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DOI: 10.1039/x0xx00000x A combined experimental and theoretical study was carried out to investigate the ambipolar

charge transport properties of a series of N-heteropentacenes in organic field-effect transistors
(OFETs). Introduction of nitrogen atoms in the core and halogen atoms around the periphery of
the pentacene framework can efficiently tune the highest occupied molecular orbitals (HOMOs)
of the N-heteropentacenes from —5.18 eV to —5.53 eV and the lowest unoccupied molecular
orbitals (LUMOs) from —3.08 eV to —3.69 eV. By lowering their HOMO and LUMO energy
levels with respect to the Fermi level of the gold electrode, the transistors of these molecules
exhibited a transition from hole-dominant bipolar, to balanced ambipolar, and to electron-
dominant bipolar transport characteristics. Meanwhile, with the lowering of the frontier
molecular orbital energy levels, the transistors also exhibited a decrease of the electron threshold
voltage and an increase of the hole threshold voltage. Charge carrier mobility calculation based
on Marcus theory and first principle molecular dynamic was conducted to simulate the carrier
transport dynamics. The comparison between experimental and theoretical results revealed that
for the given device structure, the ratio of electron and hole mobilities of the ambipolar OFETs
were strongly affected by the charge injection barrier. This result provides useful guideline for
future molecular design for ambipolar OFETs.

unipolar p-type pentacene into ambipolar materials.?*
Theoretical simulations by Houk®® and Ren® have suggested
that replacing sp®> carbon atoms with nitrogen may give
electron-transport materials. Large number of N-heteroacenes
have been synthesized in recent years,”*?’ but only a few have
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1. Introduction

Organic field-effect transistors (OFETs) have attracted great
attention from both academic and industrial sectors, as they are

featured by light weight, high flexibility, and low-cost in large
scale fabrication as alternatives to conventional silicon-based
transistor.'> The demand in high performance devices has
significantly stimulated the development of new organic
semiconductors. In the last decade, large number of organic
semiconductors have been developed and utilized for
fabrication of high performance OFETs.®” So far, the majority
of organic semiconductors give only unipolar transport
characteristics in their OFET devices, i.e., either hole-transport
(p-type) or electron-transport (n-type) properties.*'? In recent
years, there has been a significant growth of interest toward
ambipolar organic semiconductors. Ambipolar semiconductors
allow both hole and electron to act as the charge carriers, which
are important for applications like organic light-emitting
transistors and complementary inverter circuits.> ">

Several groups have reported that pentacene derivatives possess
electron-transport properties'® ' when the aromatic framework
is attached with high electron affinity moieties.'® ** ?' For
example, Bao ef al. have reported that halogenation can convert

This journal is © The Royal Society of Chemistry 2015

shown appreciable charge carrier mobility.’” *' Zhang er al.
have synthesized various large heteroacenes,*>*® which possess
high performance in photocurrent response,” aggregation-
induced emission,>® and memory.’® Miao has reported an
N-—heteropentacene exhibiting electron transport mobility up to
1.0~33 cm® V' s'3" Our group has reported several N-
heteropentacenes®™ ¥’ exhibiting balanced ambipolar transport
properties, which can be used in fabrication of high
performance complementary inverters using low-cost
electrodes.*® However, the working mechanism of ambipolar
OFETs is still not well understood, and very few ambipolar
materials have been systematically studied by both theoretical
simulations and experimental methods.

In order to achieve the full potential of ambipolar organic
semiconductors, it is essential to understand the correlation
between the structures and the properties. While the transport
properties of many ambipolar semiconductors have been

J. Mater. Chem. C, 2015, XX, X-X| 1
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Figure 1. OFET device structure and molecules studied in this work
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investigated by various groups, it is not feasible to make
structure-property correlation by simply comparing these data
from different groups, because the OFET performance is
strongly affected by many factors, such as the sample purity
and the device fabrication conditions. For example, the reported
mobility of the OFETs 6,13-
bis((triisopropylsilyl)ethynyl)pentacene (TP), a widely studied

from

p-type organic semiconductor, varies from 10 to 4.6 cm?® V!
s ' by different groups.” * Therefore, to obtain an accurate
correlation between structures and properties of different
organic semiconductors, it is crucial to carry out the
investigation under the same conditions.

