and HTL working as equivalent ohmic contact shall show
the same functionality as the used single ETL layer (PF6N25Py)
in inverted single unit device. Thus single P3HT:PC60BM
with structure of ITO/PEDOT:PSS/PF6N25Py/P3HT:PC60BM/
PEDOT:PSS/Ag (Device B) has been fabricated and its J–V
characteristics and photovoltaic parameters are shown in
Figure 1c and Table 1 as well. Interestingly, the device shows
a pronounced S-shape J–V curve with 0.59 V Voc, 5.75 mA cm�2



Figure 1 (a) Device structure of P3HT:PC60BM single OSC with different equivalent ETL. (b) The chemical structure of PEDOT:PSS,
PF6N25Py, a-ZrAcac. (c) J–V characteristics of P3HT:PC60BM single OSCs employing different ETL. (d). Transmittance of PEDOT:PSS/a-ZrAcac/
PF6N25Py.

Table 1 Photovoltaic performance of P3HT:PC60BM single OSCs employing different ETL.

Device ETL Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

A PF6N25Py 9.60 0.60 65.51 3.77
B PEDOT:PSS/PF6N25Py 5.75 0.59 17.54 0.59
C PEDOT:PSS/a-ZrAcac/PF6N25Py 9.45 0.60 64.63 3.66
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Jsc, 17.54% FF and 0.59% PCE as compared to device A. This
S-shape is very common in tandem OSC, indicating the
existence of the non-equivalent ohmic contact resulted from
the counter-diode formed between PEDOT:PSS (HTL) and
PF6N25Py (ETL) [16,17,23–25,28].

To address the issue, we incorporate a thin layer of a-
ZrAcac to prevent the formation of counter-diode between
PEDOT:PSS and PF6N25Py, acting as a novel qualified ICL in
tandem OSC. Recently, a-ZrAcac has been reported as
effective ETL in OSC with normal structure [29]. In single
OSC, the work of using multil-layered interface layer to
improve the carrier extraction has been well studied.
However, for tandem OSC, the work on the three layered,
especially featured in solving the key electrical issue of
quasi-Fermi level splitting in ICL with S-shape J–V curve in
ICL of tandem OSC by using a-ZrAcac has rarely been
reported. In this work, we introduce and demonstrate
a-ZrAcac’s work function tuning ability on top of PEDOT:
PSS in the three layered ICL structure in tandem OSC.
The chemical structure of a-ZrAcac is shown in Figure 1b.
The device with structure of ITO/PEDOT:PSS/a-ZrAcac/
PF6N25Py/ P3HT:PC60BM/PEDOT:PSS/Ag (Device C) as shown
in Figure 1a, has been fabricated. The a-ZrAcac was simply
prepared by spin-coating its isopropanol (IPA) solution on
top of PEDOT:PSS at room temperature without thermal
annealing or any other post-treatment as described in
Experimental section. As shown in Figure 1c and Table 1,
the Device C shows comparable J–V characteristics and



Table 2 Photovoltaic performance of P3HT:PC60BM
tandem OSCs with different thicknesses of a-ZrAcac in
PEDOT:PSS/a-ZrAcac/PF6N25Py ICL.

a-ZrAcac thickness
[nm]

Jsc [mA
cm�2]

Voc [V] FF [%] PCE [%]

0 3.43 1.18 39.41 1.60
1.5 3.81 1.19 54.01 2.45
3.1 4.05 1.20 56.82 2.76

11.1 4.53 1.20 64.61 3.51
20.7 4.43 1.19 63.08 3.33
26.9 4.37 1.19 62.86 3.27
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photovoltaic parameters as the control Device A, with
0.60 V Voc, 9.45 mA cm�2 Jsc, 64.6% FF and 3.66% PCE.
Importantly, the insertion of a-ZrAcac has successfully
eliminated the S-shape J–V curve formed between PEDOT:
PSS and PF6N25Py. The transparence of a-ZrAcac layer is
highly desirable in tandem OSC to minimize light absorption
of ICL. The transmission spectrum of PEDOT:PSS/a-ZrAcac/
PF6N25Py is shown in Figure 1d, with above 90% transmit-
tance at wavelength longer than 450 nm. There is a small
valley of 77% at the wavelength of 410 nm, which is mainly
due to the 400 nm absorption peak of PF6N25Py [28]. Thus,
both of the electrical and optical properties indicate that
PEDOT:PSS/a-ZrAcac/PF6N25Py is a qualified ICL in
tandem OSC.

