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ABSTRACT: Charge transfer (CT) cocrystals, molecular crystals composed of electron donating and accepting species, are being
developed for applications in optoelectronics. Here we present optical and electronic characterization of the CT cocrystal
phenothiazine−tetracyanoquinodimethane (PTZ−TCNQ). This material has a broad NIR absorption peak with an optical band
edge less than 0.6 eV. We used density functional theory calculations to identify the origin of the low energy CT states and changes
in the Raman spectra. We also demonstrate the fabrication of long, ribbon-like oriented cocrystals using an evaporative alignment
method. Cocrystals grown on Si substrates were fabricated into organic field effect transistors. Despite theoretical predictions of
ambipolarity, only electron conduction was observed, with mobilities on the order of 10−4 cm2 V−1 s−1. Measurements of the
temperature dependence of the mobility indicated a superexchange mediated hopping mechanism for charge transport, with a
characteristic energy scale of 0.19 eV.

KEYWORDS: charge-transfer crystal, organic field effect transistor, evaporative self-assembly, directed growth,
superexchange charge transport

■ INTRODUCTION

Organic semiconductors have been extensively investigated
over the past several decades for the development of
inexpensive, flexible, and potentially disposable electronics
that would complement those fabricated from inorganic
materials. Unipolar organic field effect transistors (OFETs)
date back to the late 1980s,1 and significant research effort
since that time has focused on developing new organic
semiconducting materials.2,3 More recently, there has been
considerable interest in utilizing the ambipolar charge
transport that some organic materials display to create novel
types of devices.3,4

Charge transfer (CT) cocrystals are molecular crystals
composed of electron donor and acceptor molecules in either
segregated or mixed stack arrangements.5−7 Most mixed stack

cocrystals are semiconductors and, depending on the
constituent molecules, can display very different behaviors,
including ferroelectricity,8 superconductivity,9 and large photo-
conductivity.10 Many of them can be grown in nanowire forms
which can be aligned and therefore easily integrated into
devices.11

Both ground and exited states of CT cocrystals have some
degree of electron transfer from donor to acceptor. The
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associated changes in the wave functions typically result in a
new peak in the optical absorption spectrum, usually at a lower
energy than the HOMO−LUMO transitions of the individual
donor and acceptor molecules.12 In addition, large charge
carrier mobilities have been measured in some systems; for
example, Takahashi et al. found electron mobilities ∼1 cm2 V−1

s−1 in DBTTF−TCNQ (dibenzotetrathiafulvalene−7,7,8,8-
tetracyanoquinodimethane).13 Recent reports have also
suggested that particular combinations of donor and acceptor
molecules can lead to CT crystals that have balanced electron
and hole mobilities as large as 0.05 cm2 V−1 s−1, making them
promising as materials for ambipolar OFET applications.14,15

Zhu et al. performed a systematic computational study of a
number of charge transfer crystals and reported calculations of
the effective masses for electrons and holes.14 Of the materials
they investigated, the mixed-stack CT crystal composed of the
electron donor phenothiazine (PTZ) and the electron acceptor
7,7,8,8-tetracyanoquinodimethane (TCNQ), shown in Figure
1, showed low values for the effective masses for both carriers

that were on the same order of magnitude: me = 0.51m0 and mh
= 0.50m0 for the C2/c-symmetry cocrystal. These imply
balanced charge transport with good charge carrier mobility.
They also calculated a low band gap of around 0.5 eV in this
material that is consistent with experimental measurements of
bulk cocrystals.
PTZ is a compound used in a number of medical

applications, for example, as an antibacterial and antifungal
agent.16 TCNQ is one of the strongest organic electron
acceptors known and has been used in numerous charge
transfer complexes with donors such as tetrathiafulvalene17 and
perylene.18 These two compounds have been shown to form a
mixed-stack charge transfer complex in bulk form,19,20 and
recently microwire FETs of this cocrystal have been
reported.21

