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Chapter 1 

Introduction 

 

 

 

Abstract 
This  chapter  introduces  the  field  of  photovoltaics  and  specifically  polymer  solar 

cells, to give a framework for the work presented in the rest of the thesis.
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1.1 Solar cells 
The  most  recent  International  Energy  Outlook  predicts  that  the  fast 

growing demographic and economy of the world will lead to an increase in energy 

demand of 56% by 2040 compared to 2010, to reach 27 TW consumption.1 This  is 

mainly  dictated  by  the  fast  growing  economies  of China  and  India, where  this 

demand is predominantly met by burning fossil fuels. This trend is not sustainable 

with  conventional  energy  sources  and  the  global  focus has  been  slowly  shifting 

towards alternative and  renewable energy sources. Among  these, solar energy  is 

the major  candidate with  120  PW  reaching  the  earth’s  surface, well  above  the 

global energy demand. Therefore, converting solar energy  to other useable  forms 

of energy, such as electricity, has been of prime importance and focus in the energy 

technology community.2 

After the first observation and developments of the photovoltaic effect, the 

conversion  of  light  to  electricity,  in  the  nineteenth  century,3,4  solar  technologies 

gained  interest at  the end of  the  twentieth century, pushed by  the  first  incentive 

programs  in  the U.S.  and  Japan. The  first  solar  cells were developed  in  1954 by 

Chapin et al. based on a silicon p – n  junction, and had an efficiency of 6%.5 Since 

then silicon  technology has grown  to be  the most spread solar cell  technology  in 

the market,  comprising more  than  80%  of  the  solar market  and  reaching  high 

power conversion efficiencies up to 25.6% on cell scale.6,7  

The so called “solar grade” silicon  is however the result of a very energy 

consuming and expensive production process, to achieve the necessary high purity 

material. Such crystalline silicon wafer  technology  is  referred  to as 1st generation 

photovoltaics,  and  is  characterized  by  high  manufacturing  costs  and  limited 

efficiency (Figure 1.1).8 Thin – film “second generation” technologies have emerged 

starting  in the 1980s, thanks to their multiple advantages over their predecessors. 

Thin – film technologies offer lower costs of manufacturing by increasing the unit 

of manufacture  and  lowering  the price  of  starting materials. This  is possible  by 

using novel  semiconducting materials  such as cadmium  telluride  (CdTe), copper 

indium gallium diselenide (CIGS), gallium arsenide (GaAs) and amorphous thin – 

film  silicon  (a‐Si).  Significant  improvements  over  the  years  have  brought  these 

technologies to catch up with crystalline silicon cells  in terms of efficiencies, with 

reported maximum efficiencies of 21.0%  for CdTe, 21.0%  for CIGS and 28.8%  for 

GaAs.6  

Both first and second generation technologies are limited by the Shockley – 

Queissier efficiency  limit of 33.7%, based on  the conversion efficiency of a single 

junction  solar  cell.  For  the  “third  generation”  of  photovoltaic  technologies,  one 

approach  to  further  increase  the efficiency of solar cells and  therefore reduce  the 

cost  per Watt  is  to  break  this  limit  using multi–junction  structures.  Thin  –  film 

silicon  tandem  solar  cells  stacking  amorphous  and  micro‐crystalline  silicon 
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(micromorph cells) can be manufactured at low costs and to date reach efficiencies 

up  to  12.3%.6  However,  the  highest  reported  efficiencies  are  four  –  layer 

GaInP/GaAs/GaInAsP/GaInAs  based  concentrator  cells  with  46%  power 

conversion efficiency at an intensity of 508 suns.6  

 

 
Figure  1.1  Efficiency‐cost  trade‐off  for  the  three  generations  of  solar  cell  technology.  From  Ref.  9 

Reprinted with permission from AAAS. 

The  “third  generation”  label  includes more  emerging  technologies  that 

address different  flaws  in conventional solar cells and strive  for higher efficiency 

and lower cost using different materials or physical properties.8 Among these new 

technologies,  one  deviates  from  rare  and  highly  toxic  materials  using  widely 

available non‐toxic carbon – based semiconductors: organic photovoltaics. 

1.2 Organic solar cells 
Organic semiconductors have become an interesting area of research since 

the  discovery  in  1977  by  Shirakawa,  MacDiarmid  and  Heeger  of  the  metallic 

conductive  behavior  of  doped  polyacetylene.10,11  These  materials  are  based  on 

molecules  and  polymers  with  conjugated  back  bones  that  give  them  their 

semiconducting  properties. They  are  successfully  used  in  a  variety  of  electronic 

applications  including organic  light‐emitting diodes  (OLEDs), organic  field‐effect 

transistors (OFETs), organic photodetectors (OPDs) and organic solar cells (OSCs). 

The advantage that these materials bring compared to their inorganic counterparts 

like  silicon  is  the  easier  fabrication, mechanical  flexibility  and  potentially  lower 

cost of printable large‐area thin film devices. 
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The high absorption coefficient of organic materials make them suitable for 

photovoltaic and photodetector  applications  in very  thin  films. Furthermore,  the 

tunable electronic properties of these materials via organic chemistry open a wide 

range  of possibilities  for  customization  of materials  and  tailoring  to  the  specific 

application.  This  thesis  will  focus  on  the  use  of  semiconducting  polymers  in 

photovoltaic and photodetector applications. 

The main difference between inorganic and organic semiconductors is that 

when  light  is  absorbed  in  an  organic  semiconductor,  this  generates  a  bound 

electron‐hole pair called an exciton, rather than free charges. This is caused by the 

low  dielectric  constant  of  these materials, whereas  in  inorganic  semiconductors 

with  high  dielectric  constants  the  thermal  energy  at  room  temperature  (kT)  is 

sufficient  to  separate  the  charges.  The  exciton  can  then  be  dissociated  by 

introducing  a  second  organic  semiconductor with  higher  electron  affinity.  This 

concept was used  in 1986 by Tang  in a bilayer heterojunction where the  interface 

between  two organic materials with offset  energy  levels was  responsible  for  the 

separation  of  the  bound  electron‐hole  pairs  into  free  charges.12  This mechanism 

involved  the  charge  transfer  of  the  electrons  from  the material with  the  lowest 

ionization  potential  (donor)  to  the  material  with  the  highest  electron  affinity 

(acceptor). Sandwiching these layers between contacts allowed then the extraction 

of  these charges and generation of electrical current  in an organic solar cell. This 

process was however  limited by  the short diffusion  length of excitons  in organic 

semiconductors.13  Further  developments  led  to  the  introduction  of  the  bulk 

heterojunction  solar  cell  in  1995,  where  the  donor  and  acceptor  materials  are 

intimately mixed  increasing  the donor – acceptor  interface area and  therefore the 

efficiency of the devices.14,15 These first successful organic solar cells were based on 

a polymer donor, which had a good film forming ability, and a fullerene derivative 

as acceptor. The mixture of these materials yielded a mixed morphology when cast 

from  a  fast  evaporating  solvent.  The  different  surface  energies  of  donor  and 

acceptor materials are responsible for a partial phase separation and the formation 

of donor‐rich and acceptor‐rich domains, forming a bulk heterojunction. 

To  date  the  best  polymer  solar  cells  have  developed  to  include  novel 

highly engineered donor polymers and selective charge transport layers to achieve 

high power conversion efficiencies over 10%. However, similarly to their inorganic 

counterparts,  the  efficiency  of  single  junction  solar  cells  is  limited,  among  other 

causes,  by  thermodynamic  losses  such  as  thermalization  losses  of  photons with 

energies  higher  than  the  optical  band  gap  of  the  absorber  (Eph  >  Eg)  and 

transmission  losses  of  photons with  energy  lower  than  the  band  gap  (Eph  < Eg). 

These losses can be reduced by using separate subcells to convert different parts of 

the  solar  spectrum.  Connecting  these  subcells  in  a  monolithic  multi‐junction 

polymer solar cell will be largely the focus of this thesis.  
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The  most  recently  published  research  in  this  area  shows  that  single 

junction,  tandem  and  triple  junction polymer  solar  cells  have  breached  the  10% 

barrier  through  continuous  growth  and  innovation.  The  curves  in  Figure  1.2 

indicate  that  the  field  is  improving  both  regarding  record materials  for  single 

junction  devices,  but  also  in  fabricating  and  understanding  complex  device 

structures like tandem and triple junction solar cells. 

 
Figure 1.2 Power conversion efficiency of polymer solar cells over the last 15 years. The references for 

the data points can be found in Chapter 2. 

1.3 Aims and outline of the thesis 
The objective of this thesis is to advance the field of multi‐junction polymer 

solar cells  through  interlayer engineering, stacking of  two and more subcells and 

combining semiconducting polymers with other promising technologies.  

First an in‐depth overview of the field and the corresponding literature is 

given, with focus on the operating principles of polymer tandem solar cells, how to 

characterize them accurately and the progress made since the first polymer tandem 

solar cell was fabricated in 2006 to the 11.8% most efficient reported multi‐junction 

solar cell of 2015. 

In Chapter 3 the focus is centered on improving the intermediate contacts 

that electrically connect  the subcells  in  the multi‐junction devices. These contacts 

consist  of  an  n‐type  (ZnO)  and  a  p‐type  (pH‐neutral  PEDOT:PSS)  layer.  Gold 

nanoparticles are  investigated as an additional  layer  in between  the electron and 

hole  transport  layers  to  improve  the  contact.  Furthermore,  a  thin  layer  of 

evaporated  molybdenum  oxide  is  used  to  align  Fermi  levels  of  the  high 

workfunction pH‐neutral PEDOT:PSS with the deep‐set energy level of PDPPTPT 
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to solve a voltage loss that limited the efficiency of tandem solar cells comprising 

this high efficiency polymer. 

The  first  triple  junction solar cell of  this  thesis  is presented  in Chapter 4. 

Here a novel high performance small band gap polymer (PMDPP3T) is first used 

in  a  tandem  configuration  together with  a well‐known wide  band  gap polymer 

(PCDTBT),  yielding  a  very  high  efficiency  cell  of  8.9%.  This  structure  reveals 

however a high imbalance in the current generation of front and back cell in favor 

of the latter. A novel strategy to split the back cell into two subcells is adopted to 

make  better  use  of  the  surplus  of  current  generated  by  the material.  The  triple 

junction  cell  constructed  this  way  is  optimized  using  optical  and  electrical 

modeling to determine the layer thicknesses that guarantee good current matching 

and  provided  an  increase  of  performance  to  reach  9.6%  power  conversion 

efficiency. 

The next step is to investigate the use of three different subcells in a triple 

junction configuration to further increase the absorption range of the solar cell and 

make more efficient use of the energy of the incident photons. A careful choice of 

materials, optimization of all the layers in the stack and modeling are found to be 

all points of  importance when planning such a complex device. For the back cell, 

an ultra‐low band gap polymer (PDPPSDTPS) is used to extend the absorption of 

the triple junction to 1100 nm, which is unprecedented for polymer multi‐junction 

solar  cells.  Although  these  triple  junction  polymer  solar  cells  were  made 

successfully,  their  power  conversion  efficiency  of  6.1%  remained  below 

expectations. Recommendations for future improvements are given.  

One of the reasons for the low efficiency, is that wide band gap polymers 

available to date all have a high energy loss that limits their performance in terms 

of short‐circuit current and open‐circuit voltage. Hydrogenated amorphous silicon 

proves to be a viable alternative to achieve very high efficiency of 11.6% in tandem 

devices  and  13.2%  in  a  triple  junction  configuration with  a  second  amorphous 

silicon  as  middle  cell.  These  results  were  achieved  by  implementing  optical 

modeling and careful band gap engineering. 

Finally  in Chapter  7  new  applications  for  low  band  gap  polymers  have 

been investigated. Near‐infrared photodetectors with high spectral response at 900 

nm are fabricated and characterized, as potential candidates for wearable medical 

sensors. The electron injection and transport have been identified as the source of 

the dark current  in  the devices by varying  the workfunction of  the contacts with 

respect to the energy levels of the polymer:fullerene blend. 
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Chapter 2 

Multi‐junction polymer solar 

cells 

 

 

Abstract 
Several excellent reviews1‐10 exist on polymer tandem solar cells that are referred to 

for a comprehensive overview. The focus of this chapter lies on the materials requirements 

for creating efficient polymer solar cells and  intermediate contact  layers.  In  the  following 

paragraphs,  the  operational  principles  are  outlined  in more  detail.  The most  important 

photoactive materials used  in polymer multi‐junction cells are  reviewed and  the material 

combinations  that  can  be  used  for  the  recombination  layer  are  outlined.  This  chapter 

concludes with an overview of recent achievements that have pushed the efficiency to well 

over 10% and address the progress in processing of large area tandem polymer solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work has been published as Chapter 11 of Polymer Photovoltaics: Materials, 

Physics, and Device Engineering, 2015, Print ISBN: 978‐1‐84973‐987‐0.
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2.1 Principles of multi‐junction polymer solar cells 
Solar  cells  based  on  small  organic molecules  or  polymers  have  reached 

power conversion efficiencies (PCEs) in excess of 10%11‐13 and start to approach the 

11‐12%  limits  of  conversion  that  have  been  predicted.14,15 Although  the  11‐12% 

maximum conversion efficiency is not a strict fundamental limit,16 surpassing this 

threshold will require innovative steps that likely go beyond existing approaches. 

One of the main factors limiting the efficiency of organic solar cells is that photons 

loose  a  considerable  amount  of  energy  in  creating  free  charges.17,18  The  photon 

energy  loss  in  organic  solar  cells,  defined  as  the  energy  difference  between  the 

optical band gap (Eg) and the open‐circuit voltage (Voc), Eloss = Eg − qVoc, is at least 

0.6 eV,15 but even in the most efficient materials sometimes as high as 0.7 to 0.8 eV. 

When Eloss becomes  less  than 0.6 eV,  the efficiency of  free charge generation and 

power conversion efficiency are usually strongly reduced. The main reason for the 

high Eloss in organic semiconductors compared to inorganic solar materials is their 

low  dielectric  constant  that  creates  a  Coulomb  binding  energy  between  the 

photogenerated holes and electrons.  

  A viable  strategy  to  improve  the  efficiency of organic  solar  cells beyond 

the  current  conversion  limits  is using multi‐junction  configurations.  In a  tandem 

cell, which is the simplest multi‐junction cell architecture, two absorber layers with 

different  band  gaps  are  used  (Figure  2.1).  The  maximum  power  conversion 

efficiency calculated  from detailed balance under AM1.5G solar  light  for a series 

constrained device  is ~33%  for a single  junction, ~45%  for a double  junction, and 

~51% for a triple junction.19 To understand the fundamental advantage of a tandem 

cell  configuration,  one must  recognize  that  high  energy  photons  absorbed  in  a 

small band gap semiconductor loose more energy when thermalizing to the band 

gap than when they are absorbed in a wide band gap semiconductor. Conversely, 

low energy photons that are not absorbed by a wide band gap semiconductor can 

be  absorbed by  the  small  band  gap material. Hence,  a  tandem  cell  can  serve  to 

convert a  larger part of  the solar spectrum but,  importantly,  it also does  this at a 

higher  efficiency.  Both  thermalization  and  transmission  losses  are  reduced.  It  is 

important to note, however, that the Eloss ≥ 0.6 eV threshold for organic solar cells is 

not alleviated for the individual subcells. Nevertheless an organic tandem cell can 

be expected to give an overall reduction of the photon energy loss, compared to a 

single junction.  
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Figure 2.1 Principle of a tandem solar cell. Incoming solar light is spectrally distributed and absorbed in 

two  semiconductor  layers  with  different  band  gaps  to  minimize  thermalization  energy  losses  and 

transmission losses. 

In a tandem solar cell the individual two subcells must be interconnected 

electrically  and  optically.  This  requires  an  intermediate  contact  that  is  optically 

transparent  and  that  has  the  appropriate  workfunction  to  contact  the  adjacent 

photoactive  layers without  voltage  losses.  Two  different  configurations  exist,  in 

which the cells are either connected in series, leading to addition of the voltages, or 

in  parallel,  leading  to  addition  in  photocurrents.  The  series  connection  is much 

more  popular,  because  no  current  needs  to  be  extracted  via  the  intermediate 

contact  and  because  it  enables  utilizing  the  principal  advantages  of  a  tandem 

configuration  outlined  above  in  a  simple  way.  In  a  series  connection,  the 

intermediate contact acts as electron collecting contact for one subcell and as hole 

collecting  contact  for  the  other  subcell.  Therefore  it  should  have  quite  different 

workfunctions at both sides  to be able  to  form Ohmic contacts. The  intermediate 

contact  layers  should  also  recombine  electrons  and holes without  energy  loss  to 

add  the  voltages  of  the  two  subcells.  For  a  series  connected  tandem  cell,  the 

intermediate contact is often referred to as the recombination layer. Depending on 

the choice of charge  transport  layers,  tandem solar cell can be  in a  regular or an 

inverted configuration, a schematic of either device layout is shown in Figure 2.2.  
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Figure 2.2 Schematic representations of  the regular and inverted device layouts for series‐connected 

organic tandem cells. Under operation the indium tin oxide (ITO) electrode is biased positive with 

respect to the metal electrode in the regular configuration and negative in the inverted configuration. 

The difference is caused by the positioning of the hole and electron collecting layers (HCL and ECL) 

with respect to the photoactive layers. The intermediate contact formed by HCL and ECL is referred to 

as the recombination layer. Note that in practice the device layout may vary from these schematics.  

2.1.1 Early developments 

The first organic tandem solar cell was published in 1990 by Hiramoto et 

al.20 who employed two identical subcells composed of bilayers of a metal‐free 

phthalocyanine and a perylene tetracarboxylic derivative and an ultrathin Au layer 

to interconnect the two subcells to achieve an almost doubling of the voltage. More 

than a decade later, in 2002, Forrest et al.21 reported on two, three, and five stacked 

heterojunctions cells consisting of copper phthalocyanine (CuPc) as a donor and 

perylenetetracarboxylic bis‐benzimidazole (PCTBI) as an acceptor. Ultrathin (∼5 Å) 

layers of Ag clusters were placed between the heterojunctions to interconnect the 

subcells. Similar results were described by Tsutsui et al.22 In 2004, Leo and Pfeifer et 

al.23,24 introduced a novel interconnection layer consisting of p and n doped wide 

band gap transport layers that sandwiched an intrinsic (i) organic semiconductor 

consisting of a zinc phthalocyanine:fullerene (ZnPc:C60) blend as photoactive layer. 

Metal clusters were still used to improve the recombination properties of the 

doped transport layers. This work forms the basis for the highest certified 

efficiency of 12% achieved by Heliatek in 2013 for a triple junction cell that 

comprises one wide band gap and two identical small band gap organic 

absorbers.25 Parallel to this development, Forrest et al. showed in 2004 that 5.7% 

efficient tandem cells can be obtained by using two hybrid planar‐mixed molecular 

heterojunction cells in series, also employing doped transport layers.26 Importantly, 

these early investigations already considered the absorption of incident light and 
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distribution of the absorbed photons over the two layers using optical 

modeling.24,26  

In the first seminal papers small molecule organic semiconductors were 

used that were deposited by vacuum deposition to create sometimes complex and 

intricate multilayer stacks. Such multilayer stacks were at that time not achievable 

via solution processing as used for polymer solar cells. As a consequence, early 

tandem devices comprising polymer layers were hybrid polymer/small molecule 

devices. Both Sariciftci et al.27 and Lemmer et al.28 published in 2006 a hybrid 

device consisting of a blend of poly(3‐hexylthiophene) (P3HT) and [6,6]‐phenyl‐

C61‐butyric acid methyl ester (PC60BM) as front subcell and a ZnPc:C60 blend or a 

CuPc/C60 bilayer as back subcell. The tandem cells used recombination zones 

composed of a thin Au interlayer sandwiched between undoped or doped organic 

semiconductor layers, respectively.27,28 The first approach to a tandem polymer 

solar cell was published by Yang et al.29 who stacked two polymer solar cells 

processed on individual glass substrates of which one had a semitransparent 

multilayer electrode. The cells could be connected in series or in parallel. The first 

monolithic polymer tandem cell, reported by Kawano et al.30 used a sputtered 

indium tin oxide (ITO) layer on top of the first polymer:fullerene bulk 

heterojunction layer followed by a layer of poly(3,4‐ethylenedioxythiophene):poly‐

(styrenesulfonate) (PEDOT:PSS). Because the workfunction of ITO is too high to 

collect electrons from fullerenes, a voltage loss was incurred in the front subcell. 

The first polymer tandem cell that utilized two semiconductors with 

complementary band gaps was published in 2006 by Blom et al.31 They described 

the use of wide band gap (~1.90 eV) and small band gap (~1.25 eV) 

polymer:fullerene bulk heterojunction blends that were solution processed and a 

recombination contact that consisted of an evaporated LiF/Al/Au stack, covered 

with PEDOT:PSS.  

The next step was the use of solution processed charge transport layers in 

the recombination contact of polymer solar cells. In 2007, Gilot et al. showed that 

ZnO nanoparticles processed from acetone can be covered with a layer of pH‐

neutral PEDOT:PSS spin coated from a dispersion in water to fabricate a 

ZnO/PEDOT:PSS recombination layer that is transparent to light and makes an 

almost lossless recombination layer for tandem and triple junction cells.32 This 

approach bears similarity to the p and n doped wide band gap transport layers, 

developed for evaporated small molecule tandem cells.23,24 The ZnO/PEDOT:PSS 

recombination contact was initially employed in tandem and triple junction solar 

cells, leading to multilayer devices with up to eight subsequent solution processed 

layers,32 but was also used to make six‐fold junctions with seventeen layers.33 Also 

in 2007, Heeger et al. published a solution processed polymer tandem solar cell 

with record efficiency of 6.5% using two different band gap polymer 
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semiconductors and a solution processed TiOx/PEDOT:PSS intermediate contact.34 

The subsequent developments that have resulted in solution processed multi‐

junction polymer solar cells that approach 12% efficiency will be outlined in the 

remainder of this chapter. 

2.2 Optimization and characterization of multi‐junction 

polymer solar cells 

2.2.1 Electrical and optical modeling 

To reach a high performance the two subcells of the tandem must operate 

in concert, electrically and optically. To generate and sustain photocurrent in the 

tandem cell both subcells must absorb light. In absorbing light, the front subcell 

will act as an optical filter and reduce the light intensity for the back subcell. 

Photons that pass both subcells after a first pass can be reflected by the metal back 

electrode and have another chance of being absorbed in the second pass. Therefore 

absorption of light by the back subcell also affects the absorption by the front 

subcell. A further complication regarding the optics is that the photoactive, charge 

transport, and interconnection layers have thicknesses that vary from a few to a 

few hundred nanometers, i.e. comparable to the wavelength of light. Because the 

layers have different refractive indexes (n) and extinction coefficients (k), the 

multilayer stack acts as a complex optical cavity. In such case detailed optical 

modeling is necessary to determine the amount of photons absorbed in each layer 

as first shown by Dennler et al. (Figure 2.3).35 To properly account for the optical 

interference of all layers the transfer matrix formalism is very useful. With this 

method it is possible to accurately estimate the fraction of absorbed photons in 

each layer using experimentally determined wavelength‐dependent n(λ) and k(λ) 

values, that are available via ellipsometry or absorption‐reflection measurements 

and Kramers‐Kronig transformation. 

 

 
Figure 2.3 Optical modeling of a tandem solar cell. The graph shows the number of photons absorbed in 

the top and bottom active layer vs. the thickness of the bottom and the top active layers. Reproduced 

from Ref.35. 
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Next to optical interference there is also electrical interference. In a series 

connected tandem solar cell the conservation of charge dictates that the 

photocurrent through the device must be constant and that the voltages of the 

subcells add up to give the voltage of the tandem device, this is represented for 

current density and voltage by the relations: 

 

Jtandem	 	Jfront	subcell	 	Jback	subcell                                                                                (1) 

Vtandem	 	Vfront	subcell	 	Vback	subcell                                                                             (2) 

 

Under steady state operation equations (1) and (2) are always satisfied. Despite the 

simple character of these relations their implications are somewhat intricate. 

Suppose that a tandem cell is at short‐circuit, i.e. Vtandem = 0. Under these conditions, 

the two subcells need not to be at short‐circuit, it is only known from eq. (2) that 

that the bias over the subcells is equal and opposite;  Vfront subcell =  −Vback subcell. In 

practice charge generation in the two subcells is not equal. If one subcell A 

generates more charges than the other subcell B and the tandem cell is at short‐

circuit in steady state, the excess charge carriers from A will induce an increased 

electric field over the limiting subcell B. Effectively this will introduce reverse bias 

conditions over the limiting cell to increase the photocurrent. This implies that in 

practice the short‐circuit current density (Jsc) of the tandem solar cell can be higher 

than the short‐circuit current density of the current‐limiting subcell. As most of the 

excess current generated by the more efficient subcell is lost, there can be an 

overall loss in efficiency. At open circuit (J = 0) the situation is more simple, both 

subcells are at open circuit and the Vocs of the subcells add up. It must be noted, 

however, that the Vocs of the subcells are not identical to those when the subcells 

are under illuminated by AM1.5G solar light, because absorption of light by the 

other subcell reduces the light intensity and changes the spectrum, resulting in 

slightly lower Voc. If the J‐V curve of each of the individual subcells under AM1.5G 

illumination in the tandem is known, the J‐V curve of the tandem cell can be 

constructed by adding the voltages at constant current density, employing eqs. (1) 

and (2). A detailed description of tandem cell device operation has been reported 

by Blom et al.36 and has been extended for multi‐junction solar cells by Forrest et 

al.37 

To achieve high performing tandem cells it is then important to match the 

two subcells. The first approach by Dennler et al. considered varying the thickness 

of the active layers and used optical modeling to find the layer thickness 

combinations for which the two subcells absorb the same amount of photons.35 This 

was later also used by Long et al. to describe the absorption of light with metal 

interlayers.38 However, such model only considers the optical absorption of the 

active materials. In practice, the optimization of the tandem cell must also account 
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for other parameters such as the internal quantum efficiency (IQE) and fill factor 

(FF) of the subcells. Gilot et al. developed a method to incorporate both optical and 

electrical interactions between the subcells in the optimization (Figure 2.4).39 

  

Figure 2.4 Left: Procedure to optimize a tandem cell based on the experimental optical constants of all 

layers and the J−V characteristics of the single junction cells. Right: Contour plot of predicted efficiencies 

of tandem cells calculated by mathematically constructing J–V curves. The isoline of matching current‐

density‐generating capacities of the subcells is represented in red. Reproduced from Ref. 39. 

The starting point is determining the J−V characteristics of the two single 

junction cells as function of layer thickness and the optical constants (n, k) of the 

photoactive layers. Using optical modeling of the layer stack of the single 

junctions, it is then possible to calculate the IQE as the ratio between the 

experimental Jsc and the photon flux absorbed by the photoactive layer at each 

thickness. The IQE is then used together with optical modeling of the entire layer 

stack to predict the photocurrent generation in each subcell for different layer 

thicknesses of the photoactive layers. These Jscs, combined with the normalized 

experimental J−V curves for the single junction cells of the materials at different 

layer thicknesses, can be combined to predict the J−V curves and solar cell 

parameters of a series of tandem solar cells with different front and back cell 

thicknesses. The calculation is based on the assumption that there is an Ohmic 

contact (lossless) between the subcells and Kirchhoff’s law for series connected 

circuits and leads to a prediction of the PCE. Figure 2.4 shows that for the example 

studied by Gilot et al. just balancing photocurrents would not lead to maximum 

tandem cell performance. A much more refined model has been developed by 

Blom et al. who used electrical drift‐diffusion modeling of the photoactive layers in 

combination with optical modeling to predict the active layer combinations that 

would lead to optimized polymer tandem solar cells performance.40 Such models 

were later also used by Jo et al.41  

These approaches optimize the tandem cell by varying the thickness of the 

active layers. It is also possible to balance the subcells by varying the thickness of 
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charge transport layers. These can behave as optical spacers to adjust the electrical 

optical field in the layer stack such that it maximizes in the photoactive layers. This 

approach is particularly useful for vacuum processed small molecule tandem cell 

where the low charge mobility dictates the use of thin photoactive layers of 20‐50 

nm.42,43  

These rules and optimization methods assume that the choice of active 

materials has already been made and will only predict the highest efficiency 

obtainable within a specific set of photoactive layers. In a study by Dennler et al.44 

design rules for donors in bulk heterojunction tandem solar cells were developed 

based on Scharber’s model for single junctions.45 The estimates take into account 

that for the wide band gap front subcell the absorption is reduced because there is 

no adjacent reflective back contact and for the small band gap back subcell some 

light filtered out by the top cell. Figure 2.5 shows that optimum tandem cells are 

expected from stacking of materials of similar Eg, as the optimum is found close to 

the diagonal. The calculations predict a maximum value of 15% to be achievable 

for a front cell with Eg = 1.6 eV and a back cell with Eg = 1.3 eV. In a refined study 

that also accounts for the electrical interaction between the subcells, Blom et al. 

predict a similar realistically achievable efficiency of 14.7% for tandem solar cells.46 

In their case optimal band gaps are predicted to be Eg = 1.9 eV and Eg = 1.5 eV.46 

 
Figure 2.5 Percentage of efficiency increase of a tandem cell over the best single cell (R) for a device 

comprising a top subcell and a bottom subcell based on donors each having a LUMO level at –4 eV and 

each blended with a fullerene acceptor of LUMO = –4.3 eV. The variables are the band gap of both 

donors. The lines indicate the efficiency of the tandem devices. Reprinted from Ref. 44. 

