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ABSTRACT: Recent advances in developing donor−acceptor conjugated
copolymers have led to great performance improvement in both organic
photovoltaic cells and ﬁeld-eﬀect transistors. In contrast to the extensive
spectroscopic studies on the photoinduced charge transfer and separation
processes in these copolymers, little has been done to probe their chargetransport properties on a microscopic scale. In this work, we combine charge
modulation spectroscopy (CMS), photoinduced absorption, and chemical
doping spectroscopy to interrogate separately the nature of hole and electron
transport in a recently developed high-mobility copolymer poly(N-alkyl
diketopyrrolo-pyrrole dithienylthieno[3,2-b]thiophene) (DPP-DTT). It is
found that both hole and electron polarons exhibit two-dimensional
delocalization in the DPP-DTT ﬁlms due to the strong intermolecular coupling.
A new subgap charge induced optical transition is observed, which has not been
reported before in homopolymers. The origin of this transition is studied by combing the temperature and gate voltage
dependent CMS and quantum chemical calculation. The results reveal that this transition could be related to the existence of
staggered dimer stacking in copolymers due to the asymmetrical volume fractions of donor and acceptor moieties.
closely packed stacking conﬁguration.1 In addition, due to the
electron-accepting feature of the DPP unit, DPP-DTT also
exhibits excellent n-type transport property.9 To obtain
microscopic insights into the nature of charge carries in this
interesting material system and to understand how it is aﬀected
by the molecular conﬁgurations, we herein perform a detailed
spectroscopic study on the FET structure of DPP-DTT.
The polaronic nature of charge carriers in organic small
molecules and polymers has been investigated using charge
modulation spectroscopy (CMS).10−16 The technique measures the change in the optical transmission spectrum of an FET
(or a diode) upon application of a modulated electric ﬁeld.
Characteristic optical signatures of localized and delocalized
polarons in molecular semiconductors can be probed; this is in
contrast to the chemical doping spectroscopy, by which only
localized polarons can be observed. In this work we combine
the CMS technique with chemical doping spectroscopy and
photoinduced spectroscopy to investigate diﬀerent transport
properties of hole and electron polarons. We have identiﬁed for
the ﬁrst time the delocalized polaronic signatures for both
electrons and holes. In addition, a new charge-induced
absorption feature was observed. Quantum chemical calculations are carried out to interpret these spectral signatures.

1. INTRODUCTION
In the past decade great progress has been made in improving
the electronic properties of conjugated polymers through
innovative molecular design. One popular approach is to adopt
a backbone structure with alternating electron donor (D) and
acceptor (A) repeating moieties. Through π-conjugated, charge
transfer from D to A will occur within the backbone, and the
extent of charge transfer can be modulated by the donor and
acceptor strengths and their interaction. The D−A design has
proved especially valuable in manipulating and reducing the
bandgap of conjugated polymers,1 as well as in controlling their
charge transport properties.2,3 High-performance photovoltaic
cells (PVs) and ﬁeld-eﬀect transistors (FETs) have been
demonstrated using π-conjugated donor−acceptor copolymers
(hereafter referred to as D−A copolymers).4,5 For the PV
application, the impact of the D−A electronic structure on the
charge transfer and separation processes has been studied using
transient absorption spectroscopy.6−8 On the other hand, how
it aﬀects the charge transport property and the FET
performance remains unclear.
Recently, a high molecular weight D−A copolymer, poly(Nalkyl diketopyrrolo-pyrrole-dithienylthieno[3,2-b]thiophene)
(DPP-DTT), was developed and demonstrated ﬁeld-eﬀect
hole mobility up to 10 cm2V−1s−1.1 Such remarkable performances are attributed to the properly designed D−A combination, the high molecular weight, and the planar backbone
structure, which facilitates formation of a highly ordered and
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Figure 1. (a) Schematic conﬁguration of a DPP-DTT top-gate FET (dielectric layer: PMMA) (channel length, 50 μm; channel width, 9 mm). (b)
Transfer characteristics of the FET (drain-source voltage: Vd = −60 V).