To be useful for optical and electronic applications,
cocrystals must be able to be formed using simple, scalable
methods. Controlled alignment of the crystal axis is also
important because most of these materials have anisotropic
electronic and optical properties. There has been a
considerable amount of recent research on the formation and
alignment of nanowires of organic crystals over the past several
decades.11,22 Various methods have been developed for
controlling the growth to be preferentially along the stacking
direction and aligned along a particular direction, including
dewetting induced crystallization,23 dip coating,24 and the
Marangoni effect.25 The controlled evaporative self-assembly
(CESA) method developed by Han and Lin,26 and applied to
OFETS by Bi et al.,27 has been shown to be an effective
method for obtaining well-aligned nano- and microwires of
organic crystals. In this method, the crystal aligns through
solvent evaporation in the presence of capillary forces. These
forces arise from the meniscus of the solvent created by a glass

cylinder placed on top of the drying solution. A schematic of
the method is shown in Figure 2.

Here we demonstrate the formation of ordered cocrystals of
PTZ−TCNQ using the CESA method. This fabrication
method has a substantial advantage of being easily adaptable
to roll-to-roll processing of printed electronics, and to our
knowledge, this is the first use of it to create devices from CT
cocrystals. The cocrystals formed long microribbons, from
which we fabricated field effect transistors and measured the
mobility as a function of temperature. Contrary to theoretical
predictions, we observed primarily electron transport, with a
modest value for mobility. The temperature-dependent
mobility suggests hopping through a superexchange coupling
as the primary mechanism of charge transport.28

■ EXPERIMENTAL METHODS

Aligned cocrystals for devices were prepared using the controlled
evaporative self-assembly (CESA) method directly from acetone
solutions. Both components were dissolved in acetone at equal
concentrations of 1 mmol. An 8 mm diameter glass cylinder was
placed onto the substrate, and 0.02 mL of solution was pipetted onto
the cylinder. The solution gathered at the interface between cylinder
and substrate, where it wicked along the gap between the glass rod
and the substrate. The solvent was allowed to dry over 6 min,
resulting in only cocrystals remaining on the substrate.
Samples for characterization via UV−vis−NIR spectroscopy and

optical microscopy were grown using glass microscope slides as the
substrate. The slides were rinsed with acetone prior to deposition.
Similarly, samples for X-ray diffraction were grown on a glass
microscope coverslip.
For Raman spectroscopy and OFET fabrication, the crystals were

deposited on P-doped Si wafers with a 285 nm oxide layer grown on
them. To make the OFETs, a CVC magnetron sputtering system was
used with a metal shadow mask (see Figure S1) to deposit electrodes
consisting of a 15 nm thick adhesion layer of Titanium followed by a
500 nm layer of gold. The channel length was 85 μm and the width
was 3 mm, although the entire channels were generally not completely
covered with the crystals. Optical microscopy images of the devices
were used to determine the effective channel lengths by measuring the
area of the gap that was covered by the crystals.
Absorption spectra were taken with a Cary 5000 UV−vis−NIR

spectrophotometer in transmission mode. Optical images were taken
on a Zeiss upright microscope using a 20× objective. Powder X-ray
diffraction patterns were collected on a zero-background Si wafer
sample holder using a Rigaku Ultima IV X-ray powder diffractometer
with Cu Kα radiation at 40 kV and 30 mA and a D/teX silicon strip
detector. SEM images were taken with a Zeiss Supra 55VP with an in-
lens detector at 5 kV beam energy. Silicon wafers with samples were
diced and imaged directly.
Atomic force microscopy (AFM) and Kelvin probe force

microscopy (KPFM) were performed on cocrystal samples using a

Figure 1. Molecular structures of phenothiazine (left) and TCNQ
(right).

