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Influence of Pendant Group on Mobility of Organic Thin 
Film Transistor in Correlation with Reorganization Energy 
of Molecules

Kalyani Patrikar, Nakul Jain, Dwaipayan Chakraborty, Priya Johari,* Valipe Ramgopal Rao,  
and Dinesh Kabra*

Charge transport properties of common donor copolymers in organic 
photovoltaics, poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]
dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]
thiophenediyl}) (PTB7) and poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-
b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl) carbonyl]thieno[3,4-b]
thiophenediyl}) (PTB7-Th), with molecular structures differing only in the 
pendant group, are studied. This is the first report of field-effect transistor 
mobility (µFET) of PTB7-Th (0.14 cm2 V−1 s−1) and the highest µFET for 
PTB7 (0.01 cm2 V−1 s−1). µFET of PTB7-Th is found to be almost one order of 
magnitude higher than PTB7. To understand the influence of molecular 
structure on charge transport, hole reorganization energy (λh) is calculated 
from first-principles. λh of PTB7-Th (≈150 meV) is found to be lower than 
PTB7 (≈346 meV). Further, the ratio of hopping rate versus square of 
charge transfer integral calculated from Marcus theory using λh for these 
systems is found to indicate a higher rate of hole transfer across dimers 
or homojunction interface for PTB7-Th. These results are supplemented 
by experimentally determined λ using bulk-heterojunction organic solar 
cells, where λPTB7-Th≈200 meV and  λPTB7≈310 meV follow a similar trend. 
The effective hole-mobility estimation from BHJ devices correlates well with 
these λ values. This study provides understanding of charge transport 
properties via reorganization energy, as a function of pendant group 
without altering the backbone of the chains.
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1. Introduction

Conjugated polymers have found 
applications in various electronic and 
optoelectronic devices, such as organic 
field-effect transistors (OFETs), polymer 
light-emitting diodes (PLEDs), and 
organic photovoltaics (OPVs).[1,2] Among 
these devices, OPVs and OFETs are still 
a big part of academic research commu-
nity, as expected parameters in terms of 
efficiency for solar cells and mobility for 
OFETs are yet to reach the adequate level 
for practical use. In recent times, the 
solar cell efficiency of polymer solar cells 
has exceeded the value of 14% in single 
junction geometry.[3] This has happened 
due to advances in molecular design 
to create polymers which not only had 
right interfacial properties with acceptor 
fullerene molecules, but also efficient 
charge transport properties for holes.[4,5] 
Values of field effect mobility for polymer 
semiconductors have also increased 
due to efforts in molecular design and 
processing conditions. A recent such 
development has been synthesis of 
donor–acceptor (DA) copolymers, repeat 
units of which comprise electron-rich 

donor and electron-deficient acceptor sub-units. DA polymers 
have achieved mobility exceeding 1 cm2 V−1 s−1, due to mod-
ulation of band gap according to composition of donor and 
acceptor units.[6]

Charge transport in conjugated polymers occurs by ther-
mally assisted hopping mechanism. Rate of this hopping pro-
cess is governed by the reorganization energy consumed in 
geometrical rearrangement of molecules during a hopping 
event. Mobility of a DA copolymer can be varied over a large 
range by changing the length, composition, and position of 
the side chain.[7,8] This has been attributed to improved sur-
face morphology, better alignment of polymer chains, as well 
as lower π–π stacking distance which enables a faster rate 
of inter-chain charge hopping.[9,10] The effect of presence of 
substituent groups and side chains on total reorganization 
energy, and consequent effect on mobility, has been studied 
previously.[11–13] However, the contribution of side chain 
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groups to the internal reorganization energy, and hence rate 
of charge transport, has not been explored much.

