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ABSTRACT

By functionalizing the surfaces of ZnO nanobelts (NBs) with a thin self-assembled molecular layer, the electrical and optoelectronic performances
of a single NB-based device are drastically improved. For a single NB-based device, due to energy band tuning and surface modification, the
conductance was enhanced by 6 orders of magnitude upon functionalization; a coating molecule layer has changed a Schottky contact into
an Ohmic contact without sophisticated deposition of multilayered metals. A functionalized NB showed negative differential resistance and
exhibited huge improved photoconductivity and gas sensing response. The functionalized molecular layer also greatly reduced the etching
rate of the ZnO NBs by buffer solution, largely extending their life time for biomedical applications. Our study demonstrates a new approach
for improving the physical properties of oxide NBs and nanowires for device applications.

Nanowires (NWs) and nanobelts (NBs) have been demon-
strated as the fundamental building blocks for fabricating
various nanodevices such as FET,1 gas sensor,2 diodes,3

LED,4 biosensors,5-8 and others. To improve the performance
and further realize the application of nanoscale devices, a
few issues need to be addressed such as improving the
contacts, increasing the carrier mobility, minimizing the
density of surface defects, and improving the device stability.
The contact between NBs and metal electrodes is an
important part of the entire device.9 The energy difference
between the work function of the metal electrode and the
electron affinity of the semiconductor NB forms an energy
barrier (Schottky barrier), which hinders the carrier transport
in the device. The traditional method for establishing a good
contact is a multilayer metal deposition, which increases the
complexity of the fabrication. The low concentration of the
carrier due to surface defects in the NB is also another factor
of deteriorating the device performance.10 The small size of
the NB makes the device highly sensitive to the surface
adsorbed molecules, thus the stability of the device is a
concern due to high density of surface defects.

The self-assembled thin molecular layer has demonstrated
the effectiveness in modifying surface physics and properties
of metal and metal oxide materials.11-13 It acts as a functional
group in different nanowire-based devices for chemical and

biological sensing.14-16 In this paper, we have explored a
novel approach of using self-assembled thin molecular layer
on a surface for improving the electrical and optoelectronic
performances of NWs and NBs. A few kinds of molecules
were tested and their performances were compared. With
the molecular-coated ZnO NBs, the contact properties and
the carrier mobility were greatly enhanced. More importantly,
the optical and gas sensing performance of these small
organic molecule-functionalized ZnO were also greatly
enhanced. This process has demonstrated an easy and
effective method for improving the performance of the NW/
NB-based devices.

Among all of the semiconducting NBs, ZnO is one of the
most widely studied materials due to its promising optical,
optoelectronic, and piezoelectric properties.17,18Furthermore,
ZnO has been demonstrated to possess a diversity of novel
nanostructures such as NWs, NBs,19 nanohelices,20 and
nanocombs.21 ZnO NBs are also the most attractive candi-
dates for applications in field-effect transistor (FET), sensor,
and optoelectronics.22 Our study has been focused on ZnO
NBs synthesized by a vapor-solid process.19

Various types of carboxylic acid self-assembled molecules
with different terminal groups (such as stearic acid, lysine,
dodecanedioic acid, mercapto-acetic acid, and perfluorotet-
radecanoic acid) were used to treat the ZnO NBs. The
chemical structures of the acids are shown in Figure 1a. The
functionalization was achieved by grafting the-COOH
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group onto the surface of ZnO, and the surface properties
of ZnO were tailored with different functional groups. The
molecular solutions were prepared by dissolving the acids
into an ethanol solution with a concentration of 5 mM. Then
a small piece of ZnO NB samples was immersed into the
solution. After treating the samples at room temperature for
24 h, the ZnO NBs samples were removed from the solution
and rinsed with ethanol in order to remove excess unreacted
molecules. After drying the ZnO NBs, the contact angle of
a deionized (DI) water droplet on a film made of NBs was
measured by a goniometer (Rame-Hart Co.). Table 1 shows
the results of the contact angle measurement of the treated
samples. As can be seen from the table, lysine, dodecanedioic
acid, and mercapto-acetic acid-treated substrates showed low
contact angles (more hydrophilic), while stearic acid and
perfluorotetradecanoic acid-treated surfaces showed high
contact angles (more hydrophobic). The difference indicates
the successful coating of the thin layers of molecules on ZnO
NBs, as shown in Figure 1b. For lysine, dodecanedioic acid,
mercapto-acetic acid, the hydrophilic terminal groups (-NH2,
-COOH, and-SH) contributed to the reduced contact
angles. On the other hand, stearic acid and perfluorotetrade-
canoic acid possess hydrophobic terminal groups (-CH3,
-F), which lead to the high contact angle. These molecule-
modified ZnO substrates changed their surface energies and

physical properties that could have a profound influence in
their sensing properties.