2.2.2 Characterization of tandem cells 

The tandem architecture represents a valuable path to increase the 

efficiency of polymer tandem solar cells. However, this complex structure, where 

two subcells are optically and electrically connected, also represents a challenge 

when it comes to the correct characterization and measurement of the short‐circuit 
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current of the device. For single junction cells the standard procedure is to measure 

the J−V characteristics under simulated AM1.5G calculations and correct for the 

spectral mismatch.47 In practice good estimates for the short‐circuit current, which 

is most sensitive to intensity and spectral mismatch, can be obtained by integrating 

the EQE with the solar AM1.5G spectrum. For single junction organic solar cells 

the EQE can be measured with a low intensity probe light and additional light bias 

to simulate AM1.5G lighting conditions. While this method has its own intricacies, 

especially for organic solar cells,48 measuring the EQE of a tandem cell is 

fundamentally hampered by the fact that for photocurrent to be measured, both 

subcells have to be excited simultaneously. This can be achieved by using 

(monochromatic) bias light sources with wavelengths that are absorbed primarily 

by only one of the subcells. The additional monochromatic light intensity is 

adjusted in a way that the absorbing subcell is illuminated in excess, making the 

other subcell current limiting and assessable for measuring its spectral response. 

However as shown by Gilot et al.,49 specific challenges are further caused by two 

characteristics of organic solar cells, i.e. their sub‐linear light intensity dependence 

of the photocurrent and a field‐assisted charge collection. These properties 

necessitate that EQE experiments are carried out not only under representative 

illumination conditions but also require the use of appropriate electrical bias to 

maintain short‐circuit conditions for the addressed subcell. As explained above, 

the excess illumination will put the subcell that is measured under reverse bias 

conditions and therefore a compensating forward electrical bias needs to be 

applied to ensure that the current of that subcell is measured at short‐circuit. Gilot 

et al. have described a method to determine the magnitudes of the bias 

illumination and correct bias voltage during EQE measurements of tandem 

polymer solar cells.49 An example of EQEs of subcells measured in a tandem cell in 

this way is shown in Figure 2.6. 
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Figure 2.6 Device layout and EQE of a polymer tandem solar cell measured with appropriate optical 

and electrical bias. The graph clearly shows the complementary spectral contributions of the two 

subcells. Reproduced from Ref. 50.  

Gilot et al. further presented two different methods to determine the J–V 

characteristics of the subcells in a two‐terminal tandem cell without interfering 

with the light incoupling of the cell.51 The first method employs an extra proximity 

metal electrode that acts as a voltage probe. The second method uses bias‐

dependent external quantum efficiency measurements of two‐terminal tandem 

solar cells and subsequent integration with the solar spectrum to determine the J–V 

curves of the subcells. The methods show good mutual agreement. 

However, an extended analysis and comparison on measurement methods 

for organic solar cells by Timmreck et al. shows that only 4% of 73 papers reviewed 

used measurement methods according to relevant standards.52 Here guidelines are 

proposed for the characterization of tandem organic solar cells that act as 

standards for the OPV community. 

Additional challenge is represented by homo‐tandem solar cells 

comprising subcells with equal absorbers. A measurement method for two‐

terminal devices has been validated via a three‐terminal approach with an 

intermediate electrode that allows to characterize the two subcells individually.53 

2.3 Photoactive layers 
Over the last decade there has been an enormous progress in tandem 

polymer solar cells. Advances have been made in terms of understanding, new 

photoactive materials, new interlayers, and device configurations (regular vs. 

inverted, parallel, semitransparent, etc.). In Table 2.1 a list of results obtained to the 

end of 2015 is provided, following a more or less historical perspective and giving 

preference to listing the more salient results in terms of PCE. Table 2.1 lists the 

materials used in the front and back subcell, the device configuration (regular or 

inverted) and the reported PCE of the tandem cell. For each front and back subcell 

material the optical band gap and the Voc of that subcell is also provided. The 

Aluminum

PDPP5T:PC60BM

PEDOT:PSS

Zinc oxide

PCDTBT:PC70BM

PEDOT:PSS

glass

Indium tin oxide
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relevance of these two numbers relates to the photon energy loss, Eloss = Eg − qVoc. 

The structures of the materials used in the photoactive layers are collected in 

Figure 2.7 for the fullerene acceptors, in Figure 2.8 for the wide band gap donors 

and in Figure 2.9 for the small band gap donors. The purpose of this section is to 

give a broad overview of the materials used. 

2.3.1 Fullerenes 

Four different fullerenes have been used as acceptor material in polymer 

tandem solar cells (Figure 2.7). PC60BM and PC70BM are most commonly used. In 

terms of energy levels these two are very similar, but due to the lower overall 

molecular symmetry the formally forbidden optical transitions of PC60BM are 

partially allowed in PC70BM, which increases the absorption coefficient in the 400‐

700 nm range significantly.54 Hence PC70BM can be successfully used to enhance 

the absorption and photocurrent generation in the wide band gap subcell. 

Remarkably it has also found widespread use in small band gap subcells. Unless 

the small band gap subcell is current limiting, one usually would try not to absorb 

the more energetic photons in that subcell and rather use the less absorbing 

PC60BM. The other two fullerenes ICBA and bis‐PC60BM, have a higher LUMO 

level than PC60BM and PC70BM and can increase the Voc of the cells, provided that 

the Eloss ≥ 0.6 eV criterion remains fulfilled. In practice, this works very well for 

wide band gap polymer semiconductors with high HOMO levels such as P3HT63,68 

and PSEHTT85 (see Figure 2.8 for structures). 

2.3.2 Wide band gap donors 

Table 2.1 shows that with respect to the wide band gap subcell there is still 

considerable gain possible. To understand this properly, the Eloss ≥ 0.6 eV criterion 

is recalled.55 The optical band gaps of PC60BM and PC70BM and that of ICBA are at 

about 1.7 eV. This implies two design criteria for the wide band gap subcell: (i) The 

optical band gap of the ideal wide band gap donor should be about 1.7 eV. A 

higher band gap would not increase the Voc of the subcell and only reduce the 

photon absorption. (ii) With a band gap of 1.7 eV a Voc of 1.0 V or higher should be 

attainable. So far, most wide band gap donor materials have optical band gaps 

higher than 1.7 eV, while the Vocs are considerably lower than 1.0 V. In fact, taking 

the average Eloss for the wide band gap subcell of the tandem cells listed gives Eloss = 

1.07 eV. For P3HT:PC60BM, Eloss is particularly large (1.3 eV). Also for P3HT:ICBA, 

Eloss still amounts to 1.06 eV. In terms of energetics, materials as PIDT‐

phanQ:PC60BM (Eloss = 0.82 eV) and PBDTTPD:PC60BM  (Eloss = 0.81 eV) seem 

definitely more advantageous. 

Nevertheless, for creating efficient tandem cells wide band gap 

combinations of polythiophene (P3HT:ICBA) and polycarbazole 

(PCDTBT:PC70BM) have been good choices in the past. Only more recently new, 
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specifically designed wide band gap donors with somewhat deeper HOMO levels 

based on thienopyrroledione (TPD), quinoxaline (Q), thiazolo[5,4‐d]thiazole, 

4,4,9,9‐tetraaryl‐4,9‐dihydro‐s‐indaceno[1,2‐b:5,6‐bʹ]dithiophene (IDT), ester‐

substituted polythiophenes and benzo[1,2‐b:4,5‐b’]dithiophene (BDT) – 

benzo[2,1,3]thiadiazole (BT) have gained interest (see Figure 2.8 for structures).  

2.3.3 Small band gap donors 

The variation among the structures used for small band gap polymers is 

much larger, but also here some classes can be recognized based on their basic 

structural similarities. The first class consists of 2,2ʹ‐bithiophenes bridged over the 

3,3ʹ positions alternating with benzo[c][1,2,5]thiadiazole along the chain. These 

materials have optical band gaps ranging from 1.37 to 1.50 eV. The second class 

relates to the well‐known PTB7 polymer and comprises polymers in which a 

thieno[3,4‐b]thiophene or 3‐fluorothieno[3,4‐b]thiophene (T), substituted with a 

ester solubilizing side chain on the 2 position, is alternating along the polymer 

chain with a benzo[1,2‐b:4,5‐bʹ]dithiophene (B), substituted on the 4 and 8 

positions. These PTB derivatives have optical band gaps in the range of 1.55 to 1.63 

eV, i.e. higher than the first class. The third class comprises the 2,5‐

dialkylpyrrolo[3,4‐c]pyrrole‐1,4(2H,5H)‐dione (DPP) based polymers in which the 

electron‐deficient DPP unit alternates with an electron rich π‐conjugated segment. 

The optical absorption of the DPP polymers can extend well into the near‐IR 

region. In tandem cells DPP polymers with optical band gaps ranging from 1.30 to 

1.50 eV have been used.  

The average Eloss for the small band gap subcells of the tandem cells listed 

is 0.87 eV. This clearly demonstrates that Voc and Eg are much better tuned for these 

small band gap materials than for the wide band gap materials where Eloss = 1.07 

eV. Particularly promising from an energetic point of view are some of the DPP 

polymers where Eloss can be as small as ~0.65 eV.  
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Table 2.1 Solution processed tandem polymer solar cells.  

Front subcell Back subcell Tandem Recombination layer Ref

Material 
Eg a 

(eV) 

Voc 

(V) 
Material 

Eg a

(eV)

Voc 

(V) 
Typeb

PCE

(%) 
Contact to front subcell Contact to back subcell  

PF8TBT:PC60BM 1.95 0.90 PTBEHT:PC60BM 1.20 0.50 R 0.6 LiF/Al Au/PEDOT:PSS 56

MDMO‐PPV:PC60BM 2.10 0.82 MDMO‐PPV:PC60BM 2.10 0.82 R 1.8 
ZnO np n‐PEDOT:PSS 57

MDMO‐PPV:PC60BM 2.10 0.82 P3HT:PC60BM 1.90 0.75 R 1.9 

PCPDTBT:PC60BM 1.40 0.66 P3HT:PC70BM 1.90 0.63 R 6.5 TiOx sol‐gel PEDOT:PSS(PH500) 58

P3HT:PC60BM 1.90 0.60 PTBEHT:PC60BM 1.20 0.51 R 0.9 
Sm/Au optical spacer Au/PEDOT:PSS 59

P3HT:PC60BM 1.90 0.60 PTBEHT:PC60BM 1.20 0.51 R/P 3.0 

PCPDTBT:PC60BM 1.40 0.65 P3HT:PC60BM 1.90 0.60 R/P 3.1 MoO3/Al Ag/MoO3 60

P3HT:PC70BM 1.90 0.60 PSBTBT:PC70BM 1.50 0.67 R 5.8 Al/TiO2 sol gel PEDOT:PSS 61

PF10TBT:PC60BM 1.95 0.98 PBBTDPP2:PC60BM 1.40 0.62 R 4.9 ZnO np n‐PEDOT:PSS 39

P3HT:PC70BM 1.90 0.58 PSBTBT:PC70BM 1.50 0.62 R/P 4.8 PEDOT/Au Au/V2O5 62

P3HT:bis PC60BM 1.90 0.70 P3HT:PC70BM 1.90 0.58 R 5.2 LiF/ITO MoO3 63

PF10TBT:PC60BM 1.95 0.98 PF10TBT:PC60BM 1.95 0.98 R 4.1 ZnO np 
n‐PEDOT:PSS 

(PH500:DMAE)/ Nafion 
64

P3HT:PC60BM 1.90 0.62 P3HT:PC60BM 1.90 0.62 R 3.7 TiO2 np PEDOT:PSS(PH500) 65

P3HT:PC60BM 1.90 0.58 PSBTBT:PC70BM 1.50 0.64 I 5.1 MoO3/Al ZnO‐d sol‐gel 66

P3HT:PC60BM 1.90 0.65 P3HT:PC60BM 1.90 0.65 I 2.9 PEDOT:PSS(IPA:BuOH) ZnO np/C60‐SAM 67

P3HT:ICBA 1.90 0.83 PSBTBT:PC70BM 1.50 0.64 I 6.2 PEDOT:Au‐np TiO2:Cs 68

P3HT:PC60BM 1.90 0.63 P3HT:PC60BM 1.90 0.63 I 2.9 MoO3/Ag Al/Ca 69

P3HT:PC60BM 1.90 0.59 P3HT:PC60BM 1.90 0.53 R/L 4.1 ZnO GO:PEDOT:PSS 70

P3HT:ICBA 1.90 0.82 PSBTBT:PC70BM 1.50 0.66 R 7.0 Al/TiO2 sol gel 
m‐PEDOT:PSS 

(PH500:NaPSS:DMF) 
71

PCDTBT:PC70BM 1.88 0.90 PDPP5T:PC60BM 1.46 0.58 R 7.0 ZnO np n‐PEDOT:PSS 50
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Front subcell Back subcell Tandem Recombination layer Ref

Material 
Eg a 

(eV) 

Voc 

(V) 
Material 

Eg a

(eV)

Voc 

(V) 
Typeb

PCE

(%) 
Contact to front subcell Contact to back subcell  

P3HT:ICBA 1.87 0.82 PDPP5T:PC60BM 1.46 0.59 I 5.8 PEDOT:PSS (CPP105D:IPA) ZnO np 72

P3HT:ICBA 1.90 0.85 PBDTT‐DPP:PC70BM 1.44 0.74 I 8.6 
m‐PEDOT:PSS 

(PH500:NaPSS:DMF) 
ZnO np 73

P3HT:ICBA 1.90 0.82 PBDTTT‐C:PC60BM 1.56 0.67 I 8.2 PEDOT:PSS(PH1000) PEIE 74

P3HT:PC60BM 1.90 0.63 P3HT:PC60BM 1.90 0.63 I 2.1 MoOx/Ag PEIE 75

SDT‐BT:PC70BM 1.37 0.60 P3HT:PC70BM 1.90 0.60 R 5.2 TiOx sol gel PEDOT:PSS 76

P3HT:PC60BM 1.90 0.56 P3HT:PC60BM 1.90 0.56 R/L 4.1 GO:SWCNTs ZnO np 77

P3HT:PC60BM 1.90 0.53 P3HT:PC60BM 1.90 0.53 I/L 3.5 ZnO np GO:SWCNTs 77

P3HT:ICBA 1.90 0.84 PBDTT‐SeDPP:PC70BM 1.38 0.69 I 9.5 PEDOT:PSS ZnO np 78

P3HT:ICBA 1.90 0.84 PDTP‐DFBT:PC60BM 1.38 0.70 I 10.6 PEDOT:PSS ZnO np 79

PF10TBT:PC60BM 1.95 1.04 PDPPTPT:PC60BM 1.53 0.78 R 4.6 ZnO np n‐PEDOT:PSS/Nafion 80

PCDTBT:PC70BM 1.88 0.87 PMDPP3T: PC60BM 1.30 0.61 R 8.9 ZnO np n‐PEDOT:PSS 81

P2:PC70BM 1.84 0.88 PDPPTPT:PC70BM 1.49 0.78 I 8.4 PEDOT:PSS (CPP105D:IPA) ZnO‐np/CPE(FPQ‐Br) 82

PBDTT‐FDPP‐C12: 

PC60BM 
1.49 0.76 

PBDTT‐SeDPP: 

PC70BM 
1.38 0.73 I/S 7.4 PFN/TiO2 sol‐gel 

PEDOT:PSS(PH1000:IPA

:DMF)/PEDOT:PSS 
83

PDPP5T‐2: PC70BM 1.46 0.56 PDPP5T‐2:PC70BM 1.46 0.56 R 4.9 ZnO np PH neutral PEDOT:PSS 84

PSEHTT:ICBA 1.82 0.94 PSBTBT:PC70BM 1.50 0.68 R 8.4 TiOx sol gel GO 85

PBDTFBZS:PC70BM 1.81 0.88 PNDTDPP:PC70BM 1.36 0.74 I 9.4 PEDOT:PSS ZnO 86

PTIPSBDT‐

DFDTQX:PC70BM 
1.85 0.81 PBPT‐8:PC70BM 1.56 0.71 I 7.2 PEDOT:PSS(IPA:surf.) PEIE 87

PCDTBT:PC60BM 1.90 0.85 PCDTBT:PC60BM 1.90 0.85 R 3.9 GO‐Cs/Al GO/MoO3 88

P3HT:ICBA 1.90 0.84 PTB:PC70BM 1.60 0.71 I 8.3 PEDOT:PSS PEI 89

PCDTBT:PC70BM 1.90 0.87 PDPP3T:PC70BM 1.32 0.67 I 7.3 MoO3 Al doped MoO3 90

P3HT:ICBA 1.90 0.84 PTB7:PC70BM 1.61 0.71 I 7.8 Ag/PEDOT:PSS(surf.) ZnO np 91
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Front subcell Back subcell Tandem Recombination layer Ref

Material 
Eg a 

(eV) 

Voc 

(V) 
Material 

Eg a

(eV)

Voc 

(V) 
Typeb

PCE

(%) 
Contact to front subcell Contact to back subcell  

P3HT:ICBA 1.90 0.83 PTTBDT‐FTT:PC70BM 1.63 0.77 I 8.4 PEDOT:PSS(surf.) PEIE 92

PIDT‐phanQ:PC60BM 1.67 0.85 PIDT‐phanQ:PC70BM 1.67 0.87 I 7.8 

PEDOT:PSS(IPA:surf.)/PH1000 ZnO/C60‐SAM 93PCPDTFBT: PC60BM 1.44 0.75 PCPDTFBT:PC70BM 1.44 0.76 I 7.2 

PIDT‐phanQ:PC60BM 1.67 0.85 PIDT‐phanQ: PC70BM 1.67 0.76 I/S 6.7 

PSEHTT:ICBA 1.82 0.91 PSBTBT:PC70BM 1.50 0.64 I 8.9 PEDOT:PSS(modified) PEIE 94

PSEHTT:ICBA 1.82 0.88 PBDTT‐DPP:PC70BM 1.40 0.74 R/S 8.0 ZnO (no details) PEDOT:PSS 95

PBDTTPD: PC60BM 1.71 0.90 PSBTBT:PC70BM 1.50 0.64 I 7.5 pH neutral PEDOT:PSS Li‐ZnO 96

PCDTBT:PC70BM 1.88 0.89 PDPPTPT:PC60BM 1.53 0.80 I/T 6.1 ZnO np/Ag MoO3 97

PCDTBT:PC70BM 1.88 0.87 PDPP5T‐2:PC60BM 1.46 0.55 I 7.3 PEDOT:PSS(IPA)/Ag‐nw ZnO np 98

P3HT:ICBA 1.90 0.83 PTB7:PC70BM 1.61 0.74 I 8.4 
PEDOT:PSS(modified) ZnO np 99

PBDTT–ttTPD:PC70BM 1.86 0.84 PTB7:PC70BM 1.61 0.74 I 9.4 

PIDTT‐DFTQ:PC70BM 1.82 0.89 PIDTT‐DFTQ:PC70BM 1.82 0.92 I/P 8.1 

PEDOT:PSS(modified)/Ag Ag/MoO3 100PIDTT‐DFBT:PC70BM 1.78 0.94 PIDTT‐DFBT:PC70BM 1.78 0.98 I/P 8.7 

P3HT:ICBA 1.90 0.84 PIDTT‐DFBT:PC70BM 1.78 0.96 I/P 9.2 

P3HT:ICBA 1.90 0.84 PTB7‐Th:PC70BM 1.58 0.78 I 9.6 
WO3 np/PEDOT:PSS 

(PH500:DMF:PSS:surf.) 

ZnO np 

 

101

 
PTB7‐Th:PC70BM 1.58 0.78 PDTP‐DFBT:PC60BM 1.40 0.70 I 10.7 

P3HT:ICBA 1.90 0.84 PDTP‐DFBT:PC60BM 1.40 0.70 I 9.8 

PSEHTT:ICBA 1.82 0.94 PTB7:PC70BM 1.61 0.76 I 10.4 pH neutral PEDOT:PSS Li‐ZnO/C60‐SAM 102

PDCBT:PC70BM 1.91 0.80 PBDT‐TS1: PC60BM 1.55 0.80 I 10.2 MoO3/Ag ZnO‐cp/PFN 103

PTB7‐Th:PC70BM 1.58 0.79 PTB7‐Th:PC70BM 1.58 0.79 I 10.8 PEDOT:PSS(PH1000:H2O:surf.) PEI 104

PTB7‐Th:PC70BM 1.58 0.79 PTB7‐Th:PC70BM 1.58 0.79 R 11.3 ZnO np CPE‐K/CPE‐Na 114

PBDT‐FBT‐2T:PC70BM 1.72 0.85 PMDPP3T:PC60BM 1.30 0.61 R 8.9 ZnO np n‐PEDOT:PSS 105
a Eg represents the optical band gap of the polymer, note that the optical gap of the fullerene (~1.75 eV) may be less. b R = regular configuration, I = 

inverted configuration, S = semitransparent cell, P = parallel tandem, T = top illuminated, L = laminated. 
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Figure 2.7 Structures of fullerene acceptors used in multi‐junction polymer solar cells. References to the 

publications using these acceptors can be found in Table 1. 

 

 

 
Figure 2.8 Structures of wide band gap polymers used in multi‐junction polymer solar cells. References 

to the publications using these polymers can be found in Table 1. 
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Figure 2.9 Structures of small band gap polymers used in multi‐junction polymer solar cells. References 

to the publications using these polymers can be found in Table 1. 



Multi‐junction polymer solar cells 

29 

 

2.4 Recombination layers 
Next to efficient active layer materials, the other critical component of a 

tandem solar cell is the intermediate contact layer or recombination layer. This 

layer is responsible for the electrical connection of the subcells and the effective 

operation of the device. There is no current generation in this area and therefore 

the layers involved need to be transparent to light to avoid absorption losses. 

Another important requirement for the recombination layer is that it forms Ohmic 

contacts to the adjacent subcells, one n‐type and one p‐type. In practice this implies 

that the recombination layer must have different workfunctions on either side. 

Commonly this is achieved by depositing two (or more) layers that individually 

are suitable to collect electrons or holes. The order of deposition determines the 

polarity of the device.  

As can be seen in Table 2.1 there is a large variety of recombination layers. 

Typical materials used as n‐type layers are solution processed metal oxides such as 

ZnO nanoparticles,57 Li‐doped ZnO,96 and sol‐gel TiOx.58 These metal oxides are 

sometimes functionalized with C60 self‐assembled monolayers (C60‐SAMs)67 or 

PFN103 (Figure 2.10) to improve hole blocking.  

 

 
Figure 2.10 Structures of benzoic acid substituted N‐methylfulleropyrrolidine (C60‐SAM), poly[(9,9‐

bis(3ʹ‐(N,N‐dimethylamino)propyl)‐2,7‐fluorene)‐alt‐2,7‐(9,9‐dioctylfluorene)] (PFN), ethoxylated 

polyethylenimine (PEIE), and polyethyleneimine (PEI).  

More recently polyamines such as PEIE74 and PEI89 (Figure 2.10) were 

introduced to modify the workfunction of the adjacent PEDOT:PSS or metal oxide 

layer to create an effective low workfunction contact. For the p‐type layers that 

serve to collect holes PEDOT:PSS is most widely used, together with MoO3,60 

V2O5,62 WO3,101 and graphene oxide (GO).70  

2.4.1 Regular configuration  

In regular polarity devices the electrons that are generated in the front cell 

and collected by the n‐type layer recombine with the holes that are generated by 

the back cell and collected in the p‐type layer. The most used material 

combinations are ZnO/PEDOT:PSS and TiOx/PEDOT:PSS thanks to their 

processability from solution. A layer of the two n‐type materials ZnO and TiOx can 

be obtained in different ways, through a dispersion of nanoparticles or as a sol‐gel 

layer that is converted into the metal oxide after deposition. A sol‐gel formulation 
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consists of a metal oxide precursor in solution that undergoes hydrolysis and 

polycondensation. Full conversion is usually only obtained after deposition with 

thermal annealing. This is only compatible on top of photoactive layers that can 

withstand the required annealing temperature (up to 150 °C) such as P3HT:ICBA. 

Therefore efforts have been directed towards developing metal oxide nanoparticle 

dispersions that do not need thermal annealing. The most used in this respect are 

ZnO nanoparticles106 that can be processed from acetone or isopropanol (IPA) into 

closed layers and that have extensively been used to make multi‐junction solar 

cells.57 Another option developed by Hadipour et al. is an extremely thin (3 nm) 

TiOx layer that does not require any initial or additional treatment and can be 

solution processed into an electron transport layer in air or protective 

atmosphere.107  

PEDOT:PSS is the most commonly used p‐type material, but different 

formulations are used. To process on top of ZnO, the PEDOT:PSS solution needs to 

have neutral pH to prevent dissolution of the ZnO. This can be achieved by 

neutralizing the commercial PEDOT:PSS (PH500) dispersion in water with  

2‐dimethylaminoethanol (DMAE)64 or by using a commercial pH‐neutral 

PEDOT:PSS (Orgacon N‐1005).57 pH‐neutral PEDOT:PSS, however, has a lower 

workfunction than the commonly used highly acidic PEDOT:PSS dispersion. The 

workfunction decreases from 5.05 eV (at pH 1.75) to 4.65 eV (at pH 7). This can 

cause a voltage loss when combined with photoactive layers that have a deep 

HOMO level. In practice it is difficult to achieve a Voc > ~ 0.7 V with pH‐neutral 

PEDOT. The problem can be alleviated, however, by depositing a thin layer of 

Nafion on the pH‐neutral PEDOT:PSS to modify the workfunction. 64,80  

For use on n‐type nanocrystalline TiO2, Yang et al. modified a commercial 

PEDOT:PSS (PH500) formulation with poly(styrenesulfonate) sodium salt (NaPSS) 

and DMF to enhance conductivity and make it possible to use thicker layers that 

increase the physical robustness of the intermediate contact,71 making it compatible 

with slow evaporating solvents that are used in the second active layer deposition. 

More recently Jang et al. replaced PEDOT:PSS by graphene oxide (GO) as a p‐type 

layer on top of TiO2 to yield tandem cells with 8.4% PCE.85  

2.4.2 Inverted configuration 

In the inverted configuration, the current flows in opposite direction 

compared to the regular structure and this means that in the intermediate contact 

holes will be collected from the front subcell and electrons from the back subcell 

(Figure 2.2). The most used material combinations in solution processed inverted 

tandem solar cells are PEDOT:PSS/ZnO67,72,73 and PEDOT:PSS/PEIE74 (Table 2.1).  

To collect the holes from the front cell, the p‐type material is deposited on 

the active layer. This is not a trivial step because the polymer active layer surface is 
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hydrophobic and a p‐type material spin coated from an aqueous solution or 

dispersion such as PEDOT:PSS will not form a uniform layer due to de‐wetting. 

Different strategies have been developed to solve this challenge. Kouijzer et al. 

used a mild nitrogen plasma treatment on the P3HT:ICBA active layer and 

PEDOT:PSS (PH1000) diluted with an alcohol to improve the wetting.72 A similar 

approach has been adopted by Kippelen et al., who pre‐treated the P3HT:ICBA 

surface with an oxygen plasma (1 s) to make it more hydrophilic and improved the 

conductivity of the PH1000 PEDOT:PSS with DMSO.74 Another option is to 

evaporate a thin layer of metal (Ag, Au) to improve the wetting of the 

PEDOT:PSS.91 Likewise WO3 nanoparticles deposited from ethanol have been used 

as a primer layer to subsequently spin coat PEDOT:PSS.101 While each of these 

strategies gave good PEDOT:PSS layer formation on photoactive layers and 

excellent performance, the variety of methods that are developed show that a 

universal solution that is valid for all active layer materials remains to be 

demonstrated. 

The n‐type layer in the inverted configuration has mostly been ZnO until 

Kippelen et al. introduced ethoxylated polyethylenimine (PEIE) which is deposited 

from water and 2‐methoxyethanol on a thermally annealed PEDOT:PSS giving a 

coating of only a few nanometers. This layer induces a modification of the 

workfunction of the PEDOT:PSS at the top surface from 4.9 to 3.6 eV enabling 

selective electron collection.74 The effect has been attributed to originate from a 

molecular dipole and interface dipole.108 Cross‐linked fullerenes have also shown 

to be valid alternative n‐type materials that can be processed at low temperature.109 

This reduces any limitations on the choice of front cell materials and is compatible 

with the fabrication of tandem solar cells on flexible substrates.  

2.4.3 Lossless contacts 

The p‐ and n‐type materials in the recombination layer must form a lossless 

contact to achieve optimal performance but formation of an Ohmic contact is not 

straightforward. As explained by Tress and Inganäs injection barriers caused by a 

misaligned metal workfunction or extraction barriers resulting from 

(unintentional) insulating interlayers between metal and active layers, result in a 

decrease in fill factor. In more extreme cases S‐shaped J−V characteristics occur.110 

In tandem cells a poor alignment of the energy levels at the junction between the n 

and p‐type layers in the recombination contact can be another reason for such S‐

kink. Gilot et al. showed that for a ZnO/PEDOT:PSS contact the S‐kink can be 

eliminated by depositing a very thin Ag layer between ZnO and PEDOT:PSS or by 

UV illumination of ZnO.57 The effect of UV illumination has been studied in detail 

and could be attributed to a persistent photodoping (Figure 2.11).111,112 UV 

illumination of ZnO creates free electrons and holes. The holes recombine with  
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O2− defects and molecular O2 is desorbed from the nanoparticle surface. As a result 

trapped holes and free electrons remain. The free electrons are easily detected with 

electron spin resonance, and by the filling of the conduction band they cause a blue 

shift of the ZnO band gap via the Burstein‐Moss effect and an increase of the 

conductivity. The effect of UV illumination can be reversed by exposing the ZnO to 

oxygen from the air. The effect of UV illumination does enhance the number of free 

charge carriers in one of the layers and allows creating an Ohmic contact. This 

mechanism is likely also operating for TiO2 where a similar effect of illumination 

on the J−V characteristics has been ovserved.61,65,76,113 

   

 

 

 
Figure 2.11 Mechanism for persistent photodoping of ZnO particles by UV light. ESR of pristine ZnO 

nanoparticles in vacuum before and after UV illumination and subsequently after exposure to air. 

