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ue to a large interfacial contact bar-

rier, one of the major problems in

the fabrication of high-performance
organic electronic devices is inefficient
charge injection from a metal electrode into
organic semiconductors (0SC).'™> When
the metal electrodes are contacted with
the OSC, interfacial barriers such as a Schottky
barrier and a dipole barrier are formed at
the metal—0SC interface.®® To be injected
into the OSC, the charge carriers must over-
come the large interface potential barrier by
either thermal emission or tunneling.’®~ '
A decrease in barrier height and width will
improve the charge injection, which in turn
will have significant impact in fabricating
high-performance organic electronic de-
vices. Due to their unique electronic proper-
ties, carbon nanotubes (CNTs) are con-
sidered to be a promising electrode material
that can overcome the limitations of metal
electrodes.> %? Recent room-temperature
studies by our group and others have
shown that, compared to organic field ef-
fect transistors (OFETs) using standard
metal electrodes, OFETs using CNT electro-
des have better mobility and higher on-
current.”’ %2 It is speculated that such im-
proved device performance may be due to
the improved injection of charge carriers
from CNT to OSC owing to strong w—m
bonding between the CNTs and OSC.'8
Although metal/OSC contact has been stu-
died in great detail, very little information
has been reported on the nature of CNT/
OSC contact. In particular, there is no infor-
mation about the barrier height or charge
injection mechanism at the CNT/OSC inter-
face. Such understanding can be obtained
from a low-temperature transport study and
is of great importance for achieving the
overreaching goal of the CNT electrodes in
organic electronics.
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We study the charge carrier injection mechanism across the carbon nanotube (CNT)—organic
semiconductor interface using a densely aligned carbon nanotube array as electrode and
pentacene as organic semiconductor. The current density—voltage (J—V) characteristics
measured at different temperatures show a transition from a thermal emission mechanism at
high temperature (above 200 K) to a tunneling mechanism at low temperature (below 200 K).
A barrier height of ~0.16 eV is calculated from the thermal emission regime, which is much
lower compared to the metal/pentacene devices. At low temperatures, the J—V curves exhibit
a direct tunneling mechanism at low bias, corresponding to a trapezoidal barrier, while at high
bias the mechanism is well described by Fowler—Nordheim tunneling, which corresponds to a
triangular barrier. A transition from direct tunneling to Fowler—Nordheim tunneling further
signifies a small injection barrier at the (NT/pentacene interface. Our results presented here
are the first direct experimental evidence of low charge carrier injection barrier between CNT
electrodes and an organic semiconductor and are a significant step forward in realizing the

overall goal of using CNT electrodes in organic electronics.

KEYWORDS: carbon nanotube electrodes - organic semiconductor - charge
injection - barrier height - thermionic emission - Fowler—Nordheim tunneling -
direct tunneling

In this paper, we study the charge carrier
injection mechanism at the CNT electrode—
pentacene interface using temperature-
dependent electronic transport measure-
ments and provide direct evidence of low
charge carrier injection barrier. We show
that the current density—voltage (J—V)
characteristics of the device above 200 K
are well described by the Richardson—
Schottky (RS) model, indicating that charge
carrier injection is dominated by thermal
emission in the high temperature regime.
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Figure 1. (a) Schematic diagram of a interfacial barrier at
different temperatures and voltages. The circles represent
the charge carriers, and the arrow indicates the charge
carrier injection processes: (I) thermionic emission, (Il) direct
tunneling, and (lll) Fowler—Nordheim (F—N) tunneling. (b)
Typical phase diagram of transport regimes at various
temperature and voltages.

We calculated a barrier height (¢g) of 0.16 eV of the
CNT/pentacene, which is much lower compared to the
reported value of gold/pentacene as well as our control
Pd/pentacene devices. We also show that the charge
carrier injection mechanism crosses over from thermal
emission to tunneling mechanism below 200 K, where
charge injection is weakly temperature dependent. The
J—V characteristics show a transition from direct tunneling
at low bias to a Fowler—Nordheim (F—N) tunneling
mechanism at high bias, further confirming a low charge
injection barrier at the CNT/pentacene interface.

