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Electronic and optoelectronic devices, from computers and
smart cell phones to solar cells, have become a part of our life.
Currently, devices with featured circuits of 45 nm in size can
be fabricated for commercial use. However, further develop-
ment based on traditional semiconductor is hindered by
the increasing thermal issues and the manufacturing cost.
During the last decade, nanocrystals have been widely adopt-
ed in various electronic and optoelectronic applications.
They provide alternative options in terms of ease of process-
ing, low cost, better flexibility, and superior electronic/opto-
electronic properties. By taking advantage of solution-pro-
cessing, self-assembly, and surface engineering, nanocrystals
could serve as new building blocks for low-cost manufac-
turing of flexible and large area devices. Tunable electronic
structures combined with small exciton binding energy,
high luminescence efficiency, and low thermal conductivity
make nanocrystals extremely attractive for FET, memory
device, solar cell, solid-state lighting/display, photodetector,
and lasing applications. Efforts to harness the nanocrystal
quantum tunability have led to the successful demonstration
of many prototype devices, raising the public awareness to
the wide range of solutions that nanotechnology can pro-
vide for an efficient energy economy. This special issue aims
to provide the readers with the latest achievements of nano-
crystals in electronic and optoelectronic applications, includ-
ing the synthesis and engineering of nanocrystals towards
the applications and the corresponding device fabrication,
characterization and computer modeling.

This special issue contains eight papers, in which four
papers discuss the nanocrystal applications in electronic and

optoelectronic devices. They are followed by three papers re-
garding the synthesis and characterization of the optical
and optoelectronic properties of nanomaterials. The last one
introduces an interesting application of nanoparticles in food
science benefiting from their optical properties.

In the paper, “Facile synthesis of colloidal CuO nanocrys-
tals for light-harvesting applications”, Y.-F. Lim et al. present
a synthesis of CuO nano-crystals by a facile alcohothermal
route, which enables the processing of these materials by
solution. They also demonstrate a bilayer solar cell compris-
ing of CuO nanocrystals and phenyl-C61-butyric acid methyl
ester (PCBM) with a power conversion efficiency of 0.04%,
indicating the potential of this material for light-harvesting
applications.

In the paper entitled “Developing quantum dot phosphor-
based light emitting diodes for aviation lighting applications,”
J.-M. Wu et al. investigated the feasibility to use quantum
dot (QD) phosphor-based LED in night vision imaging sys-
tems for aviation applications. In their proof-of-concept ex-
periment, they have demonstrated the great potential of QD
phosphor-based LEDs in cockpit illumination and back light
source of monitor screens, as well as the LED indicator lights
of aviation panels.

In the paper entitled “Temperature dependence of electri-
cal characteristics of carbon nanotube field-effect transistors: a
quantum simulation study,” S. M. Noorhakhsh et al. inves-
tigate the attributes of carbon nanotube field-effect tran-
sistors (CNTFET) in different temperatures by a 2-dimen-
sional full quantum simulation. It has shown that temper-
ature increase results in higher subthreshold swing and low
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on-off current ratio. The results are considered to be useful
for design considerations in those devices.

In the paper entitled “Employing photo-assisted ligand
exchange technique in layered quantum dot LEDs,” W. Hu
et al. present a photo-assisted ligand exchange approach to
replace the oleic acid ligand molecules over PbSe quantum
dots (QDs). The surface-treated QDs are used to fabricate
thin-film QD-LEDs, which results in improved LED perfor-
mance over the untreated QD-LEDs.

In the paper entitled “Synthesis of SnO2-ZnO core-shell
nanowires and their optoelectronic properties,” K.-Y. Pan et al.
present a method of synthesizing core/shell semiconductor
nanowires using a step-by-step atomic layer deposition
process. The hybrid SnO2-ZnO nanowires have significantly
improved conductance and faster photoresponse compared
to pure SnO2 nanowires, making them more suitable for op-
toelectronic applications.

In the paper entitled “Fluorescent properties of ZnO nano-
structures fabricated by hydro-thermal method,” Z. Dong et al.
synthesized ZnO nanorods with mean diameter of 200 nm
on different substrates by hydrothermal method. They in-
vestigated the nanorod fluorescent properties by linear and
nonlinear excitation as well as Raman spectrum.

In the paper entitled “Study of structural and optical
properties of zinc oxide rods grown on glasses by chemical
spray pyrolysis,” E. Sonmez et al. investigate morphological
and optical properties of zinc oxide rods prepared by spray
pyrolysis. The results indicate that spray pyrolysis is a cheap
and viable technique for producing high quality ZnO rods
for optical applications.

In the final paper “Gold nanoparticle sensor for the visual
detection of pork adulteration in meatball formulation,” M.
E. Ali et al. use gold nanoparticles as colorimetric sensor to
detect pork adulteration in beef/chicken preparations. The
method is cheap, reliable, and simple, depending on the color
change of 20 nm gold nanoparticles following salt addition.
The result can be further confirmed by the absorption
spectroscopy. The A1L optical mode was found important to
the fluorescent properties of ZnO materials.
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Kenneth L. Knappenberger Jr.
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Fan Zhang
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We have investigated the feasibility of employing quantum dot (QD) phosphor-based light-emitting diodes (LEDs) in aviation
applications that request Night Vision Imaging Systems (NVIS) compliance. Our studies suggest that the emerging QD phosphor-
based LED technology could potentially be superior to conventional aviation lighting technology by virtue of the marriage of tight
spectral control and broad wavelength tunability. This largely arises from the fact that the optical properties of semiconductor
nanocrystal QDs can be tailored by varying the nanocrystal size without any compositional changes. It is envisioned that the QD
phosphor-based LEDs hold great potentials in cockpit illumination, back light sources of monitor screens, as well as the LED
indicator lights of aviation panels.

1. Introduction

The essence of Night Vision Imaging Systems (NVIS) com-
pliance in aviation lighting technology is to ensure that the
pilots can successfully operate avionic systems when wearing
NVIS goggles under cockpit illumination conditions. This
paper reports the feasibility of employing quantum dot (QD)
phosphor-based light-emitting diodes (LEDs) in aviation
applications that request Night Vision Imaging Systems
(NVIS) compliance.

NVIS technology refers to the application of photoelec-
tron systems that perform image information transforma-
tion, enhancement, processing, display, and other physical
processes. At the heart of such a system is an image inten-
sifier which enhances the infrared signals under low-level-
light (LLL) conditions. The third generation NVIS uses Gal-
lium Arsenide photocathode image enhancement tube. The
maximum response falls in the near-infrared wavelength. A
typical product is the AN/AVS-6 LLL night vision system [1].
The system needs to install filters to reduce the influence of
visible light. The filters can be divided into two generic types,

that is, Class A with the maximum response wavelengths
between 625∼930 nm and Class B with the maximum res-
ponse wavelengths between 665∼930 nm [2].

While pilots rely on the visible illumination to read avia-
tion panels and display screens in cockpits, the light sources
also produce some radiation in near-infrared (IR) regime [3].
Although the influence of visible light to AN/AVS-6 has been
greatly reduced by employing Class A or B filters, the infrared
radiation from the cockpit light sources often overlaps with
the NVIS spectral response. The near-IR radiance entering
the aperture of pilots’ NVIS goggles will severely compromise
the use of NVIS, making the goggles glaring, and sometimes
even burning the image intensifier tube. It is therefore nec-
essary to lower the degree of near-infrared radiation signifi-
cantly using NVIS-compatible lighting technology.

