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Polymer solar cells are one of the most promising prospects for widespread renewable energy due

to their low cost, light weight, and mechanical flexibility. However, to date, low efficiencies (7.9%) of
these devices inhibit their application. New materials and device designs are needed to increase the
efficiency and make this technology available for large-scale applications. A polymer multijunction
solar cell made of two or more subcells in series, parallel, or other special connections offers a potential
solution to the losses in the current polymer single-junction solar cells. In this article, the recent
developments in polymer multijunction photovoltaic materials, cell structures, and device modelling
are reviewed. In addition, the current challenges that need to be addressed to achieve siginificantly
higher efficiency are discussed.

1. Introduction Polymer solar cells have received increasing interest since 1992
when Sariciftci er al.” observed efficient photoinduced electron
transfer from polymer semiconductors (conjugated polymers) to
an electron acceptor, Cgp. A power conversion efficiency of
6-7.9% was within reach using conducting polymers as electron
donor materials (Fig. 1).*'" Conjugated polymers offer an
attractive approach for increasing solar cell efficiencies because
their bandgaps and energy levels can be engineered by modifying
their chemical structure.

There is increasing global interest in alternative forms of energy,
and sunlight is a particularly promising clean and readily avail-
able source compared with conventional fossil fuels. Solar cells
are devices that directly convert solar energy into electricity. The
energy from the sun that strikes the earth is a gigantic 3 x 10**J
a year, or about 10 000 times more than what the global pop-
ulation currently consumes. Covering 0.1% of the Earth’s surface
with solar cells at an efficiency of 10% would provide the current
energy needs of the whole world.! However, the electricity
generated from solar cells today is less than 0.1% of the world’s

total energy demand.? EE 2 SiBnrer
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Center for Advanced Photovoltaics, South Dakota State University, Fig. 1 Efficiency evolution of state of the art polymer solar cells from
Brookings, SD, 57007, USA. E-mail: Qiquan. Qiao@sdstate.edu.; Fax: 2001 to 2009. Some of the efficiency data were taken from ref. 8, 11,
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Broader context

There is increasing global interest in alternative forms of energy, and sunlight is a particularly promising clean and readily available
source compared with conventional fossil fuels. Existing silicon solar cells typically require sophisticated high temperature pro-
cessing, high quality silicon, and complex engineering, and are therefore not cost effective as an energy source for most applications.
Polymer solar cells show great potential as a low cost alternative to Si solar cells because they can be fabricated using inexpensive
painting or simple printing. However, to date, low efficiencies of these devices inhibit their application. New materials and device
designs are needed to increase the efficiency and make this technology available for large-scale applications. A multijunction polymer
solar cell made of two or more subcells in series, parallel, or other special connections offers a potential solution to the losses in the
current single junction polymer solar cells to achieve significantly higher efficiency.
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However, due to the low carrier mobilities and short carrier
diffusion lengths in existing conjugated polymers, the active layer
thickness cannot be arbitrarily increased to allow for full spec-
trum photon flux absorption in a single-junction solar cell. One
promising way to achieve this is to use variable bandgap poly-
mers in a tandem structure in which multiple subcells with
different energy gaps are stacked.™' In a multijunction cell,
where the subcells are electrically connected in series, the overall
open circuit voltage (V) is the sum of those from all individual
subcells, while the current is the same as that in a single subcell
once their currents are matched.?® Other approaches for
polymer multijunction solar cells, including parallel connections,
mechanical stacking, folded reflective orientation, and

self-passivating structures, have also been studied to increase cell
efficiency and performance.*~>*

In this paper, the recent developments of polymer multi-
junction solar cells are reviewed. First, the mechanism, theory,
and cell modelling of polymer based single and multijunction
solar cells are introduced. Second, the donor polymers, accep-
tors, and interfacial layer materials are described. Third, polymer
multijunction solar cell architectures are discussed in detail for
four structures: series connection, parallel connection, mechan-
ical stacking, and folded-reflective orientation. Various pro-
cessing methods of the interfacial layers including sputter
coating, solution processing, thermal evaporation, and the
combined solution processing and thermal evaporation are also
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described. Finally, current challenges in increasing the efficien-
cies of polymer multijunction solar cells are presented.

2. Mechanism and theory

2.1 Mechanism and theory of polymer single-junction solar
cells

In a polymer single-junction solar cell, illustrated in Fig. 2, the
conversion of a photon into an electron—hole pair is able to do
the work of ¢V, (¢: electron charge and V.. open circuit
voltage). This process typically takes six steps as follows, where
7 is the efficiency of each step:

1) Photon absorption (14);

2) Exciton generation (7ey);

3) Exciton diffusion (ngie);

4) Exciton dissciation (7eq);

5) Charge transport (7.);

6) Charge collection (7).

Absorbed photons generate excitons (electron-hole pairs),
instead of free carriers in the active materials of the polymer solar
cells. The excitons must diffuse to the donor—acceptor interface,
where they dissociate into free carriers (electrons and holes).
These free carriers then transport to their corresponding elec-
trode through a bi-continuous interpenetrating pathway, and are
finally collected at the electrodes. Associated with these steps in
a single junction solar cell are limitations and losses that include:

(i) Absorption loss—Spectral mismatch leading to incomplete
absorption of low energy photons;

(ii) Thermalization loss—Conversion of photon energy into
a lower energy;

(iii) Exciton loss;

(iv) Energy loss required for exciton dissociation;

(v) Charge recombination.

The above limitations and losses reduce the energy conversion
efficiency of a polymer single-junction solar cell. Fig. 3 is
a Scharber contour plot which shows the dependence of calcu-
lated energy conversion efficiencies versus the bandgaps and the
LUMO energy levels of light absorbing polymers.>® The highest
theoretical energy conversion efficiency for a single-junction
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Fig. 2 Energy level diagram of a donor—acceptor (D-A) polymer
photovoltaic cell showing six steps associated in device operation.
LUMO: lowest unoccupied molecular orbitals; HOMO: highest occupied
molecular orbitals; and /4v: photon energy.
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Fig. 3 A Scharber contour plot showing the dependence of calculated
energy conversion efficiencies versus the bandgaps and LUMO energy
levels of the light absorbing (donor) polymers. In this calculation, we
assumed: Fill factor (FF) = 0.65 and incident photon to current efficiency
(IPCE) = 60%).>

polymer solar cell is about 10-13% for a polymer with a bandgap
of 1.5 eV. However, further increase in the efficiency using single
junction approaches will be very challenging. Fortunately, mul-
tijunction structures have appeared as a promising solution to
achieve a higher efficiency in polymer solar cells.

2.2 Mechanism and theory of polymer multijunction solar cells

A polymer multijunction solar cell (PMSC) structure can reduce
the previously mentioned losses (i), (ii) and (iv). Absorption loss
(1) can also be reduced by employing a multijunction solar cell
with a series connection between adjacent subcells, in which the
semiconducting polymers with different bandgaps are stacked to
absorb a broader spectrum of photons within the solar
spectrum.'**® Due to low carrier mobilities and short diffusion
lengths, the active layer thickness in single junction cells cannot
be arbitrarily increased for efficient broader spectrum absorp-
tion. Thus a multijunction structure must be realized using
interfacial middle electrodes to collect the carriers from corre-
sponding subcells.