Figure 2. Diagram of the CESA method.
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NTEGA Prima AFM. For AFM, a silicon probe (cantilever force
constant ∼3.5 N/m) was operated in tapping mode, with a scanning
rate of 0.5 Hz. For two-pass KPFM, the sample surface was connected
to the ground via a metal clip, and a silicon probe with gold or
titanium nitride-coated tip (cantilever force constant ∼10 N/m) was
used. A slower scanning rate (0.2 Hz) was needed due to the relatively
large variation in surface height.
Electronic characterization was done using a probe station

consisting of three micromanipulators connected to an HP 4140B
pA meter/voltage source. The instrument was controlled by a
LabView program that swept the applied voltage and measured the
corresponding current. Temperature-dependent measurements of the
transfer curves in the range from 280 to 350 K were done using a
Peltier heater that was controlled by a TC-720 thermoelectric
temperature controller. A silicon wafer containing the test devices was
attached to the Peltier heater using thermal grease. A feedback
thermistor to monitor the temperature of the wafer was also attached
using thermal grease ∼5 mm away from the device being tested.
For temperatures from 120 to 293 K, devices were measured in a

cryostat at a vacuum pressure of ∼5 × 10−5 Torr. Using conductive
silver paste, leads were attached to the existing gold electrodes to
interface with the cryostat system. No significant difference in device
performance was observed at room temperature between the two
temperature-controlled setups, indicating that the vacuum pressure
and extension wires did not significantly alter device performance.

■ RESULTS AND DISCUSSION

Synthesis of Oriented Cocrystals. PTZ−TCNQ showed
a preference for crystallizing in needle-like morphology, as
shown in bulk cocrystals prepared by solvent evaporation.
Using the CESA method, we were able to grow oriented
ribbon-like cocrystals as shown in an optical microscopy image
in Figure 3. We found that the solvent can play an important
role in the formation and orientation of crystals formed using
CESA29 and that acetone works well to produce long, well-
aligned crystals.
AFM measurements, an example of which is shown in Figure

4, indicated that the cocrystal morphology was that of ribbons,
with thicknesses of the order of 100 nm and width 1−2 μm.
This is similar to other materials we have grown using CESA,
including perylene−TCNQ30 and polydiacetylene.29

Cocrystals prepared using CESA were too thin and narrow
for single crystal X-ray diffraction measurements, but powder
X-ray diffraction data are shown in Figure 5, along with the
known peaks for bulk PTZ−TCNQ from the Cambridge
Structural Database.31−33 The spectrum matches the two main
peaks for the cocrystal ([021] and [040] planes). Because the
X-ray diffraction is at a fixed orientation with respect to the

crystal axis, it might not display all peaks as in a powder X-ray
spectrum. In addition, we see a large peak that appears to be
from pure phenothiazine and possibly some contribution of
TCNQ as well. This may be from regions of the film at the
start or end of the CESA crystal formation as the area probed
spans the entire growth length of the substrate. We have shown
that in cocrystal formation by evaporation the stoichiometry
that forms is influenced by both the phase diagram and the
initial solution concentration, and pure crystals may form at
the beginning or end of the process.30

Spectra taken with different orientations of the ribbons with
respect to the scattering plane showed the same peaks but
different relative ratios. In particular, the peak at 13.8°
corresponding to the [040] plane showed a pronounced
increase relative to the peaks at other angles for ribbons
oriented perpendicular to the scattering plane (see Figure S2).
This suggests that the long axis of the ribbons coincides with
the stacking direction of the cocrystals. This alignment is
observed in other cocrystals fabricated using CESA,30 as well as
similar to the needle-like crystals that typically form for bulk
PTZ−TCNQ.31−33 It was also corroborated by the charge
carrier mobility values presented later, which are predicted to
be substantial only along the crystal stacking axis.
Raman spectroscopy provided further evidence for the

cocrystal formation by demonstrating a shift in the peaks of the
TCNQ molecule. Figure 6 shows the Raman spectra of a
ribbon of PTZ−TCNQ prepared using CESA and pure

Figure 3. Optical images of bulk PTZ−TCNQ cocrystals grown from solution (a) and grown using CESA (b).