2. EXPERIMENTAL METHODS
To perform the CMS measurements, a semitransparent topgate, bottom-contact FET structure was used (Figure 1a). Gold
source-drain electrodes with a thickness of 15 nm were deﬁned
by photolithography on a glass substrate. The surface of the
gold electrodes was modiﬁed with a 10 mM solution of 1octanethiol in isopropyl alcohol for 2 min at room temperature
to improve the morphology of DPP-DTT. The semiconductor
ﬁlm was then deposited by spin-coating a 4 mg/mL solution of
high molecular weight DPP-DTT copolymer (the average
molecular weights (Mn/Mw) were 110 000/501 000) in 1,2dichlorobenzene and annealed at 135 °C for 30 min in a
nitrogen atmosphere. To fully dissolve DPP-DTT, the polymer
solution was heated at 90 °C for 15 min, followed by quenching
the solution in an ice bath in an ultrasonicator for 10 min.
Subsequently, a 540-nm-thick dielectric layer of PMMA was
spin-coated on the semiconductor ﬁlm and annealed at 80 °C
for 30 min. Finally, a semitransparent aluminum gate electrode
was deposited on the dielectric layer.
In the CMS experiment, the FET device is placed inside a
cryostat that allows measurements in vacuum (<10−5 mbar) at
various temperatures. A voltage bias consisting of a dc and a
small ac component (4 V) is applied on the gate of the FET to
induce charge carriers. During bias the device is probed with a
monochromatic light beam generated by a halogen lamp and a
double-grating monochromator. The transmitted probe light is
detected by either Si (visible) or Ge (infrared) photodiodes,
and the electrical signal is then fed into a Stanford SR530 lockin ampliﬁer (using the ac modulation frequency as its
reference). The charge-induced absorption is determined as
the ac voltage modulated transmission ΔT divided by the total
transmission T through the unbiased device. The normalized
quantity ΔT/T is displayed with its X (in phase) and Y
(quadrature) components, and the phase of the signal is
determined by tan−1(Y/X). The capacitance−voltage characteristics were taken with an impedance analyzer. A parallel
resistor−capacitor circuit model was used to calculate the
capacitance values from the measured complex impedance Z.

those reported in ref 1. Nevertheless, they are still within the
high mobility regime (>0.1 cm2V−1s−1 for electron mobility and
>1 cm2V−1s−1 for hole mobility) and should manifest the same
charge transport characteristics. Similar to the previous report,1
we observed nearly an order diﬀerence between the electron
and hole mobility. This could be due to electron polarons being
highly localized and/or the existence of a relatively large
number of deep electron traps at the semiconductor/dielectric
interface.17 To elucidate whether the asymmetric transport is
dominated by the polaronic eﬀect or energetic disorder,14,18 we
ﬁrst performed the CMS measurements on a device in both ptype and n-type transport regimes.
The typical hole and electron CMS spectra of a DPP-DTT
FET measured in accumulation are shown in Figure 2b. The
measurements were taken at room temperature with a

3. RESULTS AND DISCUSSION
A. Spectroscopic Studies on the Nature of Hole and
Electron Transport. Figure 1b shows the ambipolar transfer
characteristics of a typical CMS testing device, exhibiting room
temperature hole and electron saturation mobilities of 1.72 and
0.42 cm2V−1s−1, respectively. It is worth mentioning that the
device structure used in this study was optimized for the CMS
measurement and therefore yields mobility values lower than

Figure 2. (a) Energy-level diagram and possible optical transitons for
neutral polymer (left), hole polarons on a single chain (middle), and
hole polarons delocalized over two cofacial chains (right) (CT, charge
transfer). (b) CMS spectra of DPP-DTT FETs in the hole and
electron accumulation regions and the absorption spectrum of a pure
DPP-DTT thin ﬁlm. In the CMS measurements, a modulation voltage
of ±4 V was used, and the dc gate bias voltages for hole and electron
accumulation were −60 and 60 V, respectively.
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Figure 3. (a) Chemical doping spectra of DPP-DTT in a dilute chloroform solution. (1 × 10−5 M). The oxidative reagent (1 × 10−3 M FeCl3
chloroform solution) was added gradually. (b) Photoinduced absorption spectrum of a DPP-DTT/PCBM (1:4 by weight) blended thin ﬁlm at 80 K.
Inset: absorption spectra of DPP-DTT/PCBM blended thin ﬁlm.

