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Polymer  solar  cells  have  many  intrinsic  advantages,  such  as their  light  weight,  flexibil-
ity,  and low  material  and  manufacturing  costs.  Recently,  polymer  tandem  solar  cells  have
attracted significant  attention  due  to their  potential  to  achieve  higher  performance  than
single cells.  This  trend  article  intends  to provide  the  latest progress  in polymer  tandem
solar  cell  technology  with  a focus  on  active  layer  materials  and  interfacial  materials  for
sub-cell  interconnection.  Following  an  introduction  of the structure  and  current  status  of
polymer  tandem  solar  cells,  this  article  will review  polymers  which  have  been,  and  could  be
olymer solar cells

ulti-junction solar cells
andem structure
olymers

used, for  tandem  solar  cells. Furthermore,  this  article  will  discuss  the interconnecting  layer
consisting  of  p- and  n-type  interfacial  layers,  which  is  equally  critical  for  polymer  tandem
solar  cells.  Finally,  because  tandem  solar  cell  measurements  are  more  complicated  than  that
of  single  solar  cells,  this article  will  also  address  polymer  tandem  solar  cell  measurement
issues.
Published by Elsevier Ltd.
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1. Introduction

Ever-increasing world energy demand, depletion of
non-renewable energy resources and disruptive climate
change due to greenhouse gases has aroused much inter-
est in alternative renewable energy sources. Solar energy
is the best of the available alternatives, for it is both abun-
dant and clean. Discovery of the photovoltaic effect in
silicon (Si) diodes in 1954 marked the dawn of the era of
modern solid-state photovoltaic (PV) technology [1]. Cur-
rently, crystalline Si and various inorganic thin film solar
cells are the dominant photovoltaic technologies. However,
the cost of inorganic solar cells limits their wide accep-
tance and hence solar PV accounts for less than 0.1% of US
energy generation. Intensive research has been conducted
to develop low-cost PV technologies, and organic photo-
voltaics (OPVs) may  be one of the most promising solutions
[2–12]. Significant progress in bulk hetero-junction (BHJ)
polymer solar cell technology has been achieved in the last
decade. In particular, single junction cell efficiency has been
doubled from 4% in 2005 [13,14] to 8–9% with the state-
of-art cells [15–18]. Although technically impressive, it is
not sufficient to allow direct competition against mature
PV technologies. Several groups have predicted that the
power conversion efficiency (PCE) limitation of single junc-
tion organic solar cells is ∼10–12%, through optimization
of materials with appropriate band gap, energy levels, and
carrier mobility [19,20]. To achieve high power conversion
efficiency, a balanced consideration of photocurrent, pho-
tovoltage and fill-factor needs to be implemented. Large
photocurrent requires lower band gap material for more
solar radiation harvesting, but this also means lower pho-
tovoltage. Charge carriers in organic semiconductors are
transported via a hopping process, as organic molecules are
bonded by weak intermolecular van de Waals interactions
rather than covalent bonds in crystalline inorganic semi-
conductors. Therefore low carrier mobility (typically 10−7

to 10−3 cm2/v.s. OPV materials) is an inherent limitation
of organic materials. Although the absorption coefficients
of organic semiconductors are high, low carrier mobility
restricts the film thickness and this leads to insufficient
photon absorption [2–12].

A major loss mechanism for single junction solar cells
is the photovoltage loss due to the thermalization of
hot carriers created when photons of energy greater
than the band gap (which determines the photovoltage)
are absorbed. The limitations of single junction photo-
voltaics can be overcome using tandem solar cells, in
which two or more single cells absorbing complemen-
tary wavelength ranges are stacked together [21–23]. In
this way, the photon utilization efficiency can be signifi-

cantly improved and thermalization losses are lowered due
to the use of materials having different band gaps. While
the Shockley–Quiesser limitation of single junction solar
cell is 33.7% at Eg ∼1.4 eV [24], inorganic multi-junction
 . .  .  . .  . . . . .  . .  . . .  .  . . . . . . .  . .  . . . .  .  . . .  .  . . . . . . .  .  . . . . . .  . . .  . . . .  .  . . .  . . . .  . 1925

solar cells with efficiency up to 43.5% have been achieved
[25].

Brabec et al. predicted that 15% efficiency polymer
tandem solar cells can be achieved in a two cell tan-
dem configuration [26]. The simulations are based on the
assumption of a constant (65%) external quantum effi-
ciency (EQE) for both cells within the absorbed spectral
range, i.e., both cells have a flat EQE from violet to their
absorption edge. In reality, it is beneficial in the tandem
approach to have two  sub-cells with less overlap in absorp-
tion, as this can simplify the optimization process of the
tandem structure. In tandem polymer solar cell design,
this can be realized by selectively employing PC61BM or
PC71BM,  which possess significantly different extinction
coefficient due to their different molecular structure sym-
metry [27]. Yang et al. and Brabec et al. published excellent
review articles on organic tandem solar cell providing com-
prehensive reviews of the different device structures and
tandem cell working mechanisms [21,23]. The focus of this
tandem polymer solar cell review is on the materials issues,
both active layer materials and interfacial materials for sub-
cell interconnection. The latest progress in polymer tandem
solar cells and their performance measurement will also be
included.

The outline of this review is as follows: the structure of
tandem polymer solar cells and their development will be
presented first followed by a review of the key components
of high performance tandem solar cell wide (Eg > 1.7 eV)
and low band gap polymers, and discussion of their appli-
cation in tandem structures. The band gap polymers of
interest will be divided into three categories: medium band
gap polymers (∼1.6 eV), low band gap polymers (∼1.4 eV),
and ultra-low band gap polymers (<1.3 eV). In addition
to the photoactive layer materials, interconnecting lay-
ers connecting each sub-cell will be briefly discussed in
this review with reference to their optical, mechanical and
electrical requirements. Finally, efficiency measurement of
tandem solar cells is not a trivial, and the measurement
issue will be addressed.

2. Polymer tandem solar cells

Application of the tandem structure in organic solar
cells began with small molecule fabricated through
thermal evaporation. The vacuum evaporation process
supports multilayer structures of organic small molecule
light emitting diodes (OLEDs) and OPVs, which naturally
can be extended into tandem structures by evaporating
more layers. In 2002, Forrest et al. showed that an ultrathin
evaporated metal between two  sub-cells can lead to the

addition of their photovoltages [28]. Currently, Heliotek
and Leo’s group in Institut für Angewandte Photophysik
(IAPP) in Germany are the technical leaders in small
molecule tandem OPV [29,30].
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List of symbols

BDT benzodithiophene
BDTT thienyl benzodithiophene
BHJ bulk hetero-junction
BT benzothiadiazole
CB chlorobenzene
CPDT cyclopentadithiophene
DMF dimethylformamide
DTG dithieno[3,2-b:2′,3′-d] germole
DTS dithieno[3,2-b:2′,3′-d] silole
DPP diketopyrrolopyrrole
EQE external quantum efficiency
Eg optical band gap
FF fill factor
HOMO highest occupied molecular orbital
ICL interconnecting layer
IC60BA indene-C60 bisadduct
IQE internal quantum efficiency
JSC short circuit current
LBG low band gap polymer
LUMO lowest unoccupied molecular orbital
MBG medium band gap
NREL National Renewable Energy Laboratory
ODCB 1,2-dichlorobenzene
OPV organic photovoltaics
OSMSS one-sun multi-source simulator
PCE power conversion efficiency
PC61BM [6,6]-phenyl-C61-butyric acid methyl ester
PC71BM [6,6]-phenyl-C71-butyric acid methyl ester
P3HT poly(3-hexylthiophene)
PCPDTBT poly[2,6-(4,4-bis-(2-ethylhexyl)-

4H-cyclopenta[2,1-b;3,4-b′]
dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)]

PBDTT-DPP poly{2,6′-4,8-di(5-
ethylhexylthienyl)benzo[1,2-b;3,4-
b]dithiophene-alt-5-dibutyloctyl-3,6-
bis(5-bromothiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4-dione}

PDTP-DFBT poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-
5H-dithieno[3,2-b:2′,3′-d]pyran)-alt-4,7-
(5,6-difluoro-2,1,3-benzothia diazole)]

PMDPP3T poly[[2,5-bis(2-hexyldecyl-2,3,5,6-
tetrahydro-3,6-dioxopyrrolo[3,4-
c]pyrrole-1,4-diyl]-alt-[3′,3′′-dimethyl-
2,2′:5′,2′′-terthiophene]-5,5′′-diyl]

PSCs polymer solar cells
PT thiadiazolo[3,4-c]pyridine
TAZ benzotriazole
TPD thieno[3,4-c]pyrrole-4,6-dione
TT thienothiophene
ULBG ultra-low band gap

VOC open circuit voltage
WBG  wide bandgap polymer
ence 38 (2013) 1909– 1928 1911

Compared to cells prepared by evaporation of small
molecule cells, polymer solar cells have better device per-
formance and simplified device structure in single-junction
devices. The polymer tandem concept was  introduced later
mainly due to the lack of good solution processed intercon-
necting layers. The advantages in cost saving, along with
the fast advances in active materials and interfacial lay-
ers in single junction polymer solar cells, have accelerated
significant research efforts in polymer tandem solar cell.
A 10.6% power conversion efficiency in a polymer tandem
solar cell has now been achieved [31].

