
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 2
:5

2:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Benzohexacene g
aLAAS-CNRS, Université de Toulouse, UPS, 3

laas.fr
bCEMES-CNRS, 29 Rue J. Marvig, 31055 To
cCRPP, UMR CNRS 5031, Université de Bord
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Oligoacenes are promising materials in the field of electronic devices since they exhibit high charge carrier

mobility and more particularly as a semiconductor in thin film transistors. Herein, we investigate the field

effect charge carrier mobility of benzohexacene, recently obtained by cheletropic decarbonylation at

moderate temperature. Initially, high performance bottom contact organic thin-film transistors (OTFTs)

were fabricated using tetracene to validate the fabrication process. For easier comparison, the geometries

and channel sizes of the fabricated devices are the same for the two acenes. The charge transport in

OTFTs being closely related to the organic thin film at the dielectric/organic semiconductor interface, the

structural and morphological features of the thin films of both materials are therefore studied according to

deposition conditions. Finally, by extracting relevant device parameters the benzohexacene based OTFT

shows a four-probe contact-corrected hole mobility value of up to 0.2 cm2 V�1 s�1.
A. Introduction

Since the 1980s, intensive studies have been carried out in the
organic electronics community to develop new semiconductors
with appropriate electronic properties for their application in
practical organic thin lm transistors (OTFTs).1,2 Among these
materials, n-acenes, which are polyaromatic planar organic
compounds composed of linearly condensed benzene units,
have been widely investigated, since they display one of the
highest hole mobilities,3 such as tetracene (2.4 cm2 V�1 s�1 for
its single crystals),4 tetraphenyltetracene commonly known as
rubrene (>40 cm2 V�1 s�1 for its single crystals),5 and pentacene
(>5.0 cm2 V�1 s�1 for its single crystals).6 Such impressive values
of hole mobilities stem from large electronic coupling between
adjacent molecules and low reorganization energy. In the case
of n-acenes, the reorganization energy is decreasing with
increasing number (n) of linearly fused benzene rings. Thus,
long acenes are expected to be very good hole-transport semi-
conducting materials with mobility that increases as n
increases. Although unsubstituted acenes are unipolar p-type
semiconductors, their function can be tuned by their rational
substitution into n-type or ambipolar semiconductors.7,8 Such
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a tunability is of great importance for designing next-generation
electronic devices. Therefore, acenes are investigated for
applications in organic light-emitting diodes (OLEDs),9 organic
light-emitting transistors (OLETs),10 and organic thermoelectric
generators,11 and they are also studied as molecular wires.12

However, unsubstituted acenes are highly insoluble due to
strong intermolecular p–p interactions, which hinder their
chemical synthesis and purication at the same time. Moreover,
acenes are known for their sensitivity to oxygen and in addition,
acenes longer than pentacene dimerize in solution, even in very
dilute solutions, which makes thin lm and device fabrication
unachievable. In 1996, A. R. Brown et al. demonstrated in their
pioneering work the preparation of pentacene as the active
component in OTFTs from its soluble and stable precursor,
followed by the work carried out by M. Watanabe et al. in
1999.13,14 Since then, a variety of different proactive aceno-
precursors have been prepared and their transformation to
active acenes as semiconductors in organic eld effect transis-
tors (OFETs) has been investigated.15 The chemical step yielding
the nal acene from the precursor can be induced either by
heating or by light. Until 2012, the pentacene was the longest
unsubstituted acene integrated in OFETs, perhaps due to the
deeply ingrained belief that longer acenes are too reactive to be
implemented in electronic devices. In the seminal work of M.
Watanabe et al.16 enough hexacene from its soluble and stable
monocarbonyl precursor was synthesized and most importantly
its good stability when integrated in OTFT devices was proved.
From their transistor characteristics, they recorded a eld effect
mobility (mFE) of 4.28 cm2 V�1 s�1 for its single crystals16 and
0.076 cm2 V�1 s�1 for thin lm mobility.17 In 2017, R. Einholz
RSC Adv., 2022, 12, 671–680 | 671
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et al.18 obtained heptacene by thermal retro-cyclization of
dimers; however, heptacene prepared by this strategy is
unstable and converts back to the dimers which prevents any
device fabrication. In 2019, A. Jancarik et al.19 have developed
a general methodology for preparation of a variety of acenes
longer than pentacene including heptacene from their stable
and soluble carbonyl precursors at moderate temperatures. It is
necessary to mention that heptacene prepared from the mon-
ocarbonyl precursor is stable for several months when stored
under inert gas at room temperature thanks to different packing
of heptacene molecules. First attempts to integrate heptacene
(generated from monocarbonyl precursor) in OTFTs were re-
ported very recently by T. Miyazaki et al. and showed promising
mFE values.20 This powerful concept of having a stable and
soluble proactive precursor, which can be transformed into
acene on demand in quantitative yield and very high-quality,
paves the way not only to the integration of promising novel
molecules in organic devices, but it also allows for deepening
more fundamental questions such as chemical topology,
heteroatom doping, substitution or effect of open-shell cong-
uration on OTFT performance. Furthermore, it will shed light
on the validity of the above-mentioned law of charge mobility
evolution with increasing n. As mentioned above, acenes longer
than pentacene should allow high charge carrier mobilities due
to the large electronic coupling between adjacent molecules and
small reorganization energy. However, before pursuing to
develop these materials to achieve promising mobilities, we
must ensure that the mobility value obtained is accurate. Of
course, the ideal system for investigation of electronic proper-
ties of organic semiconductors is to study them as an organic
single crystal device. However, preparation of single crystals of
many organic compounds can be in many cases extremely
challenging, for reasons such as limited solubility, high reac-
tivity, thermal stability, low volatility of compounds with high
molecular weights, etc. Thus, they can be studied only in the
thin lm states which is bearing new hurdles.