The aviation standard usually uses a set of parameters to
characterize the cockpit lighting for NVIS compatibility, that
is, NVIS radiance, color limits, and visible light transmit-
tance [3]. Among them, the NVIS radiance and color limits
are the most critical indicators.
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The NVIS radiance can always be calculated by the fol-
lowing formula:

NVIS radiance (NRA or B) at specified luminance

= S

∫ 930

450
GA or B(λ)N(λ)dλ,

(1)

where GA(λ) = relative NVIS response of Class A equipment,
GB(λ) = relative NVIS response of Class B equipment, N(λ) =
spectral radiance of lighting component (W/sr× cm2×nm),
S = scaling factor.

The basic requirements of NVIS radiance is−1.0 ≤ NR ≤
1.7E − 10.

The colors and color limits are determined by the fol-
lowing formula:

(
u′ − u′1

)2 +
(
v′ − v′1

)2 ≤ r2, (2)

where u′ & v′ = 1976 UCS chromaticity coordinates of the
test article, u′1 & v′1 = 1976 UCS chromaticity coordinates
of the center point of the specified color area, r = radius of
the allowable circular area on the 1976 UCS chromaticity
diagram for the specified color.

These lighting colors and limits are designated as “NVIS
GREEN A,” “NVIS GREEN B,” “NVIS YELLOW,” “NVIS
RED,” and ”NVIS WHITE” [3], and NVIS white is the most
common color of the light sources in aviation applications.

Colloidal compound QDs have recently been introduced
to the white LED technology as a new family of phosphor
materials with many superior properties [4–7]. Due to strong
quantum confinement, semiconductor QDs, such as core/
shell CdSe/(Zn, Cd)S QDs, are characterized by sharp exciton
absorption features, extremely high luminescence efficiency
(∼90–95%), and size-tunable emission color spanning the
entire visible spectrum [8]. QDs of the same chemical com-
position and different size can therefore be employed to pro-
vide multiple spectral components in white LEDs output,
with improved color qualities and aging performance [9].
Perhaps the most significant potential of QD phosphors lies
in the fact that the extremely narrow emission band of mono-
disperse QDs populations (FWHM∼15–30 nm) [10]. II–VI
compound-based QD-LEDs have produced color-saturated
emissions of much higher spectral purities than those of
liquid crystal displays (LCDs) and organic light emitting
diodes (OLEDs) and even 30% greater than bulky cathode
ray tubes (CRTs) that are still favored for their excellent color
rendition. It is therefore possible to fine tailor the color
rendering index (CRI), color temperature as well as the NVIS
radiance of white QD phosphor-based LEDs in order to meet
the strict spectral requirements in a variety of special LED
applications.

In the present work, white emission from QD phosphor-
based LEDs is achieved by depositing a layer of solution-
processed QD film, composed of multi-color Cd(S, Se)/(Zn,
Cd)S quantum dots, on top of the emissive surfaces of blue-
emitting nitride LEDs [11–15]. Unlike traditional fluorescent
lamps where only one type of UV-sensitive broadband phos-
phor is employed, QD phosphor-based LEDs produce white
light by mixing two compensating colors (blue and yel-
low/orange) or several primary colors (red, yellow, green,

and blue). By varying the nanocrystal sizes or adjusting the
compound composition, the luminescence spectrum of the
monodisperse quantum dots can cover the entire visible light
spectrum. It is therefore possible to obtain spectrally-adjust-
able white light QD phosphor-based LEDs by integrating
multicolor QD phosphors in the LED device. Finally, by
engineering the surfactant molecules of the nanocrystals, it is
possible to further enhance the fluorescence quantum yield
and make the QDs more photochemical stable, leading to
enhanced efficiency and output luminance of white QD
phosphor-based LEDs [16, 17].

2. Methods

When QD phosphor-based LEDs are used as the light sources
in the aircraft cockpit, it is important to make the LED out-
put compatible with NVIS requirements. This sets rigorous
limits on the emission spectra of the LEDs, especially on the
reddish side of the band. For traditional white fluorescent
lighting systems employed in the aircraft cockpit, the NVIS
Radiance Class B (NRB) is measured ∼1 × 10−6 (0.1 ft),
which is much higher than the specified threshold (2.2E− 9)
of NVIS white. The high NRB of the traditional lighting sys-
tems arises from the broadband emission of the UV-sensitive
phosphors and can only be reduced via filters [18–22]. On
the other hand, the NRB of the existing commercial white
LEDs falls in the range of 1 × 10−7 ∼ 1 × 10−8, which is still
one or two orders of magnitude lower than the NVIS thres-
hold. This arises from the fact that the downconversion
of blue radiation to yellow/green and red in conventional
LEDs was accomplished with Y3Al5O12:Ce3+ and Eu2+ doped
nitridosilicates phosphors coated on top of the InGaN QW
LEDs for color mixing in the white output. While the
luminescence of the blue-sensitive Y3Al5O12:Ce3+ and Eu2+

doped nitridosilicates phosphors exhibits spectrally narrower
band than the UV-sensitive phosphors in fluorescence lamps,
there is still an appreciable near-IR portion (λ ≥ 650 nm) in
the luminescence spectrum of the blue-sensitive phosphors.
Hence it is still necessary to implement filtering techniques
with conventional white LEDs in order to meet the NVIS
requirement.

By selecting the QD size, it is possible to precisely control
the residual emission of the white light QD phosphor-based
LEDs in near-IR regime. Hence it is feasible to fabricate
high-luminous-efficiency white QD-LED chips that are com-
patible with NVIS without any filters. The spectral overlap
between the output of QD phosphor-based LEDs and that
of the night vision systems can be minimized. These QD
phosphor-based LEDs hold great potentials in cockpit illu-
mination, back light sources of monitor screens, as well as
the LEDs indicator lights of aviation panels.

2.1. Calculation. In the present study, the NRB of a QD
phosphor-based LED was calculated to illustrate the NVIS-
compatibility of QD phosphor-based LEDs. In this device,
the blue emission of 450 nm-peak wavelength of an InGaN
QW LED is mixed with the yellow-orange luminescence of
CdSe/CdS/ZnS core-shell QDs to produce “complimentary
white” in the QD phosphor-based LED output. Figure 1(a)
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Figure 1: (a) The luminescence spectrum of yellow CdSe/CdS/ZnS core-shell QDs that is used in the calculation. (b) The luminescence
spectra of Y3Al5O12:Ce3+ phosphor that is used in the calculation.
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Figure 2: Absorption and luminescence spectra of orange-red-emitting CdSe/CdS/ZnS core-shell QDs used in the proof-of-concept
experiment. The inset shows the HRTEM image of an individual QD.

shows the luminescence spectrum of the QDs employed in
the calculation. For the sake of comparison, the fluorescence
spectrum of Y3Al5O12:Ce3+ phosphor is also plotted in
Figure 1(b). Calculation using (1) shows that the NVIS radi-
ance for Class B detection systems (NRB) of the QD phos-
phor-based LEDs can be as low as 4E−10 at 0.1 ft brightness,
which is far below the threshold radiance for Night Vision
Imaging Systems (NVIS). Even at a high brightness (0.5 ft),
the NRB (2.0E − 9) of QD phosphor-based LEDs still com-
plies with the NVIS requirement. In comparison, the NRB
of an LED with Y3Al5O12:Ce3+ phosphor was calculated to
be ∼6 × 10−8 at 0.1 ft brightness.

