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ABSTRACT We have examined the significant enhancement of fm-rubrene _cNTs 10 pr—————T————1 6
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ambipolar charge injection and transport properties of bottom- [ L. FoVp=-100V V=100V ]
i0, ~ 4 L
contact single crystal field-effect transistors (SC-FETs) based on a sipry) .7 \\.

new rubrene derivative, bis(trifluoromethyl)-dimethyl-rubrene
(fm-rubrene), by employing carbon nanotube (CNT) electrodes.

The fundamental challenge associated with fm-rubrene crystals is
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inefficient hole injection and suboptimal electron injection from
conventional Au electrodes due to large Schottky barriers. Applying
thin layers of CNT network at the charge injection interface of fm-rubrene crystals substantially reduces the contact resistance for both holes and electrons;
consequently, benchmark ambipolar mobilities have been achieved, reaching 4.8 cm? V=" s~ for hole transport and 4.2 cm> V="' s~ for electron
transport. We find that such improved injection efficiency in fm-rubrene is beneficial for ultimately unveiling its intrinsic charge transport properties so as
to exceed those of its parent molecule, rubrene, in the current device architecture. Our studies suggest that CNT electrodes may provide a universal
approach to ameliorate the charge injection obstacles in organic electronic devices regardless of charge carrier type, likely due to the electric field

enhancement along the nanotube located at the crystal/electrode interface.
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harge carrier injection from metal

contacts into organic semiconduc-

tors is a critical process controlling
the performance of optoelectronic devices
such as organic light-emitting diodes (OLEDs)
and organic field-effect transistors (OFETs).!
The complexity at the metal/organic semi-
conductor interface, for example, the pre-
sence of interfacial traps, local structural
disorder of the semiconductor, and any
additional effects induced by charge trans-
fer, makes it a fundamentally challenging
problem to systematically control and modify
the charge injection process.” Large energetic
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barriers for hole or electron injection can be
present when an offset exists between the
metal work function and the highest occu-
pied molecular orbital (HOMO) or the lowest
unoccupied molecular orbital (LUMO) of the
organic semiconductor. Under these circum-
stances, charge injection becomes the limiting
factor for the subsequent device operation,
often manifested by large contact resistance
and nonohmic current—voltage behavior,
consequently resulting in an underestimate
of the intrinsic electrical properties of the
semiconductor. Efficient charge injection is,
therefore, particularly important in OFETs
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based on organic single crystals, which is the ideal
system to probe the intrinsic charge transport and
structure—property correlation of the semiconductor
material 3

Several techniques have been developed to address
the charge injection problem for one type of carrier, either
holes or electrons, in organic electronic devices* ' One
general strategy employs surface modifiers to change the
metal work function through interface-dipole induced
vacuum-level shifts in order to align the Fermi energies
with the energy levels of the semiconductor. For example,
different thiol-type self-assembled monolayers (SAMs)
have been used to modulate the work function of Au
and Ag* Recently, the aliphatic amine-functionalized
polymers have been found to greatly reduce the work
functions for a wide variety of conductors including high
work function metals (e.g., Au, Ag), transparent conductive
metal oxides and conducting polymers, thereby provid-
ing an excellent alternative to low work function metals
(e.g., Ca, Al) for n-type organic semiconductor devices.’
Another option utilizes chemical doping of the semicon-
ductor to increase its local conductivity and/or to fill up the
interfacial traps, and thus decrease the injection barrier
height. For p-type organic semiconductors, strong elec-
tron acceptors such as F4-TCNQ and FeCl; have often been
used as dopants.”® However, the exact nature of the
doping mechanism along with the knowledge about the
dopant concentration and its location remains unclear.
Alternative approaches have involved depositing other
conducting or semiconducting films, often ultrathin metal
oxides, as the charge transport layer or tunneling layer
between the metal contact and semiconductor.'®'" Never-
theless, the deposition of oxide films is often performed
under less favorable conditions, usually accompanied by
high-temperature processes and tedious patterning steps.

The techniques described above have been success-
fully applied to organic thin film devices but are less
used in single crystals. In fact, most carefully studied
high-mobility p-type (e.g., rubrene, TMTSF, DNTT)'2~ 1>
or n-type organic crystals (e.g., PDIF-CN,)'® do not
seem to experience charge injection difficulties with
commonly used Au electrodes. One apparent reason is
that their respective HOMO or LUMO levels align close
to the Au work function (5.0 eV). Somewhat surpris-
ingly, the benchmark material, rubrene single crystal,
having a HOMO level of 4.9 eV, can form high-quality
ohmic contacts with several electrode materials such
as evaporated Au films'’and Ag films,'® and aqueous
graphite paint,'® leading to large room-temperature
hole mobilities of 10 cm? V™' s™'. This fortunate
advantage has directly facilitated a variety of important
fundamental transport studies using rubrene crystals, such
as the observation of band-like transport,**" unusual
conductivity behavior at high charge densities,>>2* sur-
face doping using molecular SAMs,'® and determination
of long exciton diffusion lengths and related photo-
oxidation phenomena.>?®