Thickness effects of a-ZrAcac in ICL for tandem OSC
In order to investigate the PEDOT:PSS/a-ZrAcac/PF6N25Py role
as qualified ICL in tandem OSC and the electrical role of a-
ZrAcac in the ICL, a series of P3HT:PC60BM homo-tandem OSC
has been fabricated with different thicknesses of a-ZrAcac. The
device performances are shown in Figure 2b and Table 2. When
Figure 2 (a) Device structure of P3HT:PC60BM tandem OSC. (b)
different thicknesses of a-ZrAcac based on PEDOT:PSS/a-ZrAcac/PF6
top of PEDOT:PSS. (d) Band diagram of P3HT:PC60BM tandem OSC w
no a-ZrAcac is inserted between PEDOT:PSS and PF6N25Py, the
J–V curve shows a consistent pronounced S-shape as device B,
with 1.18 Voc, 3.43 mA cm�2 Jsc, 39.41% FF and 1.60% PCE. The
counter-diode formed between PEDOT:PSS and PF6N25Py
results in reduced Voc, FF and PCE. Interestingly, when the
J–V characteristics of P3HT:PC60BM homo-tandem OSCs with
N25Py ICL. (c) UPS spectra of different a-ZrAcac thicknesses on
ith PEDOT:PSS/a-ZrAcac/PF6N25Py ICL.
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thickness of a-ZrAcac increases from 1.5 nm to 11.1 nm, the S-
shape weakens gradually and finally disappears. As a result, the
device parameters are dramatically improved with FF
increased from 39.41% to 64.61%, Jsc from 3.43 mA cm�2 to
4.53 mA cm�2, PCE from 1.60% to 3.51%. Further increase of a-
ZrAcac thickness lowers FF majorly due to the increased series
resistance in ICL. The optimized thickness of a-ZrAcac is
11.1 nm for P3HT:PC60BM homo-tandem OSC with 1.20 Voc,
4.53 mA cm�2 Jsc, 64.61% FF and 3.51% PCE.

To understand the energy-level alignment of a-ZrAcac with
different thicknesses on top of PEDOT:PSS, we conduct ultra-
violet photoemission spectroscopy (UPS) measurement, which
is a well-established analytical technique for obtaining the
energy-level alignment in organic thin films [30–36]. The UPS
results are shown in Figure 2c. Together with band diagram in
Figure 2d, the performance improvement and elimination of S-
shape characteristics can be described by the WF tuning of
PEDOT:PSS by the a-ZrAcac dipole. The difference Δ of high
binding energy cutoff (Ecutoff) in 12–18 eV between a-ZrAcac
and PEDOT:PSS indicates the shift of vacuum level (Evac). The
deposition of a-ZrAcac on top of PEDOT:PSS results a higher
Ecutoff with increasing thickness from 0 to 11.1 nm, showing a
stronger positive dipole formation from a-ZrAcac to PEDOT:PSS.
The highest occupied molecular orbital (HOMO) level of a-
ZrAcac is extracted from the onset of UPS in low energy.
Ionization potentials (Ip) is extracted with equation [37]:

Ip ¼ 21:22� Ecutoff�HOMOð Þ ð1Þ
The absorbance of a-ZrAcac is shown in Figure S1 with high

transparence after 340 nm in the visible wavelength range. The
absorption peak of acetylacetonate located around 300 nm
attributes to the n–p* and p–p* intra-ligand electronic transitions
[38]. By combination of Ip and 3.65 eV Eopt (derived from
absorbance 340 nm onset as shown in Figure S1), the lowest
unoccupied molecular orbital (LUMO) of a-ZrAcac can be
obtained. Table 3 summarizes the variables of Ecutoff, Ip, EA, Ef,
φhole, φelectron and Δ. Consequently, the deposition of a-ZrAcac
with different thicknesses from 0 nm to 11.1 nm produces a
strong dipole, tuning the WF of PEDOT:PSS in the top subcell.
With an 11.1 nm thickness of a-ZrAcac layer, the WF of PEDOT is
decreased from 5.0 eV to 3.49 eV to facilitate electrons from the
second cell to recombine with holes from first cell.