Change in resistance to Ohmic for a ZnO/PEDOT:PSS junction upon UV exposure. Burstein‐Moss effect 

(blue shift) upon UV illumination by emptying the valence band and filling the conduction band. 

Figures adapted from Refs. 111 and 112.  
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2.5 Advancing the efficiency of solution processed 

multi‐junction cells 

2.5.1 Polymer tandem cells 

Following the demonstration of solution processed tandem polymer solar 

cells in 2007,57,58 the performance of these devices has developed significantly. In 

this section, some of the advances made since then are highlighted. 

In 2009, Yang et al. published a 5.8% efficient tandem consisting of 

P3HT:PC70BM and PSBTBT:PC70BM.61 The materials used were similar to those 

used by Heeger’s group, but Yang’s team reversed the stack design and placed the 

wide band gap semiconductor in the front cell. Yang et al. also showed that the use 

of a highly conductive PEDOT:PSS in the intermediate contact can result in a 

significant overestimation of the PCE because the recombination layer can collect 

charges from the subcells on either side over a larger area than the nominal area 

defined by the overlap of the top and bottom electrodes. This implied that 

previously reported PCEs were possibly overestimated.  

Despite the favorable efficiencies, the tandem cells published by the 

groups of Heeger and Yang did not yet benefit from the principal advantage of a 

tandem configuration.61,58 In these tandem cells the Voc of the wide band gap 

P3HT:PC70BM subcell (~0.63 V) is less than that of the small band gap 

PCPDTBT:PC70BM or PSBTBT:PC70BM subcell (~0.67 V). Hence, thermalization 

losses are actually increased compared to a single junction of the small band gap 

cell. The increased efficiency with respect to a single junction originates from an 

increased spectral coverage and higher EQE. The almost equal voltages of the 

subcell materials available at that time prompted also the development of parallel 

connected tandem cells by the groups of Blom,59 Xie,60 and Yang62 resulting in 4.8% 

PCE. In a parallel tandem configuration a common middle electrode is used and 

rather than adding the voltages of the subcells the photocurrents are added. The 

design criterion is then to have subcells with matched Vocs.  

In 2009, Gilot et al. published a first series connected tandem polymer solar 

cell that really benefitted from reduced thermalization losses for the higher energy 

photons employing wide (1.95 eV) and small (1.40 eV) band gap subcells that 

provided Vocs of 0.98 and 0.62 V, respectively.39 Gilot also showed that the 

efficiency of 4.9% for the tandem matched with the expected performance based on 

electrical an optical modeling, indicating that the ZnO/PEDOT:PSS recombination 

contact did not represent a significant loss.  

One of the difficulties in fabricating polymer tandem solar cell is the 

presence of the thin and fragile interconnecting layer. As a consequence, the back 

cell must usually be processed from fast‐evaporating, low‐boiling point solvents 
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such as chloroform to prevent the front cell to be damaged. This limited the 

possibility to use high efficiency blends and their optimal processing conditions 

that often include slow drying. To solve this problem, Yang et al. developed a 

modified formulation of PEDOT:PSS (m‐PEDOT) which could be deposited in 

higher thicknesses without creating Ohmic losses between the subcells. The new 

interconnecting layer was physically more robust and allowed employing an 

efficient small band gap PSBTBT:PC70BM layer processed from chlorobenzene. 

Combining this blend with P3HT:ICBA in the front subcell led to a record 

efficiency of 7.0% for a regular polarity tandem configuration.71 A similarly high 

efficiency was achieved shortly after by Gevaerts et al. who used efficient wide 

(PCDTBT:PC70BM) and small (PDPP5T:PC60BM) band gap polymer:fullerene 

subcells and a ZnO/PEDOT:PSS recombination layer.50  

In 2010, Yang et al. published the first inverted configuration tandem 

polymer solar cell using P3HT:PC60BM and PSBTBT:PC70BM subcells.66 As a 

recombination layer thermally evaporated MoO3 and Al were used, covered with a 

sol‐gel ZnO layer to reach a PCE of 5.1%. Almost at the same time Jen et al. 

published a solution processed inverted tandem solar cell consisting of two 

P3HT:PC60BM subcells.67 The recombination layer consisted of PEDOT:PSS, 

deposited using isopropanol (IPA) and butanol (BuOH) in the aqueous dispersion 

to improve the wetting, and a ZnO layer that was decorated with a C60‐SAM 

(Figure 10) to improve the selectivity of the contact. In 2011 Yang et al. showed the 

beneficial use of plasmonic effects in an inverted P3HT:ICBA/PSDTBT:PC70BM 

tandem polymer solar cell configuration by blending Au nanoparticles into the 

interconnecting layer to reach PCE = 6.2%.68 This cell was also the first tandem 

polymer solar cell that used P3HT with ICBA rather than with PC60BM or PC70BM 

to increase the Voc of the front subcell. In 2012, Kouijzer et al. published an inverted 

tandem cell based on wide band gap P3HT:ICBA and small band gap 

PDPP5T:PC60BM subcells with a solution processed PEDOT:PSS/ZnO 

interconnection layer with PCE = 5.8%.  

Following these promising developments, the inverted tandem cell design 

attracted attention and gained importance. Two significant developments were 

published in the course of 2012. The first was the development of a new efficient 

small band gap (~1.44 eV) DPP polymer, PBDTT‐DPP (Figure 9), and its use as 

back subcell in an inverted tandem cell together with a P3HT:ICBA wide band gap 

cell to increase the PCE of polymer tandem solar cells to 8.6%.73 The second was the 

introduction of ethoxylathed polyethylenimine (PEIE) in an efficient inverted 

tandem cell eliminating the need of using a metal oxide (Figure 12). PEIE lowers 

the workfunction of the underlying layer. In the intermediate contact the 

workfunction of the PEDOT:PSS is reduced from 4.9 eV to 3.6 eV, allowing an 

Ohmic contact for electron collection.74 The result was an 8.2% tandem solar cell 
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using a P3HT:ICBA front subcell and a small band gap PBDTTT‐PC60BM back 

subcell and a novel recombination contact material. 

 

  

Figure 2.12 Device structure of the polymer tandem solar cells with PEDOT:PSS (PH1000) modified by 

PEIE as the recombination layer. Reproduced from Ref. 74. 

The 8.6% PCE achieved by Yang et al. showed that designing materials 

tailored to operate in tandem cells can really lead to considerable improvements. 

Along this line, Yang’s group developed a selenium DPP type polymer with a 

~1.38 eV band gap that increased the PCE in an inverted tandem cell to 9.5%.78 

Next, in a collaboration with Sumitomo, they pushed the PCE beyond the 10% 

barrier with a 10.6% cell.79 This outstanding result was obtained by designing a 

new small band gap polymer, PDTP‐DFBT (Figure 2.9), that absorbs light up to 900 

nm and gave PCE = 7.9% in single junction solar cells. The authors also compared 

two different tandem solar cells where the small band gap polymer in the back 

subcell is combined with PC60BM or with PC70BM, affording PCEs of 10.6% and 

10.2%, respectively. The difference is due to the absorption of high energy photons 

by the back subcell in which the PC70BM “steals” photons from the front cell, 

resulting in a lower EQE contribution from the latter. This demonstrates the 

importance of subcell matching for highly efficient tandem solar cells. 

Further in 2013, a new small band gap (1.30 eV) DPP polymer, PMDPP3T 

(Figure 2.9), was designed by Li et al. starting from the known PDPP3T and 

introducing two methyl groups on the thiophene to carefully tune the energy 

levels for improved charge generation.81 The resulting single junction solar cells 

reached 7.0% efficiency with absorption in the near‐infrared up to 960 nm. The use 

of this material in a regular tandem cell yielded devices with PCE up to 8.9%. The 

improvement of the photocurrent of the low band gap cell by pushing the band 

gap to lower values, meant that the current generation in the two subcells was not 

matched and the wide band gap material (PCDTBT:PC70BM) limited the overall 

efficiency. This limitation was lifted by adding an additional small band gap cell 

on top of the existing structure. This 1+2 triple junction structure has the advantage 

of using the excess charge generation by the small band gap polymer to create an 
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extra voltage added in the series connection (Figure 2.13). With optimized layer 

thicknesses, the triple junction reached a PCE of 9.6%.81  

Several groups reported new and specifically designed materials for 

tandem cells. In this respect it is not only of interest to design small band gap 

polymers for the back cell, but as was shown by Li et al.81 also the wide band gap 

polymer used in the front subcell needs improvement. Along this line Hwang et al. 

introduced a new wide band gap polymer (PTIPDBDT‐DFDTQX, Figure 2.8) based 

on (triisopropylsilyl)ethynyl (TIPS) substituted benzodithiophene (BDT) and a 

fluorinated quinoxaline. The new polymer had a band gap of about 1.85 eV and 

gave PCEs up to 6.1% in single junction solar cells.87 Combining with a small band 

gap polymer and using the novel PEDOT:PSS/PEIE recombination layer developed 

by Kippelen et al.74 they obtained a PCE of 7.2% in an inverted tandem solar cell.87 

In a related approach, Peng et al. developed a new polymer consisting of an 

electron rich dialkylthiol‐substituted BDT and an electron deficient 

monofluorinated benzotriazole (FBZ)86 The resulting PBDTFBZS polymer (Figure 

2.8) has an optical band gap of around 1.8 eV and a deep HOMO level that resulted 

in a high Voc up to 0.9 V, providing a PCE of 7.7% in single junction cells. This 

represents a significant improvement compared to existing wide band gap material 

combinations such as P3HT:ICBA and in combination with a complementary DPP‐

based low band gap material a tandem solar cell of 9.4% was obtained.86 

 

 
Figure 2.13 Device configuration of the tandem cell and the corresponding 1+2 triple junction cell that 

Reach PCEs of 8.9% and 9.6%, respectively. Adapted from Ref. 81. 

Also in 2013 new intermediate contact layers were implemented in tandem 

solar cells. Heeger et al. showed the relevance of interfacial engineering by 

introducing a conjugated polyelectrolyte (CPE) on top of a PEDOT:PSS/ZnO 

recombination layer to decrease the workfunction and thereby improve the 

electron collection.82 This effect has been observed both in single junction and 

tandem solar cells leading to a PCE improvement from 7.2% for the tandem 
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without CPE to 8.6% with CPE. Interesting progress was also reported by Jang et 

al. who introduced a new recombination layer consisting of sol‐gel TiOx (40 nm) 

and graphene oxide (GO) (10 nm).85  

In 2014, the research on polymer tandem solar cells gained considerable 

momentum and several groups have reported very high efficiencies. Tandems cells 

with PCEs ranging from 3.9% to 8.9% were obtained in regular and inverted 

configurations using interconnection layers comprising GO/GO‐Cs/Al/MoO3,88 

PEDOT:PSS/PEI,89 MoO3/Al‐doped MoO3,90 PEDOT:PSS/ZnO,91,95,99 

PEDOT:PSS/PEIE,92,94 PEDOT:PSS/ZnO/C60‐SAM,93 PEDOT:PSS/ Li‐ZnO,96 

ZnO/Ag/MoO3,97 PEDOT:PSS/Ag nanowire/ZnO98 and a variety of wide and small 

band gap materials. The large variety in recombination layers and their processing 

details that provide such high PCEs in tandem cells, demonstrates that there are 

many options to create an efficient interconnection layer but at the same time hints 

to the challenge that a robust and universally applicable technique has not yet been 

established.  

By the end of 2014, a number of polymer tandems cells reached PCEs very 

close or even exceeding 10%. Among these are a series of tandem cells developed 

by Yang et al. as reference cells for a record high triple junction cell of 11.6% that 

will be discussed in detail below in paragraph 2.5.3.101 The reference tandem cells 

use wide (1.90 eV), medium (1.58 eV), and small (1.40 eV) band gap photoactive 

layers in each of the three possible mixed configurations to give 9.6%, 10.7%, and 

9.8% inverted tandem cells (Table 2.1).101 The novelty is the use of WO3 

nanoparticles as an interlayer between the photoactive layer and the 

PEDOT:PSS/ZnO recombination contact. Jang et al. published a 10.4% tandem cell 

that used a recombination contact of PEDOT:PSS and Li‐doped ZnO covered with 

C60‐SAM. Hou et al. used a novel wide band gap polythiophene (PCDBT, Figure 

2.8) with a deep HOMO level and small band gap BDT‐TT derivative to obtain 

PCE = 10.2%.103 Finally in a very interesting publication, Lee et al. showed a 10.8% 

efficient homo‐tandem in which both photoactive layers contain PTB7‐Th:PC70BM 

bulk heterojunction and a recombination layer of PEDOT:PSS/PEI.104 They used an 

intriguing one‐step coating procedure in which the bulk heterojunction and the PEI 

of the recombination layer were simultaneously deposited onto the ITO bottom 

contact and the intermediate PEDOT:PSS layer. The recombination layer formed 

via self organization via a spontaneous vertical phase separation due to the 

different surface energies.104  

The use of a novel polycarbazole‐based hole transport layer brought a 

further increase in the performance of PTB7‐Th homo‐tandems solar cells to reach 

as high as 11.3% efficiency.114 The novel design of the conjugated polyelectrolyte 

together with the almost total light harvesting up to 800 nm gives rise to the 

highest reported polymer tandem solar cell efficiency to the end of 2015. 
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2.5.2 Small molecule tandem cells 

In addition to solution processed polymer solar cells, solution processed 

small molecule cells have made important developments in the last few years. In 

fact the best solution processed small molecule cells have reached similar 

performance levels as their macromolecular counterparts. This has also resulted in 

attempts to develop solution processed small molecule tandem organic solar cells. 
Initially hybrid approaches were chosen in which one part of the cell was 

deposited from solution and the other via evaporation. Forrest at al. described a 

solution processed and solvent‐vapor‐annealed small band gap squaraine dye in a 

bilayer front cell with evaporated C70 and a wide band gap graded 

subphthalocyanine (SubPc):C70 back cell, to reach a tandem cell with 6.6% 

efficiency.115 In a subsequent paper Forrest et al. used a solution processed 

functionalized squaraine dye in both subcells in combination with evaporated C60 

and charge transport layers to reach a 6.2% efficient tandem.116 A related approach 

has been described by Palomares et al. who achieved a 2.2% efficient tandem cell 

comprising a solution processed front subcell consisting of a bulk heterojunction of 

DPP(TBFu)2:PC70BM and an evaporated bilayer back subcell that employs a 

squaraine donor and C60 acceptor.117  

A fully solution processed and highly efficient small molecule tandem cell 

has been reported by Yang et al. They used a π conjugated oligothiophene 

derivative (SMPV1). Single junction solar cells based on SMPV1 reach PCE = 8.0%. 

A homo‐tandem solar cell based on SMPV1 was constructed with a recombination 

layer that comprised a bilayer of a conjugated polyelectrolyte, demonstrating 

PCE = 10.1%.118  

2.5.3 Extended polymer multi‐junction cells 

A further increase of the efficiency of polymer solar cells can be achieved 

by extending the multi‐junction configuration from two to three or more 

photoactive layers. Multi‐junction cells with more than two absorber layers are 

readily obtained using thermal evaporation of photoactive and interconnection 

layers. In 2002 Forrest et al. already showed three and five‐fold bilayer stacks of 

CuPc and PCTBI to reach PCEs of 2.3% and 1.0%, respectively.119 Adachi et al. 

reported on a series of multi‐junction cells with chloroaluminum phthalocyanine 

(ClAlPc) as donor and C60 as acceptor resulting in Vocs of 3.50 V for five‐fold and 

5.89 V for ten‐fold junctions.120 Also the highest efficiencies up to 12% reported for 

evaporated cells comprise triple junctions in 1+2 configurations.25  

Polymer multi‐junction cells have also achieved noticeable attention. In 

Table 2.2 an overview of the multi‐junction cells that have been published until the 

end of 2014 is provided. Already in 2007 Gilot et al. showed that it is possible to 

fully solution process three photoactive layers and two recombination layers based 
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on ZnO/PEDOT:PSS and obtain a working triple junction solar cell with Voc = 2.19 

V.57 By the same procedure six‐fold junction cells with Voc = 3.58 V were also 

obtained.33 In these cells all subcells contained an MDMO‐PPV:PC60BM blend 

except for the last subcell which was based on a P3HT:PC60BM bulk heterojunction. 

Both three‐ and six‐fold junction cells gave PCEs of about 2.1%. In 2009 Kwong et 

al. published a series connected triple junction cell consisting of three 

P3HT:PC60BM layers fabricated using transparent vacuum processed Al(1 

nm)/MoO3(30 nm) recombination layers, giving Voc = 1.73 V and PCE = 2.0%.121 The 

first inverted triple junction cell was reported by Jen et al in 2010.67 They also used 

three P3HT:PC60BM layers but reversed the polarity of the device and introduced a 

solution processed PEDOT:PSS/ZnO/C60‐SAM recombination layer. The  

Voc = 1.66 V and PCE = 2.3% were in the same range as for the regular cells reported 

by Kwong et al.121 While each of these results clearly demonstrated the viability of 

solution processed multi‐junction cells, their efficiencies were not up to par with 

the developments in the field and solution processed multi‐junctions were 

considered as being a curiosity rather than a clear path to reach high efficiencies.  

In 2013, Esiner et al. developed a more efficient triple junction solar cell. By 

using wide band gap (1.95 eV) and small band gap (1.53 eV) polymers with deep 

HOMO levels Esiner et al. achieved a triple junction polymer solar cell in a 1+2 

configuration with a relatively high Voc of 2.33 V.80 To reach the high Voc it was 

necessary to treat the ZnO/n‐PEDOT:PSS layer with an additional Nafion layer to 

increase the workfunction.64,80 The PCE of 5.3% reached was still moderate but the 

high Voc enabled the use of this cell for direct photoelectrochemical water splitting 

with two Pt electrodes operating close to the maximum power point of the triple 

junction, giving a solar‐to‐hydrogen energy conversion efficiency of about 3.1%. 

Later in 2013, Li et al. demonstrated the first efficient triple junction cell with  

PCE = 9.6% and using a 1+2 configuration as shown in Figure 3.81 Triple and 

quadruple homo multi‐junction cells were reported by Li et al.84 In these cells the 

same photoactive layer, based on a small band gap PDPP5T‐2:PC70BM blend, was 

incorporated in each subcell and a solution processed ZnO/pH neutral PEDOT:PSS 

interconnection layer was used. 
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Table 2.2 Solution processed multi‐junction polymer solar cells. 

Cell configuration a 
Eg b 

(eV) 

Voc 

(V) 
Type c 

PCE 

(%) 

Recombination layer 

Front/back 
Ref. 

MDMO‐PPV:PC60BM (1,2) 

P3HT:PC60BM (3) 

2.10 

1.90 
2.19 3‐fold R 2.1 ZnO/n‐PEDOT:PSS 57 

MDMO‐PPV:PC60BM (1‐5) 

P3HT:PC60BM (6) 

2.10 

1.90 
3.58 6‐fold R 2.1 ZnO/n‐PEDOT:PSS 33 

P3HT:PC60BM (1‐3) 1.90 1.73 3‐fold R 2.0 Al/MoO3 121 

P3HT:PC60BM (1‐3) 1.90 1.66 3‐fold I 2.3 
PEDOT:PSS(IPA:BuOH)/ 

ZnO np/C60-SAM 
67 

PF10TBT:PC60BM (1) 

PDPPTPT:PC60BM (2,3) 

1.95 

1.53 
2.33 3‐fold R 5.3 

ZnO/n‐PEDOT:PSS/ 

Nafion 
80 

PCDTBT:PC70BM (1) 

PMDPP3T:PC60BM (2,3) 

1.88 

1.20 
2.09 3‐fold R 9.6 ZnO/n‐PEDOT:PSS 81 

PDPP5T‐2:PC70BM (1‐3) 1.46 1.63 3‐fold R 3.9 ZnO/n‐PEDOT:PSS 84 

PDPP5T‐2:PC70BM (1‐4) 1.46 2.03 4‐fold R 3.0 ZnO/n‐PEDOT:PSS 84 

P3HT:ICBA (1) 

PTB7‐Th: PC70BM (2) 

PDTP‐DFBT:PC70BM (3) 

1.90 

1.58 

1.40 

2.28 3‐fold I 11.6 
PEDOT:PSS/ZnO 

WO3/ PEDOT:PSS/ZnO  
101 

PSEHTT:ICBA (1) 

PTB7: PC70BM (2) 

PMDPP3T:PC70BM (3) 

1.82 

1.60 

1.30 

2.24 3‐fold I 11.8 
n‐PEDOT:PSS/ 

Li‐ZnO/C60‐SAM 
102 

a The numbers between parentheses refer to the subcell number in the stack, with (1) being the front 

cell. b Eg represents the optical band gap of the polymer, note that that of the fullerene may be less.     

c R = regular configuration, I = inverted configuration. 

 

In 2014 Yang et al. demonstrated the first efficient triple junction polymer 

solar cells that incorporated three subcells with different band gaps (Figure 2.14).101 

The materials used are P3HT:ICBA (1.90 eV), PTB7:PC70BM (1.58 eV) and PDTP‐

DFBT:PC70BM (1.40 eV), which combined absorb light from 300 to 900 nm and 

show a power conversion efficiency of 11.6%. The cell was optimized using optical 

modeling. Importantly, this triple junction solar cell out performed any of the 

single or tandem junctions that can be made with the same materials. This triple 

cell not only represents three different band gap subcells, but these also show the 

required Vocs such that higher energy photons that are collected loose less energy 

in thermalization. The same approach for a triple junction cell was shown by Jang 

et al. using PSEHTT:ICBA (1.90 eV), PTB7:PC70BM (1.58 eV) and 

PMDPP3T:PC70BM (1.30 eV).102 With these subcells the spectral coverage was 

further extended to ~930 nm and Jang et al. reached an efficiency of 11.8% which 

−at the end of 2015− represents the highest reported efficiency for a solution 

processed organic solar cell.   
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Figure 2.14 a) Device configuration of triple junction solar cell. b) Optical constants of the photoactive 

layers. c) Energy levels of the materials used. Reproduced from Ref. 101. 

These advances in triple junction solar cells show the potential for this type 

of device. Considering that in these triple junction cells the photon energy loss 

(Eloss) in each subcell is at least 0.7 eV and sometimes even above 1.0 eV (Table 2.2), 

it can be expected that by developing new materials in which Eloss is more tailored 

to the 0.6 eV limit will increase the efficiency of triple junction solar cells 

considerably. In our view efficiencies in the 15‐20% range are within reach. 

2.6 Processing issues for multi‐junction polymer solar 

cells 

2.6.1 Labscale devices 

Although multi‐junction polymer solar cells are a valid strategy to reach 

high PCEs, the increased number of layers that have to be processed on top of each 

other increases the complexity of the fabrication process. The first important factor 

is solvent orthogonality. Each of the layers has to be processed from a solution that 

will not damage or wash away any of the previous deposited layers. For 
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processing on top of a bulk heterojunction polymer:fullerene only few solvents can 

be used in practice: water, acetone, and alcohols. Typically the photoactive layers 

are hydrophobic and this represents an obstacle to the deposition of materials from 

aqueous solutions because of poor wettability. Therefore extra measures have to be 

taken such as modifying the formulation of the solution or treating the surface of 

the photoactive layer. Another issue is related to the choice of the layers that will 

be stacked in a multi‐junction cell. Materials that need post‐processing such as 

thermal or solvent annealing can only be processed on top of layers that can 

withstand the same treatment. A typical example is the use of modified 

PEDOT:PSS in inverted solar cells. This has been shown to work well on top of 

P3HT:ICBA because both materials need an annealing step at 150 °C,73 but using it 

on a temperature sensitive active layer would lead to the degradation of the latter 

during the annealing process. As mentioned in paragraph 2.4, the same 

considerations also limit the use of sol‐gel processed metal oxides for intermediate 

contacts on active layer blends that degrade upon annealing.  

As discussed in paragraph 2.4.3, the use of metal oxides such as TiOx and 

ZnO as electron transport layers in polymer solar cells is often accompanied by the 

need for a UV light to create an Ohmic contact.61,57,65,76,113 The UV light leads to 

persistent photodoping of the metal oxides and increases the charge carrier density 

enabling the creation of Ohmic contacts. Of course the dependence on UV light is a 

drawback in practice and hence the development of recombination layers that do 

not need UV doping such as those based on PEDOT:PSS interfaced with PEIE74 or 

PEI104 are important. 

2.6.13 Large area and printed multi‐junction cells 

Until recently, studies on mass‐produced organic photovoltaic devices 

lagged far behind those on lab‐scale devices. This prompted Brabec et al. to 

investigate six different commercially available and some proprietary conjugated 

polymers and systematically investigated their potential in organic tandem solar 

cells. PCEs of 3.4% to 6.6% were found for tandem devices processed under 

ambient conditions using doctor‐blading (knife coating).122 Subsequently, Brabec et 

al. revealed the feasibility of achieving high efficiencies for tandem polymer solar 

cells with an inverted architecture using doctor‐blading at temperatures ≤ 80 °C 

either on glass or polyethylene terephthalate (PET) substrates.123 Using a 

proprietary wide band gap polymer with PC60BM in the front subcell and a small 

band gap PDPP5T‐2:PC60BM as back subcell, they achieved PCEs of 7.7% on glass 

and 5.4% on PET.123 The key achievement in these contributions lies in the fact that 

knife coating shows compatibility with roll‐to‐roll printing.122,123  

In a comprehensive study Brabec and Krebs et al. have addressed a cost 

analysis for single junction and tandem polymer solar cells based on 
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manufacturing data in large roll‐to‐roll coating pilot experiments.124 They compare 

different models designated as current status, upscaling, and industrial scenarios. 

Within the current status scenario they further consider low and high cost models 

that differ with regard to the generation of absorber materials used. In the current 

status (kW regime), the module costs are estimated to be 34.56 €/m2 in the low cost 

model and 61.71 €/m2 in the high cost model. They project however that upon 

upscaling (MW regime) and reaching the industrial production regime (GW 

regime), these costs can be reduced considerably to 12.81 €/m2 and 6.79 €/m2, 

respectively.124 

2.7 Conclusions 
Multi‐junction polymer cells have evolved in the past ten years from a 

scientific curiosity into a potential new technology for solar energy conversion. 

With PCEs approaching 12%, triple junction polymer solar cells outperform the 

best single junction and tandem polymer cells, albeit by a small difference. 

Presently projected future efficiencies are in the range of 15% to 20%. In addition, 

first steps towards large area devices made via printing have been successful. 

These important accomplishments show the viability of the multi‐junction 

approach, but formidable challenges remain to create a commercially attractive 

technology. More efficient polymer semiconductors tailored to wide, medium, and 

small optical band gaps, improved recombination layers, novel device designs, 

better encapsulation and barrier layers, and advances in roll‐to‐roll processing 

technologies will be required to achieve this goal.   
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Interlayers for efficient 

recombination contacts in 

polymer tandem solar cells 

 

 

Abstract 
Tandem  configurations  are  a  successful  strategy  to  increase  the  efficiency  of 

polymer  solar  cells  by  connecting  two  subcells  in  series  and  increasing  the  amount  and 

conversion  efficiency  of  photons  absorbed  in  the  device.  The  optical  and  electrical 

interconnection  of  the  subcells  is  crucial  and governed  by  an  intermediate  contact  layer. 

This  generally  consists  of  a  stack  of  n‐type  (e.g.  ZnO)  and  p‐type  (e.g.  pH‐neutral 

PEDOT:PSS)  layers which  collect  the  charges  from  the  adjacent  subcells  and  enables  a 

lossless  recombination  at  their  interface. When  the  layers  are  insufficiently  doped,  their 

energy  levels  cannot  be  properly  aligned,  which  results  in  s‐shaped  current‐voltage 

characteristics  and  a  loss  in  open‐circuit  voltage.  UV  illumination  is  often  used  to 

photodope the metal oxide layer to alleviate this problem and eliminate the s‐shapes. This is 

not a practical  solution  in  real‐life applications,  and as an alternative  solution processed 

gold nanoparticles deposited at the ZnO/pH‐neutral PEDOT  interface are  investigated to 

act  as  recombination  centers  necessary  for  an  efficient  lossless  contact.  The  reduced 

workfunction of pH‐neutral PEDOT also introduces a voltage loss in the back subcell when 

polymers with deep HOMO  levels  are used.  It will  be  shown  that  this  can  be  solved  by 

adding a thin layer of molybdenum trioxide.   



Chapter 3 

52 

 

3.1 Introduction 
One of the strategies to improve the efficiency of organic solar cells (OSCs) 

is via a tandem device structure in which two active layers with complementary 

absorption spectra increase the number of photons that are absorbed and reduce 

thermalization losses. The subcells are connected in series through an intermediate 

contact which has to be conductive, transparent and Ohmic. In the previous 

chapter it has been shown that different material combinations can be used to 

achieve this. A typical intermediate contact consists of two layers, an n‐type 

electron transport layer (ETL) and a p‐type hole transport layer (HTL) that collect 

the electrons and holes from the subcells (Figure 1). These can then recombine at 

the interface without loss if the energy levels of HTL and ETL are properly aligned. 