Figure 4. AFM images of PTZ−TCNQ cocrystals.
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TCNQ nanocrystals. Most of the prominent peaks in this
region are from TCNQ: a peak at 1207 cm−1 attributed to a
CH bend and peaks at 1454 and 1602 cm−1 associated with
C�C stretch modes.34 We were unable to obtain a clear
Raman spectrum of PTZ due to the large background
fluorescence, but its spectrum has been reported in the
literature as having a strong peak at 1040 cm−1, attributed to a
CH ring deformation, along with moderate peaks at 1250
(symmetric Ph−N−Ph stretch mode), 1570, and 1605 cm−1

(ring stretch modes).35 Interestingly, in the cocrystal we only
observed the PTZ peak at 1605 cm−1. The other PTZ modes
may be quenched in the cocrystal or simply much weaker than
those from TCNQ.
The red-shift in the TCNQ C�C stretch peak at 1454 cm−1

in the cocrystal has been attributed to the changes due to the
charge transfer.36 The peaks in the cocrystal made with CESA
matched well with those of PTZ−TCNQ cocrystals grown by
the reprecipitation method, a method of forming crystals by

rapidly mixing with a poor solvent.37 Temperature-dependent
Raman spectroscopy was also performed, and results are shown
in Figures S3−S5.
Figure 7 shows UV−vis−NIR optical absorption spectra of

pure PTZ, pure TCNQ, and the cocrystal prepared using
CESA. Compared to crystals of the individual coformers,
which have absorption maxima in the blue/UV range, the
cocrystal displays a broad IR absorption band centered at
roughly 1500 nm (0.83 eV), in agreement with measured21,38

and calculated14 values of the bulk cocrystals.
Molecular Modeling. Density functional theory (DFT)

calculations were performed using the Gaussian0939 software
suite. The hybrid functional, B3LYP (Becke-3 Lee−Yang−
Parr),40−42 was used to approximate the exchange−correlation
(xc) energy functional. B3LYP adds a fixed percentage (20%)
of exact exchange to the xc-functional, improving upon the
more traditional approximations to the xc-functional. We
performed all calculations with two different basis sets: (i) the

Figure 5. X-ray diffraction spectra of the PTZ−TCNQ cocrystals grown using CESA (top), shown along with spectra of bulk PTZ−TCNQ
(PTZTCQ), pure PTZ (PHESAZ01), and pure TCNQ (TCYQME08) from the CSD (the abbreviations are those used in the database).

Figure 6. Raman spectra of PTZ−TCNQ and pure crystals of TCNQ. Crystals of pure PTZ had too strong of a fluorescence signal to obtain a clear
Raman spectrum.
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standard 6-31G* and (ii) the larger 6-311G** basis set. We
find a very good agreement for the singlet excitation energies
obtained from our time-dependent DFT (TD-DFT) calcu-
lations using the two basis sets, as was also reported in earlier
studies of organic molecules.43 On the other hand, in the case
of the Raman spectra, we find a much better agreement
between experiment and theory when the larger 6-311G**
basis set is employed. Hence, we report our results obtained
with this larger basis set.
We calculated the ground- and excited-state properties of the

individual molecules and compared those with the properties
of a simpler PTZ−TCNQ complex containing a single
molecule of each species. Although this complex is not an
infinite structure representing the bulk material, it captures the
most salient features of the Raman and UV−vis spectra of the
cocrystals and can be used as a model structure to illustrate the
changes in properties when the individual constituent
molecules are brought together to form the cocrystals. Figure
8a shows the optimized structure for the PTZ−TCNQ

complex. Figure 8b is an energy-level diagram showing
alignment of levels corresponding to the molecular orbitals
of the isolated PTZ molecule (in red), TCNQ molecule (in
blue), and the PTZ−TCNQ charge-transfer complex (in gray)
within the B3LYP approximation. The gaps between the
highest and the lowest occupied molecular orbitals (HOMO−
LUMO gaps) are also given in the figure. We find that the CT
complex has a much smaller HOMO−LUMO difference than
either of the constituent molecules. Furthermore, our
calculations show that a net charge of ∼0.18e is transferred
from the electron donor, PTZ, to the electron acceptor,
TCNQ.
We further used DFT to calculate the Raman spectra of the

PTZ−TCNQ complex along with those of the isolated
molecules. DFT is known to overestimate the calculated
values of Raman frequencies relative to the experimental
results.44 Hence, the theoretical Raman spectra for the three
structures in Figure 8c are scaled uniformly, allowing
comparison with experiment. A scaling factor of 0.97 gives a

Figure 7. Absorption spectrum of 1:1 PTZ−TCNQ cocrystals along with pure crystals of PTZ and TCNQ. The large, broad peak centered at 1540
nm corresponds to the absorption by the CT band.

