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ABSTRACT OF THE DISSERTATION 
 

Achieving High Performance Polymer Tandem Solar Cells via Novel Materials Design 

 

by 

 

Letian Dou 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2014 

Professor Yang Yang, Chair 

 

Organic photovoltaic (OPV) devices show great promise in low-cost, flexible, 

lightweight, and large-area energy-generation applications. Nonetheless, most of the 

materials designed today always suffer from the inherent disadvantage of not having a 

broad absorption range, and relatively low mobility, which limit the utilization of the full 

solar spectrum. Tandem solar cells provide an effective way to harvest a broader 

spectrum of solar radiation by combining two or more solar cells with different 

absorption bands. However, for polymer solar cells, the performance of tandem devices 

lags behind single-layer solar cells mainly due to the lack of suitable low-bandgap 

polymers (near-IR absorbing polymers). In this dissertation, in order to achieve high 

performance, we focus on design and synthesis of novel low bandgap polymers 

specifically for tandem solar cells. 
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In Chapter 3, I demonstrate highly efficient single junction and tandem polymer 

solar cells featuring a spectrally matched low-bandgap conjugated polymer (PBDTT-

DPP: bandgap, ∼1.44 eV). The polymer has a backbone based on alternating 

benzodithiophene and diketopyrrolopyrrole units. A single-layer device based on the 

polymer provides a power conversion efficiency of ∼6%. When the polymer is applied to 

tandem solar cells, a power conversion efficiency of 8.62% is achieved, which was the 

highest certified efficiency for a polymer solar cell. 

To further improve this material system, in Chapter 4, I show that the reduction of 

the bandgap and the enhancement of the charge transport properties of the low bandgap 

polymer PBDTT-DPP can be accomplished simultaneously by substituting the sulfur 

atoms on the DPP unit with selenium atoms. The newly designed polymer PBDTT-

SeDPP (Eg = 1.38 eV) shows excellent photovoltaic performance in single junction 

devices with PCEs over 7% and photo-response up to 900 nm. Tandem polymer solar 

cells based on PBDTT-SeDPP are also demonstrated with a 9.5% PCE, which are more 

than 10% enhancement over those based on PBDTT-DPP. 

Finally, in Chapter 5, I demonstrate a new polymer system based on alternating 

dithienopyran and benzothiadiazole units with a bandgap of 1.38 eV, high mobility, deep 

highest occupied molecular orbital. As a result, a single-junction device shows high 

external quantum efficiency of >60% and spectral response that extends to 900 nm, with 

a power conversion efficiency of 7.9%. The polymer enables a solution processed tandem 

solar cell with certified 10.6% power conversion efficiency under standard reporting 

conditions, which is the first certified polymer solar cell efficiency over 10%. 
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Chapter 1: Introduction 

Photovoltaic (PV) technology, which generates electricity directly from sunlight, 

is a promising solution to the energy crisis. Intensive research is searching for high 

efficiency solar cells with low-cost fabrication. Currently, various inorganic materials 

(for example, silicon (Si), III-V group semiconductors, CdTe, CIGS) based PV devices 

are the dominating technologies in the market.[1] However, partially due to the high 

production cost and related environmental issues, conventional PV technology hasn’t 

successfully replaced grid-electricity. At the current stage, electricity generated from the 

PV accounts less than 0.1% of total US energy generation, and similarly, worldwide.[2] In 

recent years, there has been growing interest in organic-based PV (OPV) technology. 

Organic semiconductors show great promise owing to their synthetic variability, low-

temperature processing, and the possibility of producing lightweight, flexible, easily 

manufactured, and inexpensive solar cells.[3,4] Organic electronic devices, such as organic 

light-emitting diodes (OLEDs), organic field effect transistors (OFETs), and organic 

memory devices, have attracted considerable attention as well.[5-7] Among them, OLEDs 

have been successfully commercialized. 

1.1 Organic Semi-conductors 

Unlike inorganic semiconductors, in which atoms are covalent-bonded in three-

dimentions, organic conjugated molecules or polymers are individual molecular 

semiconductors.[8] Within a molecule, the pz atomic orbitals of the carbon atom (also for 

the nitrogen, oxygen, sulfur atoms, etc.) overlap to form π conjugation molecular orbitals 

and the π electrons are delocalized within the conjugated backbone. Inter-molecular 
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interactions are formed through Van der Waals and aromatic π – π interactions, which 

play important roles in the solid state. The energy difference between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

levels determines the bandgap of the material. The organic semiconductors can be p-

doped or n-doped by removing electrons from the HOMO level or adding electrons to the 

LUMO level, respectively. Typically, materials with relatively high HOMO level can be 

easily p-doped and transport holes and are thus called p-type (or electron donor), while 

materials with relatively low LUMO level can be easily n-doped and transport electrons 

and are called n-type (or electron acceptor).  

Electrically, there are two major distinctions between organic and inorganic 

semiconductors. First, the charge carriers move freely in the conjugated backbone, but 

the inter-molecular charge transport is much more difficult for organic materials. 

Hopping from one molecule to the adjacent molecule limits macroscopic charge 

transport. As a result, the charge mobility of organic materials is significantly lower than 

the mobility of inorganic materials, such as crystalline Si (10-3 v.s. 103 cm2V-1s-1). 

However, the high absorption coefficient of organic chromophores allows organic 

semiconductors to capture most of the photons (within the absorption range) using a very 

thin layer (~100 – 200 nm) and avoid severe charge recombination. Second, tightly 

bound Frenkel excitons (electron–hole pairs) in organic materials are observed, resulting 

from their low dielectric constant (εr ≈ 2–4). The binding energy of the Frenkel exciton is 

in the range of 0.3–1 eV, whereas the binding energy of the Wannier exciton (free 

electron – hole pairs at room temperature) in the inorganic semiconductors is comparable 

to thermal energy at room temperature ~26 meV. Therefore, to separate the tightly bound 
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exciton effectively, an organic hetero-junction that consists of two distinct materials (n- 

and p- type, respectively) with sufficient energy band offset is needed. Due to these 

characteristics of organic semiconductors, very different device architectures and 

processing techniques for the organic solar cell are employed to achieve high power 

conversion efficiency (PCE). 

1.2 A Brief History 

The fundamental knowledge of organic semiconductors and photovoltaic devices 

was obtained through a long journey of research. The first successful OPV device was 

reported as early as 1986 by Tang et al. using a bi-layer structure.[9] Between two 

electrodes (indium tin oxide and silver), thin layers of p-type small molecules (copper 

phthalocyanine) and n-type molecules (perylene diimide derivative) were thermally 

evaporated (vacuum-processed). The charge separation at the donor-acceptor interface 

was found to be very efficient and an impressive PCE of ~1% and high FF of 65% were 

demonstrated. In the early 1990s, Heeger, Sariciftci et al.[10] first discovered electron 

transfer from polymer to fullerene, and Yoshino et al. reported photoconductivity 

enhancement when polythiophene is blended with C60 buckeyball.[11] Heeger reported 

ultrafast photoinduced electron transfer (~50fs) from a conjugated polymer (MEH-PPV, 

synthesized by Wudl et al.) to fullerene (C60), which opened the possibility of using 

conjugated polymers as the donor and fullerenes as the acceptor in the OPV devices. The 

devices using the bi-layer structure demonstrated low efficiency, because the lifetime of 

the exciton is very short and its diffusion length is only ~ 10 nm.[12] This means the active 

layer must be very thin to avoid exciton recombination. However, such a thin film (~ 20 

nm) is insufficient for effective optical absorption. To overcome this problem, the bulk 
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heterojunction (BHJ) structure made from a solution of p- and n-type materials was 

invented by Sariciftci and Heeger in a 1992 patent [13], followed by two important papers 

by Heeger et al. and Friend et al., respectively.[14,15] The nano-scale phase separation of 

the donor and acceptor materials in the bulk creates interfaces for exciton dissociation 

throughout the film. Encouragingly, much efficiency improvement was achieved by using 

the BHJ structure. Since then, BHJ has become the standard device structure in OPV 

research. 

1.3 Working Mechanisms 

The typical binary BHJ solar cell is a blend of an electron donor and an electron 

acceptor.  As the solution-coated film dries it phase separates into a nanoscale domain 

morphology that is the key to the solar cell properties.[3,4] The basic geometry and energy 

band configuration are illustrated in Figure 1-1. The optically excited excitons in the 

organic semiconductor are too tightly bound to dissociate into free electrons and holes by 

thermal excitation,[16] but the exciton can dissociate at the interface due to the energy loss 

associated with the band offset (see Figure 1-1b).  The interface band gap EGI is defined 

as the energy difference between the valence band (or HOMO) of the donor and the 

conduction band (or LUMO) of the acceptor. Provided that EGI is less than the exciton 

energy, it is energetically favorable for the exciton to separate at the interface into a hole 

in the donor and an electron in the acceptor. This is known as the charge transfer (CT) 

state and mobile free electrons and holes are formed from this state. 
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Figure 1-1 Basic geometry and electronic stricture of the BHJ cell. (a) The nanoscale phase-

separated domain morphology showing exciton absorption leading to the charge transfer state that 

separates into mobile electrons and holes. (b) The same process illustrated in an energy diagram 

showing the band offset between the donor and acceptor materials. (c) Schematic of solar cell 

current flow at voltage bias V. (Adopted from [4]) 

 

The simplified working principle of an OPV device is comprised of four steps: (1) 

photon absorption and exciton generation, (2) exciton diffusion, (3) charge separation, 
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and (4) charge collection.[3,4] The external quantum efficiency (EQE) is defined as the 

numerical ratio of the collected photo-generated charges and the incident photons at 

certain wavelength, and it is determined by the efficiency of the above four steps. The JSC 

of a solar cell is also equal to the integral of the product of cell responsivity (or EQE as a 

function of wavelength) and incident solar spectral irradiance. It is worth pointing out that 

other important phenomena can influence the PCE, such as ultrafast charge transfer, hot 

excitons, etc. 

The efficiency of organic solar cells is calculated from measured current density – 

voltage characteristic under illuminate light. The typical current-voltage (I-V) 

characteristics of an ideal polymer solar cell are illustrated in Figure 1-2. 

 

 

Figure 1-2 Current-voltage (I-V) characteristics of an ideal solar cell under illumination, in the 

fourth quadrant (dashed line). The short-circuit current (ISC), the open-circuit voltage (VOC), and 

the maximum power point (VMAX, IMAX) are shown. 
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Three important parameters determine the PCE of a solar cell: the open-circuit 

voltage (VOC), short-circuit current density (JSC), and fill factor (FF). The PCE is equal to 

the product of these three parameters divided by the input power (PCE=VOC×JSC×FF/Pin, 

where Pin is the input power.).[3,4]  

1.4 Conjugated polymers as Electron Donor Materials 

There has been intense research on developing novel organic semi-conducting 

materials, including polymers and small molecules, for BHJ photovoltaic devices during 

the last decade. Here, some representative p-type materials featuring several important 

design rules will be discussed. Their chemical structures are shown in Figure 1-3. For the 

p-type materials discussed here, the corresponding n-type material is PC61BM or 

PC71BM. 

 

Figure 1-3 Chemical structures of some high performance conjugated polymers. 
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Conjugated polymer based electron donor materials are the best-studied materials 

to date for the OPV. Among them, poly(3-hexylthiophene) (P3HT) is the most 

commonly used material due to the advantages of easy synthesis, high charge carrier 

mobility, good processability, etc. Highly regioregular P3HT can be obtained via 

McCullough, Rieke or GRIM methods.[17-19] Efficiencies of 4 ~ 5% based on the 

regioregular P3HT have been achieved about ten years ago.[20-22] Since then, numerous 

groups have been trying to increase the performances by modifying the morphology, the 

device architecture, and the electron acceptor. As a result, efficiencies can now go up to 

7% with external quantum efficiencies around 70%.[23-26] However, the main issue with 

P3HT is its quite large bandgap (~ 1.9 eV) and high HOMO level, which lead to 

insufficient NIR photon absorption and low open circuit voltage of the corresponding 

devices. To harvest a greater part of the solar spectrum and provide as much VOC as 

possible, narrowing the bandgap and down-shifting the HOMO level of the p-type 

materials (or up-shifting the LUMO level of the n-type materials) have become important 

topics for materials scientists.  

To realize these goals, several synthetic strategies have been developed and 

proven to be very effective: (1) construct the backbone using alternating electron-rich 

(donor) and electron-deficient (acceptor) units to form the D-A co-polymers; (2) stabilize 

the quinoid resonance structure; (3) incorporate strong electron withdrawing substitutes 

such as carbonyl group or fluorine atoms; (4) attach conjugated side chains on the 

polymer main chains. The details can be found in recent reviews on the chemistry of the 

materials.[3,4] By using or combining these approaches, numerous new compounds have 

been designed and synthesized for OPV applications.  



	   9	  

One of the successful examples at the early stage is the carbazole and 

benzothiadiazole (BT) based polymer (PCDTBT) reported by Leclerc et al.[27] The 

optical bandgap of this polymer is 1.88 eV with a low-lying HOMO energy level of -5.50 

eV. Initial results of the photovoltaic devices showed a high VOC of 0.89 V, a JSC of 6.92 

mA/cm2, a FF of 63%, and a PCE value of 3.6%. Later, Heeger et al. introduced a 

solution processed TiOx as the electron transport layer and optical spacer in the device 

and achieved a certified PCE of 6.1% with higher JSC over 10 mA/cm2 and high FF of 

66%.[28] Recently, a PCE of ~7% has been achieved by device engineering, demonstrating 

the great potential of the carbazole based polymers.[29] However, the bandgap of 

PCDTBT is still too large to harvest photons in the NIR region. To further lower the 

bandgap, cyclopenta[2,1-b;3,4-b’]dithiophene (CPDT) and dithieno[3,2-b:2’,3’-d]silole 

(DTS) units with stronger electron-donating properties were independently synthesized 

by Yang et al. and Brabec et al., respectively.[30,31] The polymers PCPDTBT and 

PSBTBT show small bandgaps of ~1.5 eV due to the strong intra-molecular donor-

acceptor interactions. Interestingly, the performance of PCPDTBT based devices can be 

enhanced significantly by adding 3% 1,8-diiodooctane (DIO) as a processing additive to 

tune the morphology, whereas PSBTBT does not.[32] Both of them show PCE ~ 5% in a 

single junction device with photo-response up to 850 nm for PCPDTBT and 820 nm for 

PSBTBT. The major difference is that the C-Si bond is longer than the C-C bond. 

Consequently, less steric hindrance is created in the DTS core by the side chains, leading 

to a better π-π stacking and enhanced crystallinity.[33] Another important building block is 

diketopyrrolopyrrole (DPP), which was first used in OPV in 2008 by Janssen et al.[34] The 

electron-withdrawing effect of the lactam units causes the chromophore to have a high 
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electron affinity and thus, it can be used as a strong electron-withdrawing unit. When 

polymerized with a thiophene unit via Suzuki cross-coupling, a low bandgap polymer 

PDPP3T was reported by Janssen et al. in early 2009.[35] The polymer shows bandgap as 

low as 1.31 eV and deep HOMO level of -5.17 eV. This low bandgap polymer showed a 

photo-response up to 930 nm when combined with PC71BM, and EQE was around 35%. 