2.2. Experiments. In a proof-of-concept experiment, we have
fabricated QD phosphor-based LEDs by mist-depositing
orange-emitting CdSe/CdS/ZnS core-shell QDs over the

emissive surface of InGaN QW LEDs [23]. The QDs em-
ployed in our study are orange-red CdSe/CdS/ZnS core-shell
structures, which were synthesized following the method
developed by Dr. Peng’s group (CdSe-(Cd, Zn)S) [24]. Near-
ly monodisperse QDs were produced and stored in toluene
solutions. Transmission electron microscopy was conducted
to determine the lattice structure and dimensions of the QDs
as shown in the inset of Figure 2. Nearly identical spherical
crystalline particles are observed. The particles in the high
resolution TEM micrographs show well-resolved lattice
fringes with a measured lattice spacing similar to the bulk
CdSe structure. The high-quality of the QDs was also mani-
fested by the sharp exciton absorption features and narrow
FWHM bandwidth of photoluminescence (∼19 nm) of the
QDs (Figure 2).

The QDs were dispersed in toluene solution for mist
deposition, and the thickness of the QDs was precisely
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Figure 3: (a) The output spectra of QD phosphor-based LEDs with different QD film thicknesses. The inset shows a portion of the emissive
surface of the white QD phosphor-based LED. (b) The output spectrum of a commercial LED. The inset shows a portion of the white
emissive surface of the commercial LED.

Table 1: The NVIS radiance of a QD-LED and a commercial white LED.

Model
UCS 1976 chormaticity

coordinates
Tested NVIS

(W/(sr×cm2 × nm))
Specified NVIS

(W/(sr×cm2 × nm))

QD-LEDs u′ = 0.2315
NRB = 1.652E−08

NRB ≤ 1.0E − 09

Thickness ∼400 nm v′ = 0.3815

QD-LEDs u′ = 0.2665
NRB = 1.673E−08

Thickness ∼300 nm v′ = 0.4089

QD-LEDs u′ = 0.2979
NRB = 1.335E−08

Thickness ∼150 nm v′ = 0.4368

QD-LEDs u′ = 0.2481
NRB = 9.420E−09

Thickness ∼50 nm v′ = 0.3918

Commercial
White LED

u′ = 0.1950
NRB = 1.300E−07 NRB ≤ 1.0E − 09

(LL-HP70MWG) v′ = 0.4626

controlled by varying the deposition time, the flux of the
carrier gas, and the concentration of the QDs solution. A
deposition rate of ∼100 nm/min for the formation of QDs
films over the emissive surface of nitride LEDs is used in
the present work. In processing white QD-LEDs, a type of
InGaN-QW-based blue chips was used with a peak emission
at λ ∼ 469 nm, and a layer of orange-red QDs was de-
posited as the phosphor to produce complimentary white
output. For the measurement, a Night Vision Display Test
and Measurement System (OL 770-NVS, Gooch & Housego)
was utilized to characterize the output spectra and to de-
termine the NVIS radiance of the QD phosphor-based LED
devices under study. Figure 3(a) plots the output spectra of
QD phosphor-based LEDs configured with 50 nm, 150 nm,
300 nm, and 400 nm-thick QD phosphor films, respectively.
The measured NVIS radiance was summarized in Table 1.

For comparison, we also measured the spectral response and
NVIS radiance of a commercial white LED (Lucky Light LL-
HP70MWG) that use ceramic phosphor (Y3Al5O12:Ce3+),
which have also been included in Figure 3(b) and Table 1.

3. Results and Discussion

It is evident from our measurement results that the NRB of
the commercial white LEDs falls in the range of 10−7, which
is significantly off the NVIS specification without filters. On
the other hand, the NVIS radiance of QD phosphor-based
LEDs was found as low as 9.420E − 09 for a QD thickness of
50 nm, which is more than an order of magnitude lower than
that of commercial white light LEDs (1.3 × 10−7). While it is
still slightly higher than the NVIS requirement, it is envi-
sioned that NRB of QD phosphor-based LEDs can be further
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reduced by blue shifting the luminescence wavelength of the
deposited QD phosphors from orange-red into yellow-
orange or even yellow regime. As the spectral maxima of the
QDs are shifted further away from the near-IR regime, there
will be reduced overlap between the QD-LED emission and
NVIS spectral response, and hence the reduced NRB value.
Our measurement results also suggest the NVIS radiance in-
creases along with the increasing thickness of the QD film.
It is suspected that reabsorption-induced red shift of QD
emission becomes more serious in thicker QD films, which
accounts for the observed increase in NVIS radiance. Further
investigation is currently underway to verify this hypothesis.

4. Conclusions

In summary, our calculation and proof-of-concept experi-
ment suggest that white QD phosphor-based LEDs can be
tailored to exhibit higher compatibility with NVIS than com-
mercial LEDs. It is therefore envisioned that the QD phos-
phor-based LEDs hold great potentials in cockpit illumina-
tion, back light sources of monitor screens, as well as the LED
indicator lights of aviation panels.
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By developing a two-dimensional (2D) full quantum simulation, the attributes of carbon nanotube field-effect transistors
(CNTFETs) in different temperatures have been comprehensively investigated. Simulations have been performed by employing
the self-consistent solution of 2D Poisson-Schrödinger equations within the nonequilibrium Green’s function (NEGF) formalism.
Principal characteristics of CNTFETs such as current capability, drain conductance, transconductance, and subthreshold swing
(SS) have been investigated. Simulation results present that as temperature raises from 250 to 500 K, the drain conductance and
on-current of the CNTFET improved; meanwhile the on-/off-current ratio deteriorated due to faster growth in off-current. Also
the effects of temperature on short channel effects (SCEs) such as drain-induced barrier lowering (DIBL) and threshold voltage
roll-off have been studied. Results show that the subthreshold swing and DIBL parameters are almost linearly correlated, so the
degradation of these parameters has the same origin and can be perfectly influenced by the temperature.

1. Introduction

Among many materials that have been proposed to sup-
plement and, in the long run, possibly succeed silicon as
a basis for nanoelectronics, carbon nanotubes (CNTs) have
attracted the most attention due to their extraordinary
electronic and optical properties [1–3]. In addition to the
efforts to develop new electronic devices, direct bandgap
one-dimensional (1D) nanostructures are attracting atten-
tion because of the desire to base both electronic and opto-
electronic technologies on the same material [1]. Among
the different 1-D materials, single-walled CNTs [2] have
desirable and distinctive device properties. In particular,
electronic transport properties of single-wall CNTs have
attracted considerable experimental and theoretical interest
[4–10]. For example, CNT field effect transistors (CNTFETs)
have generated considerable interest in the past few years
because of their quasi-ideal electronic properties and have
recently reached a high level of performance [11–14].
Transistor devices made of semiconductor single-wall CNT
[2] can be considered as simple silicon MOS field-effect
transistors with the silicon material replaced by the carbon
nanotube structures. These devices are one of the current
leading technologies to replace MOSFETs [15–17].