2.1. Polymer tandem solar cells structure and operation
mechanism

Fig. 1(a) depicts a typical polymer tandem cell com-
prising wide band gap and low band gap polymer solar
cells, with an interconnecting layer (ICL). Each cell is a
donor–acceptor (D–A) bulk hetero-junction solar cell.
Fig. 1(b) shows the solar spectrum, the absorption of wide
and low band gap cells. When stacking two  complemen-
tary cells with a large (Eg ∼1.9 eV) and small band gap (Eg

∼1.4 eV) polymer, 60% of the photons from the sun can be
covered [21]. The two sub-cells in the tandem device may
be connected either in series [22] or in parallel [23] by
varying the interconnecting scheme. The series connection
is the most widely adopted one, and the energetic diagram
of the device can be represented as in Fig. 2 [26]. Here, we
define the sub-cell close to glass/ITO substrate side as front
cell, and the sub-cell far away from glass/ITO substrates as
rear cell. To maximize utilization of higher energy photons
and to improve current balance, the wide and low band gap
polymer based sub-cells are usually used as front and rear
cell, respectively [23]. The function of the interconnecting
layer is to ensure the alignment of the quasi-Fermi level
of electrons in the acceptor of the front cell with the
quasi-Fermi level of holes in the donor of the rear cell (or
vice versa in an inverted architecture). In other words,
the intermediate layer should allow the recombination
of holes coming from one sub-cell with electrons coming
from the other, and the open circuit voltage of the tandem
solar cell will be the sum of the two  sub-cells.

2.2. Development and current status of polymer tandem
solar cells

To construct high efficiency tandem polymer solar cells,
high performance individual cell using polymers with com-
plementary absorption are needed. In the early years of
polymer solar cells development, the demonstration of the
tandem polymer solar cell concept were first conducted
based on the VOC addition using two photovoltaic cells that
were fabricated from the same conjugated polymer (PPV
derivative or P3HT) [32–34] or polymer/small molecule
hybrid [35–37]. Yang et al. first demonstrated a semi-
transparent version of MEH-PPV based polymer solar cell,
and stacked it directly with another non-transparent solar

cell to realize the concept [32]. In such a stacked geometry
with identical absorption spectra, the thickness of the
organic films is the major parameter to tune the relative
performance of the two cells to realize an optimal tandem
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lymer so
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lor in th
Fig. 1. (a) Tandem polymer device structure including wide bandgap po
and  rear cells are connected to each other by an interconnecting layer (I
absorption and solar spectrum. (For interpretation of the references to co

cell. The first polymer tandem solar cell consisting of two
sub-cells with different materials was demonstrated in
2006 by Boer and Janssen et al. [38]. The absorption spectra
and tandem device structure are shown in Fig. 3. Even
though the tandem efficiency is only about 0.57%, the effi-
ciency has been greatly improved compared with the each
sub-cell. In 2007, Kim et al. used the (n-type) TiO2/(p-type)
PEDOT:PSS interconnecting layer to bridge two higher per-
formance single cells to realize a tandem structure [39]. The
front cell active layer is poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta[2,1-b;3,4-b′] dithiophene)-alt-4,7-(2,1,
3-benzothiadiazole)] (PCPDTBT) and [6,6]-phenyl-C61
butyric acid methyl ester (PCBM) blend, and the rear
cell is made of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-C71 butyric acid methyl ester (PC71BM).
With the front and rear cell of 3.0 and 4.7% efficiency,
respectively, a 6.5% efficiency of tandem solar cell was

achieved. The low band gap polymer PCPDTBT cell showed
lower quantum efficiency and fill factor (FF) than the
P3HT:PCBM cell and this limited the performance of the
tandem device. Yang et al. recently designed a special low

Fig. 2. The band alignment of a tandem polymer solar cell contains two
junctions, where PC60BM is assumed to the acceptor material for each cell
[26].
Copyright 2008. Reproduced with permission from Wiley-VCH.
lar cell (front cell), and low bandgap polymer solar cell (rear cell), front
 (b) typical wide band gap polymer (green), low bandgap polymer (red)
is figure legend, the reader is referred to the web  version of the article.)

band gap polymer poly{2,6′-4,8-di(5-ethylhexylthienyl)
benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis
(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione}
(PBDTT-DPP) with band gap of ∼1.45 eV. This material is
specially designed with narrow absorption to avoid the
overlap with wide band gap polymer P3HT. Regular and
inverted structure single junction devices both showed
6–7% efficiency with fill factor close to 70%. This forms an
excellent combination with a P3HT:ICBA cell as the wide
band gap cell resulting in a tandem efficiency of 8.62%
(certified by NREL) [40]. This new concept represented a
breakthrough in polymer tandem solar cells. The device
structure and the certified results are shown in Fig. 4.
Further improvement in material and processing has led
to a 10.6% PCE efficient tandem solar cell [31]. This paves
a solid ground for targeting 15% PCE in the near future. In
the following sections, we  will concentrate on the polymer
materials, including the polymers, which have been or
could be used for tandem polymer solar cells, and also we
will discuss the interconnecting layers’ materials.

3. Polymer materials for tandem solar cells

The simplest form of a multi-junction solar cells – the
double junction tandem solar cells, consists of a front cell
with a wide band gap and a rear cell with a low band gap, or
vice versa. The polymer band gap for each sub-cell should
be selected carefully to achieve high performance tandem
solar cells. Brabec et al.’s simulation showed that to achieve
15% efficiency in a tandem solar cell, the WBG  cell donor
should have a band gap of 1.6 eV, and the LBG cell donor
should have a band gap of 1.3 eV, under the assumption
that both cells have a flat quantum efficiency of 65% (see
Fig. 5) [26]. In reality, the external quantum efficiency of the
low band gap (<1.5 eV) polymer solar cell is typically less
than 50% [41–43]. In this review, we  will mostly focus on

wide band gap polymers with around 1.9 eV as front cell
materials as poly(3-hexylthiophene) (P3HT, Eg = 1.9 eV) is
so far the most successfully used WBG  polymer in tandem
polymer solar cell.
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Fig. 3. (a) First polymer tandem cell using a combination of low band gap polymer (PTBEHT) and a large band gap polymer (PFDTBT) system fabricated by
H m Cr/15
A TBEHT)
C

p
P
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(
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t
c
m
t

from the higher hole mobility [13] and broader spectrum

F
(
C

adipour et al. (b) The light output of the bottom cell consisting of glass/1 n
l/15  nm Au (circles) and the absorption of the small-bandgap polymer (P
opyright 2006. Reproduced with permission from Wiley-VCH.

In polymer solar cell research, the term low band gap
olymer (LBG) is loosely defined and changes with time.
olymers with smaller band gaps than P3HT are typically
alled LBG polymers now, but even P3HT was called LBG
hen MEH-PPV is the champion. In tandem application,

 polymer with a band gap above 1.7 eV is inappropriate
o be used for the tandem solar cell as a LBG cell because it
ould have too much overlap with the WBG  cell. In this tan-
em solar cell review, we divide polymers with band gaps
ver 1.7 eV wide band gap (WBG) polymers, and those with
and gaps less than 1.5 eV are classified as low band gap
LBG) polymers. For polymers with a band gap between 1.5
nd 1.7 eV, they could serve in both roles, and we  will call
hem medium band gap (MBG) polymers. Based on these

learly defined categories, we will review the recent poly-
er  materials that have been used and could be used for

andem solar cells. We  will discuss these materials based

ig. 4. (a) The structure of a high performance inverted tandem solar cell using w
b)  The J–V curve of inverted tandem cell as certified by National Renewable Ener
opyright 2012. Reproduced with permission from Nature Publishing Group.
 nm Au/60 nm PEDOT:PSS/110 nm PFDTBT:PCBM (1:4)/0.5 nm LiF/0.5 nm
 of the top cell [38].

on several key factors, including absorption, energy align-
ment, solubility, morphology and mobility.