Temperature effects of ICL in tandem OSC
In order to further investigate the carrier recombination
mechanism in this ICL, the J–V characteristics of PEDOT:PSS/
a-ZrAcac/PF6N25Py ICL based P3HT:PC60BM homo-tandem OSC
at different temperatures is shown in Figure 3a. When
temperature decreases from 300 K to 240 K, Jsc, FF and PCE
decrease while Voc increases. In conjugated polymer, carrier
transport is majorly dominated by thermally assisted hopping
and current is negatively affected by recombination via trap,
Table 3 Summary of results from UPS measurement for a-ZrA

a-ZrAcac thickness [nm] ɸelectron [eV] ɸhole [eV] E

1.5 1.04 2.61 1
3.1 0.61 3.04 1

11.1 0.07 3.58 1
both of which would lead to increase of current when
temperature increases [39,40]. The Voc shows almost linear
dependence on temperature, which is consistent for inorganic
solar cell theory [41]. When temperature further decreases
from 240 K to 60 K, Jsc continues to decrease and Voc continues
to increase. Meanwhile, a pronounced S-shape appears in
the J–V curve, indicating the formation of barrier in the
interface of P3HT:PC60BM homo-tandem OSC. The appearance
of S-shape J–V curve of tandem OSC at low temperature ind-
icates the existence of counter-diode in ICL, which prevents
efficient recombination of holes from PEDOT:PSS of first cell
and electrons from the PF6N25Py of second cell.

In order to investigate the origin of S-shape is whether from
the ETL, HTL or a-ZrAcac in ICL of the tandem OSC, single P3HT:
PC60BM OSC with PEDOT:PSS as HTL and PF6N25Py as ETL is
studied as shown in Figure 3b. When temperature decreases
from 300 K to 60 K, Jsc decreases and Voc increases with no
appearance of S-shape. Since both the single and tandem OSCs
use the same ETL and HTL, the results exclude the possible origin
of S-shape from neither the HTL (PEDOT:PSS) nor the ETL
(PF6N25Py) but rather from the a-ZrAcac in the ICL of tandem
OSC. From Figure 3a, the results can be explained that when the
temperature decreases, the reduction of kinetic energy of
carriers prevents the carriers from jumping over the barrier at
the interfaces of a-ZrAcac existed at low temperature, resulting
in S-shape J–V curves. Therefore, we can understand the results
as thermionic emission within a-ZrAcac for helping electrons and
holes to recombine for PEDOT:PSS/a-ZrAcac/PF6N25Py function
as effective ICL.

UV-soaking free property of ICL in tandem OSC
It has been reported that UV soaking is needed for some
common ETL such as metal oxides of TiO2 and ZnO for
promoting trap filling and eliminating the S-shape charac-
teristics in tandem OSC [24,25]. In our result, the UV-
soaking free feature of PEDOT:PSS/a-ZrAcac/ PF6N25Py
ICL is demonstrated in P3HT:PC60BM homo-tandem OSC as
shown in Figure 4a. We use UV light with 400 nm cutoff filter
(a-ZrAcac absorbance onset is 340 nm as shown in Figure S1)
to investigate the UV soaking effect. It is observed that with
(Curve B) and without the UV light pre-illumination (Curve
A), the J–V curves are almost identical without formation of
S-shape. These results confirm that PEDOT:PSS/a-ZrAcac/
PF6N25Py ICL is UV-soaking free compared to PEDOT:PSS/
TiO2 or ZnO ICL, which would benefit tandem OSC device
performance without UV induced degradation in long term.

Using a-ZrAcac to remove S-shape in J–V curve based on
PEDOT:PSS/UV-inactivated ZnO ICL has also been demonstrated
in Figure 4b. First, PEDOT:PSS/ZnO ICL based P3HT:PC60BM
homo-tandem OSC’s J–V curve has been measured under UV
light with 400 nm cutoff filter. When no UV light pre-illumination
is used, the result shows a distinct S-shape, indicating the
cac with different thicknesses on top of PEDOT:PSS.

cutoff [eV] Δ [eV] WF [eV] Ip [eV] EA [eV]

6.61 0.31 4.59 6.91 3.26
6.78 0.48 4.42 6.99 3.34
7.71 1.41 3.49 7.11 3.46



Figure 3 J–V characteristics at different temperatures for (a) P3HT:PC60BM homo-tandem with PEDOT:PSS/a-ZrAcac/PF6N25Py ICL
and (b) single P3HT:PC60BM OSC with PEDOT:PSS as HTL and PF6N25Py as ETL.

