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’ INTRODUCTION

Semiconductor heterojunctions are of great importance in
modern electronics industry as they are part of almost every
device.Molecular heterostructures recently have attracted a lot of
attention because of their promising potential application in
developing large-area functional devices and nanolevel devices,
such as transistors, molecular chips and nanocircuits. Within the
rapid progress in the fields of nanoelectronics and molecular
electronics, the heteroepitaxial growth of molecular films, highly
ordered nanostructures, crystalline organic superlattices and
heteronanoribbons have been demonstrated and prove the
feasibility of tailoring organic heterostructures.1�5 However,
the realization of adjustable interfacial electronic structures in
crystalline organic heterostructures has become an emergent
task, due to the variety of potential devices and functionalities. In
particular, one aim is to be able to tune the charge carrier
transport behavior via the properties of crystalline heterostruc-
tures and develop new type of functional solid-state devices, for
instance, organic laser devices. Compared to the efforts taken on
amorphous or low-quality-film organic/metal and organic/or-
ganic interfaces in past decades;6�15 however, only a few reports
have addressed the intrinsic interfacial electronic properties of
single-crystal-like molecular heterostructures. One reason is that
there is still no widely recognized method of fabricating organic
heterostructure crystals. Furthermore, recent reports indicate
that crystalline molecular films and oriented molecule assemblies
demonstrate an orientation dependence of their electronic
structure or even features of energy band dispersion, which is
clearly distinguished from the unique energy levels of the
individual molecule and also make the electronic properties of
the heterostructure more complicated.16�21 In this contribution,
we focus on the investigation of the interfacial electronic
structure of single-crystal-like organic heterojunctions and de-
monstrate crystalline heterojunction systems, which either are

transparent for holes or efficiently block hole transport across the
interface.

P-type organic semiconductors 2,5-bis(4-biphenylyl) bithio-
phene (BP2T), p-sexiphenyl (p-6P), and zinc phthalocyanine
(ZnPc) are selected, as they are archetype representatives of rod-
like and disk-like hole-transport materials with excellent
(opto)electronic properties (see Figure 1).22�25 The “Weak
epitaxy growth” (WEG) method was employed to fabricate
crystalline heterojunction films of ZnPc/BP2T and ZnPc/p-6P
composition.26,27 Using this method, the epitaxial growth of the
disk-like molecules, ZnPc, can be achieved on the well ordered
layers of the rod-like molecules BP2T and p-6P. To obtain a
complete picture of the electronic structure of these representa-
tive crystalline organic heterostructures, photoemission spec-
troscopy (PES) measurements were carried out during
fabrication of the two crystalline heterojunctions, and charge
transport studies have been performed using organic thin film
transistors (OTFT).

’EXPERIMENTAL SECTION

Materials and Film Growth. The commercial material ZnPc
was purchased from Aldrich Co. BP2T and p-6P were synthe-
sized according to refs 28 and 29, respectively. The weak epitaxy
growth (WEG) method was used to fabricate high-crystalline
heterojunction films, and the details were described in refs 26 and
ref 27.
Photoemission Spectroscopy Measurements. The photo-

emission spectroscopy experiments were carried out using a
commercial PHOIBOS-150 (SPECS) ultrahigh vacuum (UHV)
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surface analysis system with a sample preparation and an mea-
suring chamber, each with a base pressure of ∼2 � 10�10 mbar.
A cleaned n-type Si wafer with a native oxide layer on top was
used as substrate. The Si wafer was heated in the preparation
chamber for 30 min at 300 �C to remove surface contaminations
before depositing the molecules. At a substrate temperature of
100 �C, the organic materials were deposited successively. The
film thickness was monitored with a quartz crystal oscillator.
After each deposition step, the samples were transferred into the
measurement chamber without breaking the vacuum. The
PHOIBOS-150 (SPECS) spectrometer is equipped with a He-
discharge lamp and a monochromatic Al KR source provide
photons with 21.22 eV for UPS (ultraviolet photoemission
spectroscopy) and 1486.6 eV for XPS (X-ray photoemission
spectroscopy), respectively. The total energy resolution of the
spectrometer is about 0.1 eV (UPS) and 0.35 eV (XPS). For UPS
the samples were measured under a bias of 7 V. For XPS the
energy scale was calibrated to reproduce the binding energy of
Au4f7/2 (84.0 eV). The attenuation of the intensity of the Si2p
peak was used to check the thickness of the BP2T (p-6P) layer
and ZnPc layers, respectively.30,31 After the PES measurements,
the samples were transferred out of the chamber. Immediately,
the morphology of the films was imaged with a SPI3800N atomic
force microscope (Seiko Instruments Inc.) using the tapping
mode.
Fabrication and Characterization of OTFTs. OTFTs of

