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Single-crystal organic semiconductors represent perfect sys-
tems not only for studying basic science associated with trans-
port of polaronic charge carriers but also for investigating the
upper limits of mobilities in thin-film organic devices for flex-
ible displays and other emerging electronic applications. The
field-effect transistor provides an important tool to explore
the transport of field-induced charge carriers at the surface of
organic semiconductors.!!! Special care, however, must be tak-
en during the device fabrication to avoid degradation of the
critical interface between the semiconductor and the dielec-
tric.**) High material purity, excellent crystalline quality, and
nanoscale morphological smoothness are among the charac-
teristics of this interface that are crucial to obtaining high-per-
formance devices!*” and test structures for studies of intrinsic
phenomena.

Local surface measurements of organic semiconductors at
the active interfaces of conventional transistors are difficult to
perform, if not impossible, due to the inaccessibility of the
semiconductor/gate dielectric interface by many classes of
useful probes.®® A new method for building transistors on
the pristine surfaces of bulk single crystals uses free-space
dielectrics (i.e., vacuum or air) to eliminate completely any
contact or processing of the active surface of the semiconduc-
tor.'”) This technique, which provides a reversible ability to
assemble and dissemble the devices repetitively, recently en-
abled observation of intrinsic transport and transport anisot-
ropy in rubrene.'®"! Other groups, using different techniques,
have observed similarly high mobilities and orientational an-
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isotropy.*'>% Unlike organic monolayers and thin films for

which several scanning tunneling microscopy (STM) studies
have been reported in the past,®*'7 bulk organic crystals
with thicknesses ranging from a few micrometers up to milli-
meters cannot be imaged by STM because of their inherent
high electrical resistivity. We found that the only STM study
of a bulk organic crystal was reported in 1988 by Sleator
and Tycko on tetrathiafulvalene-tetracyanoquinodimethane
(TTF-TCNQ),'® later developed by Wang et al.'’). These
authors were able to image the surface of TTF-TCNQ crystals
down to molecular resolution. However, being a charge-trans-
fer salt, TTF-TCNQ possesses a metallic conductivity and
therefore is much different from an organic semiconductor in
terms of charge transport. Furthermore, this early study is lim-
ited to surface morphology and does not report on local trans-
port properties by scanning tunneling spectroscopy (STS).

In this paper, we report on a nanoscale investigation of the
critical interface between bulk single crystals of rubrene and
air (i.e., the gate dielectric in the above-mentioned transis-
tors) by means of STM and current-voltage (I-V) spectrosco-
py. In spite of dimensions as large as a few millimeters, the
high conductivity and structural quality of undoped rubrene
single crystals allows the imaging of their surfaces down to
molecular resolution. STM images, combined with atomic
force microscopy (AFM) and X-ray diffraction (XRD), reveal
directly the position and orientation of individual molecules
in the a-b plane which is used for fabrication of high-mobility
field-effect transistors. Besides, local I-V curves recorded by
STS in the dark and under light on the rubrene single crystals
indicate a strongly rectifying p-type behavior. These nearly
ideal I-V characteristics observed at the nanoscale are also
observed on point-contact diodes on top of the rubrene crys-
tals. Such remarkable transport properties indicate that the
rubrene crystals are free of the surface transport channels that
are commonly observed in inorganic semiconductors owing to
dangling bonds.

High-quality single crystals of rubrene were grown by physi-
cal-vapor transport in hydrogen.[l] Figure 1A shows an optical
image of a typical crystal with an elongated hexagonal plate
shape and dimensions of 4 mm x 1.5 mm x 0.5 mm. The orien-
tation of the crystal axis was determined by XRD using CuKa
radiation. Figure 1C shows the 20 X-ray (45 kV, 40 mA, 2 s
per angle step) intensity data collected on this crystal. The po-
lar plots show that, as typically observed for crystals belonging
to the orthorhombic pyramidal point group,?” the c-axis is
normal to the top surface (slow-growing face) and the b-axis
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Figure 1. A) Optical microscopy image of a rubrene single crystal with di-
mensions 4 mmx1 mmx0.5 mm. The directions of the a and b crystal
axes are determined by XRD. B) AFM topography (left) and phase (right)
images of the surface of the sample. The bottom graph shows molecular
steps with 27+0.5 A heights. C) XRD 20 plot of the sample with an inset
that shows schematically the molecular organization of the rubrene mol-
ecules in the crystal a—b plane. The extracted orthorhombic cell lattice di-
mensions are a=14.49 A, b=7.21 A, c=26.92 A.