Figure 4 J–V characteristics measured with and without UV light pre-illumination for ICL of (a) PEDOT:PSS/a-ZrAcac/PF6N25Py and
(b) PEDOT:PSS/ ZnO and PEDOT:PSS/z-ZrAcac/ZnO. All the devices are measured under UV light with 400 nm cutoff filter.
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existence of counter-diode (Curve C). Secondly, PEDOT:PSS/a-
ZrAcac/ZnO ICL based P3HT:PC60BM homo-tandem OSC's J–V
curve has also been measured under UV light with 400 nm cutoff
filter. When no UV light pre-illumination is used, the device
shows a poor FF without S-shape formation in J–V curve (Curve
D), indicating no interface barrier in the ICL. We can understand
the poor FF results from low carrier density in ZnO. When UV
light pre-illumination is used, the J–V curve shows increased FF
(Curve E), which is mainly due to the increased carrier density in
ZnO after UV light pre-illumination activation. Thus, the incor-
poration of a-ZrAcac between PEDOT:PSS and UV-inactivated ZnO
to solve the key ICL electrical issue of quasi-Fermi level splitting
resulted S-shape J–V curve provides another fact that our multi-
layered strategy of ICL is a general strategy to develop other
qualified ICL for tandem OSC.
Tandem OSC device performance

P3HT:PC60BM tandem OSC
The optimized P3HT:PC60BM homo-tandem OSC based on
PEDOT:PSS/a-ZrAcac/PF6N25Py ICL has achieved 3.51% PCE
with doubled 1.20 V Voc and its J–V characteristics and
photovoltaic performance are shown in Figure 5 and
Table 4 respectively. The device fabrication details are
described in Experimental section. To balance the photon
absorption in the subcells of P3HT:PC60BM homo-tandem
OSC, thin first and second photoactive layers have been
formed by fast spin-coating without slow growth process.
Thus for a more objective comparison of Jsc enhancement, a
fast growth single P3HT:PC60BM OSC has been optimized as
control device, which has 0.60 V Voc, 7.22 mA cm�2 Jsc,
60.98% FF and 2.64% PCE. It can be observed from Table 4
that the total sum of Jsc of the two subcells in P3HT:PC60BM
homo-tandem OSC is 9.06 mA cm�2, which is 25.48%
enhancement compared to optimized fast growth single
P3HT:PC60BM OSC. In addition, P3HT:PC60BM homo-tandem
OSC shows 5.95% higher FF (from 60.98% to 64.61%)
compared to the optimized single P3HT:PC60BM OSC, which
can be explained by the stronger carrier extraction in
thinner photoactive layer. As a result, the combined
improvement of Jsc and FF in P3HT:PC60BM homo-tandem
OSC results 32.95% PCE enhancement from 2.64% to 3.51%
compared to its single OSC.

The total absorption of P3HT:PC60BM single and homo-
tandem OSCs are shown in Figure 5b. It is observed that the
major absorption enhancement of P3HT:PC60BM homo-tandem
OSC covers the wavelength ranging from 350 nm to 450 nm and



Figure 5 (a) J–V characteristics and (b) device absorption and EQE for fast growth P3HT:PC60BM single and homo-tandem OSCs.

Table 4 Photovoltaic performance of fast growth P3HT:PC60BM single and homo-tandem OSCs.

Device Structure Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

D P3HT:PC60BM single OSC 7.22 0.60 60.98 2.64
E P3HT:PC60BM homo-tandem OSC 4.53 1.20 64.61 3.51
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490 nm to 600 nm. For external quantum efficiency (EQE), a
calculated approach is used assuming that the subcells of homo-
tandem OSC has the same internal quantum efficiency (IQE) of
its single OSC since measuring EQE by light biasing for homo-
tandem OSC's is not feasible [42,43]. The EQE of measured
single OSC and calculated homo-tandem OSC EQE are shown in
Figure 5b as well. P3HT:PC60BM homo-tandem OSC shows
almost identical EQE to single OSC above 650 nm. For wave-
length shorter than 650 nm, especially from 350 nm to 450 nm
and 490 nm to 600 nm, an obvious EQE enhancement, which is
mainly due to the increased photon absorption, is achieved in
P3HT:PC60BM homo-tandem OSC compared to its single OSC.

