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ABSTRACT

This paper describes a simple, solution-phase route to the synthesis of bulk quantities of hexathiapentacene (HTP) single-crystal nanowires.

These nanowires have also been successfully incorporated as the semiconducting material in field-effect transistors (FETSs). For devices

based on single nanowires, the carrier mobilities and current on/off ratios could be as high as 0.27 cm %Vs and >10°3, respectively. For transistors
fabricated from a network of nanowires, the mobilities and current on/off ratios could reach 0.057 cm 2IVs and >104, respectively. We have
further demonstrated the use of nanowire networks in fabricating transistors on mechanically flexible substrates. Preliminary results show

that these devices could withstand mechanical strain and still remain functional. The results from this study demonstrate the potential of

utilizing solution-dispersible, nanostructured organic materials for use in low-cost, flexible electronic applications.

Organic semiconductor nanostructures are potential next-far exhibited the best-reported device performance. Despite
generation materials for displays, integrated circuits, solar these promising results, there are very few repbda 1D
cells, memory elements, and actuatbfBhe advances in  nanostructures (e.g., nanowires) synthesized from oligo-
molecular design and synthesis has made it possible to tuneacenes, let alone pentacene derivatives. A possible explana-
the molecular structures and properties of organic semicon-tion for this slow development is the relative scarcity of
ductors to meet the technological requirements for fabricating sz-stacking pentacene derivativig6.18

practical devices. Studies on aromatic molecules have shown oo of the greatest challenges for organic thin-film
that self-assembly through strong-x interactions can lead

to the formation of one-dimensional (1D) nanostructures
preferred for field-effect transistofs? Examples of self-
assembled nanostructures include (but are not limited to)
nanofibers, nanowires, and nanoribbons synthesized from
hexabenzocoronene derivativésperylene tetracarboxylic
diimide derivatives;” macrocyclic aromatic moleculéeo,°

and metal phthalocyaninés? One-dimensional nanostruc-
tures predominantly self-assemble along #her stacking
direction! which is believed to favor a high charge-carrier
mobility as a result of the strong intermolecular coupling

between the packed moleculdst has recently been shown ~ Unusuaf®** Solution  deposition offers a cost-effective
thatz-stacking in oligoacene derivatives can generate high method for fabricating large-area electronic components from
carrier mobilities in transistor devicéd!3 Among the organic materials. While solution-deposition techniques have

oligoacenes* pentacen® and its derivative$.16 have thus been reporFed wit_h some Igvel of success, there are still
unresolved issues in controlling the crystal packing and film-
forming properties. Therefore, there is a growing need to

transistors is to achieve an ultimate control of both film
morphology and degree of crystallinity.Even the best-
performing organic semiconductors inevitably contain mo-
lecular disorder and grain boundaries, which effectively
reduces the mobility of the materflOrganic single crystals,

on the other hand, are known to have superior perfornfance
as they are largely free of grain boundaries or molecular
disorder. However, their fragility and brittleness makes it
very difficult to work with and reports of fabricating devices
from solution-processable single crystals are somewhat
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synthesized, polycrystalline sample) into the single-crystal
nanowire form. Any excess HTP powder that was not
dissolved during the refluxing process would remain as
granular debris that quickly settled out from the solution once
magnetic stirring was switched off. In this case, one could
simply collect the suspended nanowires and disregard the
debris that accumulated at the bottom of the reaction
HTP container. It is possible to control the widths of the nanowires
from ~1 um to ~150 nm by injecting small quantities of
HTP B | methanol into the recrystallization solution as the solution
Nanowires # began to cool (see Supporting Information for precautions
and details). Typical lengths of the nanowires ranged from
2(A) A mixture of pentacene and elemental sulfur are refluxed several dozemm to hundreds oftm, while the nanowire
i”r tri%kilnl:orsookl)\?enﬁ'?r\]/sitﬁrrﬁ hﬁ 1“0‘?”(;3) H-(')—i'; tissrfggyztsa"{)z:rfzgﬁmnzn heights were in the range of 70 to 470 nm. Figure 1C shows
g-giihlorobenzene, or nit?obenzen%. i/)D\ddition of methanol can he’lp SEM 'm,age of a network of HTP nanowires spun-cas'g onto
reduce the size of resultant nanowires. a SiQ/Si substrate fim a 2 mg/mL HTP/chloroform solution
at 800 rpm. Figure 1D shows an individual HTP nanowire
of ~200 nm in diameter drop-cast on a %8 substrate
from a suspension in ethanol. Figure 1E shows a typical TEM
émage of a network of HTP nanowires. It is worth emphasiz-
ing that, unlike pentacene and other reported derivatit/&s,
HTP nanowires are remarkably stai§lén most organic
solvents (including chlorinated solvents) and do not exhibit
any bleaching even after being exposed to ambient conditions
for more than 5 months. The chemical stability of HTP may