XIE ET AL

During our efforts to investigate the structure—
property relationships in rubrene crystals, we have
previously developed a series of new rubrene deriva-
tives and have fabricated single crystal OFETs (SC-
OFETs) from these rubrenes.?” Remarkably, the SC-
OFETs built on bis(trifluoromethyl)-dimethyl-rubrene
(molecular structure shown in Figure 1(a)), which we
will refer to as fm-rubrene, exhibit ambipolar transport
behavior with high hole mobility of 1.5cm?V~'s~" and
electron mobility of 0.28 cm? V™' s™'. Despite this
preliminary achievement, the fm-rubrene SC-OFETs
have yet to reach their expected intrinsic electrical
performance, on the basis of band structure calcula-
tions that suggest superior transport properties (for
both holes and electrons) over the parent molecule,
rubrene.”” We speculated that this was because the
side group functionalization in fm-rubrene led to
deeper HOMO and LUMO levels than rubrene, which
had an adverse impact on the hole injection when
using the same Au electrodes. Electron injection was
easier than in rubrene, as seen in our previous report,
but was still not optimized.?’” As a result, SC-OFETSs built
on fm-rubrene using Au electrodes suffer from subopti-
mal charge injection. Engineering the contacts is there-
fore critical for this novel ambipolar crystal to realize its
true transport potential as predicted by theory.

In this article, we demonstrate a universal approach,
rather than simply modulating the work function of the
electrode material, to enhance the ambipolar injection
characteristics for fm-rubrene crystals. In particular, we
utilize single-walled carbon nanotube (CNT) electrodes
to simultaneously enhance the injection properties for
both charge carriers in Cytop-gated, bottom-contact
ambipolar fm-rubrene SC-OFETs. We show that the
presence of randomly oriented CNT networks at the
charge injection interface, either serving as a stand-
alone electrode or forming a hybrid electrode with
Au, results in substantial improvement in contact
resistance for both hole and electron injection. Con-
currently, the resulting fm-rubrene SC-OFETs show
maximum hole mobility uy, of 48 cm? V™' s and
electron mobility e of 4.2 cm? V™' s77, respectively,
setting a record for wide bandgap, ambipolar, conju-
gated organic semiconductors. We systematically in-
vestigate the dependence of contact conditions, in
terms of the CNT density, on fm-rubrene device per-
formance. The optimized fm-rubrene SC-OFETs show
hole transport properties comparable to, and electron
transport properties greatly exceeding those of ru-
brene SC-OFETs in the current device structure. The
fm-rubrene devices with engineered contacts also
exhibit enhanced low-temperature ambipolar trans-
port behavior. Our present work on a new organic
single crystal system, combined with other research
efforts employing CNT electrodes in different device
architectures,?® >° advocates the utility of CNTs as
efficient contacts to alleviate the injection difficulties
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Figure 1. (a) Molecular structures of rubrene and fm-rubrene. (b) Photoelectron yield spectroscopy (PYS) spectra of rubrene
(black, open circles) and fm-rubrene crystals (red, open circles). The solid lines are least-squares cubic-fitting results. I is the
ionization energy. (c) Energy level diagram of Au, CNT, and HOMO/LUMO levels of rubrene and fm-rubrene. . and @, are the
barrier heights for electron and hole injections, respectively. (d) Ultraviolet photoelectron spectroscopy (UPS) spectra
(normalized by incident photon flux) of rubrene (black lines) and fm-rubrene crystals (red lines) around the HOMO peak.
Binding energy (B.E.) with respect to the Fermi level (E) is taken as the x-axis. Incident photon energy is 30 eV.

regardless of charge carrier polarity in organic opto-
electronic devices.

RESULTS AND DISCUSSION

The single crystals (fm-rubrene, rubrene) utilized in this
work were grown by physical vapor transport.® The vapor-
grown fm-rubrene crystals belong to the Cmca space
group (the same space group as rubrene), with lattice
parameters of a =34.197 A, b=7.1577 A, c= 14052 A, a.=
B =y = 90° (Table S1, Figures S1—S3 in Supporting
Information (SI)). These crystals are in fact polymorphic
to the solution-grown crystals reported previously, which
belong to Pbcm space group,”’ and the unit cell dimen-
sions and interlayer distances for the two polymorphs are
the same (Table S2 in SI). The space group conservation
and the preserved distances, in particular the z-stacking
distance, validate the comparison of fm-rubrene to its
parent molecule, rubrene, in the following single-crystal
device studies.

The solid-state electronic structure of fm-rubrene
single crystals was examined using ultraviolet photo-
electron spectroscopy (UPS). Details of the photoelec-
tron experimental setup can be found elsewhere 3738
Before the UPS measurement, the ionization energy (/)
of a fm-rubrene crystal was determined using photoelec-
tron vyield spectroscopy (PYS), which probes the total
photoemission current as a function of the incident photon
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energy, hv.#% As shown in Figure 1(b), s of fm-rubrene
and rubrene (used for comparison) can be extracted
around the onset of photoelectron yield (Y) by least-
squares fitting with the following relation, Y o< (hv — 1),
The evaluated /; of rubrene and fm-rubrene are 4.90 and
5.94 eV, respectively. The result for the rubrene crystal is
consistent with previously reported values® On the other
hand, the fm-rubrene crystal exhibits a strikingly deeper-
lying HOMO level of 5.9 eV, as compared with other organic
crystals that show p-type behavior.** By simply functiona-
lizing the rubrene molecule with short trifluoromethyl/
methyl groups, an astonishing deepening of the energy
levels as large as 1 eV was obtained (bandgap ~2.3 eV de-
termined from redox potentials remains unchanged?’),
highlighting the pronounced impact that the molecular
structure has on the electronic structure. As a result, a
large hole injection barrier is expected between fm-
rubrene and Au (Figure 1(c)), presumably resulting in
large contact resistance and underestimation of hole
mobility, thereby supporting our previous conjecture of
contact-limited charge transport in fm-rubrene SC-
OFETs with Au electrodes.?” The closer LUMO position
to the Au work function is also in line with good electron
transport in fm-rubrene transistors; however, an elec-
tron injection barrier as large as 1.4 eV still exists
(deduced from Mott—Schottky rule of vacuum-level
alignment in Figure 1(c)).
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Figure 2. (a) Cross-sectional device structure (top) and optical micrograph (bottom) of a bottom-contact, Cytop-gated
fm-rubrene SC-OFET. (b) Scanning electron micrograph (SEM) showing the CNT morphology on Au contacts and at the

Au/Cytop interface in the high-density CNT/Au electrode.