3.1. Wide band gap polymers

One of the earliest polymer for solar cell is the
wide band gap poly[2-methoxy,5-(2′-ethyl-hexyloxy)-
p-phenylenevinylene] (MEH-PPV) developed by Wudl
et al. [44]. A higher PCE of >3.0% was achieved for PPV-
based PSCs [27] when combined with an acceptor which
gave higher absorption. However, further improvement in
MEH-PPV system was limited due to its relatively low hole
mobility and narrow light absorption range. Benefitting
coverage, in soluble polythiophene systems (e.g. P3HT),
the maximum external quantum efficiency (EQE) can reach
over 70%. The short current is typically about 10 mA/cm2

ide and low bandgap polymers as front and rear cells, respectively, and
gy Laboratory (NREL) [40].



1914 J. You et al. / Progress in Polymer Sc

Fig. 5. Percentage of efficiency increase of a tandem cell over the best
single cell (R) for a device comprising a top sub-cell and a bottom sub-cell
based on donors having a LUMO level at –4 eV. The variables are the band
gap of both donors. The lines indicate the efficiency of the tandem devices
[26].

Copyright 2008. Reproduced with permission from Wiley-VCH.

[13]. Although not a champion in single junction solar
cells anymore, P3HT is so far the most studied and suc-
cessful wide band gap polymer in polymer tandem solar
cells.

3.1.1. Regioregular poly(3-hexylthiophene) (RR-P3HT)
Regioregular poly(3-hexylthiophene) (RR-P3HT) was

invented in the early 1990s [45,46] and is a large band gap
polymer with a band gap of (1.9 eV).The chemical struc-
ture is shown in Fig. 6. The absorption covers the visible
region with cut off at 650 nm.  The self-organization of the
polymer leads to high mobility (up to 0.1 cm2 V−1 s−1 in a
�–� stacked transistor configuration [47], and ∼10−4 in
a PV configuration [13]), and relatively high performance
solar cells based on P3HT:PCBM have been achieved in 2005
through various morphology control approaches [13,14].
The improvement in buffer layer led to about 5.2% effi-
ciency by using NiOx to replace PEDOT:PSS [48]. In previous
work, the P3HT:PCBM system was successfully used as a
front cell for tandem solar cell. The short circuit current of
that cell was about 7.4 mA/cm2, which was limited by the
rear cell, and 5.8% PCE was achieved [49]. The limited JSC is
due to the material limitation of the rear cell. Despite the
high mobility and good phase separation of the P3HT:PCBM
blend, the VOC generated by such a large band-gap (1.9 eV)
cell is only 0.6 V, indicating a photon energy loss of over
70%. Thus, enhancing the VOC of front cell become impor-
tant and it will directly improve the overall tandem solar
cell performance accordingly. This has been achieved by
lifting up the LUMO of the acceptor. Recently, the VOC of
the P3HT system has been significantly improved from
0.60 to 0.84 V by using new fullerene derivative indene-

C60-bisadduct (IC60BA), which has a higher LUMO level
[50,51]. By replacing P3HT:PCBM with P3HT:ICBA as a front
cell for tandem cells, the efficiency of the tandem cell has
been increased from 5.8% to 7%, mainly due to the VOC
ience 38 (2013) 1909– 1928

improvement from 1.3 V to 1.56 V [49,52]. The chemical
structures of P3HT, PC61BM,  PC71BM and ICBA are shown
in Fig. 6.

3.1.2. Wide band gap polymers with a deep HOMO level
In addition to lifting up the LUMO of the fullerene by

using strong electron donating groups to enhance open
circuit voltage, lowering the HOMO of the donor mate-
rial by using less electron-deficient groups is an equivalent
approach.

Thiophene is an electron-rich group [53,54] and the
HOMO level of P3HT is about −5.0 eV. Therefore, the VOC of
the P3HT:PCBM is restricted. By utilizing less electron-rich
and strongly electron-deficient groups, the HOMO level
can be effectively lowered. For example, fluorene, car-
bazole and benzodithiophene (BDT) units are commonly
used in wide band gap materials because they are less
electron rich. Benzothiadiazole (BT), benzotriazole (TAZ)
and thieno[3,4-c]pyrrole-4,6-dione (TPD) units are pop-
ular due to their strong electron-deficiency [55–64]. In
2004, Cao et al. demonstrated a polymer containing alter-
nating carbazole and thiophene-BT-thiophene units that
achieved a VOC of 0.95 V, however, the single cell device
showed only 2.24% efficiency [55]. Recently, high per-
formance wide band gap polymers (P1–P7)  have been
reported [56–64]. In 2006, Janssen et al. synthesized
a donor material poly[2,7-(9,9-didecylfluorene)-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (P1) with a
band gap of 1.9 eV. The very low HOMO of this wide
band gap polymer leads to a much higher VOC of 0.98 V in
P1:PCBM solar cells. Later, P1 was  applied in tandem solar
cells by the same group and a VOC as high as 1.58 V was
achieved. Unfortunately, the low EQE of the front and rear
cell limited the tandem devices to only 4.9% in efficiency
[56]. Based on the similar chemical structure as P1,  Leclerc
and Heeger et al. synthesized WBG  polymer (P2), and used
a thin TiOx layer as an optical spacer, they showed the
internal quantum efficiency (IQE) of a single cell device can
achieve almost 100% and thus a high PCE of 6% was obtained
[57]. Recently, Yang et al. reported a wide band gap polymer
based on BDT and thiophene-BT-thiophene units (P3) and
You et al. reported a polymer based on BDT and thiophene-
TAZ-thiophene units (P4). These polymers showed simi-
larly high VOC and PCE [58,59]. Several other wide band
gap polymers also showing higher VOC and higher effi-
ciencies in single junction cells. For example, TPD-based
polymers (P5) showed a VOC of about 0.85 V, and short
currents close to 10 mA/cm2. The TPD based materials also
showed encouraging charge transport properties [60–62].
As a result, the power conversion efficiency is over 6%.
Based on the promising electronic properties of the TPD
unit, Tao et al. developed a polymer family based on TPD
and dithieno[3,2-b:2′,3′-d]silole (DTS), and Reynolds et al.
developed a family based on TPD and dithieno[3,2-b:2′,3′-
d] germole (DTG) alternating units. The band gaps for
P6 [63] and P7 [64] were around 1.7 eV. Their low-lying
HOMO levels (∼−5.5 eV) suggest that a high VOC should

be obtainable. Together with the high hole mobilities,
the P6 polymer reached a PCE of 7.3%, with VOC = 0.88 V,
JSC = 12.2 mA/cm2, and FF = 0.68; whereas P7 reached 7.3%
PCE with VOC = 0.85 V, JSC = 12.6 mA/cm2, and FF = 0.68.
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Fig. 6. The chemical structure 

he chemical structures of these polymers are drawn in
ig. 7, and the performance parameters of these mate-
ials are summarized in Table 1. Although it has not

een tried yet, high performance tandem polymer solar
ells based on these WBG  polymer in the front cell could
e achieved in the near future due to their promising
eatures.

Fig. 7. The chemical structures of high performance wide b
, PC61BM, PC71BM and IC60BA.

3.2. Low band gap (LBG) polymers

To achieve high efficiency tandem polymer solar cells,

it is essential to have a high performance low band gap
polymer for the rear cell to match the current of the
front cell. Because the two  sub-cells are connected in
series, the overall current of the tandem device will be

andgap polymers (P1–P7) with deep LUMO levels.
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Table  1
The parameters of high performance wide bandgap polymer solar cells.

Active layer Bandgap (eV) HOMO (eV) VOC (V) JSC (mA/cm2) FF (%) PCE (%) References

P3HT:PC60BM 1.90 −5.0 0.6 10 70 4.2 [13,14]
P3HT:ICBA 1.90 −5.0 0.84 10.6 72.7 6.5 [50,51]
P1 1.95 ∼−5.5 0.98 5.5 52 2.8 [56]
P2 1.90 −5.5 0.88 10.6 66 6.1 [57]
P3 1.8 −5.3 0.92 10.7 57.5 5.7 [58]
P4 2.0 −5.36 0.79 11.8 73 7.1 [59]
P5 1.8 −5.4 0.85 11.6 68 6.6 [60–62]
P6 1.73 −5.57 0.88 12.2 68 7.3 [63]
P7 1.69 −5.65 0.85 12.6 68 7.3 [64]
limited by the sub-cell with lower current. Thus, the most
important criterion for the rear cell polymer is current
matching, which means that it can provide a same photo-
current as the front cell when applied into the tandem
structure. Assuming the front cell polymer has a band
gap around 1.9 eV, it is necessary for the rear cell poly-
mer  to have a band gap sufficiently lower to harvest the
light that passes through the front cell. Currently, there are
intensive studies on design and synthesis of new LBG poly-
mers for photovoltaic applications. By using the electron
push–pull strategy and the stabilization of the quinoid res-
onance structure approach, band gap as low as 1 eV can be
easily obtained [65]. However, high photovoltaic perfor-
mance requires a comprehensive consideration, far beyond
the low band gap only. High hole mobility of the poly-
mer  is required to support efficient charge transport; the
polymer should also have proper HOMO/LUMO levels to
(a) maximize VOC and (b) maintain a large enough offset
(>0.3 eV) between polymer and acceptor’s LUMO for effi-
cient charge separation at the donor–acceptor interface.
Finally, the active layer should form a bi-continuous inter-
penetrating network of both donor and acceptor with the
dimension of each domain being around 20 nm (∼twice the
exciton diffusion length LD). The morphology of the blend
film is critically important due to the relatively short life-
time and low mobility of the excitons and charge carriers.
These set stringent restrictions on promising candidates
for polymer solar cells, particularly in tandem structures
with more processing requirements. Among hundreds of
LBG polymers reported in the last decade, only a small
fraction of them satisfy the requirements well and show
potential in polymer tandem solar cells. In retrospect,
we look at the LBG polymers that have been used in
tandem PSCs and also discuss the potential application
of some of the latest LBG polymers in tandem struc-
tures in terms of current matching. We  assume the band
gap of the WBG  cell polymer is 1.9 eV (absorption onset
∼650 nm)  and the WBG  cell photo-current is 10 mA/cm2