In this study, we will discuss point by point all important
parameters which have to be considered when studying trans-
port properties, especially in thin lm transistors. We investi-
gate the charge carrier mobility of benzohexacene, derived from
a bottom contact OTFT whose optimization, an important
prerequisite, was conducted on tetracene based devices. Ben-
zohexacene is at this moment one of the longest synthetized
oligoacenes which can be processed either by spin-coating or
vacuum evaporation. Herein, tetracene has been chosen as
a reference material, for benchmark device preparation, since
its eld effect mobility is highly reported in the literature.
However, the published values are widely dispersed. These
deviations can be attributed to several factors such as the
molecule arrangement in the lm (molecular structure, supra-
molecular organization.), the lm morphology, closely related
to the deposition technique, the quality of the lm interface
with the dielectric layer and metal electrodes (material, defects,
traps.) and the transistor architecture. Also, before studying
new materials, it is of great importance to determine an opti-
mized device and measurement method to be used rigorously.
The need for formalized investigation procedures could be
672 | RSC Adv., 2022, 12, 671–680
illustrated by the huge range of mFE values for tetracene thin
lms varying from 10�4 to 0.38 cm2. V�1 s�1, as reported in
Table 1 (see ref. 28 and 24). These discrepancies are partly due
to the chosen techniques for preparing organic thin lms and
dielectric surfaces, which may induce structural properties and
therefore impact the transport for identical molecules.

This is particularly critical for linear acenes such as tetracene
and pentacene which are known to exhibit polymorphic struc-
tures with substrate induced phases (SIP) related to the
molecule/substrate interface and deposition process.29 The
main important issue in accurate mFE determination is however
related to OTFT fabrication and characterization since it is oen
the cause of mFE overestimation or underestimation. As
mentioned above, this includes the transistor geometry (with
constricted channel length lower than 10 mm for example) and
errors made in the way of extracting mFE as argued by H. H. Choy
et al.30 Among their guidelines for correct mFE determination,
they pointed out that mFE must primarily be extracted from
linear regime measurements (mlin), corresponding to the OTFT
operating mode, with a specic focus on transfer characteristic
linearity (linear and saturation mobility are claried in the
ESI†). If we look further in the results summarized in Table 1, it
can be seen that in the literature, tetracene mFE is mostly ob-
tained from saturation regime measurements (msat).

In this paper we report a thorough investigation of benzo-
hexacene eld effect mobility considering both material and
device parameters inuencing mFE determination. Given that in
oligoacenes charge carrier transport is known to be closely
related to the crystalline quality of the organic active layer, the
comparison of morphological, structural and electronic prop-
erties of tetracene and benzohexacene thin lms will be dis-
cussed. Moreover, in order to assess accurate mFE values, we
perform a detailed benzohexacene based OTFT study including
four-probe devices. Using these devices, it is possible to deter-
mine a eld effect mobility indicative of the intrinsic perfor-
mances of the transistor without any inuence from metal/
organic semiconductor (OSC) series resistance.
B. Sample description
B.1. Architecture of OTFTs