P3HT:ICBA and PBDTTT-C-T:PC70BM tandem OSC
Tandem OSC based on P3HT: indene–C60bisadduct (ICBA) and
PBDTTT-C-T: [6, 6]-phenyl C71-butyric acid methyl ester
(PC70BM) subcells has been used to demonstrate PEDOT:PSS/a-
ZrAcac/PF6N25Py ICL for high efficiency tandem solar cell. The
single optimized P3HT:ICBA with structure of ITO/ PF6N25Py/
P3HT:ICBA/PEDOT:PSS/Ag and the single optimized PBDTTT-C-T:
PC70BM with structure of ITO/PF6N25Py/PBDTTT-C-T:PC70BM/
MoO3/Ag have been fabricated and its J–V characteristics and
photovoltaic parameters are shown in Figure 6a and Table 5. The
reason for using MoO3 instead of PEDOT:PSS on top of PBDTTT-C-
T:PC70BM acting as HTL is that PEDOT:PSS would introduce large
surface recombination atop low bandgap material, resulting in
reduced Jsc, FF as well as Voc [42]. The P3HT:ICBA single OSC
shows 0.84 V Voc, 10.34 mA cm�2 Jsc, 65.31% FF and 5.67% PCE.
The PBDTTT-C-T:PC70BM single OSC shows 0.77 V Voc, 14.62 mA
cm�2 Jsc, 63.58% FF and 7.16% PCE. The device fabrication
details are described in Experimental section. An optimized
tandem OSC consisting of P3HT:ICBA and PBDTTT-C-T:PC70BM
as its subcell based on PEDOT:PSS/a-ZrAcac/PF6N25Py ICL has
achieved 1.60 V Voc, 7.58 mA cm�2 Jsc, 63.69% FF and 8.21%
PCE. The tandem Voc is almost equal to the sum of its subcell
with an ignorable loss, which indicates PEDOT:PSS/a-ZrAcac/
PF6N25Py as qualified ICL for high efficiency tandem OSC.
Figure 6b shows the EQE of P3HT:ICBA and PBDTTT-C-T:PC70BM
subcell. Integration of EQE gives Jsc of 8.54 mA cm�2 and
7.76 mA cm�2 for P3HT:ICBA and PBDTTT-C-T:PC70BM subcell
respectively in its tandem OSC. In series connected tandem OSC,
the total Jsc is decided by the smallest Jsc of its subcells. Thus
the bottom cell PBDTTT-C-T:PC70BM with Jsc of 7.76 mA cm�2

determines the tandem Jsc, which is quite close to 7.58 mA
cm�2. The optimized P3HT:ICBA and PBDTTT-C-T:PC70BM tan-
dem OSC shows 14.66% (from 7.16% to 8.21%) and 44.80% (from
5.67% to 8.21%) PCE enhancement compared to their optimized
single cell. The PCE improvement of tandem OSC compared to
its optimized single P3HT:ICBA and PBDTTT-C-T:PC70BM comes
from both enhanced photon absorption and minimized
thermalization loss.
Conclusion

A room temperature and all-solution processed multi-layered
ICL, featured in a-ZrAcac film sandwiched between PEDOT:PSS
and PF6N25Py, has been demonstrated in tandem OSC. The
incorporation of a-ZrAcac has successfully removed the typical S-
shape J–V curve for tandem OSC based on PEDOT:PSS/PF6N25Py
ICL by tuning the WF of PEDOT:PSS with its thickness. Through
low temperature J–V characteristics measurement, we show that
the thermionic emission within a-ZrAcac accounts for the
effective recombination of electrons and holes in ICL. Based on
that, tandem OSCs with ignorable total Voc loss and no S-shape
formation in J–V curve have been achieved. A homo-tandem
based on P3HT:PC60BM shows 1.20 V Voc and 3.51% PCE (32.95%
enhancement from its single OSC) has been achieved and a high



Figure 6 (a) J–V characteristics and (b) device absorption and EQE for P3HT:ICBA, PBDTTT-C-T:PC70BM single and tandem OSCs.

Table 5 Photovoltaic performance of P3HT:ICBA and PBDTTT-C-T:PC70BM single and tandem OSCs.