Thermalization loss (ii) can also be reduced by using a multi-
junction structure made of multiple polymers with different
bandgaps. In this way low energy photons are converted to low
energy excitons in a low bandgap polymer. Similarly medium
and high energy photons are converted into medium and high
energy excitons in a medium and high bandgap polymer,
respectively.

In addition, a multijunction structure can also help to over-
come the energy loss required for exciton dissociation (iv). In
order for charge transfer to occur efficiently, the offset between
the donor LUMO and acceptor LUMO needs to be high enough
to overcome the exciton binding energy, which is typically
0.1-0.4eV. In a P3BHT:PCBM system, the offset is large at almost
1.4 eV which sacrifices V.. Fig. 4 shows cell efficiency versus
bandgap for various donor-acceptor LUMO offsets and indi-
cates that polymer single-junction solar cell efficiency can be
increased from about 5% to above 15% when the energy loss
required for exciton dissociation (offset) is reduced from 1.0 eV
to 0.2 eV. In a polymer solar cell V. can be estimated from the
difference between the donor HOMO and acceptor LUMO.
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Fig. 4 Dependence of energy conversion efficiency (n) on the bandgap
(E,) of donor polymers and the offset (AE) between donor LUMO
and acceptor LUMO levels. In our modeling, we assumed: fill factor
(FF) = 0.65; incident photon to current efficiency (IPCE) = 60%. These
assumptions are realistic since the state-of-the-art polymer solar cells
have been capable of achieving FF > 0.6 and IPCE > 70%.%%¢

The multijunction structure provides the opportunity to engineer
the corresponding offsets in individual subcells for photons from
different regions in the solar spectrum. Moreover, in a polymer
multijunction solar cell, multiple donor—acceptor systems can be
designed for different subcells that harvest photons from various
solar spectral regions; however the same donor—acceptor system
is used for all the photons in a single junction device.

2.3 Modelling of polymer multijunction cells

Polymer multijunction solar cells consisting of two or more
subcells can be modeled as follows.

The short circuit current density of the first subcell (optical
front cell), J; in a multijunction device under AM1.5G is given
by27,28

Jut = Je-zvphu)'EQEl(A)-(l — M)d) (1)

Here, EQE,(4) and N,u(4) are the external quantum efficiency
and photon flux density, respectively, at a wavelength A in the
incident solar (AM1.5G) spectrum. 4, is the cutoff absorption
wavelength of the first subcell (optical front cell). In a single
junction cell, the top electrode (e.g. Al) typically acts a mirror
and reflects the trasmitted light back to the active layers for
additional light absorption. However, in a multijunction solar
cell, the interfacial layers (e.g. TiO,, ZnO, etc.) do not function as
a mirror to reflect the transmitted light. Therefore, compared to
single junction cells, the optical front cell has some loss, which is
called mirror loss and is represented by M. This loss is caused
by the absence of significant reflection at the interface between
adjacent subcells. It is thickness-dependant and has recently been
estimated at ~15% in average, according to transfer matrix based
optical simulations.?”-?®

In contrast to single junction cells, to calculate the short circuit
current density (Jy) of the second subcell (optical back cell) in
a multijunction structure, both external quantum efficiency
(EQE)) and internal quantum efficiency (IQE;) of the optical
front subcell are required. A, is the cutoff absorption wavelength
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Fig. 5 Schematic diagram of PMSCs in electrically series and parallel
connections.

of the second subcell. The short circuit current density of the
second subcell (Jy») in a multijunction device under AM1.5G can
be calculated as*”*®
X
Jsc2 = J e'Nph(A).EQEZ(A). 1

20

_EQE\(W)
TOE.(1 (1-M)|dr ()

According to fabrication procedures, a typical multijunction
solar cell can be connected in two ways: (i) series; and (ii) parallel.
Fig. 5 shows the two basic electrical connections in a multi-
junction solar cell.

2.3.1 Subcells connected in series. In series multijunction
cells, excitons are formed in all subcells during light absorption.
After the excitons dissociate at the donor—acceptor (D/A) inter-
face, electrons in one subcell and holes in its adjacent subcell
diffuse to the middle contact layer to recombine while the
remaining free carriers are collected at the outer electrodes
(Fig. 6).%

The overall current is determined by the lowest current
produced by the individual subcells in the stack. The current of
each subcell can be optimized to be equal to the others at the
operating illumination intensity.'**® Otherwise, the extra charges
will build some local potential and electric field, and thus reduce
device efficiency. The individual subcell currents are typically
optimized by varying the thicknesses or material composition of
the active materials in each subcell. In addition, optical inter-
ference effects and thickness-dependent optical properties of the
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Fig. 6 Energy level diagram of a triple-junction polymer solar cell in
a series connection under the open circuit voltage condition showing how

the electrons in one subcell and holes in its adjacent subcell will diffuse to
the middle contact (interfacial) layer to recombine.?-3
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interfacial layers are also important factors and need to be
considered.

An alternative model has been proposed by Hadipour et al.?'
They reported that Jy._mu1; of @ multijunction device may entirely
depend on the combination of short cuicuit current density (Jy,)
and fill factor (FF,) of the individual subcells. For example,
a combination of one subcell with a extremely low FF and J,
and the other one with a much higher FF and J,. may lead to
a multijunction cell with a fairly low FF and a high J,.. Then the
Jse of the multijunction cell might be equal to the highest Jg. in
the subcells.

The open circuit voltage (V,.) of a multijunction solar cell in
a series connection is the sum of Vs of the individual subcells,
thus it can be written as:

Vocmulti = Voct + Voca t Voez + ... (3)

where Voci, Vo2, Voes, -.. are the open circuit voltage of the
individual subcells in the stack. Typically, the deposition of
multiple cells in series results in an inversely-oriented hetero-
junction between the donor (D) layer of one cell and the acceptor
(A) layer of its adjacent cell. The carriers will pile up in the
reverse D-A junction and reduce the Vi ui’® In order to
prevent the carrier build-up, interfacial layers are required to be
inserted between the adjacent individual subcells, providing
recombination centers for electrons and holes approaching from
the adjacent cells and ensuring a maximized V.-

It is generally agreed that the V. of subcell i can be estimated
from the difference of the acceptor LUMO and donor
HOMO as:

1
Voc(i) = E (LUMOacceptor(i) - HOMOdonor(i)) (4)

However, this equation needs to be modified in some cases.
For example, Scharber et al.*® have observed that the open circuit
voltage of a polymer/PCBM solar cell could be approximated as:

1
Voe = E (LUMOPCBM — HOMOpolymer -03 CV) (5)

Where the value of 0.3 eV is an empirical factor which describes
the deviation between the theoretical maximum built-in potential
(Vi) and the open circuit voltage (V,.). The current under-
standing of polymer solar cells suggests that the open circuit
voltage in individual subcells can be improved either by moving
the LUMO of an acceptor closer to the vacuum level (but still
having an offset with the donor’s LUMO for efficient charge
transfer) or pushing the HOMO of a donor away from the
vacuum level.*?* Multijunction cell efficiency in a series
connection can be calculated as:

Jse—mutti * Voc—muti * FF

Nmutt = Pro (6)
1ght

where the FF can be improved by optimizing film morphology
and interfacial layers not only between adjacent individual sub-
cells but also between the active layer and the top or bottom
electrode.>63%%3

Fig. 7 shows the theoretical performance of multijunction
solar cells connected in series in terms of cell efficiency (Nmuiti)s
open circuit voltage (Voc.mulii)» and short circuit current density

(Jse-multi)> as well as the absorption spectrum region of the optical
back cell. The analysis was performed under four assumptions:
(1) the individual subcells were connected in series; (2) the
acceptor was not a specific material, such as widely used fullerene
derivatives, but assumed to have all available LUMO energy
levels; (3) each subcell optimally absorbed the same amount of
photon flux and generated identical current density, leading to
minimal current loss; (4) both the top and bottom electrode had
an Ohmic contact with photoactive layers and the contact loss
was not considered. The bandgap (E,) of the donor in individual
subcells was obtained from their cutoff absorption wavelengths
and the V. of the individual subcells was estimated by sub-
tracting E, from the exciton binding energy (E,). It was also
assumed that the FF and IPCE were 0.65 and 60%, respectively.
The cell efficiencies of the multijunction solar cells were finally
calculated using eqn (6).
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Fig. 7 The theoretical dependence of cell efficiency (7mui), open circuit
voltage (Voc.muri),» and short circuit current density (Jsc.muyg) on the
absorption spectrum of the optical back cell of: (a) double-junction cells;
(b) triple-junction cells; and (c¢) quadruple-junction cells.
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Fig.8 The effect of the number of subcells and J. on multi-junction cell
efficiency. In our modeling, we assumed: fill factor (FF) = 0.65; incident
photon to current efficiency (IPCE) = 60%.

It was found that in a specific multijunction (double, triple,
quadruple, ...) case, V,. decreased and Jy. increased as the optical
back cell’s light absorption spectra were broadened to near
infrared or infrared regions. It is not always true that multi-
junction solar cell efficiency increases as the light absorption
spectrum is broadened, since the light absorption will only
increase the short circuit current density. A balance between the
short circuit current density and open circuit voltage needs to be
achieved. Once a polymer multijunction solar cell with a fixed
number of subcells is designed, an optimal light absorption
spectrum range needs to be identified to achieve the highest
possible energy conversion efficiency. With a reasonable
assumption of FF = 0.65 and IPCE = 60%, the highest achievable
energy conversion efficiency in a double, triple, quadruple cell is
expected to increase and the maximum efficiency can be obtained
when the cutoff light absorption wavelength in the optical back
subcell is at about 1150 nm, 1400 nm, and 1740 nm, respectively.

Fig. 8 shows the theoretical dependence of multijunction cell
efficiencies on the number of subcells and J in the stack with
a series connection. The results show that the achievable energy
conversion efficiency for a single, double, triple and quadruple-
junction polymer solar cell is 13%, 19%, 22%, and 24%, respec-
tively. This demonstrates that multijunction solar cells can
substantially increase energy conversion efficiency compared to
a single junction solar cell by overcoming the losses mentioned
earlier.

2.3.2 Subcells connected in parallel. When the subcells in
a PMSC are connected in parallel, the short circuit current
density of the device is the sum of Jys of all individual subcells,
thus it can be expressed as:

Jsc-mulli =Jse1 + Jch + Jsc3 + .. (7)

And the open circuit voltage of multijunction device (Vo multi)
is the minimum V. of individual subcells.
3. Polymer multijunction solar cell materials
3.1 Donor polymer materials

Conjugated polymers, as donor materials, are semiconducting
due to their framework of alternating single and double

carbon-carbon bonds. Most conjugated polymers have
a bandgap between the HOMO and the LUMO in the range of
1.5-3 eV and a high absorption coefficient of ~10° cm~!. This
makes them well suited for absorbing visible light in photovoltaic
devices. However, the optical absorption range is relatively
narrow in the solar spectrum because most conjugated polymers
only absorb light in the blue and green while absorption in the
red and near infrared is quite poor. Narrow band light absorp-
tion of the solar spectrum limits photocurrent generation.
In addition, donor polymers should have high hole mobility for
efficient charge transport. The selection and manipulation of
polymer combinations in multijunction cells is very important
for achieving a high power conversion efficiency.?* Therefore, in
order to increase the cell efficiencies, it is necessary to fabricate
multijunction cells with absorption at different spectral responses
including the near infrared and infrared regions, and to stack
them together.**

To efficiently harvest broad spectrum sunlight, low bandgap
polymers (E, < 1.8 eV) are needed to improve light harvesting.*+-*¢
Recently, these polymers have been successfully applied in poly-
mer multijunction solar cells as an optical back subcell in
combination with high bandgap polymers as optical front sub-
cells. #4748 Table 1 lists the common conjugated polymers as
donors including the most recently developed low bandgap
polymers. Fullerene derivatives (e.g. PCBM and PC,,BM) were
used as the acceptors listed in Table 1 to compare efficiencies.

3.2 Acceptor materials

The acceptor materials in polymer solar cells need to have
a higher electron affinity than the donor polymers. In other
words, the LUMOs and HOMOs of the acceptor materials need
to lie well below the related LUMOs and HOMOs of various
donor polymers, making them energetically favorable for exciton
dissociation and charge transfer at the interfaces. A high electron
accepting ability is also required for applications in solar cells.
For example, buckminsterfullerene is capable of taking up to six
electrons.® Another property is their high electron mobility,
which works as a “speed limit” for electron transport. Table 2
lists typical fullerene-based acceptor materials.®*

3.3 Interfacial layer materials

Transition metal oxides (e.g. TiOy =) and ZnO), transparent
conductive oxides such as indium tin oxide, and metallic nano-
clusters (e.g. Au and Ag nano-clusters) are often used as inter-
facial or recombination layers in PMSCs (Table 3).>'%-5%55 These
layers act as a protecting layer for the bottom subcell and a base
for the top cell. The transparency of the interfacial layers should
be considered along with their electrical properties, since light
blocking from the interfacial layers can reduce the light that will
be absorbed by the back subcells. Transparent metal oxides such
as TiOy(x=2) and ZnO serve as an electron transport and col-
lecting layer for the first subcell and as a stable base for the
second subcell fabricated on its top.” Conducting polymers
(e.g. PEDOT:PSS and modified PEDOT) and other transitional
metal oxides (e.g. V,0s, M0Os, efc.) can act as a hole-transport
layer.>® With the help of a multilayer semitransparent electron or
hole transport interlayer, two or more polymer subcells can be
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Table 1 Non-exhaustive list of typical polymer donor materials in PMSCs

Structure Name

HOMO/eV

LUMO/eV

Bandgap/eV

Cell efficiency (%)

Single-
junction

Multi-
junction

Ref.

