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Luminescence Gap in Regioregular
Poly(3-hexylthiophene) Film
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The luminescence gap in the regioregular poly(3-hexylthiophene) film is shown to be
1.93 eV at 16 K from the excitation energy dependence of the luminescence spectrum.
The self-trapped exciton, of which the luminescence is due to the recombination, is
suggested to consist of a self-trapped hole and an electron bound around the hole. The
power law decay described by t−1.14 is observed, which is explained from the diffusion
in the fractal structure of the electron bound around the self-trapped hole.

Keywords Poly(3-hexylthiophene) film; luminescence; self-trapped exciton; structural
disorder; power law decay; diffusion in fractal

1. Introduction

In regioregular poly(3-hexylthiophene) (rrP3HT) film, the luminescence spectrum with
vibronic structures of the spacing of 0.18 eV is observed in the photon energy range 1.2 to
1.9 eV [1, 2]. Electron-hole pairs optically-excited turn to self-trapped excitons or charged
pairs, and the luminescence is explained to be due to the recombination of the self-trapped
excitons [2]. The spacing of 0.18 eV shows that the exciton couples with the C C symmet-
ric stretching mode [1], which suggests that the exciton is self-trapped at the C C bond.
The life time of the exciton luminescence is 235 ps [2]. The power law luminescence decay
observed together with the exponential decay of the exciton luminescence is explained as
due to the tunneling process between the self-trapped exciton and the charged pair [2].

The rrP3HT film has amorphous-like structures, in which crystalline rrP3HT domains
with nanometer scale with different band gaps for the random distribution of the size and
the crystal axis are embedded in amorphous matrix [3]. The dispersive charge transport
observed originates in the amorphous-like structure [4], which results in low charge-carrier
mobilities [3, 5]. The amorphous-like structure makes the band edge obscure. In the case of
amorphous semiconductors the exponential band tail consisting of localized states appears
near the band edge [6].

In the case of hydrogenated amorphous silicon (a-Si:H), electron-hole pairs excited
deeply in the bands relax in the extended states by emitting phonons, then relax in the
localized band tail states by hopping between localized band tail states, finally reach a
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Luminescence Gap in Poly(3-hexylthiophene) Film 147

definite localized band tail state at which the density is too low to make the hopping
relaxation, and recombine radiatively to emit the luminescence with a constant peak energy
[7]. On the other hand, the electron-hole pairs created at the localized band tail states lower
than the definite band tail state by the low energy excitation recombine radiatively without
the hopping relaxation. Therefore, the peak energy of the luminescence induced with the
low energy excitation decreases with decreasing excitation energy. The excitation energy
at which the luminescence peak energy changes from constant to decreasing, names the
luminescence gap [7].

Here, the luminescence gap in the rrP3HT film with amorphous-like structure is inves-
tigated.

2. Experimental

Solutions of rrP3HT were made in dichlorobenzene and heated to 60◦C for 1 hour in order
to make the film. A rrP3HT film with the thickness of d∼1 μm was prepared by spin-coating
a SiO2 substrate with rough surface by the hot solution and was subsequently heated to
150◦C for 20 minites.

The film was kept at a temperature (Tm) from 4.2 to 250 K in an ultra-low temperature
refrigerator and was excited with a monochromatic light from 500 to 700 nm obtained by
passing light from the Xe lamp through the monochrometer or a pulse YAG laser with the
pulse energy of 2.33 eV and the duration of 5 ns. The luminescence from the film was passed
through a double monochromator and was detected with a InP/InGaAs (HAMAMATSU
R5509-71) photomultiplier.

