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Charge transport in a two-dimensional molecular
organic semiconductor†

Sasikumar Arumugam,a Iain A. Wright,a Anto R. Inigo,*a Salvatore Gambino,bc

Calvyn T. Howells,b Alexander L. Kanibolotsky,a Peter J. Skabara*a

and Ifor D. W. Samuel*b

Charge transport has been studied in a germanium-centred oligothiophene cruciform featuring 2-D close

packing in the bulk. The morphology has been found to play a significant role in charge carrier transport,

evidenced by time-of-flight and field effect transistor measurements. Thermal step-annealing leads to

the formation of smaller crystalline domains which are favourable for charge transport in device

applications.
Introduction

Increasing the dimensionality of intermolecular interactions in
organic semiconducting materials is a promising strategy for
improving electronic device performance.1,2 The most studied
multidimensional conjugated systems for organic electronics
are based on star-shaped oligomers and dendrimers, which
exhibit improved device performance compared to their linear
analogues.3,4 Swivel-type oligothiophene cruciforms were shown
to form crystalline lms and provide promising materials for
eld effect transistors.5 In contrast, rigid spiro-centred cruci-
form conjugated structures were believed to discourage aggre-
gation and were therefore considered suitable for applications
as highly luminescent materials.6 However, recently we have
shown that a Ge spiro-centred oligothiophene cruciform struc-
ture (Fig. 1) self-assembles with the formation of efficient p–p
stacking in two mutually orthogonal directions yielding a
material which can be used as a donor for efficient bulk het-
erojunction solar cells.7 In this paper we report mobility
measured by time-of-ight and eld effect transistor congu-
rations for the Ge-cruciform, a semiconducting material with
multidirectional intermolecular interactions. We also show that
the morphology of the Ge-cruciform is greatly affected by
post-processing thermal treatment and that this change in
morphology can lead to favourable charge transport and
improved device performance.
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Controlling the morphology of bulk heterojunctions is
important for efficient organic photovoltaics.8–11 The propensity
for the Ge-cruciform material to crystallise in a 2-D close-
packing motif allows us to gain control over the morphology of
this material through post-thermal treatment. Here we show for
the Ge-cruciform that step-annealing leads to the formation of
smaller crystalline domains which favour hole transport
compared to those annealed directly to the nal temperature,
where we see the formation of larger crystalline domains which
are not favourable for charge transport. We demonstrate how
Fig. 1 Structure (top) and packing diagram (bottom) of Ge-cruciform,
obtained from single-crystal XRD studies.7

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Temperature dependent mobility of step-annealed Ge-cruci-
form measured by time-of-flight and organic field effect transistor
methods.
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controlling the morphology of this layer within a planar archi-
tecture can alter the performance of a photovoltaic device.

Results and discussion

Field effect transistor mobilities were measured in bottom gate,
bottom contact congurations. Field effect transistor charac-
teristics were recorded on as-cast and annealed samples.

Fig. 2 shows the transfer characteristics of two sets of samples
with one sample annealed in successive step temperatures of 50,
75, 100 and 120 �C for 20 minutes (data shown for 120 �C), and
another sample was annealed straight to 120 �C for 20 minutes.
The effect of contact resistances on the output characteristics
(Fig. SI1†) of samples annealed straight to 120 �C is stronger than
in the case of samples step-annealed to 120 �C. The temperature
dependentmobilities of step-annealed samples are shown in Fig. 3
(crossed circles). It can be clearly seen thatmobility increases by an
order of magnitude moving from 4 � 10�6 cm2 V�1 s�1 (unan-
nealed, Fig. SI2†) up to 4 � 10�5 cm2 V�1 s�1 aer being step-
annealed to 120 �C. Meanwhile, the samples annealed straight to
120 �C exhibited much lower mobility, 4 � 2 � 10�6 cm2 V�1 s�1,
compared to that of samples with step-annealing.

Although organic semiconducting materials have been
known to exhibit improved performance aer annealing closer
to their glass transition temperature,12–14 a large variation in
mobility due to step-annealing is very interesting andmay play a
Fig. 2 Transfer characteristics for sample (top) after step-annealing
from RT to 120 �C in 20 minutes steps and (bottom) annealed straight
to 120 �C for 20 minutes.

This journal is © The Royal Society of Chemistry 2014
direct role in the efficiency of, for example, organic photovoltaic
(OPV) devices. However, for OPV device applications mobility
measurements in the direction perpendicular to the substrate
surface are required.7,15–17 To evaluate this, charge carrier
mobilities were also measured using the charge generation layer
– time-of-ight (CGL-TOF) method.18,19 Fig. 4 shows the hole
photocurrent transient for an as-cast lm on linear and log–log
scales (inset), at room temperature and for an applied electric
eld E ¼ 3.3 � 104 V cm�1. The absence of a clear plateau in the
photocurrent transient on a linear scale is indicative of highly
dispersive charge transport behaviour. In order to estimate the
transit time (ttr), a log–log plot was necessary, which allowed
measurement of the transit time from the change of slope of the
photocurrent transient, ttr ¼ 43 ms. The transit time corresponds
to a mobility of m ¼ 1 � 10�5 cm2 V�1 s�1. We have studied the
Fig. 4 Hole photocurrent transient on linear and log–log scale (inset)
for a film of Ge-cruciform, at room temperature and for an applied
electric field E ¼ 3.3 � 104 V cm�1.