Figure 8.Molecular modeling. (a) Equilibrium structure of the PTZ−TCNQ composite (b) Single-particle energy levels (c) Scaled Raman spectra
(scaling factor = 0.97) of individual molecules and their composite, showing the origin of additional lines around ∼1602 cm−1 line to be due to
Raman-active modes that are mostly localized on PTZ. (d) Theoretical UV−vis spectra of individual molecules and their composite. (e) Lowest
energy transition in the UV−vis spectrum of the composite corresponds to the charge-transfer transition from the HOMO (mostly localized on
electron donor PTZ) to the LUMO (mostly localized on TCNQ).
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good agreement (to within ±15 cm−1) between the theoretical
results and the measured Raman spectra (cf. Figure 6). The
scaling factor employed here is consistent with the commonly
used values in the theoretical studies of Raman spectra.45 We
also identify the source of the observed (apparent) splitting of
the 1602 cm−1 line, which is associated with the TCNQ’s C�

C stretch mode. This apparent splitting is found to instead be
due to vibrational modes that are mostly localized on the PTZ
molecule within the complex.
To further understand the properties of the cocrystals, we

also calculated the UV−vis spectra of the PTZ−TCNQ
complex and the individual, isolated molecules using TD-DFT.
The UV−vis spectrum of our model complex is found to be in
qualitative agreement with the experimental spectrum for the
cocrystal, with the smallest energy excitation of the PTZ−
TCNQ complex (Figure 8d) occurring at 1198.20 nm (1.03
eV). It is larger than the measured absorption maximum shown
in Figure 7; however, this may simply be due to the fact that
the calculation was done for a dimer, while the measured
spectra were from cocrystals. Long-range ordering in a CT
cocrystal can lead to decreases in the HOMO−LUMO energy
difference compared to that in the dimer complex and may also
affect the degree of charge transfer, which was measured to be
0.31 (see the following section). Figure 8e shows the isosurface
plots for the frontier orbitals involved in the lowest energy
transition in the UV−vis spectrum of the composite,
corresponding to the charge-transfer transition from the
HOMO (mostly localized on electron donor PTZ) to the
LUMO (mostly localized on TCNQ). Hence, this transition
will lead to sufficient charge separation, ensuring reduced
charge recombination upon excitation. The next excitation
with a large oscillator strength (460.51 nm/2.69 eV) involves
transitions from deeper states (HOMO−1, HOMO−2,
HOMO−3, and HOMO−4) to the LUMO. This transition
has a mixed local and charge transfer character, with the
HOMO−3 and HOMO−4 mostly localized on the PTZ
molecule within the complex, while the other two orbitals have
considerable contributions from the molecular orbitals of
TCNQ. The mixed character of the excitations (charge transfer
and local) may play a role in the efficiency of the cocrystal in
optoelectronic applications.

Degree of Charge Transfer. The charge transfer
interaction in a mixed-stack structure can be modeled by
assuming the overlap (transfer integral) between adjacent
molecules is small compared to other energies in the system so
that the electrons are highly localized onto their corresponding
molecules. The energy involved in the transfer of charge is that
of ionizing a donor−acceptor pair and the electrostatic
Madelung energy gained if the molecular lattice is ionic.46

The cost of ionizing the donor−acceptor pair is given by the
difference between the ionization potential of the donor, I, and
the electron affinity of the acceptor, A. The Madelung energy is
given by α⟨e2/a⟩, where α is the Madelung constant and the
term in parentheses represents the averaged electrostatic
interaction between a neighboring donor and acceptor
molecule separated by distance a. The total energy per
donor−acceptor pair is given by

=E I A
e

a
( ) ( )

