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a b s t r a c t

Organic crystalline semiconductors with highly ordered molecular packing could be vital
components in novel low power consumption light sensors due to their unique light
absorption and charge carrier transport properties. In this work, we show that nanofibers
made from naphthyl end-capped bithiophenes can be used for low-voltage, high respon-
sivity organic phototransistors (OPTs). Density functional theory (DFT) calculations have
been carried out to estimate the device properties related to charge transport and photon
absorption. In terms of the calculation of the reorganization energy upon charge transfer,
we used an extended method to include inter-molecule interactions. Experimentally, the
device performance of the 5,5-bis(naphthyl)-2,20-bithiophene (NaT2) nanofiber OPTs has
been compared with that of a thin film OPT with inferior molecular ordering. The better
photoresponsivity of the nanofiber OPT compared with the thin film OPT under monochro-
matic illumination at various wavelengths suggests that the NaT2 nanofiber-based OPTs
have great potential to be used as high performance nano-scale light detectors. Moreover,
the absorption of the nanofiber-based OPTs is also polarization sensitive, which provides
another advantage of nanofiber-based devices in terms of potential novel sensor design.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade an increasing number of investiga-
tions has focused on the development of organic field-
effect transistors (OFETs) due to their attractive application
potential, such as novel, highly efficient light-emitting
transistors [1,2], flexible and stretchable organic electron-
ics [3] and organic phototransistors (OPTs) [4,5]. Various

advantages of OFETs, incl. low-cost fabrication, large-area
processing and mechanical flexibility, make them compet-
itive to the inorganic counterparts [6]. In particular, in
addition to the three terminals of a transistor platform,
an external light source can be used as the fourth terminal
in OPTs to control the density of photo carriers in the tran-
sistor channel, thus integrating electrical switching and
light detection into an individual optoelectronic device.
The possibility of realizing high sensitivity and low noise
photoconductive systems render OPTs as an intensive
research target, and various active organic semiconductors
and metal/dielectric combinations have been investigated
[7–11].

The performance of OPTs has been improved signifi-
cantly. The highest responsivity reported until today
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observed by Cho et al. was 4300 A W�1 under illumination
with a light intensity of 7 lW cm�2 by using soluble star-
shaped oligothiophenes with four-armed p-conjugation
paths [12]. However, only few studies in the literature have
demonstrated OPTs made of organic crystalline structures
[13,14], and particularly, the direct comparison of crystal-
line materials to amorphous-like thin film-based OPTs is
rare [15,16]. Mukherjee et al. obtained 40 times higher
photoresponsivity from n-type phototransistors based on
solution grown ordered N,N0-dioctyl-3,4,9,10-perylene tet-
racarboxylic diimide (PTCDI-C8) nanowires compared with
thin film-based OPTs of the same material [15]. Yu et al.
observed that N,N0-bis(2-phenylethyl)-perylene-3,4:9,
10-tetracarboxylic diimide (BPE-PTCDI) nanowire-based
n-type OPTs exhibit more than 103 times larger photore-
sponsivity than that of thin film OPTs at a gate voltage of
50 V [16]. However, the operating voltage was more than
30 V in both of the aforementioned studies.

In this work, we have fabricated and compared p-type
OPTs made of crystalline 5,5-bis(naphthyl)-2,20-bithioph-
ene (NaT2) nanofibers, and NaT2 thin films with inferior
molecular ordering. NaT2 (Fig. 1a) is a recently developed
oligothiophene-based molecule, in which the naphthyl
end-capping can reduce polymerization resulting in stable
optoelectronic device performance [17,18]. In addition,
NaT2 can self-assemble into one-dimensional crystalline
nanofibers by evaporation under high vacuum conditions
onto a muscovite mica surface [19]. As recently demon-
strated, a nanofiber roll-transfer technique can be used to
easily fabricate bottom gate/bottom contact (BG/BC) or-
ganic nanofiber transistors by transferring the nanofibers
onto pre-fabricated device substrates [20]. In order to com-
plement our experiments, we also applied density func-
tional theory (DFT) calculations [21] to estimate the
performance of the NaT2-based devices. The two govern-
ing factors in terms of charge transport, i.e. transfer inte-
gral and reorganization energy relevant for hole transfer
in NaT2 crystals, have been compared with those of penta-
cene. In particular, to obtain a more precise value of the
reorganization energy, we implemented an extended
method to include the inter-molecule interactions, i.e. to
use a five-oligomer cluster during the geometry optimiza-
tion [22].