The aim of this research is to identify the factors that affect the
hole and electron transport properties of an ambipolar OFET.
We focus on two very basic processes, which are the charge
injection at the metal/molecule interface and the charge
transport within the thin films of organic semiconductors.*® *!
The charge transport within the active layer of an OFET is
strongly influenced by the molecular orientation and packing
motif. Recent theoretical studies have indicated that many
organic semiconductors are in fact able to transport both hole
and electron in their crystalline forms.? In reality, the majority
of OFET devices have only shown unipolar transport behavior,
which can be attributed to that the charge injection barriers at
the electrode/molecule interface favor the injection and
transport of only one type of charge carriers. In contrast to
unipolar transistors, an ambipolar transistor allows both
electron and hole to be injected into the organic active layers as
well as to transport within the organic layers, so its

performance should be affected by both charge injection and

2 | J. Mater. Chem. C, 2015, XX, X-X
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transport processes. However there have been very few
investigations attempted to identify the roles of the two
processes in the ambipolar transistors. Bao has proposed an
empirical plot which correlates the carrier type with frontier
molecular orbital energy levels.* but it’s still unclear how the
affects the
particularly the values of hole/electron mobility and threshold

charge injection process device parameters,
voltage.

In this work, we have used the N-heteropentacene as a model
system to study the effects of the charge injection process and
charge transport dynamics on the device performance of
ambipolar transistors. The structures of the model molecules
are shown in Fig. 1. Molecule TP (also known as Tips-
pentacene) is used as a reference in our work, as it is a widely
studied p-type material. Two N-heteropentacenes (INTP,
2NTP) and four halogenated N-heteropentacenes (4FINTP,
4CIINTP, 4F2NTP, and 4CI2NTP) were studied, among which
4F2NTP and 4CI2NTP were synthesized for the first time. The
thin film transistors were fabricated following the standard
procedures, and the charge transport properties of the different
transistors were characterized. Great efforts have been made to
minimize the potential influences from the other factors, such
as sample purity, film growth and device fabrication conditions.
The comparison between these compounds could provide
insights to the factors that affect the device performance of the
ambipolar transistors.

This journal is © The Royal Society of Chemistry 2015
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2. Results and Discussions

2.1 Spectroscopic and electrochemical properties

We have investigated the energy levels of all the pentacene
derivatives in both solutions and thin films. The ultraviolet-
visible (UV-vis) absorption spectra and the fluorescence
emission spectra of all the compounds are very similar
(Supplementary Fig. S1 and Fig. S2). The absorption maximum
of all the compounds in toluene solutions were found in the
range of 637 to 657 nm. Their absorption maximum in thin
films are red shifted by about 20 nm, along with significant
peak broadening compared with the absorptions in solution,
indicating strong electronic interactions between molecules in
the solid state.*’ The calculated optical gaps are very similar for
all the compounds. In solution, the optical gaps range from 1.81
to 1.88 eV; while in thin films, the gaps are significantly
smaller, which are in the range of 1.47 to 1.62 eV (Tab. 1).

The energy levels of the frontier orbitals, including the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), of all the N-heteropentacenes were
estimated from cyclic voltammetry. The cyclic voltammograms
of the N-heteropentacenes in dichloromethane (CH,Cl,)
solution show very similar features, including two clear
reversible redox waves at low potential and one irreversible
oxidation wave at high potential (Fig. 2). The completely
reversible redox waves at low potential reveal the marked
electron-deficiency of these molecules and their potential
electron-transporting nature.** The cyclic voltammograms
confirm that the band gaps of these compounds are quite
similar, but their LUMO and HOMO positions are gradually
shifted by the different modifications to the pentacene
framework. Inserting nitrogen atoms into the core and
peripheral halogenation show the effect of lowering the energy
levels of the frontier molecular orbitals. All of the N-
heteropentacenes exhibited LUMO energies lower than —3.3 eV
(Tab. 1), suggesting that they have high electron affinities and
are candidates for n-channel semiconductors.** ** Miao has
indicated that inserting N atoms into the 2nd and 4th rings of

Table 1. Summary of optical, electrochemical and DFT-MO theoretical calculated energy levels (eV) of the different compounds.
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the pentacene framework has more significant energy level
lowering effect compared to modification to the Ist and Sth
rings.?' In our work, we have only modified the 1st and 5th
rings, since this modification gives finer control to the energy
levels. Meanwhile, it is noticed that the LUMO levels of the
chlorinated compounds 4CIINTP (—3.53 eV) and 4CI2NTP
(—3.69 eV) are lower than that of their fluorinated counterparts
4FINTP (—3.46 eV) and 4F2NTP (—3.61 eV), even though Cl is
less electronegative than F. This phenomenon is attributed to
the conjugation effects from the Cl empty 3d orbitals, which is
consistent with Bao’ report on other chloroacenes® and our
previous research.*® Compared to 4FINTP and 4CIINTP,
4F2NTP and 4CI2NTP show much lower LUMO energies.
Meanwhile, we also noted that not only the LUMO positions
are gradually lowered, but also the HOMO positions are
lowered by the nitrogen and halogen substitution as well, so
that the energy gaps of all the molecules remain nearly
unchanged.