ZnPc(20 nm)/BP2T(6 nm) and ZnPc(20 nm)/p-6P(6 nm)
were fabricated using the WEG method on an n-type silicon wafer
with a 300 nm thermal oxidation SiO2 layer as gate insulator.
After the growth of WEG films, source/drain Au electrodes were
fabricated. The length and width of the transistor channel was
0.2 mm and 6.0 mm, respectively. The current�voltage char-
acterisitics of the transistors were measured with two Keithley
236 source measurement units under ambient conditions at

room temperature. The field-effect mobilities were obtained
using the transfer curves under the bias of VDS =�50 V through
the equation ID = (μCiW)/(2L)(VGS � Vth)

2.

’RESULTS AND DISCUSSION

We take the ZnPc/BP2T system to introduce the procedure of
our experiments and the analysis of the photoemission spectra.
First, BP2T molecules were deposited on a cleaned Si-wafer with
a native oxide layer step by step taking advantage of the weak
epitaxy growth condition, the coverage increases from less than a
monolayer (2.0 nm) to more than 2 monolayers (6.8 nm).
Subsequently, 7.4 nm ZnPc were deposited on the BP2T layer
again in various steps. After each deposition, the samples were
transferred to the measuring chamber and characterized by
ultraviolet photoemission (UPS) and X-ray photoemission
(XPS) measurements without breaking the vacuum.

During the deposition of BP2Tmolecules on the substrate, the
BP2T molecules grow in a standing-up mode and form smooth
layer-by-layer thin films. The large-area BP2T molecular do-
mains aggregate to form continuous uniform films and the (002)
planes maintain parallel to the substrate.27 The thickness of the
BP2T layer indicates that besides two complete layers of BP2T, a
third layer is also present at some locations of the sample.
Induced by the BP2T layers, the subsequently deposited ZnPc
molecules demonstrate weak epitaxy growth behavior, and the
ZnPc molecules arrange along the [110] and [110] geometry
channel of the BP2T surface, which corresponds to the incom-
mensurate epitaxial mode,27 whereas on the surface of three
monolayers of BP2T, the ZnPc molecules demonstrate the
commensurate epitaxial mode. The details of this molecular
growth mechanism are described in refs 26 and 27. Finally, with
increasing thickness of ZnPc, the continuous single-crystal-like
heterostructure ZnPc/BP2T is formed. Similarly, we can obtain
crystalline ZnPc/p-6P systems. The morphology of ZnPc/BP2T
and ZnPc/p-6P were imaged with atomic force microscopy
(AFM) after the PES measurements. As shown in panels b and
c in Figure 1, induced by BP2T and p-6Pmolecules, the growth of
ZnPc molecules exhibit WEG behavior. Large-area crystalline
domains aggregated smoothly to form a highly ordered layer,

During the formation of single-crystal-like hole-transport
junctions, the detailed interfacial electronic structure can be
obtained with photoemission spectroscopy measurements. The
molecular orbital alignment, the work function Φ, the interface
dipole Δ, the ionization potential (IP) and the hole injection
barriers (HIB) are extracted from the spectra. The details of the
analysis of these parameters have been thoroughly described in
several reviews.8,10,32 Figure 2 illustrates the valence-band PES
results taken for the ZnPc/BP2T and ZnPc/p-6P systems. For
comparison, the intensity was normalized to the height of the
most intense spectral feature. The bottom spectrum in each
panel is representative of the cleaned n-Si wafer with a native
oxide layer, the Fermi level of which is pinned to the work
function of the substrate. When the monolayer of BP2T is
formed, the highest occupied molecular orbital (HOMO) peak
can be clearly observed. Meanwhile, there is a shift of the
secondary-electron cutoff and thereafter no obvious binding
energy change with increasing BP2T layer thickness is observed.
When the ZnPc layer was deposited step-by-step, as shown in
right panel of Figure 2a, the HOMO-1 peak of BP2T becomes
weak and disappears after 2.4 nm of ZnPc, which indicates the
effective coverage by a ZnPc layer. At the same time, the

