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Organic solar cells based on conjugated polymers demonstrate 
high power conversion efficiencies approaching 8–9% for the 
best material combinations.1–5 Unfortunately, the most efficient 
electron donor materials undergo rapid photochemical degrada­
tion, which dramatically affects the operational stability of 
devices.6,7–10 At the same time, long operation lifetimes were 
predicted for some less efficient conjugated polymers possessing 
very robust chemical structures. In particular, a lifetime exceeding 
seven years was estimated for the solar cells based on the 
carbazole–thiophene–benzothiadiazole copolymer PCDTBT.11 
It is also known that fluorene–thiophene–benzothiadiazole copoly­
mers (e.g., F8TBT or F10TBT) demonstrate good operational 
stability and reasonably high photovoltaic performances.12,13 In 
particular, fluorene-based polymers give excellent open circuit 
voltages of 900–1000 mV, which are substantially higher than 
those of carbazole-based polymers such as PCDTBT (~850 mV). 
According to theoretical models, fluorene-based copolymers 
should give ultimate efficiencies of 8.0–8.5% in organic solar 
cells.14,15 Surprisingly, the best experimental result reported for 
the most promising material F10TBT (4.2%) was about two 
times lower than theoretical expectations.16,17 At the same time, 
PCDTBT showed experimental efficiencies of 6.0–6.5%, which 
are very close to the theoretical maximum for this system.3,18–20

In order to understand the fundamental differences in the 
behaviors of F10TBT and PCDTBT in organic solar cells, we 
synthesized and characterized these two polymers and three 
hybrid statistical copolymers P1–P3 (Scheme 1). Note that 
statistical copolymers are intensively investigated as promising 
electron-donor materials for organic solar cells.21 As reported 

previously, fluorene–carbazole–thiophene–benzothiadiazole co­
polymers can have solar cell efficiencies approaching 4–5%.22,23 

The Suzuki polycondensation was used to obtain the samples 
of F10TBT, PCDTBT and P1–P3 with high molecular weights 
and reasonable polydispersities (Table 1). The synthesized polymers 
showed slightly different optical properties in solution (Figure S1, 
Online Supplementary Materials). In particular, the absorption 
maximum of P3 is shifted by about 10 nm towards longer wave­
lengths in comparison with F10TBT. This reflects the electronic 
effects coming from the introduction of carbazole units to the 
polymer chains. Similar differences were observed in the spectra 
of  thin films [Figure 1(a)]. PCDTBT revealed the  broadest 
absorption band with the edge shifted towards long wavelengths 
compared to the other polymers. On the contrary, F10TBT 
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Scheme  1  Reagents and conditions: i, Pd(PPh3)4, toluene, 2 m K2CO3/H2O, aliquat 336, reflux, 3–6 h.

Optoelectronic properties of conjugated polymers.Table  1 

Polymer
Mw / 
g mol–1 Mw /Mn

lmax 
solution/
nm

lmax 
film/nm

HOMOa/ 
eV

LUMOb/ 
eV

Eg
c/eV

F10TBT 135000 2.7 560 565 –5.68 –3.80 1.88

P1 135000 4.6 560 569 –5.68 –3.82 1.86

P2 180000 3.1 565 575 –5.64 –3.80 1.84

P3 103000 2.9 570 576 –5.60 –3.76 1.84

PCDTBT 210000 3.0 575 576 –5.50 –3.70 1.80

a HOMO energies were estimated from the onsets of oxidation waves in the 
cyclic voltammograms of thin polymer films [see Figure 1(b)]. b LUMO energy 
was calculated as E(HOMO) + Eg. c Eg was determined from the onset of the 
absorption edge at long wavelengths.
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demonstrated the narrowest absorption band corresponding to 
the widest optical band gap of this material. The spectra of 
statistical copolymers P1–P3 compromised the optical properties 
of the parent polymers F10TBT and PCDTBT. The observed 
differences in the optical properties can be due to the inter­
molecular interactions of neighboring polymer chains in the 
films (p–p stacking). 

The electrochemical properties were investigated for solid 
polymer films deposited directly on glassy carbon disc electrodes 
(see Online Supplementary Materials). The cyclic voltammo­
grams are shown in Figure 1(b). The polymers F10TBT and P1 
demonstrated the highest oxidation potentials. An increase in the 
carbazole content of the polymers leads to the lowering of their 
oxidation potentials in the order F10TBT ~ P1 > P2 > P3 > 
> PCDTBT. The onset potentials of the polymer oxidation waves 
(Eox

onset) were used for estimating the HOMO energy levels of the 
materials according to the well-established procedure (Fermi 
energy of –5.1 eV was used for the Fc+/Fc couple).24 The data 
given in Table 1 illustrate a decrease in the HOMO energies 
of the polymers with the concentration of fluorene units in the 
molecular structures of the materials. According to the electro­
chemical data, the polymers F10TBT and P1 are expected to 
exhibit the highest open circuit voltages in organic solar cells 
due to their deep lying HOMO energy levels.25