3. Results and Discussions

The band gap of the P3HT film is reported to be about 1.89 eV from the optical absorption
spectrum [8]. We have tried to estimate the band gap from the excitation energy evolution of
the luminescence spectrum by using the excitation energy near the band gap. The observed
excitation energy evolution of the luminescence spectrum at excitation energies from 1.78
to 2.0 eV at 16 K in the rrP3HT film is shown in Fig. 1. In the excitation energy range
higher than 1.93 eV, the luminescence spectrum does not change. However, in the excitation
energy range lower than 1.93 eV the luminescence spectrum shifts on the low energy side
with decreasing excitation energy. In Fig. 2, the excitation energy dependences of the (0,0),
(0,1), (0,2) and (0,3) luminescence peaks at 16 K are shown. The luminescence peak energy
increases with increasing excitation energy up to the excitation energy of 1.93 eV, and at the
higher excitation energies the peak energy is constant. The luminescence gap is concluded
to be 1.93 eV at 16 K.

The excitation energy dependences of the peak energies ELn of the (0,n) luminescence
at 16 K where n = 1, 2, 3, shown in Fig. 2, are described with the equation,

ELn = 0.5 (Ex − 1.93) + E0n, at EX < 1.93 eV, (1)

ELn = E0 n, at EX > 1.93 eV,

where EX is the excitation energy and E01 = 1.67, E02 = 1.50 and E03 = 1.33 eV.
The luminescence in the rrP3HT film is shown to be due to the radiative recombination

of the exciton self-trapped at C C bond [2]. Here, let us assume that the hole of the exciton
is self-trapped there and the electron is bound around the self-trapped hole by the Coulomb
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148 M. Saito et al.

Figure 1. The excitation energy evolution of the luminescence spectrum at 16 K in the rrP3HT film.
The luminescence spectra excited with the photon energies from 2.0 to 1.78 eV are shown.

interaction. It is considered that the energy level in the band gap of the self-trapped hole
is not affected by the fluctuation of the size and axis of the rrP3HT domains because the
extent of the self-trapped hole is restricted in the C C which is much smaller than the
domain size.

The band edges of the rrP3HT film with the amorphous-like structure, the self-trapped
hole state, and the excitation and radiative recombination process are shown in Fig. 3. The
exciton band gap of the rrP3HT domain at a site r is given by the equation,

Eg(r) = {ELO − �E(r)} − {EHO + �E(r)} − EB, (2)

where EL0 and EH0 are the average energies of LUMO and HOMO in the rrP3HT film.
�E(r) is the shift of the band edge from the average energies. EB is the exciton binding
energy which is neglected in Fig. 3. The average band gap EAG of the exciton is given by

EAG = EL0 − EH0 − EB. (3)

The luminescence energy due to the recombination of the self-trapped exciton is given by
the equation,

EL(r) = {ELO − �E(r)} − {(EHO + U)} − EB, (4)
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Luminescence Gap in Poly(3-hexylthiophene) Film 149

Figure 2. The excitation energy dependence of the (0,0), (0,1), (0,2) and (0,3) luminescence peak
energies. ELg is the luminescence gap.

where U is the trapping energy of the self-trapped hole. The relation between the lumines-
cence energy and the exciton band gap is derived using eqs. (2), (3) and (4), as follows,

EL(r) = 1

2
{Eg(r) − EAG} + EAG − U. (5)

In the excitation energy range lower than EAG, the rrP3HT domain with the exciton band gap
equal to the excitation energy is selectively excited. Then, the luminescence peak energy
EL is related to the excitation energy with the equation

EL = 1

2
(EX − EAG) + EAG − U, at EX < EAG, (6)

where EX is the excitation energy. The EL in eq. (6) with the slope of 0.5 to EX agrees with
that in eq. (1) obtained by the experiment. Furthermore, by comparing eq. (1) with eq. (6),
U = 0.08 eV is obtained if the luminescence gap is equal to the average band gap.

The excitation energy dependences of the (0,1) luminescence peak energy observed at
different temperatures from 16 to 300 K are shown in Fig. 4. At temperatures lower than
150 K, the luminescence peak energy excited with photon energies lower than 1.93 eV is
seen to increase with increasing excitation energy, where the increasing rate of the peak
energy to the excitation energy is 0.5 as in the case of 16 K. However, in the temperature
higher than 200 K, the increasing rate is smaller. At 300 K, the luminescence peak energy is
almost constant. This is explained by considering that the excitons created in the localized
band tail states by the excitation energies lower than the luminescence gap of 1.93 eV are
thermally excited to the average band edge and recombine radiatively, because the average
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150 M. Saito et al.

