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ABSTRACT: A rectifying hybrid junction was fabricated by the self-assembly
of 4-aminothiophenol (PATP) on well-aligned ZnO microrod arrays. Good
rectification behavior was obtained from the device of Al/ZnO/PATP/Al. The
electron transport at the ZnO/PATP interface was investigated systematically
by experimental observation and theoretical simulation. X-ray photoelectron
spectroscopy (XPS) analysis confirmed the strong binding between PATP and
ZnO via S−Zn bonds. The effective energy barrier and ideality factor of the
rectifying diode were estimated by the current−voltage (I−V) measurement
and thermionic emission theory. The molecule dipole effect on work function
was studied through energy band theory. Theoretical calculation results based
on density functional theory (DFT) also indicated a significant dipole, caused
by the anchoring effect of PATP, resulting in the changes of surface electronic
characteristics of ZnO.
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1. INTRODUCTION

Since Aviram and Ratner initially proposed molecular rectifiers
using single molecules as active elements in 1974,1 molecular
electronics are considered to be a promising way to overcome
the physical limitations of conventional microelectronics.2−6 In
particular, the design and construction of functional molecular
devices on metal-oxides or semiconductors have inspired great
interest.7−16 For instance, dipolar molecule phosphonic acids
have been used to control the surface properties of indium tin
oxide (ITO) to optimize device performance in both organic
light-emitting diodes (OLED) and organic photovoltaic
cells.13,14 Meanwhile, with regard to application, some reports
have attempted to develop the rectifying diodes by assembling
the organic molecules on Si and GaAs semiconductor surfaces
via carboxylate bonds.15,16 Similarly, molecular control over the
barrier height is more effective with an ionic semiconductor
(ZnO).17 The high isoelectric point (IEP ≈ 9.5)18 and c-axis
polarity of ZnO are beneficial to immobilize many organic
molecules on its surface through electrostatic adsorption and
self-assembly.19 Moreover, the electronic properties of micro-
structural and nanostructural ZnO is easily tuned by surface
modification.20 PATP, as a typical dipolar “D-π-A” type
molecule with a highly polarizable conjugated π-system has
been revealed to have potential application in molecular
electronics.21−24 For example, directional charge transfer at
the ZnO/PATP interface has been demonstrated by surface-
enhanced Raman spectroscopy (SERS).22 Even so, the
theoretical research and the expected rectification devices
have not been reported.

In this paper, a rectifying diode was fabricated based on self-
assembling PATP on ZnO microrod arrays through S−Zn
bonds. The hybrid device presents good rectification behavior.
The mechanism, especially the molecule dipole effect on
electron transfer process at the ZnO/PATP interface is
systematically investigated in experiments and theory.

2. EXPERIMENTAL SECTION

The ZnO microrods were grown on quartz substrates using the
vapor-phase transport (VPT) technique, similar to our previous
report.25,26 A mixture of ZnO and graphite powder with a mass
ratio of 1:1 was placed into a small quartz boat as source
materials, and a quartz slice covered the quartz boat; then, they
were put into a horizontal furnace that was heated up to 1050
°C. ZnO microrod arrays were obtained on the quartz substrate
after reaction for 10 min. The morphology and microstructure
of the product were examined using scanning electron
microscopy (SEM) on a ZEISS Ultra Plus system and X-ray
diffraction (XRD) on a MAC Science system (Model
MXPAHF).
The self-assembly was carried out by immersing half of an as-