Since the most studied oligoacene molecules like tetracene or
pentacene are usually considered as hole transport materials,
we choose a heavily doped n-type silicon wafer (r� 10�3 Um) as
the substrate for bottom gate thin lm transistor fabrication.
First, a 225 nm SiO2 thick lm used as the gate dielectric was
thermally grown on the silicon substrate with a measured
insulator capacitance CSiO2

of 15.3 � 10�9 F cm�2, obtained at
10–100 kHz. Aerward, two photolithography and chemical
etching steps were performed to obtain the pre-patterned OTFT
electrodes (gate (G), source (S) and drain (D)). The rst step
consists in engraving the SiO2 layer in order to open bottom
gate contacts (BG) constituted by the silicon substrate. The aim
of the second one is to dene source and drain patterns by Cr/
Au (10 nm for chromium and 50 nm for gold) li-off using 5 mm
negative NLOF 2035 resist purchased from MicroChemicals.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07808a


Table 1 Field effect mobilities reported for various tetracene based OTFTs (all are bottom gate devices)

Ref. Tetracene deposition method Device structure Dielectric layer mFE (cm2 V�1 s�1)

21 Sublimation, 0.5 �A s�1 Bottom contact SiO2 m ¼ 1 � 10�2a

Substrate temperature: 15 �C, 25 �C L ¼ 10 mm SiO2/OTS m ¼ 0.12a

W ¼ 220 mm
22 Neutral cluster beam, 5 Å s�1 Top contact SiO2 msat ¼ 0.162

L ¼ 200, 660, 800, 1400 mm SiO2/OTS msat ¼ 0.252
W ¼ 500 mm

23 Sublimation, deposition ux from 0.1 to 3 �A s�1 Bottom contact SiO2 msat ¼ 0.13
24 Sublimation, 4 nm min�1 Top contact SiO2 msat ¼ 0.38b

L ¼ 80 mm
W ¼ 500, 1000 mm

25 Sublimation, 0.6 �A s�1-substrate temperature: 10 �C, 20 �C Top contact SiO2 msat ¼ 1 � 10�4

SiO2/AMS msat ¼ 0.12
26 Sublimation, 0.5 �A s�1 Bottom contact SiO2/OTS mlin ¼ 5 � 10�2

L ¼ 5 mm
W ¼ 20 cm

27 No details Bottom contact SiO2/OTS m ¼ 4 � 10�3a

L ¼ 15 mm
W ¼ 20 cm

28 RESS (rapid expansion of supercritical solutions) Top contact SiO2/HMDS msat ¼ 5.1 � 10�4

L ¼ 15 mm
W ¼ 2 mm

29 Sublimation, 0.35 �A s�1 Top contact SiO2 msat ¼ 1 � 10�2

L ¼ 60, 80, 100 or 150 mm SiO2/PS msat ¼ 0.168
W ¼ 2 or 4 mm SiO2/PARY C msat ¼ 0.064

SiO2/PMMA msat ¼ 0.018
SiO2/HMDS msat ¼ 0.027

This work Sublimation, 0.4 �A s�1 Bottom contact SiO2 mlin ¼ 1.5 � 10�3

L ¼ 50 mm SiO2/OTS mlin ¼ 0.12
W ¼ 1000 mm

a In these papers, the regime used for eld effect mobility determination is not clearly dened. b Highest reported value.
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Fig. 1(a) and (b) display the structure and picture of
a bottom-contact OTFT with a channel width (W) of 1000 mm
and channel length (L) of 50 mm � 1 mm aer the organic layer
deposition. For further eld effect mobility investigations,
a device type with different pre-patterned electrodes to obtain
the so-called 4-probe OTFT was fabricated (Fig. 1(c)). The new
substrates are constituted by two OTFTs and two 4-probe
Fig. 1 (a) Schematic representation of the bottom gate bottom
contact OTFT and pictures of OTFTs with (b) tetracene 2-probe W ¼
1000 mm and L ¼ 50 mm and (c) benzohexacene 4-probe devices D ¼
80 mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
OTFTs. Each of them displays a W of 300 mm and L of 200 mm.
For the 4-probe devices, the length between the two channel
probes (D) is 80 mm (see the picture in Fig. 1(c)). Before the
organic thin lm preparation, a SiO2 surface decontamination
was applied. All samples were cleaned by sonication in succes-
sive baths of acetone and isopropanol (10 min each), followed
by a 5 min H2O2 : H2SO4 (1 : 1) solution treatment and nally
rinsed in deionized water and dried with nitrogen. In order to
follow the SiO2/OSC interface inuence on charge carrier
mobility, some of the dielectric layers were modied by graing
an octadecyltrichlorosilane (OTS from Aldrich Co.) self-
assembled monolayer (SAM). The graing protocol consisted
of substrate immersion in a mixture of 80 mL of OTS and 20 mL
of chlorobenzene for 24 h, in a N2-lled glovebox. Organic thin
lms were deposited onto the substrates through a mask in
order to pattern them (see Fig. 1(b) and (c)). Active organic
layers were prepared during the same deposition batch on OTS
treated and untreated dielectric surfaces in order to reduce run-
to-run variations. Finally, the devices were encapsulated by
a cover glass sealed with DELO KATIOBOND LP 655 (see the
scheme in Fig. 1(a)).