PBDTTT-CEF: poly[4,8-bis-
substituted-benzo
[1,2-b:4,5-b'|dithiophene-2,6-
diyl-alt-4-substituted-
thieno[3, 4-b]thiophene-2,6-
diyl]-derived polymer

PCDTBT: poly[N-9"-hepta-
decanyl-2,7-carbazole-alt-5,5-
(4,7'-di-2-thienyl-2',1",3'-
benzothiadiazole)]

PBTTQ: alternating electron-rich
bithiophene and electron-
deficient thiadiazoloquinoxaline
units

PDDTT: poly(5,7-bis(4-decanyl-2-
thienyl)thieno[3,4-b]diathiazole
thiophene-2,5)

PTBEHT: poly(5,7-di-2-thienyl-
2,3-bis(3,5-di(2-ethylhexyloxy)
phenyl)thieno[3,4-b]pyrazine

PBEHTT: (poly(5,7-bis[3,4-di(2-
ethylhexyloxy)-2-thienyl]-2,3-
diphenylthieno[3,4-b]pyrazine))

PCPDTBT: poly[2,6-(4,4-bis-(2-
ethylhexyl)-4 H-cyclopenta[2,1-
b;3,4-b'\dithiophene-alt-4,7-
(2,1,3-benzothiadiazole)]

¥ PTPTB: poly-(N-dodecyl-2,5-
NN bis(2'-thienyl)pyrrole-(2,1,3-
S benzothiadiazole))

CeH1a P3HT: poly(3-henxylthiophene)

A4
S
n

OC1oHz1 MDM?—PPV: poly[2-methoxy-5-
Y (3,7’-dimethyloctyloxy)-1,4-
n phenylenevinylene]
PFDTBT: poly((2,7-(9,9-dioctyl)-
fluorene)-alt-5,5-(4',7'-di-2-

thienyl-2’,1",3'-
benzothiadiazole)

—-5.22

-5.5

—4.7

—4.71
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Table 2 Non-exhaustive list of typical acceptor materials.”*

Structure Name HOMO/eV LUMO/eV Bandgap/eV Ref.
Ceo —6.2 —4.5 1.7 49
[60]PCBM: [6,6]-phenyl Cg; butyric —6.1 —4.3 1.8 9
acid methyl ester
[70]PCBM: [6,6]-phenyl C5, butyric —6.1 —4.3 1.8 8

acid methyl ester

Table 3 Non-exhaustive list of materials typically used as interfacial layers in PMSCs (ETL: electron transport layer; HTL: hole transport layer)

Name/structure HOMO/eV LUMO/eV Bandgap/eV Work-function/role Ref.
TiO,/TiO, -8.1 —4.4 3.7 ETL 9
ZnO -7.5 —4.2 33 ETL 19
MoO; —53 -2.3 3.0 HTL 50
V,0s5 —6.55 —4.25 2.3 HTL 51
ITO — — — 4.8/ETL 17
— — — — — S/HTL 19
Q o) O, o

BN

s N\ / K "

O\_/O
PEDOT
— — — 5.2/HTL 9,52,53

F Ny s Y
s N[/ s

[
oS

PEDOT:PSS

n

stacked together. Table 3 shows a non-exhaustive list of materials
typically used as interfacial layers in PMSCs.

TiO,=2) and ZnO can also be used as an optical spacer,
a transparent electron transport layer between the metal top elec-
trode and active layer, to place the active layer into a more favor-
able region of the internal electrical field. An embedded optical
spacer can separate two photoactive single cells and optimize the
electronic and optical properties of the whole cells. Polymer solar
cells whose film thicknesses are limited by low charge carrier
mobility can benefit from an optical spacer layer.?¢->%7

4. PMSC device structures

An enormous number of scientific papers dealing with polymer
multijunction solar cells have been published in the last several

years. Several approaches including series connections, parallel
connections, mechanical stacking, and folded reflective struc-
tures in PMSCs have been discussed by various groups. In this
section, different structures of polymer multijunction solar cells
and their performance are described.

4.1 Series cell structure

4.1.1 Normal structure. In the normal structure, subcells
made of polymeric semiconductors with different bandgaps are
fabricated into one multijunction cell, in which the wide bandgap
polymer is used in the optical front cell (bottom cell) while the
narrow bandgap polymer is placed in the optical back cell (top
cell). Fig. 9 represents a typical monolithic normal structure of
a PMSC consisting of two subcells. The bottom cell with wide
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Normal structure

Fig. 9 Schematic diagram of a PMSC with normal series connection
structure.

bandgap materials absorb high energy photons and let the low
energy photons pass through which are absorbed by the low
bandgap material in the top cell.!*19-22:23.29:58

4.1.2 Inverted structure. In an inverted polymer multi-
junction solar cell structure, narrow bandgap polymers are used
in an optical front subcell (bottom cell) while wide bandgap
polymers are in the optical back subcell (top cell). This structure
is selected when the narrow bandgap polymer must be made
quite thin to get optimum performance while its absorption
spectrum does not overlap too much with that of the wide
bandgap polymers used in the top subcell. Kim ez al.® observed
that the inverted structure (Fig. 10a) led to the highest efficiency
when P3HT and PCPDTBT were used as an active material in
the subcells. The absorption spectra of P3HT and PCPDTBT are
illustrated in Fig. 10b. The authors studied all possible variations
of the multijunction cell architectures to optimize and balance
the current in the subcells. They changed the order of the active
materials (Ze. normal and inverted structures), varied the
concentration and ratio of each component in the composite
solutions, and optimized the thickness of the active materials in
the subcell. It was found that the P3HT:PC,,BM back cell had
a smaller J,. between the two subcells and thus limited the overall
cell performance because the PCPDTBT:PCBM front subcell
had a higher extinction coefficient. The authors also observed
that the FF of the multijunction cell was very close to, and
determined by, that of the limiting subcell. Therefore, they used
the P3HT:PC,oBM as the back subcell to obtain a higher FF and
improved performance.