The MOSFET device characteristics and circuit behav-
ior that changes with the variation in temperature were
reported in many papers [18–23]. It is expected that the
temperature plays key role in the CNTFET performance
and characteristics. Hence, the CNTFET performance has
to be predicted in different temperatures. According to
the best of our knowledge, no comprehensive investigation
on CNTFET device has been reported that includes the
effects of change in temperature. Therefore, in this paper
by varying temperature the attributes of these devices have
been investigated. These attributes of CNTFETs in different
temperatures have been investigated using two-dimensional
(2D) quantum simulation. The simulations have been done
by the self-consistent solution of 2D Poisson Schrödinger
formalism [24]. The effects of varying temperature are
investigated in terms of on-current, leakage off-current, on-
/off-current ratio, transconductance characteristics, drain
conductance, subthreshold swing (SS), threshold voltage
roll-off, and drain-induced barrier lowering (DIBL).

2. CNTFET Structure and Simulation Method

A schematic cross-sectional view of the simulated cylindrical
CNTFET is shown in Figure 1. The device has a zigzag
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Figure 1: Schematic cross-sectional view of a coaxial carbon
nanotube field-effect transistor (CNTFET) with cylindrical gate.

(13, 0) CNT structure with approximately 0.5 nm radius
which is embedded in cylindrical gate insulator of HfO2

with the thickness and dielectric constant (k) of 2 nm and
16, respectively [24]. The length and doping concentration
of source and drain regions are 20 nm and 109 nm−1,
respectively. The channel is intrinsic and its length is 20 nm.
There is no overlap between source (drain) and gate regions.

In order to simulate the device characteristics, a nonequi-
librium Green’s function (NEGF) formalism has been used
and the Schrödinger and Poisson equations have self-
consistently been solved. The band structure of CNT has
been calculated by the tight-binding method. The NEGF
method provides a sound approach for the simulation of
the nanoscale system out of equilibrium. Poisson equation
simulates gate control on channel and transport equation
simulates charge transfer between source and drain. The
Poisson equation is solved to obtain the electrostatic poten-
tial in the nanotube channel. By solving the Schrödinger
equation within the NEGF method, the density of states and
the charge of the surface of the CNT can be obtained. By
using the calculated charge and solving the Poisson equation
the new electrostatic potential is developed. The iteration
between Poisson and Schrödinger equations continues until
the self-consistency is achieved.

Because of symmetric properties, it is convenient to solve
Poisson’s equations in cylindrical coordinates. Since the
potential and charge are invariant around the nanotube,
the Poisson equation is essentially a 2D problem along the
tube (z-direction) and the radial direction (r-direction) as
Poisson equation is written as [25, 26]

∂2uj(r, z)

∂r2
+

1
r

∂uj(r, z)

∂r
+
∂2uj(r, z)

∂z
= −q

ε
ρ(r, z), (1)

where uj(r, z) is the electrostatic potential, ε is the dielectric
constant, and ρ(r, zj) is the net charge density distribution
which includes the dopant density as well. The net charge
distribution ρ(r, zj) is given by

ρ
(
r = rCNT, zj

)
= p

(
zj
)
− n

(
zj
)

+ ND
+ − NA

−,

ρ(r /= rCNT, z) = 0,
(2)

where rCNT is CNT radius, ND
+ and NA

− are the ionized
donor and acceptor concentrations, respectively. Then the
computed electrostatic potential is used as input for the

Schrödinger equation that is solved by using NEGF for-
malism. The retarded Green’s function is computed by the
following equation [5]:

Gq(E) =
⎡
⎣(E + iη+)I −H −

∑
S

−
∑
D

⎤
⎦
−1

, (3)

where
∑

S and
∑

D are the self-energies of the source and
drain respectively, η+ is an infinitesimal positive value, E is
the energy, I is the identity matrix, and H is the Hamiltonian
of the CNT. The device Hamiltonian used in this paper
is based on the atomistic nearest neighbor pz-orbital tight
binding approximation [27]. The cylindrical geometry of
the device ensures symmetry in the angular direction, thus
drastically simplifying the mode-space treatment of electron
transport [28]. For an (n, 0) zigzag CNT with quantum
number q, the Hamiltonian matrix for the subband is given
by.

H =

⎡
⎢⎢⎢⎢⎢⎢⎣

U1 b2q

b2q U2 t 0
t U3 b2q

...
b2q UN

⎤
⎥⎥⎥⎥⎥⎥⎦
N×N

(4)

in which b2q = 2t cos(πq/n), t = 3 ev is the nearest
neighbor hoping parameter, and N is the total number of
carbon rings along the device. Here, the diagonal element Uj

corresponds to the on-site electrostatic potential along the
tube surface obtained by solving the Poisson equation.

It is considered that a self-energy for semi-infinite leads
as boundary conditions, and hence in these conditions, the
CNT is connected to infinitely long CNTs at its ends. The
source self-energy function (

∑
S) has all its entries zero except

for the (1,1) element [28]:

∑
S

(1, 1) = (E −U1)2 + t2 + b2
2q

2(E −U1)

±

√[
(E −U1)2 + t2 + b2

2q

]2 − 4(E −U1)2t2

2(E −U1)
.

(5)

Similarly,
∑

D has only its (N ,N) element nonzero, and it
is given by an equation similar to above equation with U1

replaced by UN . After solving the Poisson equation and
obtaining the electrostatic potential in the nanotube channel,
this potential is used as input of transport equation. Self-
consistency is achieved by iteration between Poisson and
transport equation. The current is calculated by

I = 2q
h

∫
T(E)[F(E − EFS)− F(E − EFD)]dE. (6)

This equation is Landaur-Buttiker formula. In this formula
T(E) is transmission coefficient, EFS and EFD are source and
drain Fermi level, respectively, q is the electron charge, and
h is Planck constant. T(E) is calculated from the following
equation:

T(E) = trace(ΓsGΓDG+), (7)
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where G is Green’s function, ΓS(D) is the energy level broad-
ening due to source (drain) contact and is calculated from
below equation:

ΓS(D) = i

⎛
⎝∑
S(D)

−
+∑

S(D)

⎞
⎠ (8)

In this paper the results are obtained from this simulation
method.