The electrical device characterization was completed with
commercial apparatus composed of a Karl Suss PA200 probe
station and an Agilent 4142B (four source/measure units SMU).
Measurements were performed using ground and high voltage
SMUs with limit values up to 100 V and 100 mA for voltage and
RSC Adv., 2022, 12, 671–680 | 673
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current source/drain and gate biases. For the 4-probe
measurements, as ve source/measure units SMU were needed,
we used an Agilent 4156C. All electrical measurements were
held in the dark, in air at room temperature. A careful exami-
nation of the way the electrode or dielectric preparation and
OSC implementation modify the device behaviour has been
made. This required the analysis of output (IDS–VDS) and
transfer (IDS–VGS) transistor characteristics with in-depth elec-
trical studies by extracting the following set of values from
transfer characteristics: “off” current (Ioff), “on” current (Ion),
threshold voltage (Vth), and device hysteresis.
B.2. Oligoacene deposition method

Fig. 2(a) shows the chemical structures of tetracene, benzo-
hexacene precursor and benzohexacene (aer decarbonylation)
used in this study. Tetracene and benzohexacene precursor (see
molecules 1 and 2 in Fig. 2(a)) were synthesized following
established procedures.13 For thin lm preparation by thermal
evaporation molecules 1 and 2 are rst disposed in Knudsen
cells placed in a vacuum chamber at 2 � 10�7 mbar (Plassys
MEB 550B). Organic thin lms were then grown by sublimation
at 80 �C and 200 �C for tetracene and benzohexacene respec-
tively under high vacuum (2 � 10�7 mbar) at a low growth rate
of ca. 0.4 A ̊ s�1 with the substrate at room temperature. The
thickness of the OSC lm and deposition ux were controlled
with a quartz vibrating thickness monitor placed near the
samples.

In such a case, for the longest acene, the precursor decar-
bonylation occurs during the evaporation process, before
sublimation, while the powder is heated to 200 �C, directly
leading to a benzohexacene thin lm grown without any sample
thermal post-treatment as described in previous work.19

The visible-near IR absorbance spectra, recorded on 75 nm
tetracene and 90 nm thick benzohexacene lms deposited onto
Fig. 2 (a) Chemical structure of the materials used in this study: 1,
tetracene; 2 benzohexacene precursor; 3, benzohexacene after
decarbonylation of 2. (b) Absorption spectra of tetracene and ben-
zohexacene evaporated thin films.

674 | RSC Adv., 2022, 12, 671–680
quartz slides (using a Lambda 650 spectrometer in a two-beam
conguration), are displayed in Fig. 2(b). The tetracene thin lm
exhibits an absorption spectrum comparable to that recorded
by S. H. Lim et al.31 For the longest molecule, the obtained curve
is similar to the one reported previously on spin-cast and
thermally decarbonylated benzohexacene precursor layers, with
the same four bands at 609, 665, 717 and 770 nm, demon-
strating that benzohexacene (molecule 3, Fig. 2(a)) has been
deposited onto the substrate.19
C. Results and discussion

It should be noted that one of the main parameters inuencing
charge transport in OTFTs is related to the organic thin lm
structure at the dielectric/OSC interface and especially to the
supramolecular organization in the OSC layer. Indeed, for tet-
racene and pentacene which are linear acenes, a lot of papers
point out the link between molecular arrangement due to thin
lm growth conditions (polymorphic structure, grain size.)
and electronic material properties. So, in new long oligoacene
eld effect mobility study, it is of great importance to analyse
the organic thin lm morphological and structural properties.
C.1. Morphological and structural oligoacene thin lm
properties