Good photovoltaic performance of 4.7% PCE with VOC = 0.65 V, JSC = 11.7 mA/cm2, 

and FF = 0.60 was achieved. Very recently, by increasing the molecular weight of 

PDPP3T and improving the thin film morphology, PCEs over 6% have been 

achieved.[36,37] These three polymers represent an important family of photovoltaic 

materials due to their relatively small optical bandgaps, which are useful in a tandem 

solar cell device.  

A breakthrough in new material and high efficiency single junction OPV device 

was achieved by joint efforts between Yu (U. of Chicago) and Li (Solarmer Energy Inc.). 

Yu first reported the thieno[3,4-b]thiophene (TT) building block, which can stabilize the 

quinoid structure to reduce the bandgap.[38] Yang et al. reported the application of the 

benzo[1,2-b;4,5-b’]dithiophene (BDT) unit in OPV materials.[39] When combining these 

two units together and adding a fluorine atom on the TT unit to lower the HOMO level, 

from 2009 to 2010, Yu, Li and Hou et al. reported several high performing polymers, 

such as PTB7 and PBDT-TT-CF.[40,41]  They have similar bandgap of around 1.6 eV and 

HOMO level of around -5.2 eV. The initial results were reported as 7.4% and 7.7% PCEs 

in single junction devices for PTB7 and PBDT-TT-CF, respectively. Note worthy, this 

series of polymers set the milestones of 7%, 8%, and even 9% PCEs, respectively (details 

will be discussed in the interface section), which greatly boosted the momentum in OPV 
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field. These polymers are still among the leading figures in single junction devices up to 

date.[42] Despite the high efficiency of the BDT-TT based polymer, the tedious synthesis 

of the fluorinated TT monomers does not make the cost very low. Later, another easily-

synthesized strong electron acceptor unit, thieno[3,4-c]pyrrole-4,6-dione (TPD), was 

reported by a number of groups. The first polymer, PBDT-TPD, was published in 2010 

by the Leclerc, Frechet, and Jen groups independently.[43-45] The polymer shows a 

bandgap of 1.81 eV and very deep HOMO level of -5.57 eV. The initial device results 

differ from each group. The best one by Frechet et al. gave a JSC of 11.5 mA/cm2, a VOC 

of 0.85 V, a FF of 0.68 and a PCE of 6.8%. To lower the bandgap of the TPD based 

polymers, Tao et al. copolymerized it with the DTS unit and obtained a polymer PDTS-

TPD with bandgap of 1.73 eV and deep HOMO level.[46] Higher PCE of 7.3% was 

achieved mainly due to a higher JSC compared to the PBDT-TPD based devices. Further 

optimization on this structure was reported by Reynolds et al., who replaced the silicon 

atom in the DTS unit with a germanium atom to form the dithienogermole (DTG) unit.[47] 

The new polymer PDTG-TPD shows slightly lower bandgap of 1.69 eV, higher HOMO 

of -5.65 eV and similar performance of 7.3%. By using an inverted device structure and 

modified ZnO electron transport layer, So and Reynolds et al. demonstrated the PDTG-

TPD based device with 8.1% PCE (certified 7.4%) with a JSC of 14.0 mA/cm2, a VOC of 

0.86 V, a FF of 0.67.[48]  In 2011, another strong electron deficient unit, 

difluorobenzothiadiazole (DFBT), was first reported by You et al., inspired by Yu’s 

previous work on the fluorinated TT unit.[49] An alkyl group was attached to the BDT unit 

instead of an alkoxyl group to weaken the electron donating property of the BDT moiety 

to maintain a deep HOMO level. The new polymer, PBDT-DTffBT, showed a bandgap 
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of 1.7 eV and a HOMO level of -5.54 eV. Compared to the polymer without the fluorine 

atoms on the BT unit, the new polymer showed simultaneously enhanced VOC (from 0.87 

to 0.91 V), JSC (from 10.0 to 12.9 mA/cm2) and FF (from 57% to 61%), and thus the PCE 

increased from 5.0% to 7.2%.  
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Chapter 2: Tandem Polymer Solar Cells 

Application of the tandem structure in organic solar cells began with small 

molecule fabricated through thermal evaporation. The vacuum evaporation process 

supports multilayer structures of organic small molecule light emitting diodes (OLEDs) 

and OPVs, which naturally can be extended into tandem structures by evaporating more 

layers. In 2002, Forrest et al. showed that an ultrathin evaporated metal between two sub-

cells can lead to the addition of their photovoltages.[1] Currently, Heliotek and Leo’s 

group in Institut für Angewandte Photophysik (IAPP) in Germany are the technical 

leaders in small molecule tandem OPV.[2] 

Compared to cells prepared by evaporation of small molecule cells, polymer solar 

cells have better device performance and simplified device structure in single-junction 

devices. The polymer tandem concept was introduced later mainly due to the lack of 

good solution processed interconnecting layers. The advantages in cost saving, along 

with the fast advances in active materials and interfacial layers in single junction polymer 

solar cells, have accelerated significant research efforts in polymer tandem solar cell. The 

first polymer tandem solar cell consisting of two sub-cells with different materials was 

demonstrated in 2006 by Boer and Janssen et al.[3] Through new active materials, 

interconnecting layer and device architecture design, now the efficiency of polymer 

tandem solar cell has reached >10% by Yang et al.[4] 

2.1 Efficiency Limitations of Single Junction Polymer Solar Cells 

To achieve high power conversion efficiency, a balanced consideration of 

photocurrent, photovoltage and fill-factor needs to be implemented. Large photocurrent 
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requires lower band gap material for more solar radiation harvesting, but this also means 

lower photovoltage. This is due to the thermalization of hot carriers created when photons 

of energy greater than the band gap (which determines the photovoltage) are absorbed. 

For example, a PTB7 based single junction polymer solar cell has a bandgap of 1.6 eV 

and output a VOC of ~ 0.75 V. No matter what energy does the photon have, the excess 

energy will be lost as thermal energy and the maximum voltage the device can give is 

0.75 V. But for PCDTBT based device, the bandgap increases to 1.9 eV and the VOC 

increase to ~ 0.90 V. As the bandgap become larger to improve VOC, the photocurrent 

become lower because the low energy photons (energy smaller than the bandgap) cannot 

be absorbed. Therefore, for any single junction solar cells, there is an efficiency 

limitation that predicted by Shockley and Quiesser.[5] 

In addition, charge carriers in organic semiconductors are transported via a 

hopping process, as organic molecules are bonded by weak intermolecular van de Waals 

interactions rather than covalent bonds in crystalline inorganic semi-conductors. 

Therefore low carrier mobility (typically 10−5 to 10−3 cm2V-1s-1 for OPV materials) is an 

inherent limitation of organic materials. Although the absorption coefficients of organic 

semiconductors are high, low carrier mobility restricts the film thickness and this leads to 

insufficient photon absorption. 

2.2 Advantages of Tandem Polymer Solar Cells 

A major loss mechanism for single junction solar cells is the photovoltage loss 

due to the thermalization of hot carriers created when photons of energy greater than the 

band gap are absorbed. The limitations of single junction photovoltaics can be overcome 

using tandem solar cells, in which two or more single cells absorbing complementary 
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wavelength ranges are stacked together. In this way, the photon utilization efficiency can 

be significantly improved and thermalization losses are lowered due to the use of 

materials having different band gaps. While the Shockley–Quiesser limitation of single 

junction solar cell is 33.7% at Eg ∼1.4eV, inorganic multi-junction solar cells with 

efficiency up to 43.5% have been achieved.[6] 

Brabec et al. predicted that 15% efficiency polymer tandem solar cells can be 

achieved in a two cell tandem configuration.[7] The simulations are based on the 

assumption of a constant (65%) external quantum efficiency for both cells within the 

absorbed spectral range, i.e., both cells have a flat EQE from violet to their absorption 

edge. In reality, it is beneficial in the tandem approach to have two sub-cells with less 

overlap in absorption, as this can simplify the optimization process of the tandem 

structure. 

2.3 Device Structure and Operation Mechanism 

Figure 2-1 depicts a typical polymer tandem cell comprising wide band gap and 

low band gap polymer solar cells, with an interconnecting layer (ICL). Each cell is a 

donor–acceptor (D–A) bulk hetero-junction solar cell. Figure 2-1b shows the solar 

spectrum, the absorption of wide and low band gap cells. When stacking two 

complementary cells with a large (Eg ∼1.9 eV) and small band gap (Eg ∼1.4 eV) 

polymer, 60% of the photons from the sun can be covered.  
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Figure 2-1 (a) Tandem polymer device structure including wide bandgap polymer solar cell 

(front cell), and low bandgap polymer solar cell (rear cell), front and rear cells are connected to 

each other by an interconnecting layer (ICL), and (b) typical wide band gap polymer (green), low 

bandgap polymer (red) absorption and solar spectrum. 
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The two sub-cells in the tandem device may be connected either in series or in 

parallel by varying the interconnecting scheme. The series connection is the most widely 

adopted one, and the energetic diagram of the device can be represented as in Figure 2-2. 

Here, we define the sub-cell close to glass/ITO substrate side as front cell, and the sub-

cell far away from glass/ITO substrates as rear cell. To maximize utilization of higher 

energy photons and to improve current balance, the wide and low band gap polymer 

based sub-cells are usually used as front and rear cell, respectively. The function of the 

interconnecting layer is to ensure the alignment of the quasi-Fermi level of electrons in 

the acceptor of the front cell with the quasi-Fermi level of holes in the donor of the rear 

cell (or vice versa in an inverted architecture). In other words, the intermediate layer 

should allow the recombination of holes coming from one sub-cell with electrons coming 

from the other, and the open circuit voltage of the tandem solar cell will be the sum of the 

two sub-cells.[7] 
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Figure 2-2 The band alignment of a tandem polymer solar cell contains two junctions, where 

PC60BM is assumed to the acceptor material for each cell [7]. 

2.4 Inter-Connecting Layer of Tandem Devices 

In the tandem solar cell structure, the interconnecting layer(s) connects more than 

two sub-cells. Ideally, the ICL and sub-cells should form ohmic contact, and the ICL also 

functions as a charge recombination layer to complete the circuit so that the VOC’s can be 

added up. In inorganic tandem solar cells, the interconnecting layer is a tunneling diode 

consisting of heavily doped n and p-type layers. 

For solution processed polymer tandem devices, there are certain challenges to 

achieve ideal ICL. In addition to optical transparency and electrical functionality, the 

interconnection layer coating should not damage the existing sub-cell. As one can 
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imagine, the solvent selection is critical. Once coated, the ICL should also provide 

protection so that the sequential BHJ active layer coating of the second polymer solar cell 

will not damage the underlying layers. Therefore, the interconnecting layer should have 

robustness in addition to device functionality. 

Solution-processed electron transport layers such as ZnO and TiO2 have been 

used as n-type interlayer in single junction polymer solar cells. These electron transport 

layers are wide band gap semiconductors and are highly transparent in the visible and 

NIR wavelength range where the polymer solar cells absorb. On the p-type side, 

PEDOT:PSS is an excellent hole transport layer for polymer solar cells. Based on these, 

Gilot et al. demonstrated the first all-solution processed polymer tandem cells.[8] They 

used zinc oxide (ZnO) nanoparticles (NPs) dissolved in acetone for the deposition of the 

n-type layer. To avoid the damage to the ZnO layer by acid, pH-neutral PEDOT was used 

as the p-type layer. In the final structure, the solution of ZnO NPs does not damage the 

bottom polymer layer and the aqueous based pH-neutral PEDOT:PSS layer does not 

affect the ZnO layer. The thickness of the ZnO layer in the optimized structure was 30 

nm and PEDOT thickness was 15 nm. Such an interconnecting layer therefore protects 

the bottom polymer cell from subsequent solution process.  

Heeger et al. and Yang et al. used stable TiO2 layer for efficient electron 

extraction from the bottom cell and the common PEDOT:PSS layer was used as a p-type 

layer.[9,10] It has been reported that the regular PEDOT:PSS layer is not strong enough to 

provide protection. The solution to this problem is using a low boiling temperature 

solvent (e.g. chloroform) for the deposition of the second cell. High performance polymer 

solar cells are typically based on 1,2- Dichlorobenzene (ODCB) or chlorobenzene (CB) 
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because they can facilitate morphology development for effective charge transport and 

collection. To overcome the challenge of making high performance tandem solar cells 

using higher boiling point solvent, Yang et al. introduced surfactant and 

dimethylformamide (DMF) into PEDOT:PSS to improve the mechanical properties and 

the conductivity of PEDOT:PSS. The modified PEDOT:PSS layer became very robust 

and showed the excellent electrical conductivity and transparency.[11] 

2.5 Materials Issues in Tandem Devices 

2.5.1 Wide Bandgap Polymers (bandgap = 1.8 ~ 1.9 eV) 

One of the earliest polymer for solar cell is the wide band gap poly[2-methoxy,5-

(2′ -ethyl-hexyloxy)- p-phenylenevinylene] (MEH-PPV) developed by Wudl et al.[12] A 

higher PCE of >3.0% was achieved for PPV-based PSCs when combined with an 

acceptor which gave higher absorption. However, further improvement in MEH-PPV 

system was limited due to its relatively low hole mobility and narrow light absorption 

range. Benefitting from the higher hole mobility and broader spectrum coverage, in 

soluble polythiophene systems (e.g. P3HT), the maximum external quantum efficiency 

(EQE) can reach over 70%. The short current is typically about 10 mA/cm2. Although not 

a champion in single junction solar cells anymore, P3HT is so far the most studied and 

successful wide bandgap polymer in polymer tandem solar cells. The chemical structures 

of P3HT and some other high performance wide bandgap polymers are shown in Figure 

2-3.  

The absorption of P3HT covers the visible region with cut off at 650 nm. The 

self-organization of the polymer leads to high mobility (up to 0.1 cm2V−1 s−1 in a π–π 
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stacked transistor configuration, and ∼10−4 in a PV configuration), and relatively high 

performance solar cells based on P3HT:PCBM have been achieved in 2005 through 

various morphology control approaches. In previous work, the P3HT:PCBM system was 

successfully used as a front cell for tandem solar cell. The short circuit current of that cell 

was about 7.4 mA/cm2, which was limited by the rear cell, and 5.8% PCE was 

achieved.[10] The limited JSC is due to the material limitation of the rear cell. Despite the 

high mobility and good phase separation of the P3HT:PCBM blend, the VOC generated by 

such a large bandgap (1.9 eV) cell is only 0.6 V, indicating a photon energy loss of over 

70%. Thus, enhancing the VOC of front cell become important and it will directly improve 

the overall tandem solar cell performance accordingly. This has been achieved by lifting 

up the LUMO of the acceptor. Recently, the VOC of the P3HT system has been 

significantly improved from 0.60 to 0.84 V by using new fullerene derivative indene-C60-

bisadduct (IC60BA), which has a higher LUMO level.[11] By replacing P3HT:PCBM with 

P3HT:ICBA as a front cell for tandem cells, the efficiency of the tandem cell has been 

increased from 5.8% to 7%.  