4.1.3 Self passivating structure. A self passivating multi-
junction photovoltaic device, consisting of a PbSe nanocrystal
quantum dot photoconductor as the optical front subcell and
a P3HT/PCBM as the back subcell, was reported by Kim ez al.**
As shown in Fig. 11a and b, the PbSe quantum dot front subcell
served as both a photocurrent generator and a UV protector for
the back cell made of P3HT/PCBM. The authors claimed that
this structure had four major advantages: (1) all-solution based
processing; (2) provided UV degradation protection for the
polymer based back subcell; (3) the protective layer had multiple
exciton generation resulting in higher UV energy conversion
efficiency; and (4) the polymer back subcell provided an electric
field to extract charges generated from the PbSe quantum dot

(a)

P3HT:PC,,BM
PEDOT:PSS
LY, ——

PCPDTBT:PCBM
EDOT:PSS

(b) 15
i —a— PCPDTBT #— PIHT
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Fig. 10 (a) The device structure (right) and TEM cross-sectional image
(left) of the polymer tandem solar cell. (b) Absorption spectra of low
bandgap PCPDTBT (optical front subcell), high bandgap P3HT (back
subcell) films, and the acceptor materials including PCBM and PC,,BM.
Reprinted with permission from ref. 9.

layer. This multijunction device had lower overall performance
(n = 1.17%, Vo = 0.57 V, J. = 6.38 mA cm~?) than single-
junction cells due to inefficient photocurrent extraction from the
PbSe layer caused by traps and defects on the nanocrystal
surface. However, as shown in Fig. 11c, stability measurements
under AM 1.5 and UV-enhanced illumination on both the
double-junction device and the reference P3HT/PCBM cell
demonstrated that the PbS quantum dot film did improve the
robustness of multijunction cells. The double-junction cells also
showed significantly higher durability than the control polymer
solar cells because of the UV protection from the optical front
PbSe subcell.

4.2 Parallel cell structure

Zhang et al®' reported a simple structure of a multijunction
device that represents an alternative way to connect two subcells
in parallel. The schematic diagram of the cell and its equivalent
circuit diagram are depicted in Fig. 12. In this device, a PCBM
layer was used to form both a bilayer heterojunction subcell with
the underlying CuPc layer and a bulk-heterojunction subcell
blended with P3HT. The disadvantage of this design was that
only excitons created within the exciton diffusion lengths at the
CuPc/PCBM interface in the bilayer subcell were able to diffuse
to the interface for separation into free carriers.

The enhanced short circuit current density (/. = 8.63 mA cm2)
and power conversion efficiency (PCE = 2.79%) of the parallel
double-junction solar cells were close to the sum of those from the
individual subcells of CuPc¢/PCBM (J,. = 2.09 mA cm~2 and
PCE = 0.43%) and P3HT:PCBM (J,. = 6.87 mA c¢cm > and
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Fig. 11 (a) Self-passivating double junction solar cell structure that
includes an additional photoconductive PbSe nanocrystal film layer.
(b) Cross-sectional SEM image of the device. The thickness of each layer
was 80 nm (P3HT/PCBM), 30 nm (PEDOT) and 50 nm (PbSe), respec-
tively. (c) Stability test results for the double junction and reference
P3HT/PCBM cells under AM1.5G illumination and UV-enhanced illu-
mination showing that the self passivating front subcell improved the
overall cell durability. Reprinted with permission from ref. 24.

PCE = 2.5%). Compared to the above-described series multi-
junction cells, the parallel cell design did not require transparent
or semitransparent intermediate layers. Thus the device configu-
ration was simplified for lower cost. In addition, the light
absorption loss in the optical back cell was also significantly
reduced.

4.3 Mechanically stacked structure

When the active layer of each subcell in a multijunction device is
formed by solution processing, PMSC fabrication becomes quite
challenging since the formation of the additional middle or back
subcells may damage the transparent/semitransparent intercell
connection layers and the front subcell that has already been
fabricated. Shrotriya er al.** reported an approach to overcome
the processing difficulties in solution based multijunction cells.
They fabricated two identical bulk heterojunction single cells on
different glass substrates and then positioned them on top of
each other. Depending on the need, the subcells were connected
either in series or in parallel outside the device. Both subcells had
identical active materials (MEH-PPV:PCBM blend) about 70 nm
thick. The bottom cell had a semitransparent cathode consisting
of 1 nm LiF, 2.5 nm Al and 12.5 nm Au, which showed
a maximum transparency of ~80% at 580 nm. It was reported

(a)
Al Electrode
ITO
*
Glass
(b)
DIODET DIODET
% Resistor
(c)
35eV 3.0eV
3.7¢V Al
CuPe  |p3HT:PCBM 2oy
. T DCQ N
PEDOT:PSS 52 eV
5.1eV 5.2eV
6.2eV

Fig. 12 (a) The cell structure of PMSC connected in parallel; (b) the
equivalent circuit diagram; and (c) the energy level diagram. The extra
resistor shown in (b) indicated that holes generated in the blend layer had
to be transported across the CuPc layer. Reprinted with permission from
ref. 21 and 27.

that an increase of the active layer thickness in PPV-based solar
cells led to enhanced absorption, but not improved
performance.® However, this was solved by using two identical
thin active layers in each subcell of the mechanically stacked cell,
which effectively increased absorption while maintaining favor-
able electrical properties. A schematic diagram of the mechan-
ically stacked cell structure and its current density—voltage curves
are shown in Fig. 13.

The subcells in both the series and parallel configurations had
an active layer thickness of ~70 nm. It was found that the effi-
ciency of ~2.5% for both the parallel and series cells was equal to
the efficiency of a single layer device with a thickness of 140 nm.
Therefore the coupling of two identical subcells did not have an
efficiency advantage versus a single cell with the same total active
layer thickness. A summary of their results is given in Table 4.
The main advantage of this structure is flexibility in cell orien-
tation.

4.4 Folded reflective structure

A new architecture for multijunction solar cells, called “folded
reflective multijunction device” was reported by Tvingstedt
et al® This is another approach to the general challenges of
multijunction cells including extra transparent/semitransparent
interlayer electrodes and solvent incompatibility. The authors
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Fig. 13 Current density—voltage curves for the mechanically stacked
multiple-cell structure in (a) series connection, and (b) parallel connection.
The inset is the device structure. Reprinted with permission from ref. 22.

Table 4 Performance of mechanically stacked solar cells processed on
separated substrates.??

Cells VoV JmAcecm=2  FF[%] 7 [%]
Bottom 0.86 2.6 45 1.1
Top 0.86 3.2 45 1.3
Multijunction  Series 1.64 34 45 24
Parallel  0.84 6.3 45 2.5

demonstrated that single subcells reflect nonabsorbed light to
adjacent subcells thereby improving efficiency. By folding two
substrates with a single subcell built on each top, substantial
enhancement in the cell efficiency was obtained due to light
trapping. In addition, this structure provided an opportunity to
fabricate multijunction solar cells with arbitrary optical and
electrical connections in either series or parallel. It was found
that the folded multijunction cell efficiency in series connection
increased from 2.0% to 3.7% as the fold angle increased from
0° to 70°.

Using a similar design, Zhou ez al.®® demonstrated an array of
reflective multijunction cells by folding four individual subcells
on a single plastic substrate. Fig. 14 shows the folded cell
structure. The authors observed that the increase of cell efficiency
was negligible when the opening angle was larger than 120°
because the reflected light from one subcell was not directed to
the adjacent subcells. However, cell efficiencies were significantly
improved by 62% + 12% at an angle of 30° compared to a planar
cell in either the series or parallel configurations. With a
series connection of four subcells, an open circuit voltage of
3.45-3.65 V was achieved at an opening angle of 30°.