RESULTS AND DISCUSSION

A schematic diagram of a typical interface at differ-
ent temperatures (T) and bias voltages (V) is shown in
Figure 1a considering a simple rigid band model.
Depending upon the temperature and bias voltage,
different transport phenomena can occur as described
by the phase diagram of Figure 1b. At low bias voltage
and sufficiently high temperature, a large number of
thermally activated charge carriers can overcome the
barrier height (@g) in a classical way, resulting in
thermionic emission (Figure 1a, I).">'* If the barrier
height is large, this kind of emission will occur at
temperatures higher than room temperature, whereas
for a low barrier height thermionic emission can occur
even at low temperatures. The J—V characteristics in
this regime can be modeled using the RS equation for
thermionic emission:'?

_ _ /3
J = A*T? exp (Pg — \/q3V /4meped) )

ko T

where A* is effective Richardson constant, ¢, is the
permittivity of the OSC, &, is the permittivity of the
vacuum, q is the electron charge, and d is the width of

the interface barrier. The barrier height (¢g) can be
directly calculated from the thermal emission regime by
recognizing thatat V=0V, J = Jo = A*T? exp(— ®g/kpT)].
Therefore, a plot of In(Jo/T?) versus T~ will show an
activated behavior and the slope will give the value
for @g.2*

When the temperature decreases, there may not
be enough thermal energy for the charge carriers to
overcome the barrier height and the charge injec-
tion is dominated by tunneling through the interface
barrier.'*'*2> With increasing bias voltage, the shape
of the tunnel barriers changes from trapezoidal (Il in
Figure 1a) to triangular (lll in Figure 1a).%° At low bias
voltage, the tunnel barrier is trapezoidal (Figure 1a, II),
and the J—V relation is described by teh direct tunnel-
ing mechanism:'?
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where A is Planck's constant divided by 2;t and m is the
effective mass of the charge carrier. When the bias
voltages exceed the barrier height, the tunnel barrier
becomes triangular (Figure 1a, lll), and the J—V relation
is described by Fowler—Nordheim (F—N) tunneling:'?

4d+\/2mdg>
oc V2 _
J exp { 3hqV (3)

The above J—V relations in eq 2 and eq 3 can be
linearized in a logarithm scale to become eq 4 and eq 5,
respectively:
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Therefore, a plot of In(J/V?) against 1/V will show
logarithmic dependence in the direct tunneling (low
bias) regime and linear dependence with a negative
slope in the F—N tunneling (high bias) regime with an
inflection point, describing the transition from direct to
F—N tunneling regime. In cases of interfaces with large
barrier height and width, only F—N tunneling can be
observed and no measurable current can be detected
before the onset of F—N tunneling, whereas for the
interface with a small barrier height and width, both
direct and F—N tunneling can be observed with a
transition from one regime to another.?” Therefore,
a transition from direct tunneling to F—N tunnelingis a
hallmark of low interfacial barrier”” and has not been
observed in the metal/OSC interface, where the inter-
face barrier is large.

To examine the charge injection mechanism at the
CNT/OSC interface, we fabricated single-walled carbon

SARKER AND KHONDAKER VOL.6 = NO.6 = 4993-4999 = 2012 ACNIANIC) | 4994

1
N
Www.acsnano.org



Figure 2. (a) SEMimage of part of the densely aligned SWNT
source and drain electrodes. The SWNTs were assembled via
dielectrophoresis. The SWNTs source and drain electrodes
were fabricated through oxidative cutting of a densely
aligned SWNT array by EBL and precise oxygen plasma
etching. (b) High-magnification image of (a). Tapping mode
AFM (c) height and (d) surface image of the deposited
pentacene thin film. The white region marks the channel
area defined by the SWNT electrodes where pentacene is
deposited onto the SiO, substrate. The scale bars in parts
(a), (c), and (d) are 1 um, and that in (b) is 200 nm.