Scheme 1. Two Steps Involved in the Synthesis of
Hexathiapentacene (HTP) Nanowites

In this study, we demonstrate a solution-phase route to
the facile synthesis of single-crystal nanowires of hexathia-
pentacene (HTP). We are interested in this molecule becaus
it combines the elements of pentacene and peripherally rich
sulfur atoms that favar—z stacking®2*Our synthetic route
produces bulk quantities of insoluble yet highly dispersible
single-crystal HTP nanowires. We demonstrate that these
nanowires are highly dispersible in a range of organic X : s Al s ' !
solvents to produce low-cost, large-area, mechanically flex- be attrlbgted to thg rglanvely high |qn!zat|on potential, which
ible field-effect transistors with carrier mobilities as high as Makes it more difficult to be oxidized as compared to
0.27 cn#/Vs for single HTP nanowires and 0.056 #'s pentacene (HOM@Gr = —5.35 eV; HOMQentacens= —5.0
for devices containing a network of HTP nanowires. Thus €V)-'°**° This particular attribute is very important for
far, organic nanostructures reported with the best perfor- Solution-processable organic semiconductors.
mance for single-wire transistors were synthesized from CuPc  To correlate the observed morphology of HTP nanowires
and ReCuPc via high-temperature (38@50 °C) physical with the molecular crystal structure, we performed electron
vapor transport.Although the mobilities of HTP nanowires  diffraction studies and crystallographic packing calculations.
are only next to the values reported for these nanostructuresfigure 2A shows the TEM image of a single-crystal HTP
our solution-based synthesis allows for the production of nanowire, with the inset giving the corresponding electron
HTP nanowires in large quantities as well as fabrication of diffraction pattern. The geometry of the TEM diffraction
solution-deposited devices over large areas. pattern and the measured spacings are in good agreement

We started the synthesis with the preparation of HTP from With the (001) plane of the vacuum-grown cryst¥ghe
pentacene and elemental sulfur (Schenf&®Because HTP  d-spacings of (100) and (010) were determined to be 3.84
is insoluble in nearly all organic solvents at room temper- and 14.5 A, respectively, with an in-plane unit cell angle of
ature, it can be readily dissolved in and recrystallized from 88°; the corresponding values from the vapor-grown crystal
organic solvents with high boiling points such as benzonitrile, were 3.89 A, 14.33 A, and 84 This suggests that the
nitrobenzene, ano-dichlorobenzene. The insolubility of HTP  solution-grown and vapor-grown crystals possess (nearly)
at room temperature serves as a key advantage for solutiorthe same crystal structure and that, consequently, the long
processability. In a typical process, 0.018 g of HTP powder axis of the illustrated HTP nanowire corresponds to the [100]
was added into 15 mL of benzonitrile hosted in a 50 mL direction or thea-axis of the crystal unit cell. In the vacuum-
round-bottom flask and then refluxed under magnetic stirring. grown crystaf® the HTP molecules exhibit the shortest
After the powder had been completely dissolved, both stacking distance and thus the largest overlap of molecular
magnetic stirring and heating were turned off and the solution orbitals along this direction. Figure 2B depicts the HTP
was slowly cooled down to induce crystallization. After single-crystal growth morphology as predicted using the
several hours, HTP nanowires in a cottonlike state were attachment energy methdtFor simplicity, the impact of
observed floating in the solution. One could then collect the solvation layer is neglected. In reality, the crystal in a solution
nanowires and transfer them into a poor solvent for HTP should be covered by a solvation layer, which can lead to
such as chloroform, methylene chloride, or ethanol. The discrepancies between predicted and experimentally ob-
nanowires settled out from the solution after several hours tained crystal morphologie.Furthermore, we assume the
but could be easily redispersed by tapping the vial or simple molecular structure of solution-grown HTP crystals to be
agitation (Figure 1A,B). We note that there was a complete identical to that of their vacuum-sublimation grown counter-
conversion of the dissolved HTP powder (from the as- parts? The attachment energies for various low-index crystal
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Figure 1. (A) Optical photograph showing the cottonlike state of HTP nanowires in chloroform, and (B) well-dispersed nanowires after
agitating the vial. (C) SEM image of a network of HTP nanowires. (D) SEM image of an HTP nanowire with a wid@00fnm (see
the inset for zoom-in). (E) TEM image of a network of HTP nanowires.