We have studied benzodithiophene (BDT)-thienothiophene 
(TT)-based DA copolymers PTB7 and PTB7-Th (also known 
as PBDTTT-EFT or PCE-10), with similar backbone molecular 
structure, however, composition differing only in the side 
chain pendant group.[14,15]  Hence, these polymer systems are 
ideal for determining the role of pendant group on charge 
transport properties. Moreover, it has been found that OPV 
based on PTB7-Th has higher efficiency than PTB7 which has 
been attributed to lower reorganization energy of PTB7-Th-
blended thin films.[16,17] While the fundamental differences 
in optical and photovoltaic device behavior of these poly-
mers have been studied,[18] the differences in charge trans-
port in the thin films of these polymers have not fully been 
explored. Takagi et  al. have fabricated bottom-gate bottom-
contact OFETs of PTB7 thin films and reported a field effect 
mobility of 2  ×  10−3 cm2 V−1 s−1.[19] There are, however, no 
reports of PTB7-Th OFETs yet, to the best of our knowledge.  
We find a large difference in the field effect mobility of PTB7 
and PTB7-Th. To understand the origin of this difference, 
reorganization energies are calculated for both of these sys-
tems to compare the behavior of these two materials at molec-
ular level. The computed values are used to find the difference 
in rate of inter-chain charge transfer. We verify the trend in 
reorganization energy from external quantum efficiency (EQE) 
measurements of thin film of both polymers in the form of 
blends with PC71BM, which is the common configuration of 
bulk heterojunction (BHJ) solar cells. Based on the theoretical 
calculations of reorganization energy and the measured values 
of field effect mobility, we calculate an effective charge hop-
ping rate and charge transfer integral for PTB7 and PTB7-Th 
thin films.

2. Results

2.1. Devices of PTB7 and PTB7-Th

Molecular structures of PTB7 and PTB7-Th are shown in 
Figure  1a,b, respectively. The conjugated backbones for both 
polymers are identical. However, the pendant group has oxygen 
atom in PTB7, while it has thiophene unit in PTB7-Th. The 
UV–Visible absorption spectra of thin films of both polymers 
are shown in Figure S2 in the Supporting Information.

OFETs with PTB7 and PTB7-Th as channel were fab-
ricated according to bottom-gate top-contact configura-
tion with SiO2–Poly (methyl methacrylate) (PMMA) bilayer 
dielectric, and MoO3-Ag as source and drain electrodes, as 
per the thin film transistor schematic shown in Figure  1c. 
A typical example of the transfer (ID−VG) characteristics of 
PTB7 and PTB7-Th OFETs is shown in Figure  2a. It can be 
seen that the on-current of PTB7-Th OFET, 7.53 µA, is almost 
an order of magnitude higher than that of PTB7, 0.96 µA.  
Figure 2b shows the output (ID−VD) characteristics of a typical 
PTB7 and PTB7-Th thin film transistor. The devices exhibit 
ID−VD characteristics typical of OFETs, with linear current for 
low VD and saturation at high VD. Parameters extracted from 
transistors are shown in Table  1. Field-effect mobility in the 
saturated regime µFET was extracted from ID−VG characteristics 
shown in Figure S1a,b in the Supporting Information using 
Equation (1)[20]:

µ = ∂
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Here, Ci is the capacitance of dielectric stack (2 nF cm−2, 
determined from C–V measurements). Length of channel (L) 
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Figure 1.  Schematic of molecular structure of a) PTB7 and b) PTB7-Th molecule. Device structure of fabricated c) field effect transistors and d) bulk 
heterojunction devices.
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is 75 µm, and width of channel (W) is 5 mm. µFET of PTB7 was 
found to be 0.01 ± 0.002 cm2 V−1 s−1, which is an order of mag-
nitude higher than the value previously reported for bottom-
contact top-gate transistors with CYTOP as dielectric.[19] µFET 
for PTB7-Th thin film was found to be 0.11 ± 0.03 cm2 V−1 s−1, 
an order of magnitude higher than that for PTB7. Threshold 
voltage determined from ID−VG characteristics, as shown in 
Figure S1c in the Supporting Information, are found to be close 
for both polymers, −11.05 V for PTB7 and −13.29 V for PTB7-
Th. Methods for extraction of relevant device parameters from 
ID−VG characteristics of OFETs are discussed in Section S1 in 
the Supporting Information.