is parallel to the long side of the crystal. The crystal lattice
values determined from these measurements are similar to
those published in the literature: a=14.49 A, b=721A,
¢=26.92 A*'? The vertical distance measured by AFM be-
tween three terraces (see Fig. 1B, bottom inset) is in good
agreement with the c-axis crystal-lattice parameter. This result
confirms that a unit orthorhombic cell in rubrene consists of
two nonequivalent a-b molecular planes (the space group
Aea2, No. 41, former Aba2); the distance ca. 27 A in Fig-
ure 1b corresponds to the spacing between identical planes in
two adjacent unit cells.””) AFM images (Fig. 1B) of the sur-
face show flat terraces (as revealed by the phase image) sepa-
rated by monomolecular steps. Images recorded at various
locations indicate that the terrace plains are parallel to each
other, suggesting that the samples are single-crystalline.
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STM enables the direct examination of the molecular pack-
ing at the organic surface, and the transport properties of the
semiconductor/gate dielectric interface in our transistors.!"”!
For STM and STS measurements, the sample was mounted
onto a metal plate using silver paint and left overnight for the
paint to dry. STM imaging and STS were performed with a
PicoScan STM (“Molecular Imaging/Agilent Technology”)
equipped with a low-current scanning head. The Pt-Ir (80:20)
tip was mechanically cut from a commercial wire of 0.25 mm
diameter. The STM images were recorded in both “current”
and “constant height” modes. Molecular-scale images were
recorded at negative tip polarities between -1 and -2 V. At
positive voltages, virtually no tunneling current was recorded
for reasons described below.

Figure 2A shows a typical STM image of the rubrene sur-
face. Two flat terraces separated by an approximately 2 nm
high step are visible in the left and right parts of the image
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Figure 2. STM images of the rubrene surface. A) Typical large-scale STM
image of the rubrene crystal surface in the constant-current mode
(Uy=-1.065V, ;=29 pA). B) A smaller-scale image (U,=-1.138YV,
1y=29 pA) reveals the herringbone organization of the rubrene molecules
in the a—b plane. C) Larger-scale image and cross-sectional profile along
a single row of molecules in the b-axis direction of the crystal.

(AFM measurements provide more accurate step-height mea-
surements). The large terrace in the right part reveals parallel
rows extending along a preferential crystallographic direction.
The average Z-corrugation of the rows is estimated to be
about 1.5 A. The detailed shape of the step between the ter-
races can change slightly during scanning, which suggests tip-
induced detachment of molecules from the step edge, as de-
scribed below. Some detached molecules appear on top of the
terrace (shown by a white arrow in Fig. 2A). This tip-induced
detachment of the molecules leads to instability in the tunnel-
ing gap and the loss of resolution in the left part of the image
in Figure 2A. In the course of the STM scan, we observed an
interesting tip-induced layer-by-layer desorption process of
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the rubrene crystal surface. Details concerning this unusual
phenomenon are given in the online Supporting Information
(Figs. S1 and S2). Several topographic images acquired at dif-
ferent areas indicate that the orientation of molecular rows is
spatially uniform. Figure 2B is a high-resolution image of the
main domain of Figure 2A showing individual molecules in a
herringbone packing. The distance between the repeated dou-
ble-row features is approximately 14 A, while that between
molecules within a row is approximately 7 A. Comparison
with the lattice parameters obtained by XRD confirmed that
we are imaging the a—b plane of the crystal. The parallelogram
drawn in Figure 2B shows the unit cell in the a—b plane of the
rubrene crystal. Figure 2C shows an intermediate scale image
together with a cross-sectional profile along a single row of
molecules in the direction of the b-axis. These observations
are important because they indicate an atomically clean inter-
face and single-crystal molecular organization at the active in-
terface of transistors that use the as-grown surfaces of rubrene
crystals as the semiconductor and air as the dielectric.