Device Structure Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

F P3HT:ICBA single OSC 10.34 0.84 65.31 5.67
G PBDTTT-C-T:PC70BM single OSC 14.62 0.77 63.58 7.16
H Tandem OSC 7.58 1.60 67.73 8.21

131The incorporation of thermionic emission
efficiency tandem OSC based on P3HT:ICBA and PBDTTT-C-T:
PC70BM subcells with 1.60 V Voc and 8.21% PCE has been realized.
In addition, the removal of S-shape in J–V curve by a-ZrAcac in
ICL has also been demonstrated when a-ZrAcac is inserted
between PEDOT:PSS/UV-inactivated ZnO as ICL in homo-
tandem OSC. Consequently, this HTL/zirconium acetylaceto-
nate/ETL ICL contributes towards a new strategy to develop
other qualified ICL with different HTL and ETL for tandem OSC.

Acknowledgments

This study is supported by the University Grant Council of
the University of Hong Kong (Grants 10401466 and
201111159062), the General Research Fund (Grants
HKU711813 and HKU711612E), the Collaborative Research
Fund (Grant C7045-14E) and ERG-SRFDP Grant (M-HKU703/
12) from the Research Grants Council of Hong Kong Special
Administrative Region, China. We acknowledge the discus-
sion with W.E.I. Sha. Huang would like to acknowledge the
Research Fund for the Doctoral Program of Higher Education
of China (20120172140001).

Appendix A. Supplementary material

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.nanoen.
2016.01.002.

References

[1] Y. Liang, D. Feng, Y. Wu, S.-T. Tsai, G. Li, C. Ray, L. Yu, J. Am.
Chem. Soc. 131 (2009) 7792.
[2] Y. Liang, Z. Xu, J. Xia, S.T. Tsai, Y. Wu, G. Li, C. Ray, L. Yu, Adv.
Mater. 22 (2010) E135.

[3] C. Mu, P. Liu, W. Ma, K. Jiang, J. Zhao, K. Zhang, Z. Chen,
Z. Wei, Y. Yi, J. Wang, Adv. Mater. 26 (2014) 7224.

[4] W. Cao, J. Xue, Energy Environ. Sci. 7 (2014) 2123.
[5] J. You, L. Dou, K. Yoshimura, T. Kato, K. Ohya, T. Moriarty,

K. Emery, C.-C. Chen, J. Gao, G. Li, Nat. Commun. 4 (2013) 1446.
[6] J. Hou, H.-Y. Chen, S. Zhang, R.I. Chen, Y. Yang, Y. Wu, G. Li,

J. Am. Chem. Soc. 131 (2009) 15586.
[7] M. Wang, X. Hu, L. Liu, C. Duan, P. Liu, L. Ying, F. Huang,

Y. Cao, Macromolecules 46 (2013) 3950.
[8] M. Liu, Y. Liang, P. Chen, D. Chen, K. Liu, Y. Li, S. Liu, X. Gong,

F. Huang, S.-J. Su, Y. Cao, J. Mater. Chem. A 2 (2014) 321.
[9] S. Kouijzer, S. Esiner, C.H. Frijters, M. Turbiez, M.M. Wienk,

R.A. Janssen, Adv. Energy Mater. 2 (2012) 945.
[10] J. Zhao, Y. Li, H. Lin, Y. Liu, K. Jiang, C. Mu, T. Ma, J.Y. Lin Lai,

H. Hu, D. Yu, H. Yan, Energy Environ. Sci. 8 (2015) 520.
[11] Z. Zheng, S. Zhang, M. Zhang, K. Zhao, L. Ye, Y. Chen, B. Yang,

J. Hou, Adv. Mater. 27 (2015) 1189.
[12] X. Gong, Polymer 53 (2012) 5437.
[13] J.Y. Kim, K. Lee, N.E. Coates, D. Moses, T.-Q. Nguyen,

M. Dante, A.J. Heeger, Science 317 (2007) 222.
[14] J. You, L. Dou, Z. Hong, G. Li, Y. Yang, Prog. Polym. Sci. 38

(2013) 1909.
[15] J. WonáShim, Energy Environ. Sci. 5 (2012) 9827.
[16] A. Yakimov, S. Forrest, Appl. Phys. Lett. 80 (2002) 1667.
[17] X. Guo, F. Liu, B. Meng, Z. Xie, L. Wang, Org. Electron. 11