The most common ETLs used in polymer solar cells consist of metal oxides (ZnO, 

TiOx) deposited from nanoparticle dispersions or sol‐gel formulations, in 

combination with PEDOT:PSS as HTL.  

 

 

Figure 3.1 Typical layer stack of a tandem solar cell with emphasis on the intermediate contact. 

It has been widely reported that the use of metal oxides as ETLs presents 

the so‐called “light‐soaking issue”.1 Poor performances and s‐shaped J‐V curves are 

often observed in pristine tandem solar cells (Figure 3.2a). The J–V characteristics 

of the pristine device can be explained by the presence of an injection barrier for 

electrons from the metal oxide into the HTL. This problem can be solved by 

exposing the solar cell to UV light which removes the energy barrier and results in 

high performing tandem cells. In the case of ZnO nanoparticles (NPs), trapped 

positively charged ZnO defects are compensated by electrons in the conduction 

band that have reacted with molecular oxygen (O2) from the ambient to form 

bound O2− at the surface. Generation of an electron/hole pair by exposure to UV 

light in the absence of O2 results in recombination of the generated hole with the 

electron trapped by O2− at the surface of the ZnO NP, inducing desorption of 

neutral O2 and leaving the mobile electron in the conduction band (Figure 2.11). As 

a consequence, the concentration of mobile electrons in the ZnO layer is enhanced. 
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This photodoping process enables lossless charge recombination between the two 

subcells.2 It is explained by a narrowing of the width of the depletion layer of the p‐

n junction at the HTL/ETL interface narrows with increasing the doping level in 

the metal oxide such that tunneling of charge carriers can take place. At sufficiently 

high degrees of doping, the p‐n junction eventually behaves as an Ohmic contact. 

As long as the ZnO is not exposed to oxygen, the UV photodoping is persistent. 

Figure 3.2 J‐V characteristics of a tandem solar cell before and after exposure to UV illumination. 

In outdoor applications this UV light soaking step for single junction 

organic solar cells might take up to 1 hour, time that would be increased for 

tandem solar cells due to the presence of additional light absorbing layers between 

the metal oxide layer and the light source.3 Therefore, alternative solutions have 

been investigated such as the chemical doping of the metal oxide layer4,5 or the use 

of additional interlayers.6 Interestingly, thin layers of evaporated metals such as 

silver or gold allow for efficient recombination of charges.7,8 To be able to fabricate 

devices exclusively via solution‐processing at room temperature, the use of metal 

nanoparticle solutions seems a viable option to replace evaporation of metal layers. 

Another important issue to consider in solution‐processing multiple layers 

on top of each other, is the integrity of underlying layers during deposition of the 

succeeding one. This is a concern, especially in the case of deposition of 

PEDOT:PSS on top of a ZnO layer in the intermediate contact of a tandem solar 

cell. The commonly used formulation of PEDOT:PSS in OSCs (Clevios PVP Al 

4083), here denominated as o‐PEDOT:PSS, is acidic with a pH of 1.7. When 

processed on top of a ZnO layer, the acidic solution dissolved this layer 

completely. Therefore a pH‐neutral PEDOT:PSS formulation (n‐PEDOT:PSS) that 

does not affect the underlying metal oxide layer is used instead. However, the 

neutralization of the pH reduces the workfunction of PEDOT:PSS and can 

therefore negatively affect the open‐circuit voltage (Voc) of the solar cell when the 

n‐PEDOT:PSS is used in combination with polymers with deep HOMO levels. 9  
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Figure 3.3 Schematic energy level diagram of a tandem solar cell at VOC showing the voltage loss 

between n‐PEDOT:PSS and a PDPPTPT:PC60BM subcell. 

Such a voltage loss reduces the efficiency of the multi‐junction solar cell 

significantly and limits the use of polymers with Voc > ~0.7 V, precluding high 

performing multi‐junction cells. This loss can be partially reduced by either locally 

modifying the workfunction of n‐PEDOT:PSS10 or introducing an additional layer 

before deposition of the photoactive layer.11 However, none of the methods 

reported so far have been completely successful.  

In this chapter both the loss in Voc that may occur at the ZnO/n‐PEDOT:PSS 

and at the n‐PEDOT:PSS/active layer are addressed. First, gold nanoparticles are 

spin coated from organic solvents as an alternative to UV illumination to create an 

Ohmic contact between the subcells in a tandem solar cells with an intermediate 

contact layer consisting of a stacked layers of ZnO nanoparticles (NPs) and n‐

PEDOT:PSS. Second, the voltage loss caused by the low workfunction of n‐

PEDOT:PSS is addressed by depositing a thin layer of molybdenum trioxide 

(MoO3) on top of n‐PEDOT:PSS to efficiently align the Fermi level of the contact 

with the HOMO level of the polymer in the photoactive layer. 

3.2 Gold nanoparticles 
Gold nanoparticles (Au NPs) with a size < 5 nm were chosen to maintain 

the transparency of the intermediate contact of a tandem solar cell and avoid losses 

due to absorbed photons in this part of the device. Another crucial parameter to 

consider is the nature and size of the insulating organic ligands that are used to 
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stabilize the metal nanoparticles in organic solvents. The stabilizing capping layer 

enables dispersing the NPs in a solvent that can safely be used on the underlying 

ZnO NP layer without deteriorating that layer, but can act as a barrier for charge 

collection. Gold nanoparticles smaller than 5 nm have been selected to meet the 

two requirements. Such small nanoparticles can be synthesized employing the 

Brust‐Shiffrin method that uses linear alkanethiols as capping layer. This allows 

dispersion in different organic solvents such as toluene and hexane.  

3.2.1 Synthesis and capping layers 

The reactions for the synthesis of Au nanoparticles are shown in Figure 3.4. 

During the synthesis, gold ions in an aqueous solution are transferred to an 

organic phase consisting of toluene using tetraoctylammonium bromide (TOAB) as 

phase transfer agent. Then in the presence of an alkanethiol, the gold ions are 

reduced to metallic gold and stabilized.  

Figure 3.4 Schematic representation of the synthesis of gold nanoparticles using the Brust‐Schriffin 

method.12 Reprinted with permission from Ref.12. Copyright (2009) American Chemical Society. 

The advantage of this method is the control over the average size of the 

particles by adjusting the synthesis parameters and the possibility to vary the 

capping layer without resorting to an additional capping‐exchange step.13 This 

allowed to synthesize Au NPs stabilized by either long (1‐dodecanethiol,  

C12‐Au NPs) or short (1‐butanethiol, C4‐Au NPs) alkanethiols. The NPs were 

dispersed in hexane which is an inert solvent to the ZnO NP layer. The size of the 

nanoparticles obtained after purification and precipitation was determined to be 3‐

5 nm for C12‐Au NPs and around 2 nm for C4‐Au NPs using TEM imaging of drop 

a)  b)
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cast films (Figure 3.5). The small size of the nanoparticles is ideal to form layers 

that do not absorb a significant number of photons, thereby avoiding any 

additional losses in the intermediate contact.  

 

 

Figure 3.5 TEM images of drop cast a) C12‐AuNPs, b) C4‐AuNPs. The scale bar is 20 nm. 

3.2.2 Layer morphology 

The TEM images of drop‐cast films (Figure 3.5) show that the aggregation 

behavior of the NPs depends on the capping layer, affecting their self‐assembly 

and quality of the layer that can be obtained. Nanoparticles stabilized by long 

alkanethiols display a typical self‐assembling behavior forming ordered 2‐D layers, 

whereas the particles with shorter ligands do not assemble at all at the low 

concentration used for the drop cast samples (0.1 mg mL‐1). 

To observe the assembling behavior and the morphology of the film in the 

tandem cells, the nanoparticles were spin coated on top of a wide band gap layer 

stack used in the tandem cells: PCDTBT:PC70BM/ZnO NPs (Figure 3.6a). In the 

TEM images the polymer:fullerene blend appears as a light background on top of 

which an irregular ZnO NP layer is observed (Figure 3.6b).  

 

 
Figure 3.6 a) Layer stack for TEM on Au NP layers. TEM images of b) ZnO NPs on PCDTBT:PC70BM, c) 

thermally evaporated Au clusters on top of ZnO NPs. 
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Figure 3.7 TEM images of C4‐Au (a,b) and C12‐Au (c,d) NP layers spin coated from hexane on stacked 

PCDTBT:PC70BM/ZnO layers. The scale bars are 100 nm (a,c) and 50 nm (b,d). The insert in panel (a) 

was taken at a lower magnification and the scale bar is 500 nm. 

The C12‐Au or C4‐Au NPs layers on top of the ZnO layer are visualized in the TEM 

images in Figure 3.7. With a long alkyl chain, the nanoparticles assemble in an 

ordered fashion similar to the drop cast sample (Figure 3.5a), forming a uniform 

layer. On the other hand, the short ligand does not offer enough shielding and the 

nanoparticles cluster in features of hundreds of nanometers. Looking closely in 

between these clusters, individual nanoparticles are still present everywhere, but 

they do not form a uniform layer on the sample. For comparison, a 1 nm layer of 

thermally evaporated gold on ZnO has also been imaged (Figure 3.6c) and shows a 

uniform distribution of small gold clusters on the whole surface of the sample. 

3.2.3 Recombination contacts 

The TEM results suggest that C12‐Au NPs are the best candidates to be 

used in the intermediate contact of tandem solar cells because they form a uniform 

layer that provides the recombination centers necessary to achieve an Ohmic 

contact. To verify this hypothesis, test structures were fabricated that mimic the 

intermediate contact of a tandem solar cell placed between two electrodes: 

ITO/ZnO/Au NP/n‐PEDOT:PSS/Al (Figure 3.8a).2 Since the ITO/ZnO and the n‐

PEDOT:PSS/Al contacts can be assumed to be Ohmic, the nature of the contact 
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between ZnO and n‐PEDOT:PSS with and without a gold interlayer can be 

investigated.  

 

Figure 3.8 a) Device test structure to study the intermediate contact. J‐V characteristics b) as cast, after 1 

minute of UV illumination, or with 1 nm of thermally evaporated gold, c) with C12‐Au NPs pristine, 

after 20 min UV‐ozone or oxygen‐plasma treatment, d) with C4‐Au NPs as cast. 

As reference, intermediate contacts without gold nanoparticles and with 

thermally evaporated gold were measured and show that a pristine ZnO/n‐

PEDOT:PSS contact becomes much less resistive after exposure to UV light. The 

remaining resistance corresponds to the series‐resistance of the test structure. 

When a thin layer of evaporated gold is present, the contact is immediately in the 

low resistive state as previously reported (Figure 3.8b).9 The same effect is expected 

when the evaporated layer is substituted by the solution processed nanoparticles. 

However, when C12‐Au NPs are used, the resistance initially remains high and 

barely any current is passing through the test structure when a bias is applied. This 

is attributed to the presence of the insulating organic shell around the 

nanoparticles that creates a barrier for the Au NP to act as a recombination center. 

However, if the organic layer is “burnt” away using a plasma or UV‐ozone 

treatment after deposition, a low‐resistance junction can be formed (Figure 3.8c). It 

is not expected for these treatments to affect the underlying ZnO layer, as any 

photodoping would be reversed in the presence of ambient oxygen.2 However, 
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when the intermediate contact is used in a tandem solar cell, the underlying 

polymer:fullerene active layer would also be subject to degradation from this type 

of treatment. Therefore the C12‐Au NPs are not suitable for application in tandem 

structures. 

 Further proof to the important role of the organic capping layer is that the 

test devices fabricated with C4‐Au NPs have a low resistance, without the need for 

further treatments (Figure 3.8d). The electrical properties of the gold layer are the 

predominant feature for working devices, whereas the morphology of the layer 

appears not to affect the performance too much. 

3.2.4 Tandem solar cells 

Based on the promising results obtained with the simplified intermediate 

contact devices, the C4‐Au NPs are introduced in a tandem solar cell stack 

consisting of a PCDTBT:PC70BM front cell and a PMDPP3T:PC60BM back cell 

(Figure 3.9a). This subcell combination has proven to give efficient tandem cells.14 

Figure 3.9 a) Device structure and b) photovoltaic performance of a polymer tandem solar cell with an 

additional C4‐Au NP layer at the ZnO NP/n‐PEDOT:PSS interface. 

The J‐V curves for the tandem cells with and without gold nanoparticles 

are shown in Figure 3.9b. The reference tandem cell, fabricated without the  

C4‐Au NP layer, shows the expected photodoping effect where the severe s‐shape 

of the pristine device is eliminated by exposing the device to UV light. The 

introduction of the gold layer is expected to remove the necessity for photodoping. 

However, for the cell with C4‐Au NPs an s‐shape is still visible, even though it is 

less severe than for the reference device. This shows there is a contribution of the 

Au NPs to the formation of a low‐resistance intermediate contact, but that it is not 

sufficient to achieve a fully Ohmic junction. The cause of this barrier is tentatively 

attributed to the poor layer formation that has been observed for these 

nanoparticles. Therefore further methods of layer modification are investigated, 

without changing the capping layer to the nanoparticles themselves. 

a) b) 
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3.2.5 Layer treatments 

One strategy to improve the Au NP layer formation is to increase the 

hydrophobicity of the ZnO layer to prevent the nanoparticles from clustering to 

each other due to poor wetting. This is achieved by spin coating a solution of 5%  

1‐propylamine in pentane on the ZnO NP layer before the deposition of the gold 

nanoparticles. Another option is to modify the layer of Au NPs after its deposition 

by flushing it with hexane. This step is expected to re‐disperse and remove the 

excess particles that comprise the larger clusters and re‐distribute the particles on 

the remaining surface. 

From the TEM images (Figure 3.10 a,b) it appears that the clusters are still 

present in the layer that has been pre‐treated with propylamine but less defined 

and with a higher amount of individual non‐clustered nanoparticles on the surface. 

When the layer is flushed with hexane, the big clusters disappear and a good, if not 

full, coverage of the surface is observed (Figure 3.10 c,d). 

 

 

Figure 3.10 TEM images of C4‐Au NP layers a,b) after pre‐treatment of the ZnO layer with propylamine 

and c,d) after flushing the Au NPs with hexane. 

Although the surface morphology of the layer is improved by the two 

different treatments, the performance of the layers in tandem solar cells is 

significantly worse than the one of the pristine C4‐Au NPs film (Figure 3.11). 
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Apparently, both the pre‐ and post‐treatment affect the integrity of one or more 

layers in the stack.   
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Figure 3.11 J‐V characteristics of tandem solar cells with different treatments performed to improve the 

quality of the C4‐Au NP layer. 

Summarizing, the metal nanoparticles have only partially achieved the 

goal of providing a low‐resistive Ohmic contact between ZnO NP and pH‐neutral 

PEDOT:PSS layers in the intermediate contact of a tandem cell without the need of 

UV light soaking. The experiments have shown that a careful choice of the organic 

capping layer is necessary to achieve both a good morphology of the layer as well 

as the electrical properties necessary for its function. 

3.3 Voltage loss and MoO3 as interlayer 
The need for a pH‐neutral PEDOT:PSS (n‐PEDOT:PSS) formulation in the 

fabrication of an intermediate contact in tandem and triple junction solar cells has 

shown to induce a Voc loss in subcells processed on top of it, due to the reduced 

workfunction of the neutralized hole transport layer.15 This effect is especially 

evident when using polymers with deep HOMO levels such as PDPPTPT.16 This 

polymer is of particular interest as subcell in tandem and triple junction solar cells 

thanks to its medium band gap of 1.53 eV and high efficiency of 6.5% in 

combination with PC60BM. 

3.3.1 Single junction solar cells 

The extent of the voltage loss can be appreciated when PDPPTPT:PC60BM 

single junction solar cells are compared that use the two different PEDOT:PSS 

formulations as HTL. The substitution of the acidic o‐PEDOT:PSS by n‐PEDOT:PSS 

introduces a drop of Voc of about 150 mV from 0.81 V to 0.66 V (Figure 3.12). 
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Figure 3.12 a) Device structure and b) J‐V curves of PDPPTPT:PC60BM single junction solar cells using o‐

PEDOT:PSS or n‐PEDOT:PSS as HTL. The top contact consists of 1 nm LiF and 100 nm Al.  

This loss is attributed to the misalignment of the Fermi level of the  

n‐PEDOT:PSS and HOMO level of the polymer (Figure 3.3) and has previously 

been addressed by adding the fluorinated polyelectrolyte Nafion as workfunction‐

modifying interlayer.11 This material was chosen for its solubility in organic 

solvents, but achieved only partial success at recovering the Voc of the cell. In order 

to achieve complete alignment, a thermally evaporated molybdenum trioxide 

(MoO3) is chosen, which is a known efficient HTL for both small molecule and 

polymer solar cells.17 

 

Figure 3.13 a) Device structure and b) J‐V characteristics of PDPPTPT:PC60BM single junction solar cells 

with varying MoO3 layer thickness. 

The effect of various thicknesses of the additional interlayer on the 

performance is studied on a simple single junction cell stack that mimics the back 

cell of a tandem solar cell. This consists of n‐PEDOT:PSS spin coated on an ITO 

covered glass plate as HT layer, followed by thermally evaporated MoO3, the 

photoactive layer, and the top contact (Figure 3.13a). The performance of these test 

cells is compared to that of a standard single junction configuration where o‐

PEDOT:PSS is used as HTL. As can be seen in Table 3.1, the introduction of a MoO3 

layer in the device stack fully restores the Voc of the solar cell to the value measured 

when o‐PEDOT:PSS is used. However, the fill factor (FF) of the device is strongly 
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affected by the thickness of this additional layer and 5 nm has been found to be the 

optimal thickness that minimizes the FF loss in the devices.  

 

Table 3.1 Photovoltaic performance of PDPPTPT:PC60BM single junction solar cells with varying MoO3 

layer thickness. 

Jsc (mA cm‐2) Voc (V) FF (‐) MPP (mW cm‐2) 

o‐PEDOT:PSS 9.01 0.81 0.68 4.95 

5 nm MoO3 8.70 0.81 0.63 4.45 

10 nm MoO3 9.28 0.81 0.56 4.24 

15 nm MoO3 9.08 0.81 0.49 3.56 

 

3.3.2 Tandem solar cells 

The additional MoO3 layer is then tested in tandem devices where 

PCDTBT:PC70BM is used as front cell and PDPPTPT:PC60BM as back cell (Figure 

3.14a). The Voc of these tandem cells should be the sum of the Voc of the front and 

back cells, which ideally equals to  

0.90 0.81 1.71	 .	

When no MoO3 is used, the measured Voc is only 1.63 V, which equals to a 

80 mV loss compared to the ideal value (Figure 3.14b and Table 3.2). 

Table 3.2 Photovoltaic parameters of the tandem solar cells with and without the additional MoO3 

interlayer. 

Jsc (mA cm‐2) Voc (V) FF (‐) MPP (mW cm‐2) 

n‐PEDOT:PSS 5.76 1.63 0.64 5.96 

n‐PEDOT:PSS / MoO3 (5 nm) 6.73 1.71 0.60 6.96 

 

 

 

Figure 3.14 a) Device structure and b) J‐V curves of tandem solar cells with and without the additional 

MoO3 interlayer. 
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Adding a thin layer of MoO3 on the other hand proves to be a successful 

solution, and tandem solar cells not only show a Voc of 1.71 V, but also an 

improved short‐circuit current density (JSC). Unfortunately, the FF loss observed in 

the single junction cells recurs in the tandems, but the measured value of 0.60 is 

still acceptable. 

The effect of MoO3 on the alignment of the energy levels of the different 

layers is schematically represented in Figure 3.15. The introduction of a layer of 

MoO3 causes the vacuum level to shift and allows for the alignment of the Fermi 

level of the intermediate contact with the HOMO of PDPPTPT, avoiding the 

voltage loss highlighted in Figure 3.3. 

 

 

Figure 3.15 Energy band diagram of the tandem solar cell at open circuit conditions, highlighting the 

vacuum shift due to the introduction of a layer of MoO3. 

3.4 Conclusions 
Two solutions to improve the ZnO/n‐PEDOT:PSS intermediate contact 

have been investigated. Small gold nanoparticles are promising candidates to 

provide the additional free charges necessary to achieve a low‐resistance Ohmic 

contact between ZnO and pH‐neutral PEDOT:PSS without the need for UV 

illumination. The success of this strategy depends both on the morphology of the 
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nanoparticle layer and on the conductivity of the layer itself. These parameters are 

strongly influenced by the organic capping layer chosen to stabilize the dispersion. 

Whereas the use of 1‐dodecanethiol leads to good layer formation, the long 

insulating alkyl chains hinder charge transfer between the layers. On the other 

hand, 1‐butanethiol capped nanoparticles form big clusters but allow for a low‐

resistance Ohmic contact in simplified test devices. However, a light‐soaking free 

tandem solar cell is only partially achieved and full success is expected when the 

choice of capping molecules is tailored to improve the interaction between the 

particles and the ZnO substrate, while giving priority to good electrical connection 

between the layers. 

In the second part a solution to the voltage loss in tandem solar cells is 

found by adding a MoO3 layer. This improves the energy level alignment between 

the HOMO of the polymer and the workfunction of the n‐PEDOT:PSS. Both single 

junction and tandem solar cells fabricated incorporating 5 nm of MoO3 show that 

there is no voltage loss and the full Voc of the subcell can be obtained. 

3.5 Experimental 
Au NP synthesis. The gold nanoparticles were synthesized according to literature 

procedure13 by mixing an aqueous solution of HAuCl4 (30 mL, 30 mM) with 

tetraoctylammonium bromide in toluene (80 mL, 50 mM) and 170 mg of  

1‐dodecanethiol or 81 mg of 1‐buthanethiol. To this mixture an iced aqueous 

solution of NaBH4 (25 mL, 0.4 M) was added dropwise while stirring vigorously. 

The reaction was left stirring for three hours at ambient temperature, then the 

aqueous phase was removed and the organic phase reduced to about 10 mL. 

Ethanol (400 mL) was added and the mixture left to precipitate at ‐18 ˚C overnight. 

The particles were then filtered and this procedure was repeated twice. The 

resulting nanoparticles were dispersed in hexane at a concentration of around  

2 mg mL‐1. Layers were obtained by spin coating the solution at 2000 rpm in 

ambient conditions. 

 

Intermediate contact test devices. The devices were fabricated on pre‐cleaned ITO 

patterned glass substrates by spin coating in nitrogen environment a 2‐propanol 

dispersion of ZnO nanoparticles (10 mg mL‐1, courtesy of ECN) resulting in a  

35 nm layer on top of which the gold nanoparticles solution was spin coated. A 2 

second oxygen plasma treatment or a 20 min UV ozone treatment were applied at 

this stage when indicated. The pH‐neutral PEDOT (Agfa Orgacon) solution was 

prepared by diluting the received formulation in a 1:1 volume ratio with water and 

adding 0.2 mL of 2‐propanol per mL of solution and spin coated on top of the gold 

layer. Finally 100 nm of Aluminum was thermally evaporated in high vacuum 

conditions (~10‐7 mbar).  
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Single  junction  solar  cells.  Single junction solar cells were fabricated by spin 

coating a 40 nm layer of PEDOT:PSS (Clevios™ PVP Al4083) on pre‐cleaned ITO 

patterned glass substrates. Then the active layer was spin cast. In the case of 

PCDTBT:PC70BM, the solution was prepared by dissolving the polymer  

(7 mg mL‐1) and fullerene (28 mg mL‐1) in chlorobenzene overnight at 70 ˚C. The 

active layer was spin coated from hot solution in a nitrogen filled glove box at  

1800 rpm to obtain a 110 nm layer that then was dried at 70 ˚C for 10 minutes. 

PMDPP3T (4 mg mL‐1) was processed together with PC60BM (1:3 weight ratio) from 

a chloroform and o‐dichlorobenzene (7.5 vol%) at room temperature after being 

stirred for at least 2 hours at 70 ˚C. 125 nm layers were obtained by spin coating at 

3000 rpm. 

For the voltage loss study, MoO3 was evaporated in high vacuum on top of a  

n‐PEDOT:PSS layer. The solution of PDPPTPT:PC60BM in chloroform and  

o‐dichlorobenzene (5 vol%) was stirred for 2 hours at 70 ˚C and then cooled to 

room temperature before spin coating at 2200 rpm to achieve a 100 nm layer. The 

polymer:fullerene ratio used was 1:2 with a polymer concentration of 5 mg mL‐1. 

After deposition of the active layer, all the substrates were transferred to high 

vacuum (~3×10‐7 mbar) for evaporation of the top contact, consisting of 1 nm LiF 

and 100 nm of Aluminum. 

 

Tandem  solar  cells. Tandem solar cells were fabricated in a similar way as the 

single junction cells. After the PCDTBT:PC70BM was deposited and dried, a 35 nm 

layer of ZnO nanoparticles from 2‐propanol was spin coated in a nitrogen filled 

glove box. Then the cells were taken in ambient air where the pH‐neutral PEDOT 

was deposited as mentioned above, followed by deposition of the back cell. Finally 

the LiF/Al top contact was evaporated. 

 
Device  characterization.  J‐V characteristics were measured in a nitrogen‐filled 

glovebox using a Keithley 2400 source meter under ~100 mW cm‐2 simulated 

AM1.5G illumination from a tungsten‐halogen lamp. The thickness of the layers 

was determined using a Veeco Dektak150 profilometer. TEM images were 

recorded using a Tecnai G2 Sphera (FEI) operating at 200kV. 
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Chapter 4  

Efficient tandem and triple 

junction solar cells 

 

 

Abstract 
One of the prime challenges for further advancing the power conversion efficiency 

(PCE) of polymer:fullerene organic solar cells  lies  in  extending  their  spectral  response  to 

the  near‐infrared  region  to  convert  a  larger  fraction  of  the  solar  emission  spectrum. To 

conserve the photon energy, a wide spectral coverage is preferably combined with a multi‐

junction cell architecture. Tandem and triple junction polymer solar cells are demonstrated 

with PCEs of 8.9% and 9.6% that exploit a newly designed, high molecular weight, small 

band gap semiconducting polymer and a matching wide band gap polymer cell. The cells 

convert light up to 960 nm. The high efficiency of these multi‐junction cells results from an 

almost perfect complementarity of the absorption spectra of the absorber layers that reduces 

thermalization losses. 
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4.1 Introduction 
Solution processed organic and polymer solar cells attract considerable 

interest because they offer the prospect of high efficiency, flexible devices 

combined with cheap roll‐to‐roll processing. These devices make use of a mixture 

of organic semiconducting materials for photon conversion that can be deposited 

from mixed solutions by various printing techniques. The most widespread 

material combination is a mixture of a conjugated polymer as electron donor with 

a fullerene acting as electron acceptor. The reported power conversion efficiency 

has increased significantly over the last years, now reaching over 9%.1 Further 

improvements are required and these can be found in extending the spectral 

coverage of the present solar cells to the near‐infrared. As an example, one of the 

highest efficiency organic solar cell published to date, converts light up to 

wavelengths of ~780 nm, but is not yet able to exploit the near‐infrared light of the 

sun.1 Although several small band gap semiconducting polymers have been 

developed that absorb near‐infrared light2‐6, their performance in photovoltaic 

devices has been unsatisfactory in terms of reaching high PCEs, either because 

their external quantum efficiency (EQE) for photon‐to‐electron conversion is 

modest or the open‐circuit voltage (Voc) of the cells is reduced in consequence of 

the small band gap.  

A successful and universal strategy to increase the performance of solar 

cells and extend their spectral coverage is using tandem configurations. In these 

double junction cells photons with high and low energy are spatially separated and 

absorbed in either of the two photoactive layers that have complementary band 

gaps to reduce the thermalization and transmission losses that are inevitable for 

any single junction device. Recently several polymer:fullerene tandem solar cells 

have been developed that outperform the single junction cells made with the same 

absorber materials7−11. The best polymer:fullerene tandem solar cells have reached 

efficiencies of 10.6%12 and feature a response up to ~900 nm. While the response is 

shifted significantly compared to the best single junctions, further progress hinges 

on new materials with extended spectral coverage that are optimised for 

application in tandem solar cells.  

Here the use of a new small band gap semiconducting polymer is reported, 

poly[[2,5‐bis(2‐hexyldecyl)‐2,3,5,6‐tetrahydro‐3,6‐dioxopyrrolo[3,4‐c]pyrrole‐1,4‐

diyl]‐alt‐[3ʹ,3ʹʹ‐dimethyl‐2,2ʹ:5ʹ,2ʹʹ‐terthiophene]‐5,5ʹʹ‐diyl] (PMDPP3T, Figure 4.1a)13 

that absorbs well into the near‐infrared region up to 960 nm (Figure 4.1b) in 

combination with a known wide band gap polymer poly[[9‐(1‐octylnonyl)‐9H‐

carbazole‐2,7‐diyl]‐2,5‐thiophenediyl‐2,1,3‐benzothiadiazole‐4,7‐diyl‐2,5‐

thiophenediyl] (PCDTBT, Figure 4.1a)14,15 in highly efficient multi‐junction solar 

cells. Subcells of PMDPP3T with [6,6]‐phenyl‐C61‐butyric acid methyl ester 

(PC60BM, Figure 4.1a) provide very efficient tandem and triple junction cells with 
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broad spectral response and PCEs of 8.9% and 9.6% when combined with a wide 

band gap subcell consisting of PCDTBT and PC70BM. The high complementarity of 

the absorption spectra of the active layers (Figure 4.1b) enables achieving 

unsurpassed high photocurrents for organic solar cells in tandem and triple 

configurations.  