We note that in the solution phase, when the inter-
molecular interaction is negligible, the measured oxi-
dation potential of fm-rubrene is only ~0.1 eV larger
than rubrene.?” Calculations also predict a slightly
larger adiabatic ionization potential (~0.2 eV) in the
gas phase of fm-rubrene over rubrene.?” These results
indicate that the contribution of the aryl substituents
to the energy level shift is relatively minor for individual
rubrene molecules. As noted above, however, in the
solid state, a significantly (~1 eV) deeper energy level
was observed for fm-rubrene, as compared to rubrene,
while rubrene exhibited similar HOMO levels measured
in both solution phase and solid-state (~4.9 eV). We
propose that the extra contribution to the energy level
deepening arises from the large surface dipoles (due to
the trifluoromethyl groups) leading to an increase in
the work function. As seen in Figure S4 (Section 2 in SI),
the surfaces of rubrene and fm-rubrene crystals both
correspond to the s-stacking planes (for both rubrene
and fm-rubrene, the b—c plane). The long axes of the
unit cells (a-axis) are perpendicular to the crystal
surfaces. As a result, the —CF; and —CHj3 substituted
phenyl side groups in the first molecular layer of fm-
rubrene extend out from the surface, and a nonzero
dipole moment is present at the surface. This can lead
to a work function increase, i.e., the surface dipoles
provide an extra deepening of the HOMO level com-
pared with a nonpolar surface in the case of rubrene,
analogous to the increase in the work function of Au
when coated with fluoroalkyl type SAMs.* Testing this
hypothesis will help us to gain further insights into
more rational molecular design for high-performance
organic semiconductors with desired crystal packing
and efficient charge injection.

Figure 1(d) shows the UPS spectra of rubrene and
fm-rubrene crystals in the HOMO region plotted with
respect to the Fermi level (Ef). The HOMO density of
states (DOS) of fm-rubrene is nearly identical to the
HOMO DOS of rubrene (i.e., not affected by the func-
tionalization of the side groups), yet it is apparent that
the HOMO edge of fm-rubrene is further away from the

XIE ET AL.

Er than that of rubrene. The HOMO peak width of 0.4 eV
in fm-rubrene (as estimated by a single Gaussian fit) is
also in good agreement with prior calculations.?” A
direct observation of valence band dispersion in the
fm-rubrene crystal by angle-resolved photoelectron
spectroscopy (ARPES) was prevented by spectrum
broadening and insufficient spectral quality, likely
due to sample charging. As a consequence, a quanti-
tative analysis of the bandwidth and effective mass in
fm-rubrene was difficult to carry out. Nevertheless,
these photoelectron measurements have provided a
baseline understanding of the solid-state electronic
structure of fm-rubrene crystals, suggesting the im-
portance of a suitable device fabrication strategy for
realizing its intrinsic electrical properties.

SC-OFETs of fm-rubrene were constructed in a bottom-
gate, bottom-contact architecture using Cytop as
the insulator layer (Figure 2(a)). Cytop has been widely
used as a high-quality dielectric material for OFETs due
to its good bias-stress stability and low interfacial trap
density.*’ The bottom-contact geometry was selected
to prevent any undesired surface damage in the
crystals during the fabrication of top contacts. Besides,
we have previously shown that fm-rubrene transistors
have better performance in top-contact geometry as
compared to the bottom-contact geometry, thus mak-
ing bottom contact a challenging structure to work
with.?” We started with untreated, bare Au electrodes
as the source and drain contacts (denoted as Au
electrode) upon which thin fm-rubrene crystals were
laminated across. Simultaneously, as a control group,
thin films of CNTs were deposited onto the Au electro-
des before the crystal lamination. The CNTs were
dispersed in an aqueous solution of 1—2 wt % sodium
cholate (SC). The deposition process was carried out via
aerosol jet printing (AJP) in ambient conditions. AJP has
been applied to a wide variety of conductor, semicon-
ductor, and dielectric solutions and is a powerful technique
to print high-resolution, large-area flexible electronic de-
vices and circuits.**~** As a well-established procedure for

fabricating high-performance CNT electronic devices,**~*
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Figure 3. Device characteristics of Cytop-gated fm-rubrene transistors with Au electrodes (panels (a) and (b)), and high-
density CNT/Au electrodes (panels (c) and (d)). (a), (c) Transfer curves (left axis, open circles) Ip—Vg in log—linear scale at
Vp =—-100V (black) and Vp =100 V (red); (right axis, solid lines) (ID)”2—VG in linear scale at Vp = —100V (black) and Vp =100V
(red) for forward sweep only. (b), (d) Output curves Ip—V, at several negative and positive Vg (in 10V step). Device dimensions:
(Au) W =250 um and L = 520 um; (high-density CNT/Au) W = 220 um and L = 510 um.