Figure 3A shows a set of six /-V STS traces recorded by po-
sitioning the tip at the apex on six different places of a mo-
lecularly flat terrace, such as the one shown in Figure 2C. The
six curves have identical profiles regardless of the recording
place which is quite unusual for STS measurements carried
out in ambient conditions. In these STS measurements the
feedback loop of the STM is disabled, so that after the initial
regulation setpoint (I,=10 pA, U;=-1.1 V) and thus the tip
height has been fixed, the subsequent voltage variations are
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Figure 3. STS on the rubrene bulk single-crystal surface. A) I-V tunneling
spectra of the tunnel diode presented on a linear (left) and logarithmic
(right) axis showing the perfectly rectifying behavior of the p-type rubrene
semiconductor. The inset plot shows the extracted turn-on voltages from
the tunneling spectra. B) I-V tunneling spectra recorded in the dark and
under white-light excitation at a different location on the rubrene crystal.
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not followed by a vertical movement of the tip. Rather, the tip
remains at the initial height and the change in current result-
ing from the change in voltage is recorded. For negative tip
voltages, a steep and almost linear increase of the tunnel cur-
rent occurs beyond a threshold voltage of —0.3 V. At positive
polarity the measured current is close to zero. The turn-on
voltages of the diodes are in good agreement with measure-
ments made on a bulk point-contact Schottky diode
(Fig. 4A).”* This result suggests that the STM tip comes into
close contact with the rubrene during the scan.

The rubrene point-contact Schottky diodes (Fig. 4A) also
shows extremely good current-blocking behavior up to re-
verse voltage biases of approximately 20 V. The nearly zero
(<0.35 pAV™) ohmic “leakage” current in the reverse bias
regime (U;>0) indicates the absence of a surface transport
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Figure 4. Rubrene bulk crystal point-contact diode. A) |-V characteristic
of a rubrene point-contact diode (dots) fitted with the Schottky model
(line). The top scheme illustrates the carrier injection mechanism at the
tip and bottom electrodes of the point-contact diode. B) I-V characteris-
tics of the device under white-light excitation. C) Time dependence of the
forward-current amplitude upon exposure to a white light-emitting diode
electronically modulated with a 0.2 Hz sinus wave.
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channel related to dangling bonds.™ This remarkable behav-
ior is much different from that observed in silicon point-con-
tact diodes, for example. The extremely low current recorded
under positive biases derives from the high quality of the ru-
brene crystals and the intrinsic absence of dangling bonds on
the surface of molecular solids. This type of behavior has not
been previously examined directly, although it is consistent
with the extremely sharp normalized subthreshold swing for
rubrene field-effect transistors that use air as a gate dielec-
tric."% In the forward regime (U <0), the current of the diodes
is linearly limited by the very high resistivity of the rubrene
crystal. Since the quantity of injected charges is not sufficient
(low voltage biases applied on a thick crystal) to enter into
the space-charge-limited current regime, the /-V characteris-
tic is expected to be linear (ohmic regime supported by ther-
mal carrier generation).”®! A bulk conductivity of approxi-
mately 0.4 nS is extracted from the point-contact diode after
fitting the I-V characteristic with a standard Schottky expo-
nential model and assuming a thermionic current emission, a
serial resistance R, a parallel leakage resistance R, and a re-
verse current /, (Eq. 1)."]