(2010) 1230.
[18] B. Ecker, H.-J. Egelhaaf, R. Steim, J. Parisi, E. von Hauff,

J. Phys. Chem. C 116 (2012) 16333.
[19] J.C. Wang, X.C. Ren, S.Q. Shi, C.W. Leung, P.K.L. Chan, Org.

Electron. 12 (2011) 880.
[20] W. Tress, A. Petrich, M. Hummert, M. Hein, K. Leo, M. Riede,

Appl. Phys. Lett. 98 (2011) 063301.
[21] A. Kumar, S. Sista, Y. Yang, J. Appl. Phys. 105 (2009) 094512.
[22] S. Sista, Z. Hong, L.-M. Chen, Y. Yang, Energy Environ. Sci. 4

(2011) 1606.

http://dx.doi.org/10.1016/j.nanoen.2016.01.002
http://dx.doi.org/10.1016/j.nanoen.2016.01.002
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref1
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref2
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref2
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref3
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref3
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref4
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref5
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref5
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref6
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref6
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref7
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref7
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref8
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref8
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref9
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref9
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref10
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref10
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref11
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref11
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref12
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref13
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref13
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref14
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref14
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref15
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref16
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref17
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref17
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref18
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref18
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref19
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref19
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref20
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref20
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref21
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref22
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref22


S. Lu et al.132
[23] N. Li, T. Stubhan, D. Baran, J. Min, H. Wang, T. Ameri,
C.J. Brabec, Adv. Energy Mater. 3 (2013) 301.

[24] J. Gilot, M.M. Wienk, R.A. Janssen, Appl. Phys. Lett. 90 (2007)
143512.

[25] S. Sista, M.H. Park, Z. Hong, Y. Wu, J. Hou, W.L. Kwan, G. Li,
Y. Yang, Adv. Mater. 22 (2010) 380.

[26] J. Adams, G.D. Spyropoulos, M. Salvador, N. Li, S. Strohm,
L. Lucera, S. Langner, F. Machui, H. Zhang, T. Ameri, M.M. Voigt,
F.C. Krebs, C.J. Brabec, Energy Environ. Sci. 8 (2015) 169.

[27] R. Timmreck, S. Olthof, K. Leo, M.K. Riede, J. Appl. Phys. 108
(2010) 033108.

[28] X. Guan, K. Zhang, F. Huang, G.C. Bazan, Y. Cao, Adv. Funct.
Mater. 22 (2012) 2846.

[29] Z. a Tan, S. Li, F. Wang, D. Qian, J. Lin, J. Hou, Y. Li, Sci. Rep.
(2014) 4.

[30] S. Braun, W.R. Salaneck, M. Fahlman, Adv. Mater. 21 (2009)
1450.

[31] H. Ishii, K. Sugiyama, E. Ito, K. Seki, Adv. Mater. 11 (1999) 605.
[32] F. Flores, J. Ortega, H. Vazquez, Phys. Chem. Chem. Phys. 11

(2009) 8658.
[33] W. Osikowicz, M.P. de Jong, W.R. Salaneck, Adv. Mater. 19

(2007) 4213.
[34] O. Bubnova, Z.U. Khan, H. Wang, S. Braun, D.R. Evans,

M. Fabretto, P. Hojati-Talemi, D. Dagnelund, J.-B. Arlin,
Y.H. Geerts, Nat. Mater. 13 (2014) 190.

[35] J.H. Seo, T.-Q. Nguyen, J. Am. Chem. Soc. 130 (2008) 10042.
[36] S. Lee, Y. Wang, X. Hou, C. Tang, Appl. Phys. Lett. 74 (1999) 670.
[37] L.S. Liao, M.K. Fung, C.S. Lee, S.T. Lee, M. Inbasekaran,

E.P. Woo, W.W. Wu, Appl. Phys. Lett. 76 (2000) 3582.
[38] G.V. Loukova, W. Huhn, V.P. Vasiliev, V.A. Smirnov, J. Phys.

Chem. A 111 (2007) 4117.
[39] V.D. Mihailetchi, J.K.J. van Duren, P.W.M. Blom,

J.C. Hummelen, R.A.J. Janssen, J.M. Kroon, M.T. Rispens,
W.J.H. Verhees, M.M. Wienk, Adv. Funct. Mater. 13 (2003) 43.