Increased Electric Conductivity. Single NB-based trans-
port measurement was carried out using the functionalized
NB by a special handling process to eliminate surface
contamination and/or damage to the passivation layer. The
electrode pattern was designed to have a few parallel
electrodes separated by 5-20 µm. The molecular-function-
alized ZnO NBs were transferred onto the prefabricated
electrodes by touching the NB sample with the electrodes.
We can easily make a sample with only a single ZnO NB
lying across two electrodes by this process. The as-fabricated
devices showed very good electric transport performance,
as shown in Figure 2a. The black curve is theI-V
characteristics of a ZnO NB functionalized with a monolayer
of HOOC(CH2)10COOH (dodecanedioic acid). The green
curve is theI-V characteristics of an untreated NB, which
is magnified by a factor of 5× 105 to bring it to the same
scale for comparison purposes. Figure 2b shows the con-
ductivity measured for NBs coated with different end-group
molecules. In our experiments, 30 samples for each group
of devices were tested. More than 90% of the functionalized
NB-based devices were conducting, and all of the untreated
NB-based samples showed poor conductivity. The NB
samples used for the device fabrication were taken from the
same type of sample with a dry and clean surface so that
the results can be directly compared with each other; the
only difference is the layer of molecules functionalized on
the surface. As shown in Figure 2a, the current flowing
through the molecular-coated NB is around 106 times larger
than the untreated NB. Figure 2b shows the conductivity for
NBs coated with different end-group molecules, indicating
a large difference for different molecular-treated ZnO
surfaces.

Figure 1. (a) Molecular structures of the five molecules used for surface functionalization. (b) Schematic models of the molecule-functionalized
ZnO NBs.

Table 1. Contact Angles of ZnO NBs Film after Acid
Treatment

samples average contact angle, deg

stearic acid 112
lysine 56
dodecanedioic acid 58
mercapto-acetic acid 52
perfluorotetradecanoic acid 115
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The increased conductivity may be explained from the
band structure at the contacts. Figure 2c shows the band
structure of the NB at the left-hand-contact (L-contact) and
right-hand-contact (R-contact) along a single NB without the
coating of a molecular layer at the surface. The contact
between Au and ZnO is a Schottky contact of heightΦB.
When a monolayer molecules are introduced at the interface,
as shown in Figure 2d, it effectively reduces the barrier height
due to the introduction of molecular states between the band
gap. The molecular layer may form a dipole at the interface.23

When a positive voltage is applied from the left- to the right-
hand side, the L-contact is a metal-semiconductor (M-S)
contact and it is a forward biased Schottky, thus its resistance
is very low. At the R-contact, although the S-M contact is
a reversely biased Schottky barrier, the dipole layer not only
reduces the barrier height but also mediates the transport of
electrons (for n-type semiconductor such as ZnO) from the
metal contact to semiconductor, which effectively reduces
the contact resistance, resulting in a drastic increase in
conductance. In fact, a good contact was very easy to
establish for the molecular-coated ZnO NB, so the conduc-
tivity is very high for the treated NBs.

As shown in Figure 2b, the resistivity of the functionalized
NBs with different molecules ranges from 0.1 to 1Ω-cm
for the contacts made simply through a dry transfer, which
is 1 order of magnitude lower than that of the as-synthesized

ZnO NBs, which were made in Ohmic contact with the
electrodes through several layers of metal deposition using
e-beam lithography.24,25The great enhancement in conductiv-
ity is attributed to the coating molecular layer that forms a
highly ordered two-dimensional passivation layer on the
surface of ZnO NB, which prevents the oxygen in atmo-
sphere from combining with the point vacancies at the
surface. In fact, a combination of a vacancy with an oxygen
reduces the carrier density in the NB, thus, lowering the
conductivity. Also, after bonding with ZnO NB, the reaction
group, carboxyl-COOH changed to-COO-, which is an
electron donor and can provide an electron to the NB,
consequently increasing the carrier density, e.g., the con-
ductivity.