Primary growth direction [100]
[100] (lla)

Figure 2. (A) TEM image of and electron diffraction pattern (inset) from a single-crystal HTP nanowire. The diffraction spots were
recorded in the [001] orientation, suggesting that the growth direction of the wire is [100] (i.e., the unit ced).af83 Theoretically

predicted growth morphology of an HTP single crystal is based on the attachment energy method. The calculation indicates that the HTP
crystal should be elongated in the [100] direction along which the molecules exhibit a short stacking distance (3.8 A). This prediction is
in agreement with the electron diffraction pattern even though the effect of solvation was neglected.

facets (h|,|kl,|l] = 1) were computed using a Lennard- The HTP crystal is predicted to grow most rapidly along
Jones potential function and the nonbonded interactionthe [100] direction &-axis of the unit cell), which is in
parameters from the universal force fi@fdBy further- agreement with the electron diffraction data. Moreover, the
more assuming that the relative growth rate of each crystal calculation predicts the (001) facets to exhibit the largest
facet is proportional to the corresponding attachment en- surface area, i.e., the nanowire’s basal plane should be a (001)
ergy? the crystal shape was derived using the Wulff gfot.  facet.
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Figure 3. (A) Output and (B) transfer characteristics of an HTP single-nanowire transistor. The nanowire was cast from a dilute suspension
in chloroform. (C) SEM image of a representative bottom-contact HTP nanowire device fabricated on a doped Si substrate that was covered
by a SiQ dielectric layer of 300 nm thick. The inset shows a magnified view of the HTP nanowire bridging the-sdtaitegold electrodes.

All measurements on HTP nanowire transistors were made under ambient conditions with a standard semiconductor probe station. Mobility
values were calculated from individual HTP nanowires (see Figure S3C, Supporting Information).

Panels A and B of Figure 3 show the output and transfer film devices but more often observed in single-crystal
properties of a single-wire device, exhibiting p-type char- devices?! It is also important to note that the nanowire
acteristics with an estimated hole mobility-©0.27 cni/Vs transistors occasionally cease to function after one scan if
in the saturation regioft. Figure 3C shows a representative the applied voltage is too high. Device failure may be
SEM image of a Cr/Au bottom-contact device constructed possibly due to a relatively large current density passing
from a single HTP nanowire. For mobility calculations, the through the nanowire, resulting in damage to either the
WIL was defined as the width of the nanowire and the length nanowire or contacts (both dielectrisemiconductor and the
across the soureadrain electrodes (see Supporting Informa- electrode-semiconductor contacts). For measurements on
tion). The averag®V/L of a nanowire on a transistor device different devices, we obtained mobilities in the range of
was~0.059. The nanowire was drop-cast across the source~10"2—0.27 cn¥/Vs. This wide range of variation can be
and drain electrodes from a dilute suspension of HTP partly attributed to: (i) difference in contact quality at the
nanowires in chloroform. Devices were annealed-a60 dielectric-semiconductor and/or metasemiconductor in-
°C for 10 min and then placed in a vacuum oven at’60 terface and (ii) solvent impurities and/or microscopic debris
overnight to ensure any traces of solvent would be completely trapped at the dielectricsemiconductor interface. Neverthe-
removed. While this particular device showed a current on/ less, an average value of 0.410.08 cn?#/Vs was obtained
off ratio of ~10°, we occasionally measured on/off ratios as from eight devices for saturation regime mobility. These
high as 16. From Figure 3A, it can be seen that the onset characteristics are comparable to other thin-film transistors
of each output curve clearly reveals evidence of contact reported in literaturé'® and similar to recent reports of
resistance, and for simplicity in mobility calculations, we crystalline nanowire devices.
neglected these effects in the analysis. A threshold voltage It is worth emphasizing that the highest mobility reported
of —0.62 V was calculated afps = —60 V. Such a low for single-crystal HTP nanowire transistors is over six times
threshold voltage is seldom observed in polycrystalline thin- greater than that of vapor-deposited HTP thin-film transis-
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Figure 4. (A) SEM image of a large-area array of bottom-contact devices containing HTP nanowire networks icasat Zrong/mL

suspension in chloroform. Inset shows a zoom-in of a device showing the nanowire network bridging the source and drain electrodes. Note
that the nanowires overlap and stack across the channel. It is presumed that the disorder of nanowires across the channel is responsible for
the lower mobility as compared with the single nanowire transistor. (B) Output and (C) transfer characteristics of an HTP network device.
The electrical characteristics correspond to our best-performing network device.