BHJ hole transport devices of PTB7 and PTB7-Th, in 
blends with PC71BM, were fabricated according to the sche-
matic shown in Figure 1d. Figure 2d shows the current den-
sity versus applied voltage (J–VA) characteristics of PTB7 and 
PTB7-Th BHJ devices. J-VA of BHJ devices represent the 
charge transport in direction perpendicular to the substrate. 
Space-charge limited current mobility (µSCLC) was extracted 

from J–VA plots for BHJ devices of both the polymers using 
Equation (2)[21]:

µ ε ε β( )= − −



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8
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3 biJ
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d d
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Here, J is the current density at applied bias of voltage VA, ε0 
is the relative permittivity of space, εr is the dielectric constant 
of semiconductor, d is the thickness of semiconductor film, Vbi 
is the built-in potential, and β is the field-dependent parameter. 
The values calculated from these measurements are given in 
Table  1. J–VA of BHJ devices represents the charge transport 
in direction perpendicular to the substrate. The values of µSCLC 
measured for PTB7 is 2.0 × 10−4 cm2 V−1 s−1 and for PTB7-Th  
is 4.3 × 10−4 cm2 V−1 s−1. The trend of higher mobility for 
PTB7-Th devices is seen in BHJ devices as well.

2.2. Reorganization Energy of PTB7 and PTB7-Th

To gain further insight into the impact of molecular struc-
ture, viz. side chains on the charge transfer properties of these 
materials, the reorganization energy was calculated from the 
first-principles for both the polymers. Geometry of PTB7 
and PTB7-Th molecules was optimized first. Key dihedral 
angles influencing the total energy of the systems are shown 
in Figure  3a,b. The angle between BDT, the pendant group, 
and ethylhexyl side chains (θ⊥1) on one side and (θ⊥2) on the 
other side were first manually fixed to various values starting 

Adv. Funct. Mater. 2019, 1805878

Figure 2.  a) Transfer characteristics along with leakage current of PTB7 and PTB7-Th bottom-gate top-contact OFETs with SiO2–PMMA bilayer dielectric 
and MoO3-Ag source–drain electrodes. Output characteristics of typical b) PTB7 and c) PTB7-Th OFETs at VG = 0, −10, −20, and −30 V. d) Current 
density versus applied voltage characteristics of BHJ devices with structure ITO/PEDOT:PSS/PTB7 or PTB7-Th and PC71BM/MoO3/Au.

Table 1.  Device parameters for PTB7 and PTB7-Th OFET and BHJ 
devices.

Material OFET characteristics BHJ characteristics

Highest field effect mobility

µFET [cm2 V−1 s−1]

Threshold voltage

VTh [V]

SCLC mobility

µSCLC [cm2 V−1 s−1]

PTB7 0.012 −11.05 2.0 × 10−4

PTB7-Th 0.143 −13.29 4.3 × 10−4
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from 10° to 60° with an interval of 10°. At this stage, the angle 
between BDT and TTT units (θ||) was not allowed to relax. The 
optimized value of the perpendicular dihedral angles was found  
to be nearly 50° for both the molecules, as shown in Figure S3e,f  
in the Supporting Information with non-relaxed label. In the 
next step, θ|| was allowed to relax for each of the earlier men-
tioned values of θ⊥1 and θ⊥2, results of which are shown in 
Figure S3e,f in the Supporting Information with relaxed label. 
Detailed results of geometry optimization are given in Tables S1  
and S2 in the Supporting Information. Reorganization energy 
was calculated as the sum of two terms, referred to as λ1h and 
λ2h, computed values of which are given in Table S3 in the Sup-
porting Information. λ1h is the difference in energy between 
the relaxed configuration and rearranged configuration of 
ground state, and λ2h is the difference in energy between the 
relaxed configuration and rearranged configuration of charged 
excited state[22] as shown in Figure S4 in the Supporting Infor-
mation. The combination of λ1h and λ2h gives the hole reor-
ganization energy, λh. The reorganization energy of PTB7-Th  
(150 meV) was found to be significantly lower than that for 
PTB7 (346 meV), as given in Table 2.