For theI-V characteristics of the ZnO NBs functionalized
with different end-group molecules, negative differential
resistance (NDR) was observed, as shown in Figure 3. Eighty
percent of the molecule-coated NBs, regardless of the type
of the end-groups, displayed a NDR behavior. The peak to
valley ratios in the positive biasI-V curves at room
temperature ranged from 1.56 (dicarboxylic acids, HOOC-
(CH2)10COOH, green line) to 1.08 (lysine, H2N(CH2)4CH-
(NH2)COOH, red line). In the literature, several models have
been proposed to explain the origin of the NSR.26,27 From a
previous study on the mechanism of the NDR28 in molecular
carrier transport, the high current peak is associated with

Figure 2. (a) I-V characteristics of a ZnO NB functionalized with the self-assembled thin molecule layer, HOOC(CH2)10COOH (black
line), and an untreated ZnO NB sample (green line). The current of the untreated NB is magnified by 5× 105 times for comparison
purpose. Note: no Pt was deposited at the contacts so that the measured current for the untreated NB is low. Inset is a schematic view of
the nanobelt device. (b) Resistivity of the NBs coated with different molecules. The lower inset image is an AFM image of a coated NB
lying across two electrodes. (c) Energy-level diagram of metal/semiconductor/metal interfaces,φM is the work function of the metal. There
is an energy barrierφB between the metal contact and the untreated NB. (d) Energy-level diagram of Au electrode and a ZnO NB with a
thin molecular layer between. The molecules form an interface dipole layer, which helps to decrease the energy barrier between the NB and
Au.
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the delocalization of the lowest unoccupied molecular orbital.
Under the bias at around 4 V, the charge distribution in
coating molecules was disturbed due to a voltage-induced
redox reaction. We suspect that the carrier transport of our
molecular-functionalized ZnO NBs were also affected by the
electronic delocalization. At the bias of 4 V, the bias voltage
induced a voltage-induced redox reaction, thus the unoc-
cupied molecular orbital in the coating molecules acted as a

transition state to facilitate the electron-hole excitation in
the ZnO NB, possibly resulting in the NDR effect.

Enhanced Photoconductivity.To further test the perfor-
mance of these functionalized ZnO NB samples and explore
their potential applications, we compared the current response
under UV light exposuree for a (HOOC(CH2)10COOH)-
coated ZnO NB and an untreated NB. The contacts for the
untreated ZnO NB and Au electrodes were deposited with
Pt by a Focus Ion beam system.29 The purpose of this process
is to eliminate the huge contact resistance of untreated ZnO
NB and Au electrodes and get an intrinsic photoresponse of
untreated NB. Note that the NBs used for Figure 2 were not
deposited with Pt so that the native NB (green curve) has a
much lower current. The UV light source used in the
experiment is a high-intensity UV lamp with a wavelength
of 365 nm. The light intensity at the sample surface was
8900 mW/cm2. Both the molecular-coated NB and the
untreated NB showed an on/off state corresponding to the
exposure of the UV light, as shown in Figure 4. Figure 4a is
the UV response of the molecular-functionalized NB. The
current flowing through the molecule-coated NB increased
from 35 to 55µΑ upon the exposure of the UV light, a
57.1% enhancement. For the untreated ZnO NB, the current
increased from 2.06 to 2.51µΑ, a 22% enhancement. The
photoresponse of the ZnO NBs to the UV light was enhanced
by around 3 times after the functionalization of the ZnO NBs
by a coating layer of HOOC(CH2)10COOH, which is an
effective and feasible way of enhancing the optical response
of NBs for UV detection. The absorption spectrum of a
typical organic molecule, which has a similar structure to

Figure 3. Typical I-V characteristics of the molecular-function-
alized ZnO NBs with different end-group molecules, which shows
a typical negative differential resistance effect at room temperature.
The current for the NB with molecule functionalization layer,
HOOC(CH2)10COOH (blue line), was demagnified by 5 times for
comparison purpose.

Figure 4. Photocurrent of (a) HOOC(CH2)10COOH-functionalized
ZnO NB and (b) untreated ZnO NB when subject to UV light
illumination, received under identical measurement conditions.
Note: Pt was deposited at the contacts to reduce the contact
resistance.