3. Results and Discussion

In order to demonstrate the accuracy of quantum model,
a CNTFET with the same configuration as that fabri-
cated in [7] has been implemented. Figure 2 illustrates the
simulated ID-VGS characteristic of the simulated CNTFET
(line) and compares it with the experimental result (stars)
in [7]. Even though the experimental data are usually
highly affected by parasitic resistance, which is difficult to
correctly model in the absence of enough information about
experimental structure, the comparison presents that the
simulation results are in reasonable agreement with the
existing experimental data. The operational temperature of
the transistor usually differs from room temperature due
to current drive and device resistances. To investigate the
influence of temperature on the attributes of CNTFETs, the
temperature has been changed in the conventional operating
interval from 250 to 500 K. The output characteristic of the
predefined structure at border temperatures of the interval
is illustrated in Figure 3. It can be seen from the figure that
at low gate source voltages, for higher temperature (500 K),
the drain current is higher. In spite of this, by increasing the
gate source voltage, at low drain source voltages, for higher
temperature (500 K) the drain current is less than lower
temperature (250 K). In the saturation region by increasing
the gate source voltage the drain current difference between
high and low temperature reduces. It is evident from the
figure that the drain current in the saturation region and
VGS = 0.8 for 250 K and 500 K are approximately equal.
Figure 4(a) shows on-state current versus temperature at
VGS = 0.8 V and VDS = 0.8 V. The on-state current increases
when temperature increases. The slope of this increase is
approximately constant. Also, the temperature variation of
off-current is illustrated in Figure 4(b) at VGS = 0 V and
VDS = 0.8 V bias conditions. It is observed from the figure
that the off-current in T = 500 K is 150 times higher than
T = 250 K. Therefore, in spite of the on-current increase, the
device reliability declines due to large rise in leakage current.

Figure 5(a) shows the transconductance characteristics of
the CNTFET with the gate length of 20 nm for two different
temperatures at VDS = 50 mV and VDS = 0.8 V. Although
the on-state current increases when the temperature is
increased from 250 to 500 K, the off-state leakage current
grows considerably faster than that of the on-state current
which confirms the previous results. Drain conductance (gd)
depends on the drain current in on-state. So, increase in
on-current results in increase in drain conductance. The
dependence of drain conductance on temperature at VGS =
0.8 V and VDS = 0.8 V is shown in Figure 5(b). It is evident

Experimental (7)
Simulation

Figure 2: Comparison of the simulated ID-VGS characteristic with
that measured experimentally in [7] at VDS = 0.5 V.
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Figure 3: Comparison of the output characteristics (ID-VDS) of the
CNTFET in 250 and 500 K for different gate biases.

from the figure that the drain conductance raises as the
temperature increases by a factor of 2 from 250 to 500 K.

Figure 6(a) illustrates the off-state leakage current versus
saturation current (Ioff –Ion) of CNTFET when temperature is
varied from 250 to 500 K. The saturation current (Ion) is the
drain current at VGS = 0.8 V and VDS = 0.8 V and the leakage
current (Ioff ) is the drain current at VGS = 0 V and VDS = 0.8
V. It can be seen that the current capability of CNTFET
degrades as the temperature is increased. Figure 6(b) shows
the simulated on-/off-current ratio (Ion/Ioff ) of CNTFET for
different temperatures. The on-/off-current ratio of CNTFET
is significantly reduced in higher temperatures. By increasing
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Figure 4: (a) On-state current versus temperature at VGS = 0.8 V
and VDS = 0.8 V. (b) off-state current versus temperature at VGS =
0 V and VDS = 0.8 V.

the temperature the on-/off-current ratio decreases. It is
apparent from the figure that the Ion/Ioff ratio of 1.1 ×
105 at 250 K reduces to 650.4 at 500 K which shows the
undesirable effects of increasing temperature in the current
drive of the device. This ratio for T = 500 K is 169 times
lower than T = 250 K. This decrease is apparent and more
noticeable between 250 and 310 K. After 310 K the reduction
slope decreases and after 410 K the on-/off-current ratio is
approximately constant. The results imply that increasing
the temperature declines the gate control on channel, and
therefore the current capability. It can be concluded from
Figures 6(a) and 6(b) that the increment in temperature not
only increases the on-state current but also leads to a higher
off-state leakage current.

The threshold voltage (Vth) is one of the most impor-
tant parameters of the nanoscale devices. The variations
in leakage and on-state currents by temperature indicate
that the device threshold voltage changes by temperature.
Therefore, it is necessary to investigate the influence of
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Figure 5: Variation of (a) transconductance (gm) and (b) drain
conductance (gd) at VDS = 0.8 V and VGS = 0.8 V as a function
of temperature.

temperature variation on the threshold voltage characteristic
of CNTFETs. Figure 7 shows the threshold voltage variation
of the CNTFET structure as a function of the temperature. It
can be seen that by varying the temperature, the device shows
an approximately large Vth variation which is undesirable for
reliable CMOS applications.

It can be clearly observed that the slope of Vth variation
increases when the temperature increases from 250 to 500 K.
The CNTFET structure exhibits lower threshold voltage roll-
off at lower temperatures. This is more noticeable that for
temperatures higher than 310 K the reduction slope increases
with an approximately flat slope. This indicates that the
roll-off of the threshold voltage is more severe for higher
temperatures due to the short channel effects.

The subthreshold swing is a key parameter for transistor
miniaturization. A small subthreshold swing is required
to provide an adequate value of the on-/off-current ratio.
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Also, it is desired for low threshold voltage and low power
operation FETs that scaled down to small sizes. The variation
in subthreshold swing versus temperature for the CNTFET
with 20 nm gate length is shown in Figure 8. It can be
seen that the subthreshold swing increases with the increase
in temperature. Approximately, the subthreshold swing
increases by 4.35 mV in each temperature decade at VGS =
0.25 V and VDS = 0.8 V bias conditions.

As the channel length enters into the nanometer regime,
many undesirable quantum and short-channel effects (SCEs)
such as the threshold voltage roll-off and the DIBL become
more apparent. These harmful effects cause deviation from
the ideal performance of the CNTFETs. The DIBL effect is an
electrostatic effect that can change the channel from a state
of pinch-off to conduction and result in a substantial leakage
current. It also shifts the threshold voltage and renders the
gate ineffective in controlling the channel. Consequently, the
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Figure 8: Subthreshold swing as a function of temperature.

DIBL effect degrades the device performance which should
be avoided in device and circuit design. As can be seen from
Figure 9 by increasing temperature the undesirable DIBL
effect significantly increases. It should be noted that the DIBL
effect occurs when the barrier height for channel carriers
at the edge of the source reduces due to the influence of
drain electric field, upon application of a high drain voltage.
Similar mechanism can take place when the temperature
increases. Therefore the energy of carriers increases and a
large number of carriers injected into the channel, leading to
an increased drain off-current. The relationship between the
subthreshold swing and DIBL parameters of CNTFET from
250 K to 500 K is presented in Figure 10. It is interesting to
notice that the subthreshold swing and DIBL parameters are
almost linearly correlated, confirming that the degradation
of these parameters has the same origin and can be perfectly
influenced by the temperature.
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4. Conclusions

In this paper the attributes of carbon nanotube field-effect
transistors (CNTFETs) by varying the temperature have
been comprehensively investigated by developing a two-
dimensional (2D) quantum simulation. By employing the
nonequilibrium Green’s function (NEGF) formalism and
solving the Schrödinger and Poisson equations self-con-
sistently, the influence of varying temperature on CNTFET
performance in terms of on-current, off-current, on-/off-
current ratio, transconductance, drain conductance charac-
teristics, drain-induced barrier lowering (DIBL), threshold
voltage, and subthreshold swing have been explained. The
results show that the increase in temperature results in higher
subthreshold swing and lower on-/off-current ratio. It is
interesting to notice that the subthreshold swing and DIBL
parameters are almost linearly correlated, confirming that
the degradation of these parameters has the same origin
and can be perfectly influenced by the temperature. These

achievements can be effectively used for design considera-
tions in these devices.
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Zinc oxides deposited on Tin dioxide nanowires have been successfully synthesized by atomic layer deposition (ALD). The diameter
of SnO2-ZnO core-shell nanowires is 100 nm by ALD 200 cycles. The result of electricity measurements shows that the resistance
of SnO2-ZnO core-shell nanowires (ALD: 200 cycles) is 925Ω, which is much lower than pure SnO2 nanowires (3.6 × 106 Ω).
The result of UV light test shows that the recovery time of SnO2-ZnO core-shell nanowires (ALD: 200 cycles) is 328 seconds,
which is lower than pure SnO2 nanowires (938 seconds). These results demonstrated that the SnO2-ZnO core-shell nanowires
have potential application as UV photodetectors with high photon-sensing properties.