In addition to lifting up the LUMO of the fullerene by using strong electron 

donating groups to enhance open circuit voltage, lowering the HOMO of the donor 

material by using strong electron-deficient groups is an equivalent approach. Leclerc and 

Heeger et al. synthesized wide bandgap polymer (PCDTBT) using alternating weak 

electron-rich carbazole and strong electron-deficient benzothiadiazole units.[13] By using 

a thin TiOx layer as an optical spacer, they showed the internal quantum efficiency (IQE) 

of a single cell device can achieve almost 100% and thus a high PCE of 6% was obtained. 

The bandgap of the material is 1.8 eV and the VOC of the device is about 0.92 V, 
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indicating that it is a promising candidate as the front cell active material for tandem 

devices. Recently, tandem cells based on this materials and a low bandgap polymer have 

been reported with PCE over 8%.[14] Another good candidate is the thieno[3,4-c]pyrrole-

4,6-dione (TPD) based polymers, for example, PBDT-TPD, as mentioned in Chapter 1. It 

shows an ideal bandgap of 1.8 eV, very high VOC of over 0.95 V and high efficiency in 

single junction devices (~ 7%). However, there is no tandem devices reported using this 

polymer, probably due to some unexpected processing difficulties. 

 

 

Figure 2-3 Examples of high performance wide bandgap polymers (bandgap = 1.8 ~ 1.9 eV). 

 

2.5.2 Low Bandgap Polymers (bandgap = 1.4 ~ 1.5 eV) 

Low bandgap (LBG) polymers showing less absorption overlap with wide 

bandgap polymer will be more suitable for the tandem devices. In 2006, a promising 

LBG polymer PCPDTBT (Eg = 1.4 eV) was reported by Brabec et al. at Konarka, with a 

PCE of 3.2% (Figure 2-4).[15] It is based on alternating strongly electron rich 

cyclopentadithiophene (CPDT) and strongly electron deficient benzothiadiazole (BT) 

units. Such a low band gap and decent performance were very encouraging at the early 
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stage in the OPV field. In 2007, Bazan and Heeger et al. optimized the performances of 

solar cells by introducing solvent additives to improve the morphology. The optimized 

morphology led to sig- nificantly higher JSC (16 mA/cm2) and PCE of 5.5%.[16] The 

polymer blend absorbs from 350nm all the way to nearly 900 nm with an average EQE 

value of ∼45%, with 0.62 V VOC and 55% FF achieved. Due to these advantages, Heeger 

et al. used it as the LBG cell in an all-solution processed tandem polymer solar cell, in 

which a combination of titanium oxide (TiOx) and PEDOT:PSS layers were used as an 

interconnecting layer to connect the front cell and the rear cell. The maximum efficiency 

of 6.5% (JSC = 7.8 mA/cm2, VOC = 1.24 V, FF = 0.67) was achieved in this study under 

an illumination of 100 mW/cm2, based on a 3% efficiency front and a 4.7% efficiency 

rear cell.[9]  

Later, Yang et al. reported a new LBG polymer poly[(4,4′ -bis(2-

ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] 

(PSBTBT) replacing a carbon atom with a silicon atom as the bridging atom between the 

two thiophenes.[10] The optical band gap (1.45eV) is very close to that of PCPDTBT. It 

was found that the hole mobility of this polymer is 3×10−3 cm2V−1s−1, which is 

approximately three times higher than the mobility of PCPDTBT. The VOC of PSBTBT 

was slightly higher at 0.68 V but the JSC was lower at 12.7mA/cm2 and that leads to a 

PCE of 5.1%. They used PSBTBT:PC71BM cell as the rear cell since the light intensity 

received by the rear sub-cell is attenuated by ∼40% after passing through the front 

P3HT:PCBM sub-cell. The thickness of the rear sub-cell using PSBTBT:PC71BM was 

unchanged, while photocurrent balance between the two sub-cells was achieved by 

varying the thickness of the front P3HT:PCBM cell. The combination of minimal 
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absorption overlap between the PSBTBT and P3HT cells, the high FF, optimized optical 

field distribution, as well as a good interconnecting layer led to high performance tandem 

cells with PCE close to 6%.[10] Further optimization on this system was performed 

replacing PCBM with ICBA to improve the P3HT front cell VOC. As the VOC increased 

from 1.24 eV to 1.47 eV, the PCE was improved to 7%.[11]  

Another type of LBG polymers is based on the diketopyrrolopyrrole (DPP) unit, 

which was developed in the last 3–4 decades for high performance pigments. The first 

highly performing polymer based on the DPP unit was reported by Janssen et al. in 2009 

(Figure 2-4), pBBTDPP2 contains a backbone of alternating DPP and bithiophene units 

and has a small band gap of 1.4eV.[17] Due to the poor solubility, it can only be fully 

dissolved in chloroform. The pBBTDPP2/PCBM film spin-cast from a chloroform 

solution showed amorphous polymer morphology due to the fast solvent evaporation, 

which suppresses polymer crystallinity and phase separation. Therefore, the cell only 

exhibited a very low EQE of 13% at 680 nm. It was found that by using a 

chloroform/ODCB mixture (4:1) to process the active layer, crystallinity can be 

significantly enhanced and the best device using pBBTDPP2/PCBM (1:2, w/w) gave a 

PCE of 3.2%. By utilizing PC71BM as the acceptor, the photovoltaic performance was 

further improved to 4.0% with an FF of 0.58, a VOC of 0.61V, and a JSC of 11.3mA/cm2. 

The authors also applied this material into a tandem device. Due to the higher JSC and 

lower FF of the front cell and lower JSC and higher FF of the rear cell, optimizing the 

overall PCE become more complicated. A combined analysis of the optical absorption 

and electrical characteristics of individual single-junction sub-cells is shown to be 

essential to identify the optimum device layout of the corresponding tandem cell. A 
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solution-processed polymer tandem cell with an efficiency of 4.9% (JSC = 6.0 mA/cm2 , 

VOC = 1.58 V, FF = 0.52) under AM1.5G 1-sun conditions has been obtained. The EQE 

for the rear cell was however only around 35% from 650nm to 800nm. Due to the poor 

fill factor of the front cell, the total FF was limited to 0.52. By improving these two 

factors, higher overall PCE is expected. 

 

 

Figure 2-4 Examples of high performance low bandgap polymers (bandgap = 1.4 ~ 1.5 eV). 
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Chapter 3: Low Bandgap Polymers based on 

Benzodithiophene/diketopyrrolopyrrole Unit Designed for Tandem 

Polymer Solar Cells 

In Chapter 1 and Chapter 2 I have introduced the basic concept of organic solar 

cell and the advantages of tandem solar cell. As discussed, the limiting factor for tandem 

polymer solar cell now is the low bandgap polymer. Polymers reported in all previous 

work cannot provide enough photo-current to match the front cell in the tandem device, 

therefore limited the overall efficiency of the tandem cells. Starts from Chapter 3, I will 

introduce my new polymer design towards 10% efficiency tandem polymer solar cells. 

3.1 Introduction 

So far, most of the research on tandem PSCs has focused on improving the 

interconnecting layer and only a few cases have demonstrated high efficiency.[1-12, 32-34] 

The photoactive materials play a critical role in determining the PCE; however, due to the 

great difficulties, there have been few reports to date on designing photoactive materials 

specifically for high-efficiency tandem PSCs. To be applied effectively in a tandem 

structure, sub-cell materials have several requirements, especially for rear-cell LBG 

polymers. First, a small energy bandgap (<1.5 eV) is critical so that the overlap of 

absorption spectra between the front and rear cells can be minimized.[34] Second, fine-

tuning is required of the highest-occupied molecular orbital (HOMO) and lowest-

unoccupied molecular orbital (LUMO) levels to achieve high VOC with a small bandgap 

while maintaining a LUMO level high enough for efficient charge separation.[35] Third, 
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high charge-carrier mobility and fine phase separation with the acceptor are required for 

high short-circuit current density (JSC) and fill factor (FF) in single-cell devices.[27-31] 

Because the two cells are connected in series, the total current will be limited by the sub-

cell with the lower current. Obtaining high current in the rear cell is a great challenge 

because most of the high-energy portion of the incident light will have already been 

absorbed by the front cell, so the current it can provide will be lower than in a single-cell 

device. Therefore, a carefully designed LBG polymer will perform well for tandem cells 

only if it can achieve high current by efficiently using the low-energy portion of the solar 

spectrum. Currently, the existing LBG materials (Eg < 1.5 eV) such as PCPDTBT, 

PSBTBT and pBBTDPP2 (already discussed in Chapter 2) show either low VOC, low JSC, 

or low FF values, which are far from ideal for the tandem structure. Thus, the PCE of 

tandem cells reported so far is less than 7% (till 2011). 

3.2 Low Bandgap Polymer Design & Characterization 

Here, I demonstrate the rational design of a novel LBG conjugated polymer 

poly{2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-

3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione} (PBDTT-DPP, Figure 3-

1a) specifically for tandem solar cells. To achieve a small bandgap, a polymer backbone 

based on the diketopyrrolopyrrole (DPP) unit and benzodithiophene (BDT) unit was 

chosen, inspired by a previous LBG polymer (PBDT-DPP) that we published that had a 

promising bandgap of 1.3 eV, but rather disappointing PV performance.[36] By replacing 

the oxygen atoms attached to the BDT unit with thiophene moieties to form the 

thienylbenzodithiophene (BDTT) unit, the HOMO and LUMO levels of PBDTT-DPP are 

moved deeper to increase VOC without losing the driving force for efficient charge 
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separation,37 while keeping the bandgap within the ideal range. Furthermore, bulkier 2-

ethylhexyl side chains on BDTT and 2-butyloctyl side chains on DPP are used to increase 

the solubility of the resulting polymers and thus obtain much higher molecular weights. 

Compared to PBDT-DPP, PBDTT-DPP showcased improved solubility, higher molecular 

weight, and higher carrier mobility, which lead to a significantly higher JSC in single-cell 

devices. Power conversion efficiencies greater than 6% were achieved in single-cell 

devices with both a regular and an inverted structure. Finally, I applied this LBG polymer 

into a newly designed inverted structure of a tandem solar cell, and a PCE of 8.62% was 

certified by the National Renewable Energy Laboratory (NREL). It is important to point 

out that the measurement of tandem/multijunction organic solar cells is nontrivial. The 

single-junction cell measurement method,[38] which is commonly used in tandem OPV 

research, can lead to significant error in tandem-cell measurement. A brief description of 

the correct procedure in tandem solar cell measurement will be discussed.  

 

 

Figure 3-1 Molecular design, optical properties, and electron density of HOMO and LUMO for 

PBDTT-DPP. a, Chemical structure of PBDTT-DPP; b, UV-visible absorption spectra of 

PBDTT-DPP, P3HT films, and solar radiation spectrum. c, Electron density of HOMO and 

LUMO for PBDTT-DPP computed from density functional theory (DFT). 



	   34	  

 

Figure 3-1b shows the ultraviolet (UV)-visible absorption spectra of PBDTT-

DPP and poly(3-hexylthiophene) (P3HT, Eg ~ 1.9 eV) in the solid state, and the solar 

radiation spectrum. The absorption onset of PBDTT-DPP was at 858 nm, indicating an 

optical bandgap of 1.44 eV. Compared to the absorption spectrum of P3HT, which is the 

most frequently used front-cell material, the overlap of the spectra of these two materials 

is small, and these two materials cover the solar spectrum from 350 to 850 nm 

complementarily, indicating a good match for the tandem structure. Figure 3-1c reveals 

that the electron density of the LUMO for one repeating unit of PBDTT-DPP is almost 

entirely localized on the DPP unit, whereas that of the HOMO is distributed more evenly 

over the entire π-conjugated system. The HOMO and LUMO energy levels of PBDTT-

DPP and PBDT-DPP were found to be -5.30 and -3.63 eV, and -5.16 and -3.51 eV, 

respectively, determined by cyclic voltammetry (CV). A slightly higher energy bandgap 

from CV (~1.6 eV) than from UV-visble absorption measurement (~1.4 eV) was 

probably due to an energy barrier between polymer film and electrode used in CV 

measurement or different binding energy of excitons created in optical and 

electrochemical measurement.[39] A much deeper HOMO was obtained for PBDTT-DPP, 

suggesting a higher VOC for BHJ solar cell devices blended with PC71BM. The offset of 

the LUMO levels between PBDTT-DPP and PC71BM was slightly higher than the 

minimum value (~ 0.3 eV) for efficient charge separation at the interface of the donor and 

acceptor (the LUMO for PC71BM is -4.0 eV). We attribute this to the weaker electron-

donating property of the theinyl group compared to alkoxy group on BDT unit and 

similar effect has been observed in other polymer system recently.[40] The molecular 
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weight (Mn) of PBDTT-DPP was found to be 40.7 kDa, vs. 8.5 kDa for PBDT-DPP. 

Much higher Mn of PBDTT-DPP was achieved by using bulkier side chains. The hole 

mobilities of PBDT-DPP and PBDTT-DPP were determined by applying the space-

charge limited current (SCLC) model to J-V measurements of devices. The hole 

mobilites were found to be 3.1×10-4 and 6.6×10-5 cm2V-1s-1 for PBDTT-DPP and PBDT-

DPP, respectively. Because the intermolecular packing distance is similar for PBDTT-

DPP and PBDT-DPP as indicated by X-ray diffraction (XRD) studies,[31] the higher hole 

mobility for PBDTT-DPP is probably due to its higher molecular weight.[41] 

3.3 Single Junction Devices Performance 

Single-layer BHJ photovoltaic cells based on PBDTT-DPP blended with PC71BM 

were fabricated with a regular and an inverted configuration. The single-cell PV 

performance of PBDTT-DPP is shown in Figure 3-2a. Of the more than 300 devices that 

we fabricated, the best devices gave values of VOC around 0.74 V, JSC around 13.5 

mA/cm2, fill factor around 65%, and PCE as high as 6.5% for both the regular and 

inverted structure; 90% of the devices gave PCE values over 6.0%. All of the parameters 

that determine the overall performance were dramatically higher than the previous LBG 

polymer PBDT-DPP. The increase in VOC can be attributed to the deeper HOMO level, 

and the enhancement of the JSC and FF can be attributed to the higher hole mobility of 

PBDTT-DPP. It is worth mentioning that compared to early efforts in inverted OPV 

devices, very high fill factor (65%) is achieved here, which indicates that the interface 

materials have superior performance. Figure 3-2b shows the EQE of the corresponding 

single-junction devices, which exhibited broad response ranges covering 350 to 850 nm 

with an average EQE of 47% within this region and a peak EQE of ~55%. These results 
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indicate that the LBG polymer successfully achieves high performance while maintaining 

a small bandgap. 

 

 

Figure 3-2 J-V characteristics and EQEs of regular and inverted single-cell devices. a, J-V 

characteristics of single-cell devices with regular and inverted structures under AM1.5G 

illumination from a calibrated solar simulator with irradiation intensity of 100 mW/cm2. b, EQE 

of the corresponding devices.  