We have rst performed AFM surface observation for tetracene
and benzohexacene evaporated layers on SiO2/OTS substrates
(during the same process as the OTFT fabrication), since OTS-
graed dielectric surfaces have been proved to improve hole
transport in tetracene OTFTs.21,22 Sample topological properties
were then studied by atomic force microscopy (AFM) using
a Bruker Dimension ICON AFM in tapping mode. The two-
dimensional AFM images are reported in Fig. 3(a) and (b). For
tetracene lms (Fig. 3(a)), the surface morphology consists in
huge molecular stacks with faceted shapes, consistent with
AFM observations already reported for tetracene obtained for
low deposition ux.23 For the 50 nm (nominal thickness) thick
layers, the lm appears to be discontinuous (see Fig. S1 in the
ESI†). However, the structures formed by tetracene molecules
seem to be identical, evidencing a three-dimensional island
Fig. 3 AFM tapping mode (a) 5� 5 mm2 image of 75 nm tetracene and
(b) 2 � 2 mm2 image of 50 nm benzohexacene films grown on SiO2/
OTS substrates at a deposition flux of ca. 0.4 Å s�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth mode. These islands consistent in shape and size could
be attributed to the growth rate used for tetracene deposition
(0.4 A ̊ s�1) and to the OTS dielectric treatment used as observed
by F. Cicoira et al.23

For the thickest 75 nm lms (the ones used in devices), an
improvement in substrate coverage is achieved, keeping the
faceted shapes already observed on the thinnest lm. For all
those tetracene samples, the rms surface roughness extracted
from AFM analysis soware over a 5 � 5 mm2 area is signicant,
about 35 nm, approaching the nominal lm thickness for the
thinnest layer. By contrast (Fig. 3(b)), the 50 nm thick lm of
benzohexacene reveals a fairly homogeneous lm, even for
20 nm thick layers (not shown here). It consists of a continuous
surface composed of small grains leading to a rms roughness
value of 14 nm, much lower than that obtained for tetracene.

The images shown in Fig. 3(a) and (b) highlight a very
different morphology for the lms of the two oligoacenes 1 and
3 processed under exactly the same conditions (same
substrates, same vacuum in the chamber, and same evapora-
tion rate). It is also interesting to notice here that for benzo-
hexacene, we do not verify any island growth, as in 20 nm layers
processed with low evaporation rate. We can presume that for
this material, growing phases occur in a very different way from
those described for shorter linear acene molecules such as tet-
racene and pentacene.32

In order to further compare the structural organization of
these OSC thin-lms, tetracene (75 nm) and benzohexacene (50
nm) on OTS-graed SiO2 substrates have been characterized by
X-ray diffraction. Structural characterization of lms was per-
formed in the Bragg–Brentano conguration using a Bruker D8
diffractometer equipped with a LynxEye 1D detector. Data were
recorded using a Cu Kawavelength radiation (40 kV, 40mA) and
collected at room temperature with a 0.02 step scan and 20 s per
step. A nickel lter was used to eliminate the Kb-ray and reduce
uorescence. Fig. 4(a) and (b) depict the diffraction patterns
monitored in the range of 3� # 2q # 35�. The obtained results
demonstrate that both acene samples 1 and 3 exhibit a poly-
crystalline structure with a strong ordering due to the presence
of harmonic peaks. Indeed, as for most of these organic mole-
cules, the growth mode of these thin lms is usually very
particular. Here, XRD peaks corresponding to the (00l) reec-
tions only are observed. Therefore, (ab) planes are parallel to the
surface of the substrate and the distances between the layers
correspond to the d00l spacings.

For tetracene lms, the X-ray diffraction allows for dis-
tinguishing two molecular arrangements evidenced by the
presence of double peaks for each (00l) reection (Fig. 4(a)).
Such polymorphic structures have already been described for
linear acenes and have been attributed to a surface-induced
“thin lm phase” (TFP) and a triclinic “bulk phase” (BP) for
the rst and second peaks of each pair of (00l) reections
respectively.33,34

Fig. 4(a) shows that the (001) lattice spacing is 12.15 Å for the
bulk phase and 12.88 Å for the thin lm. First, these values are
in good agreement with the literature.35 Then, the different
lattice spacing values indicate that the molecules are oriented
differently from the normal of the substrate. Based on these d001
© 2022 The Author(s). Published by the Royal Society of Chemistry
spacings and the length of the tetracene molecule of 13.53 Å,36