4CI2NTP

—‘d 4F2NTP

=: J
< ﬁ
2 4CIINTP
= ,ﬁ 4FINTP
5 d
= rﬁ \ —
;5 ANTP

ﬁ INTP
O e

2.0 -15 -1.0 -05 0.0 05 1.0
Potential / V

Figure 2. Cyclic voltammograms of all the N-heteropentacene derivatives in
CH,Cl, in 0.1 M Bu4NBF; at a scan rate of 100 mV s'l, with respect to a
FeCp{/Fesz0 reference (—4.8 eV to vacuum) added after each measurement.

30,37

UV-vis €ICVs UIDFT

Mol.
gl [P, fim Erumo Enomo E, Erumo Enomo E,
TP 1.87 1.58 -3.08 -5.18 2.10 -3.05 —4.95 1.90
INTP 1.86 1.58 -3.33 -5.31 1.98 -3.17 -5.07 1.90
2NTP 1.88 1.62 -3.40 -5.42 2.02 -3.27 -5.19 1.92
4FINTP 1.88 1.55 -3.46 -5.49 2.03 -3.48 -5.39 191
4CIINTP 1.85 1.47 —3.53 -5.50 1.97 -3.51 -5.39 1.88
4F2NTP 1.83 1.49 -3.61 -5.51 1.90 -3.53 -5.40 1.87
4CI2NTP 1.81 1.49 -3.69 —5.53 1.84 -3.61 —5.47 1.86

[a] Band gaps estimated from UV-vis absorption edge in solution. [b] Band gaps estimated from UV-vis absorption edge of about 50 nm thin films on quartz.
[c]0.1 M BusNBF, in CH,Cl; at a scan rate of 100 mV/s. FeCpf/FeszO (-4.8 eV to vacuum) as the internal reference. Extracted E,, values vs. Fc'/Fc. LUMO
and HOMO energies determined from the equations3 135 Bromo =-4.80-Ey ¢ (eV); Enomo =-4.80-E»** (eV). [d] The theoretical LUMO, HOMO levels and
energy gaps were obtained by DFT calculation with B3LYP/6-31G(d) using the Gaussian 09 package. All values are given in eV.

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, XX, X-X| 3



Journal of Materials Chemistry C

FULL PAPER

Journal of Materials Chemistry C

(a) 34088  3.352.
mmb
e I s

3A471A 3.447A

(b)

statedetels

(©) W s a2 (d)

3.380A 32994

(e) ssdssefesess ¢
sedssadeteds

sedesefesels

3.430A 3.424A

(2)
g Wz

3.443A

(")

“.

: W (h)
wPesefeseded

Figure 3. Solid-state arrangement of INTP (CCDC 986801), 4CIINTP (CCDC 986802), 4F2NTP (CCDC 986803) and 4CI2NTP (CCDC 986804) in their single crystals. The N
atoms are shown in blue and the F in orange, Cl in purple. (a), (c), (e) and (g) view along the axis that is formed by two ethynyl substituents, which does not
correspond to any crystallographic axis. (b), (d), (f) and (h) view along the a-axis, which shows significant overlap between stacks.

The energy gaps of the N-heteropentacenes calculated by
density functional theory (DFT) method, are in excellent
agreement with those obtained by the cyclic voltammetry
measurements, confirming the experimental observation that all
the N-heteropentacenes display very similar HOMO-LUMO
gaps, but the LUMO and HOMO positions are gradually
lowered by incorporating more nitrogen atoms or (and) halogen
substitutions.