2
2

(1)

where ρ is the degree of charge transfer between the donor and
acceptor molecules (0 ≤ ρ ≤ 1, where a value of 0 reflects a

neutral solid while a ρ value of 1 indicates a completely ionic
compound). Most charge transfer crystals will have inter-
mediate values of ρ, indicating partial charge transfer.
The value of the ground-state charge transfer, ρ, can be

estimated using Raman spectroscopy, as demonstrated by
Matsuzaki et al. in their work on TCNQ salts.36 They showed
that shifts in the C�C stretch mode of the TCNQ at
wavenumber 1454 cm−1 corresponded to the degree of charge
transfer. From the 19 cm−1 shift of this peak shown in Figure 6,
we find a value ρ = 0.31 for PTZ−TCNQ, indicating a
moderate amount of charge transfer. This value is somewhat
larger than that determined by Tanaka et al. using the
measured oscillator strength of the CT transition in a bulk
crystal.20

Torrance et al. showed that CT cocrystals can be classified
as either ionic or neutral depending on I − A, with a phase
transition occurring near the Madelung energy α⟨e2/a⟩.46

Using the value for α⟨e2/a⟩ ∼ 4.1 eV found by Torrance et al.,
I = 7.02 eV reported by Bloor et al. for phenothiazine,47 and A
= 3.38 eV for TCNQ measured by Zhu and Wang,48 we find
that PTZ−TCNQ is close to the transition, but slightly on the
ionic side, matching the results of the charge transfer value
determined from the Raman spectra. The dependence of the
frequency of the optical absorption of the CT transition, νCT,
on I − A was determined by Torrance to be

=h I A e a( ) /CT
2

(2)

This gives an optical absorption energy transition of 1.13 eV,
comparable to the measured value of 0.83 eV.
We also investigated the temperature dependence of the

Raman spectra. We saw clear red-shifts of lines associated with
some of the peaks, for example, the TCNQ C�C stretching
mode at 1640 cm−1, but no changes in the TCNQ 1454 cm−1

peak that is sensitive to the degree of charge transfer,
suggesting that there is negligible temperature dependence of
ρ (see Figures S4 and S5).

Charge Transport. As mentioned earlier, there have been
several reports of ambipolarity in PTZ−TCNQ, both
computational and experimental. However, charge transport
in organic devices may be influenced by properties other than
the intrinsic mobility, including trap states, charge injection at
the electrodes, and material doping.49 To measure the charge
carrier mobility in PTZ−TCNQ, we fabricated OFETs using
the CESA method to create an array of ribbons to serve as the
active layer. Some of the ribbons contain bends, which are
likely to reduce mobility, or splits, which may affect transport if
branches do not reach the electrodes. Ribbons also overlap,
which could also affect mobility due to the mechanical stress
on the cocrystals.
Initial devices were fabricated using a bottom electrode

configuration, in which the cocrystals were deposited on gold
source and drain electrodes that had been previously deposited
on a Si/SiO2 wafer. While this produced functioning devices,
they suffered from low mobilities and large amounts of
hysteresis. To improve the performance, we fabricated top
electrode devices, a schematic of which is shown in Figure 9.
PTZ−TCNQ cocrystals were grown directly onto a 4 in. Si/
SiO2 wafer using the CESA method as described earlier. Gold
electrodes with a titanium adhesion layer were then sputtered
directly on top of the semiconducting cocrystals through a
shadow mask, producing a more effective direct contact
between the metal and the cocrystal channel. The deposition
rate of the gold layer needed to be slow (0.8 Å/s) to prevent
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damage to the crystals under the metal mask, an effect that we
observed at higher deposition rates. This was most likely due
to heating of the metal shadow mask caused by the prolonged
bombardment of Au ions. More details concerning the shadow
masks and deposition conditions are given in the Supporting
Information (Figure S1). An SEM image of the cocrystals in a
functional device is shown in Figure 10.
Device performance using these electrodes was consistent

across multiple (15) samples. An example transfer curve, in
which the source drain voltage is fixed and the current
measured as the gate voltage is swept, is shown in Figure 11.
The inset shows the current as a function of source−drain
voltage with no gate voltage applied.
As described in several previous works (see for example ref