To understand the reason for a lower λh of PTB7-Th than 
PTB7, structural changes in respective molecules caused by addi-
tion of a hole, i.e., removal of an electron, to the neutral mol-
ecule were computed for both polymers. Differences in the bond 
lengths and bond angles, marked in Figure  3, between neutral 
and cationic molecule are summarized in Table 3. It can be seen 
that the differences in most geometric parameters between neu-
tral and cationic structures are significantly lower for PTB7-Th 
than in PTB7. The bond length between pendant group and BDT 
(Bond1) extends by 0.031 å in PTB7, more than twice the 0.012 
å extension in PTB7-Th. Bond1 also undergoes more rotation in 

PTB7 than in PTB7-Th, as can be seen from difference in θ⊥1 
values, which are 19.6o and 4.63o, respectively. This shows that 
the presence of the thiophene unit in place of oxygen atom as 
pendant group makes PTB7-Th more rigid than PTB7. PTB7-Th 
thus undergoes less geometrical reorganization upon removal of 
a π-electron, requiring a lower reorganization energy.

We also extracted the reorganization energy from BHJ 
devices of PTB7 and PTB7-Th blends with PC71BM shown in 
Figure 1d.[23] The EQE versus energy of BHJ devices is shown 
in Figure 4. In the low energy range, the EQE at a given inci-
dent photon energy is governed by the conversion of charge 
transfer complex at the interface of polymer and PC71BM. As 
this transfer causes physical rearrangement of the polymer, 
reorganization energy acts as an activation barrier in the pro-
cess, analogous to the case of charge transfer between polymer 
chains. The relation of EQE and reorganization energy is given 
in Equation (3) as follows:
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Here, λ is the reorganization energy for the polymer in the 
polymer–fullerene blend, kB is the Boltzmann constant, and T 
is the temperature. ECT is the energy of the interfacial charge 
transfer state, i.e., the diagonal band gap. The low energy 
region of EQE characteristics of blends with PC71BM of both 
polymers was fit according to Equation  (3) to obtain reorgani-
zation energy. The values 0.2 eV for PTB7-Th and 0.31 eV for 
PTB7 blends follow the same trend as calculated values for 
molecules. This also reflects the observations of higher effi-
ciency of PTB7-Th:PC71BM OPV; however, the focus of this 
paper is on charge transport properties of pure polymer films.
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Figure 3.  Key dihedral angles and bonds in a) PTB7 and b) PTB7-Th molecule used in computation. Values of these angles and bond lengths in neutral 
and cationic geometry are compared in Table 3.

Table 2.  Calculated values of reorganization energy and charge transfer parameters.

Material Reorganization energy (DFT)

λh [meV]

Reorganization energy (BHJ)

λ [meV]

Normalized charge hopping rate

kA−2 [s−1 eV−2]

Effective inter-chain charge 
transfer rate

keff [s−1]

Effective charge transfer integral

Aeff [meV]

PTB7 346.4 310.0 9.985 × 1014 1.67 × 1011 12.72

PTB7-Th 150.6 200.0 1.006 × 1016 1.85 × 1012 13.54
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3. Discussions

As charge transport in organic materials occurs by a thermally 
assisted inter-chain hopping process,[32] mobility of charge car-
riers across a thin film depends directly on the rate of charge 
hopping between consecutive dimers. We have observed a 
consistent difference in FET mobility of PTB7 as an order of 
magnitude lower than PTB7-Th, which is an indication of a 
difference in rate of charge hopping in the respective polymer 
chains. To understand how a subtle difference in pendant 
group of polymer back bone has led to an order of magnitude 
difference in mobility, we seek to understand the phenomenon 
taking place in the polymer chains at molecular level during 
charge transfer. The kinetics and energetics of inter-chain 
charge transfer are quantified by Marcus theory.[24] Hole 
transfer is understood as a self-exchange reaction between iden-
tical dimers M1 and M2, as given in Equation (4)[25]:

1 2 1 2M M M M+ → ++ +	 (4)

Rate of inter-chain hole transfer can be found by calculating 
rate of the reaction in Equation (4). As the dimers participating 
in hole transfer are identical, the activation barrier is solely 

governed by the reorganization energy for hole transfer (λh). 
The rate of this reaction can be expressed as an Arrhenius 
dependence on temperature (T), given in Equation (5)[22]:
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Here, k is the rate of hole transfer and A is the charge 
transfer integral. kB is the Boltzmann constant. Due to the 
Arrhenius nature of dependence on reorganization energy, a 
lower value of λh would mean a marked increase in the charge 
hopping rate of the material.