the tilt angle of this acene from the c-axis to the a-axis varied
between 26� for the bulk phase and 17� for the thin lm part.
Since the TFP peak of the (001) reection is much more intense
than the BP one, this suggests that, in the tetracene lms
studied (on OTS treated SiO2 substrates), the highly oriented
thin lm phase extends over several molecular layers. It is
noteworthy that for low ux evaporated tetracene (on untreated
SiO2), as published by. Gompf et al.,37 a lower contribution of
the TFP phase is expected. However, if relative amounts of TFP
and BP phases are highly related to the deposition process
(purity of the material source, ux, pressure, substrate
temperature.), morphological analysis showed that substrate
preparation, such as SAM treatment, also interferes in the tet-
racene growing process, resulting in likely different molecular
arrangements.21–23,29 For benzohexacene, the XRD pattern
clearly shows three main peaks at 4.8�, 9.6� and 14.4� in 2q
angles (see Fig. 4(b)). Most acenes being known to have
a triclinic structure with two molecules per cell, we can thus
assume that benzohexacene has the same crystalline organiza-
tion. The observed multiple peaks can be tted to a series of
(00l) reection lines, and the d001 lattice spacing is equal to 18.4
Å for the (001) series of planes. In comparison to the tetracene
molecule-based XRD pattern discussed before, where a doublet
of peaks was systematically observed, in the case of benzohex-
acene molecules a single series of peaks corresponding to the
(001) reections are observed, apart from a small intensity
noticeable on the bottom le of the rst reection at 18.4 Å. In
this case, most of the benzohexacene molecules were thus
deposited with an orientation close to the perpendicular of the
substrate. No other diffraction peaks corresponding to different
(hkl) reections are seen which means that only one structural
organization exists for benzohexacene lms. The length of this
oligoacene being also bigger, as the d001 distance shows, we can
suggest a much more tilted orientation of the molecules which
would lead to a bulk phase with a single orientation.

For tetracene lms, it was shown that the polymorph TFP
and BP phase coexistence can be related to the organic material
evaporation rate.32,37,38 Hence, in order to investigate the rela-
tionship between the structural organization and the deposi-
tion rate, we fabricated and characterized 50 nm-thick
benzohexacene lms with a growth rate of ca. 0.2, 0.4 and 2 A ̊
s�1. No difference in each diffraction pattern is observed,
indicating no structural change evidence by XRD (see Fig. S2†).
Moreover, since growing studies of tetracene and pentacene
polymorphs have demonstrated a thickness dependence of the
TFB and BP phases, thinner and thicker benzohexacene lms
were examined. Structural characterization performed on
20 nm and 90 nm benzohexacene layers (see Fig. S3†) led to
similar results to the ones already found for 50 nm thick layers,
highlighting no effects of lm thickness on the structural
organization of this molecule. To conclude this comparison of
the morphological and structural features of tetracene and
benzohexacene lms, we can state that the lack of a substrate
induced phase in the longer acene layers seems to indicate
a weaker impact (than the one observed during tetracene
RSC Adv., 2022, 12, 671–680 | 675
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Fig. 4 X-ray diffraction patterns of the (a) SiO2/OTS/tetracene (75 nm) and (b) SiO2/OTS/benzohexacene (50 nm) samples.
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deposition) of molecule/substrate interaction in this mode of
material growth.
C.2. Mobility determination from benzohexacene OTFT
characteristics

In this section, we investigated the transport properties of
benzohexacene using the rst device architecture developed
(see Fig. 1b in Section B.1). In order to compare these devices
with the tetracene ones (see ESI†), we focus this study on TFTs
with a typical channel length L ¼ 50 mm and width W ¼ 1000
mm, operated at source-drain voltage up to �50 V. Two types of
transistors were measured: without (no OTS) and with OTS pre-
treatment (OTS) of the SiO2 surface. Their comparison will allow
us to highlight the role of dielectric/OSC interfaces in the
performance of the benzohexacene based-device. Fig. 5a and
b illustrate the output room-temperature characteristics of the
OTFT with a 50 nm-thick benzohexacene active layer. The drain
current at negative gate bias saturates in the OTS-graed OTFT
following the standard FET behaviour for hole accumulation
676 | RSC Adv., 2022, 12, 671–680
mode; for the no-OTS transistor, this saturation is less
pronounced for VGS higher than �30 V (Fig. 5(a)).