13), the sign of the charge carriers is mainly determined by the
alignment of the electrode work function with respect to the
semiconductor HOMO−LUMO gap. Good alignment of the
electrode work function with the LUMO (HOMO) is
necessary to yield good ohmic contact for the injection of
electrons (holes). Alignment of the electrode work function in
the middle of the gap can yield ambipolar transport for
materials with a narrow bandgap and sufficiently low injection
barrier. Ambipolar transport for an individual PTZ−TCNQ
cocrystal was indeed reported by Li et al. with a source−drain
voltage as high as 40 V and gate voltage varying from −40 to
+40 V.21 The output curves were not reported. The transfer
characteristics of our devices only show an increase in current
in the positive gate voltage range, as shown in Figure 11, while

the linear dependence of the output curves indicate ohmic
contacts or small Schottky barriers for the charge carriers.
These results suggest that the electrode work function is
aligned closer to the LUMO energy, yielding n-type transport.
To confirm this, we performed Kelvin probe measurements of
the cocrystals on a Au surface. As shown from the surface
potential change plotted in Figure S6, the Au work function is
smaller than the work function of the cocrystal by a few
hundred millielectronvolts. Assuming that the doping of our
PTZ−TCNQ cocrystals is low and that we can approximate its
electrochemical potential in a midgap position (see, e.g., ref
50), our Kelvin probe measurements indicate that the Au
electrode work function is aligned closer to the LUMO,
consistent with electron transport. However, because the
transfer characteristic shows a considerable amount of
hysteresis, specifically, lower back sweep current (BSC)
hysteresis, we cannot exclude the possibility that hole traps
may contribute to the lack of hole transport in the devices.
Hysteresis caused by trap states is common in organic
semiconductors.51 Attempts to reduce these traps using surface
modification of the substrate were so far unsuccessful because
these changes significantly affected the cocrystal deposition.

Figure 9. Top contact bottom gate device configuration (not to
scale). PTZ−TCNQ is grown using the CESA method directly onto
the oxide layer of a silicon wafer. The oxide under the gate electrode
was scratched away to obtain an electrical contact to the doped Si
substrate. The electrodes were patterned by using a shadow mask.

Figure 10. SEM images of PTZ−TCNQ cocrystals in the top contact bottom gate electrode configuration. The left image shows the metal
electrodes (in the brighter areas) and the exposed cocrystals in the gap. The right image is a magnified image of the center of the left image showing
the cocrystals.

Figure 11. Example of a typical transfer curve at room temperature
and in ambient conditions for top contact bottom gate PTZ−TCNQ
FETs. The inset shows the linear output curve at zero gate voltage.
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Future work will focus on the study of these trap states to
possibly reduce the hysteresis and improve the device quality.
In particular, the effect on the electronic properties of the
branching and/or twinning of the cocrystals, observed in
Figure 10, as well as other possible crystal defects, requires
further investigations.
For both p- and n-type transfer curves, if VSD is small relative

to VG, there is a region for low VG (close to 0 V) in which the
device’s response can be approximated to be linear. In this
case, the charge carrier mobility for either holes or electrons, μ,
can be determined using
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where ISD is the source−drain current, VSD is the source−drain
voltage, VG is the gate voltage, CA is the capacitance per unit
area between the semiconducting material and the gate
electrode, and L and W are the length and width of the
semiconducting channel.52 For small VSD values, eq 4 can be
derived from eq 3, and a value for the mobility can be
determined using a linear fit to the ISD vs VG data. A mobility of
3 × 10−4 cm2/(V s) was determined from the data shown in
Figure 11. The linear fit for the mobility was performed on the
forward (upper) path of the hysteresis loop in the region of the
gate voltage between 5 and 20 V. The channel width was
approximated as the total area covered by the cocrystals
divided by the channel length, in other words, the widths of the
fibers times the number of fibers in the device.

Temperature-Dependent Mobility and Conduction
Mechanism. In organic molecular crystals the mobility μ is
often categorized using either a band conduction model for
high mobility conductors (μ ≫ 1 cm2/(V s)) in which the
mobility scales with temperature as T−n or a hopping model for
low mobility conductors (μ ≪ 1 cm2/(V s)) which scales as
exp(−EA/kBT), where EA is the activation energy.