 

Figure 4.1 Molecular structures and optical absorption spectra. a) Structure of the new near‐infrared 

absorbing co‐polymer PMDPP3T and of PCDTBT, PC60BM and PC70BM. b) UV‐visible‐near‐infrared 

absorption spectra of PMDPP3T and PCDTBT thin films showing the complementary coverage of the 

two optical absorbers. 

4.2 Design of the small band gap semiconducting 

polymer 
Diketopyrrolopyrrole (DPP) has emerged as a versatile building block in 

combination with electron rich fragments such as oligothiophenes to yield efficient 

small band gap donor polymers for polymer solar cells16−18. The band gap of DPP 

polymers can be effectively tuned by the length of the electron rich fragments 

connecting the DPP units19. Reducing the number of thiophene rings from six to 

three reduces the gap by 0.18 eV19. To date PDPP3T which incorporates 

unsubstituted terthiophene units alternating with DPP is one of the most efficient 

polymers with a sufficiently small band gap (1.30 eV)20,21. The new polymer 

designed by Dr. Weiwei Li, PMDPP3T bears two additional methyl substituents on 

the 3‐position of the thiophene rings connected to the DPP fragment. The small 

methyl groups were chosen to bring about an inductive electron donating effect 

that raises the energy levels of frontier orbitals of PMDPP3T compared to PDPP3T, 

without introducing any additional steric effects that could affect the solid state 

properties of the material22,23. The rise of the energy levels enhances the driving 

force for photoinduced electron transfer to PC60BM and PC70BM and thereby the 

photocurrent. The effect of the methyl substituents on the optical absorption 

properties is minimal: the optical band gap of a solid film, determined from the 
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absorption onset of PMDPP3T (Eg =  1.30 eV) is identical to the optical gap of 

PDPP3T, and only the absorption maximum is somewhat blue‐shifted. The onset of 

the electrochemical reduction, which is related to the energy level of the lowest 

unoccupied molecular orbital (LUMO), is shifted to more negative values by  

~70 mV for PMDPP3T compared to PDDP3T. The higher LUMO level is a direct 

consequence of the electron donating effect of the methyl substituents. 

4.3 Single junction solar cells 
Single junction solar cells were made with the polymer:fullerene blends on 

patterned indium tin oxide (ITO) glass substrates covered with a thin poly(3,4‐

ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) layer and using a 

LiF/Al back contact. 

 
Figure 4.2 a) Current density – voltage (J−V) characteristics and b) spectrally resolved external quantum 

efficiencies (EQEs) for single junction PCDTBT:PC70BM (1:4 w/w, 155 nm) and PMDPP3T:PC60BM (1:3 

w/w, 150 nm) cells sandwiched between ITO/PEDOT:PSS and LiF/Al electrodes under simulated 

AM1.5G illumination with an irradiation intensity of 100 mW cm−2. The layer thicknesses correspond to 

the thicknesses used in the optimized tandem cell. 

PMDPP3T and PCDTBT have largely complementary absorption spectra 

(Figure 4.1b) and to further minimize unfavourable absorption of high energy 

photons by the small band gap back cell it is advantageous to use PC60BM as 

electron acceptor molecule in combination with PMDPP3T and PC70BM in 

combination with PCDTBT. PC60BM and PC70BM have identical optical band gaps 

and reduction potentials, but the molar absorption coefficient of PC60BM in the 

visible region is significantly less.24 The optimized PCDTBT:PC70BM single junction 

solar cells show a high efficiency of 5.8% for thick active layers of 210 nm (Table 

4.1). 

The highest power conversion efficiency achieved using PMDPP3T and 

PC70BM in a 1:3 weight ratio, deposited from a mixture of chloroform and ortho‐

dichlorobenzene (o‐DCB) is 6.8%. The devices provide a high short‐circuit current 

density of Jsc = 16.9  mA cm−2 and a concomitantly high EQE. The EQE reaches 

unprecedentedly high levels for a polymer solar cell absorbing in the near‐infrared 
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region: at 800 nm the EQE is 55% and even at 900 nm an EQE of more than 20% is 

obtained. In addition the fill factor (FF = 0.68) is also very high, indicating efficient 

charge carrier collection, even at low electric fields over the absorber layer.  

It was found that optimized PMDPP3T:PC60BM devices display even 

higher EQEs than devices with PC70BM, reaching 61% in the polymer absorption 

maximum (Table 4.1). The overall power conversion efficiency is 6.0%. This is 

lower than the optimised PC70BM devices due to the reduced absorption in the 

visible range of the solar spectrum.  

 

Table 4.1 Characteristics of optimised single junction solar cells 

Device d (nm) Jsca (mA cm−2) Voc (V) FF (‐) PCEa (%) EQEmaxb (‐) 

PMDPP3T:PC70BM 115 16.90 0.59 0.68 6.80 0.55 

PMDPP3T:PC60BMc 150 15.30 0.61 0.65 6.00 0.61 

PCDTBT:PC70BM 210 12.30 0.90 0.52 5.80 0.74 

PCDTBT:PC70BMc 155 9.76 0.87 0.56 4.73 0.63 
aJsc was calculated by integrating the EQE spectrum with the AM1.5G spectrum. b Measured in the 

region of polymer absorption. c Single junction cells at layer thickness used in the tandem 

4.4 Tandem solar cells 
The extra‐low band gap, narrow absorption, and high quantum efficiency 

of PMDPP3T make it a very attractive material to be used as photoactive layer in 

the back cell of a multi‐junction solar cell. The most successful multi‐junction cell 

layout is a two terminal series connection, in which different subcells are stacked 

on top of each other, electrically connected via a transparent recombination 

contact. In a tandem cell (Figure 4.3a) ideally all high energy photons are absorbed 

in the wide band gap subcell, where charge generation provides a higher voltage. 

Unfortunately, most polymer:fullerene solar cells display optimal performance at a 

layer thickness that is considerably lower than required for quantitative absorption 

of light. For these cells a reflective back contact increases the absorption. In a 

tandem solar cell, however, high energy photons that are not absorbed in the thin 

wide band gap front cell on the first passage may be absorbed by the small band 

gap back cell, but then afford a lower voltage. To avoid this undesirable collection 

of high energy photons in the small band gap subcell, the overlap of the absorption 

spectra of the two layers should be minimized such that the high energy photons 

can be reflected at the back contact and can be absorbed by the wide band gap cell 

on the second passage.    
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Figure 4.3 a) Tandem cell device architecture showing the two absorber layers and the recombination 

layer consisting of a ZnO/PEDOT:PSS junction. b) Triple junction cell device architecture showing the 

additional 3rd junction as compared to the tandem shown in panel a.  

For the construction of tandem cells PMDPP3T:PC60BM was combined 

with PCDTBT:PC70BM14,15, which is one of the most efficient wide band gap 

conjugated polymers and has previously been used as visible absorber in tandem 

cells25. The recombination layer between the two subcells consists of ZnO 

nanoparticles26 as electron transport layer (ETL) and pH‐neutral PEDOT:PSS as 

hole transport layer (HTL)8. To determine the optimal thickness of the front and 

back subcells, optical and electrical modelling was used8. Based on the optical 

properties (i.e. the wavelength dependent refractive index and extinction 

coefficient of all layers in the device), the measured performance of a range of 

single junction cells, and assuming no losses at the recombination contact, power 

conversion efficiencies > 8.0% are expected for a broad range of tandem cells, with 

a front cell thickness between 140 and 180 nm and a back cell thickness between 

130 and 170 nm (Figure 4.4). The highest efficiency of 8.5% is anticipated for a front 

cell of 155 nm and a back cell of 150 nm. At these thicknesses the wide band gap 

(i.e. 155 nm PCDTBT:PC70BM) and small band gap (i.e. 150 nm PMDPP3T:PC60BM) 

single junction cells provide PCEs of 4.7% and 6.0% (Table 4.1).  

Tandem solar cells were made with these optimized subcell thicknesses 

and characterized under simulated solar illumination. All efficiencies were above 

8.4%, with a record cell of 8.9%. which represents an unparalleled increase of about 

50%. Remarkably, the highest measured efficiency is higher than the predicted 

value, mainly resulting from a higher FF; the measured open‐circuit voltage  

(Voc = 1.49 V) and short‐circuit current density (Jsc = 9.6 mA cm−2) correspond very 

well to the values predicted from optical and electrical modelling (Table 2). For all 

measured devices the FF was higher than anticipated, the origin of this 

enhancement is currently still unclear.  
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Figure 4.4 Predicted photovoltaic parameters for tandem cells as a function of the thicknesses of the 

PCDTBT:PC70BM front cell and the PMDPP3T:PC60BM back cell. 

 
Figure 4.5 a) J−V characteristics of the tandem cell junction measured under simulated AM1.5G 

illumination with an irradiation intensity of 100 mW cm−2. The J−V characteristics of the corresponding 

single junction cells are shown under reduced irradiation intensity such that their short‐circuit current 

density corresponds to the photocurrent integrated from the EQEs shown in panel b. The dashed line is 

the constructed J−V curve from the two single junction J−V curves by adding the voltages at equal 

current. b) EQE of the subcells in the tandem cell measured under relevant bias illumination conditions 

and correct electrical bias. 
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EQE measurements of the individual subcells under relevant illumination 

conditions and correct electrical bias27 reveal high quantum efficiencies with 

maxima of 64% for the front cell and 59% for the back cell. It is noted that these 

EQEs are very similar to the EQEs of 63% found for both single junction cells at the 

same thickness. This demonstrates that the two absorber layers in the tandem cell 

are spectrally highly complementary. Integration of the EQE with the AM1.5G 

solar spectrum affords the current generation in each subcell, which is particularly 

high for the PMDPP3T:PC60BM back cell because it can deliver more than 11 mA 

cm−2. The current generation in the PCDTBT:PC70BM front cell amounts to 9.2 mA 

cm−2, which is higher than the value previously obtained for an optimized front cell 

of the same photoactive layer, but combined with a less red‐shifted back cell25, as a 

consequence of the increased spectral complementarity.  

The Jsc of the tandem cell measured under simulated solar light is  

0.4 mA cm−2 higher than the current generation in the limiting front subcell. This is 

caused by the fact that the unbalanced current generation between the subcells 

creates a reverse electrical bias over the limiting subcell. In this particular tandem 

the PCDTBT:PC70BM cell is current limiting, but it displays a significant field 

depended current, and consequently the current density at reverse bias is higher 

than under short‐circuit conditions. Confirmation for this analysis comes from 

mathematically constructing the J−V curve of the tandem from the J−V curves of 

two single junction cells that are identical to the tandem subcells, using Kirchhoff’s 

law. The single junction cells were measured under reduced light intensities that 

mimic the illumination densities of the subcell inside the tandem. This J−V 

reconstruction yields exactly the same short‐circuit current density  

(Jsc = 9.6 mA cm−2).  

 

Table 4.2 Characteristics of tandem and triple junction solar cells 

Device Jsc (mA cm−2) Voc (V) FF (‐) PCEa (%) 

Tandem predicted 9.53 1.50 0.59 8.46 

Tandem measured   9.58 a 1.49 0.62 8.90 

Tandem constructed 9.64 1.48 0.59 8.44 

Triple predicted 6.68 2.10 0.65 9.20 

Triple measured   7.34 a 2.09 0.63 9.64 
aJsc was measured under simulated solar light (100 mW cm−2) tuned to the specific spectral sensitivities 

of the subcells.  

4.5 1+2 Triple junction solar cells 
To further improve the efficiency of organic solar cells it is possible to add 

an additional photoactive layer of the same small band gap material, creating a 

triple junction cell with a 1+2 configuration (Figure 4.3b). The rationale to add an 
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additional junction is that in the tandem cell the short‐circuit current density is 

limited by the wide band gap front cell. Hence the small band gap back cell has the 

possibility of providing a surplus of photocurrent, but this is not used in the 

tandem. This limitation can be circumvented by splitting the small band gap 

subcell into two separate cells, a middle and back cell, as shown in Figure 4.3b. The 

middle and back subcells consist of the same photoactive layer and differ only in 

layer thickness to ensure that they both absorb equal number of photons. By 

performing electrical‐optical simulations on various triple configurations, using the 

characteristics of the individual photoactive layers, it is established that such 1+2 

triple junction cells can provide increased efficiency compared to the tandem cell 

(Figure 4.6 and Table 4.2, predicted values). The increased open‐circuit voltage of 

the triple junction outweighs the loss in short‐circuit current density. The optimal 

thicknesses for each of the three photoactive layers in the triple cell determined 

from the simulations were 125, 95 and 215 nm for the front, middle, and back cell 

respectively (Figure 4.6).  

 

Figure 4.6 Predicted efficiency for triple cells as a function of the thicknesses of the PCDTBT:PC70BM 

front cell and the PMDPP3T:PC60BM middle and back cells. 

To test these predictions triple junction solar cells were fabricated. Their 

average PCE among five nominally identical cells was 9.3% and the best device 

gave PCE = 9.6%. The resulting J‐V characteristics and EQE measurements are 

shown in Figure 4.7 and the data are collected in Table 4.2. The 1+2 triple junction 

architecture represents a useful method to enhance the efficiency of tandem 

polymer solar cells with unbalanced subcells. As expected the EQE in the triple 
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junction cell is reduced compared to the tandem cell because photons are absorbed 

in three instead of two layers, but the lower current is compensated by higher 

open‐circuit voltage of 2.09 vs. 1.48 V. 

 

Figure 4.7 a) J−V characteristics of the triple junction cell measured under simulated AM1.5G 

illumination with an intensity of 100 mW cm−2 together with J−V characteristics of the corresponding 

subcells and triple junction cell predicted from the optical and electrical modelling. b)  EQE of the 

subcells in the triple junction cell, measured under relevant bias illumination conditions and correct 

electrical bias. 

4.6 Conclusions   
In summary, tandem and triple junction polymer:fullerene solar cells with 

PCEs of 8.9% and 9.6% have been demonstrated. The multi‐junction cells use a new 

tailor made small band gap semiconducting polymer, PMDPP3T, with absorption 

in the near‐infrared region up to 960 nm. Compared to the single junction cells 

with the same layer thickness, the efficiency of the optimized tandem and triple 

junctions has increased by as much as 50‐60% by using highly complementary 

absorber layers. The 1+2 triple junction architecture further enhances the 

performance of the tandem by exploiting the excess current generation of the non‐

limiting subcell. The 1+2 configuration seems a valuable strategy to enhance the 

efficiency of tandem polymer solar cells with unbalanced subcells.
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4.7 Experimental 
Materials.  Poly[[9‐(1‐octylnonyl)‐9H‐carbazole‐2,7‐diyl]‐2,5‐thiophenediyl‐2,1,3‐

benzothiadiazole‐4,7‐diyl‐2,5‐thiophenediyl] (PCDTBT) was generously provided 

by Konarka Technologies. [6,6]phenyl‐C61‐butyric acid methyl ester (PC60BM) and 

[6,6]phenyl‐C71‐butyric acid methyl ester (PC70BM) were obtained from Solenne 

BV.  

 

Single  junction  solar  cells.  Single junction photovoltaic devices were made by 

spin coating poly(3,4‐ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS) (Clevios PVP Al 4083) onto pre‐cleaned, patterned indium tin oxide 

(ITO) substrates in air (14 Ω per square) (Naranjo Substrates). The 

PMDPP3T:fullerene photoactive layers were deposited by spin coating in air from 

a chloroform solution containing the polymer and PC60BM in a 1:3 ratio with  

7.5 vol% of o‐DCB. LiF (1 nm) and Al (100 nm) were deposited by vacuum 

evaporation at ~2 × 10−7 mbar as the back electrode. The active area of the cells was 

0.090 or 0.160 cm2, which provided similar results. For application of the 

PCDTBT:PC70BM active layer the PEDOT:PSS layer was dried by heating at 140 °C 

for 10 minutes. On top of the dried PEDOT:PSS a mixture of PCDTBT and PC70BM 

in a 1:4 ratio from 30 vol% chlorobenzene in o‐DCB using a polymer concentration 

of 7 mg mL−1, was cast in nitrogen atmosphere. The PCDTBT active layer was dried 

on a hotplate for 10 minutes at 70 °C. 

 

Optical  and  electrical modelling. Prediction of the performance of tandem and 

triple junction cells was carried out as described earlier.28 In short: For a series of 

single junction cells the performance as a function of photoactive layer thickness 

was determined. From these data the internal quantum efficiency and the shape of 

the J−V as a function of layer thickness were extracted. Optical modelling using the 

transfer matrix formalism with a commercial software package SETFOS 3 (Fluxim) 

combined with the IQE data provides the current generation capacity in each 

subcell, depending on the exact layout of the optical stack. Combining these 

current generation capacities with the relevant J−V shape and adding the subcell 

J−V’s according Kirchhoff’s law provides the J−V characteristics for the tandem for 

any given thickness combination. The optical parameters of PMDPP3T:PC60BM 

blends for these calculations were determined from reflection/transmission 

measurement of active layers on quartz. The optical data for PCDTBT:PC70BM 

were obtained from Ref. 29. 

 

Multi‐junction solar cells. Tandem and triple junction solar cells were obtained by 

solution processing an intermediate contact consisting of ZnO nanoparticles26 and 
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PEDOT:PSS on the PCDTBT:PC70BM active layer that was prepared as described 

above for single junction cells. The ZnO layer was spun in nitrogen atmosphere 

from a solution of 10 mg mL−1 ZnO nanoparticles in isopropanol. The pH neutral 

PEDOT:PSS (Orgacon, Agfa) was diluted 1:1 with ultrapure water after which  

0.2 mL mL−1 isopropanol was added to improve the wetting on the ZnO 

nanoparticles. Prior to spin casting in air the solution was filtered using a 5.0 μm 

Whatman Puradisc FP30 syringe filter. The PMDPP3T:PC60BM active layer was 

spun on top of the pH neutral PEDOT:PSS in air. For triple junction cells the 

procedure was repeated, starting with spin coating ZnO nanoparticles in nitrogen 

atmosphere on the PMDPP3T:PC60BM active layer. Finally a back contact of 1 nm 

LiF and 100 nm Al was evaporated in vacuum for all devices. Device areas of 0.09 

and 0.16 cm2 were used, which provided similar results. 

 

External quantum efficiency. EQE measurements were done in a homebuilt set‐

up, with the devices kept in a nitrogen filled box with a quartz window and 

illuminated through an aperture of 2 mm. Mechanically modulated (Stanford 

Research, SR 540) monochromatic (Oriel, Cornerstone 130) light from a 50 W 

tungsten halogen lamp (Osram 64610) was used as probe light, in combination 

with continuous bias light from a solid state laser (B&W Tek Inc. 532 nm, 30 mW 

and 780 nm, 21 mW). The intensity of the bias laser light was adjusted using a 

variable‐neutral density filter. The response was recorded as the voltage over a 50 

Ω resistance, using a lock‐in amplifier (Stanford Research Systems SR 830). For all 

the single junction devices and the PMDPP3T:PC60BM subcell, the measurement 

was carried out under representative illumination intensity (AM1.5G equivalent, 

provided by the 532 nm‐laser). For the PCDTBT:PC70BM subcell, the measured 

EQE was mathematically corrected for the intensity difference between the 

monochromatic light and AM1.5G. For the tandem subcells, a compensating 

electrical bias was applied by the lock‐in amplifier to ensure short‐circuit 

conditions in the respective subcells during the spectral response measurements.27 

 

Current‐density  –  voltage  characteristics. J−V curves were measured under 

simulated solar light (100 mW cm−2) from a tungsten–halogen lamp filtered by a 

Hoya LB100 daylight filter using a Keithley 2400 source meter. No mismatch 

correction was done. For the single junction cells the accurate short‐circuit current 

density (Jsc) was determined from the EQE by convolution with the AM1.5G solar 

spectrum. For the tandem and triple junction solar cell measurements, the 

simulated solar light spectrum was tuned to provide appropriate illumination to 

each subcell. This was achieved by adjusting the voltage over the tungsten halogen 

lamp and the distance to the sample in such a way that both the wide band gap 
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and the narrow band gap single junction reference cell gave the exact Jsc as 

determined from the EQE measurement. The J−V curves of the tandem and triple 

junction solar cells were measured under illumination through a mask of identical 

dimensions to the device area determined by the overlap of the ITO and Al 

electrodes, to avoid extra current generation due to the high lateral conductivity of 

the pH neutral PEDOT:PSS.30 
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Chapter 5 

Triple junction polymer solar 

cells 

 

 

Abstract  
Triple junction structures show high potential to improve the efficiency of polymer 

solar  cells,  thanks  to a more  efficient use  of  the  energy  of  the  incident photons via  three 

complementary  absorbers.  Crucial  to  the  success  of  these  devices  are  careful  choice  of 

materials,  optimization  of  all  the  layers  in  the  stack  and  finally  reproducibility.  In  this 

chapter optical and electrical modeling are used to model and then fabricate triple–junction 

solar  cells  with  state  of  the  art  semiconducting  polymers.  The  differences  between  the 

predicted  performance  and  the  experimental  one  are  analyzed  in  depth  and 

recommendations for further improvements are given. 
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5.1 Introduction 
A successful strategy to increase the efficiency of polymer solar cells is the 

use of multi‐junction configurations where two or more active layers are stacked 

on top of each other and electrically connected. This allows to split the absorption 

of light and use more efficiently the energy of the incident photons, minimizing 

transmission and thermalization losses in the solar cell. As examples, the highest 

efficiencies for polymer solar cells are reported to be 10.6% for a tandem1 and 

11.8% for a triple junction.2 Calculations have shown that it is possible to improve 

single junction cell performance by 40% when using a tandem cell structure and by 

63% when using a triple junction configuration in comparison to a single junction 

solar cell.3 The success of these structures lies in the choice of absorber layers with 

band gaps tuned specifically to complement the others. Minnaert et al. calculated 

the optimal band gap (Eg) combination for a monolithic triple junction solar cell to 

be 2.0 eV for the front cell, 1.5 eV for the middle cell and 1.1 eV for the back cell, 

this ensures wide spectral coverage and minimal overlap in the absorption 

spectra.4 From a practical point of view, the choice of materials is not as trivial as 

just picking a polymer with a given band gap since there are more factors that 

influence the performance of an organic semiconductor in bulk heterojunction cells 

such as the morphology, the electronic properties of the acceptor, and energy 

losses related to the energy levels of donor and acceptor, which have been 

discussed in more detail in Chapter 2. Therefore a careful evaluation of state of the 

art semiconducting polymers has to be considered before fabricating a triple 

junction solar cell. It is important to note that multi‐junction configurations are 

advantageous only if the achieved efficiency is higher than the one of the 

optimized single junctions and tandems made with the same materials. To assess 

the potential of any material combination, optical and electrical modeling can be 

used.  

The other crucial aspect of multi‐junction solar cells is the electrical 

connection between the subcells, by means of intermediate contacts (ICs). These 

need to be transparent, to prevent parasitic absorption losses, and Ohmic, to ensure 

high open‐circuit voltage (Voc) and fill factor (FF) in the final device. Finally, the 

process of depositing five to eight thin films, respectively in tandem and triple 

junction solar cells, on top of each other from solution introduces the additional 

requirement of orthogonality of solvents and high reproducibility for each layer. 

In this chapter different state of the art materials are screened and an active 

layer combination is chosen to fabricate triple junction solar cells in which the three 

subcells consist of complementary absorbing active layers that extend the 

absorption of the device up to 1100 nm, matching the spectral coverage of 

conventional silicon solar cells. Optical and electrical modeling is used to predict 

the optimal layer thicknesses of the individual active layers and the fabricated cells 
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are characterized and analyzed in depth. Finally, a few recommendations are given 

to improve the performance and characterize the cells more accurately in the 

future. 

5.2 Material choice 
A comprehensive and more in depth overview of materials used in multi‐

junction solar cells to date is given in Chapter 2 of this thesis, whereas only those 

materials relevant to this work are discussed here. 

In this study multi‐junction cells are fabricated in a regular configuration 

where the intermediate contacts consist of ZnO nanoparticles as electron transport, 

and pH‐neutral PEDOT:PSS (n‐PEDOT:PSS) as hole transport layers. This material 

combination has proven to provide a lossless intermediate contact in a number of 

cases.5,6,7 

Starting with the active layer materials, the theoretical calculations indicate 

that the optimal Eg for a front cell is 2 eV. However, the choice of wide band gap 

materials is limited in practice by the optical band gap of the commonly used 

acceptor PC70BM which lies at 1.7 eV. The use of any polymer donor with a wider 

band gap would not bring any improvement in the theoretical maximum 

attainable Voc, but rather a lower current because of reduced photon absorption. 

Therefore typical wide band gap materials used in multi‐junction solar cells have 

an Eg of 1.8 to 1.9 eV which is a good compromise to give both high current and 

high voltage cells. State of the art front cell material combinations such as 

P3HT:ICBA and PCDTBT:PC70BM, have been widely used in high efficiency 

tandem solar cells and show good performance in single junction solar cells with 

Vocs ranging from 0.85 to 0.90 V.1,7,8 New generation thienopyrrolidone (TPD) based 

polymers have further improved the state of the art with PBDTTPD:PC70BM 

reaching Voc of 0.97 V at a band gap of 1.7 eV and efficiencies up to 8.5% in single 

junction cells.9  

 

 
 

Figure 5.1 Structures of the wide band gap materials used in multi‐junction polymer solar cells 

With the front cell ideally absorbing all photons up to 700 nm, the middle 

cell is responsible for the conversion in the range between 700 nm and 850 nm. 

Therefore, semiconductors with medium band gaps of around 1.4 to 1.6 eV are 
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suitable. At the higher end of this range are polymers of the PTB family, where 

benzo[1,2‐b:4,5‐b’]dithiophene is alternated with thieno[3,4‐b]thiophene. With band 

gaps in the range of 1.55 to 1.63 eV, these polymers give high Vocs around 0.7 to 0.8 

V and yield high efficiencies in single junction solar cells. However, the wider band 

gap means that they compete for the same light as the front cell, making them 

suitable to be paired only with front cell materials with wider band gaps such as 

P3HT:ICBA.2,10 Narrower band gaps are achievable with 2,5‐dialkylpyrrolo[3,4‐

c]pyrrole‐1,4(2H,5H)‐dione (DPP) based polymers, such as 1.5 eV for PDPPTPT and 

1.4 eV for PDPP4T.11,12 Both have comparable efficiencies of around 6% in 

combination with PC60BM, with a trade‐off between Voc and Jsc with varying Eg. As 

discussed in Chapter 2, the use of pH‐neutral PEDOT in the intermediate contact of 

a multi‐junction cell limits the choice of materials to blends with Voc < 0.7 V, 

making PDPP4T:PC60BM the most appropriate choice for the middle cell of the 

triple junction, having a Voc = 0.65 V. 

 

 

Figure 5.2 Structures of the middle band gap materials used in multi‐junction solar cells 

The optimal band gap of the back cell absorber was calculated to be 1.1 eV. 

However, only polymers with Eg around 1.3 ‐ 1.4 eV have been used so far in 

multi‐junction cells, limiting the absorption of photons to ~950 nm. The most 

outstanding examples reported to date are PMDPP3T and PDTP‐DFBT, used in the 

best performing state of the art tandem and triple junction solar cells.1,2,7,10 

However, there is a large portion of photons in the near‐infrared that is not 

absorbed. Therefore, a newly designed selenophene‐substituted DPP based 

polymer PDPPSDTPS that absorbs up to 1100 nm is an interesting choice for the 

back cell.13 With a band gap of 1.13 eV and high spectral response at 1000 nm, the 

use of this polymer will extend the spectral coverage of a triple junction solar cell 

to that of a crystalline silicon cell, which is unprecedented in the field of organic 

solar cells. 
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Figure 5.3 Structures of low band gap materials used in multi‐junction solar cells 

Following these considerations, the choice of materials for the triple 

junction cell falls on PBDTTPD:PC70BM for the front cell, PDPP4T:PC60BM for the 

middle cell and PDPPSDTPS:PC60BM for the back cell. Figure 5.4 shows the optical 

constants of the polymer:PCBM blends, highlighting the exceptionally wide 

spectral coverage of this material combination ranging from 350 to 1100 nm. 

 

 

Figure 5.4 a) k values of PBDTTPD:PC70BM, PDPP4T:PC60BM and PDPPSDTPS:PC60BM, and b) structure 

of the triple junction solar cell.  

5.3 Modeling 
The choice of materials leads to the question on how to obtain the highest 

performance in a multi‐junction structure where the three active layers are 

connected optically and electrically through the intermediate contacts. This is a 

multi‐parameter problem that requires both optical and electrical modeling.14 The 

optical constants of all the layers are used to calculate the maximum short‐circuit 

current (Jsc,max) as function of the thickness of the three active layers in the stack 

shown in Figure 5.4b. These values are then multiplied by the internal quantum 

efficiency (IQE) of each material and used in combination with normalized J–V 

characteristics determined experimentally at different layer thicknesses, to 

calculate the parameters of ideal triple junction solar cells with all active layer 
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thickness combinations. Using both theoretical calculations and experimental data 

allows to predict realistic parameters and determine the optimal thicknesses for the 

subcells in the triple junction cells, assuming that the subcell materials behave 

similarly in a single or multi‐junction stack and are reproducible with minimum 

day‐to‐day variations. 

  
Figure 5.5 Simulated efficiency of the triple junction cell as function of the thickness of the front, middle 

and back cells. 