The six N-heteropentacene molecules exhibit much higher
photo-stability compared to TP, which is attributed to their
lower HOMO levels (Supplementary Fig. S3a). The observed
photo-stability of these molecules followed the order of
4CI2NTP = 4F2NTP > 4CIINTP = 4FINTP > 2NTP > INTP >
TP. The N-heteropentacene compounds also showed very high
decomposition temperatures exceeding 350 °C (Supplementary
Fig. S3b). The good stability of the N-heteropentacenes allows
the
deposition method.

field-effect transistors to be prepared by thermally

2.2 Single-crystal structure

The crystal structures of 2NTP and 4FINTP have been reported
in our previous work.>® The crystal structures of INTP,
4CIINTP, 4F2NTP and 4CI2NTP are shown in Fig. 3. In the
solid states, the N-heteropentacene units of the six molecules
display near-perfect flat stacking and exhibit significant n-m
intermolecular overlaps, which are ideal for charge carrier
transport between molecules. Most apparently, none of the
compounds adopts the herringbone pattern of pentacene.
Instead, they stack with a brickwork motif with significant

4 | J. Mater. Chem. C, 2015, XX, X=X

overlap of the aromatic rings between the adjacent molecules.*’
It is observed that the single crystals of all of the N-
heteropentacenes showed similar molecular packing motif. The
distance between the m-stacks of adjacent molecules are 3.352
A, 3345 A, 3298 A, 3.447 A, 3.299 A and 3.424 A in the
INTP, 2NTP, 4FINTP, 4CIINTP, 4F2NTP and 4CI2NTP
respectively. The distances are very close to the interplanar
distance in graphite (3.40 A). The distances of m-stacking
between intermolecular contacts are very close to van der
Waals radii between neighboring stacks. Meanwhile, X-ray
diffraction (XRD) patterns of the thin films of all pentacene
derivatives ~ show  similar  intermolecular  orientation
(Supplementary Fig. S4, and Tab. S1). Fig. S5 shows the
atomic force microscope (AFM) images of the thin films of all
pentacene derivatives. The thin film morphologies of all the
samples share some similarities including ordered
microstructure with terraced surface, which could be attributed
to their similar structure and molecular packing in crystals. To
investigate these issues in greater depth, the packing patterns
from the thin films of three representative molecules (INTP,
2NTP and 4CIINTP) were investigated by two-dimensional
(2D-GIXRD) using
synchrotron X-ray source (as shown in Fig. S6). These results

grazing incident X-ray diffraction
showed a large number of well-defined diffraction peaks, which
indicates a high degree of crystalline order, in accordance with

the XRD patterns.

This journal is © The Royal Society of Chemistry 2015
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2.3 OFET device fabrication and characterization
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Figure 4. Typical p-channel (left) transfer curves and n-channel (right) transfer
curves for all N-heteropentacene derivatives deposited on OTMS-treated SiO,
substrates at T, = 60 °C with Au electrodes.

Journal of Materials Chemistry C

The typical transfer curves for the thin films transistors of all
the pentacene derivatives deposited on
octadecyltrimethoxysilane (OTMS)-modified SiO, dielectric
with Au electrodes are shown in Fig. 4 (the typical output
curves are shown in Supplementary Fig. S7). The OFETs were
prepared at substrate temperature 7, =60 °C. Also, we have
employed a slow deposition rate, below 0.1 A/s. It is found that
all of the transistors exhibit ambipolar transport properties, i.e.,
both p-channel (left) transfer curves and n-channel (right)
transfer curves can be observed.

Tab. 2 compares the OFET performance of all of the pentacene
derivatives. The mobilities and threshold voltages reported in
this table are least 20 OFETs.

averages from at

Table 2. Summary of the average experimental mobilities (x), ratios of electron and hole mobilities (ue/uh), and average threshold voltages (Vi) of top-contact
OFET devices fabricated for all the pentacene derivatives on OTMS-modified SiO, dielectric at Ty, = 60 °C with W/L of 20 (W =3000 um, L = 150 pm) (Au

electrodes ).

,u/cm2 vig! Va/V
Material
Hn He el tn h e

TP 0.95+0.06 0.05+0.02 0.05 —10+3 +60+4
INTP 0.42+0.07 0.10+0.02 0.24 —28+5 +50+4
2NTP 0.30+0.05 0.20+0.09 0.67 —32+6 +4348
4FINTP 0.12+0.02 0.11+0.03 0.92 —40+2 +40+2
4CIINTP 0.20+0.03 0.22+0.02 1.10 —4243 +3543
4F2NTP 0.14+0.04 0.57+0.02 4.07 —54+4 +20+4
4CI2NTP 0.07+0.03 0.83+0.04 11.86 —5943 +16+5

The mobilities and threshold voltages reported in this table are averages from at least 20 OFETs.