[40] H. Antoniadis, L.J. Rothberg, F. Papadimitrakopoulos, M. Yan,
M.E. Galvin, M.A. Abkowitz, Phys. Rev. B 50 (1994) 14911.

[41] I. Riedel, J. Parisi, V. Dyakonov, L. Lutsen, D. Vanderzande,
J.C. Hummelen, Adv. Funct. Mater. 14 (2004) 38.

[42] J. You, C.C. Chen, Z. Hong, K. Yoshimura, K. Ohya, R. Xu,
S. Ye, J. Gao, G. Li, Y. Yang, Adv. Mater. 25 (2013) 3973.

[43] Y. Liu, C.-C. Chen, Z. Hong, J. Gao, Y. Yang, H. Zhou, L. Dou,
G. Li, Sci. Rep. 3 (2013) 3356.

Shunmian Lu received the double Bachelor
Degree in Dept. of Optical Engineering,
Zhejiang University, China and in School of
Photovoltaic and Renewable Energy Engi-
neering, University of New South Wales,
Australia in 2011. He is currently pursuing
the degree of doctor of philosophy in
Department of Electrical and Electronic
Engineering (EEE), the University of Hong
Kong (HKU). His research interests include
the optics and physics of tandem organic solar cell.

Xing Guan is the PhD student in South China
University of Technology. He works on the
synthesis of amino functionalized alcohol
soluble conjugated polymer as carrier trans-
port layer for organic solar cell.
Xinchen Li received his degree of BEng
from the Beijing Institute of Technology in
2011. Now he is a Ph.D. candidate in
Department of EEE, HKU. His research
interests mainly focus on highly efficient
organic solar cells and room-temperature
solution processed metal oxides carrier
transport layers.
Jian Liu received his PhD degree in Polymer
Chemistry and Physics, Changchun. Institute
of Applied Chemistry, Chinese Academy of
Science, China in 2013. He is currently
Research Associate in Department of EEE,
HKU working on organic photovoltaics.
Fei Huang, received his Bachelor Degree in
Chemistry, Peking University, 2000 and his
PhD degree in Material Science, South China
University of Technology in 2005. He is the
recipient of China National Funds for Dis-
tinguished Young Scientists in 2011. He is
now a Professor and the deputy director of
Luminescent Material and Devices National
Key Laboratory in South China University of
Technology, working on synthesis of
organic/polymer materials as well as fabrication and characteriza-
tion devices for electronics and photonics.

Wallace C.H. Choy received his PhD degree
in Electronic Engineering from University of
Surrey, UK in 1999. He is now an Associate
Professor in Department of EEE, HKU. His
research interests cover organic/inorganic
optoelectronic devices, plasmonic struc-
tures, metal oxides, nanomaterial devices
and physics. He has published more than
155 peer-reviewed papers, a number of
book chapters, patents, and edited one
book published in Springer. He was recognized as the Top 1% of
most-cited scientists in Thomson Reuter's Essential Science Indica-
tors in 2014 and 2015. He is serving as editorial board member of
NPG Scientific Reports, topical editor of OSA JOSA B, and associate
editor of IEEE Photonic Journals.

http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref23
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref23
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref24
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref24
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref25
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref25
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref26
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref26
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref26
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref27
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref27
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref28
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref28
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref29
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref29
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref30
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref30
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref31
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref32
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref33
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref33
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref34
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref34
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref34
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref35
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref36
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref37
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref37
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref38
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref38
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref39
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref39
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref39
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref40
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref40
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref41
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref41
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref42
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref42
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref43
http://refhub.elsevier.com/S2211-2855(16)00013-6/sbref43

	The incorporation of thermionic emission and work function tuning layer into intermediate connecting layer for high...
	Introduction
	Experimental section
	Material synthesis and preparation
	Fabrication of single junction OSC and tandem OSC
	Characterizations

	Results and discussion
	ICL properties
	Equivalent Ohmic contact of ICL in Single OSC
	Thickness effects of a-ZrAcac in ICL for tandem OSC
	Temperature effects of ICL in tandem OSC
	UV-soaking free property of ICL in tandem OSC

	Tandem OSC device performance
	P3HT:PC60BM tandem OSC
	P3HT:ICBA and PBDTTT-C-T:PC70BM tandem OSC


	Conclusion
	Acknowledgments
	Supplementary material
	References