the surfactants in the as-printed CNT films were removed
by gentle rinsing with deionized (DI) water (see the details
in Methods). As shown in the SEM image in Figure 2(b), the
printed CNTs form a thin network of randomly oriented
tubes (average length of a few um) on top of the Au
contacts and also extend slightly (<5 #m) into the channel.
A direct bridging of CNTs between two electrodes was
prevented because of the long channel length of typically
500 um. The CNT coverage onto the Au electrode was
controlled by varying the concentration of the CNT solu-
tion (see Figure S5 in Sl) and was categorized into low
(2—4 CNTs/um), medium (5—15 CNTs/um), and high
(>20 CNTs/um) density CNT/Au electrodes (see Figure S6
in Sl). Additionally, a dense network of CNTs was printed as
a stand-alone source/drain contact (denoted as CNT elec-
trode; see Figure S6 in Sl and Methods for further details).

Figure 3(a) shows the log—linear transfer character-
istics of an fm-rubrene SC-OFET with Au electrodes
showing ambipolar behavior. The saturation mobilities
were up=1.34cm?V "' s ' and 4. = 0.062cm? V"5,
respectively, consistent with our earlier results.?” Both
un and p. show a fairly broad variation among all
devices tested, which is likely due to the inefficient
and obstructed injection process from the Au contacts.
A large hysteresis in the electron current may result
from the presence of electron traps due to air exposure
during the device fabrication, but may also arise from
poor electron injection properties. Furthermore, the

XIE ET AL.

output curves shown in Figure 3(b) are characterized
by significant nonohmic behavior in the low-bias
regime for both hole and electron currents, indicative
of the existence of Schottky-type injection barriers, and
are qualitatively in good accordance with the relative
energy level alignment shown in Figure 1(c). The
electron current does not show saturation behavior
at large drain bias. Overall, we find poor and unsatis-
factory performance in fm-rubrene SC-OFETs with
bottom-contact Au electrodes.

On the other hand, fm-rubrene SC-OFETs with CNT/
Au electrodes exhibit substantially enhanced perfor-
mance. As shown in Figure 3(c), the hole and electron
currents Ip in the saturation regime (drain voltage
Vp = —100 and 100 V) are 1—2 orders of magnitude
higher than those in the Au-electrode device (Figure 3(a)),
leading to a remarkable uy, of 4.8 cm? V™" s~ " and . of
4.2cm? V™" s This electron mobility is already one of
the highest values compared with unipolar n-type
organic crystals, not to mention an equally large hole
mobility.'>'® To the best of our knowledge, these devi-
ces set a new record for ambipolar mobility in wide
bandgap, conjugated organic semiconductors.'®>0~53
Additionally, as displayed in Figure 3(d), on the hole
transport side, the Ir,—V behavior in the low bias region
becomes nearly ohmic, although not entirely linear,
and the same improvement is also prominent in the
Io—Vp curve for electron transport. Furthermore, the
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hole/electron current hysteresis becomes almost negli-
gible, indicative of lower concentration of interfacial
traps at the fm-rubrene/CNT interface since the fm-
rubrene/Cytop interface is unchanged. The output
curves for holes and electrons are generally accompa-
nied by negligible noise and current saturation at large Vp,
indicating an overall superior performance over devices
with Au electrodes. In the case of the CNT electrodes
(Section 5, Figure S7 in SI), fm-rubrene transistors per-
formed similarly to the devices with CNT/Au hybrid elec-
trodes, with nearly ohmic behavior for both hole and
electron injections, and enhanced ambipolar mobilities
(unof 42 cm?V ' s and e of 38 cm? V' s ). Another
apparent advantage of applying CNT/Au or CNT electrodes
was considerably higher ambipolar currents (1077 to
1075 A), making these fm-rubrene devices potentially
promising for high-performance light-emitting transistor
applications.

The contact resistance (Rc) for hole and electron
injection in fm-rubrene SC-OFETs was measured by
using the transmission line method (TLM). For the
untreated Au electrodes, on the hole-transport side,
the total channel resistance (R x W, normalized by
width) roughly scales with channel length; however,
the electron channel resistance exhibits totally ran-
dom, anomalous scaling behavior (not shown). In both
cases, Rc associated with hole and electron injection
are enormous (R¢ is ~2741 kQ-cm for holes at Vg = —80
V,Vp=—40V, and Rc is ~498 500 kQ2-cm for electrons
at Vg =120V, Vp = 80 V). In the case of devices with
medium-density CNT/Au electrodes in Figure 4, we
find a nearly linear scaling relation between the total
channel resistance, R x W, and the channel length L, for
both hole and electron transport. Rc for holes and
electrons are decreased by several orders of magni-
tude, where Rc is as low as 7.0 kQ-cm at Vg = —80 V
(Vo = —20V) for holes and 109.1 kQ-cm at Vs =120V
(Vp = —60 V) for electrons. The measured R¢ for fm-
rubrene OFETs with CNT/Au electrodes are, overall, low
for bottom-contact single crystal devices,' although
more improvement is needed to achieve an entirely
linear and ohmic behavior in low bias Ir—V; character-
istics. The Rc values determined from TLM have been
confirmed by separate gated four-terminal measure-
ments, which show good agreement between the
contact-corrected four-terminal mobility and the satura-
tion mobility (Section 6, Figure S8 in SI). On the basis of
the reduced R, we conclude that incorporating CNTs as
contacts improves the hole and electron injection effi-
ciency simultaneously for wide-bandgap fm-rubrene
crystals, leading to enhanced transistor performance
and nominally larger, less contact-limited mobility.