Figure 1. (a) Molecular structure of ZnPc, BP2T, and p-6P. Schematic
diagram of weak epitaxy growth of disklike molecules on rodlike
molecules. (b, c) AFM image of ZnPc/BP2T and ZnPc/p-6P,
respectively.
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component of the ZnPc HOMO is strengthened. Therefore, the
onset of the HOMO only represents ZnPc, which shifts about
0.1 eV to the high binding energy direction until 7.4 nm
(Figure 3a). The X-ray photoemission spectra were also carried
out to investigate the evolution of core levels in the hetero-
structures. The spectral features of N1s, Zn2p3/2, and S2p core
levels do not show obvious changes and only vary in the range of
the experimental error. Furthermore, there is no new peak
appearing during the growth process. This clearly indicates that
the interaction between BP2T and ZnPc is of physisorption
character. The results from the photoemissionmeasurements are
summarized in Figure 3, and they allow to derive the interfacial
electronic structure of ZnPc/BP2T, which is shown in Figure 4a
in a schematic energy level diagram. An equivalent experiment
and data analysis have been carried out for the ZnPc/p-6P system
(Figure 4b). It is worth to note that although the energy shift of
0.1 eV of the HOMO onset of ZnPc is comparable to the
resolution of UPS, herein we temporarily suggest this shift
indicates a weak energy level bending instead of a complete
interfacial dipole, because both the secondary-electron cutoff and
the HOMOonset position shift gradually in a range of more than
5 nm. The IP of BP2T and ZnPc obtained in this experiment is
5.0 and 4.9 eV, respectively. From previously reported PES data

of BP2T and ZnPc,33,34 we know that before the materials are
brought into contact, the Fermi energy of the n-doped Si wafer is
in the energy gap of each material. Under this condition,
according to various models11,13,35,36 that have been proposed
for the description of organic interfacial electronic properties, the
vacuum level of ZnPc and BP2T should be aligned very close to
that of the substrate, and the HOMO of BP2T should be lower
than that of ZnPc. This prediction obviously conflicts with the
PES results of our single-crystal-like heterojunctions. Generally,
it is assumed that the final alignment of energy levels in O/O
interfaces is determined by the equilibrium of electrons in certain
energy levels at either side of the interface. Therefore, the energy
level alignment of crystalline ZnPc/BP2T can in principle be
interpreted as the result of charge equilibrium between substrate
and heterostructure interfaces, although the exact mechanisms
for high-crystalline organic heterostructures are not clear yet.

It is very important to realize that due to the continuity and
compactness of the single-crystal-like films, deep traps and other
energy levels resulting from imperfect films do not play a
dominant role,37 so that holes will be mainly transported in the
valence bands of the crystals. Although the IP of crystalline ZnPc
is smaller than that of the crystalline BP2T layer, when the
heterostructure is formed, the HOMO of ZnPc is almost
perfectly aligned to that of BP2T. As shown in Figure 4a, the
HIB between BP2T and ZnPc is within 0.1 eV. Consequently,

Figure 3. Plot of the secondary-electron cutoff (high binding energy
cutoff (HBEC)) and HOMO onset position in the PES spectra of (a)
ZnPc/BP2T and (b) ZnPc/p-6P.

Figure 4. Schematic energy level diagrams of the single-crystal-like
heterostructure of (a) ZnPc/BP2T and (b) ZnPc/p-6P. Energy values
are in unit of electronvolt (eV). (c) Schematic diagram of hole
transparent transport through the ZnPc/BP2T interface and hole
blocking at the ZnPc/p-6P interface.