The optimal active layer thicknesses modeled for this combination of 

materials in a regular configuration triple junction is 100 nm for the 

PBDTTPD:PC70BM front cell, 160 nm for the PDPP4T:PC60BM middle cell and 140 

nm for the PDPPSDTPS:PC60BM back cell (Table 5.1). Taking this into account, 

experimental observations can be used together with the modeling to pick the solar 

cells to fabricate. The back cell is the last one of eight layers to be spin coated and 

suffers from the increasing roughness of the substrate due to the underlying layers. 

Furthermore, it has been observed that PDPPSDTPS:PC60BM forms a wavy film, 

which is more severe with increasing layer thickness. From the results of the 

calculations seen in Table 5.1, the choice of a thinner back cell of 120 nm does not 

affect the efficiency of the triple junction and allows for a faster spin coating speed 

and reduces the roughness of the layer. Therefore, triple junction solar cells with a 

thinner 120 nm back cell are considered going further. 
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Table 5.1 Predicted performance of triple junction solar cells with different front, middle and back cell 

thicknesses. 

Subcell thickness 

(front‐middle‐back) 
Jsc (mA cm‐2)  Voc (V)  FF PCE (%) 

100 – 160 – 140  6.70 1.92 0.63 8.1 

100 – 160 – 120  6.71 1.92 0.62 8.1 

100 – 150 – 120 6.40 1.92 0.64 7.9 

 

 
Figure 5.6 a) Simulated Jsc and b) simulated PCE of a triple junction solar cell with a fixed front cell 

thickness of 100 nm. 

Form these calculations it is also possible to extract J–V data regarding the 

individual subcells. This is useful information both to compare experimental data 

with the model which assumes ideal intermediate contacts, but also to evaluate the 

choice of materials. In Figure 5.7 the J–V curves of the triple junction cells indicate 

that in the optimized device the front cell is current limiting, with the lowest Jsc, 

even though all subcells are relatively well matched.  
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5.4 Devices 
Triple junction solar cells were fabricated following the results of the 

modeling, together with reference single junction cells and tandems with the same 

thicknesses of all the layers. This allows to monitor multiple critical factors that 

cannot be isolated in triple junction devices, such as day to day variation in the 

quality or thickness of the active layers and performance of the individual 

intermediate contacts. Thanks to this method, it has been noticed that the thickness 

of the middle cell fabricated at a given spin speed was 150 nm instead of the 

intended 160 nm. Therefore, triple junction solar cells with active layer thicknesses 

of 100, 150 and 120 nm for the front, middle and back cell respectively are 

presented here (Table 5.2).  

The average efficiency over 5 nominally identical cells is 6.1%, with Voc of 

1.81 V, 0.60 FF and Jsc ranging between 5.7 and 6.0 mA cm‐2. The EQE of each 

subcell was measured and provides the values of the current generated by each 

subcell when integrated with the AM 1.5G solar spectrum (Figure 5.8b). These 

values are used to further analyze the performance of the multi‐junction solar cell. 

The efficiency of 6.1% is significantly lower than the predicted 7.9% (Table 

5.2). The device shows losses in all parameters, even though the reference single 

junction cells all perform as expected. To exclude the possibility of inconsistencies 

between the experimental data used in the modeling and the devices made for the 

triple junctions due to day to day variation, a triple junction J–V  curve is 

constructed using the curves of the single junction solar cells at corrected Jsc values 

to match the Jsc of the subcells obtained from the EQE measurements (Figure 5.8c), 

assuming the intermediate contacts to be Ohmic and adding the voltages of the 

three subcell J–V s at all given current values.15  

 

Table 5.2 Parameters of the single and triple junction solar cells with active layer thicknesses of 100 nm 

for PBDTTPD:PC70BM, 150 nm for PDPP4T:PC60BM and 120 nm for PDPPSDTPS:PC60BM. 

Device Jsc (mA cm‐2) Voc (V) FF PCE (%) 

PBDTTPD:PC70BM 10.9 0.94 0.68 6.9 

PDPP4T:PC60BM 14.1 0.65 0.66 6.1 

PDPPSDTPS:PC60BM 13.8 0.34 0.56 2.6 

Triple predicted 6.4 1.92 0.64 7.9 

Triple measured 5.7 1.81 0.60 6.1 

Triple constructed 6.5 1.92 0.65 8.1 
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Figure 5.8 a) Predicted, measured and constructed J–V characteristics of the triple junction solar cell and 

J–Vs of the single junction solar cells corrected so that the Jsc coincides with the one of the subcells as 

obtained from the EQE in panel c. b) Simulated J‐V curves of the fabricated triple junction (100 – 150 – 

120) and its subcells. c) EQE of the triple junction cell where the contribution of the three subcells is 

integrated with the AM 1.5G solar spectrum to calculate the individual subcell Jsc indicated in the panel. 

d) EQE spectra of the reference single junctions fabricated to mimic the subcells in the triple junction 

cells with the same active layer thickness. 

As seen in Table 5.2, this constructed triple junction shows the same Voc 

and slightly higher Jsc and FF than the predicted values, as expected from the good 

performance of the reference single junctions. This is also evident from the 

overlapping predicted and constructed J–V  curves in Figure 5.8a. Since these 

constructed curves assume lossless intermediate contacts, the poor performance of 

the fabricated devices can be likely attributed to the interconnecting layers. 

To identify which of the two intermediate contacts is causing the losses in 

the stack, tandem solar cells of front and middle cells and middle and back cells 

were fabricated with the same layer thicknesses as in the triple junction (Figure 

5.9). Comparing the measured to the predicted performance of these tandem cells, 

in both cases the modeled values are not reached (Table 5.3). For the front and 

middle tandem, 40 mV and 0.8 mA cm‐2 loss in Voc and Jsc determine the poorer 

performance of the fabricated device, whereas the FF is higher than predicted. The 

situation is similar for the middle and back cell tandem, where 0.2 mA cm‐2, 30 mV 

and 6% FF are lost. The losses in these tandem cells are rather small but add up to 

a) 

c) d)

b) 
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significant values of 70 mV in the Voc, 1 mA cm‐2 in the Jsc , 3% FF for a total PCE 

loss of 1.8%. These values are comparable to the losses observed in the fabricated 

triple junction solar cell. 

 

 

Figure 5.9 Device structure of the tandem solar cells with a) front and middle cells and b) middle and 

back cells used in the triple junction cell. 

Based on the predictions discussed previously, the middle cell is expected 

to be the current limiting subcell in the triple junction solar cell and the back cell 

the least matched of the three subcells generating the most current (Figure 5.8b), 

whereas the integration of the EQE spectra (Figure 5.8c) indicates that the middle 

cell is generating 1.5 mA cm‐2 more than the other two subcells. Furthermore, the 

shape of the EQE of the subcells in the triple junction (Figure 5.8c) does not 

compare to the shape of the single junction devices shown in Figure 5.8d, 

especially in the case of the wide band gap front cell. 

Table 5.3 Photovoltaic parameters of modeled and fabricated dummy tandem cells that mimic parts of 

the triple junction solar cell. 

Device Jsc (mA cm‐2) Voc (V) FF PCE (%) 

Front‐middle predicted 7.4 1.58 0.66 7.8 

Front‐middle measured 6.6 1.54 0.69 6.8 

Front‐middle difference −0.8 −0.04 +0.03 −1.0 

Middle‐back predicted 9.5 1.00 0.64 6.0 

Middle‐back measured 9.3 0.97 0.58 5.2 

Middle‐back difference −0.2 −0.03 −0.06 −0.8 

Total difference −1.0 −0.07 −0.03 −1.8 

Triple difference −0.7 −0.09 −0.04 −2.0 

 

Further insight in this behavior is shown in Figure 5.10a, where the EQE of 

the triple junction cell is compared to the simulated absorption spectra of an 

identical stack. The different shape of the spectra can be explained by an optical 

spacer effect due to different thicknesses of one or more of the layers than 
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nominally expected. For instance, by modeling the intermediate contacts to be in 

total 40 nm thicker than previously expected, the shape of the spectra of the 

simulated absorption of the subcells coincides exactly with the shape of the EQE 

that has been measured (Figure 5.10b). This 40 nm difference is split equally over 

the two intermediate contacts, so that the combination ZnO + pH‐neutral 

PEDOT:PSS is taken to be 75 nm thick instead of 55 nm. This small thickness 

difference strongly influences the distribution of the optical field within the device. 

This is likely to happen in a device with a total thickness of more than 500 nm in 

which the deposition condition vary significantly from those of the typical 

reference single junction cells of a flat ITO surface.  
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Figure 5.10 a) Overlap of the EQE (solid symbols) of the triple junction cell and the simulated 

absorption (open symbols) of the same stack. b) Comparison of the measured EQE with the simulated 

absorption of a triple junction cell with thicker intermediate contacts. 

These observations are implemented in the modeling to recalculate the 

highest expected efficiency for this specific triple junction solar cell and the results 

are shown in Table 5.4. The optical spacer effect of the thicker intermediate contact 

influence marginally the Jsc and FF of the triple junction, reducing the predicted 

performance by 3 decimal points. However, this modeling does not take into 

account the technical issues that arise when the IC is thicker, such as higher 

roughness of the ZnO layers, poorer electrical connection and an overall reduced 

quality of all layers processed successively. These effects combined, may explain 

the poor efficiency of the fabricated multi‐junction which has such high losses in all 

its photovoltaic parameters. 

Table 5.4 Photovoltaic parameters of triple junction solar cells comparing the initial predictions with the 

experimental values and new predictions using adjusted intermediate contact thicknesses. 

Device Jsc (mA cm‐2) Voc (V) FF PCE (%) 

Triple predicted 6.4 1.92 0.64 7.9 

Triple measured 5.7 1.81 0.60 6.1 

Thicker IC predicted 6.3 1.92 0.63 7.6 

a) b)
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5.5 Outlook 
The results shown above raise multiple important points to consider when 

approaching multi‐junction polymer solar cells. Nevertheless, resorting to these 

device structures can result in a significant increase to the efficiency of polymer 

solar cells when all the critical aspects of these devices are carefully optimized and 

characterized. 

The first important aspect is the choice of the materials, both for the active 

layers and the intermediate contacts. The different active layers have been screened 

earlier in this chapter, including the ultra‐low band gap polymer PDPPSDTPS. This 

polymer’s absorption in the near‐infrared is the key feature that makes it a good 

candidate for triple junction solar cells. However, the two layers of pH‐neutral 

PEDOT:PSS used in the regular configuration limit the light absorption in the 

active layer due to the parasitic absorption in the polaron band of PEDOT:PSS 

which is high for the highly doped pH‐neutral formulation used.13 This is shown in 

Figure 5.11 where the EQE of a PDPPSDTPS:PC60BM single junction with a lower 

conductivity PEDOT:PSS formulation (Clevios PVP Al 4083) as hole transport layer 

is compared to the same device structure with the doped pH‐neutral PEDOT:PSS 

as hole transport layer. The difference of spectral response in the polymer region 

(1000 nm) is clearly visible, going from 0.45 to 0.41, a reduction of 10% that 

translates to almost 1 mA cm‐2 loss in these devices.  

 

300 400 500 600 700 800 900 100011001200
0.0

0.1

0.2

0.3

0.4

0.5

0.6
 

 

 PEDOT
 pH-neutral PEDOT

E
Q

E
 (

-)

Wavelength (nm)
 

Figure 5.11 EQE spectra of single junction solar cells with structure ITO / PEDOT:PSS / 

PDPPSDTPS:PC60BM / LiF / Al with Clevios PVP Al 4083 (PEDOT, full dots) or Agfa pH‐neutral PEDOT 

(open dots) as hole transport layer. 

Therefore, a device configuration in which less absorbing intermediate 

contact materials are used would be more beneficial to exploit the full potential of 

the polymer. In an inverted device configuration with a MoO3/Ag top contact, it 

would be possible to eliminate one of three PEDOT:PSS layers present in the 

regular configuration. Furthermore, inverted polarity devices allow to use silver as 
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top contact, which is a better reflector than aluminum and also does not absorb 

light in the near‐infrared region.13  

The optimization of the thicknesses of all the layers has also been shown to 

be of prime importance, both for the distribution of the optical field in the device 

and the electrical connection between the subcells, as well as for the choice of 

active layer thicknesses that yield the highest efficiency. Observing the outcome of 

the modeling in this work, the optimal thickness combination of 100 nm for the 

front cell, 160 nm for the middle cell and 140 nm for the back cell is situated on the 

edge of the range of thicknesses considered for the middle cell (Figure 5.6). To 

increase this range in the modeling in absence of experimental data for thicker 

PDPP4T:PC60BM, the FF and Voc of the solar cells are assumed to scale linearly with 

the active layer thickness and the necessary J–V curves are extrapolated from the 

experimental data for thicknesses up to 220 nm. 

Table 5.5 Predicted performance of triple junction solar cells with different front, middle and back cell 

thicknesses. 

Subcell thickness 

(front – middle – back) 
Jsc (mA cm‐2)  Voc (V)  FF PCE (%) 

140 – 200 – 140 7.36 1.89 0.60 8.4 

100 – 160 – 140 6.70 1.92 0.63 8.1 

 

Figure 5.12 a) Predicted short‐circuit current density and b) efficiency as a function of the three subcell 

thicknesses with a wider range for the middle cell up to 220 nm. 

The results of this calculation in Figure 5.12 and Table 5.5 indicate that 

there is a new optimal set of subcell thicknesses with both thicker front and middle 

cell. In Table 5.5 the newly calculated optimal triple junction is compared to the 

previously found optimum with the same (thin) intermediate contact thicknesses. 

In this case the expected short‐circuit current of the triple junction is increased 

from 6.40 to 7.36 mA cm‐2, sacrificing Voc and FF, for a total increase of the 

predicted efficiency from 8.1 to 8.4%. Having set the thickness of the back cell to 

140 nm, from the profiles shown in Figure 5.13a it is clear that the middle cell 

thickness is critical in determining the Jsc of the triple junction and thicker layers 
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will give higher current. Since it has been assumed that PDPP4T:PC60BM does not 

suffer from a severe drop in FF in thick layers, the predicted efficiency of the triple 

junction is also maximum for middle cells thicker than 160 nm. 

 
Figure 5.13 a) Simulated Jsc and b) PCE of a triple junction solar cell with a fixed back cell thickness of 

140 nm. The black dot indicates the new optimal subcell thickness combination. 

Finally it is also necessary to discuss the EQE measurement of triple 

junction polymer solar cells. In this work, the cells were characterized by 

individually biasing with monochromatic light two subcells to measure the third 

one. This is a common method used for all multi‐junction solar cells. However, two 

main issues need to be addressed when measuring polymer solar cells, which are 

the sub‐linear light intensity dependence of the current density and the negative 

electrical bias to which the measured subcell is subjected due to the bias 

illumination on the other cells. To address the sub‐linearity, a mathematical 

correction can be applied using the average ratio between the EQE measurement 

with and without light bias of the reference single junction cell.15 For the second 

correction it is necessary to compensate the reverse electrical bias on the current 

limiting subcell. This has been previously addressed for tandem solar cells where a 

combination of optical modeling and measurements on reference single junction 

cells allow to determine the forward bias that needs to be applied to achieve an 

accurate measurement of the EQE of a subcell.15,16 Depending on the FF of the cell, 

the reverse bias conditions can lead to an overestimation of the EQE up to 10%. 

Determining the magnitude of the electrical bias of a subcell in a triple junction is a 

more complicated problem that has not been addressed yet in literature, but is a 

point of focus in the future to allow correct characterization of these complex solar 

cells. 
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5.6 Conclusions 
A careful material selection based on theoretical and practical 

considerations, paired with optical and electrical modeling indicates that triple 

junction solar cells with efficiencies above 8% can be obtained using 

PBDTTPD:PC70BM, PDPP4T:PC60BM and PDPPSDTPS:PC60BM as front, middle 

and back cells, extending very wide spectral coverage from 350 to 1100 nm, which 

is unreported in literature. These complex multi‐junction solar cells have been 

fabricated by processing 8 layers on top of each other from orthogonal solutions. 

The performance of 6.1% is lower than the predicted 8.1% due to suboptimal 

performance of the intermediate contacts and difficulties in controlling layer 

thicknesses accurately. 

 This study shows that making efficient triple junction solar cells hinges on 

a large variety of parameters, which are challenging to control. Progress in this 

field would benefit from photoactive and charge transport layers that have robust 

processing windows. Future improvements could be achieved by adopting an 

inverted configuration to increase the absorption in the near‐infrared and the 

reflection from the back contact.   



Chapter 5 

98 

 

5.7 Experimental 
Materials. Poly(benzo[1,2‐b:4,5‐b’]dithiophene−thieno‐[3,4‐c]pyrrole‐4,6‐dione) 

(PBDTTPD) was generously provided by the University of Hasselt.17 The synthesis 

of PDPP4T and PDPPSDTPS has been described elsewhere.12,13 [6,6]Phenyl‐C61‐

butyric acid methyl ester (PC60BM) and [6,6]phenyl‐C71‐butyric acid methyl ester 

(PC70BM) were obtained from Solenne BV. The pH‐neutral PEDOT:PSS was kindly 

provided by Agfa. All other commercial solvents and materials were used as 

received, unless differently stated. 

 

Optical  and  electrical modelling. Prediction of the performance of tandem and 

triple junction cells was carried out as described previously.14 In short: For a series 

of single junction cells the performance as a function of photoactive layer thickness 

was determined. From these data the internal quantum efficiency and the shape of 

the J−V as a function of layer thickness were extracted. Optical modelling using the 

transfer matrix formalism with a commercial software package SETFOS 3 (Fluxim) 

combined with the IQE data provides the current generation capacity in each 

subcell, depending on the exact layout of the optical stack. Combining these 

current generation capacities with the relevant J−V shape and adding the subcell 

J−V’s according to Kirchhoff’s law provides the J−V characteristics for the multi‐

junction cells of any given thickness combination. The optical parameters of all the 

polymer:PCBM blends for these calculations were determined from 

reflection/transmission measurement of active layers on quartz.  

 

Solar  cells. Photovoltaic devices were made by spin coating poly(3,4‐

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios P, VP 

Al4083) onto pre‐cleaned, patterned indium tin oxide (ITO) substrates in air (14 Ω 

per square) (Naranjo Substrates). The PBDTTPD:PC70BM (8 mg mL‐1, 1:1.5 weight 

ratio) photoactive layers were deposited by spin coating in a nitrogen filled glove‐

box from a hot 115 ˚C chlorobenzene solution containing 5 vol% 1‐

chloronaphthalene. The cells were then transferred in a vacuum chamber to let the 

solvents evaporate overnight. For multi‐junction devices, an intermediate contact 

was then deposited consisting of ZnO nanoparticles18 and pH‐neutral PEDOT:PSS 

(Agfa Orgacon). The ZnO layer was spun in nitrogen atmosphere from a solution 

of 10 mg mL−1 ZnO nanoparticles in 2‐propanol. The pH neutral PEDOT:PSS 

(Orgacon, Agfa) was diluted 1:1 with ultrapure water after which 0.2 mL mL−1 2‐

propanol was added to improve the wetting on the ZnO nanoparticles. Prior to 

spin casting in air the solution was filtered using a 5.0 μm Whatman Puradisc FP30 

syringe filter. The cells were then taken in air and PDPP4T:PC60BM (4 mg mL‐1, 1:2 

weight ratio) was spin coated from a chloroform solution with 7.5 vol%  

ortho‐dichlorobenzene (o‐DCB). For triple junction cells the following IC was 
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deposited and finally the last active layer. PDPPSDTPS:PC60BM (4 mg mL‐1, 1:2 

weight ratio) was spin coated in nitrogen at room temperature from a chloroform 

solution using 5 vol% o‐DCB as co‐solvent. Finally a back contact of 1 nm LiF and 

100 nm Al was evaporated in vacuum for all devices. Device areas of 0.09 and 0.16 

cm2 were used, which provided similar results. 

 

External quantum efficiency. EQE measurements were performed in a homebuilt 

setup, with the devices kept in a nitrogen filled box with a quartz window and 

illuminated through an aperture of 2 mm. Mechanically modulated 

monochromatic (Oriel, Cornerstone 130) light from a 50 W tungsten halogen lamp 

(Osram 64610) was used as probe light, in combination with continuous bias light 

from monochromatic LEDs (ThorLabs, 530nm 350mW, 730nm 515mW, 940nm 

800mW). The intensity of the bias LED light was adjusted via the power supply. 

The response was recorded as the voltage over a 50 Ω resistance, using a lock‐in 

amplifier (Stanford Research Systems SR 830). For the multi‐junction devices, 

combination of the LED lights were used to bias two of the three subcells and 

measure the last one.15 

 

Current‐density  –  voltage  characteristics. J−V curves were measured under 

simulated solar light (100 mW cm−2) from a tungsten–halogen lamp filtered by a 

Hoya LB100 daylight using a Keithley 2400 source meter. No mismatch correction 

was done. For the single junction cells the accurate Jsc was determined from the 

EQE by convolution with the AM1.5G solar spectrum. For the tandem and triple 

junction solar cell measurements, the simulated solar light spectrum was tuned to 

provide appropriate illumination to each subcell. This was achieved by adjusting 

the voltage over the tungsten halogen lamp and the distance to the sample in such 

a way that both the wide band gap and the narrow band gap single junction 

reference cell gave the exact Jsc as determined from the EQE measurement. The J−V 

curves of the tandem and triple junction solar cells were measured under 

illumination through a mask of slightly smaller dimensions to the device area 

determined by the overlap of the ITO and Al electrodes (0.064 and 0.13 mm2), to 

avoid extra current generation due to the high lateral conductivity of the pH 

neutral PEDOT:PSS.19 
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Chapter 6  

Highly Efficient Hybrid 

Polymer and Amorphous 

Silicon Multi‐junction Solar 

Cells with Effective Optical 

Management 

Abstract 
Multi‐junction device architectures offer an effective strategy  to  further  improve 

the efficiency of polymer solar cells beyond 15% which is required to make the technology 

competitive  in  the photovoltaic market. However,  the  lack of high performance wide band 

gap  polymer  solar  cell  is  one  of  the  major  limiting  factors  to  achieve  such  a  high 

breakthrough  efficiency. Here highly  efficient multi‐junction  solar  cells are demonstrated 

with the utilization of wide band gap amorphous silicon for the front subcell and low band 

gap polymer for the back subcell. Efficiencies of 11.6% and 13.2% have been achieved in the 

hybrid tandem and  triple  junction configurations, respectively. Such high efficient multi‐

junction solar cells were achieved by deploying effective optical management and by using 

photoactive materials with  complementary  absorption  and  reduced  spectral  overlap. This 

hybrid approach paves  the way  to constructing multi‐junction photovoltaic devices based 

on polymer solar cells which have the potential to achieve an efficiency of 15% and beyond. 

 

 

 

 

This work has been published: H. Tan, A. Furlan, W. Li, K. Arapov, R. Santbergen, 

M. M. Wienk, M. Zeman, A. H. M. Smets, R. A. J. Janssen, Highly Efficient Hybrid 

Polymer and Amorphous Silicon Multijunction Solar Cells with Effective Optical 

Management.  
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6.1 Introduction 
Solution processed polymer solar cells offer the attractive prospect of 

providing high efficiency lightweight, flexible, low cost and large area photovoltaic 

modules through cheap roll‐to‐roll fabrication at a low processing temperature.1‐4 

To date, the power conversion efficiency (PCE) of state of the art single junction 

polymer solar cells has reached ~9‐11% as a result of impressive efforts in 

developing novel medium band gap polymer donor materials, optimizing the 

photoactive blend morphology, interface engineering and novel light management 

structures.5‐12 Single junction solar cells are now approaching the practical 

efficiency limit of ~11‐12%.13 Improving the PCE of polymer solar cells beyond 15% 

is required to become competitive with other thin film photovoltaic technologies. 

With this aim, multi‐junction devices with tandem or triple junction configurations 

have received considerable attention from researchers in the past few years.14‐21 

Multi‐junction solar cells are generally fabricated via the serial connection of wide 

band gap and low band gap subcells with complementary absorption spectra to 

achieve a broader solar spectral coverage and to reduce the thermalization losses. 

A record certified PCE of 10.6% has been reported for polymer tandem solar cells 

and PCEs of triple junction polymer solar cells reaching 11‐12% have also been 

reported by several groups.16,20,21 Such high efficiencies are mainly credited to the 

successful synthesis of high performance medium‐band gap (Eg: 1.5‐1.8 eV) and 

low band gap (Eg < 1.5 eV) polymer donors and the development of novel efficient 

interface and interconnecting layers (ICL) that enable the electrical and optical 

coupling between the subcells.19,22‐24 However, the lack of high performance wide 

band gap polymers still remains one of the main limiting factors to further 

improve the PCE of multi‐junction solar cells.25,26 

The performance of wide band gap front subcells is of crucial importance 

for achieving highly efficient multi‐junction solar cells, since the front cell with the 

highest open‐circuit voltage (Voc) delivers the most energy output among the 

subcells. Requirements for the front cell include (i) having a high Voc with a small 

loss compared to Eg, (ii) having a high external quantum efficiency (EQE > 80%) at 

shorter wavelengths to achieve sufficient current density, (iii) having a high PCE 

within a broad range of photoactive layer thickness to achieve current matching 

with other subcells and (iv) having excellent chemical stability to allow following 

materials processing and thermal treatment. Despite the recent efforts in 

developing wide band gap polymer donors, high performance polymer solar cells 

that fulfil all requirements for the front cell are not available presently.  

In this article, the utilization of hydrogenated amorphous silicon (a‐Si:H) is 

reported as an alternative to the wide band gap polymer to construct hybrid  

a‐Si:H/polymer tandem and triple junction solar cells.27‐29 A high PCE of 11.6% is 

achieved in hybrid a‐Si:H/polymer tandem solar cells with the combination of  
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a‐Si:H and a low band gap polymer. The PCE further increases to 13.2% in hybrid 

a‐Si:H/a‐Si:H/polymer triple junction solar cells by using a light‐trapping front 

electrode. The a‐Si:H absorber materials have a tunable band gap from 1.60 to  

1.75 eV, corresponding to a Voc variation from 0.88 up to 1 V. The a‐Si:H solar cells 

possess high external quantum efficiency (EQE) at short wavelengths, high fill 

factor (FF) and almost unity internal quantum efficiency (IQE) over a broad range 

of absorber layer thickness. These properties make an a‐Si:H solar cell a suitable 

candidate for the front subcell in polymer based multi‐junction devices. The hybrid 

approach combines the advantages of both a‐Si:H and polymer solar cells, such as 

abundant raw materials, light weight and flexibility, low cost and low processing 

temperature. More importantly, the well‐established processing of a‐Si:H based 

devices is technically compatible with the following fabrication of polymer solar 

cells. 

6.2 Device structures and materials 
Figure 6.1a illustrates the device architecture of the hybrid a‐Si:H/polymer 

tandem solar cells. The low band gap polymer subcell is connected in series with 

the front a‐Si:H subcell by an ICL that consists of an Al‐doped ZnO 

(AZO)/Ag/MoO3 layer stack. The MoO3 film also serves as hole transport layer 

(HTL) for the polymer solar cell while the thin (1 nm) Ag improves the Ohmicity of 

the AZO/MoO3 recombination contact. A schematic representation of the hybrid a‐

Si:H/a‐Si:H/polymer triple junction solar cells is displayed in Figure 6.1b. The two 

a‐Si:H subcells are interconnected via a tunnel recombination junction which is 

formed by the heavily n‐doped layer of the front cell and the heavily p‐doped layer 

of the middle cell.  

A highly efficient multi‐junction solar cell requires delicate band gap 

engineering for each subcell to simultaneously obtain a high Voc and a high 

matched current density. For both the hybrid tandem and triple junction solar cells 

shown in Figure 6.1, a blend of near‐infrared polymer 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] (PMDPP3T) and PC60BM (chemical structures 

shown in Figure 6.2a) was used as the absorber in the back cells. PMDPP3T, which 

has previously been selected to construct highly efficient multi‐junction polymer 

solar cells, is one of the most efficient low band gap polymers up to now.19 The 

band gaps of the a‐Si:H absorbers were tuned through the variation of deposition 

temperature, processing pressure and H2/SiH4 gas flow ratio.30,31 The well 

optimized high quality a‐Si:H films have band gaps that can be tuned from 1.60 to 

1.75 eV, corresponding to the Voc changing from 0.88 up to 1 V. The photovoltaic 

performance of three typical a‐Si:H single junction solar cells with variable band 
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gaps is presented in Table 6.1, together with the performance of the single junction 

PMDPP3T:PC60BM polymer solar cell. 

 
Figure 6.1 Schematic device structures and corresponding TEM cross‐section images of hybrid multi‐

junction solar cells. a) Hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cell processed on flat AZO.  

b) Hybrid a‐Si:H/a‐Si:H/PMDPP3T:PC60BM triple junction solar cell processed on flat AZO. c) Hybrid  

a‐Si:H/a‐Si:H/PMDPP3T:PC60BM triple junction solar cell processed on mildly textured ZnO. d) Planar 

SEM image of the mildly textured ZnO in the front electrode.   

 

Table 6.1 Characteristics of optimized single junction a‐Si:H and PMDPP3T:PC60BM solar cells.  