3.4 Tandem Devices Performance 

A detailed study on the tandem PSCs based on PBDTT-DPP was carried out. In 

our tandem structure, P3HT, a high-bandgap polymer, and the acceptor Indene-C60 

Bisadduct (IC60BA)[42] were selected as front-cell materials, and PBDTT-DPP together 

with the acceptor PC71BM were chosen as rear-cell materials. The corresponding 

chemical structures are shown in Figure 3-3a. In this Article, the inverted tandem 

structure was chosen because of its advantage of simple, robust device fabrication and 

better stability. The device structure and the corresponding energy diagram are shown in 

Figures 3-3b and 3-3c. ZnO nanoparticles were used as the electron-transport material 
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because the work function matches well with the acceptors and its high electron mobility; 

PEDOT:PSS was used as the hole-transport material for P3HT, and MoO3 was used for 

PBDTT-DPP due to their good work function aligment with the polymer and its high hole 

mobility. The energy difference between different layers was minimized by material 

selection to ensure good charge transport.  

 

 

 

Figure 3-3 Inverted tandem solar cells. a, Chemical structures of P3HT, IC60BA, and PC71BM. b, 

Device structure of the inverted tandem solar cell. c, Energy diagram of the inverted tandem 

devices. 
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Figure 3-4 Quantum efficiencies, J-V characteristics, and stability of singe cells and tandem cells. 

a, EQEs of the inverted tandem solar cell and absorption spectrum (without metal electrode). b, J-
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V characteristics of the front cell, rear cell, and inverted tandem solar cell tested at NREL using 

OSMSS simulator. c, Stability of the inverted front cells, rear cells, and tandem cells. 

 

Inverted tandem solar cells were fabricated using the rear-cell-specific LBG 

polymer PBDTT-DPP and the new device architecture. The J-V characteristics, EQE, and 

performance parameters of a typical device are shown in Figure 3-4 and Table 3-1, 

respectively. EQE of individual sub-cells in the tandem structure was measured by using 

light bias, which was first proposed by Burdick and Glatfelter[43] in the 1980s for 

inorganic multijunction cells and more recently adopted by Kim and Janssen[6,44] in 

organic tandem solar cells. As shown in Figure 3-4a, the front cell had photo-response 

from 300 to 600 nm, showed EQE as high as 60% at 530 nm, and its integrated JSC was 

8.2 mA/cm2; the rear cell had broad photo-response from 300 to 850 nm, showed a 

maximum EQE of 47% at 770 nm, and its integrated JSC was 8.1 mA/cm2. The incident 

light from 300 to 600 nm was strongly absorbed by the front cell and the EQE of the rear 

cell in this region was much lower than that of its single-cell devices; however, the rear 

cell can still provide enough photo-current (8.1 mA/cm2) to match the current that the 

front cell could supply (8.2 mA/cm2) because the new material PBDTT-DPP can very 

efficiently use the low-energy portion (from 600 to 850 nm) of the solar radiation. 

 

Table 3-1 Inverted single and tandem solar cell performance. 

 VOC (V) JSC (mA/cm2) FF (%) PCE (%) 
Front cell 0.85 9.56 70.2 5.7 
Rear cell 0.74 13.5 65.1 6.5 

Tandem (NREL) 1.56 8.26 66.8 8.6 

Tandem (Ref*) 1.20-1.58 6.0-7.8 52.0-67.0 4.9-6.5 
*Ref: reported data in reference 5-8. 
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3.5 Tandem Devices Characterization 

Accurate tandem-cell measurement is much more complicated than single-

junction cell measurement. Each device junction must behave the same under the 

simulator spectrum as it would have behaved under the reference spectrum (AM1.5G). 

This requires significant adjustment of the simulator spectrum, which is traditionally a 

tedious iterative process that involves calculating spectral mismatch of each junction and 

changing the filter in each run. Based on the EQE results, our devices were measured 

using the One-Sun Multi-Source Simulator (OSMSS) recently established at NREL. This 

simulator uses nine separate wavelength bands of light to build a spectrum such that the 

ratio of current for the front cell under the reference spectrum and the simulator spectrum 

is the same as the ratio of current for the rear cell under the reference spectrum and the 

simulator spectrum. Once such a spectrum is established, the total irradiance is set with a 

primary calibrated reference cell. In this way, each device junction behaves the same 

under the simulator spectrum as it would have behaved under the reference spectrum. 
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Figure 3-5 Original I-V characteristics of the tandem device from NREL. 

 

The J-V curves of the two single-junction devices as front and rear cells measured 

at UCLA and the tandem cell measured at NREL are shown in Figure 3-4b. The original 

certified I-V curve and experimental details of the tandem device tested by NREL are 

shown in Figure 3-5. The tandem cell achieved a PCE of 8.62%. The JSC is 8.26 mA/cm2 

and VOC is 1.56 V, which is expected as the addition of two sub-cells’ VOC. An excellent 

fill factor of 66.8% is achieved. To the best of our knowledge, this represents the highest 

certified efficiency in the OPV area. From the absorption spectrum of the tandem device 

(Figure 4a), more than 80% of the solar radiation from 300 to 600 nm and only around 

45% from 600 to 850 nm was absorbed. Therefore, further increasing the absorption and 

EQE of the LBG polymer-based rear cell could lead to even higher PCEs for the tandem 

solar cells. In addition to high efficiency, our inverted device shows excellent 
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reproducibility and stability. Among the 500 devices we fabricated, more than 300 

showed PCEs around 8.5%. The devices maintain more than 95% of their original 

performance after encapsulation for 30 days (stored in a glovebox) as shown in Figure 3-

4c (24 samples were measured at UCLA). 

3.6 Conclusions 

In summary, I have demonstrated a high-performance LBG conjugated polymer 

specifically for tandem PSCs by applying three design rules - lowering bandgap for 

spectral-matching with front cell, controlling HOMO/LUMO levels to enhance VOC, and 

increasing molecular weight to enhance JSC and FF. The novel polymer (PBDTT-DPP) 

has a small optical bandgap, deep HOMO level, and high hole mobility. Single-layer BHJ 

solar cells fabricated from PBDTT-DPP and PC71BM exhibited PCEs of more than 6%. 

The significance of the PBDTT-DPP polymer is clearly demonstrated in inverted tandem 

PSCs with 8.62% PCE under AM1.5G one-sun illumination as tested by NREL. This 

study opens up a new direction for polymer chemists to design new materials for tandem 

PSCs and also makes an important step forward toward commercialization of PSCs. 

3.7 Experimental 

Materials: Poly{2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-

alt-5- dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-

dione}(PBDTT-DPP),poly{2,6’-4,8-dioctyloxybenzo[1,2-b;3,4-b]dithiophene-alt-5-

diethylhexyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione (PBDT-DPP) 

and Indene-C60 bisadduct (IC60BA) were synthesized at UCLA. Poly(3-hexylthiophene) 

(P3HT) was purchased from Rieke-metal. [6,6]-phenyl-C71-butyric acid methyl ester 
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(PC71BM) was purchased from Nano-C. Unless otherwise stated, all of the chemicals 

were purchased from Aldrich and used as received. 

 

Scheme 3-1 Synthesis of PBDTT-DPP. 

M1 M2 PBDTT-DPP

+

S

S

S

S

N

NS

SO

O
*

*

n

S

S

S

S

Sn Sn

N

NS

SO

O
Br

Br Pd(PPh3)4
Toluene/DMF

 

The new polymer of PBDTT-DPP was synthesized as follow: M1 (0.2360g, 

0.2456 mmol) and compound M2 (0.1952g, 0.2456 mmol) were dissolved into 10 mL 

toluene and 1 mL DMF in a flask protected by argon. The solution was flushed by argon 

for 10 minutes, then 10 mg of Pd(PPh3)4 was added into the flask. The solution was 

flushed by argon again for 20 minutes. The oil bath was heated to 110 ºC gradually, and 

the reactant was stirred for 10 hours at 110 ºC under argon atmosphere. Then, the reactant 

was cooled down to room temperature and the polymer was precipitated by addition of 

100 ml methanol, and the precipitated solid was collected and purified by Soxhlet 

extraction. The title polymer was obtained as dark green-purple solid, yield 30%. The 

polymer can be readily dissolved into THF, chloroform, chlorobenzene or 

dichlorobenzene, etc. The polymer was thermally stable up to 290 ºC (3% weight loss by 
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Thermogravimetric analysis). 1H NMR (400 MHz, CDCl3): d=6.7-8.6 (br, 10H), 1.8-4.9 

(br, 14H), 0.6-1.5 (br, 78H). Mn=40.7 k; polydispersity=2.2. 

Materials Characterization: 1H and 13C NMR spectra were measured on a Bruker 

arx-400 spectrometer. Absorption spectra were taken on a Varian Cary 50 ultraviolet-

visible spectrometer. The molecular weight of polymers was measured by the GPC 

method, and polystyrene was used as a standard by using chloroform as eluent. X-ray 

diffraction experiments were carried out using a PANalytical X'Pert Pro X-ray Powder 

Diffractometer using Cu-Ka radiation (λ=1.54050Å). The polymer films for XRD 

measurements were coated from a polymer chloroform solution, ~ 5 mg/mL on silicon 

substrates. The electrochemical cyclic voltammetry (CV) was conducted with Pt disk, Pt 

plate, and Ag/AgCl electrode as working electrode, counter electrode, and reference 

electrode, respectively, in a 0.1 mol/L tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) acetonitrile solution.1 The polymer films for electrochemical measurements 

were coated from a polymer chloroform solution, ~ 5 mg/mL. For calibration, the redox 

potential of ferrocene/ferrocenium (Fc/Fc+) was measured under the same conditions, and 

it is located at 0.42 V to the Ag/AgCl electrode. It is assumed that the redox potential of 

Fc/Fc+ has an absolute energy level of -4.80 eV to vacuum. The energy levels of the 

highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) were then 

calculated according to the following equations: 

HOMO = -e(Eox + 4.38) (eV) 

LUMO = -e(Ered + 4.38) (eV), 

where Eox is the onset oxidation potential vs Ag/AgCl and Ered is the onset 

reduction potential vs Ag/AgCl. 
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Hole mobility was measured using the space-charge-limited current model 

(SCLC),2 using a diode configuration of ITO/PEDOT:PSS/polymer/Au by taking current-

voltage current in the range of 0-2 V and fitting the results to a space-charge-limited 

form, where the SCLC is described by 

J = (8/9)εrε0µe(V2/L3), where ε0 is the permittivity of free space, εr is the dielectric 

constant of the polymer, µ is the hole mobility, V is the voltage drop across the device, 

and L is the polymer thickness. The dielectric constant εr is assumed to be 3, which is a 

typical value for conjugated polymers. The thickness of the polymer films is measured by 

using a Dektek profilometer. 

Density functional theory (DFT) calculations were executed to determine the 

electronic structures of the two polymers. Monomeric units were used as models, with 

side chains truncated to the functional groups (where applicable) plus a methyl 

substituent. An additional thiophene subunit was appended to the left end of each 

monomer to fully model their electronic profiles. The frontier molecular orbitals (HOMO 

and LUMO) of the monomers show that they are almost identical electronically. 

LUMO/HOMO levels of PBDTT-DPP and PBDT-DPP were found to be -2.86/-4.73 and 

-2.90/-4.78 eV, respetively. Energy bandgaps of them were calculated to be 1.87 and 1.88 

eV. The band gaps and HOMO/LUMO levels are almost identical between the two 

polymers. 

Tandem device fabrication: The device architecture of the tandem solar cell is 

shown in Figure 3b. The pre-cleaned ITO substrates were treated with UV-ozone. The 

P3HT:IC60BA at a 1:1 weight ratio in 1.8% DCB solution was spin-casted at 800 rpm for 

30 s on top of a layer of ZnO. The synthesis process of ZnO nanoparticles can be found 
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in Refs. 45 and 46. The films were annealed at 150oC for 10 min. PEDOT:PSS (modified 

using reported method described in Ref. 33) was spin-coated on the first active layer and 

annealed at 150oC for 10 min. Then a thin layer of ZnO film was spin-casted, followed by 

thermal annealing at 150oC for 10 min. After that, PBDTT-DPP:PC71BM (1:2) from an 8 

mg/mL DCB solution was spin-coated without any processing. The device fabrication 

was completed by thermal evaporation of 15 nm MoO3 and 100 nm Ag as the anode 

under vacuum at a base pressure of 2×10-6 torr. The effective area of film was measured 

to be around 0.10 cm2. 

Single-junction device measurement: The fabricated devices were encapsulated 

in a nitrogen-filled glovebox by UV epoxy and cover glass. The current density-voltage 

curves were measured using a Keithley 2400 source-measure unit. The photocurrent was 

measured under AM 1.5 G illumination at 100 mW/cm2 under the Newport Thermal 

Oriel 91192 1000W solar simulator. The light intensity was determined by a KG-5 filter 

diodes (traceable to NREL calibration) as a reference cell, followed by the calculation of 

spectral mismatch factor and then short circuit current (JSC) correction. External quantum 

efficiencies were measured using a lock-in amplifier (SR830, Stanford Research 

Systems) with current preamplifier (SR570, Stanford Research Systems) under short-

circuit conditions. The devices were illuminated by monochromatic light from a xenon 

lamp passing through a monochromator (SpectraPro-2150i, Acton Research Corporation) 

with a typical intensity of 10 µW. The photocurrent signal is then amplified by SR570 

and detected with SR830. A calibrated monosilicon diode with known spectral response 

is used as a reference. 
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Tandem device measurement: The device areas were measured in NREL facility, 

ranging from 0.0998 to 0.104 cm2. EQEs were first measured at UCLA using the same 

EQE setup. A 550- and 700-nm light bias was selected to excite the front and rear cells to 

measure the EQE of the rear and front cell, respectively. It should be noted that EQE 

measurements using this method are appropriate only for cases in which the two subcells 

exhibit large enough shunt resistance. Otherwise, an electrical bias should be applied to 

avoid overestimation.39,47 Here, the shunt resistance for the front, rear, and tandem cell 

are as high as 2.25×105, 1.37×105, and 3.98×105 ohm·cm2, respectively (calculated from 

I-V measurement under dark condition. Therefore, EQE measurements only using light 

bias are conducted and the JSC from the EQE can be derived. I-V measurements for the 

tandem organic cells were performed on the One-Sun Multi-Source Simulator (OSMSS) 

and were measured by NREL using quantum efficiencies provided by UCLA for spectral 

mismatch correction. EQEs were re-measured at NREL, and the spectral mismatches 

associated with the re-measured EQEs and the simulator spectra were recalculated. In 

each case, the spectral mismatches were less than 0.1% different from those derived from 

the EQEs. Measurements were done at 1000, 500, and 250 W/m2 with and without the 

mask (~0.04 cm2) on a representative device. The JSC with the mask was about 2% lower 

than without the mask. Some of this difference is likely due the extended source of the 

OSMSS light (as opposed to a point-like source) and the thickness of the mask relative to 

the size or the opening. 
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Chapter 4: Selenium Substituted Low Bandgap Polymer 

In Chapter 3 I have demonstrated a new polymer design for tandem solar cells and 

achieved certified 8.6% efficiency. To further improve it, in this Chapter, I will present a 

novel approach based on selenium substitution to narrow the bandgap (to catch more 

photons in the near-IR region) and enhance the charge transport property. In addition to 

tandem solar cells, I will introduce another application of such low bandgap polymers: 

visibly-transparent solar cells. 