grown ZnO sample into a 0.2 mM PATP solution in ethanol at
room temperature for 24 h. After PATP adsorption, the sample
was removed from the reactor and rinsed three times with
ethanol and deionized water, respectively, and finally dried
under a nitrogen (N2) stream. The Al/ZnO/PATP/Al hybrid
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junction was fabricated by evaporating aluminum on the top of
the vertically aligned ZnO microrod arrays in a vacuum of 5 ×
10−6 Torr. X-ray photoelectron spectroscopy (XPS) was then
employed to characterize the chemical state of the elements
(e.g., Zn, S, and N) on the PATP-treated ZnO microrod
surface, which were calibrated with the binding energy of the C
1s core level. The molecular layer is removed by sputtering the
sample, using an argon-ion beam with an energy of 4 keV, a
current of 15 mA, and an atmospheric pressure of 1 × 10−2 Pa.
The estimated thickness of the monolayered PATP is ∼5 Å,
according to experiments and the calculations of previous
reports.27 The sample was cleavaged gradually by sputtering for
600 s at a rate of 0.5 Å/min, and the element distribution was
analyzed using XPS signals recorded at various depths. The
elemental amounts were estimated using Gaussian−Lorentz
decomposition peaking at the intrinsic binding energy of the
related element, based on a linear background. The schematic
diagram of the structure and the current−voltage (I−V)
measurement of the device are given in Figure 1. The pink

color represents the ZnO microrod with the PATP molecule
anchored on its surface, and the gray color represents the ZnO
seed layer, which is located between the two white dotted lines
shown in the SEM image in Figure 2a; the wavy layer marked
with the purple color represents the PATP molecule
converging at the interface. A voltage bias is applied on the
two yellow blocks, which denotes the Al electrodes with the
positive direction is from the right one (Al1or Al2) to the left
one. I−V characteristics were collected in the voltage scan
mode between the two Al electrodes at room temperature,
using a semiconductor analyzer (Keithley, Model SCS 4200)
with an integration time of 20 ms.
Theoretical calculation based on density functional theory

(DFT) was performed using the DMol3 code.28,29 A uniform
generalized gradient approximation (GGA) with the PW91
form was adopted.29 Double numerical basis sets including
polarization functions on all atoms (DNP) were used in the
calculations.30,31 The initial atomic structure of ZnO (002)
layer was established from bulk ZnO. Three layers of Zn−O
were set on ZnO cluster, in which the bottom two layers of
Zn−O were fixed and the bottom O atoms were passivatied by
H atoms. The lattice constant of ZnO is a = b = 6.498 Å, α = β
= 90°, γ = 60°. Another 20 Å vacuum region was added at the
top surface to get rid of the interlayer interactions.

3. RESULTS AND DISCUSSION
Morphology and Microstructure of ZnO Microrod

Arrays. The SEM images of as-grown ZnO microrods in
Figure 2a and 2b reveal the general morphology of vertically
well-aligned ZnO microrod arrays. The diameters and lengths
of the microrods are ∼1 and 28 μm, respectively. The energy-
dispersive spectrometry (EDS) spectrum in Figure 2c shows
that the ZnO microrod prepared via the VPT method is rich in
zinc, which is beneficial to chemical adsorption of PATP on the
top surface of ZnO microrods. The XRD test result shown in
Figure 2d reveals the high orientation of ZnO microrods along
the [0002] direction. The XRD pattern of ZnO microrod can
be indexed as hexagonal ZnO, which is consistent with the
values in the standard card, and no impurity was observed. The
intensity of the ZnO (0002) peak is much stronger than other
ZnO peaks, which indicates that the (0002) plane might be the
primary face of the microrods.

PATP-Assembled ZnO Microrod Surface. The PATP-
assembled ZnO microrod surface was characterized by XPS.
Figure 3 illustrates the representative binding modes, although
some signals are not very strong, because of the low
concentration of PATP. The XPS signal of the S 2p core
level in Figure 3a is composed of two peaks of S 2p3/2 at 161.1
eV and S 2p1/2 of 162.4 eV origin from the S−Zn covalent
bond.32 The N 1s peak appears at 399.2 eV in the spectrum
shown in Figure 3b, which is from ph-NH2.