(a)

PET
PH500/FPEDOT-EL

Active layef
LiF /Al

Fig. 14 (a) Device configuration and light ray paths for a folded
reflective cell at an opening angle of 2a. (b) Pictures of the cell arrays
consisting of two subcells (V-geometry) and four subcells (W-geometry).
Reprinted with permission from ref. 60.

5. Interface engineering

Typically, the active layers of the subcells in PMSCs are fabri-
cated by solution based processes including spin coating, ultra-
sonic spray coating, and potentially large-scale roll-to-roll
processing.>'*5%6162 However, these techniques have several
challenges. The major difficulty lies in the stacking ability,
i.e. probable dissolution or damage of lower layers during the
deposition of top cells, especially when the same or similar
solvents are used. Various special techniques including the
previously described mechanically stacked multi-cell structure
and the folded reflective multijunction cells have been used to
address these issues. Recently a new type of multijunction solar
cell using thermocleavable polymers has also been reported, in
which additional subcell layers are deposited by converting the
earlier deposited subcells from a soluble to an insoluble form
via thermal annealing. However, the cell efficiencies using these
new approaches were lower than those of traditional series
connection approaches.>® Thus a majority of current research has
been focused on the PMSC structure in series. In these cells,
a separating layer (middle contact) is required that has to be:
(i) thick enough to protect the bottom subcell from dissolving
during solution processing of the top subcell; (ii) strong enough
to act as foundation for the top subcell; and (iii) transparent or
semitransparent for efficient light transfer to the top cell. In
addition, the middle electrode interfacial layer should provide an
Ohmic contact between the two adjacent subcells. To overcome
the fabrication issues of subcell stacking, different processing
methods, as well as new materials have been reported and are
reviewed in this section.

5.1 Sputter coating

Kawano et al. reported a double-junction solar cell comprised of
two bulk heterojunction (BHJ) subcells connected in series with
a interlayer of indium tin oxide (ITO)."” Due to high
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TableS Average open circuit voltage of the subcells and the multijunction
cells; Cell A: Glass/ITO/PEDOT:PSS/MDMO-PPV:PCBM/ITO; Cell B:
GlasssMDMO-PPV:PCBM/ITO/PEDOT:PSS/MDMO-PPV:PCBM/AL;
Double junction: Glass/ITO/PEDOT:PSS/MDMO-PPV:PCBM/ITO/
PEDOT: PSS/MDMO-PPV:PCBM/AL Reprinted with permission from
ref. 17

BHJ organic solar cell Open circuit voltage, Voc/V

Cell A 0.48 + 0.04
Cell B 0.73 £ 0.01
Stacked 1.31 £ 0.04

transparency of the ITO layer, the light intensity reaching the top
cell was very high, resulting in increased photocurrent in the top
cell. The ITO separating layer, acting as electron transport layer,
could be deposited either by spin-coating, rf or dc magnetron
sputtering. PEDOT:PSS was used as the hole transport layer.
Table 5 shows the average open circuit voltages (V) of the
individual subcells and stacked double-junction cells under
100 mW c¢cm~* AM1.5G illumination.

The Vs of the individual subcells were separately evaluated.
The V. of the stacked cell was found to be the sum of the Vs of
the individual subcells (A and B), indicating that the subcells
were connected in series.

5.2 Solution processing

5.2.1 ZnO interlayer. A solution-processed ZnO middle
electrode opened the possibility for fully solution-processed
multijunction cells.” ZnO nanoparticles were prepared,®*%*
dispersed in acetone, and spin-coated on top of the active layer of
the bottom cell as an electron transport layer (ETL). For the hole
transporting layer (HTL), neutral pH PEDOT:PSS was spin-
coated from a water based suspension. The active layers were
fabricated from a chlorobenzene solution of a composite made of
donor (MDMO-PPV or P3HT) and acceptor (PCBM).

Due to large energy offset and non-Ohmic contact at the
interface between ZnO and neutral pH PEDOT, charge recom-
bination across this interface was poor. This problem was over-
come via photodoping ZnO by exposure to UV light for a few
seconds.®*%¢ This resulted in an Ohmic contact between the ZnO
and PEDOT which prevented a voltage drop (or loss) across the
interface and allowed the holes and electrons to recombine effi-
ciently. Fig. 15 shows multijunction solar cell performance in
terms of V., Js, FF, and P,.x. With photodoping of ZnO by
UV, device efficiency improved by 50% and an V. of 2.19 V was
obtained for a triple-junction cell. This V. was close to the sum
of the individual subcell V.

A ZnO interlayer was also used in all-solution processing for
a PMSC based on thermocleavable polymers reported by
Hagemann er al>® This gave flexibility in processing layers that
could be converted from a soluble to an insoluble form using
a short thermal annealing step. Thus the problems associated
with solubility during the deposition of subsequent layers were
effectively solved. Schematic diagrams of the device structures
are shown in Fig. 16.

In this approach, a branched alkyl chain was used as a solu-
bilizing group which was attached to the active conjugated
polymer backbone through an ester group. When heated this
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Fig. 15 Relation between the number of subcells and (a) the open circuit
voltage (V,.) and short circuit current density (Jy.); and (b) the maximum
power output (Pp,.) and fill factor (FF) of a polymer multijunction solar
cell using ZnO/modified PEDOT as interlayers with and without UV
exposure treatment.'®

bond breaks, releasing a volatile alkene and leaves the polymer
component insoluble. A semitransparent intermediate layer
comprising PEDOT:PSS and ZnO was spin coated as interlayers
between the bottom and top subcells. Although the multijunction
device showed poor performance (0.02%) due to inefficient single
cells, high series resistance, and very low shunt resistance, it
opened up a new way to fabricate PMSCs without concern for
the choice of solvents for different individual subcells.

Zn0

PEDOT:PSS PEDOT:PSS PEDOT:PSS
Zn0 a0 Zn0
mo Imo ITo
Glass Glass Glass

Fig. 16 Schematic representation of the single junction and multi-
junction cells employing a wide band gap (P3CT) and a low band gap
(P3CTTP) thermocleavable polymer materials. Reprinted with permis-
sion from ref. 53.
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5.2.2 TiO,,= interlayer. So far, the most efficient all-
solution processing double-junction organic solar cells have been
reported by Kim ez al.,’ with a 38% performance improvement
compared to a single device. In this cell, a highly transparent
titanium oxide (TiO=2)) layer was used to separate the two
subcells in the stack. Due to the highly transparent recombina-
tion layer, increased light intensity at the top subcell led to higher
photocurrent generation. As a result, the efficiency of the double-
junction device was not limited by the lower current of the top
subcell as typically observed for multijunction structures with
a semitransparent metallic interlayer. The cell was fabricated on
a glass/ITO substrate covered by a 40 nm thick layer of
PEDOT:PSS (Baytron P). The transparent TiO=», interlayer
was made by spin-coating from a methanol solution by sol-gel
chemistry.®” The bottom subcell was a 130 nm thick layer of
PCPDTBT:PCBM film, made from a chlorobenzene based
solution.® The top subcell was a 170 nm thick P3HT:PC,,BM
blend film, processed from a chloroform solution. It is note-
worthy that the selective usage of PCBM or PC,;,BM allowed
reduction of spectral overlap in the two subcells and thereby
ensured an optimized J.. The two subcells had complementary
absorption spectra, which led to coverage of the entire visible and
part of near infrared solar spectrum. The authors chose an
“inverted multijunction cell” structure with a narrow bandgap
PCPDTBT:PCBM composite as the bottom subcell and a wide
bandgap P3HT:PC,,BM composite as the top subcell. They
observed higher cell performance for this inverted layer sequence
than that for the normal series structure. In order to make an
efficient hole transport layer, a highly conductive PEDOT:PSS
was spin-coated on top of the TiO,(,=») interlayer. The structure
of this device is depicted in Fig. 17. An overall energy conversion
efficiency of 6.5% was achieved using a solution processed
TiO(,=») interlayer.