1. Introduction

Tin dioxide (SnO2) and zinc oxide (ZnO), world-renown n-
type multifunctional semiconductors, have wide direct band-
gap energy: 3.6 and 3.37 eV at 300 K, respectively. Fur-
thermore, because of the very large length-to-diameter and
surface-to-volume ratios in nanoscale regime, the gas sensing
and optoelectronic properties of one-dimensional SnO2 and
ZnO nanostructures are highly sensitive to adsorbed species
on their own surface. Owing to special physical and chemical
characteristics of one-dimensional SnO2 and ZnO nano-
wires, plenty of nanocompounds based on them have been
widely applied to many industrial places, such as field emis-
sion devices [1], lithium-ion batteries [2], optoelectronic
devices [3–6], and gas sensors [6–10]. However, upgrading
the optoelectronic sensitivity is still a challenge for SnO2 na-
nostructure-based photodetectors.

In recent years, many literatures have demonstrated that
nanocompounds of SnO2 and ZnO which belong to a hetero-
combination acted with good chemical and physical prop-
erties exceeding to their individual materials [11–13]. Most
of all, a synthesis of core-shell nanostructure is a considered
method for strongly improving sensing properties of SnO2

nanowires since surface states affects the sensing properties
significantly.

In this study, SnO2-ZnO core-shell nanowires were
synthesized by a step-by-step manufacture. First, SnO2

nanowires were fabricated by thermal evaporation. Sec-
ond, ZnO layers were deposited on SnO2 nanowires by
atomic layer deposition. Atomic layer deposition (ALD), a
chemical vapor deposition, is a cutting-edge technique for
the good controllable deposition of inorganic layers and
has been commonly applied to semiconductor industries.
In particular, the self-limiting gas-solid growth features of
the ALD growth expedites the growth of thin films and
nanomaterials with pretty accurate thickness and good uni-
formity.A few research of SnO2-ZnO core-shell nanowires
focuses on enhancement of optoelectronic sensing, so their
optoelectronic properties under UV light were investigated.

2. Experimental

There are two steps in this fabrication of SnO2-ZnO core-
shell nanowires. In advance, an Au layer (about 30 Å), a cata-
lyst in this fabrication, was coated on aluminum substrates
by sputtering. In the first step, Tin oxide nanowires were
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Figure 1: (a) XRD pattern (b) SEM image of SnO2-ZnO core-shell nanowires (ALD: 200 cycles).

fabricated on aluminum substrates by thermal evaporation.
High quality 0.4 g Sn powders (Aldrich, purity 99.99%) and
several aluminum substrates were situated in an Al boat and
then placed the Al boat in the heating area of a quartz tube.
In the growth of Sn nanowires, the pressure inside the quartz
tube was kept up at 1 Torr by a rotary pump. The working
conditions of this process were as follows. (1) Raising the
temperature to 950◦C with 20◦C/min was at a constant flow
rate of 10 sccm Ar gas. (2) Maintaining the temperature
at 950◦C for 1 hour was at a constant flow rate of mixed
gas of 10 sccm Ar and 1 sccm O2. (3) Cooling to the room
temperature was under a constant flow rate of 10 sccm of Ar
gas.

In the second step, a ZnO layer was coated on SnO2

nanowires by atomic layer deposition (ALD) [14–16]. The
precursors were DEZ (Zn(C2H5)2, Aldrich, purity 98%) and
H2O (purity 99.999%) in 200 ALD reaction cycles. Every
single cycle, a 60 ms DEZ pulse and a 60 ms H2O pulse
were sequentially delivered into the ALD chamber by 5 s
of purging with N2 (purity 99.9995%). The pressure of
chamber was maintained 1 Torr in the ALD reaction.

The morphology, crystal structure, and chemical compo-
sition of the SnO2-ZnO core-shell nanowires were analyzed
by a field emission-scanning electron microscope (FESEM,
JEOL JSM-6900F), a MAC glancing incident X-ray spec-
trometer with an incident angle of 0.5◦, a high-resolution
transmission electron microscope (HRTEM, JEOL, JEM-
2010), and X-ray photoelectron spectroscopy (XPS Perkin-
Elmer Model PHI1600 system). In order to test the opto-
electronic properties of SnO2-ZnO core-shell nanowires, the
measurements of I-V curves via a constant voltage (5 V) and
photoresponse curves under UV light (λ = 365 nm and
intensity is 17.1 W/m2) were handled.

3. Results and Discussion

Figure 1(a) shows the XRD θ − 2θ diffraction pattern of
the SnO2-ZnO core-shell nanowires obtained after 200 ALD

reaction cycles. Red numbers (100), (002), and (101) are
the main planes in ZnO with hexagonal wurtzite structure,
and this XRD pattern corresponds with JCPDS: 89-1397.
The lattice constants of hexagonal wurtzite structure are as
follows: a = b = 3.253 Å and c = 5.213 Å. Black numbers are
the main planes in SnO2 with tetragonal rutile structure with
lattice constants: a = b = 4.737 Å, c = 3.187 Å, and this XRD
pattern matches up with JCPDS: 88-0287. Figure 1(b) is the
SEM image of the SnO2-ZnO core-shell nanowires obtained
after 200 ALD reaction cycles, and the enlarged image is
in the upper right corner. According to these images, the
abundant SnO2-ZnO core-shell nanowires with dimensions
of 100–150 nm in diameters and several micrometers in
length have been produced. These results demonstrate that
the nanocompound is made of SnO2 and ZnO without other
materials, signifying that the high quality nanocompounds
of SnO2-ZnO have been successfully prepared.

To further investigate the detailed microstructure of
SnO2-ZnO core-shell nanowires, taking images by TEM was
performed. Figures 2(a) and 2(b) show a low-magnification
TEM image. The diameter of core-shell nanowires is 100 nm,
and the thickness of ZnO shell layer is 25 nm. From
Figure 2(c), the HRTEM image of core-shell SnO2-ZnO
nanowires shows that the lattice spacing between (0002)
is 0.28 nm, and the structure of ZnO that has hexagonal
structure is corresponding. From Figure 2(d), the growth
direction is [101], the lattice space is 0.26 nm, and the angle
between [101] and [−101] is 67.85, which are consistent with
the SnO2 that has tetragonal rutile structure. According to
these TEM images, no doubt the core-shell nanostructure is
certainly formed via two-step method.