Figure 3. The distribution of the LUMO and HOMO levels of the nanometer-scale rrP3HT domains,
the self-trapped hole and the excitation and recombination processes of an electron-hole pair. The
nanometer-scale rrP3HT domains have different band gaps for the distribution of the size and axis
of the domains. EL0 and EH0 show the average energies of the LUMO level EL and the HOMO level
EH, respectively. �E is the energy shift of EL and EH due to the difference of the size and the axis.
The dotted line shows the energy level of the hole self-trapped at a C C bond and U is the trapping
energy of the self-trapped hole.

Figure 4. The excitation energy dependences of the (0,1) luminescence peak energy at different
temperatures from 16 to 300 K in the rrP3HT film. A solid straight line with the slope of 0.5 is shown.
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Luminescence Gap in Poly(3-hexylthiophene) Film 151

Figure 5. The decay of the 1.65 eV luminescence at 16 K in the rrP3HT film. The luminescence
has been excited with the pulse light of 2.33 eV. A dotted straight line shows the power law decay of
t−1.14.

depth of the localized band tail states is estimated to be ES = 8meV which is almost the
same as the thermal energy of the exciton at 150 K.

The luminescence decay of the rrP3HT film at 16 K is observed with the pulse YAG
laser with the photon energy of 2.33 eV and the pulse duration of ∼5 ns as shown in Fig. 5.
The luminescence decay consists of the exponential decay of the life time of ∼6 ns and
the power law decay described with t−1.14 observed in the time range 3×10−8 to 1×10−5

s. The life time obtained does not agree with 235 ps in [2]. The reason is because the
luminescence decay in this experiment is observed with the pulse laser with the duration
of ∼5 ns in this experiment. The exponent in the power law decay is −1.14, contrary to
−1.54 in [2]. We consider that −1.14 is better because the power law decay is observed
in the time range wider than that in [2]. The power law decay with the same exponent
is observed in a-Si:H [9, 10], which is supported with the Monte Carlo simulation of
the luminescence decay controlled by the electron random walk in the fractal structure
[11].

We consider the self-trapped exciton model that the hole is self-trapped at a C C bond
and the electron is bound around the hole by the coulomb interaction. If the electron moves
to another site by tunneling, then the charged pair is formed as suggested in [2]. Here, let
us consider that electrons in self-trapped excitons diffuse by tunneling in the fluctuating
band edge to form charged pairs. It is possible that the sites in which electrons can move
by the tunneling form the fractal structure for the random band edge fluctuation. Then, the
distribution of electrons around the self-trapped hole is described by a stretched Gaussian
[12],

< P (r, t) > ∼
{

1

< r2(t) >

}df/2

exp

{
−

(
r2

< r2(t) >

)u}
, (7)
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152 M. Saito et al.

where u = dw/(dw−1). r is the distance to the electron from the self-trapped hole, < r2 (t) >

the mean square displacement and dw the fractal dimension of random walk. The <P(0,t)> is
the probability that the electron-hole pairs remains as excitons. The luminescence intensity
IL(t) is proportional to <P(0,t)>. Therefore, the luminescence decay controlled by the
tunneling process of electrons is given by,

IL (t) ∼< P (0, t) >∼ (1/ < r2(t) >)df/2. (8)

At long delayed time, < r2 (t) >∼ t [10]. Therefore, the luminescence decay is given by,

IL (t) ∼ t−df/2. (9)

The exponent of the power law decay of −1.14 observed shows that the fractal dimension
of the sites on which electrons can move by the tunneling is df ∼ 2.3.

4. Conclusions

The band gap in the rrP3HT film estimated from the excitation energy dependence of
the luminescence peak energy, the so called luminescence gap, is shown to be 1.93 eV
at 16 K. Furthermore, the self-trapped exciton, of which the luminescence is due to the
recombination, is suggested to consist of the self-trapped hole and the electron bound
around the hole. The electron bound around the self-trapped hole diffuses apart from the
hole to form the charged pair.
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