5.3 Thermal evaporation

A highly transparent (98%), protective and structurally smooth
film of Al (I nm)/MoO; (15 nm) was deposited by thermal
evaporation as an intermediate layer in a triple-junction P3HT/
PCBM polymer solar cell.*® Fig. 18 shows the device configura-
tion. Although identical P3HT/PCBM active layers were used to
construct these triple-junction cells, an open circuit voltage of
1.73 V (0.62 V for single junction cells) and a power conversion
efficiency of 2.03% were achieved under a simulated solar irra-
diation of 100 mW cm— (AM1.5G).
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Fig. 17 Current density—voltage curves of the optical front subcell, back
subcell, and double-junction cell. Reprinted with permission from ref. 9.
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Fig. 18 Device configuration of a triple-junction polymer solar cell using
thermally evaporated Al (1 nm)/MoOs; (15 nm) as interlayers. Reprinted
with permission from ref. 50.

5.4 Combined solution processing and thermal evaporation

An interlayer consisting of an optical spacer layer and two carrier
transport layers was reported by Hadipour et al.** The interlayer
was made by a combined thermal evaporation and solution
processing method. The optical transmission window of the
bottom subcell was optimized to match the optical absorption of
the top subcell by varying the layer thickness of the optical
spacer. The absorption spectra of two subcells are complemen-
tary with A, ~ 850 nm for the top and A.x ~ 550 nm for the
bottom subcell. The carrier transport layer for the bottom and
top subcells was evaporated with Sm (3 nm)/Au (12 nm), and Au
(20 nm), respectively. Then 250 nm of polytrifiluoroethylene
(PTrFE), dissolved in methyl ethyl ketone (MEK), was spin
coated onto the bottom subcell as an optical spacer layer. In this
structure, the subcells could be electrically connected in series or
parallel using four electrical contacts. The cell configuration is
depicted in Fig. 19. The open circuit voltage (V) in the series
configuration was 1 V and equal to the sum of the Vs of both
subcells. The short circuit current density (J) in the parallel
configuration was 9.2 mA c¢cm~2 and equal to the sum of J. of
both subcells. The cell performance in parallel configuration was
higher than that in the series configuration.

6. Current challenges in PMSCs

Although significant progress has been made in polymer multi-
junction solar cells, energy conversion efficiencies are still too low
for commercialization. In order to significantly increase

LiF/A] Electrode / : -
o || Z
- . Series
Parallel connection
connection PTIFE /
+ / +
L o o i =N
ITO
Glass

Fig. 19 Schematic diagram of a polymer multijunction solar cell using
an optical spacer layer and two carrier transport layers as interlayers,
which were deposited using a combined solution processing and thermal
evaporation method. Reprinted with permission from ref. 14 and 27.
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multijunction cell efficiency, the following challenges must be
addressed:

1) Identification of efficient photovoltaic materials with broad
spectrum light harvesting.

2) Identification of highly efficient interfacial layer materials as
both protection and recombination layers.

3) Design of multilayer structures to ensure identical current
generated by each subcell.

6.1 Identification of efficient photovoltaic materials with broad
spectrum light harvesting

New conjugated polymers for donor materials should have low
bandgaps to absorb broad spectrum sunlight, especially the low
energy photons, which are currently not efficiently
absorbed.*®¢7% Moreover, the absorption regions of different
subcell layers need to have a considerable overlap to avoid a gap
between the absorption spectra in two adjacent subcells.®
A synthetic approach to tuning bandgaps of polymeric semi-
conductors is to include moieties from electron rich (donor),
electron poor (acceptor), and donor-acceptor-donor (D-A-D)
structures on the polymer backbone.®*%” Low bandgaps can be
obtained by the D-A-D strategy because it takes advantage of
the donor’s high valence band (HOMO) and the acceptor’s low
conduction band (LUMO) to induce low bandgap compression
in the hybrid molecule. In addition, some fullerenes and their
derivatives, as acceptor materials, also help to improve light
harvesting by complementing the absorption valley between the
donor polymers.”* For example, PC;0BM was reported to effi-
ciently absorb the light in the regions between two absorption
peaks at 416 and 584 nm for PF-co-DTB based solar cells and led
to higher power conversion efficiency than the widely-used
PC4BM.”

As shown in Fig. 20 for the photon flux solar spectrum, the
majority of the photon flux is in the region 300 to 1500 nm, which
accounts about 90% of the total cumulative photon flux. New
materials with a combined light absorption regions that cover
300-1500 nm will be needed to significantly increase polymer
multijunction solar cell efficiency.

If a combination of conjugated polymers with a bandgap of
2.0 eV (e.g. P3HT?®), 1.4 eV (e.g. PCPDTBT?®), and 0.8-0.9 eV
(e.g. PBTTQ, PDDTT?%3"7), respectively, are used to fabricate
a triple junction polymer solar cell, they will each harvest about
1.2 x 10*' photons m~? s~ in their corresponding subcells under
an assumption of the same IPCE. As is shown in Fig. 21, they will
absorb light in three spectral regions with equal photon flux:
390-600 nm, 600-900 nm, and 900-1500 nm, with each region
accounting for about 30% of total photon flux. If one assumes an
IPCE = 0.6, FF = 0.65, LUMOonor — LUMO,cceptor = 0.4 €V
for each subcell, then energy conversion efficiency as high as 15%
can be achieved with J,, = 115 A m—2and V,.=2 V.