4.1 Introduction 

To harvest a greater part of the solar spectrum, lowering the energy bandgap of 

the active material is a major task for materials scientists. The design and synthesis of 

low-bandgap (LBG) conjugated polymers for use as electron donor materials for bulk 

heterojuction (BHJ) polymer solar cell (PSC) applications have attracted remarkable 

attention during the last decade.[1,2] The reasons for pursuing LBG polymers include: 1) 

The Shockley-Quiesser equation indicates a bandgap of around 1.4 eV is ideal for a 

single junction solar cell device.[3] 2) Tandem PSCs require an active material with a 

bandgap less than 1.5 eV together with a wide bandgap (WBG) material having a 

bandgap around 1.9 eV.[4] 3) Some specific applications such as visibly-transparent PSCs 

need an active material to be more absorbing of near-infrared (NIR) and ultra-violet (UV) 

light and less absorbing of visible light.[5] In order to realize these goals, several synthetic 

strategies have been proven to be very effective in terms of narrowing the bandgap of 

organic polymeric materials.[2] However, a small bandgap doesn’t directly guarantee high 

power conversion efficiency (PCE) of the solar cell devices. Proper alignment of the 
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highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy levels are also critical for efficient charge transfer to the electron 

acceptor material (for example, [6,6]-phenyl-C71-butyric acid methyl ester [PC71BM]) 

and to ensure a large open circuit voltage (VOC) of the device; High charge carrier 

mobility as well as favorable morphology when blended with the acceptor material are 

required as well to enhance device’s short circuit current (JSC) and fill factor (FF).[1,2] So 

far, PCEs of over 7% for single junction devices have been achieved using carefully-

designed active materials with bandgaps of 1.8 to 1.6 eV (note: mid-bandgap polymer, or 

MBG polymer).[6] Regardless of great efforts having been made, there is still a lack of 

high performance polymers with bandgaps less than 1.5 eV that can compete with the 

state-of-art MBG polymers such as the thionothiophene (TT) and benzodithiophene 

(BDT) based PTB7 and PBDTTT-CF (Eg = 1.6 eV).[6a,6b,7] 

In Chapter 3 and previous studies, I have demonstrated a series of LBG polymers 

(Eg < 1.5 eV) based on alternating diketopyrrolopyrrole (DPP) and 

thienylbenzodithiophene (BDTT) units. When the BDTT unit is copolymerized with the 

furan-containing DPP unit (FDPP), the resulting polymer (PBDTT-FDPP, Eg = 1.51 eV) 

gives a PCE ~ 5% in a single junction solar cell.[8] By switching the furan to a thiophene 

moiety, PBDTT-DPP (Eg = 1.46 eV) shows increased JSC and FF, and this resulted in a 

higher PCE of 6.5%.[4g,8] The successful application of PBDTT-DPP in tandem PSCs has 

led to a National Renewable Energy Laboratory certified PCE of 8.6% and its application 

in visibly-transparent PSCs has lead to ~4% PCE with over 60% transparency in the 

visible region.[4g,5f] Nevertheless, the efficiencies were limited mainly by the relatively 

narrow absorption range (up to 850 nm) and low external quantum efficiency (EQE, 
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<50%) in the NIR region. Further lowering the bandgap to harvest more photons in the 

NIR part of the solar radiation, as well as increasing the charge carrier mobility of the 

LBG polymers is desired to reach higher efficiency in both types of devices. Very 

recently, it has been found that changing the sulfur atom on the thiophene moiety of the 

DPP unit to a selenium atom to form the selenophene-based DPP (SeDPP) unit in the 

conjugated polymer backbone can decrease the bandgap and enhance the charge transport 

properties in organic field effect transistor (FET) devices.[9,10] However, the photovoltaic 

performance of the SeDPP-based LBG polymer (PSeDPPDTT) was lower than its 

thiophene counterpart mainly due to its higher HOMO level and thus lower VOC of the 

device.[10a] Similarly, early effort on changing the sulfur atoms on poly(3-hexylthiophene) 

(P3HT) to selenium atoms to form poly(3-hexylselenophene) (P3HS) gave lower 

bandgap and lower PCE.[10b,10c] On the other hand, Yu et al. recently reported a Se-

substituted PTB8 polymer based on TT and BDT units, which showed similar VOC, FF, 

higher JSC, and thus higher PCE than its thiophene counterpart.[11] Based on the above 

contradictory results, more investigation of the effects of Se-substitution is definitely 

needed. 

4.2 Selenium Substituted Low Bandgap Polymer Characterization 

In this Chapter, I show that the reduction of the bandgap and the enhancement of 

the charge transport properties of a LBG polymer (PBDTT-DPP) can be accomplished 

simultaneously by substituting the sulfur atoms on the DPP unit with selenium atoms. 

The newly designed polymer, poly{2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-

b]dithiophene-alt-2,5-bis(2-butyloctyl)-3,6-bis(selenophene-2-yl)pyrrolo[3,4-c]pyrrole-

1,4-dione} (PBDTT-SeDPP, Eg = 1.38 eV), shows excellent photovoltaic performance in 
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single junction devices with PCEs over 7% and photo-response up to 900 nm. Tandem 

polymer solar cells and visibly-transparent solar cells based on PBDTT-SeDPP are also 

demonstrated with a 9.5% and 4.5% PCE, which are more than 10% enhancement over 

those based on PBDTT-DPP. 

 

Scheme 4-1 Synthesis of monomers, PBDTT-FDPP, PBDTT-DPP, and PBDTT-SeDPP. 

 

(a) Sodium, 2-methyl-2-butanol, Diisopropyl succinate, 80 °C, (b) 2-butyloctyl bromide, K2CO3, 

DMF, 135°C, (c) NBS, CHCl3, RT, and (d) Pd(PPh3)4, Toluene/DMF, 115 °C. 
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The SeDPP monomer was synthesized using a reported method with slight 

modification.[9c] The synthetic route is shown in Scheme 4-1. After adding the 

carbonitrile group onto the 2-position of selenophene, the SeDPP core unit was formed 

by condensation reaction with selenophene-2-carbonnitrile and diisopropylsuccinate in a 

basic environment. It should be noted that decreasing the reaction temperature (from 120 

°C to 80 °C) and increasing the reaction time (from 2 hours to 12 hours) can enhance the 

yield of this step significantly, possibly due to the poor stability of the selenothiophene-2-

carbonnitrile at high temperature. Then, 2-butyloctyl chains were attached onto the DPP 

core to ensure good solubility, and finally the bromination was performed with N-

bromosuccinimide (NBS) under Argon protection. To fully investigate the effect of the 

Se-substitution on the DPP unit, the furan and thiophene counterparts (PBDTT-FDPP and 

PBDTT-DPP) were also synthesized and characterized for comparison, and their 

chemical structures are shown in Figure 4-1a. The polymers PBDT-FDPP, PBDTT-DPP, 

and PBDTT-SeDPP were obtained via Stille-coupling polymerization. The gel 

permeation chromatography (GPC) measurements show similar average molecular 

weights (Mn) of 35.2 kDa, 40.7 kDa, and 38.4 kDa for PBDTT-FDPP, PBDTT-DPP, and 

PBDTT-SeDPP, respectively. It should be noted that higher Mn batches of PBDTT-DPP 

and PBDTT-SeDPP showed very poor solubility and cannot be used for solution 

processing. And higher Mn batches of PBDTT-FDPP showed similar or even lower 

performance. For the consistency of the report, polymers with similar Mn values are used 

here. The polydispersity index of these three polymers was also determined by GPC to be 

around 2.1. These polymers can be dissolved in chloroform (CF), chlorobenzene (CB), 

and dichlorobenzene (DCB). 
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Figure 4-1 (a) Chemical structures of PBDTT-FDPP, PBDTT-DPP and PBDTT-SeDPP, (b) 

Absorption spectra of PBDTT-FDPP, PBDTT-DPP and PBDTT-SeDPP in thin films. 

 

Figure 1b shows the comparison of the ultraviolet/visible (UV/Vis) absorption 

spectra of the polymer thin films. All three polymers have a main absorption range 

starting from ~550 nm, and the absorption edges are from 810 nm to 900 nm. The 

absorption shapes are similar to each other, which indicate the characteristics of the 
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BDTT-DPP backbone system. The new PBDTT-SeDPP polymer displays a clear red-

shift of the absorption onset as well as the maximum peak value (nearly 50 nm) as 

compared to PBDTT-DPP. According to the onset of the film absorption spectra, the 

optical band gap of PBDT-FDPP, PBDTT-DPP, and PBDTT-SeDPP are calculated to be 

1.51, 1.46, and 1.38eV, respectively. The relatively low absorptivity in the visible region 

(400 – 650 nm) and high absorptivity in the NIR (650 – 900 nm) and UV (<400 nm) 

region of PBDTT-SeDPP make it a very promising candidate for high performance 

tandem PSCs and visibly-transparent PSC applications. 

 

 

Figure 4-2 Calculated HOMOs and LUMOs of PBDTT-FDPP, PBDTT-DPP, and PBDTT-

SeDPP. 

 

To study the energy levels of this series of polymers, density functional theory 

(DFT) calculation was performed on one repeating unit (BDTT-FDPP. BDTT-DPP and 

BDTT-SeDPP) of the three polymers firstly and the calculated HOMO/LUMO are shown 

in Figure 4-2. The result shows that by substituting the sulfur atoms with selenium 
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atoms, the HOMO level increases slightly, and meanwhile the LUMO level drops a little. 

The narrowing of the bandgap is mainly due to the electron stabilizing effect of 

selenophene moieties, since selenium is more polarizable than either sulfur or oxygen.[9] 

The HOMO/LUMO levels of PBDTT-FDPP, PBDTT-DPP, and PBDTT-SeDPP are 

measured to be -5.26/-3.64 eV, -5.30/-3.63 eV, and -5.25/-3.70 eV, respectively. The 

electrochemistry measurement results are shown in Figure 4-3. The bandgap of PBDTT-

FDPP turns out to be the smallest based on the CV testing, which conflicts with the 

optical bandgap; A similar phenomenon has also been observed in other FDPP based 

polymer systems.[7d] Overall, the UV/Vis absorption spectra, DFT calculations, and the 

CV measurements are in good agreement.  

 

 

Figure 4-3 Cyclic voltammograms of polymer thin films. 
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4.3 Single Junction Devices Performance 

Single junction BHJ solar cell performance of these polymers were preliminarily 

investigated with the regular structure of ITO/PEDOT:PSS (30 nm)/polymer:PC71BM 

(100 nm)/Ca/Al under AM1.5G illumination (100 mW/cm2). These three polymers were 

spin-coated onto the PEDOT:PSS coated indium-doped tin oxide (ITO) glass substrate 

from DCB solution, followed by the evaporation of Ca/Al as top electrode. The 

optimized polymer:PC71BM ratio was found to be 1:2 by weight. Typical current density-

voltage (J-V) curves are shown in Figure 4-4a, the corresponding EQE curvesare 

presented in Figure 4-4b and the results are summarized in Table 4-1. It should be noted 

that neither solvent nor thermal annealing was performed on all devices presented here, 

since no significant difference in the photovoltaic performance was observed for the 

annealed devices. As we can see, the VOC of the polymer solar cell drops from PBDTT-

FDPP to PBDTT-DPP to PBDTT-SeDPP (from 0.77 to 0.73 to 0.69 V). The PBDTT-

SeDPP based device turns out to have the lowest VOC, and it is mainly due to a relatively 

high HOMO energy level. The JSC, in contrast, increases from PBDTT-FDPP to PBDTT-

DPP to PBDTT-SeDPP based devices. A high JSC of 16.8 mA/cm2 was observed in 

PBDTT-SeDPP based devices, which is 52% and 23% higher than PBDTT-FDPP (10.9 

mA/cm2) and PBDTT-DPP (13.7 mA/cm2) based devices. With an FF of around 62%, the 

PBDTT-SeDPP based device shows a maximum efficiency of 7.2% (the averaged PCE 

from ~40 devices is 7.0%), whereas the PBDTT-FDPP and PBDTT-DPP based devices 

show max/average PCEs of 4.7/4.5% and 6.5/6.4%, respectively. From the external 

quantum efficiency (EQE) results, a broader coverage of PBDT-SeDPP from 300 nm to 
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900 nm is clearly seen. Also, the average values (note: estimated from numerical values 

between the two peaks at ~350 and ~800 nm) are around 42%, 47% and 53 % for 

PBDTT-FDPP, PBDTT-DPP, and PBDTT-SeDPP based single-layer devices, 

respectively. The highest averaged EQE of the PBDTT-SeDPP based device is probably 

due to a slightly higher hole mobility of PBDTT-SeDPP (6.9×10-4 cm2/V·s) as compared 

to that of PBDTT-DPP (2.5×10-4 cm2/V·s) and PBDTT-FDPP (2.2×10-4 cm2/V·s) in the 

blend film, which are determined by space charge limited current (SCLC) model. It’s 

worthy to note the maximum EQE for the LBG polymers (~50%) are still lower than the 

state-of-art MBG polymers such as PTB7 (~60%).[6] One possible reason provided by 

Janssen is that the relatively low-lying LUMO levels of the LBG polymers led to poor 

charge separation and thus low internal quantum efficiency (IQE) of the devices.[7g] Here 

the IQE of PBDTT-SeDPP beased devices was around 60%, indicating there is still 

significant energy loss during the photon-to-electron conversion process. Further 

optimizing the energy levels of the materials as well photo-physics study to understand 

the mechanism are currently underway. 

 

Table 4-1 Photovoltaic properties of single layer BHJ solar cells. 

 VOC 

[V] 

JSC 

[mA/cm2] 

FF 

[%] 

PCEmax/aver 

[%] 

PBDTT-FDPP 0.77 10.9 56 4.7/4.5 

PBDTT-DPP 0.73 13.7 65 6.5/6.4 

PBDTT-SeDPP 0.69 16.8 62 7.2/7.0 
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Figure 4-4 (a) Current density-voltage characteristics of polymer/PC71BM single junction solar 

cellsunder AM1.5G illumination (100 mW/cm2). (b) EQEs of the corresponding devices. 
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The morphology of the blend films, which is believed to be critical for the 

efficient charge transport in the polymer domains and charge separation at the 

polymer/fullerene interfaces,[1,7] was examined by transmission electron microscopy 

(TEM) and the results are shown in Figure 4-5. It is found that both PBDTT-

DPP:PC71BM and PBDTT-SeDPP:PC71BM blend films show fine features of phase 

separation and plausibly bi-continuous networks (Figure 4-5b, 4-5c) whereas the 

PBDTT-FDPP:PC71BM blend film shows slightly weaker phase separation (Figure 4-

5a). The more favorable morphology of PBDTT-DPP:PC71BM and PBDTT-

SeDPP:PC71BM blend films may contribute to the high performance of these two 

polymers. It should be pointed out that previous research on the morphology optimization 

of PBDTT-FDPP has led to slightly enhanced PCE (up to 5.8%) by using 1,8-

diiodooctane (DIO) as additive during device processing. However, no improvement of 

the performance of PBDTT-DPP was observed using DIO as additive and similar results 

are obtained here for the new polymer PBDTT-SeDPP. The broader absorption range and 

higher EQE in the whole region of PBDTT-SeDPP compared to its furan or thiophene 

counterparts lead to the significant enhancement of JSC of PBDTT-SeDPP based devices. 