However, the IDS values obtained are greater by a factor of
three. For both devices, IDS–VGS plots are displayed in Fig. 6(a–d)
in the linear and saturation regimes. The I–Vmeasurements of all
the devices considered do not show any hysteresis (not shown
here). All the OTFT set of values extracted from transfer charac-
teristics are summarized in Table 2. One can notice that, in
comparison with tetracene (see ESI†), the transfer characteristics
of the benzohexacene based transistors shi to a lower threshold
voltage of �1 V and �1.5 V for OTS and no-OTS respectively. For
3, it should be noted that the difference between linear and
saturation mobilities is relatively small, which is an indication of
a good charge injection from the electrode to the active layer.
Otherwise, we observe that the mobility obtained on the no-OTS
device is comparatively slightly greater than that for the pre-
treated SiO2 ones, both in the linear regime (0.022 cm2 V�1 s�1

(no OTS) and 0.017 cm2 V�1 s�1 (OTS)) and in the saturation
regime (0.023 cm2 V�1 s�1 (no OTS) and 0.016 cm2 V�1 s�1 (OTS)).
From this, we can argue, however, that for the same preparation
condition, benzohexacene OTFT characteristics seem to be less
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Output characteristics of the (a) no and (b) OTS-benzohex-
acene-based TFTs (W/L ¼ 1000 mm/50 mm).
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inuenced by dielectric SAM modication than tetracene based
devices. For another long acene, hexacene, J. Han et al. also evi-
denced a low eld effect hole mobility variation from 0.05 to 0.1
Fig. 6 Semilogarithmic transfer curves (left y-axis) and plot of square roo
and d) VDS ¼ �50 V of the no OTS and OTS-grafted benzohexacene ba

© 2022 The Author(s). Published by the Royal Society of Chemistry
cm2 V�1 s�1 with OTS and polystyrene modied SiO2 surfaces
respectively.39 These preliminary results tend to show that long
non-substituted acenes (n $ 6 fused benzene rings) may exhibit
a eld effect mobility not strongly related to the dielectric surface
as it is the case for tetracene and pentacene. In polycrystalline
benzohexacene, the lack of the SIP structure noticed from XRD
experiments could partly explain this behaviour.

It is also interesting to notice that the results on hexacene
(evaporated onto OTS-graed SiO2) AFM topology published by J.
Han et al. show a small grain morphology, very similar to the ones
we have observed for benzohexacene thin lms. In such samples,
the hole transport might be mostly reduced by grain boundaries
(see the AFM image in Fig. 3), resulting in traps located in the
inter-grain region as it has been described for polycrystalline
organic materials.40 In pentacene lms, those traps have been
identied as HOMO band-edge-uctuations located at crystal-
growth domain boundaries.41 However a signicantly high mFE of
2.2 cm2 V�1 s�1 was recently published for heptacene grown layers
exhibiting very small crystals with an estimated size of 17 nm.20 In
order to achieve a better understanding of hole transport (with
increasing n) in new n-acene molecules a thorough study of eld
effect mobility extraction is thus necessary. In the next section, we
analyse the behaviour of mFE according to various parameters such
as device geometry and operation mode.
C.3. Extensive charge carrier eld effect mobility study in
benzohexacene

From the previous results, we have shown that for the benzo-
hexacene thin lm structural and electronic properties remain
unchanged with or without OTS dielectric modication. So, in
order to complete the results described above, we limit the
extensive mobility study to the devices without SiO2 treatment.
t (IDS) (right y-axis) versus gate voltage for (a and c) VDS ¼ �10 V and (b
sed transistor with channel size W/L ¼ 1000 mm/50 mm.
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Table 2 Device parameters extracted from transfer characteristics

OTFT Vth (V) Ion/Ioff mlin (cm2 V�1 s�1) msat (cm
2 V�1 s�1)

Tetracene no OTS �23 1.7 � 103 0.0015 � 4 � 10�5 0.0021 � 4 � 10�5

Tetracene OTS �16 2.5 � 106 0.119 � 3 � 10�3 0.157 � 3 � 10�2

Benzohexacene no OTS �1.5 1.6 � 104 0.0216 � 6 � 10�4 0.0228 � 7 � 10�4

Benzohexacene OTS �1 4.8 � 106 0.017 � 5 � 10�4 0.0158 � 4 � 10�4
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First, for those devices, we have determined the reliability
factor proposed by H. H. Choi et al.30 In the linear regime, the
obtained value rlin is 73%. This factor highlights how much the
mobility extracted from the OTFT data differs from the one
obtained from an ideal transistor. If it is somehow impossible to
reach ideal transistor characteristics with a material which does
not behave like a single crystal semiconductor an extensive mFE

study is needed to determine a reliable mobility value. So, we
have examined the mFE variation with VGS for W/L 1000/50 mm
transistors. Indeed, the equations used to extract eld effect
mobility (see ESI†) assume a constant charge carrier density (p),
but, for some OTFTs, it has been shown that p could vary with
applied bias, leading mFE to be gate voltage dependent. This
variation is depicted in Fig. 7 with mlin and msat obtained at VDS¼
�10 and �50 V respectively. It can be seen that mlin tends to
saturate with VGS, indicating an almost constant mFE for VGS
greater than – 15 V.