(EQE ∼65%) under AM1.5G (1 sun) conditions. About 70%
of the photons with energy higher than 1.9 eV will be
absorbed by the WBG  cell and EQE for the LBG cell between
300 nm and 650 nm is 20%. These are typical values in the

state-of-art tandem polymer solar cells. Three groups of
polymers (medium band gap, Eg ∼1.6 eV; low band gap, Eg

∼1.4 eV and ultra-low band gap, Eg < 1.3 eV) are discussed
separately.
3.2.1. Polymers with band gap around 1.4 eV
Low bandgap polymers showing less absorption over-

lap with wide bandgap polymer will be more suitable for
the tandem devices. In 2006, a promising LBG polymer
P8 (Eg = 1.4 eV) was  reported by Brabec et al. at Konarka,
with a PCE of 3.2% (Fig. 8) [66]. It is based on alternating
strongly electron rich cyclopentadithiophene (CPDT) and
strongly electron deficient benzothiadiazole (BT) units.
Such a low band gap and decent performance were very
encouraging at the early stage in the OPV field. In 2007,
Bazan and Heeger et al. optimized the performances of
solar cells by introducing solvent additives to improve
the morphology. The optimized morphology led to sig-
nificantly higher JSC (16 mA/cm2) and PCE of 5.5% [41,67].
The polymer blend absorbs from 350 nm all the way  to
nearly 900 nm with an average EQE value of ∼45%, with
0.62 V VOC and 55% FF achieved. Due to these advantages,
Heeger et al. selected P8 as the LBG cell in an all-solution
processed tandem polymer solar cell, in which a com-
bination of titanium oxide (TiOx) and PEDOT:PSS layers
were used as an interconnecting layer to connect the
front cell and the rear cell [38]. The authors have chosen
an unconventional structure with the low band gap BHJ
composite (P8:PCBM) as the front cell and the wideband
gap BHJ composite (P3HT:PC71BM)  as the rear cell. The
maximum efficiency of 6.5% (JSC = 7.8 mA/cm2, VOC = 1.24 V,
FF = 0.67) was achieved in this study under an illumination
of 100 mW/cm2, based on a 3% efficiency front and a 4.7%
efficiency rear cell. Later, Yang et al. reported a new LBG
polymer poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,
3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl]
(P9, PSBTBT) replacing a carbon atom with a silicon
atom as the bridging atom between the two thiophenes
[42,68,69]. The optical band gap (1.45 eV) is very close
to that of P8.  It was found that the hole mobility of this
polymer is 3 × 10−3 cm2 V−1 s−1, which is approximately
three times higher than the mobility of P8.  The VOC of
P9 was slightly higher at 0.68 V but the JSC was  lower at
12.7 mA/cm2 and that leads to a PCE of 5.1%. They also
showed that the C Si bond is longer than the C C bond
in the cyclopentadithiophene core. Consequently, there
is less steric hindrance created by the dithienosilole core,

leading to better �–� stacking [68]. They used P9:PC71BM
cell as the rear cell since the light intensity received by the
rear sub-cell is attenuated by ∼40% after passing through
the front P3HT:PCBM sub-cell. The thickness of the rear
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Fig. 8. The chemical structures of high performance low bandgap polymers (P8–P23) with bandgaps around 1.4 eV.
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sub-cell using PSBTBT:PC71BM was unchanged, while pho-
tocurrent balance between the two sub-cells was achieved
by varying the thickness of the front P3HT:PCBM cell. The
combination of minimal absorption overlap between the
PSBTBT and P3HT cells, the high FF, optimized optical field
distribution, as well as a good interconnecting layer led
to high performance tandem cells with PCE close to 6%
[49]. Further optimization on this system was performed
replacing PCBM with ICBA to improve theP3HT front cell
VOC. As the VOC increased from 1.24 eV to 1.47 eV, the
PCE was improved to 7% [52]. Bazan et al. reported even
more impressive results with this particular polymer
(P10, has different side chains than P9)  in single junction
devices [70], where they replaced the 2-ethylhexylchains
on the silicon atom by long n-dodecyl side chains. P10
was obtained by Stille coupling polymerization using a
newly developed microwave-assisted method, which led
to higher number average molecular weight of 44 kDa. The
PCE of the devices based on this polymer were also higher,
reaching a maximum of 5.9%, with an enhanced JSC at
∼17 mA/cm2 [70]. Its application in tandem polymer solar
cells seems to be promising. By further changing the silicon
atom to a nitrogen atom, P11 was synthesized by Wang
et al. [71]. The 1-pentylhexyl side chain on the nitrogen
atom gave the best results. A reasonable Mn  of 18 kDa was
obtained and the optical band gap was very similar to P8
and P9. However, the HOMO and LUMO energy levels are
much higher. This could cause some stability issues under
ambient conditions and decrease the VOC of the device
significantly. The best solar cell that was fabricated with
this material and PCBM (1:3) led to a PCE of 2.8%, mainly
due to the low VOC and FF value [71].

Another type of LBG polymers is based on the dike-
topyrrolopyrrole (DPP) unit, which was developed in the
last 3–4 decades for high performance pigments. It is
highly absorbing in the visible region and strongly electron
withdrawing. When polymerized with electron donating
monomers, the resulting polymers typically show energy
band gaps smaller than 1.5 eV. Another attractive property
is its good charge carrier mobility for both holes and elec-
trons. In fact, one of the first organic electronic applications
for DPP-based polymers was ambipolar organic thin film
transistor (OTFT) [72].

In addition, the DPP core is particularly interesting
for manufacturing considering due to its easy synthesis.
The first highly performing polymer based on the DPP
unit was reported by Janssen et al. in 2009 (Fig. 8), P12
contains a backbone of alternating DPP and bithiophene
units and has a small band gap of 1.4 eV [73]. Due to
the poor solubility, it can only be fully dissolved in chlo-
roform. The P12/PCBM film spin-cast from a chloroform
solution showed amorphous polymer morphology due to
the fast solvent evaporation, which suppresses polymer
crystallinity and phase separation. Therefore, the cell only
exhibited a very low EQE of 13% at 680 nm.  It was  found
that by using a chloroform/ODCB mixture (4:1) to process
the active layer, crystallinity can be significantly enhanced

and the best device using P12/PCBM (1:2, w/w) gave a PCE
of 3.2% [73]. By utilizing PC71BM as the acceptor, the pho-
tovoltaic performance was further improved to 4.0% with
an FF of 0.58, a VOC of 0.61 V, and a JSC of 11.3 mA/cm2
ience 38 (2013) 1909– 1928

[73]. The authors also applied this material into a tandem
device. They choose P1 as the front (WBG) cell active mate-
rial because of its proper band gap (1.9 eV) and low-lying
HOMO level (-5.6 eV), which should lead to higher VOC than
traditional P3HT [56]. Due to the higher JSC and lower FF
of the front cell and lower JSC and higher FF of the rear
cell, optimizing the overall PCE become more complicated.
A combined analysis of the optical absorption and electri-
cal characteristics of individual single-junction sub-cells is
shown to be essential to identify the optimum device layout
of the corresponding tandem cell [74]. It is interesting that
they found matching the photocurrents of the sub-cells is
not a leading design criterion for optimum performance,
because the short-circuit current of a polymer tandem cell
can exceed that of the current-limiting sub-cell. A solution-
processed polymer tandem cell with an efficiency of 4.9%
(JSC = 6.0 mA/cm2, VOC = 1.58 V, FF = 0.52) under AM1.5G 1-
sun conditions has been obtained [56,74]. The EQE for the
rear cell was  however only around 35% from 650 nm to
800 nm.  Due to the poor fill factor of the front cell, the
total FF was  limited to 0.52. By improving these two  factors,
higher overall PCE is expected.