Charge transfer integral A represents the coupling between 
orbitals participating in the charge transfer reaction. Unlike λh, 
A is sensitive to area of orbital overlap of the HOMO of mole-
cules participating in the charge transfer, and inter-chain dis-
tance in the thin film.[22] However, structure and composition 
of conjugated backbones of both polymers are identical. It can 
be seen in Figure S3c,d in the Supporting Information, that 
the HOMO orbitals participating in charge transport too are  
similar for both the molecules. The charge is mainly concen-
trated over the molecular backbone, especially donor BDT units, 
while pendant groups are involved as well. Difference in orbital 
area for both molecules is negligible. Further, X-ray-based studies 
have shown that the d-spacing in (010) direction, i.e., in the 
direction of charge transport, is similar for both polymers with  
4.0 å for PTB7 and 4.1 å for PTB7-Th.[26,27] Due to these  
factors, it can be deduced that in Equation (5), A for both mate-
rials is equivalent.

Based on Equation  (5), normalized rate of charge transfer 
kA−2 was calculated for both polymers using the λh values  
calculated from first-principles. We found that the values for 
PTB7 and PTB7-Th are kPTB7A

−2  = 9.985 × 1014 s−1 eV−2 and 
kPTB7−ThA−2  = 1.006 × 1016 s−1 eV−2, respectively. Thus, a dif-
ference of ≈200 meV in reorganization energy leads to the  
difference in normalized rate of transport by an order of mag-
nitude. As A is equivalent for PTB7 and PTB7-Th (Table  2), 
this order of magnitude difference is essentially between kPTB7 
and kPTB7−Th. This corresponds to the order of magnitude dif-
ference observed in µFET for both polymers. Thus, we elucidate 
that λh is the key parameter that has led to the large difference 
in µFET. The ratio of BHJ µSCLC values for both polymers cor-
responds with λ estimated from EQE versus energy of the BHJ 
devices. This further affirms the role of reorganization energy 
in affecting mobility of these polymers.

Adv. Funct. Mater. 2019, 1805878

Table 3.  Change in key geometric parameters (dihedral angles and bond lengths shown in Figure 3) on transition from neutral to cation geometry in 
PTB7 and PTB7-Th molecules.

PTB7 PTB7-Th

Neutral Cation Change in bond length/Bond angle Neutral Cation Change in bond length/Bond angle

θ⊥1 47.99° 28.39° 19.6° 49.98° 45.35° 4.63°

θ⊥2 48.81° 24.44° 24.37° 49.83° 42.98° 6.85°

θǁ 25.14° 19.35° 5.79° 26.55° 25.27° 1.28°

Bond 1 1.373 Å 1.342 Å 0.031 Å 1.467 Å 1.455 Å 0.012 Å

Bond 2 1.373 Å 1.342 Å 0.031 Å 1.467 Å 1.455 Å 0.012 Å

Bond 3 1.438 Å 1.427 Å 0.011 Å 1.441 Å 1.429 Å 0.012 Å

Figure 4.  Normalized EQE characteristics of PTB7 and PTB7-Th thin 
films blended with PC71BM in device structure ITO/ZnO/PEIE/Blend/
MoO3/Ag. Reorganization energy (λ) extracted using Equation  (3) for 
respective blends is in close agreement to trends found in estimation by 
first-principle calculation for PTB7 and PTB7-Th molecules.
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Effective rate of hopping (keff) and effective charge transfer 
integral (Aeff) for the thin films were calculated using µFET 
obtained from devices and λh obtained from first-principles, 
according to Marcus theory. The detailed methods for the same 
are discussed in Section S2 in the Supporting Information. The 
values for keff and Aeff are given in Table  2. Difference in Aeff 
of both polymers was found to be less than 1 meV. Parameters 
keff and Aeff are obtained from the measured value of mobility 
which is a thin-film property, and the calculated value of reor-
ganization energy which is a molecular property. Hence, they 
correlate the local inter-chain charge hopping to the charge 
transport observed within the OFET channel.