J. Mater. Chem. C, 2014, 2, 34–39 | 35
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Fig. 5 Tapping mode AFM images of Ge-cruciform: (top) annealed at
120 �C for 20 minutes after prior annealing at 50, 75, 100 for
20 minutes; (bottom) annealing straight to 120 �C for 20 minutes.
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hole mobility eld dependence, as shown in Fig. SI4† (squared
dots). As the electric eld is increased from 3.3 � 104 V cm�1 to
3.3� 105 V cm�1, the hole mobility increases from 1� 10�5 cm2

V�1 s�1 to 3� 10�5 cm2 V�1 s�1. This eld dependent mobility is
typical of organic semiconducting materials governed by the
Poole–Frenkel relationship with an initial dip and then linear
relationship at higher electric elds.20–23

Room temperature CGL-TOF measurements were also
performed on annealed samples in the same way as for FET
mobility (see ESI†). Fig. SI4† shows the hole mobility eld
dependence for the as-cast sample and the annealed ones at
temperatures of 50 and 75 �C. The change in slope (decreasing
gradient with increasing temperature) of the eld dependent
mobility with respect to temperature can be related to the
positional disorder present in the material.19,22,24

For a direct comparison, Fig. 3 (open circles) shows hole
mobility measurements on an as-cast sample and an annealed
one at temperatures of 50, 75 and 100 �C. Again, it can be clearly
seen that mobility increases by an order of magnitude moving
from 1 � 10�5 cm2 V�1 s�1, for the as-cast sample, up to 1 �
10�4 cm2 V�1 s�1 for the sample annealed at 100 �C.

It is worth noting here that the charge transport direction
in the TOF method is perpendicular to the plane of the
substrate, whereas the charge transport direction in OFETs is
parallel to the plane of the substrates. While these two
different types of measurements are governed by different
physical phenomena, for example low level charge carrier
density in TOF as opposed to high charge carrier density in
OFETs, the general trend of mobility with respect to increase
in annealing temperature remains the same. Though one
would expect an order of magnitude higher mobility in OFETs
than TOF, such differences in absolute mobility values should
be accounted by detailed structural morphology with respect
to charge transport parameters in the respective charge
transport directions since the morphology parameters have
larger effects on charge carrier mobility.25 While these detailed
structural and charge transport studies are beyond the scope
of this article, the current trend in mobility shown in Fig. 3
with respect to successive annealing temperature indicates
that the charge transport pathways in directions parallel and
perpendicular to the substrate plane are greatly enhanced by
successive annealing and cooling.

Further morphological studies using scanning microscopies
support this assumption. Tapping mode AFM height images of
as-cast lms show that the surface structure is amorphous
(Fig. SI5†). In the case of step-annealed samples, crystalline
structures start to form around 50 �C. There is no signicant
difference in the domain or crystalline structures of the samples
annealed at temperatures between 50 and 100 �C (Fig. SI5†).
However, the rms surface roughness of samples subsequently
annealed at 75 and 100 �C is almost double compared to that of
samples annealed at 50 �C. This could be due to the reason that
crystalline domains start to form above 75 �C, which is further
conrmed by independent measurements discussed below.
Annealing of the same samples even further at 120 �C for 20
minutes produces broken rod-like crystalline domains of �200
nm length and 20 nm width (Fig. 5, top).
36 | J. Mater. Chem. C, 2014, 2, 34–39
In the case of samples annealed straight to 120 �C, the tapping
mode AFM height images show a nice branching brillar struc-
ture (Fig. 5, bottom). The structures were of �10 mm length and
�1 mm width. The horizontal separations between these crystal-
line rods were as long as 8 mm with random alignment. The
random alignment of these bulky rods would be a detrimental
factor for observing higher mobilities, since the charge carriers
have to overcome rough interfaces in addition to unfavourable
alignment of these domains to the direction of the electric eld.