Further studies on the structural order and molecular packing will be carried out to fully 

understand this enhancement. Although the devices containing the Se-substituted 

polymer show a slightly lower VOC due to its higher HOMO level, the overall 

performance was improved due to the significant enhancement of the JSC. 
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Figure 4-5 TEM images of (a) PBDTT-FDPP:PC71BM, (b) PBDTT-DPP:PC71BM,  and (c) 

PBDTT-SeDPP:PC71BM blend films processed in DCB. 

 

4.4 Tandem Devices Performance 

The versatile photovoltaic applications of PBDTT-SeDPP are featured by tandem 

and visibly-transparent PSCs. The tandem solar cell architecture, which consists of a 

front cell with a wide-bandgap material, an interconnecting layer (ICL), and a rear cell 

with a LBG material, is an effective way to harvest a broader part of the solar spectrum 
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and make more efficient use of the photonic energy than the single junction structure.[4] 

Tandem PSCs with inverted configuration[4d,12] were fabricated using PBDTT-SeDPP as 

the rear cell donor material. P3HT (Eg ~1.9 eV) was used as the front cell donor material 

and indene-C60bisadduct (IC60BA)[13] was used as the front cell acceptor material. The 

device structure is ITO/ZnO(30 nm)/P3HT:IC60BA(160 nm)/PEDOT:PSS(30 nm)/ZnO 

(30 nm)/PBDTT-SeDPP:PC71BM (100 nm)/MoO3(5 nm)/Ag. Figure 4-6a shows the J-V 

characteristics of a typical inverted single junction front cell device, rear cell device, and 

the inverted tandem device. The averaged PCE from 20 tandem devices is 9.5% with a 

VOC of 1.52 V, a JSC of 9.44 mA/cm2, and a FF of 66.3%. The VOC of the tandem device 

is almost the sum of two sub-cells (0.84 V and 0.69 V), indicating the effectiveness of the 

highly performing ICL. The FF of the tandem device is around the average of the two 

sub-cells (70% for the front cell and 62% for the rear cell). The major improvement 

compared to previously reported tandem cells based on PBDTT-DPP is the JSC (from 

~8.3 A/cm2 to 9.4 A/cm2). To further confirm the high JSC achieved here, EQE of the two 

sub-cells in the tandem device was measured using a reported method.[4g,14] As shown in 

Figure 4b, the front cell had a photo-response from 300 to 650 nm, showed an EQE as 

high as 67% at 530 nm, and its integrated JSC was 9.3 mA/cm2. The rear cell had a broad 

photo-response from 300 to 900 nm, showed a maximum EQE of 51% at 810 nm, and a 

balanced integrated JSC of 9.2 mA/cm2 was achieved. The high JSC obtained from the rear 

cell is due to the ability of PBDTT-SeDPP to use the NIR light very efficiently.  
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Figure 4-6 (a) Current density-voltage characteristics of the single junction front cell, single 

junction rear cell, and inverted tandem cell under AM1.5G illumination (100 mW/cm2). (b) EQE 

of the P3HT:ICBA based front cell, PBDTT-SeDPP:PC71BM based rear cell in a typical tandem 

device. 
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The visibly-transparent PSC, which enables part of the visible light (400 – 700 

nm) passing through the device, has high potential in many photovoltaic applications, 

such as building-integrated photovoltaics (BIPV) or integrated photovoltaic-chargers for 

portable electronics.[5,12] Previous studies showed ether low transmittance in the visible 

region or low efficiencies due to the lack of a proper LBG polymer that can use the NIR 

light very efficiently while transmit most of  the visible light.[5a-5e,12] Recently, we have 

demonstrated a visibly-transparent PSC with PCE of 4% and transmittance ~ 60% by 

using PBDTT-DPP as the active material.[5f] The performance was limited mainly by the 

relatively narrow absorption range (up to 850 nm) and low external quantum efficiency 

(<50%) in the NIR region. Here, a highly efficient visibly-transparent PSC is 

demonstrated with the device structure of ITO/PEDOT:PSS(30 nm)/PBDTT-

SeDPP:PC61BM (100 nm)/TiO2/AgNW (AgNW: silver nano-wire) and a schematic 

structure is shown in Figure 4-7. It should be noted that the high-performance AgNW-

based composite transparent electrode plays an important role and the detailed 

preparation and characterization of it can be found in reference 5f. Figure 4-8a shows the 

transmission spectrum and a photograph of the complete device. It can be found that an 

average light transmission of 58% within the 400 to 700 nm range and a maximum 

transmission of 66% at ~550 nm are achieved. From the real device image, the UCLA 

logo with different colors can be seen clearly. Figure 4-8b demonstrates the J-V curves 

of the visibly-transparent PSC. The device performance was measured with illumination 

from either the ITO substrate side or the top AgNW-composite transparent conductor 

side. When illuminated from the ITO substrate side, a PCE of 4.5% was achieved with 

Voc = 0.72 V, Jsc = 11.5 mA·cm-2, and FF = 55%. Ref. 5f showed PBDTT-DPP based 
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visibly-transparent OPV with PCE of 3.9%. The transmission spectrum in the visible 

region is similar in the two visibly transparent OPV devices. The 15% improvement in 

efficiency clearly shows that harvesting NIR photons by the new polymer is more 

effective in the visibly-transparent solar cells. When the device test was performed with 

illumination from the top AgNW composite electrode side, similar performance was 

obtained: Voc = 0.71 V, Jsc = 11.2 mA·cm-2, FF = 54%, and PCE = 4.3%. The difference 

of the JSC is due to the slightly lower transparency of the AgNW-based composite 

electrode films as compared to the commercial ITO substrates.[5f] These results show that 

with effective NIR photon harvesting and proper energy levels, PBDTT-SeDPP is a good 

candidate for visibly-transparent PSCs with real world applications. 

 

 

Figure 4-7 Device structure of the visibly-transparent polymer solar cell. 
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Figure 4-8 (a) Transmission spectrum and a photograph, (b) Current density-voltage 

characterization (illuminated from ITO side or AgNW composite electrode side) of the visibly-

transparent polymer solar cell with the device structure of ITO/PEDOT:PSS/PBDTT-

SeDPP:PC61BM/TiO2/AgNW. 
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4.5 Conclusions 

In this Chapter, I have demonstrated the design, synthesis, and characterization of 

a selenium-substituted low bandgap polymer PBDTT-SeDPP. The substitution of the O 

or S by Se atoms on the DPP unit led to a reduced bandgap and enhanced hole mobility 

of the polymers. High photo-current of 16.8 mA/cm2 and PCE of 7.2% were obtained in a 

single junction PSC device, which showed significant improvement compared to its 

counterparts PBDTT-FDPP and PBDTT-DPP. Even more importantly, the new polymer 

significantly enhanced the tandem and visibly-transparent PSCs performance, with PCEs 

as high as 9.5% and 4.5%, respectively. Our result is an excellent example of the 

selenium-substitution approach to improve the photovoltaic performance of LBG 

polymers. This study emphasizes again that the research on LBG polymers (Eg < 1.5 eV) 

is a critical direction in the PSC field not only because of efficiency enhancement, but 

also because it enables a variety of new types of photovoltaic devices and thus 

applications. 

4.6 Experimental 

Materials: 2,6-Bis(trimethyltin)-4,8-bis(5-ethylhexyl-2-thienyl)-benzo[1,2-b:4,5-

b’]dithiophene (BDTT), 2,5-Diethylhexyl-3,6-bis(5-bromofuran-2-yl)pyrrolo[3,4-c]-

pyrrole-1,4-dione (FDPP), 2,5-Dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-

c]-pyrrole-1,4-dione (DPP), Selenophene-2-carbonitrile, 2-ethylhexylthiophene and 

Indene-C60bisadduct (ICBA) were synthesized according to the procedures reported in 

the literature (Ref. S1-S3 in supporting information). Poly(3-hexylthiophene) (P3HT) 

was purchased from Rieke Metals. [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) 

was purchased from Nano-C. Diisopropylsuccinate was purchased from TCI. Unless 
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otherwise stated, all of the chemicals were purchased from Aldrich and used as received. 

The polymers are polymerized by Stille coupling of different monomers. See supporting 

information for more synthetic details.  

3,6-Dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2). Sodium 

(1.54 g, 67.2 mmol) was added to a two-neck round bottom flask with nitrogen 

protection. 2-methyl-2-butanol (38 mL) was subsequently added, and followed by heating 

up the solution to 110 ºC until the sodium was totally consumed. After cooled down the 

solution to 65 ºC, the compound 1 (7.0 g, 44.9 mmol) was injected in one portion. The 

mixture was stirred for another 20 min, and then diisopropyl succinate (3.94 g, 19.5 

mmol) was slowly dropped in 1 h. The reaction temperature was gradually increased to 

70 ºC and kept for about 1 h. Then the solution was further heated to 80 ºC and stirred for 

an additional 11 h. Finally, the mixture was cooled to 0 ºC, diluted with 20 mL methanol, 

and neutralized by stirring with acetic acid. After 2h, the suspension was filtered, and the 

black filter cake was washed with methanol and water twice and dried in vacuum to 

obtain a dark purple crude product that could be used directly without further purification 

(6.2 g, yield 81%). 

2,5-Di(2-octyldodecyl)-3,6-bis-(selenophenyl)-1,4-diketopyrrolo[3,4c]pyrrole (3). 

Compound 2 (2.9 g, 7.4 mmol), 18-crown-6 (~20 mg), and anhydrous potassium 

carbonate (4.57 g, 33.1 mmol) were dissolved into N,N-dimethylformamide (50 ml) in a 

two-neck round flask under nitrogen  protection. 2-butyloctyl bromide (7.3 g, 29.4 mmol) 

was injected in one portion by syringe, and gradually heated to 120 °C. After 4 h, the 

reaction was further heated to 135 °C with stirring for another 8 h. The reaction mixture 

was the cooled to room temperature, poured into 100 mL of ice water and extracted with 
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dichloromethane. The combined extracts were washed with water several times, and the 

solvent was then removed under reduced pressure. After drying, the crude product was 

purified by silica gel chromatography using a dichloromethane and hexane mixture as the 

eluent to obtain a purple-red solid (1.1 g, 20%). 1H NMR (CDCl3, 400MHz): 8.79 (d, 

2H), 8.37 (d, 2H), 7.47 (m, 2H), 3.96 (d, 4H), 1.91 (br, 2H), 1.55-0.83 (br, 44H) (Figure 

S1). 

2,5-Di(2-octyldodecyl)-3,6-bis-(5-bromoselenophenyl)-1,4-

diketopyrrolo[3,4c]pyrrole (SeDPP). Compound 3 (0.74 g, 1.0 mmol) and N-

bromosuccinimide (0.38 g, 2.1 mmol) were dissolved into chloroform (20 mL) in a two-

neck round bottom flask under nitrogen protection, then the reaction mixture was 

protected from light and stirred at room temperature overnight. The mixture was then 

poured into methanol (100 mL) and then filtered. The filtered cake was washed with hot 

water and methanol twice. After drying in a vacuum, the pure product was obtained as 

dark-purple solid (0.7 g, 78 % ). 1H NMR (CDCl3, 400 MHz): 8.38 (d, 2H),  7.39 (d, 2H), 

3.86 (d, 4H), 1.89 (br, 2H), 1.40-0.80 (br, 44H) (Figure S2). 

Polymerization for PBDTT-SeDPP. SeDPP (0.1760g, 0.1981 mmol) and 

compound BDTT (0.1810g, 0.2001 mmol) were dissolved into 10 mL toluene and 1 mL 

DMF in a flask protected by argon. The solution was flushed with argon for 10 minutes, 

then 10 mg of Pd(PPh3)4 was added into the flask. The solution was flushed with argon 

again for another 10 minutes. The oil bath was heated to 115 ºC gradually, and the 

reaction mixture was stirred for 8 hours at 115 ºC under argon atmosphere. Then, the 

mixture was cooled down to room temperature and the polymer was precipitated in 100 

ml methanol and the precipitated solid was collected and purified by silica gel 
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chromatography using chloroform as eluent. The polymer was obtained as dark green-

purple solid, yield 56%. The polymer can be readily dissolved into chloroform, 

chlorobenzene or dichlorobenzene, etc. 1H NMR (400 MHz, CDCl3): d=6.4-9.0 (br, 

10H), 2.5-4.0 (br, 12H), 0.6-1.6 (br, 72H). Mn=38.0 k; polydispersity=2.1.  

Polymerization for PBDTT-FDPP. PBDTT-FDPP was prepared using the same 

procedure as PBDTT-SeDPP. 1H NMR (400 MHz, CDCl3): 6.4-8.6 (br, 10H), 1.8-4.2 (br, 

12H), 0.6-1.5 (br, 72H). Mn=35.2 k; polydispersity=2.2.  

Polymerization for PBDTT-DPP. PBDTT-DPP was prepared using the same 

procedure as PBDTT-SeDPP. 1H NMR (400 MHz, CDCl3): 6.7-8.6 (br, 10H), 1.8-4.9 (br, 

12H), 0.6-1.5 (br, 72H). Mn=40.3 k; polydispersity=2.2. 

Fabrication of regular structure single cell: PBDTT-FDPP, PBDTT-DPP or 

PBDTP-SeDPP was co-dissolved with PC71BM in 1,2-dichlorobenzene (DCB) with a 

weight ratio of 1:2 with a polymer concentration of 8 mg/mL. ITO-coated glass substrates 

(15Ω/cm2) were cleaned stepwise in detergent, water, acetone, and isopropyl alcohol 

under ultrasonication for 15 min each and subsequently dried in an oven for 5 h. A thin 

layer (~30 nm) of PEDOT:PSS (Baytron P VP A1 4083) was spin-coated onto the ITO 

surface which was pretreated by ultraviolet ozone for 15 min. Low-conductivity 

PEDOT:PSS was chosen to minimize measurement error from device area due to lateral 

conductivity of PEDOT:PSS. After being baked at 120 ºC for ~ 20 min, the substrates 

were transferred into a nitrogen-filled glove box (< 0.1 ppm O2 and H2O). A 

polymer/PC71BM composite layer (ca.100 nm thick) was then spin-cast from the blend 

solutions at 2500 rpm on the ITO/PEDOT:PSS substrate without any annealing or other 

special treatments. Then the film was transferred into a thermal evaporator that is located 
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in the same glovebox. A Ca layer (20 nm) and an Al layer (100 nm) were deposited in 

sequence under a vacuum of 2 × 10-6torr. The effective area of the device was measured 

to be 0.10 cm2. See supporting information for more device fabrication and 

characterization details. 

Inverted tandem cells: The device architecture of the tandem solar cell is shown 

in Figure S7. The pre-cleaned ITO substrates were treated with UV-ozone. The 30nm 

thick ZnO is spin cast from a 2WT% zinc oxide precursor solution at 2000 rpm for 30 

seconds. The sample is further annealed at 150 ºC for 10 minutes to remove the residual 

solvent. The P3HT:ICBA at a 1:1 weight ratio in  DCB with a 18 mg/mL polymer 

concentration was spin-casted at 800 rpm for 30 s on top of the ZnO. The Films were 

annealed at 150oC for 10 min. PEDOT:PSS was spin-coated on the first active layer, and 

annealed at 150 oC for 10min. After that, a thin layer of ZnO film was spin-cast, followed 

by thermal annealing at 150 oC for 10 min. Polymer:PC71BM at a 1:2 weight ratio in 

DCB with a 8 mg/mL polymer concentration was then spin-coated without any 

subsequent processing. The device fabrication was completed by thermal evaporation of 

15 nm MoO3 and 100 nm Ag as the anode under vacuum at a base pressure of 2×10-6 torr. 