4. Conclusion

We studied the charge transport properties of DA polymers 
PTB7 and PTB7-Th. The field-effect mobility of PTB7-Th 
was observed to be ≈10 times higher than that of PTB7. We 
attribute the vast difference in field-effect mobility in PTB7 and 
PTB7-Th polymer thin films to the difference in reorganiza-
tion energy of the two molecules. We found a significant dif-
ference in the reorganization energy values calculated from 
first-principles for both the molecules, and showed that the 
ratio of rate of inter-chain charge hopping obtained from these 
is ≈10. We found that replacing oxygen with thiophene unit in 
the pendant group imparts rigidity to the polymer that leads to 
the large difference in reorganization energy. Using measured 
values of FET mobility and first-principles values of reorganiza-
tion energy, we calculated an effective charge transfer integral 
for PTB7 and PTB7-Th thin films, which had similar values for 
both polymers. PTB7 and PTB7-Th have identical molecular 
structure except the pendant groups. However, this leads to 
a significant difference in reorganization energy, and conse-
quently field-effect mobility of thin films. This opens a new 
paradigm regarding the role of side group/chain in influencing 
the charge transport properties of conjugated polymers.

5. Experimental Section
Device Fabrication: Transistors for field-effect mobility measurements 

were fabricated on low-resistivity p-type (100) silicon substrates, which 
also acted as the gate electrode. A 180 nm thermal oxide was grown on 
surface to form the dielectric. PMMA was deposited on the oxide by spin 
coating from a 2% solution in anisole at 2000 rpm for 60 s, followed 
by a 20 min annealing at 200  °C. Thickness of the PMMA layer was 
approximately 100  nm as determined by ellipsometer measurement. 
Details of the PMMA deposition are given in Section S3 in the 
Supporting Information. Substrates were then transferred to a nitrogen 
environment in an MBraun glove box. Polymers PTB7 and PTB7-Th were 
spin coated on this composite dielectric from chlorobenzene solutions 
(10 mg mL−1) heated to 70 °C, at 2000 rpm for 60 s. 1,8-Diiodooctane 
(10 µL) had been added to the solutions. Spin coating was followed by 
annealing for 10 min at 70 °C. Stack of 5 nm MoO3 capped by 40 nm Ag 
layer acted as source–drain contacts. These electrodes were deposited 
by thermal evaporation, through stencil masks with minimum channel 
length of 75 µm. BHJ devices were fabricated on indium tin oxide (ITO) 
coated glass substrates. PEDOT:PSS was spin coated on ITO before 
transferring substrates to nitrogen environment in an MBraun glove 
box. Polymers PTB7 and PTB7-Th blended with PC71BM in ratio 1:1.5 
by weight in chlorobenzene solutions (25 mg mL−1) were spin coated at 

2000 rpm for 60 s. This was followed by thermal evaporation of 5–40 nm 
MoO3-Au bilayer for top electrodes through shadow masks of length 
3 mm and width 1.5 mm.

Electrical Measurements: Electrical measurements on all devices 
were done in nitrogen environment in an MBraun glove box at room 
temperature, using a semiprobe station unit with Keithly 4200 
Semiconductor Characterization System.

Computational Methods: Geometry optimizations and reorganization 
energy calculations were done using plane wave basis sets in VASP[28] 
with PAW-PBE exchange-correlation functional.[29–31] A vacuum of 12 Å 
in all three directions was introduced to realize the molecular structure 
within the framework of periodic boundary conditions, so that one 
molecular unit could not interact with its mirror image in any of the 
three directions. The convergence for energy in all calculations was set 
to 10−4 eV between two steps and the structures were relaxed until the 
maximum Hellmann–Feynman forces acting on each atom reached 
the value of ≤0.01 eV Å−1 upon the ionic relaxation. An energy cutoff of 
520  eV for plane wave basis set was used for all the calculations. All 
the calculations were performed using a single k-point in Brillouin zone 
(BZ), i.e., at the Γ-point.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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