In addition, we have fabricated rubrene SC-OFETs
using the same device structure as a direct comparison
to the fm-rubrene devices (Section 7, Figure S9 in SI).
Even with Au electrodes, rubrene devices show ideal
transistor behavior, and devices using either CNT/Au or

CNT/Au electrode
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the average mobility values from about 20—40 devices.

CNT electrodes performed equally well, including for-
mation of ohmic contacts as displayed by linear Ip—Vp
behavior in the output curves, low contact resistance
for holes (Rc ~ 2.1 kQ-cm at Vg = —80 V) and large
average up ~ 7.1 cm? V' s~ (best mobility was
103 cm? V" s7"), consistent with other reports.*’ This
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TABLE 1. Summary of Room-Temperature Device Properties for Bottom-Contact, Cytop-Gated fm-Rubrene and Rubrene

SC-OFETs”
fm-rubrene SC-OFETs
hole transport electron transport
Usat (VSN g (am?V's7Y), Re Usat (M2 VST, g (m? V57T, R
average max (kQ-cm)® Ven (V) average max (k$2-cm)* Vi (V)
Au 0.66 + 0.44 2.03 2741 £1050 —19.24+82  0.017 £ 0.023 0.096 498500 + 138400 67.9 + 10.1
low CNT/Au 1.29 £ 058 230 195+ 134 —125+£42 055+£038 1.61 709.0 + 138.6 59.4 + 10.6
medium CNT/Au 278 + 0.85 4n 122+67 —77+45 1.24 £ 0.89 3.84 167.3 £ 535 587 £+ 128
high CNT/Au 286 + 1.11 483 15770 —70+34 1.26 4 0.98 4.20 839 +39.7 60.9 + 104
CNT 2.57 + 0.64 4.20 314+192 —07 +49 137 £ 0.84 3.89 322.8 + 1684 64.3 £ 10.1
rubrene SC-OFETs
hole transport electron transport
Usat (€@ VST, g (m? Vs, Ut VTS, g (m?V s,

average max Re (kQ-cm)? Ve (V) average max R (k€2-cm) Ve (V)
Au 6.65 + 1.04 8.15 21+£07 64434 N/A
medium CNT/Au 6.79 & 1.61 9.46 25415 10.0 35 N/A
CNT 707 £ 1.77 10.3 26 £06 42 4+6.2 N/A

“ Au: Au electrodes; CNT: CNT electrodes; low, medium, high: low-density, medium-density, and high-density CNT/Au electrodes. b Re measured at V= —80V and V= —20V for holes
in fm-rubrene SC-OFETs (except for Au electrodes, where R is measured at Vg = —80 V and V; = —40 V). R measured at V; = 120 V and V, = 60 V for electrons in fm-rubrene
SC-OFETs (except for Au electrodes, where R¢ is measured at Vg = 120 V and Vp = 80 V). 7R measured at Vg = —80 V and Vy = —20 V for holes in rubrene SC-OFETs.

is likely because the hole injection and transport
properties of rubrene are already outstanding with
Au contacts, presumably due to optimal band align-
ment, therefore the effect of CNT treatment is margin-
al. Electron transport was barely observed for any case
in rubrene transistors (Au, medium-density CNT/Au,
CNT electrodes), probably due the presence of a large
electron injection barrier (~2.4 eV) that was difficult to
surmount. Our strategy of employing CNT electrodes
has enabled fm-rubrene transistors to obtain hole
mobility up to 4.8 cm? V' s, which is only a factor
of 2 lower than the best hole mobility of rubrene in the
present device structure, while the electron mobility
(42 cm? V7' s7") has undoubtedly surpassed rubrene
as well as many other small-molecule single crystals.'*'®

Figure 5 and Table 1 summarize the fm-rubrene SC-
OFETs electrical properties (threshold voltage Vi, in
Figure 5(a), contact resistance Rc in Figure 5(b) and
saturation hole/electron mobility u,, in Figure 5(c)) as
a function of contact conditions, including Au electro-
des, low, medium, and high-density CNT/Au electrodes
and CNT electrodes. Overall, an increase in the CNT
density leads to a systematic improvement in the
device performance up to a CNT density of 5—15/um.
CNT densities exceeding this value do not lead to any
additional improvement. Looking at the hole transport,
the hole mobility steadily increases as the CNTs are
incorporated into the electrodes, and a 4-fold increase
in the average mobility is finally achieved when using
CNT electrodes. A 100-fold decrease in contact resis-
tance for holes with CNT electrodes supports the hole
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injection barrier reduction, resulting in the mobility
enhancement. Meanwhile, the threshold voltage for
hole transport has a favorable shift from —20 V with Au
electrodes to almost 0 V using CNT electrodes. The
threshold voltage is generally attributed to the amount
of deep traps at semiconductor/insulator interface, but
since the crystal/Cytop interface does not change, this
finding implies the increased injection efficiency can
also benefit an earlier and easier device onset. On the
other hand, the electron transport has a dramatic
improvement with CNT electrodes. In the best case,
average electron mobility increases almost 100 times
while contact resistance is reduced by 4 orders of magni-
tude, despite a less significant improvement in the thresh-
old voltage. Additionally, narrower distributions of both
hole and electron mobility are clearly seen when using
CNT electrodes, indicating consistent and reproducibly
efficient charge injection processes. Our study unambigu-
ously points out that substantially more effective injection
processes for both holes and electrons have been realized
by the use of CNT electrodes, the extent of which increases
but eventually saturates with increasing CNT density (i.e.,
interfacial area of CNT and fm-rubrene). Because of better
contacts, the measured hole and electron mobilities have
increased significantly, more closely reflecting the intrinsic
properties of fm-rubrene crystals.