In order to identify the chemical composition of the
SnO2-ZnO core-shell nanowires and check the quality of
ZnO deposited on SnO2 by ALD, the core-shell SnO2-
ZnO nanowires were additionally characterized by XPS.
Figure 3(a) shows that the binding energy of Zn (2p3/2)
and Zn (2p1/2) are 1021.9 eV and 1044.9 eV, respectively.
Figure 3(b) shows that the binding energy of O (1 s) is
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Figure 2: (a) and (b) Low-magnification TEM, (c) HRTEM image of a SnO2-ZnO core-shell nanowires (ALD: 200 cycles), and (d) HRTEM
image of a SnO2 single nanowires.

530.9 eV. Figure 3(c) shows that binding energy of Sn (3d3/2)
and Sn (3d5/2) is 495.1 eV and 487.5 eV. After integration
of the area of three main elements “peaks by computer
program”, the atomic percentages of oxygen, zinc, and tin
are 55.27, 41.7, and 3.03, respectively. Judging from XPS
analysis, because the atomic percentage of ZnO is large in
this compound, ZnO crystalline shell is definitely deposited
on SnO2 nanowires by ALD.

By above material analyses, the confirmation of SnO2-
ZnO core-shell nanowires synthesized sequentially via ther-
mal evaporation, and ALD was done. To determine the
potential applicability of SnO2-ZnO core-shell nanowires
in this study to photodetectors, their I-V curves and UV
photon-sensing properties were investigated. Figure 4 shows
the current-voltage (I-V) curves of SnO2-ZnO core-shell
nanowires with ALD 200 cycles reaction (red line) and
pure SnO2 nanowires (black line) at room temperature
and atmospheric pressure. Two curves show a good ohmic
contact between the nanocompounds and Ag electrodes.
The electrical resistivity can be expressed as R = ρ × L/A,
and the electrical resistivity of SnO2-ZnO nanowires and
pure SnO2 nanowires can be solved as 925Ω and 3.6 ×
106 Ω, respectively. The electrical resistivity of core-shell
nanostructure is much lower than pure nanowires. Because
of that ZnO film of core-shell SnO2-ZnO nanowires is more

compact than SnO2 nanowires, this effect is able to increase
the film conductivity.

When setting up an electric circuit with core-shell
nanostructures, there will be a strain in a heterointerface to
keep from a deformation happened and decrease the total
energy. Moreover, the band gap of core-shell materials will
be reduced, and then the conductivity will be raised [17].

To investigate the application of SnO2-ZnO core-shell
nanostructure and pure SnO2 nanowires for UV detectors,
the optoelectronic response and recovery of the as-fabricated
photodetectors were tested under emitted UV lamps (λ =
365 nm). The optoelectronic test unveils that the current
very quickly rises to a steady level under UV light (UV
light is on) and then increasingly recovers to the initial state
in the dark (UV light is off). Figures 5(a) and 5(b) show
the period photoresponse curve of pure SnO2 nanowires
and SnO2-ZnO core-shell nanowires (200 ALD cycles),
respectively. In previous studies [18], the opinion of these
photoresponse curves was discussed. When the UV light is
off, the species of oxygen molecular structure are chemo-
adsorbed on the interfaces of nanostructures because oxygen
molecules catch free electrons, that is, O2(g)+ e− → O2(ad)

−.
Therefore, a low conductivity depletion layer is formed near
the surface of nanowires, and the nonmaterial’s conductivity
will be decreased. When UV light is on, electron-hole
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pairs follow this reaction, hν → e− + h+, and will be
happened in the nanowires. The photoinduced holes will
relocate to the surface and recombine with the oxygen
ions, that is, h++ O2(ad)

− → O2(g). At the same time, the
photon-generated electronics are able to play free electrons
and upgrade the electron conductance of nanowires. The
photocurrent rapidly increases with the reduced depletion
layer.

Figure 5(a) shows that since UV light is on, the current is
3.47 × 10−6 A. After 50 seconds, the current increases to 7.23
× 10−6 A. The slope is 0.0752. From Figure 5(b), since UV
light is on, the current is 3.53 × 10−5 A. After 50 seconds, the
current lifts to 5.35 × 10−5 A. The slope is 0.0364. Therefore,
the device based on pure SnO2 nanowires has a better
sensitivity than based on SnO2-ZnO core-shell nanowires.
In terms of photosensitivity, the pure SnO2 nanowires are
little larger than the SnO2-ZnO core-shell nanowires, and
two depletion areas of core-shell nanostructure might be
the cause for this phenomenon. However, the recovery
time of core-shell SnO2-ZnO nanowires is just 328 seconds,
which is much shorter than that of pure SnO2 nanowires
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Figure 5: Photoresponse curves of (a) pure SnO2 nanowires and (b) SnO2-ZnO core-shell nanowires-based photodetectors.

(938 seconds). It is a reason that a superposition of the
homo- and heterointerfaces formed at the junctions may be
the root cause for the decreased recovery time compared
with the detector judging from the nanowires without the
shell layer [19, 20]. All in all, the SnO2-ZnO core-shell
nanowires have positive characteristics and applications in
the manufacture of photodetectors.

4. Conclusion

SnO2-ZnO core-shell nanowires have been successfully fab-
ricated by a step-by-step process. First, SnO2 nanowires
were synthesized by thermal evaporation. Sequentially, ZnO
shell layers were deposited by ALD. The SnO2-ZnO core-
shell nanowire-based photodetectors has the low electrical
resistance (925Ω) and the short recovery time (328 seconds),
compared with pure SnO2 nanowires. Thanks to excellent
optoelectron abilities, the SnO2-ZnO core-shell nanowires
are the promising candidates as photodetectors.
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We presented in this paper a photoassisted ligand exchange approach whereby light will be introduced to facilitate the replacement
of oleic acid (OA) ligand molecules over PbSe quantum dots (QDs). The ligand-exchanged QDs were used to fabricate quantum
dot light-emitting-diodes (QD-LEDs), which outperform the devices comprising the QDs without ligand-replacement.

1. Introduction

Colloidal semiconductor quantum dots (QDs), by virtue
of the large tunability in their bandgap, high luminance
efficiency, narrow spectral emission, and high photostability,
are promising lumophores and sensitizers in next-generation
optoelectronic devices, such as light emitting diodes (LEDs)
[1], photo detectors [2], and solar cells [3, 4]. However, the
surface of the QDs is often capped with long-chain ligand
molecules, which are electrically insulating and thus hinder
the electronic applications of the QDs [5]. Ligand exchange
with shorter and more conductive surfactant molecules
is necessary for improved device performance (Our work
(Nanotechnology) or D.Sargent’s work). we reported in this
communication the use of a photoassisted ligand exchange
approach to facilitate the dot-to-dot electron transport,
which results in a significant improvement in the output
emission of QD-LEDs.