Figure 2. Evolution of the secondary electron cutoff and theHOMOregion
of the valence band PES spectra of (a) ZnPc/BP2T and (b) ZnPc/p-6P.
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holes can easily flow in two directions, either from BP2T to ZnPc
or vice versa, which can be described in terms of a transparent
interface for holes (see left panel of Figure 4c). In contrast, in the
ZnPc/p-6P system (Figure 4b), the HIB between p-6P and ZnPc
is substantially larger (about 0.46 eV). In this case, we expect this
energy barrier to effectively block the holes when flowing from
ZnPc to p-6P (right panel of Figure 4c).

The interfacial electronic structures obtained above indicate
that organic heterojunctions can be easily tuned to adjust the
hole transport in crystalline heterojunctions devices and nano-
circuits by choosing the organic substituents without losing the
high crystallinity. Generally speaking, to measure the current�
voltage characteristics of a diode device is the most effetive
demonstration of charge transport behavior.38 However, the
electronic properties of two organic/electrode interfaces will
make the transport process in heterojunction diodes more
complex, which depresses the effect of heterojunction intefaces.
Here, we demonstrate the different functionalities of single-
crystal-like ZnPc/BP2T and ZnPc/p-6P junctions using OTFTs,
which were fabricated on an n-doped Si wafer with a 300 nm SiO2

layer on top and tested under ambient condition (Figure 5a).
The two transistors both are characterized by hole transport
behavior, and the field-effect mobilities were extracted from the
transfer characteristic curves at saturation region (Figure 5b). For
the ZnPc/p-6P transistors, the mobility reaches values as high as
0.30 cm2 V�1 s�1, in accordance with previous reports.26

Contrary, for the ZnPc/BP2T transistors, the field-effect mobi-
lity only is 0.07 cm2 V�1 s�1. The reason of this large difference
can now be rationalized using the energy level diagram of the two
systems as derived with our photoemission studies. As described
above, the HIB between ZnPc and p-6P is about 0.46 eV, which is
significantly larger than that of ZnPc/BP2T. Then, in the
transistor based upon the ZnPc/p-6P system holes injected from
the source electrode under a negative bias are blocked by this
barrier. Thus, the induced holes flow in the ZnPc layer right at
ZnPc/p-6P interface. Therefore, the field-effect mobility of
0.3 cm2 V�1 s�1 reflects the properties of single-crystal-like
ZnPc layer.

In contrast, for the ZnPc/BP2T system, the injected holes
easily cross the organic heterointerface and the BP2T layer is the
working channel of the corresponding OTFT, i.e., the induced
holes move in a range of 2 nm from the BP2T/SiO2 interface.

39

Consequently, the field-effect mobility of 0.07 cm2 V�1 s�1

reflects the charge transport behavior in the BP2T layer. This is
schematically summarized in Figure 5a. We infer that the ZnPc/
BP2T system is very well suited to be used in devices utilizing
charge transport in the direction perpendicular to the interface.
Indeed, as reported previously,40 in C60/ZnPc/BP2T solar cells,
the donor part ZnPc/BP2T exhibits very favorable hole transport
behavior.

’CONCLUSION

The combined results from PES and OTFTs above strongly
indicate that although crystalline ZnPc molecular layers growing
on BP2T and p-6P layer have the same quality and morphology,
the properties of the resulting crystalline heterojunction is
decisively determined by the type of rod-like molecular layer
underneath and connected interfacial electronic structure. Both
p-6P and BP2T molecules act as perfect substrate layer inducing
WEG of ZnPc. However, p-6P acts as a dielectric layer which
blocks the holes coming from ZnPc, while BP2T enables good
hole transport layer across the interface with ZnPc. This clearly
demonstrates, that utilizing the weak-epitaxy growth method and
selecting proper rod-like conjugated molecules as transparent or
blocking layer, the hole transport characteristics in crystalline
disklike/rodlike heterojunctions can be tuned, which is of vital
importance for potential applications in crystalline organic
devices and molecular solid-state circuits.
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