tors?® In a recent report by Briseno et 8f.a mobility of cost manner, over large areas, and on mechanically flexible
0.04 cn#/Vs and a current on/off ratie- 10° were demon- substrates. With this objective in mind, we set about to
strated for HTP thin-film transistors. The higher mobility of ~fabricate arrays of transistors over large areas by employing
the nanowire transistors compared to vapor-deposited thin-the solution-processable feature of HTP nanowires. Figure
film transistors can be attributed to the high level of structural 4A illustrates an array of soure&lrain electrodes covered
perfection of the single-crystal HTP nanowires in addition by a network of HTP nanowires that were drop-cast from a
to the fact that they are essentially free of grain boundaries suspension (2 mg/mL) of HTP nanowires in chloroform.
or monomolecular growth step¥;32as evidenced from AFM  Prior to solution-casting, the substrate was exposed.to O
surface measurements conducted on individual nanowires.plasma for~10 s in order to improve substrate wettability.
Furthermore, it is not uncommon for mobility to be higher The substrate was tilted at a*4&ngle to enable the solution-
in single-crystals versus the thin-film form of a semiconduc- borne HTP nanowires to trickle down the device to promote
tor material*?>33The relatively large current on/off ratios for  the alignment of the nanowires across the paired electrodes.
the HTP thin-film device® can be ascribed to the OTS It is worth noting that this provisional method of aligning
surface treatment, which is known to increase the current nanowires is not entirely successful, as we often observed
modaulation in organic thin-film devicé&.¢In addition, thin- random networks that consisted of nanowires overlapping
film transistors tend to have larger current on/off ratios over one another. Further optimization of nanowire alignment and
single-crystal device¥.In this study, we did not carry out  patterning is needed and will be reported in due course. The
any surface treatment on our devices. inset in Figure 4A shows a network of wires bridging the
A real-world challenge in addressing the manufacturing source and drain electrodes of a typical HTP network
goals for flexible electronics and displays is the ability to transistor. Panels B and C of Figure 4 show the electrical
fabricate and process organic transistors in a facile and low-characteristics of a network HTP transistor, exhibiting a hole
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mobility of 0.057 cnd/Vs and a current on/off ratio of 2.4 L S——— S——
x 107 Itis evident that this device also shows contact-limited A n=0.032 cm’ﬂé's
behavior as indicated by the onset of the gate-modulated 107 ks on/off =3 x 10" }10.40
output curves. Nevertheless, the device still displays excellent )
gate modulation and current saturation. The lower mobility —~ .3
of the network transistor devices compared to the single- < 10

8

n

wire devices (45-fold difference in mobility) can be
explained from the aforementioned description of crossing
and overlapping nanowires across the source and drain
electrodes. Random crossing and/or overlap of the network
nanowires is reminiscent of grain boundaries in thin-film 10"}
transistors, and it is no surprise that the average mobility S
(0.042+ 0.015 cnd/Vs) of the network devices is effectively ' LSRRt 0.00
reduced and quite similar to that of vapor-deposited HTP
thin-film devices?®

We fabricated the HTP nanowire transistors on mechani-
cally flexible substrates to evaluate their potential for future
applications in flexible electronics. Our approach to measur-
ing the devices on plastic substrates is similar to the one
described in recent repoits:*2Briefly, a shadow mask was
used to evaporate Cr/Au souregrain electrodes for bottom-
contact devices. Poly(vinylphenol) was utilized as the
polymer dielectric layer, while gold or ITO-coated poly-
(ethyleneteraphtalate) (PET) served as the gate electrode. Tt
demonstrate the facile processability of the solution-dispers-
ible nanowires, we spray-coated the material from a suspen-
sion (0.1 mg/mL) of HTP nanowires in a mixture of
chloroform/ethanol (1:1). The spray-coating method allows
one to control the density of nanowires across sottrain
electrodes. Figure 5A shows the transfer characteristics offFigure 5. (A) Transfer characteristics for a device fabricated from