nanotube (SWNT) source and drain electrodes through
dielectrophoretic (DEP) assembly of SWNTs in a dense
array and oxidative cutting of the SWNT array by
electron beam lithography (EBL) followed by precise
oxygen plasma etching. The details of the SWNT
assembly and electrode fabrication can be found in
our recent publications.'”” ~"9? In brief, we used heav-
ily doped Si substrates with a thermally grown 250 nm
thick SiO, layer as a substrate. Palladium (Pd) patterns
of 5 um x 25 um, fabricated by optical lithography,
were used to align the nanotubes via ac DEP from a
high-quality, stable, and surfactant-free SWNT aqueous
solution. For this study, we fabricated five samples with
24—-30 SWNT/um in the array. (See Figure 1a, b and
Supporting Information Figures S1 and S2.) The resis-
tances of the assembled SWNT arrays were in the range
400—800 Q with corresponding sheet resistances of
1.5—3 KQ/O, making them suitable as an electrode
material. After the assembly, SWNT source and drain
electrodes of channel length L = 200 nm and width
W =25 um were fabricated by defining a window using
the standard EBL process and oxygen plasma etching
of the exposed nanotubes inside the window.

Figure 2a shows a scanning electron microscopy
(SEM) image of a part of the SWNT source and drain
electrodes. Figure 2b shows a high-magnification im-
age of the electrode. From this image, we calculate 68
SWNTsin a 2.8 um longimage, giving a linear density of
24 SWNTs/um. The nanotubes are swollen due to the
low kV imaging. Figure 1b also shows that most of the
nanotubes in the electrodes are well aligned with
open-ended tips (see also AFM image in Supporting
Information Figure S2). Finally, we deposited a penta-
cene thin film of 30 nm by thermal evaporation.
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Figure 3. Log—log plot of the current—voltage (I—V) char-
acteristics of the SWNT/pentacene device in the tempera-
ture range 300—77 K at zero gate voltage. |, II, and IlI
indicate the three different charge transport regimes de-
pending on T and V (marked by solid green lines). |, II, and IlI
correspond to the regimes described in Figure 1.

Figure 2c and d show a part of the height and surface
view of the AFM image of the deposited pentacene
film morphology. The morphology of the pentacene
film within the channel on a SiO, substrate slightly
differs from the morphology of pentacene on the
nanotube electrodes. The pentacene grain size on
the nanotube electrodes is ~140—160 nm with a sur-
face roughness of ~3 nm, whereas the pentacene
grain size within the channel on the SiO, substrate is
~170—190 nm with a surface roughness of ~4.2 nm
(see Supporting Information Figure S3). For this study,
we chose L = 200 nm because at this channel length
the contact resistance is much more dominating over
the channel resistance (see Supporting Information
Figure S4), so that the charge transport characteristics
will be dominated by contact. Another reason for
choosing as small a channel length as possible is to
reduce the number of grain boundaries in the active
material. It is well known that the conductivity of the
OSC is limited by the grain boundaries, and the strong
temperature dependence of the resistance and mobi-
lity of the OSC arises from the grain boundaries.**° In
larger channel length devices, there are many grain
boundaries and the conductivity of the OSC is domi-
nated by them. On the other hand, for a very short
channel length device, there are only a few grain
boundaries and the conductivity is dominated by
contact. Since the average grain size of the pentacene
in our devices is about 180 nm, there will be only one
grain boundary on average along the channel of our
device (see Figure 2c), making these devices appro-
priate for studying interface effects. The devices were
then bonded and loaded into a cryostat for low-
temperature transport measurements. A total of five
devices were measured.