Single junction cell Eg,opt (eV) a  Voc (V) Jsc (mA cm−2) FF (%) PCE (%) 

a‐Si:H b 1# 1.73 0.98 12.7 75 9.3 

2# 1.68 0.95 13.8 74 9.7 

3# 1.60 0.89 16.2 73 10.4 

PMDPP3T:PC60BM c 1.30 0.61 15.7 60 5.7 

a Eg,opt, optical band gap; Jsc, short‐circuit current density. b a‐Si:H solar cells were deposited on as‐grown 

textured SnO2:F substrates; thickness ~300 nm. c Polymer solar cells were processed on flat glass/ITO 

substrates with PEDOT:PSS as the HTL; thickness ~140 nm. 
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Table 6.2 The Eg−qVoc loss of a‐Si:H solar cells and various wide band gap polymer solar cells used in 

tandem and triple junction devices. 

Single junction cell Eg,opt(eV)  Voc (V) Eg−qVoc (eV) Reference 

a‐Si:H 1# 1.73 0.98 0.75 this work 

2# 1.68 0.95 0.73 this work 

3# 1.60 0.89 0.71 this work 

P3HT:ICBA 1.90 0.84 1.06 16 

PSEHTT:ICBA 1.82 0.94 0.88 21 

BDT‐FBT‐2T:PC60BM 1.72 0.84 0.88 25 

PBDTTPD:PC60BM 1.71 0.91 0.81 33 

PIDT‐phanQ:PC60BM 1.67 0.85 0.82 32 

 

 
Figure 6.2 a) Chemical structures of PMDPP3T and PC60BM. b) EQE curves of single junction a‐Si:H 

solar cells with various band gaps and PMDPP3T:PC60BM polymer solar cell as shown in Table 6.1. 

All a‐Si:H cells exhibit a lower Eg −  qVoc energy loss than state of the art 

wide band gap polymer donors used for polymer tandem or triple junction solar 

cells such as P3HT, BDT‐FBT‐2T, PSEHTT, PIDT‐phanQ and PBDTTPD as can be 

seen in Table 6.2 16,21,25,32,33  

Meanwhile, the a‐Si:H cells have a high fill factor > 70% and high EQE at 

the short wavelengths, with peak EQE > 80% as displayed in Figure 6.2b. The 

superior performance of a‐S:H solar cells indicates that a well‐optimized a‐Si:H 

solar cell has the potential to outperform the polymer counterpart as the front 

subcell in a multi‐junction device. From the analysis of the spectral coverage and 

the single junction solar cell performance, the 2# a‐Si:H and 1# a‐Si:H show a high 

potential for application as the front cell in the tandem and triple junction solar 
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cells, respectively. As a demonstration to build up triple junction solar cells, the 3# 

a‐Si:H was chosen as the middle cell. As discussed later, it would also be possible 

to replace the a‐Si:H middle cell with a medium band gap polymer solar cell, 

provide it would have a high EQE in the wavelength range 500‐800 nm.  

6.3 Interconnecting layers 
In addition to the performance of the subcells, the interconnecting layer 

between a‐Si:H and polymer subcells plays an important role in achieving highly 

efficient multi‐junction solar cells. Electrically, an efficient ICL should form an 

Ohmic recombination contact between the subcells and have a suitable work‐

function difference to sum up the Voc of the individual subcells. Previous studies 

have shown that AZO/Ag/MoO3, AZO/pH‐neutral poly(3,4‐

ethylenedioxythiophene):poly(styrene sulfonate) (n‐PEDOT:PSS) and 

ITO/PEDOT:PSS are efficient ICLs to electrically connect the a‐Si:H and polymer 

constituent subcells.28,29,34 However, the role of the optical properties of the ICL in 

the hybrid multi‐junction solar cells has not yet been well‐recognized and studied. 

Here the importance of the optical characteristics of the ICL in the a‐Si:H/polymer 

tandem solar cell will be discussed and it will be shown that an AZO/Ag/MoO3 

ICL can result in better performance than AZO/n‐PEDOT:PSS (or 

ITO/PEDOT:PSS).  

As displayed in Figure 6.3a, the a‐Si:H layer has a higher refractive index 

(n) than the ICL and the PMDPP3T:PC60BM blend layer. With an Al optical 

reflector at the back side, a Fabry‐Perot optical microcavity is formed in the ICL 

and PMDPP3T:PC60BM layers.35 The thickness of the spacer layer 

(ICL+PMDPP3T:PC60BM) determines the electrical field distribution of the incident 

light in the cavity, which will have a significant influence on the useful light 

absorption in the polymer subcell. Optically two important factors have to be 

considered for the ICL. Firstly, the thickness of the ICL should be optimized to 

allow maximal absorption in the PMDPP3T:PC60BM photoactive layer. Secondly, 

the parasitic absorption in the ICL should be as low as possible. 

As shown in Figure 6.3b, the simulated photocurrent density (Jph) in the 

polymer back cell is sensitive to the AZO thickness and back cell thickness. A high 

Jph > 10.5 mA cm−2 can be obtained in two regions. One is in range of back cell 

thicknesses of 140 to 160 nm and the other one is in the range of back cell 

thicknesses of 290 to 320nm. Considering the thickness dependent photovoltaic 

performance of polymer solar cells (Figure 6.4a), the thinner cell is preferred to 

achieve higher Voc and FF. Thus in the following content the focus will be on a back 

cell thickness less than 200 nm. 
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Figure 6.3 Effects of the interconnecting layer on the photocurrent generation in hybrid a‐Si:H 

(2#)/PMDPP3T:PC60BM tandem solar cells. a) Schematic structure of the optical microcavity in the 

hybrid solar cells. The typical refractive index n of each layer is shown. b) Contour plot of the simulated 

photocurrent density (Jph) in the back cell as a function of the AZO (in the AZO/Ag/MoO3 ICL stack) 

and back cell thickness. c) Simulated Jph in the front and back subcells as a function of back cell 

thickness. The front a‐Si:H cell thickness varies from 100 to 400 nm. The cyan coloured region indicates 

the optimal back cell thickness range to obtain high Jph in the back cell. d) Simulated maximal Jph 

achievable in back cell with AZO/Ag/MoO3 and AZO/n‐PEDOT:PSS as ICLs as a function of the AZO 

thickness. The thicknesses of MoO3 is 10 nm and the n‐PEDOT:PSS are 40 or 60 nm thick. The front cell 

thickness is kept constant at 440 nm in b) and d).  

For a fixed back cell thickness (range 120‐200 nm), Jph deceases with the 

increase of AZO thickness. Obviously, a thinner AZO layer in the ICL can deliver a 

higher maximal Jph in the back cell as displayed in Figure 6.3d. To achieve a 

balanced current density in each subcell, the front cell thickness also needs to be 

varied in practical tandem devices. Figure 6.3c presents the Jph of the front and back 

cells as a function of back cell thickness, with the front cell thickness varied from 

100 to 400 nm. It can be clearly seen that the Jph of the front cell is mainly 
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determined by the front cell thickness and depends only weakly on the back cell 

thickness and AZO thickness (Figure 6.4b). One important characteristic is that the 

optimal back cell thickness has little dependence on the front cell thickness. The 

optimal back cell thickness for obtaining maximal Jph in the back cell mainly 

depends on the thickness of the ICL. Practically, the AZO layer should be at least 

30 nm to obtain a uniform layer and form an efficient recombination contact. Thus 

30 nm thick AZO was used in the optimized multi‐junction solar cells to achieve 

maximal Jph in the back cell.  

 

Figure 6.4 a) The Voc and FF of single junction ITO/PEDOT:PSS/PMDPP3T:PC60BM/LiF/Al polymer solar 

cells vs. the photoactive layer thickness. b) Simulated photocurrent density of the front cell in flat 

hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cells as a function of AZO thickness (in the ICL) and 

back cell thickness. 

Next the ICLs AZO/Ag/MoO3 and AZO/n‐PEDOT:PSS are compared. As 

the hole transport layer, the n‐PEDOT:PSS layer (normally 30‐60 nm is needed) is 

necessarily thicker than the MoO3 layer (~10 nm). It also has a higher absorption 

coefficient than MoO3. This results in a higher optical loss in the n‐PEDOT:PSS 

layer. Figure 6.3d clearly shows that the AZO/Ag/MoO3 can lead to a higher 

maximal Jph in the back cell than the AZO/n‐PEDOT:PSS for a certain AZO 

thickness. The maximal Jph in the back cell is also very sensitive to the thickness of 

the n‐PEDOT:PSS layer and a thicker n‐PEDOT:PSS layer results in a lower Jph. 

Figure 6.5a  shows the J‐V characteristics of two hybrid tandem solar cells with 

AZO/Ag/MoO3 and AZO/n‐PEDOT:PSS as the ICLs. It can be clearly seen that the 

AZO/Ag/MoO3 leads to a higher Jsc than AZO/n‐PEDOT:PSS, which can be 

explained by two reasons. First, the thinner ICL AZO/Ag/MoO3 enables a more 

favourable electrical field distribution of the incident light in the polymer:fullerene 

blend which thereby leads to a higher light absorption in the back cell (see Figure 

6.3d). Secondly, the lower absorption loss in AZO/Ag/MoO3 also contributes to the 

higher photocurrent density in the back cell (Figure 6.5b,c).  

a) b)
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Figure 6.5 a) The J‐V characteristics of hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cells with 

AZO/Ag/MoO3 and AZO/n‐PEDOT:PSS as the ICLs. The two cells were processed in the same run. The 

thicknesses of the front cell, the back cell and the AZO layer are the same for the two devices. The ICL 

AZO/Ag/MoO3 leads to a considerably higher Jsc than AZO/n‐PEDOT:PSS, highlighting the benefits of 

using AZO/Ag/MoO3 in the hybrid multi‐junction solar cells. b) Simulated EQE curves of the  

a‐Si:H/PMDPP3T:PC60BM tandem solar cells shown in Figure 6.3a. c) Simulated optical absorbance in 

the ICLs of the two tandem cells. 

6.4 Hybrid tandem solar cells 
With the understanding of the optical effects of the ICL, hybrid tandem 

solar cells were fabricated with the device configuration as shown in Figure 6.1a. 

The tandem cells were constructed with 2# a‐Si:H for the front cell and 

PMDPP3T:PC60BM blend for the back cell. The thicknesses of the AZO, Ag and 

MoO3 layers in the ICL stack are 30, 1 and 10 nm, respectively. To find the maximal 

achievable balanced current density, optical modelling was conducted to 

determine the optimal thickness range of the photoactive layers in constituent 

subcells. The highest balanced Jsc of a tandem cell is expected for a front cell of ~440 

nm and a back cell of ~150 nm (Figure 6.6).  

The hybrid tandem solar cells were fabricated with these optimized subcell 

thicknesses and characterized under simulated solar illumination. Table 6.3 and 

Figure 6.7a,b present the photovoltaic performance of the fabricated tandem 

devices. The tandem devices have a high fill factor and a high Voc almost equal to 

the sum of the two subcells, indicating that the AZO/Ag/MoO3 stack is an effective 

ICL. The measured Jsc values (10.7 mA cm−2 on average) are consistent with the 

simulated value (10.6 mA cm−2). The calculated Jsc (limiting subcell 10.5 mA cm−2) 

from the EQE measurements as shown in Figure 6.7b is also in good agreement 

with the measured photocurrent. The tandem cells (with a best PCE of 11.6%) 

exhibit a significant efficiency improvement with respect to the two single junction 

reference cells (with PCEs of 8.4% and 5.5%), due to the complementary light 

absorption and the small spectral overlap between the optimized a‐Si:H front cell 

and polymer back cell. 

 a) b) c)
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Figure 6.6 Simulated Jsc of the hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cells with respect to the 

front and back cell thickness. The IQE of the front and back subcells used in the simulations is 0.98 and 

0.75, respectively. 

 

 

 

Table 6.3 Photovoltaic parameters of hybrid tandem and triple junction solar cells 

Device 
front 

TCO 

cell thickness (nm)

front/middle/back

Voc 

(V) 

Jsc 

(mA cm−2)

FF 

(%) 

PCE a 

(%) 

PCE,best 

(%) 

tandem flat 440/150 1.55±0.01 10.7±0.2 67.6±1.6 11.3±0.3 11.6 

Triple b  flat‐1 85/500/110 2.38±0.01 5.8±0.2 71.0±1.4 9.8±0.2 10.1 

 flat‐2 85/500/150 2.38±0.01 6.0±0.2 71.0±1.0 10.1±0.3 10.4 

 textured‐1 85/500/110 2.32±0.05 7.9±0.3 59.0±4.8 10.7±0.9 12.0 

 textured‐2 85/500/150 2.30±0.01 7.9±0.2 66.0±1.4 12.0±0.4 12.4 

 textured‐3 90/1000/150 2.33±0.01 8.6±0.1 64.0±1.3 13.0±0.2 13.2 

a  Average performance taken from 8 devices for tandem solar cells and at least 4 devices for triple 

junction solar cells. b The number after flat‐ or texture‐ defines the subcell thickness in multi‐junction 

devices. 
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Figure 6.7 The J‐V characteristics and EQE curves of hybrid multi‐junction solar cells. a) J‐V curves of 

best performing hybrid tandem solar cell (flat) and respective single junction reference cells. b) EQE of 

the flat tandem solar cell. c) J‐V curves of best performing hybrid triple junction solar cells (flat‐2, 

textured‐2 and textured‐3) and a‐Si:H/a‐Si:H tandem reference cell (same as the subcells in textured‐3). 

d) EQE of hybrid triple junction solar cell (textured‐3).  

6.5 Hybrid triple junction solar cells 
As shown in Figure 6.7b, the photon harvesting in tandem devices is not 

sufficient in the wavelength range between 550 and 700 nm where the solar 

spectrum has the highest photon flux. Adding an additional medium‐band gap 

subcell between the front and back cells has the prospect of more efficient photon 

harvesting in this wavelength range. To this purpose, hybrid triple junction solar 

cells were constructed with a device configuration as shown in Figure 6.1b. The 1# 

and 3# a‐Si:H materials were used as absorbers for the front cell and middle cell, 

respectively. The optical modelling indicates that the middle cell is the major 

current limiting subcell in the flat triple junction configuration (Figure 6.8). The  

a‐Si:H has a low absorption coefficient in the wavelength range 550‐750 nm. 

Without light trapping (the case of using flat AZO as the front electrode), the 

photon harvesting is not efficient. A thick middle cell (> 500 nm) is needed to 
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provide a balanced photocurrent density of ~6 mA cm−2. To get a reasonably high 

photocurrent, triple junction solar cells were fabricated with fixed front and middle 

cell thickness of 85 and 500 nm, respectively. The back cell thickness is 110 or 150 

nm, which result in best PCEs of 10.1% and 10.4%, respectively. However, the 

efficiency achieved by flat triple junction solar cells is still lower than that of the 

flat tandem solar cells due to the current limiting in the a‐Si:H subcells. 

 
Figure 6.8 Simulated photocurrent density of the flat hybrid a‐Si:H/a‐Si:H/PMDPP3T:PC60BM triple 

junction solar cells as a function of middle cell and back cell thickness. a) Front cell. b) Middle cell. c) 

Back cell. d) Triple junction cell. The front cell thickness is fixed at 85 nm. The IQE of the front, middle 

and back subcells used in the simulations is 1.00, 0.98 and 0.75, respectively. 

To improve the photocurrent densities of the two a‐Si:H subcells in triple 

junction devices, a front electrode consisting of a thin layer of highly transparent 

conductive In2O3:H (IOH) and a layer of as‐grown mildly textured ZnO was 

adopted for the triple junction solar cells as shown in Figure 6.1c‐d. The sharp 

pyramidal structures of the ZnO layer can efficiently scatter the incident light and 

thereby enhance the light path in the photoactive layers. In addition, the textured 

ZnO/Si interface in the front can reduce the light reflection and enhance the light 

in‐coupling into the photoactive layers. Furthermore, the front electrode that 
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combines IOH with non‐doped ZnO is more transparent than AZO and ITO based 

front front electrodes.36 The lateral size and height of the pyramidal surface 

features (as shown in Figure 6.1d) are carefully designed to simultaneously obtain 

strong light absorption enhancement in the a‐Si:H subcells and to enable the 

following fabrication of high performance polymer solar cells. As shown in Table 

6.3, the cells on the textured front electrode (textured‐1) have the best PCE of 12.0% 

which represents an absolute increase of 1.9% with respect to the flat reference cell 

(flat‐1), mainly due to the improvement of Jsc from 5.8 to 7.9 mA cm−2. With the 

light‐trapping substrates, both the front and middle a‐Si:H subcells exhibit a 

considerable increase in spectral response due to the strong scattering and more 

efficient light in‐coupling (Figure 6.9).  

 
Figure 6.9 EQE and total absorbance (1‐R) curves of hybrid a‐Si:H/a‐Si:H/PMDPP3T:PC60BM triple 

junction solar cells: flat‐1 and textured‐1. It was not possible to reliably measure the EQE of the back cell 

in textured‐1 because of shunting problems in the photoactive layer.  

Especially for the current limiting middle a‐Si:H subcell, a strong 

enhancement in photon harvesting and thus EQE is observed at wavelengths from 

550 to 750 nm for which the absorption coefficient of 3# a‐Si:H is low. Similar to the 

flat devices, the PCE of textured cells (textured‐2) is slightly improved by using a 

thicker back cell (thickness up to 150 nm), with a best PCE of 12.4%. From the 

optical modelling (Figure 6.10) and EQE curves it can be seen that the middle a‐

Si:H subcell is still current limiting in the case of textured‐2. For the front a‐Si:H 

subcell and back polymer solar cell, the photocurrent density can reach well above 

8.5 mA cm−2. To achieve a higher photocurrent, the thickness of the middle a‐Si:H 

cell was doubled up to 1 μm for devices textured‐3. As a result, a record high PCE 

of 13.2% is obtained with a reasonable current matching between subcells as 

revealed by the optical modelling and the EQE curves in Figure 6.10d. The 

measured Jsc from J‐V characterization agrees well with the calculated Jsc from the 

EQE curves. The minor discrepancy between the J‐V and EQE measurements can 

be due to the uncertainties in the EQE measurements,[37] i.e. incomplete current 
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saturation of the subcells (due to the available bias light sources and spectral 

overlap between subcells) and the performance degradation of the polymer back 

cells after exposure in air overnight before the EQE measurements. 

 

Figure 6.10 Simulated Jph of hybrid a‐Si:H/a‐Si:H/PMDPP3T:PC60BM triple junction solar cells on mildly 

textured front electrodes as a function of middle cell and back cell thickness. a) Front cell. b) Middle cell. 

c) Back cell. d) Triple junction cell. The front cell thickness is fixed at 85 nm. The IQE of the front, 

middle and back subcells used in the simulations is 1.00, 0.98 and 0.75, respectively. 

Despite the fact that textured front electrodes can improve the light 

harvesting in the hybrid triple junction solar cells, the rough interface deteriorates 

the Voc and FF of the devices as shown in Table 2. The mildly textured surfaces 

would not lead to worse electrical performance for a‐Si:H solar cells.36 However, 

the rough surfaces can be detrimental to the performance of polymer solar cells 

because achieving a uniform thickness for a thin (~150 nm) polymer layer on a 

corrugated surface is challenging. As shown in Figure 6.11, the rough a‐Si:H/ICL 

interfaces that evolve from the mildly textured substrates lead to a severely non‐

uniform thickness in the photoactive layer of the polymer solar cells. Therefore, a 

delicate design of the surface textures is of crucial importance to achieve high‐

performance hybrid triple junction solar cells. As shown in Figure 6.12, the mildly 

textured front electrodes as well‐optimized here result in better performance for 
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hybrid tandem devices than the medium‐textured or highly textured front 

electrodes which are commonly used for high‐efficiency a‐Si:H solar cells.37 

 

Figure 6.11 Cross‐section SEM image of triple junction solar cells. (a) flat‐1, (b) textured‐1 and (c) 

textured‐3. The scale bar is 1 μm. 

One solution to eliminate the use of textured substrates and the necessity 

for a thick a‐Si:H middle subcell is to use a medium‐band gap polymer solar 

subcell as the middle junction in the triple junction devices. Very recently, highly 

crystalline polymer donor materials with an optical band gap of ~1.55 eV (i.e. 

PffBT4T‐2OD, PBDPP‐F‐TT, PTB7‐Th and PNTz4T) have demonstrated PCEs 

higher than 10% in single junction devices.5‐7,10 Such high performance medium 

band gap polymer solar cells have a high Jsc (close to 20 mA cm−2), a high FF  

(> 70%) and high peak EQE (> 80%) even for a photoactive layer up to 300 nm, 

making them nearly ideal for the middle subcell in the hybrid triple junction solar 

cells. If the IQE of PMDPP3T polymer solar cells can be improved to be higher than 

80%, it is realistic to achieve a matched photocurrent of ~9 mA cm−2 in hybrid  

a‐Si:H/medium band gap polymer/PMDPP3T triple junction solar cells. Assuming 

a summed Voc of 2.37 V (0.98 V, 0.78 V and 0.61V for the three subcells) and 

considering a good FF of 75%, a PCE beyond 15% is expected in the near future for 

hybrid multi‐junction photovoltaic devices with the combination of merits from 

both a‐Si:H and polymer solar cells.  
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Figure 6.12 a) J‐V characteristics of hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cells processed on 

mildly textured, medium textured and highly textured front electrodes. b), c) and d) AFM images of the 

mildly textured, medium textured and highly textured front electrodes. The medium textured front 

electrode is as‐grown textured FTO (SnO2:F, Asahi‐VU) from the Japanese Asahi Glass company. The 

highly textured front electrode is the wet‐etched sputtered AZO film. Rrms is root mean square 

roughness. Hp: peak to peak height of the surface features. The medium‐textured or highly textured 

front electrodes, which have a peak‐to‐peak height larger than the thickness of polymer photoactive 

layer, give rise to serious shunt problems in the fabricated hybrid devices. 

Compared to the previously reported full polymer tandem cells based on a 

wide band gap polymer and PMDPP3T (PCE ~8.9%), the hybrid a‐Si:H/PMDPP3T 

tandem devices here (PCE > 11%) have a higher efficiency.19,25 The better 

performance is mainly due to the superior device performance of a‐Si:H front cell 

to the wide band gap polymer cell. Firstly, the higher Voc and FF of the a‐Si:H 

subcell lead to a higher Voc × FF product in the tandem devices. In addition, the 

higher EQE of a‐Si:H solar cell and the less spectral overlap with PMDPP3T result 

in a higher Jsc value. Owing to the optical manipulation of the ICL and the band 

gap engineering for each subcell, the hybrid tandem devices here also exhibit 

higher PCE than the previous record performance of 10.5% demonstrated by Kim 

et al.28 By using a proper light‐trapping front electrode, the hybrid triple junction 

solar cells also show better performance than the previous results obtained by Kim 

et al. and Roland et al., who reported an 11.7% efficient hybrid triple junction solar 

cell.38,39 The PCE of 13.2% here is higher than the best‐performing full polymer 

triple junction solar cell reported so far.20,21 In both tandem and triple junction 
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configurations, the utilization of a‐Si:H front cell enables a higher summed Voc and 

a higher balanced Jsc (achievable potentially at least) than the full polymer 

counterparts.  

6.6 Conclusions 
In summary, highly efficient hybrid multi‐junction photovoltaic devices 

have been demonstrated by combining vacuum‐deposited a‐Si:H and solution 

processed polymer solar cells. The best PCEs of 11.6% and 13.2% have been 

obtained for the hybrid tandem and triple junction configurations, respectively. 

The combined merits from both a‐Si:H and polymer solar cells can significantly 

enhance the PCE in reference to all polymer based counterparts. The effects of the 

optical characteristics of the interconnecting layer between a‐Si:H and polymer 

subcells were analysed in‐depth and optimized to achieve a higher photocurrent in 

the polymer subcell. In order to achieve a high balanced photocurrent in the triple 

junction solar cells, a mildly textured front electrode was used. The solution 

processing of polymer solar cells is fully compatible with the vacuum deposition of 

a‐Si:H solar cells, which makes the hybrid devices applicable for the low‐cost roll‐

to‐roll mass production. The hybrid concept studied here can ultimately drive the 

PCE of polymer solar cell based photovoltaic devices to 15% and beyond in the 

near future, making low cost, non‐toxic, earth abundant, light weight and large 

area photovoltaic modules available for clean electricity generation.
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6.7 Experimental 
Materials.  The low band gap polymer PMDPP3T was synthesized according to 

literature procedure.19 PC60BM (purity 99%) was purchased from Solenne BV. 

PEDOT:PSS (Clevios™ PVP Al 4083) was purchased from Heraeus GmbH and pH‐

neutral PEDOT:PSS (n‐PEDOT:PSS) was prepared by diluting Orgacon Neutral pH 

PEDOT from Agfa with ultra‐pure water in a 1:1 volume ratio and adding 0.2 mL 

2‐propanol per mL of solution. All commercial chemicals were used as received. 

The as‐deposited flat Al‐doped ZnO transparent conductive layers (~700 nm) were 

deposited by RF magnetron sputtering from a ZnO:Al2O3 (2 wt%) target. The 

resulting films have a sheet resistance <15 Ω/□. The mildly textured ZnO (~500 nm) 

films were deposited using low‐pressure chemical vapour deposition at substrate 

temperature of 160 °C using (C2H5)2Zn and H2O as precursor gases without 

doping.40 The intrinsic ZnO films have a sheet resistance higher than 100 Ω/□. To 

provide sufficient conductivity for solar cells, a thin layer of highly transparent and 

conductive In2O3:H (IOH, ~300 nm) was deposited on glass before the ZnO.41 

 

Solar cell fabrication. The a‐Si:H solar cells with p‐i‐n structure were deposited on 

TCO coated glass substrates by plasma enhanced chemical vapour deposition in a 

multi‐chamber system with parallel plate configuration. The cells were deposited 

at a substrate temperature of 180 °C, except for the 1# and 2# a‐Si:H intrinsic layer 

which were deposited at 130 °C. The a‐Si:H cells have a p‐i‐n device structure as 

detailed in Ref. 30. SiH4 and H2 were used as source gases for intrinsic (i‐) layers. 

The p‐layer is 15 nm nanocrystalline silicon oxide (nc‐SiOx) and CO2 gas was 

introduced as oxygen source. 20‐nm‐thick n‐doped a‐Si:H was used as the n‐layer. 

The p‐ and n‐type doping was achieved by using PH3 and B2H6, respectively. In the 

triple junction solar cells, n‐doped nc‐SiOx was used as the n‐layer in the front  

a‐Si:H cell in order to reduce the optical loss and to form effective recombination 

contact with the following p‐layer. After the deposition of silicon layers, a thin 

layer of AZO was sputtered on top of the a‐Si solar cells through an area‐defined 

shade mask. The a‐Si:H solar cells with AZO capped layers were then sent from 

TU Delft to TU/e for the processing of polymer solar cells. Firstly, 1 nm Ag and 10 

nm MoO3 were evaporated on the a‐Si:H solar cells sequentially. The layer stack 

AZO/Ag/MoO3 is the interconnecting layer between the a‐Si:H and polymer solar 

cells. Consequently the PMDPP3T:PC60BM layers were spin cast in air from a 

chloroform solution (4 mg mL−1) with a weight ratio of 1:3 using 7.5 vol%  

o‐dichlorobenzene as co‐solvent. Finally the back contact, consisting in 1 nm LiF, 

100 nm Al and 400 nm Ag, was deposited by thermal evaporation through the 

same shade mask used for the thin AZO layers in the ICL. The active area of the 

cells as defined by the AZO in the ICL and back metal contact was 0.16 or 0.25 cm2, 
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which provided similar results. The AZO layer in ICL and the metal back contact 

were deposited through the exact same mask with a careful alignment. In this way, 

the AZO and metal contact are vertically aligned exactly and have identical areas. 

Larger AZO layer than metal contact leads to overestimation of the Jsc values 

(Figure 6.13) and also results in ambiguous FF values due to the artificial increase 

of current mismatch between subcells. 

 
Figure 6.13 J‐V curves of flat hybrid a‐Si:H/PMDPP3T:PC60BM tandem solar cells with three different 

alignments between the AZO layer and the back metal contacts.  

Solar  cell  characterization. The current density‐voltage (J‐V) characteristics were 

measured using a Keithley 2400 sourcemeter under solar simulator illumination at 

a light intensity of ~100 mW cm−2 as checked with a calibrated Si photodiode. A 

tungsten halogen lamp was used in conjunction with a Hoya LB120 daylight filter 

to simulate the AM 1.5G solar spectrum. The simulated solar spectrum was tuned 

to provide appropriate illumination to each subcell, which was achieved by 

adjusting the voltage over the lamp and the distance to the sample in such a way 

that both the a‐Si:H and polymer reference cells gave the exact Jsc as determined 

from the EQE measurements.19 No spectral mismatch factor was considered. EQE 

measurements were performed using an in‐house built system with 

monochromatic light. The respective subcells in multi‐junction solar cells were 
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measured using carefully chosen bias light and voltage conditions. The photodiode 

used for the calibration of EQE measurements has been regularly calibrated by 

Fraunhofer ISE. All the J‐V measurements of hybrid solar cells were taken inside 

the glovebox. EQE of hybrid tandem and triple junction solar cells were performed 

in air without encapsulation. The EQEs of tandem cells were measured 

immediately after taking them out the glove box. The triple junction cells were 

exposed to air for about 24 h, before and while measuring the EQE. In this case 

some degradation of the polymer subcells might have occurred, which would 

result in lower EQE values in the back polymer cell. All efficiency characterization 

of solar cells was carried out in a way close to the standard testing procedures as 

much as possible with the available experimental setups.42 TEM was performed 

with a Tecnai G2 Sphera (FEI) operating at 200 kV. Cross‐section samples were 

prepared by Ga‐ion beam milling using FEI Quanta 3D FEG electron microscope. 