Annealing the samples at 120 �C might have given all the
molecules relatively similar molecular mobility so that they can
form a thermodynamically stable structure, resulting in the
long, branching brillar structures shown in Fig. 5 (bottom). In
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Device structure of solar cells (top) and short-circuit current
calculated for a single device measured at RT, then step-annealed at
50, 75, 100 and 120 �C with measurements taken between each
temperature step of 20 minutes (middle) and several individual devices
annealed straight to a given temperature for 20 minutes (bottom).
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contrast, successive step-annealing and cooling up to 120 �C
might have reduced the molecular mobility due to the forma-
tion of smaller crystals at temperatures lower than 100 �C.
These observations show that faster annealing promotes growth
over the nucleation of crystalline domains; although molecular
mobility is important, the rate of nucleation is presumably the
dominating factor for the difference in morphologies under
these annealing conditions. Once the temperatures are further
raised to 120 �C, the crystalline structures already formed at
100 �C may block movements of mobile molecules to form a
dense, short-range ordered (DSRO) medium. This type of DSRO
medium would be favourable for any type of electronic devices
based on charge transport, such as solar cells or OFETs. To
demonstrate the effect of post-processing thermal treatment on
device performance we fabricated solar cells with a planar
heterojunction structure (Fig. 6 top; for energy levels of
components, see Fig. SI6†). For this, a low boiling point solvent
was required to enable crystals to form at room temperature
whilst also drying rapidly to reduce intermixing and allow for
crystal growth when annealed straight to 120 �C. For this,
carbon disulphide was selected as it previously demonstrated
its ability to control cruciform aggregation in bulk heterojunc-
tion OPVs.7 As a comparison, lms were also made from the
more conventional solvent, chlorobenzene. The lms deposited
from carbon disulphide or chlorobenzene at room temperature
exhibit a similar morphology (Fig. SI7a and SI7c,† respectively).
Due to the lower boiling point of carbon disulphide (46 �C), on
annealing straight to 120 �C we see the formation of crystalline
structures which are rod-shaped (Fig. SI7d†). We observe
similar absorption spectra (Fig. SI8†) for lms from carbon
disulphide or chlorobenzene annealed straight to 120 �C.
However, below 450 nm we see some variation due to the size of
the structures for lms spun from carbon disulphide. Inter-
estingly, we see less structure in absorption for the step-
annealed lms. Fig. SI9 and SI10† were obtained from a proler
and show the change in morphology between step-annealed
and samples annealed straight to 120 �C, respectively. A lm of
similar thickness was used in the planar devices. Several
samples were annealed straight to a given temperature. Aer
acceptor and back electrode deposition they were characterised.
A single device that was not annealed was measured at room
temperature, then annealed at 50 �C for 20 minutes and
measured. The device was subsequently annealed at 75, 100,
and 120 �C. Between each temperature ramp of 20 minutes an
incident photon to converted electron efficiency (IPCE)
measurement was taken. We calculated the short-circuit current
density (Jsc) under AM1.5G illumination by integrating each
IPCE measurement. We see for a single device that step-
annealing increases the IPCE (Fig. 7, top), and we observe a
sharp fall in IPCE for devices annealed straight to 100 �C or
120 �C (Fig. 7, bottom). When we compare our results by
calculating the short-circuit current (Fig. 6), we see similarities
with the mobility measurements (Fig. 3). In our studies we see
that the morphology of the semiconductor material is greatly
inuenced by the thermal annealing process and that this
change in morphology affects the mobility. Controlling this
process through step-annealing allows us to achieve favourable
This journal is © The Royal Society of Chemistry 2014
charge transport for improved device performance. For devices
annealed directly to 100 or 120 �C we see larger crystalline
structures. We show that these structures are unfavourable for
charge transport and lead to poor device performance.
J. Mater. Chem. C, 2014, 2, 34–39 | 37
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Fig. 7 Top – Single device measured at RT, then annealed at 50 �C for
20 minutes and re-measured. This process was repeated for 75, 100
and 120 �C. An IPCE measurement was taken between each
temperature step of 20 minutes. Bottom – IPCE for several devices
annealed straight to a given temperature for 20 minutes.
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These charge transport measurements on OPV devices,
combined with the OFET and TOF results, suggest that the
mobilities observed perpendicular to the plane of the substrates
by OPV and TOF measurements, and parallel to the plane of
substrates by OFET measurements, are inuenced by different
annealing methods as a function of the material’s unique
2-dimensional p–p stacking.

Summary

Temperature dependent mobility of Ge-cruciform is measured
by using two independent techniques, TOF and OFET, and
supports the view that the 2-D stacking interactions favour
charge carrier mobility/transport in more than one direction.
TOF and OFET carrier mobilities can be enhanced by specic
annealing procedures and temperatures to maximise their
utilisation in devices such as solar cells and eld effect
transistors where the charge transport directions are perpen-
dicular to one another. In addition, successive annealing and
cooling provided a DSRO medium which was more favourable
to charge carrier mobility in the plane of the lm and in the
38 | J. Mater. Chem. C, 2014, 2, 34–39
orthogonal direction than that of larger crystalline, branching
brillar structures produced by single annealing. These results
highlight the importance of an increase in the bulk dimen-
sionality1 of organic semiconductors for device performance,
which is provided by the 3-D molecular architecture of Ge-
cruciform.