33 No other peak
was observed, which indicates that the N element is not linked
to ZnO. As shown in Figure 3c, two separate peaks of Zn 2p3/2,
located at 1021.8 and 1020.6 eV, are consistent with the
intrinsic binding energy of Zn corresponding to Zn−O and
Zn−S bonds. The weak signal corresponding to S−Zn bond
demonstrated the small amount of PATP on ZnO surface.
Furthermore, the atomic concentration ratio of sulfur and
nitrogen (S/N) is measured over time using a sputtering
procedure, as shown in Figure 3d. It is obvious that the ratio of
S/N generally shows an upward trend, which implies that the
orientation of the molecular layer may be sulfur at the bottom
and amino at the top. Especially at 420 s, the S/N ratio jumps
to a much higher value that corresponds to the combination
point of S−Zn bond. As a result, the majority of the molecules
roughly stand neatly on the ZnO.

Current−Voltage (I−V) Characteristic. Current−voltage
characteristics are carried out on the diode with PATP modified
as shown in Figure 4. Good current-rectifying characteristics
were observed with a low turn-on voltage of ∼0.5 V. The
rectification ratio, which is defined as I(1.5 V)/I(−1.5 V), is
∼47, indicating that the Al/ZnO/PATP/Al hybrid junction is
well-formed. As shown in the inset, such phenomenon is not
found in the diode without PATP modification: a linear I−V
curve with a conductance of 6.67 μS, which represents a perfect
ohmic contact between Al and ZnO, was given.
To view electron transport across the hybrid junctions, a

thermionic emission model is used to study the potential
barrier:16
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where V is the applied bias, q the electron charge, k the
Boltzmann constant, T the temperature, Rs the diode series
resistance, I0 the saturation current for a zero barrier, and n the
diode ideality factor, which also known as the quality factor or,
sometimes, the emission coefficient. The ideality factor (n)

Figure 1. Schematic diagram of the structure and the current−voltage
(I−V) measurement of the device.
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varies from 1 to 2, depending on the fabrication process and
semiconductor material; in many cases, it is assumed to be ∼1
(thus, the notation “n” is omitted), so the value of n indicates
how closely a diode follows the ideal diode equation. For V ≫
nkT/q, the “−1” term can be neglected, and a plot of ln I vs V
should be linear above 0.1 V at room temperature. The barrier
height (φb) can be extracted from the following equation:34
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where A is the contact area (A = 0.002 cm2), T the temperature
(T = 298 K), φb the effective barrier height, and A* the effective
Richardson constant (A* = 32 A cm−2 K−2 for ZnO), which
accounts for the transmission probability through the interface.
By fitting the measured ln I versus voltage plot between 0.1 V
and 0.4 V, ln I0 can be obtained from the intercept of the linear
(semilogarithmic) fit. The barrier height φb extracted from eq 2
is 0.885 eV. In order to get the diode ideality factor, eq 1 is
rewritten in the form of the current density J (as J = I/A) and
the −1 term is neglected, and then the following equation is
obtained:
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By calculating the differential of eq 3, we get
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According to the measured I−V data, we redraw a curve of V
with respect to ln J when the series resistance Rs closes to zero;
we can get a straight line, and the n value can be obtained from
the slope. In this way, we get a value of n = 4.615. Obviously,
the forward current transport in the Al/ZnO/PATP/Al hybrid
junction is separate from the pure thermionic emission for
which n = 1. The fitting was reasonably good, especially in the
bias direction in which current flow is favorable. Thus, it is
reasonable to attribute the high ideality factor to the interfacial
energy barrier induced by the chemisorbed PATP layer on ZnO
surface. The following study is concentrated on the PATP
molecule effects on the energy band and the electronic
characteristics of ZnO.