In our previous works, %37

we have reported preliminary results
regarding the transistor performance of the compounds INTP,
2NTP, 4FINTP and 4CIINTP. In this work, these compounds
give improved device performance compared to that reported
previously due to higher sample purity and optimized device
fabrication conditions.*> *7 It is noticeable that the mobility
increase is higher for hole (1, than for electron (x.), which can
be attributed to the fact that that electron transport is more
easily affected by charge trapping effect than the hole and
hence are more difficult to be improved.> '° For the first time,
we observed ambipolar transport behavior from the transistor of
TP. TP exhibited good hole transport property, with the hole
mobility reaching 0.95 cm® V™' s7', while its electron mobility
was only 0.05 cm® V™' 57!, one order of magnitude lower than
the hole mobility. In our previous work, we only observed hole
transport behavior of INTP. Herein, INTP showed ambipolar
properties with the hole mobility (0.42 cm® V™' s7') higher than
the electron mobility (0.10 cm? V™' s7'). It has been noted by
many researchers that the charge trapping effect is more
sensitive against the electrons than the holes,> '* and electrons

This journal is © The Royal Society of Chemistry 2015

are more likely to be trapped by impurities or defects.
Compared to INTP, 2NTP exhibited higher electron transport
properties, with s, = 0.30 cm? V' s' and g, =0.20 cm? V' 57!
The introduction of electronegative N-atoms in the pentacene
backbone could efficiently increase the electron transport
properties, and consequently induce ambipolar transport
properties. 4FINTP and 4CIINTP showed very balanced
ambipolar properties. The electron mobility and hole mobility
were both very high, with u, = 0.12 ecm® V' s7! . = 0.11 cm?
Vs for 4FINTP and gy, = 0.20 cm?® V7' s . = 0.22 cm?
V57! for 4CIINTP respectively, which were improved from
our previous report.** The improvement of the mobility value
from 4CIINTP in this work is mainly attributed to the improved
sample purity and film crystallinity, which is confirmed by the
XRD results. 4F2NTP also showed ambipolar properties, but
the electron mobility (0.57 cm® V™' s™') was higher than the
hole mobility (0.14 cm® V™' s7'). 4CI2NTP exhibited good
electron transport property, whose electron mobility reached up
to 0.83 cm? V™! 57!, but almost no hole mobility was observed
(one order of magnitude lower than its electron mobility).

J. Mater. Chem. C, 2015, XX, X=X| 5
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Figure 5. The measured HOMO and LUMO levels, average mobilities (above) and
average threshold voltages (below) of electron and hole at Ty, = 60 °C with Au
electrodes for TP, INTP, 2NTP, 4FINTP, 4CIINTP, 4F2NTP and 4CI2NTP.

Fig. 5 illustrates the correlation between the frontier molecular
orbital energy levels and the device performance. It can be seen
that with the simultaneous lowering of the molecular orbital
energy levels, the semiconductor materials changed from hole-
dominant bipolar, to balanced ambipolar, and to electron-
dominant bipolar. This trend is clearly evident by the increasing
of the electron/hole mobility ratios (u./wy,) (Tab. 2). When the
Au electrode is used, TP is known as a typical p-type material,
whose HOMO and LUMO levels are —5.18 eV and —3.08 eV
respectively. When a —CH motif of TP is replaced by an N-
atom (INTP), the LUMO level descends to —3.33 eV, and the
molecule is converted to a weak ambipolar material, though the
low pu/w, ratio of 0.24 indicates that p-type property
predominates. In 2NTP, with two nitrogen atoms incorporated
into the core, the u./uy, ratio increases to an appreciable value of
0.67. Further reduction of the LUMO levels beyond that of
2NTP is achieved by substituting the hydrogen atoms on the
terminal benzene ring of INTP with F or Cl atoms. Both
4FINTP and 4CIINTP showed u./u, ratios close to 1,
indicating very balanced ambipolar behavior. When one N-
atom is introduced into the 4FINTP and 4CI1INTP skeleton, the
U/, ratio increased to 4.07 and 11.86, which can be attributed
to their much lower LUMO energy levels.