Figure 3 shows current—voltage (I—V) characteristics
of a representative device at zero gate voltage plotted
in a log—log scale measured at different temperatures
from 300 to 77 K (see Supporting Information Figure S5
for room-temperature OFET characteristics). It can be
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Figure 4. (a) In{) versus V"2 plot of the -V data at 300 to
200 K (regime | in Figure 3). The current densities at zero
bias voltage (J,) were obtained by extrapolating of the
In(J) curve at V = 0 V. (b) Relation between In(Jy/T?) and
1/T. From the slope of the dotted line the interfacial energy
barrier height at the SWNT/pentacene interface is deter-
mined to be 0.16 eV.

seen from this figure that the current strongly depends
on both the temperature and voltage. Three interest-
ing features can be seen in this figure. At high tem-
perature (above 200 K) and low bias voltage (regime |),
the /—V curves strongly depend on the temperature,
indicating thermally activated charge injection mecha-
nism.">'* At low temperature (<200 K), the I—V curves
show a weakly temperature-dependent phenomenon
with current either weakly voltage dependent (regime Il)
or strongly voltage dependent (regime lll), which can be
well described by the tunneling mechanism.'**

The strongly temperature-dependent /—V curves in
regime | can be well described by the RS model for
thermionic emission, eq 1. This is shown in Figure 4a,
where we plot In J against V'’ for temperatures above
200 K. As expected from the RS model (In J e V'?), all
the curves show a straight line with positive slope.
These data also allow for the calculation of barrier
height (®g) at the SWNT/pentacene interface. In order
to calculate the ®g, we first determined J, as a function
of the temperature by extrapolating the straight lines
of Figure 4a to V=0V and plotted In(Jo/T?) as a function
of 1/T in Figure 4b. This figure clearly shows that the
InUo/T?) versus 1/T plot follows a linear relation with
negative slope at higher temperature range (above
200 K), denoted by the dotted line. However, this
plot deviates from the linear relation and becomes
weakly temperature-dependent at lower temperature
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(below 200 K). This is consistent with Figure 3, regions Il
and lll, where we saw weakly temperature-dependent
|-V curves, and signifies a transition from thermionic
emission to tunneling mechanism. This transition
phenomenon of our devices can be easily understood.
At high temperature, a large number of charge carriers
have energies large enough to cross the barrier height
in a classical way."* However, when the temperature
decreases, the energies of the charge carriers become
low, which may not be sufficient enough to overcome
the barrier height and hence the thermionic emission
stops. The charge injection only then occurs quantum
mechanically by tunneling.'*®

We calculated a barrier height of 0.16 eV at the
SWNT/pentacene interface from the slope of In(Jo/T?)
versus 1/T plot in Figure 4b. We have measured and
analyzed five SWNT/pentacene devices in this study,
and all the devices have shown similar transport
characteristics (see Supporting Information Figure S6).
The calculated barrier height of the SWNT/
pentacene interface is significantly lower than that
of the reported barrier height of 0.5-0.85 eV at
the gold/pentacene interface measured by different
groups®3'3? as well as our control Pd/pentacene de-
vice, where we obtained a barrier height of 0.35 eV (see
Supporting Information Figure S7). Interestingly, our
measured barrier height at SWNT/pentacene is also
similar to the barrier height reported for the graphene/
pentacene interface.>* We note that we did not apply
any Vg in the temperature-dependent /—V character-
istics of our devices to extract the true barrier height at
the SWNT/OSC interface.''* It has been reported that
the Schottky barrier can be significantly reduced by
applying V,, and a barrier height measured at Vg other
than 0 V is not a true barrier height.*'* In addition, a
finite Vy also reduces the tunnel barrier width in the
tunneling regime, enhancing the tunnel current.™