The effective area of the device was measured to be 0.10 cm2. 

Visibly-transparent solar cells: Visibly transparent polymer solar cells were 

fabricated on patterned ITO-coated glass substrates. The PEDOT:PSS layer was spin-cast 

at 4000 rpm for 60 s and annealed at 120 oC for 15 min in air. The PBDTT-

SeDPP:PCBM at a weight ratio of 1:2 in DCB with a 8 mg/mL polymer concentration 

was spin-cast at 2500 rpm for 80 s on top of the PEDOT:PSS layer to form a ∼100 nm 

thick active layer. A TiO2 sol-gel solution was then spin-coated onto the active layer at 
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2500 rpm for 30 s and annealed at 100 oC for 1 min to form the n-type interface layer. For 

the deposition of the AgNW-based composite electrode, approximately 10 drops (~0.04 

mL/drop) of 2 mg/mL silver nanowire solution in isopropyl alcohol are dropped 

sequentially onto rotating sample at 2500 rpm onto the TiO2 layer to form AgNW 

conducting networks. The fusing process of the silver nano-wire network was then 

carried out by applying diluted TiO2 sol-gel solution in ethanol at 3000 rpm and baking at 

100 oC for 10 s. The ITO nanoparticle dispersion (10 wt %, Sigma-Aldrich) was used as 

transparent conductive filler and was spin-coated onto the fused AgNW matrix to form 

the composite electrode. After the silvernaowire deposition, 5 mg/mL ITO nanoparticles 

solution was spin-casted at 4000 rpm for 10 seconds and baked 80 ºC for 1 min to remove 

the residual solvents. The thickness of the transparent composite electrode is around 400 

nm. The device electrode fingers were formed by cutting the films with a blade and 

blowing the devices with N2 to avoid possible short circuits between the top AgNWs and 

the bottom ITO substrate. The active area is 0.10 cm2, which is defined by the overlap 

between bottom ITO substrate and the top fingers. The device area was further verified 

by a microscope. The uncertainty in the device area is estimated within 5% error (ranging 

from 0.096 to 0.104 cm2). 
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Chapter 5: Low Bandgap Polymers Based on 

Dithienopyran/benzothiadiazole Unit 

 

In Chapter 3 and 4, I have discussed a series of low bandgap polymers based on 

benzodithiophene/diketopyrrolopyrrole units. High efficiency tandem polymer solar cells 

with PCE over 9% have been achieved. In this Chapter, I describe a series of novel 

polymers that enable the efficiency of tandem devices go beyond 10%. 

5.1 Introduction 

With the progress in inter-connecting layer development, the main technical 

obstacle to break 10% barrier with a tandem PSC is the low bandgap polymer. The high 

bandgap cell in an inorganic multi-junction solar cell typically has a band gap of ~1.9eV.  

In the polymer solar cell field, several polymers with ~1.9 eV such as poly-(3-

hexylthiophene) (P3HT) and poly N-9''-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-

thienyl-2',1',3'-benzothiadiazole) have shown excellent performance, with short circuit 

current density (JSC) over 10 mA/cm2, and high EQE of ~70% from 400 nm -600 nm. 

With 70% fill factor (FF) and over 1.5 V open circuit voltage in a tandem cell, a JSC of 10 

mA/cm2 will lead to over 10% PCE. To achieve 10 mA/cm2 JSC in a low bandgap 

polymer cell between 600 nm and longer wavelength, an EQE close to 90% are required 

for polymer that absorbs up to 800 nm (~1.55 eV), or 60% for one that absorbs to 900 nm 

(~1.38 eV). So far, with a low bandgap cell of ~1.4 eV, the polymer solar cell shows only 

5-6% PCE.[1-5] Particularly, most of the low bandgap polymers show low quantum 
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efficiency (<50%) and are not able to satisfy the requirement for a tandem cell (including 

the polymers discussed in Chapter 3 & 4).[1-5] 

In this Chapter, we present a low bandgap polymer design and the development of 

high performance single junction and double-junction PSCs. Starting from the reported 

LBG polymerpoly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene)-

alt-4,7-(2,1,3-benzothiadiazole)](PCPDT-BT),[4] we introduced two strong electron-

withdrawing fluoroine atoms on the benzothiadiazole (BT) unit to form the 

difluorobenzothiadiazole (DFBT) unit to lower the highest occupied molecular orbital 

(HOMO) level.[6-9] The resulted polymer - poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-difluorobenzothiadiazole) (PCPDT-

DFBT) shows significantly enhanced VOC and photovoltaic performance. Secondly, we 

inserted a strong electron-donating oxygen atom into the cyclopentadithiophene (CPDT) 

unit to form the dithienopyran (DTP) unit in order to further lower the bandgap. These 

two strategies lead to a novel polymer poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5H-

dithieno[3,2-b:2’,3’-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)]   with a 

bandgap of 1.38 eV, which also shows a high hole-mobility and deep HOMO level. 

Single-junction devices based on PDTP-DFBT show high quantum efficiency of above 

60% from 710 nm to 820 nm and the spectral response extends to 900 nm. This leads to a 

PCE of 7.9%. The polymer also enables over 10 mA/cm2 JSC in tandem solar cells. As a 

result, certified 10.6% PCE is achieved under standard reporting conditions (25 °C, 1000 

Wm-2, IEC 60904-3 global). 
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5.2 Materials Design & Characterization 

The chemical structure of PCPDT-BT, PCPDT-DFBT and PDTP-DFBT are 

shown in Figure 5-1a. All polymers showed molecular weight of around 20 kDa and 

poly dispersity index (PDI) of around 2.5. The synthesis of PDTP-DFBT is shown in 

Scheme 5-1. First, compound 2 was obtained via Baeyer-Villiger oxidation by sodium 

perborate monohydrate from compound 1 at room temperature with yield ~ 30%.[10,11] 

The low yield of this step is possibly due to the oxidation of other positions on compound 

1. Then, compound 2 was treated with excess Grignard reagent at room temperature to 

yield compound 3 with 90% yield. The solublizing side chain, 3,7-dimethyloctyl (DMO) 

can be incorporated onto the DTP unit. Next, the ring–closing reaction was carried out by 

adding sodium p-toluenesulfonic acid (p-TSA) into a toluene solution of compound 3 and 

refluxing for 1-2 hours. The DTP compound (compound 4) was purified by silica gel 

chromatography 2-3 times using hexane as the eluent and was obtained as yellow oil with 

high yield. Monomer M1 was made using the conventional method: (1) Lithiation by n-

butyl lithium at low temperature and (2) addition of tin compound (typically trimethyltin 

chloride) to the mixture to form the ditin monomer. However, the tin compounds are 

usually difficult to purify by silica gel chromatography due to their poor stability. Here, 

we chose tributyltin instead oftrimethyltin to increase the stability to the silica gel and 

also, we treated the silica gel with triethylamine before use to passivate the weak acidity. 

By doing these, very pure compound M1 can be obtained by passing through a de-

activated silica gel column. The DFBT unit was synthesized using a method similar to the 

reported ones, but with some modification.[8] For the first step, using pyridine instead of 

triethylamine as the solvent can enhance the yield from ~20% to ~50%. Then, monomer 
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M2 was attained by bromination using liquid bromine and fuming sulfuric acid at 60 °C 

for 24 hours. It was found that other milder conditions for making the DFBT monomer 

(such as bromine/HBr, bromine/Fe, etc) led to 5% ~ 10% monobromo-product, which is 

very difficult to separate. By using the method reported here, less than 1% monobromo-

product was detected by gas chromatography-mass spectroscopy (GC-MS) analysis. 

Finally, PDTP-DFBT was polymerized via Stille-coupling polymerization using 

Pd2(dba)3/P(o-tol)3 as catalyst in toluene and obtained as purple colored solid. 

 

Scheme 5-1 Synthetic routes of M1, M2, and PDTP-DFBT. 
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The UV-Visible absorption spectra of these polymers in solid state are shown in 

Figure 5-1b. As shown in the figure, the main absorption range of PCPDT-BT covers 

from 500 nm to 850 nm; the absorption onset is located at around 850 nm, indicating an 

optical bandgap of 1.48 eV. Interestingly, by adding two F atoms onto the BT unit, the 



	   83	  

absorption spectrum of the new polymer PCPDT-DFBT shows a blue-shift of around 30 

nm (bandgap of around 1.51 eV), whereas the addition of F atoms didn’t affect the 

absorption spectrum of other reported polymer systems.[6-9] To further lower the bandgap 

to match a P3HT based wide bandgap cell in a tandem structure, a strong electron-

donating oxygen atom is introduced into the CPDT unit to form the DTP unit. By co-

polymerizing with the strong electron withdrawing DFBT unit, the polymer PDTP-DFBT 

shows significantly lower bandgap. The absorption spectrum of PDTP-DFBT is ~80 nm 

red-shifted (see Figure 5-1b) compared to PCPDT-DFBT and the bandgap is calculated 

to be 1.38 eV. The HOMO and LUMO energy levels of the three polymers were 

determined by cyclic-voltammetry (CV), and the results are shown in Figure 5-1c. The 

HOMO and LUMO levels of PCPDT-BT are located at -5.18 and -3.56 eV, respectively. 

After adding two F atoms, PCPDT-DFBT shows a much deeper HOMO level (-5.34 eV) 

whereas the LUMO level (-3.52 eV) is almost unchanged. The deeper HOMO level of 

PCPDT-DFBT is desired to enhance the VOC , the similar LUMO level satisfies the 

exciton dissociation requirement. After adding the O atom, PDTP-DFBT shows slightly 

higher HOMO level (-5.26 eV) and lower lowest unoccupied molecular orbital level 

(LUMO, -3.61 eV), agrees with the lower optical bandgap. It should be noted that the 

LUMO difference between polymer (~-3.6 eV) and PCBM (~-4.0eV) is about 0.4eV, 

there are sufficient driving force to dissociate the exciton at the bulk heterojunction 

interface. 
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Figure 5-1 Structure, absorption and energy level of DT-BT based three different polymers. (a) 

Chemical structures of three different polymers (PCPDT-BT, PCPDT-DFBT and PDTP-DFBT) 

based on DT-BT backbone. (b) Normalized absorption spectra of the three polymers PCPDT-BT 

(black line), PCPDT-DFBT (red line) and PDTP-DFBT (blue line) spin-coated on glass substrate. 

(c) Electrochemical cyclic voltammogram of PCPDT-BT (black line) PCPDT-DFBT (red line) 

and PDTP-DFBT (blue line). The red arrows indicate the potantial onset of the oxidation or 

reduction reactions in the electrochemical measurements. It can be calculated the highest 

occupied molecular orbital (HOMO) and the lowest un-occupied molecular orbital (LUMO) for 

PCPDT-BT are -5.18 eV and -3.56 eV, respectively;  for PCPDT-DFBT,  the HOMO and LUMO 

are -5.34 eV and -3.52 eV respectively;   for PDTP-DFBT, the HOMO and LUMO are -5.26 eV 

and -3.61 eV, respectively. 
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5-3 Single Junction Devices Performance 

Single junction photovoltaic cells based on the three polymers (and PC71BM as 

acceptor) were fabricated in an inverted device structure. The PV performances are 

shown in Figure 5-2a. For PCPDT-BT, the device showed a VOC of 0.62 eV and a JSC of 

10 mA/cm2, but the FF was only 50%. For PCPDT-DFBT, the VOC of the device was 

increased significantly to 0.85 V, as adding the F atoms lowered the HOMO level of the 

polymer. Both JSC and FF increased slightly compared to PCPDT-DFBT device. Upon 

the insertion of the electron donating oxygen atom, the PDTP-DFBT based devices 

showed significantly enhanced JSC of 17-18mA/cm2, which is among the highest reported 

JSC in polymer solar cells so far. At the same time it gave a relatively high VOC close to 

0.7 V, indicating the energy level tuning was successful to balance photocurrent 

generation and photovoltage. The performance of devices based on these three polymers 

is summarized in Table 5-1. The EQE of these devices are shown in Figure 5-2b. The 

EQE of PCPDT-BT and PCPDT-DFBT based devices are around 40% peak (~35% 

average) and 50% peak (~45% average), respectively. The PDTP-DFBT based devices 

showed much higher peak EQE over 60% (average ~55%), and the photo-response 

extends to 900 nm. 
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Figure 5-2 J-V characteristics and EQEs of single-cell devices for three different polymers 

blending with PC71BM. (a) J-V characterstics of single-cell devices PCPDT-BT:PC71BM (black 

line), PCPDT-DFBT:PC71BM (red line) and PDTP-DFBT:PC71BM (blue line) under simulated 

AM1.5G illumination from a calibrated solar simulator with irradiation intensity of 100mW/cm2. 

(b) External quantum efficiency of the corresponding devices, PCPDT-BT:PC71BM (black line), 

PCPDT-DFBT:PC71BM (red line) and PDTP-DFBT:PC71BM (blue line). 
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Table 5-1 Three different polymers’ parameters and their single junction devices 

performance when blending with PC71BM. 

Polymers LUMO 

(eV) 

HOMO 

(eV) 

Eg,opt 

(eV) 

VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

PCPDT-BT -3.56 -5.18 1.48 0.62 11.0 50 3.4 

PCPDT-DFBT -3.52 -5.34 1.51 0.85 12.6 52 5.6 

PDTP-DFBT -3.61 -5.26 1.38 0.68 17.8 65 7.9 

 

 

To examine the morphology of the polymer:PC71BM blend films at different 

molecular weight, transmission electron microscopy (TEM) images were taken and 

shown in Figure 5-3. The dark and light regions represent fullerene and polymer 

domains, respectively. It is clear that as molecular weight (Mn) increases, stronger phase 

separation and larger fibril features can be observed. This type of morphology is expected 

to improve charge separation and transport. As the Mn increased from 9.7 to18.4 to 28.5 

k, the maximum PCE increased from 3.8% to 6.3% to 7.9%, mainly due to the higher JSC.  

These results are consistent with the superior performance of the high molecular weight 

PDTP-DFBT compared to the low molecular weight ones. 
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Figure 5-3. TEM images of PDTP-DFBT:PC71BM (w/w=1:2) blend film casted from DCB. The 

scale bar is 200 nm. 

5.4 Tandem Devices Performance 

From the analysis of spectral coverage and the single junction solar cell result, 

PDTP-DFBT shows high potential for application in tandem solar cells as a rear cell 

active material. In a tandem structure, a high bandgap polymer, P3HT, combined with 

Indene-C60Bisadduct (ICBA) fullerene are selected as front cell active materials, and the 

low bandgap polymer PDTP-DFBT with PC61BM or PC71BM are selected as the rear cell 

active materials. Sol-gel processed ZnO is used as the electron transport layer, and 
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PEDOT:PSS and MoO3 are used as the hole transport layer for the front and rear cells 

respectively. The inverted tandem structure was chosen because of its advantages of a 

simple, robust device fabrication process and better stability.  