It is important to note that high mobility is not the only criteria
required for a high-performance transistor. The control of the
threshold voltage and the reduction of the sub-threshold current
are also important factors to ensure a low-voltage operative

6 | J. Mater. Chem. C, 2015, XX, X-X

transistor.*® The threshold voltage (V) is a measure of the
amount of charge that is induce electrostatically in order to
switch-on electrical conduction in an OFET. The magnitude of
the field-effect threshold voltage depends on several factors,
including the density of charge traps on the interface between
the organic active layer and the gate dielectric, the quality of
the source/drain contacts, and the absence/presence of a “built-
in” conduction channel.** Herein, we have also studied the
changes of the threshold voltage for hole and electron.
Interestingly, from compounds TP to 4CI2NTP, the hole
threshold voltage rises from 10 V to 59 V while electron
threshold voltage decreases from 60 V to 16 V, which is
consistent nicely with the mobility variation tend. This result
suggests that the hole and electron threshold voltages are also
tuned by the HOMO and LUMO positions of the materials.
Given the similarity of the molecules and the fact that all the
OFET devices were fabricated and characterized under the
same conditions, we can assume that there’re no dramatic
differences in the density of traps and crystalline quality of the
active layers for the devices studied in this work. The variation
of threshold voltage is mainly attributed to the difference in
injection barrier height between the metal electrode and organic
semiconductor. In a transistor, upon reaching the threshold
voltage, it is essential that injection barriers are skipped then
charges are injected. A lower LUMO level could lead to a
lower electron injection barrier resulted in a lower electron
threshold voltage. On the contrary, a lower HOMO level leads
to a higher hole injection barrier related with a high hole
threshold voltage.44’ 0 Therefore, from TP to 4CI2NTP, with
the lowering of their frontier orbital energy levels, the hole
threshold voltage increased and electron threshold voltage
decreased, significantly.

3. Theoretical investigation

We have performed theoretical simulation to gain more
quantitative understanding of the carrier transport properties in
these ambipolar OFETs. The carrier transport within the thin
film of organic semiconductors is generally described by the
hopping mechanism.* *" 2 It is known from previous
researches that a variety of factors could affect the hopping
process,”> ** such as the reorganization energies of the
molecules, electronic  couplings between neighboring
molecules, driving forces and thin film morphology. Among
these factors, the reorganization energy and molecular
couplings are strongly dependent on the molecular structure and
their packing motif, while the other factors are somehow related
to the device fabrication conditions.

Despite the fast development simulation
methodology in recent years, the exact evaluation of the charge
carrier dynamics within the active layer of a real transistor is
still challenging at the moment. In this work, we have studied
the hopping process of all the pentacene derivatives under two
extreme conditions that are in single crystals and in disordered
films. The single crystal simulation assumes that the molecules
take their single crystal structure and there is no defect. Fig. S9

of theoretical

This journal is © The Royal Society of Chemistry 2015
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shows the main charge hopping pathways used in the mobility

simulation for the single crystal structures of different
molecules. Meanwhile, considering that disordered structures,
such as defects and grain boundaries, existed in the thin films,
we have also simulated the mobility based on disordered films.

In such simulations, the amorphous thin films of all the

Journal of Materials Chemistry C

molecules were constructed by using Metropolis Monte Carlo
method> similar to that described by Kwiatkowski’® and
Andrienko®” (as shown in Supplementary Fig. S11), and their
mobilities were then calculated using the same model as that for
the single crystal structures.

Table 3. Summary of the electron and hole simulated mobilities (x, and s, cm? V' s™), and mobility ratios (uo/z) based on single crystals and disordered

films for all the pentacene derivatives.

Single crystals

Disordered films

Material
Hn He Uelttn n e Helptn
TP 0.13 237 18.23 1.95x107 9.41x107 0.48
INTP 0.06 2.16 36.00 3.79x107 2.53x102 0.67
2NTP 0.14 237 16.93 1.71x107 2.00x102 1.17
4FINTP 0.03 0.59 19.67 1.54x107 1.32x102 0.86
ACIINTP 1.05 0.54 0.51 5.50x10° 8.83x107 1.61
4F2NTP 0.03 1.39 46.33 2.90x107 1.44x102 0.50
4CI2NTP 0.46 0.83 1.80 5.32x10° 6.53x10° 123

The simulation model to obtain the carrier mobility is based on
the first principles quantum mechanics (QM) calculations
combined with Marcus theory.*® * Briefly, the transfer integral
and reorganization energy are calculated using DFT methods.?*
60-62 Charge mobility is then obtained by simulating a diffusion
process and using the Einstein relationship.”® 3% © We view
each hopping event as a nonadiabatic electron-transfer reaction
and use standard Marcus theory to express the rate of charge
motion between neighboring molecules, the electronic hopping
rate (W) is given by the Marcus equation:

s A
"\ aer) TN (1)

where V' is the electronic couplings between neighboring
molecules in the organic single crystal, 4 is the reorganization
energy, T is the temperature, and kg is the Boltzmann constant.
Then, a diffusion simulation is performed using W as hoping
rate between each dimer. The carrier diffusion constant (D) can
then be obtained, and from which we obtained mobility through

D

Y7
Einstein formula ( kyT ). More detailed simulation procedure

is available as Supporting Information (Tab. S2, Tab.S3 and
Fig. S8 to S12).