6.2 Identification of highly efficient interfacial layer materials
as both protection and recombination layer

If no interfacial contact is applied, an opposite junction will be
formed between the acceptor layer in one subcell and donor layer
in its adjacent subcell. Thus a middle contact layer has to be
inserted between the adjacent subcells as a recombination center
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Fig. 20 The AM1.5 global photon flux spectrum and the percentage of
the cumulative photon flux showing that the majority of the solar
photons are located in the spectral region of 300-1500 nm.

for electrons and holes from their respective subcells. This layer
will prevent the build-up of charges within the multijunction
subcells, and help the Fermi levels in adjacent subcells to align to
reduce the photovoltage loss.*®

A metal nanocluster (e.g., Au, Ag) or a large bandgap metal
oxide (e.g. TiO,, ZnO) layer was used for this function.®420:72-76
The interfacial middle contact has three different purposes: (1)
a protective layer for the bottom subcell; (2) a foundation for the
top subcell; and (3) an electrical contact between the two adja-
cent subcells via efficient electron—hole recombination. This layer
could be inserted by dc megnetron sputtering (e.g. 1TO),"
thermal evaporation (e.g. Sn, Au, Ag, WO3),"*' dip coating (e.g.
TiO,) and spin coating (e.g. ZnO)." This interfacial layer is
required to be transparent so that the lower energy photons can
penetrate through, but does not need to have a high conductivity,
since it does not necessarily transmit current.® The effectiveness
of recombination layer is vital in multijunction solar cells because
a poor recombination rate will lead to the build-up of
local electric field and potential, thus reducing the overall cell
efficiency.

_f;

E Assume IPCE = 60%
B and FF = 0.65:
E 2
i Jsc =115 A/m
=

2 Vo =2V

s

g n=15%

E

=

Q

Waselength (nm)

Fig. 21 Photon absorption in different regions with an equal photon
flux: 350-600 nm, 600-900 nm, and 900-1500 nm, with each region
accounting for 30% of total photon flux; and the estimation of the
achievable energy conversion efficiency of a triple junction polymer solar
cell. A device performance with an efficiency () of 15% is achievable
from calculation.
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Table 6 Non-exclusive list of the research progress in multifunction polymer solar cells as reported annually from 2006 to 2009

Year Device Structure Connection

Jsc/mAcm*Z Vuc/V FF (O 0) PCE (U o) Ref.

2006 ITO/PEDOT:PSS/P3HT:PCBM/ Normal series
ITO/ZnPc/ZnPc:C60/C60/Cr/Al
ITO/PEDOT:PSS/MEH-
PPV:PCBM/LiF/Al/Au/MEH-
PPPV:PCBM/LiF/Al/Au
ITO/Cr : Au:PEDOT/
PFDTBT:PCBM/LIF : Al/
Au:PEDOT/PTBEHT:PCBM/
LiF/Al
ITO/PEDOT/P3HT:PCBM/
Sm : Au/PTrFE/Au:PEDOT/
PTBEHT:PCBM/LIF : Al
2007 ITO/AI/LiF/APFOGreen9:PCBM/
APFO3:PCBM/PEDOT:PSS/
LiF/AlI/ITO
ITO/PEDOT:PSS/MDMO-
PPV:PCBM/ZnO/Modified
PEDOT/P3HT:PCBM/LiF/Al
ITO/PEDOT:PSS/MDMO-
PPV:PCBM/ZnO/MDMO-
PPV:PCBM/ZnO/Modified
PEDOT/P3HT:PCBM/LiF/Al
ITO/PEDOT:PSS/
PCPDTBT:PCBM/TiOx/
PEDOT:PSS/P3HT:C;,PCBM/
TiOx/Al
2008 ITO/ZnO/P3CT:ZnO/
PEDOT:PSS/ZnO/
P3CTTP:ZnO/PEDOT:PSS/Ag
ITO/PEDOT:PSS/P3HT:PCBM/
LiF-MoO3/CuPc/CuPc:Cgy/Cgo/
Ag
2009 ITO/PEDOT:PSS/P3HT:PCBM/
Al-MoO3/P3HT:PCBM/Al-
MoOs/P3HT:PCBM/Al
ITO/PbSe NC QDs/PEDOT:PSS/
P3HT:PCBM/AI

Normal series

Normal series
Parallel

Folded reflective

Inverted series

Inverted series

Normal series

Self-passivating

Mechanically stacked (series) 3.4 1.64 45
Mechanically stacked (parallel) 6.3 0.84 45

4.8 1.02 45 2.3 18

24+£02 22
25+0.1

~9 1.4 55 0.57 29

1.63 1.03 51
9.2 0.59 55

0.86 (calculated) 14
2.99 (estimated)

4.9 1.54 49 3.7 23

Normal series (double junction) 3.0 1.53 42 1.9 19

Normal series (triple junction) 2.6 2.19 37 2.1

7.8 1.24 67 6.5 9

~0.54 0.54 24.6 0.07 53

6.05 1.01 46.2 2.82 77

Normal series (triple junction) 2.45 1.73 48.4 2.03 50

6.38 0.57 322 1.17 24

6.3 Design of multilayer structures to ensure identical current
generated by each subcell

The overall current is determined by the lowest current produced
by the individual subcells in the stack. The current of each subcell
can be optimized to be equal to the others at the operating illu-
mination intensity.’*3° Otherwise, the extra charges will build
some local potential and electric field, and thus reduce device
efficiency. The individual subcell currents are typically optimized
by varying the thicknesses or material composition of the active
materials in each subcell. If a combination of light-harvesting
conjugated polymers is selected, film thickness can be used to
balance the currents in individual cells in the stack. In addition,
optical interference effects and thickness-dependent optical
properties of the interfacial contact layers will also need be
studied for structure optimization.** The highest short-circuit
current (/) in each subcell can be recorded, and then the lowest
current can be increased to improve the overall current.

7. Conclusions

Polymer solar cells have attracted extensive scientific and
commercial interest in the last decade due to their low cost,
lightweight and mechanical flexibility. The multijunction

structure has become a potential approach to significantly
increase energy conversion efficiency and the recent research
progress is summarized in Table 6. Under reasonable assump-
tions, the achievable cell efficiencies for double-, triple- and
quadruple- juction are 19%, 22%, and 24%, respectively. It is
noteworthy that a highest achievable quadruple-junction cell
efficiency (24%) is almost an improvement by a factor of two
over that (10-13%) of a single junction solar cell under similar
assumptions. In order to reach this theoretical efficiency, the
spectral bandwidth of optical absorption of each active layer has
to be improved. The entire visible and near infrared regions of
sunlight need to be absorbed by employing two (or more) donor
polymers with different absorption spectra in each active layer of
a multijunction structure. In spite of vast variations in multi-
junction structures, the interfacial layers that separate subcells
play a very important role. The interfacial layer serves as
a recombination site only for the series configuration and
therefore does not require high conductivity; however, in the
parallel configuration, the sheet-conductivity has to be high since
the contact is also used to extract the charges from the device.*®
The overall performance depends directly on the electrical
(Ohmic contact and proper conductivity) and optical (trans-
parency) properties of the interfacial layers. This review reveals
that recently developed multijunction photovoltaic cells with

This journal is © The Royal Society of Chemistry 2010
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optimized materials, interfacial layers, as well as various device
structures may lead to higher efficiencies as compared to single
junction solar cells. Highly efficient polymer multijunction solar
cells with power-conversion efficiencies of 6.5% have been
reported by Heeger’s group using an all-solution processed
polymer multijunction structure.® At present the trend of
improving polymer multijunction photovoltaic cells as well as
single junction cells indicates great potential for large-scale, cost
effective, and clean energy production and commercialization.
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