Subsequently, cross‐sections were transferred onto Omniprobe TEM grid and fine 

milled to achieve the thickness of 100‐80 nm.The SEM images were taken with a 

Hitachi S4800 scanning electron microscope. 

 

Solar cell optical modelling. The optical model represents the solar cell as a one‐

dimensional multilayer system and uses the net‐radiation method to take into 

account the interference between multiple reflections.43 The model calculates the 

absorption in each layer and the total reflectance and transmittance as a function of 

wavelength. Input for the model are the thickness of each layer and the complex 

refractive index of each layer as a function of wavelength. In case the interfaces are 

flat, no further input of AFM scan is required. For rough textured interfaces an 

AFM scan of the surface morphology is given as input. The model then uses the 

scalar scattering method to derive the angular intensity distribution of scattered 

light and uses the extended net‐radiation method to take into account the effects of 

the enhanced optical path length due to the confinement of the scattered light.44,45 

The complex refractive index of materials used for the modelling was measured 

with spectroscopic ellipsometry unless otherwise stated. The complex refractive 

index of TCO materials was fitted from the reflection/transmission measurements. 

The internal quantum efficiency (IQE) of polymer solar cells used in the optical 

modelling is 0.75 which is determined by the ratio of integrated Jph from measured 

EQE and from simulated total absorbance in the photoactive layer. The IQE of  

a‐Si:H solar cells is 0.98 as determined by the ratio of EQEs measured at 0 V and ‐1 

V bias in a typical single junction solar cell, while the IQE of front subcell in triple 

junction solar cells is assumed to be one due to the very thin absorber layer. The 

cell thickness refers to the photoactive layer thickness of the subcells, i.e., the  i‐

layer thickness for the a‐Si:H solar cells and the polymer:fullerene blend thickness 

for polymer solar cells. 
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Chapter 7  

Near‐Infrared Organic 

Photodetectors 

 

 

Abstract 
Near‐Infrared  (NIR)  organic  photodetectors  are  an  essential  component  for  wearable 

sensing  applications  such  as  pulse  oximeters, where  high  photoresponse  at  900  nm  is  a 

requirement. Bulk heterojunction photodetectors containing a  small band gap  conjugated 

polymer  show  up  to  46%  external  quantum  efficiency  at  600  –  900  nm  and  are  good 

candidates  for  this  application. The dark  current  of  the device  is  a  limiting  factor  to  the 

detectivity of  the  sensor and  is  therefore  investigated. The main  contribution  to  the dark 

current in these devices has been found to be electron injection and transport, which can be 

reduced  by  creating  a  sufficient  large  electron  injection  barrier  under  reverse  bias 

conditions.   
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7.1 Introduction 
Bulk heterojunction polymer:fullerene blends show multiple attractive 

properties that extend to other applications than solar cells. The potential low cost 

fabrication via printing on flexible substrates is a feature that has attracted interest 

to use these materials for light sensing applications. One of these is wearable 

medical sensors such as oximeters that non‐invasively measure the human pulse 

rate and blood oxygen saturation. The operating principle of these sensors depends 

on the different absorption of red (~660 nm) and near‐infrared (~900 nm) light by 

oxygenated and deoxygenated hemoglobin.1 Organic optoelectronic materials are 

used for these devices that integrate two organic light emitting diodes (OLEDs) 

with different peak emissions and an organic photodetector (OPD) in one wearable 

sensor.2 An efficient photodetector in this setup needs to show high response both 

in the red as well as in the near‐infrared (NIR) region. Whereas good organic 

photodetectors have been demonstrated that operate in the visible part of the 

spectrum, 3 the near‐infrared (λ = 750 – 1400 nm) performance is typically lower.  

7.1.1 Figures of merit of photodetectors 

The performance of photodetectors is characterized by many different 

parameters that express the detection of a photo‐induced signal in presence of 

background noise. The responsivity (R) is defined as the detector output current 

per unit of incident light intensity: 

⁄ 	

where Jph is the photocurrent density, Pinc is the incident light power per unit area. 

The responsivity is expressed in A W‐1. 

The noise in the device is quantified by the noise equivalent power (NEP), 

which is defined as the amount of incident light power on a photodetector, which 

generates a photocurrent equal to the noise current. This is a measure of the 

minimum detectable signal and is expressed by the following equation: 

⁄ 	

where Jnoise is the total noise current density.4 The main contribution to the noise 

current in the devices studied here is the dark current because the devices in this 

study are operated in a photoconductive mode, i.e. in reverse bias conditions. The 

dark current of a diode in reverse bias conditions is also referred to as “leakage 

current”, signifying that this part of the current may not be intrinsic but due to 

extrinsic causes. 

The performance of a photodetector is measured by the specific detectivity 

(D*), which can be calculated from the responsivity (R in A W‐1) and the dark 

current density (Jd in A cm‐2) following the equation5 
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∗ 2 / 	 ⁄ 2 /⁄⁄ 	

where q  is the elementary charge. D*  is measured in Jones (1 Jones =  

1 cm Hz1/2 W‐1).  

Following these equations, the performance of a photodetector is mainly 

dependent on the external quantum efficiency (EQE) and the dark current of the 

device. Therefore this study is focused on the evaluation and optimization of 

organic photodetectors with respect to their EQE value at 900 nm and Jd measured 

at ‐2 V.  

7.2 High EQE polymer organic photodetectors 
Previous studies have shown that both small molecule and polymer‐based 

photodetectors can compete with their inorganic counterparts (Si, InGaAs) in terms 

of detectivity.5 Furthermore, organic materials can be deposited on flexible 

substrates and show high performance at room temperature, which makes them 

very suitable for everyday applications such as wearable sensors. However, state 

of the art OPDs operating in the NIR (λ = 750 – 1400 nm) suffer from low EQEs, 

which are limited to values under 35% even in reverse bias of −2 V.5‐17  

 
Figure 7.1 a) Chemical structure of PDPPSPyS and PC60BM. b) Generalized organic photodetector 

device layout. 

New small band gap polymers that provide EQEs higher than 40% at 900 

nm have recently been designed and synthesized. PDPPSPyS is such a novel 

diketopyrrolopyrrole (DPP) based semiconducting polymer and represents a 

promising candidate for near‐infrared photodetection applications, because of an 

optical band gap of 1.24 eV and absorption that extends up to 1000 nm.18 When 

used in a blend with [6,6]‐phenyl‐C61‐butyric acid methyl ester (PC60BM) and spin 

cast from a solution of chloroform and 1,8‐diiodooctane, PDPPSPyS yields solar 

cells with good power conversion efficiency of 3.1% and high EQE extending to 

1000 nm, indicating efficient charge generation and collection. The high EQE of 

46% at 900 nm and the slight sub‐linearity of this response with light intensity over 

3 orders of magnitude make PDPPSPyS and PC60BM a good material combination 

for applications involving light detection (Figure 7.2).  
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Figure 7.2 Characteristics of a PDPPSPyS:PC60BM OPD. a) EQE spectrum. b) Light intensity dependence 

of the photocurrent measured at short‐circuit under 780 nm monochromatic light. 

7.3 Factors determining the dark current 
The optimized solar cell already shows good characteristics for 

photodetector applications such as high EQE at 900 nm and a dark current density 

of 6.1 × 10‐2 mA cm‐2 at ‐2 V. However, since Jd is a measure of the noise in the 

detector, it should be further minimized and this can be achieved by optimizing 

the device with respect to the values of dark current in reverse bias while 

maintaining high EQE. In particular the active layer morphology, composition and 

thickness have strong effects on the dark current. These parameters are 

investigated to determine the magnitude of their influence on the performance of 

the photodetector. Furthermore, different interlayers can be used to improve the 

device structure (Figure 7.1c). The layer sequence used for solar cells and 

photodetectors consists of similar stacks of layers consisting of a photoactive layer 

sandwiched between two interface layers and the charge collecting contacts. 

7.3.1 Active layer thickness 

The active layer consists of a 1:2 weight ratio blend of PDPPSPyS and 

PC60BM spin cast from a chloroform based solution and the typical thickness for an 

optimized solar cell is around 100 nm. For photodetector applications thin layers 

have proven to induce relatively high dark current density in reverse bias. Indeed, 

when the layer thickness is increased to 260 nm the leakage current density is 

reduced by two orders of magnitude from 6.1 × 10‐2 mA cm‐2 to 6.4 × 10‐4 mA cm‐2 at 

−2 V(Figure 7.3a). This is attributed to an improved layer quality that leads to a 

lower chance of pinholes and leakage paths when increasing active layer thickness. 

 

 

 

 

 

a) b) 
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Figure 7.3 a) J‐V characteristics of regular configuration PDPPSPyS:PC60BM photodetectors in the dark 

(solid line) and under white light illumination (dashed line) for different photoactive layer thickness. b) 

The corresponding dark current and photocurrent densities measured at ‐2 V. 

The photocurrent density of the device is not influenced significantly by 

the increased thickness of the layer, therefore in this case the performance of the 

photodetector depends solely on the improvement in the dark current. The thicker 

active layer thickness of 260 nm is adopted for all further experiments. 

7.3.2 Solvent combination 

Another important parameter in the formation of the active layer is the 

solvent combination used to cast the film. Varying the co‐solvent used in 

combination with chloroform allows tuning the morphology of the active layer and 

therefore the performance of the device. This is due to the different solubility of 

polymer and fullerene in the solution. The two most used co‐solvents used for 

DPP‐based polymers are ortho‐dichlorobenzene (o‐DCB) and 1,8‐diiodooctane 

(DIO). As shown in Figure 7.4 the use of DIO instead of o‐DCB influences both the 

dark current and the EQE of the device. The sharper onset of EQE at 1000 nm 

indicates that the aggregation of the polymer is improved and more charges can be 

collected at 900 nm when DIO is used. As a consequence the photoresponse of the 

active layer is nearly doubled. The improved morphology is also responsible for 

lower chance of leakage paths and a lower dark current is obtained. DIO is 

therefore chosen as co‐solvent for all further experiments. 

Thickness (nm) Jd (mA cm‐2) Jph (mA cm‐2) 

110 6.1 × 10‐2 14.4 

190 3.9 × 10‐3 16.5 

260 6.4 × 10‐4 18.3 

a) b)
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Figure 7.4 a) J‐V characteristics in the dark of PDPPSPyS:PC60BM photodetectors with a regular device 

configuration fabricated from optimized solvent mixtures of o‐DCB or DIO in CHCl3. b) Corresponding 

EQE spectra measured at ‐2 V. 

7.3.3 Polarity 

The results presented so far refer to regular configuration devices in which 

holes are collected at the ITO contact through a PEDOT:PSS hole transport 

(HT)/electron blocking (EB) layer and electrons are collected via the LiF/Al top 

contact (Figure 7.5a). The alternative is to switch the polarity using an inverted 

device structure where electrons are collected at the front contact via an electron 

transport (ET)/hole blocking (HB) layer such as zinc oxide (ZnO) and holes are 

collected by the top contact that generally consists of MoO3/Ag (Figure 7.5b). The 

fabrication of inverted configuration devices has shown to increase the EQE of the 

photodetector thanks to the increased reflection of silver compared to aluminum 

and the elimination of the NIR‐absorbing PEDOT:PSS layer (Figure 7.5d).18 

Comparing the J‐V characteristics of regular and inverted devices (Figure 

7.5c) an additional effect of the different interface layers is observed. The slopes of 

both dark and illuminated curves change, suggesting that an injection barrier is 

created in the inverted device. It has previously been observed that use of the 

PDPPSPyS:PC60BM combination in an inverted configuration devices can give rise 

to an injection barrier and s‐shape in the J‐V curve.18 Whereas this effect is 

detrimental in solar cells, it proves beneficial for OPDs by lowering the dark 

current and maintaining a high photocurrent measured at ‐2 V.  

In this configuration the best device that has been fabricated shows a low 

dark current density of 2.93 × 10‐4 mA cm‐2 at ‐2 V and a high EQE of 43.7% at 900 

nm. The calculated responsivity R is 0.317 A W‐1 and the detectivity is as high as 

1.04 × 1012 Jones, which is as high as that of Si based photodetectors.5 

 

 

a) b)
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Figure 7.5 PDPPSPyS:PC60BM photodetectors. a) Regular configuration device layout. b) Inverted 

configuration device layout. c) J‐V  characteristics in the dark (solid lines) and under white light 

illumination (dashed lines). d) Corresponding EQE measured at ‐2 V. 

 

Table 7.1 Performance of the optimized devices with regular and inverted polarity for illumination at 

900 nm. 

Polarity Jd (mA cm‐2) EQE (%) R (A W‐1) D* (Jones) 

Regular 6.6 × 10‐4 41.8 0.304 6.59 × 1011 

Inverted 2.9 × 10‐4 43.7 0.317 1.04 × 1012 

 

7.3.4 PC60BM content 

Another important parameter for the morphology of the active layer is the 

PDPPSPyS to PC60BM ratio. The 1:2 weight ratio used previously has been 

determined to maximize the photovoltaic performance and is the solution to 

ensure high photocurrent generation in the device. By gradually reducing the 

amount of PC60BM in the blend from 66.7% (1:2 ratio) to 20% (4:1) the photocurrent 

density measured at ‐2 V drops from 17 to 4 mA cm‐2 and at the same time the dark 

current density drops by one order of magnitude (Table 7.2). However, the real 

improvement in decreasing the noise in the device is obtained by eliminating the 

PC60BM completely from the active layer. The dark current density for the pure 

polymer device drops to 1 × 10‐5 mA cm‐2. As expected, this also drastically reduces 
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the photocurrent by almost two orders of magnitude and the overall trend is a 

decrease in both light and dark current with decreasing PC60BM content (Figure 

7.6b).  
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Figure 7.6 Inverted polarity PDPPSPyS:PC60BM photodetectors with varying PC60BM content (weight 

ratio). a) Dark (solid lines) and white light (100 mW cm‐2) illuminated (dashed lines) J‐V characteristics. 

b) Dark and illuminated current density at ‐2 V. 

 

Table 7.2 Average values for dark current density and photocurrent density of inverted configuration 

PDPPSPyS:PC60BM photodetectors with varying PC60BM content, measured at ‐2 V. 

PDPPSPyS:PC60BM weight ratio Jd (mA cm‐2) Jph (mA cm‐2) 

1:2 1.7 × 10‐3 17.12 

1:1 3.9 × 10‐4 15.09 

2:1 9.9 × 10‐4 8.80 

4:1 3.2 × 10‐4 3.95 

1:0 1.3 × 10‐5 0.11 

 

These results represent an important step towards understanding the 

origin of the dark current in these OPDs which can lead to determining the most 

important parameters to optimize. Previous studies on OLEDs and organic 

memory devices have shown that the dark current density can be space‐charge‐

limited or injection‐limited depending on the energy levels of the contacts 

relatively to the organic materials.19 These relations have been investigated for this 

particular PDPPSPyS:PC60BM blend. 

7.4 Injection current 
 

The fact that the dark current increases dramatically with the introduction 

of PC60BM suggests that electron transport, and in particular injection from the 

contacts into PC60BM, contributes considerably to the leakage current of these 

devices. Therefore further investigations regarding the nature of the dark current 

b)a) 
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are carried out by varying the contacts in the device structure. In reverse bias 

conditions, electrons are injected from the HT layer with a high workfunction 

contact into the LUMO of PC60BM. By changing the workfunction of the HT layer, 

the energy barrier for electrons to be injected in the PC60BM will also vary and it is 

expected to have a strong influence on the dark current (Figure 7.7a). This is 

achieved by thermally evaporating materials with different workfunctions on top 

of a PDPPSPyS:PC60BM layer in the inverted device configuration, using ZnO as 

ET layer at the bottom contact.  

 

Figure 7.7 a) Energy levels of an inverted configuration PDPPSPyS:PC60BM photodetector in reverse 

bias conditions with different top contacts. b) Corresponding J‐V curves in the dark. c) Current density 

measured in the dark under reverse bias at ‐2 V vs the injection barrier for electrons. The injection 

barrier is calculated as the difference between the LUMO of PC60BM and the reported workfunction of 

the top contact material.  

By choosing a metal with a Fermi level progressively deeper than the 

LUMO of PC60BM, the barrier for electron injection is increased and the dark 

current decreases (Figure 7.7b). When aluminum is used, the Fermi level of the top 

contact approaches the LUMO of the PC60BM and the barrier is reduced. In this 

case the current density measured in reverse bias is quite high at 2 × 10‐1 mA cm‐2, 

but still about two orders of magnitude less than in forward. For an ideal diode 

with such energy levels a symmetrical curve would be expected. This shows that 

the aluminum does not form a perfect contact to the active layer. The highest 
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workfunction contact used is 10 nm MoO3/Ag which lies at 5.5 eV and provides the 

highest injection barrier of 1.2 eV, yielding a decrease of three orders of magnitude 

in the measured dark current density to 3 × 10‐4 mA cm‐2. By progressively 

increasing the workfunction of the metal contact, i.e. increasing the barrier for 

electron injection, the leakage current decreases exponentially. This behavior fits 

with charge injection models that predict an exponential dependence of the current 

density on the injection barrier when the current is injection‐limited (Figure 7.7c).19 

 
Figure 7.8 a) Energy levels of a regular configuration PDPPSPyS:PC60BM photodetector in reverse bias 

conditions with varying top contacts. b) Corresponding J‐V curves in the dark. c) Current density 

measured in the dark under reverse bias at ‐2 V vs. the injection barrier for holes. The injection barrier is 

calculated as the difference between the HOMO of PDPPSPyS and the reported workfunction of the top 

contact material. 

A similar investigation can be made for the hole injection from the ET layer 

under reverse bias. In this case regular configuration devices are studied where the 

top contact is varied. This allows for the same thermally evaporated metals to be 

used and processing difficulties due to solvent orthogonality can be avoided. In 

this configuration the bottom contact is formed by a highly resistive PEDOT:PSS 

dispersion (Clevios™ P VP CH 8000) and the workfunction of the top contacts is 

varied from 5.2 eV in the case of gold to 2.9 eV in the case of calcium (Figure 7.8a). 

The dark current initially decreases as a function of the injection barrier, but 

eventually reaches a plateau at a value of ~0.7 eV, corresponding to the 
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workfunction of aluminum. The dark current density does not decrease further 

when using calcium (Figure 7.8c). This is attributed to the fact that the dominating 

contribution to the leakage comes from the electron current through the PC60BM 

rather than from the hole current through the polymer, which is attributed to the 

high mobility of electrons in the PC60BM.20,21  

7.5 Interlayers 
Having determined that the injection of electrons in the PC60BM is the 

major contribution to the dark current in these OPDs, further modifications to the 

inverted layer structure can be made to further reduce the dark current in the 

device. 

 
Figure 7.9 a) Device structure of an inverted configuration PDPPSPyS:PC60BM photodetector with an 

MoO3/Ag as top contact. b) Effect of the thickness of the MoO3 layer in dark and in light measured at  

‐2 V. 

The introduction of 10 nm of MoO3 between the active layer and the top 

Ag electrode is already sufficient to create an injection barrier for electrons in 

reverse bias, as is proven by the two orders of magnitude improvement of the dark 

current from 1.2 × 10‐1 mA cm‐2, in the case of only Ag, to 3.3 × 10‐4 mA cm‐2 with 

MoO3/Ag (Figure 7.7). The electron blocking properties of the MoO3 layer were 

tested by increasing the thickness from 10 nm to 100 nm as seen in Figure 7.9. In 

this case the dark current decreases by only ~20%. In this experiment the value for 

the reference device with a 10 nm MoO3 layer is different from the one measured 

previously (Figure 7.7), showing that day‐to‐day variation of the active layer 

quality is important. The photocurrent is not affected by the thickness of the buffer 

layer and no significant optical spacer effect is observed, as expected for such thick 

photoactive layers.22 It appears that beyond ~10 nm, the thickness of the MoO3 

layer is not an important parameter for the dark current. 

To improve the device performance and decrease the dark current further, 

a specific electron blocking layer can be introduced that provides a higher barrier 

for charge injection. 4,4‐tris(N‐carbazolyl)triphenylamine (TCTA) has been chosen 
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as an electron blocking layer thanks to its relatively high LUMO level at ‐2.3 eV 

and its extensive use in OLEDs. This introduces an additional 2 eV barrier for 

electrons to be injected into the LUMO of the PC60BM when TCTA is deposited 

between the active layer and the contact (Figure 7.10a). When comparing the 

performance of inverted polarity devices with 20 nm TCTA/Ag or 10 nm MoO3/Ag 

as top contacts, the dark current at ‐2 V is lower for the former as expected (Figure 

7.10b) but the effect is not very pronounced. The photocurrent is also negatively 

affected by the additional energy barrier and therefore a reverse bias more 

negative than ‐2 V is necessary to extract all the charges due to the high energy 

barrier.  

 
Figure 7.10 Effect of introducing 20 nm TCTA as electron blocking layer in an inverted polarity 

photodetector. a) Energy diagram. b) Chemical structure of TCTA. c) Dark (solid lines) and light 

(dashed lines) J‐V characteristics. 

7.6 Conclusions 
It has been demonstrated that a low band gap DPP‐based polymer, 

PDPPSPyS, is a viable candidate to be used in photodetecting applications thanks 

to its high response in the near‐infrared. The PDPPSPyS:PC60BM active layer has 

been optimized in terms of layer thickness, composition, and deposition 

parameters. By inverting the device configuration the best fabricated photodetector 
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shows high responsivity and detectivity in the same order of magnitude as silicon 

based photodetectors.  

The dark current under reverse bias is one limiting factor to the 

performance of these devices. Therefore, the origin of the dark current under 

reverse bias has been investigated by varying the workfunctions of the electron 

and hole injecting contacts and the electron current has been found to be the main 

contribution. To further decrease the dark current TCTA has been used as charge 

blocking layer but has not shown to make a significant difference. The use of other 

deep HOMO electron blocking materials has been shown to decrease significantly 

the dark current in other organic photodetectors5 and is therefore a direction worth 

investigating further.  

7.7 Experimental 
Materials. PDPPSPyS has been synthesized according to a literature procedure18, 

PC60BM (Sollene B.V.), PEDOT:PSS (Heraeus GmbH), TCTA (Lumtec), and 

solvents (Sigma Aldrich) have been used without further purification.  

 

Photodetectors. Regular configuration photodetectors have been fabricated by spin 

coating a 40 nm layer of PEDOT:PSS (Clevios™ P VP CH 8000), diluted 1:1 v/v 

with deionized H2O on pre‐cleaned ITO patterned glass substrates (Naranjo 

Substrates). Then they were transferred in a N2‐filled glovebox where the active 

layer was spin cast from a chloroform‐based solution with either 20 vol%  

o‐dichlorobenzene or 5 vol% 1,8‐diiodooctane as additives, using different spin 

speeds to vary the layer thickness. The polymer:fullerene weight ratio used was 1:2 

with a polymer concentration of 6 mg mL‐1, unless specified otherwise. After 

depositing the photoactive layers, the samples were then kept in a dynamic high 

vacuum (~3 × 10‐7 mbar) overnight to ensure that all solvents are removed from the 

layer. Finally the top contact, either LiF (1 nm) and Al (100 nm) or 100 nm of Au, 

Ag, Al, or Ca, was deposited by thermal evaporation. 

 For inverted configuration devices a sol‐gel precursor (0.5 M zinc acetate 

dihydrate and 0.5 M ethanolamine in 2‐methoxyethanol) is spin coated onto ITO 

patterned substrates and annealed 5 min. at 150 ˚C to obtain a 40 nm thick ZnO 

layer. Then the active layer and top contact are deposited in inert atmosphere 

using the same procedure as for the regular polarity devices. MoO3 (10 nm) was 

deposited by thermal evaporation for MoO3/Ag top contacts. The thickness of all 

metal layers was kept constant at 100 nm. 

 

Characterization.  J‐V characteristics were measured in a nitrogen‐filled glovebox 

using a Keithley 2400 source meter under 100 mW cm‐2 simulated AM1.5G 

illumination from a tungsten‐halogen lamp. Spectral response was measured on a 



Chapter 7 

138 

 

home built setup through a preamplifier (Stanford Research Systems SR570) and a 

lock‐in amplifier (SR830). The modulated monochromatic light was obtained using 

a 50 W tungsten‐halogen lamp (Philips focusline), a mechanical chopper, and a 

monochromator (Oriel, Cornerstone 130). A calibrated silicon cell was used as 

reference. The EQE values at 900 nm were used to calculate the responsivity of the 

devices following the equation:5  

∙ ⁄ ∙ 1.24⁄  

The thickness of the layers was determined using a Veeco Dektak150 profilometer. 
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Summary 

Harvesting solar energy is one of the most promising answers to the global 

need for sustainable and renewable energy. In this setting organic photovoltaics is 

an emerging technology that aims to deliver low cost, printable devices for a wide 

range of applications. However, to compete with the currently dominating silicon 

technology, higher efficiencies need to be reached and this is possible by adopting 

more complex multi‐junction solar cell architectures. These devices consist of two 

or more subcells connected in series which absorb different portions of the solar 

spectrum, therefore reducing thermalization and transmission losses and achieving 

higher efficiencies. In this thesis several novel approaches are presented to 

improve the performance of multi‐junction polymer solar cells, together with an 

alternative application of semiconducting polymers in the field of photodetectors. 

The first and second Chapters illustrate the aim of this work, the working 

principles and the current state of the art in the field of multi‐junction polymer 

solar cells. Different topics are explained that are crucial to the understanding of 

the results presented in the following chapters, such as the optical and electrical 

modeling principles, the characterization methods, materials used in the active 

layers and the recombination contacts.  

In Chapter 3 two issues are addressed regarding the electrical connection 

of the subcells in tandem polymer solar cells. The intermediate contacts in these 

devices comprise an n‐type layer (ZnO) and a p‐type layer (pH‐neutral 

PEDOT:PSS) that are responsible for the collection and recombination of charges 

from the subcells. This material combination does not yield an Ohmic contact as 

cast and UV doping is needed. The need for UV illumination is due to the lack of 

free charges in the ZnO layer. To eliminate the use of UV treatment, the 

introduction of solution processed gold nanoparticles (Au NP) at the 

ZnO/PEDOT:PSS interface is studied. The Au NPs function as recombination 

centers for the loss free recombination of hole and electrons. This strategy is found 

to be only partially successful in creating an Ohmic contact between the two 

subcells. The other shortcoming that has been addressed in Chapter 3 is the voltage 

loss in the back cell when pH‐neutral PEDOT:PSS is used as p‐type recombination 

layer in polymer tandem solar cells. This Voc loss is due to the reduced 
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workfunction of pH‐neutral PEDOT:PSS and the offset of the Fermi energy level 

with the HOMO of the polymer used in the active layer. The strategy chosen in this 

case was to thermally evaporate molybdenum oxide (MoO3), which acts as an 

additional p‐layer to align Fermi levels between the pH‐neutral PEDOT:PSS and 

the polymer active layer. This addition to the stack solves the voltage loss and 

ensures an Ohmic contact between the subcells. 

Chapter 4 reports the use of a novel synthesized small band gap polymer 

PMDPP3T in a tandem solar cell in combination with the well‐known wide band 

gap polymer PCDTBT. The choice of these spectrally complementary active layer 

materials and the use of a lossless recombination contact lead to solution processed 

tandem cells with a power conversion efficiency of 8.9% The performance can 

further be enhanced by introducing a triple junction device structure where the 

middle and back cells consist of the same material. This strategy allows to make 

use of the high current generation of PMDPP3T and increase the efficiency of the 

solar cell to 9.6%. 

In Chapter 5 the triple junction structure is further developed by using 

three different materials designed to absorb as much light as possible and 

simultaneously reduce transmission and thermalization losses. Screening of 

current state of the art donor polymers with regard to band gap and performance 

allows for the choice of three materials with complementary absorption. Optical 

and electrical modeling are used to predict the optimal combination of active layer 

thicknesses in a triple junction solar cell comprising PBDTTPD:PC70BM as front 

cell, PDPP4T:PC60BM as middle cell and the specifically designed ultra‐low band 

gap PDPPSDTPS:PC60BM as back cell. Following these results, the devices are 

fabricated and characterized. The difference between the predicted (7.9%) and 

measured performance (6.1%) is analyzed in detail and attributed to a sub‐optimal 

interconnection between the subcells.  

To overcome the limiting efficiency of the available wide band gap 

polymers seen in Chapters 4 and 5, a novel approach has been taken which consists 

of incorporating hydrogenated amorphous silicon (a‐Si:H) in the multi‐junction 

solar cells in combination with the previously used small band gap polymer 

PMDPP3T. Substrates with different sized light trapping structures have been 

tested to explore the tradeoff between the increase in current generation and the 

drop in fill factor that these features cause. Triple junction cells comprising two a‐

Si:H cells and a polymer back cell are also investigated as a strategy to improve the 
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efficiency, increasing the spectral coverage and taking advantage of light trapping 

effects on the inorganic cells. After optical modeling and detailed optimization, 

high performance solar cells have been fabricated and characterized reaching 

record efficiencies of 11.6% for tandems and 13.2% for triple junctions. 

Finally, a near‐infrared (NIR) absorbing semiconducting polymer 

PDPPSPyS in combination with PC60BM is used to fabricate organic photodetectors 

with high photoresponse at 900 nm. This novel application benefits from similar 

interlayers as investigated for solar cells but focuses on different figures of merit 

such as the dark current. The origin of the dark current in these devices has been 

identified as the electron injected current from one of the electrodes and different 

strategies have been explored to reduce it. 
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