To elucidate the transport mechanism of fm-rubrene
crystals, we have performed variable temperature
measurements in devices with engineered contacts.
Figure 6 shows the temperature-dependent hole and
electron mobility for fm-rubrene SC-OFETs with Au
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Figure 6. Temperature dependence of hole and electron
mobilities for fm-rubrene SC-OFETs with Au electrodes
(magenta), CNT electrodes (red), and medium-density
CNT/Au electrodes (blue). A rubrene SC-OFET with medium-
density CNT/Au electrodes (black) is also shown.

electrodes, medium-density CNT/Au electrodes and
CNT electrodes, and a rubrene SC-OFET with medium-
density CNT/Au electrodes as a comparison. Four-terminal
mobility (¢4,) was adopted to correct for the temperature-
dependent R¢, except for the case of fm-rubrene transistor
with Au electrodes where Rc was too large to apply the
four-terminal structure (usy is used). In the rubrene tran-
sistor, the hole mobility appears to increase slightly with
decreasing temperature, implying a possible band-like
transport behavior (du/dT < 0), although further evidence
(such as Hall effect) is needed. In the fm-rubrene transistor
with Au electrodes, hole and electron mobility decrease
steadily with decreasing temperature, ie, they exhibit
thermally activated transport with activation energy (Ea)
of 50 and 59 meV for holes and electrons, respectively.
Comparatively, the hole/electron mobilities of the fm-
rubrene transistor with CNT/Au and CNT electrodes stay
nearly constant with temperature above 220 K, and in the
best case a slight mobility increase is observed, after which
mobility starts to decrease with further decreasing tem-
perature. Interestingly, E5 in this regime is also around
50 meV for both holes and electrons, implying that this
energy may correspond to the intrinsic shallow trap depth
of fm-rubrene crystals, regardless of the injection proper-
ties. Temperature-independent transport has been pre-
viously observed in other high-mobility organic crystals
and thin films."*>* Despite the unclear origin of this
mobility behavior, the low-temperature ambipolar trans-
port properties in the fm-rubrene device with CNT/Au or
CNT electrodes are appreciably improved as compared
with Au-contact devices. We anticipate that an intrinsic,
band-like transport is likely to be realized in fm-rubrene
crystals in the benchmark vacuum-gap structure in which
higher mobility is expected (it is known that single crystal
mobility is strongly dependent on the dielectric constant
of the insulator layer),'” provided efficient charge injection
can also be achieved in the vacuum-gap structure using
CNT electrodes.
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The utilization of CNTs to improve charge injection
has been the subject of research in various organic
electronic devices including OLEDs and thin film tran-
sistors (OTFTs), in the form of individual CNTs,?%2°
random or aligned CNT networks,3%3'3*3> or CNT/
polymer composites.3>*3 For example, Zaumseil and
co-workers have investigated the enhancement of
charge injection and light emission in bottom-contact,
top-gated polymer ambipolar TFTs, in which CNTs
were dispersed within the polymer film at a dilute
concentration.>® Martel and co-workers have reported
using embedded hairy CNT contacts for better injec-
tion efficiency in bottom-contact n-type and ambipolar
PCBM TFTs>' In Khondaker's work, lithography-pat-
terned aligned CNT arrays with tunable density have
been used as the injection electrodes for high-perfor-
mance pentacene TFTs.3*3° Our present experimental
studies are the very first application of CNT electrodes
to free-standing organic single crystals, in which the
contact fabrication techniques are limited due to
mechanical fragility and low chemical and environ-
mental tolerance of organic crystals.”® The extent of
improvement in ambipolar charge injection and carrier
mobility we have observed in fm-rubrene is unprece-
dented. Our approach to prepare the CNT-based elec-
trodes by printing is also advantageous because of its
simple and lithography-free, room-temperature pro-
cess. The fact that the CNT-electrode strategy is also
successful in organic single crystals suggests that CNTs
present a universal mechanism to enhance the injec-
tion properties for both types of carriers in a wide
variety of organic semiconductor devices.

One explanation for the remarkable and extensive
success of the CNT-based electrodes could be related
to the conjugated structure of both CNTs and organic
crystals, which provides a low trap-density interface
beneficial for charge injection.®® It is well-known that
when a metal electrode is in contact with a conjugated
organic semiconductor, interfacial states can be in-
duced that not only lead to the formation of interfacial
dipoles and a shift of the vacuum level, but also serve
as traps that obstruct charge injection.’” Carbon-based
electrodes, such as conducting polymers, graphene,
and CNTs, exhibit similar conjugated structure as
organic semiconductors, and this may help reduce
such an unfavorable interfacial trap state.”®*° Indeed,
the systematic improvement of Vi, for holes with
increasing CNT density (see Figure 5(a)) is supportive
of a lower density of hole traps at the CNT-crystal
interface compared with Au-crystal interface. A less
significant improvement of electron V,, whose opti-
mal value occurs at medium-density CNT coverage (see
Figure 5(a)), suggests that, despite the need for more
optimization, electron trap density is likewise reduced
at the CNT-crystal interface. Nevertheless, we note
that other possible mechanisms may also be present
that synergistically contribute to the substantial
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improvement of ambipolar contact resistance and
mobilities.