Figure 4. Lateral electric ﬁeld dependent CMS spectra from (a) hole accumulation and (b) electron accumulation (black lines, Vd = 0 V; red lines, Vd
= −10 V) with a modulation frequency of 200 Hz at room temperature.

only the optical transitions of the isolated charged chains can be
observed, we can assign the two absorption features as then C1
and C2 transitions (shown in Figure 2a). Compared to the C2
peak at 0.88 eV in the CMS spectra, the C2 transition in the
chemical doping spectra is slightly blue-shifted. This is likely
due to the reduction of the conjugation length of the polymer
chains as they adopt a more twisted conﬁguration in the
solution phase.13 We also note that the positions of the C1, C2,
and C3 peaks observed in the CMS and chemical doping
spectra obey the relation C1 + C2 ≈C3, an empirical equation
that has been experimentally valided in P3HT.10 On the basis
of these results, we can conﬁrm our assignment of the subgap
CMS features to the C2 and C3 transitions.
One important result revealed by the CMS spectra (in Figure
2b) is that the C3 transition exists for both hole and electron
polarons. This diﬀers from the previous results obtained in lowmobility ambipolar homopolymers, where the C3 transition
exists merely in the hole accumulation region.5,11 Such
diﬀerence provides clear spectroscpic evidence that, in
ambipolar polymers with suﬃciently high hole or electron
mobilities (typically >0.1 cm2V−1s−1), both positively and
negatively charged carriers could exhibit two-dimensional
delocalization. Similar to the previous studies, we can take
the intensity ratio of C3/C2 as a measure of the degree of
interchain polaron delocalization.10,14,19,20 It can be seen that
the C3/C2 ratio of the negative polarons is lower than that of
the positive polarons, indicating a weaker interchain delocalization of electrons in DPP-DTT thin ﬁlms. This result is
consistent with the observation that the electron mobility (0.42
cm2V−1s−1) is signiﬁcantly lower than the hole mobility (1.72

modulation frequency of 200 Hz and source-drain bias of 0 V.
Between 1.5 and 2.0 eV both hole and electron CMS spectra
exhibit a characteristic bleaching (ΔT/T > 0) of π−π*
absorption due to removal of neutral polymer segments upon
charge injection. Below 1.5 eV is the charge-induced absorption
(ΔT/T < 0) region with two main absorption peaks centered
around 0.88 and 1.38 eV. Such doublet optical transitions are
quite similar with those observed in high-mobility homopolymers, such as poly(3-hexylthiophene) (P3HT) and poly(2,5bis(3- tetradecylthiophen-2-yl)thieno[3,2-b]thiophene)
(pBTTT).1,15,16 According to the previous studies, the feature
at 0.88 eV may be assigned to the absorption of the polarons
localized on an isolated chain (C2 transistion in Figure 2a),
whereas the peak at 1.38 eV would be a manifestation of the
delocalized interchain nature of polarons in the two-dimensional conjugated lamellae of polymer chains (C3 transistion in
Figure 2a). Besides the absorption peaks at 0.88 and 1.38 eV,
we also observed an additional feature at 1.11 eV (in the xchannel for the p-type region and y-channel for the n-type
region). The origin of this feature will be discussed in the next
section.
To further verify the physical origins of the charge-induced
subgap absorption, we measured the chemical doping spectra of
isolated charged polymer chains in very dilute DPP-DTT
solution (1 × 10−5 M). When gradually adding the oxidative
dopant FeCl3 to the neutral DPP-DTT solution, the characteristic HOMO−LUMO absorption of DPP-DTT at around 1.4−
2.0 eV was bleached, and the charge-induced absorptions
started to appear at 0.4 and 0.95 eV (shown in Figure 3a).
Considering that in the chemical doping spectra of solution
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Figure 5. (a) Temperature-dependent CMS spectra from hole accumulation (black lines, 300 K; red lines, 220 K) with a modulation frequency of
200 Hz. Inset: capacitance vs temperature curve at Vg = −60 V. (b) The gate-dependent intensity ratio of 1.11 and 1.38 eV (black line) and the
capacitance−voltage (C−V) characteristics (blue line). Inset: The CMS phase signals of 1.11 and 1.38 eV features at diﬀerent gate voltages.

Figure 6. Schematic representation of the shapes and geometries of the DFT-calculated (a) neutral, (b) cofacial dimer, and (c) staggered dimer of
DTT-DPP-DTT.