V-R,-I
—1]+7S—1r 1)

I = Is |:€ e
RP

with I;=2.1pA, n=55 R;=2.65GQ, R,=3TQ, and
I,=13 pA (k: the Boltzmann constant; 7: temperature). These
results indicate the p-type rectifying behavior of the rubrene
single crystal where positive carriers are injected (from the bot-
tom contact) as schematically illustrated in the top scheme of
Figure 4A. Only positive carriers transit through the bulk
while electrons, which possess much lower mobilities, are prob-
ably trapped.” We measured the concentration of deep traps
(Ny) in our rubrene crystals using free-space field-effect
transistor devices and found it to be of the order of
Ng=0.7x10" cm? at 300 K. The hole mobilities along the
a- and b-axes are of the order of u, = 15-20 em? Vs as mea-
sured directly on pristine surfaces of samples such as those ex-
amined here by STM and point-contact diodes. As expected
from the above interpretation, point-contact diodes fabricated
using low-work-function metal electrodes such as Ca also show
p-type rectifying behavior with a similar conduction mechan-
ism involving primarily holes. Additional experiments with
other metals would help to support such a conclusion.

In order to explore whether the p-type rectifying behavior
of rubrene crystals is a property inherent to these samples, we
recorded the STS and point-contact diode I-V characteristics
under white-light illumination (see Figs. 3B and 4B). In both
types of systems for negative tip voltages (passing side) the
current flowing through the crystal increases by a factor of ap-
proximately four, as compared to the dark. The light induces
both electrons and holes (and resulting excitons), but for posi-
tive biases (blocking side), the current remains extremely
weak and is unaffected by light excitation (see the logarithm
scale on the right axis in Fig. 4B). Intense light may induce

Adv. Mater. 2006, 18, 1552-1556

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

thermal effects, such as tip dilatation for example, thus result-
ing in a noticeable change in the I-V characteristics. Here,
thermal effects are excluded because we use an optic fiber
delivering white light with intensities of the order of 10—
15 mW cm™. STS reveals rectifying behavior in the transport,
consistent with point-contact diode measurements using sev-
eral different metals. The observation that the conduction
mechanism remains strictly unipolar even under illumination
suggests that the p-type rectifying behavior arises from a sam-
ple property (e.g., the presence of traps for electrons) rather
than preferential hole injection dictated by the nature of the
contacts. Finally, Figure 4C shows that it is possible to modu-
late the photocurrent on the passing side with a frequency of
0.2 Hz, indicating good stability of the metal-rubrene crystal
junction under light exposure.[29]

In conclusion, high-resolution STM images and nanoscale
I-V characteristics of rubrene single crystals with dimensions
of several millimeters have been recorded. The periodic 2D
organization of individual molecules of rubrene, an organic
semiconductor with potential applications in electronics, have
been observed on the a—-b plane of a bulk crystal where they
form a highly ordered step and terrace surface. With the ex-
ception of of TTF-TCNQ, an organic charge-transfer salt with
metallic conductivity, surface imaging of bulk crystal organic
semiconductors has always failed because of their low dark
conductivity. Another prominent feature is that STS reveals
the nearly perfect rectifying behavior of the rubrene crystals.
While intense currents flow at negative tip voltages, almost no
current can be recorded at positive tip voltages up to several
volts. This is typical of a unipolar p-type semiconductor.
Furthermore, when exposed to white light, rubrene bulk crys-
tals generate intense photocurrents under negative tip voltage
while no increase of the conductivity is observed on the block-
ing side. On the whole, our data directly reveal the nanoscale
morphology and electrical properties of the active interfaces
of field-effect transistors fabricated with these materials. Fi-
nally, beyond the scope of this semiconductor analysis, the sur-
face morphology and transport properties of bulk rubrene
crystals suggest that they could be used as novel STM sub-
strates. The presence of large molecularly flat terraces on the
crystal a-b plane combined with good conductivity opens the
possibility to investigate adsorption and self-assembly of var-
ious organic molecules and other nanometer-sized objects.
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