2. Theoretical details and computational methods

The hopping regime of charge transport in organic
materials is important in order to determine the perfor-
mance of optoelectronic devices. The intersite charge
transfer rate kij in this hopping regime is given in the
semi-classical approximation by the Marcus equation [23],

kij ¼ t2
ij
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where �h is the reduced Planck’s constant, DEij is the energy
difference between the initial and final site energies, kB and
T are the Boltzmann constant and the temperature, respec-
tively. The transfer integral tij and the reorganization
energy kij are the predominant factors to determine the

charge transfer rate, whereas DEij is often insignificant
[24].

Firstly, the value of the transfer integral tij depends on
the intermolecular overlap of the frontier molecular orbi-
tals of the involved molecules, i.e. the highest occupied
molecular orbital (HOMO) for hole transfer and the lowest
unoccupied molecular orbital (LUMO) for electron transfer
[25]. Since NaT2 is used for p-type transistors in this work,
only the transfer integral involving hole transfer is consid-
ered. We have implemented a transfer integral calculation
method, which involves DFT and considers geometric dif-
ferences and polarization effects between asymmetric
molecules [24,25]. Secondly, the reorganization energy
can be determined by summing up two relaxation ener-
gies: the relaxation of the donor molecule upon going from
the charged-state geometry to the neutral-state geometry
k0; and the relaxation of the acceptor molecule upon going
from the neutral-state geometry to the charged-state
geometry k1 [25]. We implemented an extended calcula-
tion method involving inter-molecule reorganization
energy contributions, in which a five-oligomer cluster
sliced from the crystal structure is considered [22]. As
shown in Fig. 1b, the central oligomer of the cluster is
allowed to relax during the geometry optimization,
whereas the four peripheral oligomers are fixed in their
crystalline positions. This provides a more reasonable
manner to estimate the reorganization energy than consid-
ering only an individual molecule [22].

The transfer integral calculations were carried out with
DFT using the PW91 exchange–correlation functional
together with the 6-31G� basis set. It has previously been
shown that this combination provides reliable transfer
integrals for sulfur-containing materials [26]. The repre-
sentation for HOMO and LUMO orbitals of NaT2 calculated
at the PW91/6-31G� level of theory are shown in Fig. 1c.
The reorganization energy calculations were performed at
the B3LYP/6-31G�� level of theory, since this combination
of hybrid functional and basis set yields reorganization
energy values closest to experiments [21,25]. All calcula-
tions were carried out using the Gaussian 09 package [27].

3. Experimental details

The bottom gate transistor platform consists of a highly
n-doped silicon substrate (q = 0.005 X cm) serving as the
back gate electrode with a 300 nm thick, thermally grown
layer of SiO2 acting as the gate dielectric (C = 11.5 nF cm�2).
Titanium/gold (2 nm/30 nm) source and drain electrodes
were fabricated on the SiO2 layer by optical lithography,
electron-beam evaporation and lift-off. The substrates were
cleaned by one minute ultrasonic agitation in acetone fol-
lowed by five minutes rinse in flowing deionized water be-
fore organic semiconductor transferring or deposition.
NaT2 nanofibers were prepared by vapor deposition of
the NaT2 molecules under high vacuum conditions
(�5 � 10�7 mbar) onto a freshly cleaved muscovite mica
substrate (rate: 0.05 Å s�1, nominal thickness: 25 nm,
substrate temperature: 473 K), on which the molecules
self-assemble into highly crystalline nanofibers [19]. The
NaT2 nanofibers were subsequently transferred onto the
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