Figure 5-4a shows the ultraviolet-visible (UV-Vis) absorption spectra of P3HT 

and PDTP-DFBT in the solid state, and the solar radiation spectrum. It can be seen that 

these two polymers complementarily cover the solar spectrum from 350 to 900 nm with 

very little spectral overlap, which provides a favorable system combination for 

optimizing tandem cell performance through independent tuning of two sub-cells. 

IC60BA has been shown to be a successful acceptor for the high bandgap polymer P3HT 

used in both single junction and tandem polymer solar cells. Two types of widely used 

fullerenes (PC61BM and PC71BM) with different absorption coefficients were examined 

here to blend with the low bandgap polymer. The absorptions of polymers blended with 

acceptors are shown in Figure 5-4b. When the low bandgap polymer PDTP-DFBT is 

blended with PC61BM, the absorption is enhanced slightly in the region of 300 nm to 400 

nm due to the absorption of PC61BM, and the two sub-cells show little overlap. Whereas 

the PDTP-DFBT:PC71BM blend showed strong absorption in the entire visible region, 

and the overlap of two sub-cells is more significant. These different overlaps will affect 

the current match of the tandem solar cell, and thus the efficiency. Figure 5-4c shows the 

current versus voltage (J-V) characteristics of single-junction devices under AM1.5G 

illumination from a calibrated solar simulator with irradiation intensity of 100mW/cm2. 

All the single junction cells (P3HT:IC60BA, PDTP-DFBT:PC61BM, and PDTP-

DFBT:PC71BM) show excellent performance. Specifically, the P3HT:IC60BA cell shows 

6.1% PCE, and the PDTP-DFBT based single junction cells show 7.1% and 7.9% PCE 
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when blended with PC61BM and PC71BM respectively. The difference comes from the 

JSC, which is mainly due to the different absorption coefficients of PC61BM and PC71BM 

in the region of 300 nm to 600 nm. The detailed parameters of the single cell are 

summarized in Table 5-2. The EQE of P3HT:IC60BA, PDTP-DFBT:PC61BM, PDTP-

DFBT:PC71BM are shown in the Figure 5-4d. The wide bandgap polymer cell 

(P3HT:IC60BA) showed high quantum efficiency from 300-700 nm, with maximum EQE 

of 70% at about 520 nm. In both of the PDTP-DFBT based single cells, the maximum 

EQE is 62% at ~800 nm, and EQE is over 60% from 710 nm to 820 nm.  

 

 

Figure 5-4. Absorption and device performance. (a) Absorption spectra of P3HT and PDTP-

DFBT, and solar spectrum. (b) Absorption spectra of P3HT:ICBA (black line), PDTP-

DFBT:PC61BM (red line), PDTP-DFBT:PC71BM (blue line) blend. (c) J-V curve of P3HT:ICBA 
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(black line), PDTP-DFBT:PC61BM (red line), PDTP-DFBT:PC71BM (blue line) under AM1.5G 

illumination from a calibrated solar simulator with an irradiation intensity of 100 mWcm2 (one 

Sun). (d) External quantum efficiency of P3HT:ICBA (black line), PDTP-DFBT:PC61BM (red 

line), PDTP-DFBT:PC71BM (blue line) based single cell devices. 

 

Table 5-2 P3HT and PDTP-DFBT single junction cell and tandem solar cell 

performance. 

Devices VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

P3HT:ICBA 0.84 10.3 71.1 6.1 

PDTP-DFBT:PC61BM 0.70 15.4 66.2 7.1 

PDTP-DFBT:PC71BM 0.68 17.8 65.0 7.9 

P3HT:ICBA/PDTP-DFBT:PC61BM  (Tandem 1) 1.53 10.1 68.5 10.6a 

P3HT:ICBA/PDTP-DFBT:PC71BM  (Tandem 2) 1.51 9.8 69.2 10.2 

a Values are measured and certified by National Renewable Energy Laboratory. 

 

Accurate tandem-cell measurement is a quite complicated procedure and extra 

care was taken to get reliable data. EQE results were first measured in UCLA, and the 

tandem devices were then measured using the One-Sun Multi-Source Simulator (recently 

established at National Renewable Energy Laboratory [NREL]) based on UCLA EQE 

data. The spectral mismatches associated with the re-measured EQEs and the simulator 

spectra were then recalculated. The spectral mismatches were found to be less than 0.2% 

different from those derived from the EQEs. The device structure, J-V, and EQE curves 

of the tandem solar cells are shown in Figure 5-5. To fine-tune the balance of short-
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circuit current, acceptor materials with different absorption in the visible region (PC61BM 

vs. PC71BM) were used for the low bandgap subcell. For simplicity, the corresponding 

devices are called Tandem 1 (PC61BM) and Tandem 2 (PC71BM), respectively. For the 

device Tandem 1, it shows a VOC of 1.53 V, JSC of 10.1mA/cm2, fill factor (FF) of 68.5%, 

and the PCE is 10.6%. The original I–V characteristic of the tandem 1 device as measured 

by NREL is shown in Figure 5-6. For the device Tandem 2, the device shows a slightly 

lower VOC of 1.51 V, JSC of 9.80 mA/cm2, FF of 69.2%, and 10.2% PCE. The VOC’s of 

the tandem cells are almost equal to the sum of single junction cells’ VOC, indicating the 

effectiveness of the interconnection layer. For example, the VOC for the front 

(P3HT:ICBA) and rear cell (PDTP-DFBT:PC61BM) are 0.84 and 0.70V, respectively. 

The VOC of the tandem solar cell is 1.53V, which is 0.01 V less than the front and rear 

cell VOC combination. The difference may come from a) the small reisistance of the 

interconnecting layer, and/or b) the slight VOC drop of the rear cell as the light intensity 

on the rear cell in the tandem configuration is weaker compared with one sun 

illumination. Therefore, the VOC of the tandem solar cell are almost equal to the sum of 

the single junction cells’ VOC, indicating the effectiveness of the interconnection layer. 

The slightly lower VOC in Tandem 2 with PC71BM also agrees well with the single 

junction device data. The EQEs of the devices Tandem 1 and 2 are shown in Figure 5-5c.  

Using a different acceptor for the rear cell of the tandem solar cell, the external quantum 

efficiency of both cells can be tuned. For the rear cell using PC61BM, the front P3HT cell 

shows the higher external quantum efficiency and a JSC of 9.8 mA/cm2 derived from 

EQE. The rear cell shows lower external quantum efficiency in the visible region, with 

well-matched integrated JSC of 9.8 mA/cm2 too. For the device Tandem 2, as PC71BM 
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has strong absorption in the visible region, the photons not being absorbed after passing 

the front cell will be absorbed by the rear cell. Therefore less photons (bounced back 

from the metal electrode) will be absorbed by the front cell. Accordingly, the EQE 

between 300 nm to 600 nm of the front cell will be reduced and the rear cell EQE will be 

increased. In the current case, after replacing the PC61BM with PC71BM in the rear cell, 

the maximum EQE of front cell is reduced from 70% to 65%. Finally, the integrated 

short-circuit current of the front cell is 9.5 mA/cm2, whereas the integrated short-circuit 

current of the rear cell is 10 mA/cm2. Tandem solar cells’ current is usually determined 

by the sub-cell with the lowest JSC. Therefore, while the device Tandem 2 shows 

excellent fill factor of 69.2% and VOC of 1.51 V, it shows a lower measured JSC of 9.8 

mA/cm2 and gives a PCE of 10.2%. It is clear that choosing different fullerene derivatives 

to adjust current matching provides an effective tool to tune the performance of tandem 

polymer solar cells. For each type of devices, we have tested about 100 devices, for the 

Tandem 1 (P3HT:ICBA/PDTP-DFBT:PC61BM), the highest is 10.6%, and the average 

PCE is 10.4%; for Tandem 2 (P3HT:ICBA/PDTP-DFBT:PC71BM), the highest PCE is 

10.2%, and the average is 9.9%. These results show our devices have excellent 

reproducibility. In the present work, the PC61BM allows better decoupling of the two 

cells, which could make the tandem solar cell optimization easier. The successful 

application of PC61BM to achieve high performance tandem cells also has the benefit of 

reducing the materials cost of PSCs. 
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Figure 5-5 Tandem devices structure and performance. (a) Device structure of the tandem solar 

cell (Glass/ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PDTP-DFBT:PCBM/MoO3/Ag). (b) J-V 

curve of P3HT:ICBA/PDTP-DFBT:PC61BM combination (Tandem 1) and P3HT:ICBA/PDTP-

DFBT:PC71BM combination (Tandem 2) under AM1.5G illumination from a calibrated solar 

simulator with an irradiation intensity of 100 mWcm2 (one Sun). (c) External quantum efficiency 

of the tandem 1(black line) and 2 (red line) devices. A 700 nm and 550 nm light bias are used to 

get front and rear cell external quantum efficiency, respectively. (d) The relationship of tandem 

cell fill factor (FF) and short circuit current (JSC) vs. rear and front cell current ratio (JSC, 

rear/JSC,front). 
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Figure 5-6 Original I–V characteristics of the Tandem 1 device as measured by National 

Renewable Energy Laboratory. 

5.5 Conclusions and Future Outlook 

In summary, we have demonstrated a solution processed tandem polymer solar 

cell with 10.6% PCE under standard reporting conditions (25 °C, 1000 Wm-2, IEC 

60904-3 global). The devices consist of high performance P3HT:ICBA front cell and 

PDTP-DFBT:PCBM rear cell. Looking into the future, as external quantum efficiency at 

the 80% level has been demonstrated in single junction OPV cells, we believe this should 

be achievable in tandem OPV cells too. This ~30% enhancement will enable polymer 

solar cells with ~14% PCE. Interfacial and active layer materials (including morphology 
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control) will definitely play a critical role for achieving higher EQE. New donor and 

acceptor materials are needed to further improve VOC and JSC in tandem polymer solar 

cells. The combination of these research approaches will ultimately drive the polymer 

solar cell efficiency to 15% and beyond in the near future.  

Forrest et al. recently reported the thermodynamic limit of PCE in OPV is 22 – 

27%, depending on the exciton dissociation energy.[12] Janssen and Nelson also suggested 

limits of 20–24% PCE to be reachable in single junctions.[13] Those OPV limits are under 

the same ideal assumptions as Shockley and Quaisser (S-Q) did in their landmark paper. 

In a more down-to-earth estimation, the efficiency limit of OPV is a moving target 

following the progress in the field. While in the initial widely-cited Scharber model, the 

assumption of FF and EQE are both 65% (a good estimation from P3HT:PC61BM cell), 

both are now believed to be much higher. An EQE peak value of over 80% has been 

reported, and the FF is also close to 80% in cell.[14,15] 

Polymer solar cells have many unqiue properties such as flexibility, light weight, 

high transparency etc. The success of the technology must utilize the uniqueness of 

polymer solar cells. A good example is the transparent solar cell, particularly visibly 

transparent solar cell.[16,17] The low bandgap polymer’s absorption window in the infrared 

range enables the efficient solar cells to have high transparency. The potential 

applications can be anything from power windows to built-in chargers for the portable 

electronic gadgets. Highly flexible, stretchable and wearable power source applications 

are also attractive for the future. It’s worth mentioning that polymer solar cells have been 

shown to be able to sustain considerable X-ray radiation dose, and a self-healing 
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phenomenon was also observed. The advantagese in radiation hardness, light weight and 

flexibility indicate polymer solar cell could be a viable technology for space application. 

5.6 Experimental 

Materials. P3HT was purchased from Rieke Metals. PC61BM and PC71BM were 

purchased from Nano-C. The polymers were synthesized as follow: PCPDT-DFBT: 

CPDT (0.337g, 0.463 mmol) and DFBT (0.148g, 0.449 mmol) were dissolved into 10 mL 

toluene in a flask protected by argon. The solution was flushed by argon for 10 minutes, 

then 8 mg of Pd2(dba)3 and 16 mg of P(o-tol)3 was added into the flask. The solution was 

flushed by argon again for 20 minutes. The oil bath was heated to 110 ºC gradually, and 

the reaction mixture was stirred for 10 hours at 110 ºC under argon atmosphere. Then, the 

mixture was cooled down to room temperature and the polymer was precipitated by 

addition of 100 ml methanol and the precipitated solid was collected and purified by 

Soxhlet extraction (acetone for 24 hours and then hexane for 24 hours). The solid was 

then dissolved in 30 mL toluene and purified by chromatography on silica gel. Then the 

solution was concentrated to 10 mL and precipitated in methanol. The title polymer was 

obtained as dark purple solid, yield ~50%. The polymer can be readily dissolved into 

chlorobenzene, dichlorobenzene, etc. PCPDT-BT and PDTP-DFBT were synthesized 

using the same procedure.  

Tandem devices fabrication. The pre-cleaned ITO substrates were first treated 

with UV-ozone for 15 min. The P3HT:IC60BA (1:1 weight ratio) in dichlorobenzene 

(DCB) solutions with various solid content were spin-casted at 800 rpm for 30 s on top of 

a ~30 nm layer of ZnO. The P3HT: ICBA film is formed trough a slow growth process 

and the thickness is between 180-240 nm.2 PEDOT:PSS layer was applied on the first 
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sub-cell active layer and annealed at 150oC for 10 min. Then a thin layer of ZnO film was 

spin-casted, followed again by thermal annealing at 150oC for 10 min. The second sub-

cell active layer of PDTP-DFBT:PCBM (PC61BM or PC71BM) (1:2) from an DCB 

solution was then spin-casted at 1500rpm on top of the ZnO layer, the thickness of 

PDTP-DFBT is about 80-120 nm. To control the thickness to tune the short circuit 

current of front and rear cell, we varied the concentration of P3HT (18-22 mg/ml) and 

PDTP-DFBT (5-7 mg/ml) in the solution. The optimized thickness of the front and rear 

cell are about 220 and 100nm, respectively. The inverted tandem polymer solar cell 

devices fabrication were completed by thermal evaporation of MoO3/Ag as the anode 

under vacuum at a base pressure of 2×10-6 Torr.  

Tandem device characterization. The device areas were measured in the NREL 

facility first using optical microscope, and the results range from 0.0998 to 0.104 cm2. 

EQEs were measured at UCLA and NREL, respectively. A 550- and 700-nm light bias 

was selected to excite the front and rear cells to measure the EQE of the rear and front 

cell, respectively. I-V measurements for the tandem cells were performed on the One-Sun 

Multi-Source Simulator of NREL first by using UCLA EQE data for spectral mismatch 

correction. The spectral mismatches associated with the re-measured EQEs and the 

simulator spectra were recalculated. In each case, the spectral mismatches were less than 

0.2% different from those derived from the EQEs. Measurements in NREL were done at 

1000, 500, and 250 W/m2 with and without the mask (~0.04 cm2) on a representative 

device. The JSC with the mask was about 2% lower than without the mask. Some of this 

difference is likely due the extended source of the One-Sun Multi-Source Simulator light 

(as opposed to a point-like source) and the thickness of the mask relative to the size or the 
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opening. For the different light intensity response measurement, neutral density filters 

were used to tune the light intensity, and a Si-diode was used to calibrate the light 

intensity. 
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