The theoretical mobilities of all the patacene derivatives, in
both single crystal and disordered film structures, are listed in
Tab. 3. The simulation reveals that all the materials facilitate
both electron and hole transport within their single crystals and
disordered films.** The simulated mobilities for single crystals
are generally higher than that for disordered films by at least
two orders of magnitude. Such result is expected as disorder in

This journal is © The Royal Society of Chemistry 2015

active layer will significantly reduce the carrier transport
dynamics. However, given that our transistors were based on
polycrystalline thin films, it is believed that the simulation
based-on disordered films may provide a more realistic
description to the carrier transport behavior in our real devices.
The calculated p./u;, ratios for the single crystals exhibit
significant discrepancy with the experimental results (Tab. 2
and Tab. 3). In fact, such big discrepancy between theoretical
and experimental results is common in the literatures,®> ¢ as
charge carrier dynamics in real polycrystalline OFETs devices
is far more complex than that in single crystals.

The simulation results for the disordered films show a general
increasing trend of u./uy, ratio from TP to 4CI12NTP. In another
word, such simulation is consistent with the experimental
results in the aspect that the introduction of more electron
affinitive atoms, i.e., N, Cl and F, to the pentacene framework
increases electron mobility in their thin films (Tab. 2 and Tab.
3). For example, the thin film of TP is predicted to have a u./u,
ratio of 0.48, and the ratio increases to 1.23 for 4CI2NTP. On
the other hand, 4CIINTP has the highest pu./u, ratio of 1.61,
while 4F2NTP gives a relatively low uc/u, ratio of 0.50,
consistent with the earlier argument that Cl is more efficient
than F to promote electron transport.

It is noticed that the simulated mobilities for disordered
structures still showed obvious discrepancy when compared
with the experimental results (Tab. 2 and Tab. 3). The change
of experimental u./uy, ratio is much more dramatic than that
expected from the simulation. For instance, the transistor of
4CI2NTP shows a pu./u;, ratio of 11.86, which is almost one
magnitude higher than that expected from the theoretical
simulation (1.23). Meanwhile, from TP to 4CI2NTP, the
simulated u./uy, value of the disordered films changes from 0.48

to 1.23, a nearly three-fold increase. In contrast, the
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experimental u./u, value increases 237 times, from 0.05 to
11.86.

We note that the above theoretical simulation based on Marcus
theory and first principle molecular dynamic only simulates
carrier transport dynamics within the organic semiconductor
layer, and does not take into account the charge injection
process at the metal/organic semiconductor interface. As the
above theoretical simulation results show significant difference
with the experimental results, it reveals that the ambipolar
transport characteristics of the N-heteropentacenes are unlikely
to be solely affected by the hopping-type carrier transport
dynamics. Combined with our experimental observation of the
strong correlation between the frontier molecular orbital energy
levels and the ratio of the electron/hole mobilities (Fig. 5), all
these results indicate that the ambipolar transport characteristics
of the N-heteropentacenes are strongly affected by the charge
injection barrier.

4. Conclusion

We have studied the device performance of field-effect
transistors fabricated from a series of N-heteropentacene
derivatives. By introducing electronegative nitrogen atom to the
pentacene backbone and halogens around the periphery, we
simultaneously lowered the LUMO and HOMO, with smaller
than 0.1 eV intervals. With the lowering of the injection
barriers, the N-heteropentacenes exhibited a transition from
hole-dominant bipolar, to balanced ambipolar, and to electron-
dominant bipolar transport characteristics. Meanwhile, the
electron and hole threshold voltage also changed accordingly
with the electron and hole injection barrier. This result suggests
that the charge injection barrier strongly affects the change
trend of the experimental u./u;, values in ambipolar OFETs. We
suggest that the ideal ambipolar organic semiconductors should
meet three key criteria. First, a relatively small LUMO-HOMO
gap is required for achieving small injection barriers for both
hole and electron. Second, the LUMO and HOMO need to be
located at appropriate positions with respect to the metal Fermi
level to give balanced electron and hole injection barriers for
Third, their
molecular packing in thin film should favor both hole and

achieving highly balanced carrier mobilities.

electron transport.