Dozens of newly designed DPP based LBG polymers
were reported since 2009; the high photovoltaic perfor-
mance examples are shown in Fig. 8 (P13–P18). Janssen
et al. reported that by co-polymerizing with a simple thio-
phene or benzene units, two  new LBG polymers P13 and
P14 were successfully synthesized [75,76]. P13 shows a
high molecular weight (54 kDa) and a very low band gap
of 1.3 eV. High hole mobility of 1 × 10−2 cm2 V−1 s−1

was  achieved infield-effect transistors. This low band gap
polymer showed a photo-response up to 900 nm when
combined with PC71BM,  and EQE can reach around 35%
in this region. High photovoltaic performance of 4.7% with
JSC = 11.7 mA/cm2, VOC = 0.65 V and FF = 0.60 was achieved.
Due to the lower electron density of the benzene unit rela-
tive to thiophene, P14 showed a higher band gap of 1.53 eV
and lower HOMO level (−5.35 eV). Because of strong aggre-
gation, the molecular weight of the polymer could not be
measured [76]. This low band gap polymer also showed
a photo-response up to 800 nm.  When combined with
PC71BM,  and its EQE can reach around 40%. Higher PCE
of 5.5% with JSC = 10.8 mA/cm2, VOC = 0.80 V and FF = 0.65
was  achieved [76]. Yang et al. also reported a series of
new LBG polymers based on DPP unit and the best one
is P15 [77]. By co-polymerizing with a benzo[2,1-b:3,4-
b′]dithiophene unit, P15 shows a small band gap of 1.34 eV
and a PCE of 4.45% was achieved with an VOC of 0.72 V,
a JSC of 10.0 mA/cm2, and an FF of 62%. Due to the high
performance of DPP based polymers in electronic devices,
especially for solar cells, structural modification of the DPP
unit was also carried out to explore new materials with
even better performance. For example, Frechét et al. and
Janssen et al. independently designed and synthesized a
series of furan based DPP polymers [78–80]. They showed
that by changing the sulfur atom to oxygen atom on the
DPP unit, the resulting polymer can achieve similar PV

performance and slight increases of VOC were observed. It
should be noted that furan derivatives can be synthesized
from a variety of natural products; hence, they fall into the
category of renewable and sustainable synthetic resources.
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ne of the furan-DPP based polymers (P16) shows a small
and gap of 1.41 eV and PCE of 5.0% with JSC = 11.2 mA/cm2,
OC = 0.74 V and FF = 0.60 [78,79]. Another example is
he Thieno[3,2-b]thiophene-based DPP reported by Bron-
tein et al. They replaced the thiophene unit attached
o the DPP core to a thieno[3,2-b]thiophene unit to fur-
her increase the mobility of DPP based materials. By
o-polymerizing with a thiophene unit, P17 was  obtained
ith a band gap of 1.37 eV [79]. The maximum hole mobil-

ty of 1.95 cm2 V−1 s−1 was achieved, which is one of the
ighest mobilities from a polymer-based OFET reported to
ate. BHJ solar cells comprising P17 and PC71BM gave a
ower conversion efficiency of 5.4% with a VOC of 0.58 V,

 JSC of 15.0 mA/cm2, and a FF of 61%. High EQE of 50%
rom 350 nm to about 900 nm agrees with the high JSC,
aused by the high hole mobility [80]. A new milestone in
olymer tandem solar cell research was achieved recently
y Yang et al. with a certified PCE of 8.62% [40]. At the
ore of this breakthrough is the development of a narrow
bsorption LBG polymer (P18, Eg = 1.44 eV), nearly ideal
omplementary absorption coverage with P3HT. At the
eart of this breakthrough is the development of a highly
erforming LBG polymer (P18, Eg = 1.44 eV). A polymer
ackbone based on the DPP unit and the benzodithio-
hene (BDT) unit was chosen, building on a previously
eported LBG polymer from the same group with a promis-
ng band gap of 1.34 eV [77]. By replacing the oxygen
toms attached to the BDT unit with thiophene moieties
o form the thienyl benzodithiophene (BDTT) unit, the
OMO and LUMO levels of P18 are simultaneously shifted
eeper (−5.30/−3.63 eV vs. −5.16/−3.51 eV) to increase
OC without losing the driving force for efficient charge
eparation. Bulkier 2-ethylhexyl side chains on BDTT and
-butyloctyl side chains on DPP are used to increase the
olubility of the resulting polymers and thus obtain much
igher molecular weights (40.7 kDa vs. 8.5 kDa). Compared
o PBDT-DPP, PBDTT-DPP showcased improved solubil-

ty, higher molecular weight, and higher carrier mobility
3.1 × 10−4 cm2 V−1 s−1 vs. 6.6 × 10−5 cm2 V−1 s−1, by SCLC

ethod). All these lead to a significantly higher JSC
n single-junction devices. Power conversion efficiencies

able 2
he parameters of low bandgap polymers (P8–P26).

Polymer Eopt
g (eV) HOMO/LUMO (eV) by CV VOC (V) JSC (mA/cm

P8 1.40 −5.30/−3.57 0.62 16.2 

P9 1.45 −5.05/−3.27 0.68 12.7 

P10 1.37 N.A. 0.57 17.3 

P11 1.43 −4.81/−3.08 0.54 11.9 

P12 1.40 −5.10/−3.40 0.61 11.3 

P13 1.30 −5.17/−3.61 0.65 11.8 

P14 1.53 −5.35/−3.53 0.80 10.8 

P15 1.34 −5.21/−3.63 0.72 10.0 

P16 1.41 −5.4/−3.8 0.74 11.2 

P17 1.35 −5.06/−3.68 0.58 15.0 

P18 1.44 −5.30/−3.63 0.74 13.5 

P19 1.50 −5.82/−3.83 0.70 13.1 

P20 1.58 −5.19/−3.26 0.80 11.7 

P21 1.53 −5.36/−3.42 0.71 14.1 

P22 1.56 −5.50/−3.44 0.75 13.5 

P23 1.51 −5.47/−3.44 0.85 12.8 

P24 1.2 N.A. 0.5 0.9 

P25 1.13 −4.9/−3.63 0.38 14.9 

P26 1.29 −5.04/−3.47 0.55 7.5 
ence 38 (2013) 1909– 1928 1919

around 6.5% were achieved in single-junction devices with
both a regular and an inverted structure (VOC = 0.74 V,
JSC = 13.5 mA/cm2, FF = 65%). When combined with the
highly efficient front cell based on P3HT:ICBA and an
efficient interconnecting layer of PEDOT:PSS/ZnO in an
inverted tandem device configuration, high VOC of 1.56 V,
high JSC of 8.26 mA/cm2 and high FF of 0.67 were obtained
simultaneously, and a record 8.62% PCE polymer tandem
solar cell (Fig. 4) was  achieved. The EQE of the rear cell
from 650 nm to 850 nm has a peak value around 50%, which
still has much room to improve. A polymer with broader
absorption (up to 900 nm)  and higher EQE in the NIR region
will further enhance the JSC and PCE.

Except BT and DPP, other electron acceptor units were
also developed to make new LBG polymers in recent years.
Isoindigo has strong electron–withdrawing character due
to its two lactam rings. It also has been widely used in
the dye industry and can be obtained easily from vari-
ous natural sources. Isoindigo-based LBG polymers were
independently reported by several groups [81–83], with
moderate PV performance registered. Very recently, an eas-
ily accessible alternating copolymer of terthiophene and
isoindigo, P19, was  designed and synthesized. The poly-
mer  presents a promising absorption spectrum (Eg = 1.5 eV)
and appropriate HOMO/LUMO positions, leading to a PCE
up to 6.3% in the resulting PSCs with VOC of 0.70 V, JSC of
13.1 mA/cm2, and FF of 69%. Fused BT (NT) and nitrogen
atom containing thiadiazolo[3,4-c]pyridine (PT) units were
also applied to synthesis of LBG polymers for PV appli-
cation. Polymer P20 based on NT unit was  reported by
Cao et al. [84] and polymers P21–P23 based on PT unit
were reported by You et al. [85–88]. All of these polymers
showed similar band gap of 1.5 eV and high PV performance
of about 6% PCE, due a relatively higher VOC (typically over
0.8 V).