In previous room-temperature transport studies of
the SWNT-contacted OFET devices, better charge mo-
bility and higher on-current were reported compared
to the metal-contacted devices.'” 22 It was speculated
that the better performance was due to improved
charge injection at the SWNT/OSC. However, no direct
evidence of the barrier height at the SWNT/OSC was
reported. Our study shows for the first time that a low
charge injection barrier indeed exists at the SWNT/OSC
interface. The work functions for Pd and Au are 5.1 eV,
and it is 5.0 eV for SWNT,'** while the highest
occupied molecular orbital (HOMO) level of the penta-
cene is 5.1 eV.3? Although the work function of the
metal (Pd, Au) and SWNT matches with the HOMO level
of the pentacene, a significant barrier exists between
the metal and pentacene interface. It has been re-
ported that when pentacene is contacted with a gold
electrode, pentacene is physisorped onto the gold
surface, leading to the formation of dipole barriers
at Au/pentacene interfaces®® This gives rise to
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Figure 5. In(J/V?) versus 1/V plot of the data for weakly temperature-dependent /—V data at 180—77 K (regimes Il and Il in
Figure 3). The curves show a transition from direct tunneling to F—N tunneling with a voltage inflection point. (b)
Magnified view of the In(U/V?) versus 1/V plot, showing the linear behavior between them, in agreement with F—N

tunneling.

a “"push back” effect, a decrease of surface dipole
potential energy of the gold surface in contact with
the OSC.223 As a result, the effective work function of
gold electrodes reduces to 4.5 eV, giving rise to a large
Schottky barrier for hole injection. Similar work function
lowering may also occur for Pd/pentacene devices. In
contrast, a strong w—z interaction exists between the
SWNT and pentacene.® Therefore, significant dipole
formation may not occur and the work function of the
SWNT may not be modified in contact with OSC, causing
the barrier to remain low.

In Figure 4b, we observed a deviation from the RS
model at temperatures below 200 K, possibly due to a
transition from thermionic emission to tunneling. In
order to confirm that tunneling is indeed the injection
mechanism, we analyzed our low-temperature data
using both the direct tunneling and F—N tunneling
models. We mentioned earlier that a plot of In(J/V?)
versus 1/V will show logarithmic dependence in the
direct tunneling (low bias) regime and linear depen-
dence with a negative slope in the F—N tunneling (high
bias) regime with an inflection point describing the
transition from the direct to F—N tunneling regime.
Such a transition from direct to F—N tunneling is a
hallmark of low interfacial barrier.?” Figure 5a shows a
plot of the In(J/V?) versus 1/V in the temperatures
range 180—77 K. The most important feature of this
figure is that all the curves show two distinct transport
regimes with voltage inflection points (V,). The V, of this
devices is 2.8 V (1/V ~ 0.35 V" '). When V > 2.8 V, we
observed a linear relationship of the In(J/V?) versus 1/V
curves with negative slope for all temperatures. This is
more clearly shown in Figure 5b and is consistent with
the F—N tunneling model, eq 5. From the slope of the
In(J/V?) versus 1/V curves and using a barrier height of
0.16 eV, we have calculated a barrier width d ~ 20 nm
of the SWNT/pentacene interface. However when
V < 2.8V, the transport characteristics change and
the curves cross over to a logarithmic dependence in
1/V, in agreement with direct tunneling, eq 4. This
is more clearly shown in supplementary Figure S8.
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Therefore, from these results we confirm that the
charge carrier injection of our device is dominated by
direct tunneling at voltages less than the transition
voltage and by F—N tunneling at voltages higher than
the transition voltage. In addition, the exhibition of the
inflection point in the In(J/V?) versus (1/V) plots in
Figure 5a provides a signature of a transition from
direct tunneling to F—N tunneling in our devices. This
confirms a change of the barrier shape at the SWNT/
pentacene interface from trapezoidal to triangular with
increasing bias voltage, as illustrated by the band
energy diagram in Figure 1.

The transition from the direct tunneling to F—N
tunneling was not observed in the devices that have
sustainable interfacial barrier height and width.?’
Although F—N tunneling has been reported in organic
devices fabricated with metal electrodes,®**°3# the
direct tunneling as well as the transition from direct to
F—N tunneling has not been observed in these devices.
This is due to the existence of a high barrier width at
the metal/OSC interfaces. In contrast, we observed a
transition from direct tunneling to F—N tunneling of
our devices fabricated with a SWNT electrode along
with a low barrier height, which confirms that inter-
facial barrier height and width of the SWNT/pentacene
interface are very small.