Figure 5. Gas sensing properties of (a) HOOC(CH2)10COOH-
functionalized ZnO NB and (b) untreated ZnO NB in responding
to O2 of 154 ppm in concentration. Note: Pt was deposited at the
contacts to reduce the contact resistance.
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that of the molecules used in our experiment, has a strong
peak at the wavelength of around 380-400 nm. This means
that electrons in the molecules coating were excited to a
higher energy state under the exposure of UV light, which
left an unoccupied molecular orbital at an energy level that
falls within the band gap of ZnO. At the same time, the
carriers inside the ZnO NB was also excited under the
exposure of the UV light.10 The unoccupied molecular orbital
acted as a transition state for the electron in the valance band
of ZnO to transit to the conduction band of ZnO, resulting
in a higher efficiency of separating the electron-hole pair
and the increased photocurrent efficiency.

High Gas Sensitivity.The coating molecule also enhances
the sensitivity of the NB for gas sensors. For oxygen gas
with a concentration of 154 ppm, the responses of the treated
and untreated ZnO NBs are shown in Figure 5. When the
oxygen gas was turned on, the current flowing through the
HOOC(CH2)10COOH-coated NB decreased from 14 to 8µΑ,
which is a 43% drop (Figure 5a). For the untreated ZnO
NB, the electrode was deposited with Pt on the contacts for
reducing the contact resistance and enhancing gas sensing
by the NB. The current flowing through the device decreased
from 9.7 to 7.0µA, a 28% drop (Figure 5b). It is apparent
that the gas sensing response of the ZnO NBs were enhanced
by the functionalization of the HOOC(CH2)10COOH. The
working temperature of the gas sensor in our experiment was
300 °C. At this temperature, the molecules had been
debonded from ZnO NB and partially/fully decomposed.
Because of bonding reaction of the carboxyl-COOH group
with the ZnO NBs during the functionalization process, there
are extra oxygen vacancies being created at the surface of
ZnO NBs by functionalization. As such, more oxygen gas
can combine with these surface defects after debonding the
molecules, the conductance change in the treated NB is more
significant compared to that of the untreated NB. This is
probably why the treated ZnO NB has higher sensitivity.

Increased Biostability.Our previous study has shown that
ZnO nanowires are soluble in biofluids.30 The biodegrad-
ability is very beneficial for some applications. For nanode-
vices, we wish to increase the life time and biostability of
the material so that it can achieve some designed purposes.
In this section, we demonstrate that the coating molecules

can protect the ZnO NBs in the buffer solution to substan-
tially extend its lifetime. To test the solubility of the
molecular-coated ZnO NBs and the uncoated ZnO NBs, a
buffer solution with PH 7.0 (Fisher Scientific SB107-500)
was used as the testing reagent. By dispersing the NBs in
the solution for a fixed time, then we examine the “etching”
result of the surface through SEM. Figure 6a is an SEM
image of a HOOC(CH2)10COOH-coated NB before immers-
ing into the buffer solution. Figure 6b is a SEM image of
the same ZnO NB after 15 min etching in the buffer solution.
The NB retained the same morphology before and after the
buffer solution treatment. Parts c and d of Figure 6 are the
SEM images of an untreated ZnO NB before and after the
buffer solution treatment for 15 min. As can be seen in the
images, the untreated NB was greatly etched by the buffer
solution. The resistance to surface etching might come from
the dense and well aligned molecules protecting the surface
of ZnO NBs. With the coating of molecules on the surface,
the surface chemical and physical properties were changed
according to the contact angle measurement. This experiment
shows a possible way to increase the stability of ZnO NBs
in a biosolution.

In conclusion, we have demonstrated that, by functional-
izing the surfaces of a nanobelt/nanowire with a self-
assembled thin molecular layer, their electrical and opto-
electronic performances are greatly enhanced. The coating
molecular layer has effectively decreased the contact resis-
tance between a NB and the Au electrode, resulting in a
change of a Schottky contact into an Ohmic contact.
Furthermore, the photoconductivity and gas-sensing response
of the NBs have been dramatically increased. Last, the
functionalized molecules greatly reduces the dissolution rate
of ZnO NBs in biofluid; as such, it effectively extends the
NW devices life time for biomedical applications. Our study
on the molecular-functionalized NWs presents a simple and
cost-effective method for improving the performance of oxide
nanowire/nanobelt-based devices.
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Figure 6. SEM images of the same NB coated with HOOC(CH2)10COOH (a) before and (b) after immersing into the buffer solution for
15 min. SEM images of an untreated NB (c) before and (d) after immersing into the buffer solution for 15 min.
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