As discussed in this part, LBG polymers with band gap
around 1.4 eV (±0.1 eV) are very promising for application

in tandem solar cells. The properties of these materials are
summarized in Table 2, and the chemical structures are
drawn in Fig. 8. For current matching (10 mA/cm2), it is
only required that their EQE reach around 70% from 650

2) FF (%) PCE (%) (single) PCE (%) (tandem) References

55 5.5 6.5 [39,66,67]
55 5.1 7.0 [42,68,69]
61 5.9 [70]
44 2.8 [71]
58 4.0 4.9 [56,73,74]
60 4.7 [75]
65 5.5 [76]
62 4.5 [77]
60 5.0 [78,79]
61 5.4 [80]
65 6.5 8.6 [40]
69 6.3 [81–83]
61 6.0 [84]
62 6.2 [85]
55 5.6 [86]
58 6.3 [87,88]
64 0.23 0.57 [38,89]
48 2.7 [70]
51 2.1 [77]
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ndgap p
Fig. 9. The chemical structures of low ba

to 800 nm (∼1.5 eV) or around 60% from 650 to 850 nm
(∼1.4 eV) or around 50% from 650 to 900 nm (∼1.3 eV).
Once such a material is obtained, together with an opti-
mized VOC and FF, the tandem device could reach ∼12% PCE
(assuming VOC = 1.7 V, JSC = 10 mA/cm2, FF = 70%). This is a
very realistic target. Based on the existing material systems,
a modest 10% higher EQE enhancement will do the job. The
improvement can come from both materials and optical
design. Moreover, according to a theoretical calculation on
a double junction tandem cell, once an ideal WBG  cell mate-
rial with a 1.7 eV band gap and an ideal LBG cell material
with 1.3 eV are developed, the JSC can reach ∼13 mA/cm2

and peak PCE of 15% could be obtained. The most critical
problem that must be overcome to achieve this theoretical
limit is still the development of a LBG polymer with a band
gap of 1.3 eV with an EQE of ∼ 70% or higher.

3.2.2. Polymers with a band gap less than 1.3 eV
Presently, simulated results for tandem polymer solar

cells are based on the double-junction tandem structure,
and the optimal band gaps for double-junction tandem
solar cells are 1.6 and 1. 3 eV, respectively. However, as in
inorganic tandem solar cells, moving to a triple-junction
architecture is another way to achieve higher performance.
In tandem OPV, the synthesis of ultra-low band gap (ULBG)
polymers for PV application deserves to be an important
direction. At present, one well-known ULBG polymer P24
(Eg = 1.2 eV) was developed and applied into tandem solar
cell in 2006 by Janssen et al. (Fig. 9) [38,89]. In their tandem
device, the combination of P1/PCBM as the front cell (wide
band gap)and P24/PCBM as the rear cell (low band gap)
with an optimized optical and electronic coupling of the
two cells results in 0.57% PCE, which is 1.6 times higher
than that of the front cell (0.35%) and 2.5 times higher than
that of the rear cell (0.23%).Polymers with similar band gap
have also been reported by other groups but the photo-
voltaic performances were still low. Interestingly, some of
them can be used as high performance NIR photo detector
active materials. Later on, two ULBG polymers based on
the DPP unit (P25 and P26) were developed by Hashimoto
et al. [90] and Yang et al. [77] showing enhanced PV

performance. Over 2% PCE have been achieved for P25
and P26, but they are still far away from expected value.
The reasons for the low PCE could be attributed to three
factors: (1) low band gap leads to very low VOC (0.3–0.5 V),
olymers with a bandgap less than 1.3 eV.

wasting most of the energy via a thermalization process;
(2) the phase separation between polymer and PCBM is not
well controlled to achieve ideal morphology, which leads
to poor charge separation and transport; (3) some of them
show very low LUMO levels which would be necessary for
large VOC, but the LUMO offset between polymer and PCBM
may  be not enough for charge separation at the interface
[19].

3.3. Medium band gap polymers (Eg ∼1.6 eV)

Polymers with band gap around 1.6 eV have been
champions in single junction polymer solar cells in the
last 2–3 years. Great efforts from chemists have lead to
simultaneous enhancement of both photocurrent and pho-
tovoltage compared to last generation P3HT. Combining
materials synthesis with morphology control, the perfor-
mance of single junction polymer solar cells have been
doubled from 4% to over 8%, which still represents the
state-of-art. Energy loss due to thermalization was signif-
icantly reduced. Here we will review the progress to date
and discuss how can they be used in tandem architecture
for further performance enhancement.

Novel conjugated polymer (P27) based on thienothio-
phene (TT) and benzodithiophene (BDT) alternating units
was  first reported by Yu et al. in 2009 (Fig. 10) [91,92]. This
polymer exhibits a small band gap of 1.62 eV, because the
TT moiety can stabilize the quinoidal structure and lead to a
narrow band gap. Preliminary results on this material were
promising. PCE as high as 5.6% was achieved with morphol-
ogy optimization [92]. The pristine material showed a hole
mobility of approximately10−4 cm2 V−1 s−1. The spectral
response of the cell reaches 760 nm (comparing to 650 nm
of P3HT) with peak EQE close to 70%, and it is the first poly-
mer  system with the EQE comparable or higher than the
classical P3HT cell. The short circuit current density was
one of the best in the field at 15.6 mA/cm2. This represents
a 50% enhancement over P3HT cells. Because of the position
of the HOMO energy level (−4.90 eV) is high, the VOC was
0.56 V. It is comparable to that to P3HT cells but there is still
room for further improvements. Indeed, within one year,
Yu and Li et al. [18,94,95] and Hou et al. [17,93] reported a

series of new polymers based on this backbone (P28–P29).
By changing the ester group to a ketone side chain (P28) and
adding a fluorine atom on the TT unit (P29 and P30), the
HOMO level was moved down to around −5.2 eV and VOC
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Fig. 10. The chemical structures of PTB series medium bandgap polymers.

Table 3
The performance of medium bandgap polymer solar cells.

Polymer Eopt
g (eV) HOMO/LUMO (eV) by CV VOC (V) JSC (mA/cm2) FF (%) PCE (%) References

P27 1.58 −4.90/−3.20 0.58 12.5 65.4 4.76 [91,92]
P28 1.61 −5.12/−3.55 0.70 14.7 64 6.58 [93]
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P29 1.60 −5.15/−3.31 0.
P30 1.61 −5.22/−3.45 0.

as increased up to 0.76 V. By optimizing device fabrication
sing DIO as an additive, PCEs as high as 7.4% (P29) and 7.7%
P30) were obtained, respectively. The details of P27–P30
re summarized in Table 3. And recently, Cao et al. incor-
orated a polyelectrolyte as an electron transport layer

n the inverted single junction device and 9.2% PCE was
chieved for the devices based on P29, which is the highest
eported value for a single junction polymer solar cell [15].
his clearly indicates the potential for achieving higher per-
ormance through a combined molecular engineering and
evice engineering approach.

Although high efficiencies have been achieved for sin-
le junction devices based on P27–P30, their potential to be
pplied in tandem devices as LBG cells is limited due to the
bsorption overlap with the WBG  cell material. For exam-
le, as shown in Fig. 6, P3HT absorbs up to 650 nm and P29
P30) absorbs up to 760 nm.  Between 650 and 760 nm, the

aximum current that can be captured is about 6 mA/cm2

ith EQE = 80%. Even if we can provide a short current
f 3 mA/cm2 from 300 to 650 nm through device engi-
eering current matching, the total current attainable is
9 mA/cm2. The highest EQE for P29 and P30 is around 75%

17,18,94], therefore the highest current they could provide
n tandem device is about 8 mA/cm2. Assuming VOC = 1.7 V
nd FF = 0.7, the PCE is estimated to be 9.5%.

A paradigm changing possibility, however, is to use
hese types of polymer as the front cell candidate. As in the
imulation performed by Brabec et al., a high performance
andem solar cell can be achieved by combination of front
nd rear cells with band gaps of 1.6 and 1.3 eV, respec-
ively, and the power conversion efficiency that could be

chieved is about 15%, which is based on the assumption
hat quantum efficiency and fill factor are both 65% in
oth sub-cells. BDT-TT based polymers (with a band gap
f ∼1.6 eV, VOC of 0.74 V, EQE and FF both over than 65%)
14.5 69.0 7.40 [18]
15.2 66.9 7.73 [17]

can be very suitable for the front cells for high efficiency
tandem solar cells toward 15% efficiency. The missing
component is the high efficiency polymer with a band-gap
of ∼1.3 eV, which should be identified as a critical research
area for OPV. To summarize the status, the state of the art
tandem solar cells are based on a wide band gap polymer
with a band gap (1.9 eV) and a low band gap polymer with
a band gap about 1.4 eV. In the future, high performance
tandem solar cells using a medium band gap polymer in
the front cell will be achieved after a high quality ultra low
band gap polymer is developed.