For example, another explanation could be related
to the different work function of CNTs compared
with Au. Despite a lack of direct PYS measurements
for the CNT film, a work function of ~4.8 eV for
single-walled CNTs is assumed on the basis of the
literature reports.®® %2 As shown in the energy level
diagram in Figure 1(c), for Au electrodes, we can
roughly estimate the barrier heights (assuming no
interfacial states) for fm-rubrene of ®,, ~0.9 eV with
respect to HOMO level, and of ®. ~1.4 eV with
respect to LUMO level. Our experimental observa-
tions (see Figures 3(a) and (b), and Rc with Au
electrodes in Table 1) corroborate easier hole injec-
tion than electron injection, but both with large
Schottky barriers from Au. While a slightly lower
work function of CNTs could possibly explain the
improved electron injection in fm-rubrene SC-OFETs
using CNT/Au or CNT electrodes, it does not explain
the improvement in hole injection, since such a low
work function would only increase the hole injection
barrier. In the case of CNT electrodes, large Schottky
barriers can be presumed, roughly ®;, ~1.1 eV for holes
and @, ~1.2 eV for electrons by assuming Mott—Schottky
vacuum-level alignment. Yet, the improvement in ambi-
polar injection properties suggests that the presence of
CNTs at the injection interface leads to nearly electrically
transparent barriers for both holes and electrons.

In contrast to transistors with ohmic contacts, in
which the channel conduction relies on the gate
modulation, for contact-limited transistors, the overall
performance is also controlled by the electric field at
the contact.®® As a result, charge injection properties
and device performance can be dramatically different
by varying the contact geometry. The Au-electrode is
better described by using two-dimensional (2D) elec-
trostatics, which has little influence on the local electric
field at the contacts (and thus band bending) in the
presence of large Schottky barriers. This leads to the
absence of tunneling current through the barrier, as
manifested by a nonlinear Ip—Vp characteristic and a
large Rc. In contrast, because of the form factor of the
nanotubes, the CNT-electrode is associated with one-
dimensional (1D) electrostatics. In such a scenario, the
electric field can be greatly enhanced at the contact
region. Simulation results from prior studies have

METHODS

Single Crystal Growth. Rubrene powders (sublimed grade)
were purchased from Sigma-Aldrich (Milwaukee, WI). Fm-
rubrene source materials were synthesized and purified on
the basis of previously established methods.?” Single crystals
were grown from vapor phase using horizontal physical vapor
transport.®® Ultrapure Ar was used as the carrier gas. Very thin
crystals (thickness <1 um) were obtained after short time

XIE ET AL.

shown the enhancement in the electric field by 1-2
orders of magnitude along the nanotubes and at the
tube tips.>® Therefore, even with large Schottky barriers,
nearly ohmic Ip—Vp behavior and reduced contact
resistance are achievable because of strong charge
carrier tunneling across the barrier, and since the tunnel-
ing process is independent of the carrier type, the
improvement of injection is effective for both holes
and electrons. These conclusions are in line with the
observed superior device performance in fm-rubrene
SC-OFETs with CNT electrodes as compared to the
devices with Au electrodes. Collectively, we speculate
that besides CNTs, any low-dimensional conductors
such as metal nanowires are also likely to improve the
injection properties for holes and electrons in these
organic electronic devices whose performance are lim-
ited by large Schottky barriers.

CONCLUSIONS

In summary, efficient charge injection, improved
transport properties and benchmark hole/electron
mobilities have been achieved in ambipolar SC-OFETs
based on a new rubrene derivative (fm-rubrene) by
employing CNT electrodes. Because of the great en-
hancement of the electric field along the nanotube in
the contact region, holes and electrons can effectively
tunnel through the large Schottky barriers formed at
the fm-rubrene/electrode interface, leading to a sub-
stantial decrease in the contact resistance and nearly
ohmic characteristics for both the charge carriers. With
engineered contacts, fm-rubrene SC-OFET device per-
formance is approaching its intrinsic, theory-predicted,
transport properties. Large and balanced ambipolar
mobilities (4.8 cm? V™" s~ for holes and 42 cm? V=" s~
for electrons) and high ambipolar output currents make
potential applications of fm-rubrene crystals promising in
light-emitting transistors. Indeed, enabling n-type and
ambipolar transport with CNT electrodes is an attractive
approach for organic semiconductors in general in both
fundamental studies and building flexible electronics.
Considering the rise in research interest devoted to devel-
oping new high-performance organic semiconductors, we
point out that fabricating good contacts and optimizing
the charge injection are as critical to achieving the ultimate
electrical performance of the semiconductor material as
rational molecular design and proper semiconductor pro-
cessing methods.

growth at slightly higher temperatures (for rubrene, 1-h growth
at 300 °C; for fm-rubrene, 3-h growth at 270 °C). Individual
crystals with clean surfaces were selected for the subsequent
device fabrications.