Our work also indicates that the theoretical simulation based
solely on the electron hopping process are not sufficient to
describe the device performance of ambipolar OFETs, and
further developments of theoretical toolboxes to include the
charge injection process are necessary for studying ambipolar
organic electronics. It is believed these new understandings
provide important guidance to the further design of high
performance semiconductors  and

ambipolar  organic

investigation of their charge transport properties.
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5. Experimental Methods

5.1 Cyclic voltammetry

Cyclic voltammetry (CV) measurements were run on a
CHI660B electrochemistry station (CHI, USA) in anhydrous
CH,Cl, solution with 0.1 M tetrabutylammonium
tetrafluoroborate (Buy,NBF,) as the supporting electrolyte, at a
scan rate of 100 mV s, which is conducted by using a
conventional three-electrode system. A platinum (Pt) was used
as working electrode, a Pt wire as a counter electrode and with
an Ag/Ag" reference electrode. Ferrocene/ferrocenium couple
(FeCp,'/FeCp,") was used as the internal standard. Potentials
were referenced to FeCp,/FeCp,°, which is —4.80 eV related to
vacuum.

5.2 Stability

The solution phase photo-stability of the N-heteropentacenes
have been their
absorbance in dilute toluene solutions under air-saturated and

studied by monitoring attenuation of
ambient light (fluorescent light) conditions at room temperature,
following the method 67-69
Thermogravimetric analyses (TGA) were carried out on a
Linseis STA PT1600. A heating rate of 10 °C min" under
flowing N,

described in literatures.

was used from room temperature to high
temperature to investigate the thermal stabilities.

5.3 OFET device fabrication and characterization

A thermally grown dry silicon dioxide layer (400 nm) with a
capacitance per unit area of 9.0x10”° F/cm® functioned as the
gate dielectric; while a heavily n-doped silicon substrate
functioned as the gate electrode. Firstly, the substrates were
immersed into hot sulfuric acid (98%) and hydrogen peroxide
(v/v = 7:3) mixed solution for 30 minutes to get rid of organic
compounds physically absorbed on the substrate. They were
then successively cleaned with deionized water, isopropyl
alcohol and acetone, and dried in a vacuum oven. OTMS
treatment” was done by spin-coating a 3 mM solution of
OTMS in trichloroethylene on a cleaned wafer, then the
substrates were put in a closed container with a small vial
containing a few millimeters of ammonia solution (25%~28%
in H,O) for 12 h at room temperature to accelerate hydrolysis
of alkylsilanes and to promote bonding to SiO, surface.”” The
substrates were then rinsed with deionized water and sonicated
in toluene for 10 minutes twice. The organic semiconductors
were deposited at a rate below 0.1 A s under a pressure of 107
Torr to a final thickness of 50 nm as determined in-situ by a
quartz crystal monitor. The fabrication was completed by
depositing a layer of Au electrode on the organic films through
a shadow mask to form top-contact bottom gate devices. The
channel width (W) and the channel length (L) were 3000 pm
and 150 pm
performed in the argon glove box using a Keithley 4200

respectively. OFETs measurements were
semiconductor parameter analyzer. Mobilities and threshold
voltages of the thin film transistors were extracted from their
transfer characteristics. Mobilities were calculated using the

standard OFETs equation under saturation regime (Equation 3),

This journal is © The Royal Society of Chemistry 2015
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where u stands for the field-effect mobility under saturation
regime, C; for the area capacitance of the gate dielectrics.

In this work, the thin film transistors were fabricated following
standard procedure (top-contact OFET devices fabricated on
OTMS-modified SiO, dielectric at Ty,= 60°C with Au
electrodes and W/L=20).

5.4 X-ray diffraction

X-ray diffraction patterns of all pentacene derivatives thin films
were obtained using PANalytical X PERT PRO. The thin films
were deposited on OTMS/SiO,/Si substrates at T, = 60 °C.

5.5 AFM images

AFM measurement were conducted using Agilent 5500
scanning probe microscope on the samples with a silicon tip,
under tapping mode. Picoview software was used to handle the
raw AFM images. Thin films deposited at Ty, = 60 °C on
OTMS-treated SiO,/Si were used for AFM studies. All AFM
images were collected in air under ambient conditions. The
topographic images were obtained from multiple samples based
on same materials; and for each sample, different regions were
scanned to ensure reproducibility.
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