4. Tandem device engineering and measurement

4.1. Interconnecting layer for polymer tandem solar cells

In the tandem solar cell structure, the interconnecting
layer(s) (ICL) connects more than two  sub-cells. Ideally,
the ICL and sub-cells should form ohmic contact, and
the ICL also functions as a charge recombination layer
to complete the circuit so that the VOC’s can be added
up. In inorganic tandem solar cells, the interconnecting
layer is a tunneling diode consisting of heavily doped n
and p-type layers. In their organic counterparts, small
molecule tandem solar cells are simpler because the
interconnecting layer and the top sub-cell are thermally
evaporated. For example, Leo et al. evaporated highly
p-doped N,N′-diphenyl-N,N′-bis(4′-(N,N-bis(naphth-1-
yl)-amino)-biphenyl-4-yl)-benzidine (DiNPB) and n-doped
C60 directly connecting two cells as a recombination layer
[29]. The main limitation of the evaporation approach is

its equipment and cost.

However, solution processed polymer tandem cells
have different challenges. In addition to optical trans-
parency and electrical functionality, the interconnection
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layer coating should not damage the existing sub-cell. As
one can imagine, the solvent selection is critical. Once
coated, the ICL should also provide protection so that the
sequential BHJ active layer coating of the second polymer
solar cell will not damage the underlying layers. There-
fore, the interconnecting layer should have robustness in
addition to device functionality.

The knowledge regarding interfacial layers accumu-
lated in OLED and OPV research provided strong support
for tandem OPV interconnecting layer development. The
commonly used n-type interfacial layer materials include
fluorides (LiF [96,97], CsF [98], etc.), metal oxides (TiOx

[99], ZnO [100], etc.), acetyl acetoneates (Ca(acac)2 [101],
etc.), carbonates (Cs2CO3 [102,103], etc.), organic small
molecules [29], polymers [104,105], self assembled mono-
layers [106], etc. Cs2CO3, ZnO and TiOx can also modify
the electrode work function to form inverted polymer solar
cells [107–109]. For polymer electronics, PEDOT:PSS may
be the most popular p-type interfacial layer. More recently,
various transition metal oxides (TMO) [47,110,111] – NiO,
V2O5, MoO3 and WO3 were introduced in polymer PV
as p-type interfacial layers with encouraging OPV results
reported using solution processed TMOs [112,113].

In 2006, Kawano et al. demonstrated a polymer tandem
solar cell using sputtered ITO combined with PEDOT:PSS
as inter-connecting layer [114]. However, there was loss
in VOC of the tandem cell compared to the reference sin-
gle cells because of the high contact resistance at the ITO
and bottom cell interface. Then Janssen et al. showcased an
efficient ICL consisting of n-type and p-type layers, where
the n-type layer is a bi-layer structure (LiF(5 Å)/Al(5 Å)) and
the p-type layer is a bi-layer of Au(15 nm)/PEDOT(60 nm)
[38]. Based on this ICL, the tandem cell VOC became the sum
of the two sub cells. The disadvantage of this structure is
also clear. The metal (Au) layer in the ICL is too thick, which
leads to loss in transmittance of photons for the rear cell.
In addition, both the p and n layers are formed through
vacuum deposition, not all solution processed. Solution-
processed electron transport layers such as ZnO and TiO2
have been used as n-type interlayer in single junction poly-
mer  solar cells [108,109,111,113,115–117]. These electron
transport layers are wide band gap semiconductors and
are highly transparent in the visible and NIR wavelength
range where the polymer solar cells absorb. On the p-
type side, PEDOT:PSS is an excellent hole transport layer
for polymer solar cells [118]. Based on these, Gilot et al.
demonstrated the first all-solution processed polymer tan-
dem cells [34]. They used zinc oxide (ZnO) nanoparticles
(NPs) dissolved in acetone for the deposition of the n-
type layer. To avoid the damage to the ZnO layer by acid,
neutral pH PEDOT was used as the p-type layer. In the
final structure, the solution of ZnO NPs does not damage
the bottom polymer layer and the aqueous based neutral
PEDOT:PSS layer does not affect the ZnO layer. The thick-
ness of the ZnO layer in the optimized structure was 30 nm
and PEDOT thickness was 15 nm.  Such an interconnecting
layer therefore protects the bottom polymer cell from sub-

sequent solution process. The entire fabrication process
was such that none of the solution process steps dam-
aged the layers underneath. Using these solution processed
interconnecting layers, double and triple junction tandem
ience 38 (2013) 1909– 1928

cells were shown with minor losses in VOC. Heeger et al.
and Yang et al. used stable TiO2 layer for efficient elec-
tron extraction from the bottom cell and the common
PEDOT:PSS layer was  used as a p-type layer [39,49]. It
has been reported that the regular PEDOT:PSS layer is not
strong enough to provide protection. The solution to this
problem is using a low boiling temperature solvent (e.g.
chloroform) for the deposition of the second cell. High
performance polymer solar cells are typically based on 1,2-
Dichlorobenzene (ODCB) or chlorobenzene (CB) because
they can facilitate morphology development for effective
charge transport and collection. To overcome the chal-
lenge of making high performance tandem solar cells using
higher boiling point solvent, Yang et al. introduced sur-
factant and dimethylformamide (DMF) into PEDOT:PSS to
improve the mechanical properties and the conductivity
of PEDOT:PSS. The modified PEDOT:PSS layer became very
robust and showed the excellent electrical conductivity
and transparency [40,52]. High performance low band gap
polymer (PBDTT-DPP) processed using DCB as solvent has
been successfully used as the second cell, and no damage
to the interconnection layer and first cell was  observed.
As a result, 8.62% efficiency was achieved using in the
inverted tandem solar cell structure [40]. Recently, in addi-
tion to adding surfactant, Huang et al. combined graphene
oxide (GO) and PEDOT:PSS layers to improve the stickiness
of the PEDOT:PSS layer for tandem solar cell application
[119].

4.2. Tandem solar cells measurement

Accurate characterization of power conversion effi-
ciency (PCE) is essential for the development of solar cell
technology. Measurement theory has been developed as
early as 1980s. However, as an emerging PV technology, the
OPV community has gone through a learning experience
first with single junction and more recently with tandem
devices. Spectral mismatch correction is at the core of accu-
rate measurement of solar cell efficiency. It is particularly
important for OPV as there are no sufficiently stable OPV
devices that can serve as reference cells yet. Therefore the
difference in spectral response of tested and reference cells,
and the difference between the solar simulator spectrum
and standard AM spectrum will lead to spectral mismatch.
More detailed discussion has been published in 2006 as a
joint effort between our group and NREL. Determination of
device area is also important. However, it is straight for-
ward if care is taken. Therefore it will not be discussed in
this paper. Interested readers are encouraged to refer to
some earlier publications [120,121].

Tandem-cell measurement is much more complicated
than that of single-junction cells. In principle, each device
junction must behave the same under the simulator spec-
trum as it would have behaved under the reference
spectrum (AM1.5G). This requires a spectrum adjustable
solar simulator, and significant adjustment of the simula-
tor spectrum. This is typically not available in an individual

academic lab. The measurement process is traditionally a
tedious iterative process that involves repeatedly calculat-
ing spectral mismatch of each junction under a spectrum
and changing the filter to adjust spectrum in each run.
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To calculate the mismatch of each cell, EQE of tandem
olar cells should be measured. For the tandem devices,
easuring EQE of these cells using the standard EQE char-

cterization method for single cells is not enough, since
he sub-cells work in a collaborative way to utilize dif-
erent parts of solar spectrum. The optical response of
ach sub-cell in the tandem structure should be balanced
ver the entire solar spectrum and not necessarily at a
pecific wavelength. The inorganic solar cell community
as adopted a modified EQE measurement technique that
equires additional light biasing to short one of the sub-
ells [122]. A simplified version of this approach has been
xtended to polymer tandem cells by Kim et al. [39].

 monochromatic light bias was used, which selectively
xcites one sub-cell such that it is saturated while pro-
ing EQE of the other sub-cell. The bias light wavelength

s chosen such that the sub-cell under test has negli-
ible absorption at that wavelength. However, Janssen
t al. [74] pointed out that EQE measurement using this
ethod is only appropriate when the two sub-cells have

hunt resistance large enough such that the photocurrent
t finite negative bias does not vary significantly from
he short circuit point. This is because when the opti-
ally biased sub-cell is saturated, a finite photo-voltage
V+) develops across it. Under the short circuit condi-
ion of the tandem cell, an equal amount of negative
ias (V) is induced across the current limiting sub-cell.
herefore the EQE of the current limiting sub-cell is in
eality being measured under reverse bias conditions.
his will lead to overestimation of EQE value if the pho-
ocurrent is sensitive to the applied bias. In the tandem
olar cell mismatch calculation, only the shape of EQE is
equired. The EQEs are then used to adjust the solar spec-
rum.