. . . a network of HTP nanowires on a flexible substrate (see Supporting
an HTP nanowire network device on a flexible substrate. A Information). (B) Photograph of an array of bottom-contact

mobility of 0.032 cn¥/Vs, a current on/off ratio of-1C", nanowire network devices where the sourdeain electrodes were
and a threshold voltage of8 V were obtained from a  deposited through a shadow mask. The inset shows a typical device

flexible device similar to that pictured in Figure 5B. Again, covered with a network of HTP nanowires spray-coated from a

we speculate that the decrease in mobility compared to aSUSPension in a mixture of chloroform and ethanol (1:1). A 1.5
. . - . . um thick PVP dielectric layer was used for these devices, and its

single-wire transistor is due to the crossing and overlap of capacitance was 1.9 nF/ef?

nanowires (see the inset in Figure 5B). Because it is difficult

to estimate the active area of the nanowires, our mobilities ansistors could achieve mechanical flexibfigby employ-
reported here may very well be underestimated. The averageng nanometer-thin rubrene single crystiépart from these
mobility extracted from our HTP-network flexible devices  gygies, little is known on the mechanical properties of

is 0.017+ 0.01 cni/Vs. organic single crystals, and it is therefore deemed an

We also fabricated single-nanowire transistors on flexible important area of investigation. We conducted basic strain
substrates to determine if the performance is similar to the experiment® on single nanowire devices only rather than
devices fabricated on conventional Si/gi€ubstrates. The  on network nanowire devices. This was done in order to
highest mobility attained for such a device yielded a mobility exclusively determine the performance of a nanostructured
of 0.19 cn#Vs and a current on/off ratio of10° (see single crystal on a strained substrate; a network device would
Supporting Information). The average mobility over six likely introduce inconclusive results as the devices contain
devices was 0.08 0.06 cn#/Vs. This mobility is consistent  overlapping nanowires. We first examined the flexibility of
with the performance of single-nanowire devices fabricated the nanowires by applying a tensile (outward bending) and
on rigid Si/SiQ substrates. Having demonstrated that HTP compressive strain (inward bending) to the device by
nanowire transistors successfully function on plastic, we then attaching it around an 18 mm diameter (radius curvatere
investigated the mechanical flexibility of HTP nanowires by 9 mm) glass cylinder and ensuring the device securely
conducting basic experiments to determine the effects of conformed to the cylindrical surface. All experiments were
mechanical straiti on the performance of such a device. Hu conducted on substrates bent across the channel leingth (
et al. nicely demonstrated that CuPg@&uUPC nanoribbons  The devices were first measured in the planar geometry mode
possessed excellent flexibiliHHowever, they did not report  followed by compressive strain, tensile strain, and finally
the effects of mechanical deformation on device performance.back to the original planar geometry. The devices were held
It was also recently demonstrated that organic single-crystalin the mechanically strained geometry for at €2 prior
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to electrical measurements then allowed to rest for 1 h
between successive experiments. We found no significant
change in mobility from before, during, or after the applied
strains. This trend has been routinely observed in at least
six separate devices, with the only difference being in the
effective mobility among the devices. Figure S2 in the
Supporting Information shows thé&§) transfer overlays of

a single-wire device subjected to various mechanical defor-
mation geometries. Suo et al. determined that flexible Kapton
substrates thinner than 3@én become “compliant” and can
significantly take up mechanical stress, thereby reducing the
strain and prevent mechanical failure of the semiconduétor.
Our conclusion from these preliminary experiments is that
the performance of mechanically flexible nanowires are not
significantly affected by the strenuous bending inflicted upon
our devices.

In summary, this study introduces one of the first examples
of a pentacene derivative, hexathiapentacene, which forms
bulk quantities of single-crystal nanowires in a simple
solution-phase synthesis. We demonstrated the solution
processability of HTP nanowires by fabricating single-
nanowire field-effect transistors and large-area arrays of
transistors containing networks of nanowires. We further
investigated the mechanical flexibility of the single-crystal
nanowire transistors by demonstrating the effects of me-
chanical strain on the performance of our devices fabricated
on flexible substrates. We discovered that single-nanowire
devices have no significant loss in performance even after
applying strenuous bending to the flexible substrate. These
findings contribute to an area that is still in the very early
stage of development, and we envision that further explora-
tion of the mechanical properties of organic single-crystal
nanowires will lead to their potential use in flexible electron-
ics and displays.
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