In addition to supplementing the determination of hole
mobility in benzohexacene thin lms, we explored the conse-
quence of the contact resistance effect on mFE. For long oligoa-
cenes, molecules for which high mFE values are expected, the
inuence of contact resistance on device performances should
increase signicantly.42 Moreover, according to C. Liu et al.,43

gate dependence of contact resistance (RC) can result in possibly
overestimated or underestimated mFE. One way used, to over-
come the RC inuence in mFE determination, is the four-probe
method resulting in m4p mobility which represents a contact-
corrected linear mobility in the oligoacene.44 For this purpose,
Fig. 7 Mobility vs. VGS in linear (black, VDS¼�10 V) and saturation (red,
VDS¼�50 V) regimes for the no-OTS benzohexacene based transistor
with channel size W/L ¼ 1000 mm/50 mm.

678 | RSC Adv., 2022, 12, 671–680
we have performed transfer characteristics measurements of
four-gated benzohexacene OTFTs. The four-gated OTFTs have
two additional small electrodes (35 mm width) placed on the
sides of the channel as shown in the picture in Fig. 1c. The
measurement of the voltage in the channel is performed inde-
pendently using a high impedance electrometer to minimize
the current in these probes. The equation used to get m4p in the
linear regime incorporating the four-gate geometric parameters
and voltage V4p is expressed as

m4p ¼
D

W

1

CSiO2

v
�
ISDV4p

�

vVGS

(1)

where CSiO2
is the oxide capacitance per unit area, D is the

center-to-center distance between the channel electrodes and
V4p is the voltage between two probes along the corresponding
section of the channel. In order to verify the disturbances such
as modication of the potential in the channel, we have per-
formed electrical characterization on identical OTFTs with and
without probes (see Fig. S6†). The transfer characteristics,
which are similar for these two devices, indicate that adding the
probes does not modify the transistor operation. From the four-
probe device characterization, the extracted m4p mobility is 0.2
cm2 V�1 s�1 for VGS ¼ �50 V, which is about ten times greater
than the non-contact-corrected mlin obtained from the two probe
devices. From m4p vs. VGS characteristics (see Fig. 8), it was found
that the channel mobility is gate voltage dependent and
increases quasilinearly with VGS. This tendency has already been
reported for oligothiophene thin lms aer removing the effect
of contact resistance.45 It has been attributed to the poly-
crystalline structure of the organic thin lms in which grain
Fig. 8 Four-probe mobility vs. VGS (calculated according to eqn (1)) in
the linear regime (VDS ¼ �10 V) for the no-OTS benzohexacene based
transistor with channel size W/L ¼ 300 mm/200 mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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boundaries could behave as traps limiting charge carrier
mobility in the channel46 which conrms that for benzohex-
acene, hole transport is reduced by the lm morphology.

From these results, it is therefore quite clear that to compare
different oligoacene molecules with various HOMO/LUMO
levels, thin lm structures and morphologies leading to
different contact resistance effects, m4p should be more reliable
than mFE reported in Section C.2. However, showing m4p varia-
tions with VGS is still mandatory regarding charge transport in
polycrystalline organic thin lms. Based on these ndings, it is
for now difficult to draw a conclusion on charge mobility
enhancement with the number of benzene units in the non-
substituted longest oligoacenes. In fact, no reports of m4p for
devices based on thin lms fabricated with those molecules are
related in the literature.

D. Conclusions

In this paper, we presented the investigation of eld effect hole
mobility of a new acene, benzohexacene, and related it to its
thin lm morphological and structural properties. In contrast
to shorter linear acenes like tetracene and pentacene, benzo-
hexacene does not exhibit any polymorphic structures with
surface induced phases. For this polycrystalline material,
mobility limitations should be mostly due to its thin lm
morphology with crystal-growth domain boundaries acting as
trap states. We have then further examined its hole eld effect
mobility extracted from linear and saturation regimes of bottom
contact OTFTs and demonstrated that it was one order of
magnitude lower than those obtained from four-probe gated
transistors. Finally, we determine a benzohexacene four-probe
hole mobility of 0.2 cm2 V�1 s�1 for VGS ¼ �50 V. These
results highlight that in order to determine the eld-effect
mobility of new molecules, great attention must be paid to
the thin lm structure and extraction method used especially
for polycrystalline materials such as oligoacenes.
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