53 Hopping
and variable range hopping developed as concepts to explain
the conduction mechanism in materials in which charge
carriers are in localized energy states and a traditional
conduction band does not exist.54 Although this analysis was
originally proposed for amorphous organic transistors, it has
been applied to a variety of systems, including organic
molecular crystals.55

In CT cocrystals, hopping of electrons (holes) would occur
between two donors (acceptors), and therefore need to occur
across the intermediate acceptor (donor) molecule. Geng et al.
developed a superexchange model to describe the charge
transport in several CT cocrystals.28,56 They showed that the
acceptor acts as a bridge for the electron to hop between donor
sites and the donor acts as a bridge for the hole to hop between
acceptor sites. In PTZ−TCNQ, one of the cocrystals they
studied, they also found similar values for the electron and
holes masses, implying that the cocrystal should show
balanced, e.g., ambipolar, charge transport.
To investigate the conduction mechanism in CESA grown

PTZ−TCNQ cocrystal OFETs, transfer curves were measured
at temperatures between 120 and 350 K and the results used to
determine the off-current and field-effect mobility. Transfer
curves at various temperatures are shown in Figure 12. With
increasing temperature, the curves displayed a significant

increase in off-current compared to the device’s room
temperature performance. The off-current increased from 5
to 21 nA as the temperature increased from 296 to 353 K.
However, the overall slope of the linear portion of the response
curve, and thus the device’s calculated field effect mobility,
only changed slightly in this range. Upon cooling, the transfer
curves showed a similar trend, as shown in the figure. The off-
current decreases with temperature and trends toward a value
of zero for the lowest temperatures. In addition, the slope of
the response curve also decreases with temperature, suggesting
that charge carrier mobility decreased as electrons became
unable to escape from localized states.
The calculated field effect mobility versus temperature is

shown in Figure 13. The mobility values were calculated from

the slope of the forward sweep of the transfer curves shown in
Figure 12 using eq 4. This behavior of mobility vs temperature
is indicative of a hopping mode of charge transport, as
compared to band-like transport in which the primary
impedance to conduction is lattice scattering, leading to
lower mobility as temperature is increased.53

Injected charge in weak CT cocrystals such as PTZ−TCNQ
will be localized on electron acceptors. This will be
accompanied by some rearrangement of the local charge as
well as changes in both intra- and intermolecular bond lengths,
i.e., formation of polarons. This has been observed in
numerous single-component molecular crystals. Transport of
this charge to the next acceptor will require thermal
fluctuations to overcome the energy barrier of the order of

Figure 12. Transfer curves at various device temperatures.

Figure 13. Electron mobility vs temperature data and least-squares fit
to eq 5.
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the reorganization energy EA, leading to the following
dependence of mobility on temperature:57

T e
E k T3/2 /A B (5)

Shuai et al. found a similar scaling for the mobility in
triphenylamine dimers using Marcus transport theory to model
the charge transport as a Brownian process.58

The scaling of this equation predicts that the charge carrier
mobility should decrease at low temperatures, with the
exponential hopping term dominating. However, at high
temperatures phonon scattering dominates, giving a power
law dependence of the mobility. A least-squares fit of eq 5 to
the data in Figure 13 gave a value of EA = 190 meV. This is
close to the value of 217 meV that was calculated by Geng et
al. using the superexchange model described earlier.28

Nonzero off-currents are typically attributed to impurities in
the material. As temperature increases, more of these impurity
charge carriers may be thermally activated, also leading to an
Arrhenius-type temperature dependence (see Figure S7).

■ CONCLUSIONS

The CESA method was used to create oriented ribbons of the
charge transfer cocrystal PTZ−TCNQ which were incorpo-
rated into an organic FET. Transfer curves of the devices
showed primarily electron transport. Although this is contrary
to predictions of low effective mass for both holes and
electrons, the details of the device such as electrode work
function and presence of traps can affect measured mobilities,
and so these results do not necessarily imply that this material
is purely an n-type semiconductor. Maximum mobilities of the
order of 10−4−10−3 cm2/(V s) were found, similar to values
reported for other similar molecular crystals58 but not as large
as the 1.7 and 0.4 cm2/(V s) reported for PTZ and TCNQ as
individual crystals at room temperature.53 Temperature-
dependent measurements of the mobility displayed character-
istics of hopping transport.
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