cm2V−1s−1) in the DPP-DTT FETs. Nevertheless, we still
expect that the energetic disorder plays a more doninant role
(than polaronic eﬀect) in determining the charge transport
properties of the DPP-DTT devices. The drain voltage
dependent CMS spectra (Figure 4) were also measured. The
result shows little change of the C3/C2 ratio at diﬀerent drain
voltages, suggesting that the lateral electric ﬁeld has a weak
inﬂuence on the interchain delocalization of polarons.
B. Origin of the 1.11 eV Subgap Optical Transition.
Now we turn to discuss the origin of the subgap feature that
appears around 1.11 eV in the CMS spectra. Such feature has
not been observed previously in homopolymer systems. As
shown in Figure 2b, the charge-induced absorption at 1.11 eV
appears in the X-channel for the p-type region and in the Ychannel for the n-type region. Note that the CMS measurement
yields both the in-phase (X) and quadrature (Y) signals and
that a nonzero Y component would indicate a phase diﬀerence
between diﬀerent electronic processes. Consequently, the phase
change of the 1.11 eV transition suggests that it may originate
from a process that is diﬀerent from the C2 and C3 transistions
of polarons. To elucidate this point, we ﬁrst checked whether
the 1.11 eV feature is caused by the interference eﬀect and/or
the electroabsorption of the FET structure in the CMS
measurements. Photoinduced absorption (PIA) spectroscopy
was performed on a DPP-DTT/PCBM blend ﬁlm at 80 K
using a modulated pump laser (635 nm) with a frequency of

200 Hz. The obtained spectrum is shown in Figure 3b, which
exhibits the bleaching neutral π−π* transition around 1.50 eV,
photoinduced subgap absorption peaks centered at 0.89 eV,
1.36 eV, and a pronounced shoulder centered around 1.1 eV.
Such photoinduced absorption features resemble the CMS
results, although the peaks in the PIA spectrum are broadened,
possibly due to the lower degree of ordering of DPP-DTT
molecules in the blend ﬁlm. In the PIA measurement the
possible electric ﬁeld induced absorptions due to the FET
structure and the gate dielectric eﬀects are eliminated;
therefore, we can conﬁrm from the PIA results that the subgap
absorption at 1.11 eV originates from charge species within the
DPP-DTT ﬁlm.
Next, we consider the possibility that the 1.11 eV feature is
related to bipolarons. Several observations suggest this an
unlikely assignment. For long-chain molecules with low doping
levels, the increase in conﬁgurational entropy would favor the
dissociation of bipolarons to polarons through the BP± → P± +
P± process.21,22 Therefore the bipolaron to polaron ratio should
increase at low temperatures or at high carrier concentration.
Accordingly, if the 1.11 eV feature corresponds to bipolaons, its
intensity relative to the C2 and C3 peaks should increase in
these conditions. To check this assumption, we ﬁrst compare
the CMS spectra taken at 300 and 220 K (Figure 5a).
According to the polaron models developed by Frohlich and
Holstein, the charge transports between adjacent molecules are
6838

dx.doi.org/10.1021/jp4003388 | J. Phys. Chem. C 2013, 117, 6835−6841

The Journal of Physical Chemistry C

Article

Figure 7. (a) Calculated absorption spectra of the neutral and singly charged monomers (black dashed line), cofacial (red dashed line), and
staggered (blue dashed line) dimers. (b) Calculated absorption spectra of the neutral (black dashed line), positive (red dashed line), and negative
(blue dashed line) staggered dimers with diﬀerent staggered conﬁgurations.

thermally activated by suﬃciently high temperatures;23−25 thus,
all the charge-induced bleaching and absorption features will
have reduced intensity at low temperatures. This is conﬁrmed
in Figure 5a and is consistent with capacitance−voltage
characteristics at diﬀerent temperatures (inset of Figure 5a).
Importantly, the signal of the 1.11 eV feature reduces together
with the C2 and C3 peaks, and there is no signiﬁcant change in
the ratio of the peak intensity. This result is inconsistent with
the assginment of the 1.11 eV feature to bipolarons.
Furthermore, we compared the ratio of the ΔT/T values at
1.11 and 1.36 eV (C3 peak) at diﬀerent gate voltages. To
eliminate the eﬀect of the phase diﬀerence, we used the
amplitude values of the signal to calculate the ratios. As shown
in Figure 5b, the ratio of the 1.11 eV feature over the C3 peak
does not increase at high gate voltages, that is, at high hole/
electron carrier concentration. This, again, suggests that the
1.11 eV feature is not related to bipolarons. Interestingly, at low
carrier concentration the 1.11 eV feature is enhanced as
compared to the C3 transition, indicating that (1) the feature
may be associated with a bulk state and (2) the state
corresponds to the least energetic unoccupied state where
injected charges will ﬁrst ﬁll in.
C. Quantum Chemical Calculations. To gain further
insight into the CMS results, we calculated the electronic
structures of neutral and charged DPP-DTT monomers in both
single-chain and dimer conﬁgurations using the TDDFT
method at the CAM-B3LYP/6-31+G(d) level as implemeted
in GAUSSIAN 09.26 We chose the symmetric DTT-DPP-DTT
conﬁguration (Figure 6a) as the model monomer system to
stabilize the donor−acceptor complex during calculation.27,28
The geometries of the neutral and charged monomers are
optimized using B3LYP/6-311++G(d,p) by keeping a planar
conﬁguration. In the case of the dimer structure, we consider
two conﬁgurations: cofacial dimer (Figure 6b) and staggered
dimer (Figure 6c). In the cofacial conﬁguration the DTT and
DPP units of the two adjacent monomors are well aligned
respectively (Figure 6b). In the staggered dimer, on the other
hand, one monomor is translated along the backbone direction
with respect to the other, such that the neighboring DTT and
DPP units are no longer aligned to each other (Figure 6c). The
cofacial and staggered dimers are formed by putting two
optimzed monomers together without optimization. The
interchain distance of the dimers is set on the order of 3.43
Å.1 Although the DTT-DPP-DTT structure used here cannot
represent the exact electronic structure of the DPP-DTT