Experimental

The compound Ge-cruciform was synthesised according to the
previously reported procedure.7

Field effect transistor devices

Organic eld effect transistors were fabricated on highly con-
ducting Si with thermally grown 200 nm SiO2 substrates with
prefabricated interdigitated Au ngers with a channel length of
10 mm and channel width of 1 mm. Cleaned substrates were
then treated with 10 mM of pentauorobenzenethiol (PFBT) in
ethanol for 15 minutes followed by 10 mM of n-octadecyltri-
chlorosilane (OTS) in toluene for 30 seconds. These treated
substrates were then transferred to a nitrogen-controlled
MBraun glove box to spin-cast 20 mg/cc solutions of Ge-cruci-
form in chlorobenzene. Current–voltage characteristics were
recorded using a Keithley 4200 semiconductor parameter ana-
lyser under an air atmosphere. Saturation mobilities were
calculated by tting a straight line to VGS vs. (IDS)

1/2 in the
saturation region. The surface morphology was investigated by
tapping mode atomic force microscopy (AFM), Dimension 3100.

Thermal annealing

One set of samples was annealed at 50, 75, 100 and 120 �C for 20
min in successive order and characterised accordingly. The other
set of samples was annealed directly at 120 �C for 20 minutes.

Time-of-ight measurements

For CGL-TOF measurements, solutions of Ge-cruciform were
made to concentrations of 30 mg ml�1 in chlorobenzene. Films
were spin-cast onto ITO substrates, in order to obtain a lm
thickness of around 150 nm. The samples were then transferred
to an evaporator where, under high vacuum, a 10 nm layer of the
perylene dye (Lumogen Red) was deposited, followed by 100 nm
of aluminium. Aer aluminium deposition the devices were
placed in a cryostat where photogeneration of charge carriers in
the lumogen red was achieved with a 580 nm pulsed dye laser,
which is the peak of the absorption spectrum of Lumogen Red.
At this excitation wavelength the Ge-Cruciform is transparent
(see Fig. SI11†). The aluminium electrode was biased positively
and the photocurrent transient detected from the ITO and was
recorded using a digital oscilloscope. The devices were then
removed from the cryostat and annealed at the required
temperature and time before being re-measured. The charge
carrier mobility was determined from the transit time (ttr) using
the relation:

m ¼ L2

V � ttr
This journal is © The Royal Society of Chemistry 2014
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where L is the thickness of the organic layer and V is the external
applied voltage.
Organic solar cells

Indium tin oxide (ITO) coated glass substrates were masked and
etched in hydrochloric acid (37%) for 20 minutes. The mask was
removed and the substrates cleaned by sonication in deionised
water, acetone and isopropanol. The substrates were dried and
placed in an oxygen plasma asher for 5 minutes. Poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) from
Clevios (AI4083) was spin-coated on the ITO. The substrates were
then placed on a hotplate at 120 �C for 20 minutes in a nitrogen
lled glove box. A �250 nm lm of the Ge-cruciform was spin-
coated from a carbon disulphide solution. Before depositing the
acceptor the samples were annealed at a single temperature
(either RT, 50, 75, 100 or 120 �C) for 20 minutes. The acceptor
[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) from Sol-
enne B. V. Company was spin-coated from a chlorobenzene
solution, producing lms of �30 nm. Film thicknesses were
measured using a Dektak 150 M stylus prolometer. The
samples were then inserted into an evaporator for top electrode
deposition. A �20 nm calcium layer and a �200 nm aluminium
cathode were thermally evaporated at a pressure of 2 � 10�6

mbar. Immediately aer electrode deposition the devices were
encapsulated with a glass cover slip and a UV activated optical
adhesive from Thorlabs. The devices were then removed from
the glovebox and characterised in air using an incident photon
to charge carrier efficiency (IPCE) setup consisting of an NPL
calibrated photodiode, Keithley 6517A picoammeter and a
TMc300 monochromator. The device that was not annealed was
later annealed at 50, 75, 100 and 120 �C in succession. The
annealing time for each temperature was 20 minutes. Incident
photon to current efficiency (IPCE) was measured between each
temperature ramp. We calculated the short-circuit current
density Jsc for each IPCE measurement using the equation:

Jsc ¼ q
Ð
F � IPCEdl

where:

F ¼ Pl

hc

here P is the AM1.5G spectrum.
For scanning electron microscopy (SEM) and photophysical

studies, lms were prepared on fused silica substrates from
carbon disulphide or chlorobenzene. Samples for OFET, TOF and
OPV were produced using the same procedure. SEM images were
recorded with a HITACHI S-4800 scanning electron microscope
and UV-visible absorption spectra were recorded with a Varian
Cary 300 spectrophotometer.
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