Energy Band Study. Band bending can be introduced by
the adsorption of the molecule on the ZnO surface. It was
reported by Lin et al., who showed that the formation of Zn−S
bonds induced a 0.71 eV shift in the valence band maximum
(VBM) to a lower binding energy, leading to an increase in the
surface band bending.35

As an ionic n-type semiconductor, the majority carriers in
ZnO are electrons, that is, the density of free electron carriers
(ne) is higher than that of hole carriers (nh). The PATP acts as
acceptors depleted the surface electron states and reduced the
free carrier density; negative charges exist at the surface and

Figure 2. SEM image ((a) side view and (b) top view) of a vertically aligned VPT-grown ZnO microrod array; (c) EDS data spectrum and (d) XRD
patterns of the ZnO microrods array.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400349w | ACS Appl. Mater. Interfaces 2013, 5, 3298−33033300



positive charges accumulate near the surface, causing a decrease
of ne and an increase of nh. A space charge region called the
“depletion layer” then emerged, which introduces an upward
band bending, as illustrated in Figure 5. The effect of the PATP
molecular layer at the interface can be taken as a dipole layer,
which is analogous to a parallel-plate capacitor. Moreover, the
potential energy drop over it (φdip) can be estimated by16

φ
μ θ

εε
=

q
A

cos
dip

0 (5)

where μ is the molecular dipole moment (C m) (which has an
average tilt θ from the normal), A the area per molecule (m2),
ε0 the permittivity of vacuum, and ε the dielectric constant of
the dipole layer.36,37 The role of the potential energy dropping

over the surface dipole layer is to change the native electron
affinity or work function to an effective one. The work function
difference between metal and semiconductor is called the
contact potential difference (CPD), which was introduced by
PATP modification in the present case, as shown in Figure 5.
CPD and φb can be defined as

φ φ φ χ ξ= − = − + +CPD ( BB )Al ZnO Al (6)

φ φ χ= −b Al (7)

where φAl and φZnO are the work function of Al and ZnO,
respectively; χ is the electron affinity of ZnO; BB is the band
bending; and ξ = ECB − EF for n-type ZnO. As shown in Figure
5, the introduced dipole layer leads to a decrease of the electron
affinity and work function of ZnO, and further results in the
increase of CPD and barrier height. With these changes,

Figure 3. XPS spectra of ZnO microrods functioned by PATP: (a) Gaussian−Lorentz decomposition of the XPS S 2p core level peaks, (b) the N 1s
peak at 399.2 V, and (c) Gaussian−Lorentz decomposition of the XPS Zn 2p3/2 peak for peak separation. (d) Element concentration data ratio of
sulfur to nitrogen (S/N).

Figure 4. I−V characteristics of the Al/ZnO/PATP/Al diode at room
temperature. The inset shows the plot of Al/bulk ZnO/Al without
PATP modification.

Figure 5. Schematic description of molecular effect on the barrier
height and contact potential difference of the junction that was added
to the dipolar molecule layer.
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directional charge transfer occurred in this system, and finally
induced asymmetry of the I−V curve.
DFT Simulation. The DFT simulation was carried out

before and after PATP modification on the ZnO surface. The
initial distance between PATP and the ZnO is set to be 3.0 Å
and PATP is perpendicular to the ZnO plane. After geometry
optimization, the PATP is titled at an angle of 30° and the S
atom links with two Zn atoms, as shown in Figure 6a. The

corresponding local electron density distributions of the ZnO/
PATP composite with electric fields of 0, −0.5, and 0.5V/Å,
respectively, are given in Figure 6b. Without an electric field,
the electron density of the highest occupied molecular orbital
(HOMO) state is mainly localized at the interface between
ZnO and PATP, while the distribution of the lowest
unoccupied molecular orbital (LUMO) states is evenly
localized at the interface and the inside of ZnO cluster. The
dipole associated with the molecule−substrate bond is
determined by charge rearrangement upon formation of the
substrate-adsorbed molecular monolayer.38 The electron
density distributions, which converged at the interface of
ZnO and PATP, indicate that a significant interface dipole was
introduced by the S−Zn bond. Moreover, the changes of the
electron density also indicate a significant polarization depend-
ent on electric field direction. When a positive electric field of
0.5 V/Å is applied, the electron density distribution of LUMO
converges at the interface while the HOMO state is