The photovoltaic properties of the polymers were studied in 
a conventional bulk heterojunction solar cell architecture using 
the fullerene derivatives [60]PCBM and [70]PCBM as electron-
acceptor counterparts (Figure 2).†  

The current–voltage (J–V) characteristics and external quantum 
efficiency (EQE) spectra of the devices based on different materials 
are shown in Figure 3. Data in Table S1 (Online Supplementary 
Materials) and Figures 3 and 4 indicate that the open circuit voltage 

of organic solar cells decreases with the concentration of carbazole 
units in the electron donor polymers. However, the short circuit 
current density JSC goes an opposite trend and reaches a maximum 
for PCDTBT. As a result, polymers P2 and P3 give considerably 
higher power conversion efficiencies in solar cells, as compared 
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(Figure  1  a) Thin-film absorption spectra of F10TBT, PCDTBT and P1–P3 
and (b) their cyclic voltammograms. 

†	 A conjugated polymer and a fullerene derivative were dissolved in 
1,2-dichlorobenzene with continuous stirring at 45 °C for 48 h. After­
wards, an appropriate amount of 1,6-diiodohexane (processing additive) 
was added (see Table S1) and the blend solution was filtered through a 
PTFE syringe filter (0.45 mm). The active layer was deposited on ITO 
slides covered with PEDOT : PSS (60 nm) by the spin-coating of fullerene–
polymer blends with the subsequent annealing at 95 °C for 10 min. The 
devices were finalized by the evaporation of top Ca (20 nm) and Al 
(100 nm) electron-collecting electrode in vacuo (1×10–6 mbar).
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(Figure  2  a) Schematic layout of an organic solar cell and (b) molecular 
structures of [60]PCBM and [70]PCBM used as electron-acceptor components.
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(Figure  3  a) J–V characteristics of solar cells comprising polymers F10TBT, 
PCDTBT and P1–P3 and (b) their EQE spectra. 
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(Figure  4  1) Open cirquit voltage, VOC, (2) short cirquit current density, JSC, 
and (3) power conversion efficiency, h, of organic solar cells based on the 
polymer/[70]PCBM blends as functions of the polymer composition.
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to those of F10TBT and P1, while the best efficiencies are 
obtained for PCDTBT (Figure 4). Note that the use of 1,6-diiodo­
hexane (DIH) as a processing additive considerably improved 
the photovoltaic performance of the P2/[70]PCBM blends, while 
other binary systems were tolerant to the presence of DIH. 

Figure 4 clearly illustrates a high potential of statistical 
copolymerization as a technique for the fine tuning of electronic 
and photovoltaic parameters of photoactive materials for organic 
solar cells. This approach is especially valuable for tailoring the 
optoelectronic properties of conjugated polymers used in the 
front and back subcells of tandem double-junction devices.15 

The efficiencies of the solar cells based on the polymers 
F10TBT, PCDTBT and P1–P3 can be strongly affected by 
the  morphology of their blends with the fullerene derivatives 
[60]PCBM and [70]PCBM used as electron acceptor components.26 
We studied the surface topography of the polymer/[70]PCBM 
blends using atomic force microscopy (AFM) (Figure S2, Online 
Supplementary Materials). The F10TBT/[70]PCBM films exhibited 
a featureless structure suggesting that both components are strongly 
intermixed in the blend. The intimate intermixing of the fullerene 
and polymer in the active layer of the device facilitates the photo­
induced charge generation but strongly inhibits the transport of 
free charges towards respective electrodes. This might be a 
reason why the solar cells based on F10TBT and other polymers 
with high fluorene loadings demonstrate decreased short circuit 
current densities. An increase in the concentration of carbazole 
units in the polymer chains results in the appearance of nano­
meter-sized clusters in the films suggesting that polymer and 
fullerene derivative undergo optimal phase separation facilitating 
both charge generation and transport to the electrodes. The 
most ordered films were revealed for the PCDTBT/[70]PCBM 
blends thus explaining their advanced photovoltaic performance. 

The microscopy data imply that non-balanced active layer 
morphology is a major reason for the insufficiently high photo­
voltaic performance of F10TBT and related fluorene-based co­
polymers. This problem can be solved using alternative fullerene-
based acceptor materials possessing different solubility and/or 
molecular compatibility with the polymers.27

Thus, we synthesized and systematically investigated five 
conjugated copolymers comprising TBT units (T is thiophene, 
and B is benzothiadiazole) linked with carbazole and/or fluorene 
fragments. A variation in the fluorene-to-carbazole ratio in the 
polymer chains affects optical and electrochemical properties 
of  these materials. Moreover, the composition of the polymers 
strongly influences the morphology of their blends with the 
fullerene derivative ([70]PCBM) and their performance in organic 
solar cells. The statistical copolymerization in general was found 
a powerful approach to tailoring the optoelectronic properties of 
photoactive materials designed for photovoltaic applications. 
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