polymer system, it contains the key D and A components and
should help us to qualititively understand the spectroscopic
features observed experimentally.
Figure 7a shows the calculated linear absorption spectra of
the neutral and singly charged monomers and dimers. In the
top panel the three peaks at 2.12, 2.09, and 2.22 eV originate
from the absorption of the neutral monomer (M), staggered
dimer (S), and cofacial dimer (C), respectively. The middle and
bottom panels display the absorption spectra of the positively
and negatively charged polarons. In both spectra the charged
monomers (M+, M−) and cofacial dimers (C+, C−) exhibit
the absorption peaks with the lowest and highest excitation
energies, respectively, and the staggered dimers (S+, S−) are
responsible for the absorption peaks appearing in the middle.
Figure 7b illustrates that the position of the middle peak will
vary depending on the translation distance between the
adjacent molecules in the staggered dimer.
Now we can further discuss the experimental CMS data in
light of the simulation results. Since the use of monomer in the
simulation reduces the conjugation length of the DPP-DTT
system, the calculated absorption peaks are blue-shifted by 0.5−
0.8 eV compared to the experimental results. Nevertheless, we
can correlate each calculated peak with the measured CMS
features. First, with some broadening the nearly overlapped S
and M peaks could merge into one peak with a stronger
intensity compared to the higher energy C peak. This is
consistent with the shape of the doublet bleaching signal
measured in the CMS experiments. Second, the relative peak
positions of the charged monomers (M+, M−) and cofacial
dimers (C+, C−) agree well with the C2 and C3 positions in
the CMS spectra. Third, the simulation results predict that the
staggered dimer conﬁguration could introduce an intermediate
charge-induced absorption feature between C2 and C3.
According to the gate voltage dependent measurement, the
staggered dimer may provide the lowest energy state where
charge carriers will preferentially ﬁll in. It is important to point
out that the exact position of absorption peaks of the charged
staggered dimer should depend on the translation distance
between the adjacent molecules of the dimer as well as the
torsion angle of the backbone. Here we demonstrate a
simpliﬁed senario with zero torsion angle and a few diﬀerent
translation distances. A more thorough quantum chemical
calculation study would be needed to verify if a better
agreement can be achieved between the theoretical and
experimental results.
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4. CONCLUSIONS
In summary, we have carried out a systematic spectroscopic
study on the polaronic nature of charge carriers in a newly
developed donor−acceptor copolymer system, DPP-DTT. This
material system exhibits excellent ambipolar charge transport
property with the electron and hole mobility exceeding 0.1 and
1 cm2V−1s−1, respectively. Accordingly, we observed the
delocalized polaronic signatures for both electrons and holes
in the CMS measurement. The similarity between the electron
and hole CMS spectra suggests that the large diﬀerence
between electron and hole ﬁeld-eﬀect mobility is likely due to
the energetic disorder, rather than the polaronic eﬀect. A new
charge-induced absorption feature between the C2 and C3
peaks are observed, which has not been seen before in
homopolymer systems. The PIA and the temperature and gate
voltage dependent CMS measurements show that the feature is
not associated with bipolaron, electroabsorption, or gate
dielectric eﬀect. The increase in its relative amplitude at
smaller biases suggests that it could behave like a shallow trap
state. According to the quantum chemical calculations, this
state may be related to the existence of staggered dimer
conﬁguration. Our combination of spectroscopic and theoretical studies should lead to better molecular-scale understanding
of the electronic structure and the charge transport process in
donor−acceptor copolymer systems that promise high performance for not only FETs but also organic photovoltaic cells.
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