predominantly localized over the PATP segment. It is
interesting that the opposite electron density distribution
occurs when a negative electric field of −0.5 V/Å is applied.
Table 1 clearly shows that, with the change of the electric field

direction, the HOMO and LUMO gap change correspondingly.
Meantime, the change of work function for the PATP-modified
ZnO surface is −0.65 eV (compares with bare ZnO).
Especially, the work function was reduced when the electric
field increased to a forward bias of 0.5 V/Å, and rose at the
negative bias of −0.5 V/Å. It means the electrons in the
composite are easy to escape as soon as a positive electric field
is applied. Therefore, the opposite changes in electron density
distributions, Fermi level, work function, and band gap
indicates that electrons in the ZnO/PATP composite are
more likely to escape from the potential barrier to the right
electrode (Al2) shown in Figure1. Besides, the charge transport
of the diode can qualitatively be explained by considering the
effect of bond dipole (BD) on alignment of the Fermi energy
level of the ZnO substrate and the metal electrode. Because of
the anchoring thiol group, the surface dipole of the ZnO
substrate decreased (−0.68 eV for the perpendicular
component of the dipole moment (μz)) and the local charge
was rearranged. A negative BD is developed with the formation
of this covalent bond, leading to a decrease in the electrostatic
potential at the interface between the anchoring group and the
ZnO substrate. Thus, the Fermi level of the ZnO will be
increased by the reaction between thiol and zinc. Meanwhile,
the positive BD from the amino group will decrease the Fermi
energy level of the Al electrode. This alignment of the Fermi
level induced by the anchoring effect makes the electron
tunneling through the HOMO more favorable, because the
HOMO of this molecular diode is much closer to the Fermi
energy level of the Al electrode. Therefore, when the voltage
bias was applied, because of the contrary BD effects between
the amino groups and thiol anchoring groups, the rectifying
behavior was observed.

4. CONCLUSIONS
In conclusion, a “D-π-A” type molecule PATP has been
conjugated onto covalently functionalized ZnO microrod arrays
by a simple self-assembly method to construct a microhybrid
device with good rectification behavior. The electron transport
and rectifying mechanism were studied by experimental
investigation and DFT simulations. The XPS and simulation
results revealed that the molecule was linked to ZnO through
S−Zn covalent bonds rather than by physical adsorption.
Current−voltage characterizations taken before and after PATP
molecule anchored on the ZnO microrods suggested how the
molecule PATP affected the electronic characteristics of ZnO
microrods. The energy band and simulation study illustrated

Figure 6. Density functional theory (DFT) calculation results of ZnO/
PATP composites: (a) the view of the optimized ZnO/PATP
composite and (b) side views of the localized electronic density
distribution of LUMO (bottom) and HOMO (top) states for a neutral
ZnO/PATP composite with electric fields of −0.5, 0, and 0.5 V/Å.
The wave function has a negative value for the yellow symbols and a
positive value for the blue symbols.

Table 1. Changes of Calculated Electronic Parameters of the
Neutral ZnO/PATP Composite Compress to the Bare ZnO
and Dependent on the Applied Electric Field (EF),
Including the Changes of the Work Function (ΔWF), the
HOMO−LUMO Gap (ΔEg), the Fermi Energy Level (ΔEf),
and the Dipole Moment (Δμz) Perpendicular to the Surface

EF (V/Å) ΔWF (eV) ΔEg (eV) ΔEf (eV) ΔμZ
−0.5 (vs 0) +1.14 0.013 −0.775
0.5 (vs 0) −1.36 −0.348 0.931
0 (vs bare) −0.65 +0.65 −0.68
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that a series of electronic parameters of the device changed after
PATP anchoring onto the ZnO surface, which provided the
possible source of rectifying behavior. Further study of the
simulation reveals the molecule dipole effect onand the
directional charge transfer atthe interface of ZnO/PATP of
this molecule diode.
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