Ultraviolet Photoelectron Spectroscopy. UPS measurements were
conducted at Beamline BL-13A in the Photon Factory, KEK.5*
The excitation photon energy was set at 30 eV and photo-
electrons were collected by a two-dimensional electron
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spectrometer (Scienta SES200). To avoid photoemission-in-
duced sample charging during the measurements, each crystal
sample was bonded onto an Au-coated Si wafer by encircling
with Ag paste and was illuminated by continuous-wave laser
light (405 nm, 30 mW for rubrene; 375 nm, 10 mW for fm-
rubrene) to enhance photoconductivity.37

Photoelectron Yield Spectroscopy. PYS measurements were car-
ried out in a home-built system.®® Ultraviolet white light from a
150 W deuterium discharge lamp was monochromatized by a
doubled grating and focused onto the sample in N, atmo-
sphere. The details of the photoemission detection system will
be found elsewhere 38 Crystals of typically 10 mm x 10 mm size
fixed by carbon tape onto Si wafers were adopted as specimens,
while the excitation light was focused within the crystal area
(ca. 2 mm x 5 mm).

Carbon Nanotube Preparation. Single walled carbon nanotubes
(CNTs), synthesized by arc discharge (P2, Carbon Solutions) with
an average diameter of 1.4 nm, were horn sonicated in a
solution of 1—2 wt % sodium cholate (SC) in deionized water
(D). The solution was then centrifuged at 15 000 rpm for 45 min
to remove any material that was not well dispersed. The super-
natant was decanted and the resulting solution was diluted with
an aqueous solution of 1—2 wt % SC resulting in concentrations
ranging from 0.1—5 mg/mL, as determined from optical absor-
bance spectroscopy.

Fabrication of SC-OFETs. Highly p-doped SiO»(300 nm)/Si wa-
fers (resistivity 0.005 — 0.01 Q-cm, thickness 525 um) purchased
from Silicon Valley Microelectronics, Inc. (US) were used as the
substrates and also served as the gate electrodes. On top of that,
we spin-coated a thin layer of Cytop (CTL809M, Asashi Glass Co.,
Ltd.) using diluted volume ratio 1:10 solution of CTL-809M:
CT-solvent at 2000 rpm for 60 s and postbaked at 120 °C for
1 h. The resulting Cytop films were about 30—40 nm in thick-
ness, as determined by a VASE ellipsometer (J.A. Wollam Co.,
Inc.). The total dielectric capacitance was about 9 x 1072 F/cm?
contributed by both the SiO, (¢, = 3.9) and Cytop (e, = 2.2), and
this capacitance value was confirmed in an Au-insulator-Au
structure in a separate impedance measurement using HP
4192A impedance analyzer (at zero DC bias, AC oscillation of
100 mV and AC frequency of 1 kHz). Gold source and drain
contacts (40 nm) were then thermally evaporated on top of the
Cytop layer through stainless-steel shadow masks in a home-
built thermal evaporator (base pressure 7 x 10~ Torr). Typical
channel length was 500 um (in TLM, channel lengths were 420,
220, 110, and 70 um). The printing process for water-based CNT
inks was accomplished in ambient conditions using a commer-
cially available table-top aerosol jet printing system (Optomec,
Inc.). Substrates were heated at 60 °C during printing to dry the
solvent. Printing speed was typically 2 mm/s. Printed CNTs
covered the entire Au electrode area and also were intentionally
printed at the edge of Au/Cytop such that they slightly ex-
tended into the channel. After that, the substrates were gently
rinsed with deionized (DI) water to remove residual sodium
cholate (SC) and were then allowed to dry at 100 °C for
2 h in a vacuum oven. This process, usually repeated twice,
resulted in a randomly oriented CNT network with various
densities sparsely distributed on Au (Figure 2), denoted as the
CNT/Au electrodes. In a separate protocol, a concentrated CNT
ink was printed on top of Au, resulting in a visible, thick, and
dense bundled film, which could not be washed away by
deionized water, and was used as the CNT electrodes. To
complete the SC-OFETs, thin crystals were finally laminated
across the source and drain electrodes, where contacts were
formed by spontaneous adhesion of crystals onto the sub-
strates, or with the help of applying gate bias. Devices were
fabricated on a benchtop and were then immediately trans-
ferred into a N,-filled glovebox for electrical measurements.

Electrical Measurements. Device characteristics of SC-OFETs
were measured in a Desert Cryogenics (Lakeshore, Inc.) vacuum
probe station in a N,-filled glovebox with Keithley 236/237 and
6517A electrometers and homemade LabVIEW programs. Low
temperature measurements employed a Lakeshore 331 tem-
perature controller so that the ramp rate was under control.
Cooling rate was kept at about 0.5 K/min to minimize the
differential strain between crystals and substrates during the

cooling process. All measurements were carried out in the dark
and in a vacuum at a pressure ~107° Torr.

The field-effect mobilities were calculated in the saturation
regime (Vp = —100V for holes and Vp = 100 V for electrons), i.e.,
in the unipolar regimes for holes and electrons, respectively, on
the basis of the following equation: Ip(sat) = (W/2L)u G (Vs — Vth)2
and (3(Ip)""?/8V) = (W/2L)uC)""?, where I is the drain current
(A), Vpis the drain voltage (V), Vi is the gate voltage (V), Vi, is the
threshold voltage (V), u is the field-effect mobility (cm?V~'s~"),
G is the specific capacitance of insulator layer (F/cm?), and W
and L are the channel width and length (um).

SEM Imaging. SEM images of the CNT morphology were
acquired using a JEOL 6500 Field-emission gun scanning elec-
tron microscope system at typically 5 kV accelerating voltage
and 10 mm working distance.
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