CONCLUSIONS

In conclusion, we studied the charge injection me-
chanism at the SWNT/pentacene interface by using
temperature-dependent electronic transport measure-
ment of pentacene devices fabricated using SWNT
electrodes. In the temperature range 300—200 K, the
charge injection mechanism is dominated by thermal
emission, which is well explained by the RS model. The
calculated barrier height at SWNT/pentacene inter-
faces is smaller than the barrier height at metal/penta-
cene interfaces. We observed a transition from thermal
emission to the tunneling mechanism at tempera-
tures below 200 K. In addition, at low temperature
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the current—voltage characteristics show a transition
from direct tunneling to Fowler—Nordheim tunneling,

MATERIALS AND METHODS

Fabrication of the SWNT Electrodes. SWNTSs of high density were
aligned between palladium patterns of 5 um separation via ac
dielectrophoresis in a probe station. The Pd patterns were
fabricated by photolithography followed by thermal evapora-
tion of Pd with a thinness of 30 nm and standard lift-off. We
obtained a highly purified, stable, and surfactant-free SWNT
solution suspended in water from Brewer Science Inc. The
details of the assembly of the SWNT and SWNT electrode
fabrication can be found in refs 17—19 and 28. In brief,
the concentration of the original solution was 50 ug/mL, and
it was diluted by six times in deionized (DI) water. A 3 uL drop of
the solution was placed on the chip, and an ac voltage of 5V, ,
at 300 kHz was applied between the Pd patterns for 30 s. The ac
voltage creates a time DEP force between Pd patterns and
aligns the SWNTs. After alignment, PMMA was spin coated on
the samples at 4000 rpm for 60 s followed by baking at 180 °C
for 15 min on a hot plate. A precise window of electrode patterns
was opened by EBL writing and developing in a mixture of MIBK
and IPA. The EBL was done by a Zeiss Ultra-55 SEM combined
with a Nabity pattern generator. After that, the samples were put
in the oxygen plasma cleaner to etch the exposed SWNT array
through the open window. Finally, samples were kept in the
chloroform for 12 h and rinsed with acetone, IPA, ethanol, and DI
water to remove the remaining PMMA. For the low-temperature
study, we fabricated SWNT electrodes of L = 200 nm and
W = 25 um. In addition, to determine the room-temperature
contact resistance of the SWNT/pentacene devices, we fabri-
cated SWNT electrodes of L = 200, 700 nm, 2, 3, 4 um with
W =25 um. We also fabricated Pd electrodes of L = 200 nm and
W = 25 um for a control experiment.

Deposition of Pentacene Film. Pentacene was deposited by
thermal evaporation at a pressure 2 x 107> Pa onto both
aligned array electrodes and Pd electrodes. The pentacene film
deposition rate was 0.2 A/s, and the thickness of the film was
30 nm, measured by AFM. We note that in this experiment we
did not perform any surface treatment of our devices.

Characterization of the Devices. The SEM images of the SWNT
electrodes were taken on a Zeiss Ultra-55 SEM, and trapping
mode AFM images of the SWNT electrode and pentacene thin
film were acquired by using a Dimension 3100 AFM (Veeco). The
electrical transport measurements of the SWNT array and SWNT
electrodes were carried out by a DL Instruments 1211 current
preamplifier and a Keithley 2400 source meter interfaced with
the LabView program. The OFET characteristics were measured
using a Hewlett-Packed 4145B semiconductor parametric ana-
lyzer. We measured /—V characteristics of our devices at differ-
ent temperatures in the range 300 to 77 K. In order to take
reproducible measurements at each temperature, we measured
each |-V curve at least two times and waited 15 min between
successive measurements. The temperature was controlled
with a Lakeshore temperature controller, and we waited at least
10 min to stabilize the temperature before taking data.
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which suggests that the barrier width at the SWNT/
pentacene interface is very small.
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