Recently, NREL installed a major solar simulator
pgrade for tandem measurement. The so-called one-sun
ulti-source simulator (OSMSS) uses nine separate wave-

ength bands of light to build a spectrum such that the
atio of current for the front cell under the reference
pectrum and the simulator spectrum is the same as the
atio of current for the rear cell under the reference spec-
rum and the simulator spectrum. Once such a spectrum
s established, the total irradiance is set with a primary
alibrated reference cell. In this way, each device junc-
ion behaves the same under the simulator spectrum as
t would have behaved under the reference spectrum.
herefore once the EQE of tandem cell has been mea-
ured, the spectrum adjustment will be controlled by
he software and the measurement will be significantly
ccelerated.

As a majority of academic labs do not have access to a
ophisticated spectrum adjustable solar simulator, careful
QE measurement on each cell can provide rough guidance
or research purposes. EQE measurement is a commonly
sed technique to estimate the JSC of single cells accurately.
lthough accurate measurement of external quantum effi-
iency is not easy, however, it could be used for estimation

f JSC delivered by the tandem cell. Another advantage
f measuring the EQE of the sub-cells is that the current
imiting cell can be identified and improvements can be

ade to optimize the tandem cell performance.
ence 38 (2013) 1909– 1928 1923

5. Conclusion and perspective

Even in its infancy, polymer tandem solar cell research
has been achieved great progress in past five years, with
the efficiency now reaching 10% [31]. This sets a milestone
for organic solar cell technology as a whole. Significant
progress can be expected in the near future in this promis-
ing field. The tandem concept opens a new dimension
in polymeric semiconducting materials design. Further
improvements in interconnecting layers will be critical to
support the technology to move to real world application.
Many effective techniques developed in single junction
polymer solar cells can be applied in tandem structures too.
Amount these approaches; those effective in improving
external quantum efficiency over a wide spectral band are
particularly important. Today, the Mitsubishi Chemicals in
Japan has demonstrated ∼ 80% EQE across a broad spectrum
[123]. The EQE in state-of-art polymer tandem solar cells
is in the 50% range. The promising EQE enhancement can-
didates may  include light trapping through optical effects
such as optical spacer and introducing light trapping nano-
structures, and plasmonic active nanoparticles [124], 15%
efficiency in polymer tandem solar cells could be attained
with high EQE only.

Tandem OPV is a very promising research area. Small
molecule tandem solar cells have also undergone fast
progress. In 2005, Forrest et al. achieved 5.7% efficiency in
small molecule tandem solar cells [125]. Now the Heliatek
GmbH in Germany have announced 9.8% efficiency in a tan-
dem small molecule solar cell [30], which indicates that
the high potential of small molecule tandem solar cells.
Recently, ∼7% efficiency from solution processed small
molecules has been achieved by Heeger and Bazan et al.
[126]. There is also wide room for the development of solu-
tion processed tandem small molecule solar cells.

Over the last decade, OPV technology has progressed
significantly in both polymer and small molecule areas,
both solution processed and evaporated. We  have enough
reasons to believe that technological breakthroughs will
continuous to come, and the polymer tandem solar cells
are a very promising new frontier for OPV technology to
realize their low cost and high efficiency promise.

6. Supplementary

There has been tremendous progress in this fast grow-
ing field since the initial submission of this manuscript
in 2011. One of the most notable developments is
the emergence of low band gap polymers specially
designed for tandem solar cells. One typical example
is poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-
b:2′,3′-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia dia-
zole)] (PDTP-DFBT, P31), which has a band gap of 1.38 eV.
Its chemical structure is shown in Fig. 11(a). The EQE
of single junction PDTP-DFBT:fullerene photovoltaic cells
reached over 60% in the infrared region [31]. Moreover,
when blended with PC71BM and PC61BM,  The PCEs reached

an incredible 7.9% and 7.1%, respectively. The detailed
parameters of the photovoltaic cells are summarized in
Table 4. As shown in Fig. 11(b), the tandem architec-
ture consists of a PDTP-DFBT rear sub-cell and P3HT front
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Fig. 11. (a) Chemical structure of P31 (PDTP-DFBT), (b) the tandem devices structure of a 10.6% polymer tandem solar cells, (c) the J–V curve of 10.6%
y (NREL

up.
inverted tandem cell as certified by National Renewable Energy Laborator
cells [31].
Copyright 2012. Reproduced with permission from Nature Publishing Gro

sub-cell. Since the absorption bands of PDTP-DFBT and
P3HT are well separated, the rear sub-cell is responsible for
the near-infrared light in the 650–900 nm spectrum; P3HT
covers the photons from the near-ultraviolet to 650 nm
spectrum. Therefore, a high short-circuit current can be
attained in the tandem cell, and a certificated power con-
version efficiency of 10.6% has thus been achieved [31].
The certified I–V from NREL is shown in Fig. 11(c) and the
quantum efficiency of the corresponding device is shown
in Fig. 11(d). This breakthrough progress sets a new record
efficiency in the OPV field [31].

In accordance with such innovative progress, this high
performance PDTP-DFBT and PC71BM polymer-blend is
also being used to form a new and unique homogeneous

tandem structure, which contains two identical sub-cells
[127]. The homogeneous tandem solar cell provides a
solution to resolve the low carrier mobility of organic com-
pounds. It enhances the optical absorption via stacking

Table 4
New low bandgap polymer designed for tandem solar cells.

Polymer Eopt
g (eV) HOMO/LUMO (eV) by CV VOC (V) JSC (mA/cm

P31 1.38 −5.26/−3.61 0.68 17.8 

P32 1.38 −5.25/−3.70 0.69 16.8 

P33 1.30 −5.24/−3.61 0.60 17.8 
), and (d) External quantum efficiency of the 10.6% polymer tandem solar

two  or more layers of active layer, while maintaining the
charge transport and collection within it. However, the
homogeneous tandem cell cannot reduce the thermal loss
realized with the traditional tandem solar cells stacking
active layer with complementary absorption [31]. The PCE
of the identical sub-cell-based tandem cells is still limited
by the Shockley–Queisser theory [24]. Yet considering the
low carrier mobility in polymer:fullerene blend film, the
HOMO tandem architecture has a higher chance to enhance
both internal quantum efficiency (IQE) and EQE of the PSCs.

Other modification polymers introduced by Yang et al.
[128] and Janssen et al. [129] include PBDTT-SeDPP (P32)
and poly[[2,5-bis(2-hexyldecyl-2,3,5,6-tetrahydro-3,6-di-
oxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[3′,3′′-dimethyl-2,

′ ′ ′′ ′′
2 :5 ,2 -terthiophene]-5,5 -diyl] (PMDPP3T, P33), which
are based on (PBDTT-DPP, P18) and (PDPP3T, P13), respec-
tively. The chemical structures of P32 and P33 are shown
in Fig. 12. The polymer PBDTT-SeDPP (Eg = 1.38 eV) shows

2) FF (%) PCE (%) (single) PCE (%) (tandem) References

65 7.9 10.6 [31]
62 7.2 9.5 [128]
66 7.0 8.9 [129]
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ig. 12. The chemical structure of two  high efficiency low bandgap poly-
er  P32 (PBDTT-SeDPP) and P33 (PMDPP3T).

xcellent photovoltaic performance in single junction
evices, with PCEs over 7% and photo-response up to
00 nm.  Combining this low-band gap sub-cell polymer
and gap with P3HT to yield a wide band gap sub-cell

n tandem structure, the device yields a 9.5% power
onversion efficiency. In comparison with PDPP3T, the
ingle junction power conversion efficiency improved
rom band gap 4.7% to 7% for the low band gap PMDPP3T;
se of this polymer in the rear cell for tandem solar cells,
esulted in an efficiency of 8.9%. The power conversion
fficiency was further improved to 9.64% when a triple
unction structure was employed to harvest as much light
s possible. The detailed parameters of the photovoltaic
ells based on P32 and P33 are also summarized in
able 4. In spite of the fact that EQE characterization of
riple junction cells is technically challenging, especially
hen two of the three junctions are based on the same
aterial, optical simulation provides a reliable solution to

stimate the absorption and photocurrent balance within
he multi-junction structure.

In the years of 2012 and 2013, immense progress was
chieved in techniques for small molecular multi-junctions
ia vacuum deposition. In April 2012, Heliatek GmbH, a
ompany located in Dresden, Germany [30], announced
ower conversion efficiency of 10.7% from dual-junction
andem cells based on small molecules. More recently, they
chieved a 12% power conversion efficiency based on triple
unction OPV cells [30]. Hence, this application of organic
oping proves to be a success with OPV cells [130].

In light of these development trends, triple junctions
rovide a powerful approach for achieving >15% effi-
iency by reducing thermal loss, which could be utilized to
mprove the overall effective absorption in the near future.
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