2. Experiment Details

PbSe QDs were synthesized following the noncoordinating
solvent technique developed by Yu et al. [6]. The as prepared
PbSe QDs, 4.5 nm in diameter and nearly monodisperse,
were stabilized with a capping layer of oleate molecu-
les coordinated to the Pb atoms (Figure 1). Ligand ex-
change processing of the PbSe QDs was based on the

method proposed by Won et al. [7]. 3 mL tert-butyl N-(2-
mercaptoethyl)carbamate(t-BOC) and 15 mg/mL PbSe QDs
in hexane solution (5 mL) were mixed in centrifuge tubes,
and then vortexed overnight under nitrogen. Because the
–S–Rn in t-BOC has higher polarity than –O–CO–Rn in oleic
acid, the surface ligands of PbSe QDs will be replaced by t-
BOC. Following ligand replacement, the QDs were washed
twice with methanol using a centrifuge and then redispersed
in chloroform. By this simple treatment the 18-carbon-chain
oleate molecules overcoating the PbSe QDs were replaced
with 4-carbon-chain 2-Mercaptoethylamine surfactants.

The design of the QD-LEDs was illustrated in Figure 2.
A multilayer structure was employed in the device fabri-
cation, consisting of ITO/poly(3,4-ethylenedioxythiophene)
poly (styrenesulfonate) (PEDOT/PSS) (25 nm)/hole trans-
port layer (HTL) (45 nm)/2-Mercaptoethylamine capped
PbSe QD (∼3 monolayers)/electron transport layer(ETL)
(50 nm)/Al (150 nm). In the device, ITO/PEDOT/PSS was
used as the anode. The HTL was solution-cast depos-
ited from poly-(N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)
benzidine) (poly-TPD) in chlorobenzene solution. The
emissive layer of the device contains the mixture of ligand-
exchanged QDs and PAG (di-tert-butylphenyliodonium per-
fluorobutanesulfonate) that was spin deposited from the
chloroform solution. Processing of the emissive layer also
involves the consecutive UV exposure (265 nm, 5 mins)
and annealing at 120◦C for an extended period. Tris
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Figure 1: (a) Absorption and photoluminous spectra of as prepared PbSe QDs; (b) TEM image of PbSe QDs with an average diameter of
4.5 nm.
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Figure 2: Schematic of a PbSe QD-LED device structure.

(8-hydroxyquinoline) aluminum (Alq3) was evaporated over
the QD layer as the ETL, and the shadow mask-evaporated
aluminum film was used as the cathode.

The absorption spectra of the QD solution and films
were recorded using a Perkin-Elmer Lambda 19 UV/VIS/NIR
spectrometer. Photoluminescence (PL) spectra were mea-
sured by a CM110 Spectral-Products NIR spectrometer
using a 980 nm diode laser module as the excitation source.
The absorption and PL spectra were recorded at room
temperature. The FTIR spectra of the QDs before and after
ligand exchange were measured using a Bruker IFS 66/S
FT-IR Spectrometer, A JEOL FasTEM-2010 transmission
electron microscope (TEM) was used to image the crystal
lattice of the QDs.

3. Result and Discussion

3.1. Surface Treatment of PbSe QDs. The PbSe QDs were
stabilized with a capping layer of oleate molecules coor-
dinated to the Pb atoms [8]. The 18-carbon long-chain
structure renders the oleate molecules insulating and hinders
the dot-to-dot transport of the free carriers in the QDs.
Figure 3 illustrates the principle of changing the oleate
molecules to the ones of shorter molecular chains and better
conductivity: after initial treatment of t-BOC, the oleic acid
ligands overcoating the PbSe QDs were replaced by t-BOC.
Figure 4(a) displays the FTIR spectra before and after ligand
exchange. Significant changes are clearly observed between
the t-BOC-protected QDs and the oleic acid-capped QDs.
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Figure 6: (a) PL spectra of the OA capped PbSe QDs (black) and the ligand-exchanged QDs (green); and EL spectrum of the QD-LED (red),
(b) external quantum efficiency and current voltage plot for a PbSe QD-LED.

Specifically, the vibrational peak of the carbonyl hydrogen
bonds below 3000 cm−1 decrease drastically as the long car-
bon chain was replaced by shorter carbon chain. The absorp-
tion peak at 3350 cm−1 arises, which can be attributed to the
–NH vibrations of t-BOC. Figure 4(b) shows the absorption
spectra of the QD solution. There is a slight red shift after
ligand exchange due to the enhanced Stark effect that was
induced by the variation of the surface-polarization energy
during ligand replacement [9]. The new ligand t-BOC was

unstable. By reacting with the photochemically generated
acid under UV irradiation, the chemical bond between –NH
and –C=O cracked. Finally, the PbSe QDs were capped with
2-Mercaptoethylamine of a substantially reduced molecular
chain length.

To measure the conductivity before and after ligand
exchange, a gapped electrode structure was fabricated using
fine gold filament as the shadow mask, as showed in Figure
5(a); PbSe QDs was drop-cast on top of the electrode gap
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for the conduction measurement. Figure 5(b) compares the
results of the conduction measurement for the samples with
and without ligand exchange, showing that the conductivity
of the ligand-exchanged PbSe QDs increased remarkably.
This suggests that the ligand molecular length plays a key role
for the carrier transport between the QDs under study.

3.2. PbSe QD-LED Characteristics. The NIR electrolumines-
cence (EL) spectrum of the QD-LED closely resembles the
photoluminescence (PL) of the ligand exchanged QDs as
showed in Figure 6(a). It is noteworthy that the PL profile
of the ligand-exchanged QDs exhibits a slight red shift from
that of the as prepared PbSe QDs, which is consistent with
the absorption spectra discussed previously.

For the sake of comparison, we have fabricated LED
control samples using the PbSe QDs overcoated with oleate
molecules. We did not observe any EL signal from the
control samples. It is thus evident from our study that carrier
transport across the QD surface was dramatically improved
following the photoassisted ligand exchange process, which,
in turn, leads to the enhanced injection and radiative
recombination of electrons and holes in the nanoparticles.
These experimental results proved that the ligand exchange
method of the PbSe QDs strongly enhanced the injection
and radiative recombination of electron and holes in the
nanoparticle QDs in layered QD-LEDs. The accurate mea-
surement of the QD-LED followed Steckel’s method [10], the
power efficiency of this device is no better than 0.1% (Figure
6(b)), implying that 99.9% of the power was converted to
heat, while a large portion of the heat will be lost to the
surrounding air by conduction and conversion process.

4. Conclusion

A photoassisted ligand exchange approach was employed to
replace the oleic acid ligand on the surface of the QDs. The
length of the carbon chain was successfully decreased by
the photochemical reaction. Consequently, carrier transport
across the QD surface was significantly enhanced. The
surface-treated QDs were used to fabricate thin-film QD-
LEDs, which results in improved LED performance over the
untreated QD-LEDs.
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CuO is an earth-abundant, nontoxic, and low band-gap material; hence it is an attractive candidate for application in solar cells.
In this paper, a synthesis of CuO nanocrystals by a facile alcohothermal route is reported. The nanocrystals are dispersible in a
solvent mixture of methanol and chloroform, thus enabling the processing of CuO by solution. A bilayer solar cell comprising of
CuO nanocrystals and phenyl-C61-butyric acid methyl ester (PCBM) achieved a power conversion efficiency of 0.04%, indicating
the potential of this material for light-harvesting applications.

1. Introduction

Solution-processable solar cell technologies can enable the
realization of low-cost and high-throughput photovoltaic
production [1]. While much work has previously focused
on organic semiconductors [1], colloidal inorganic semicon-
ductor nanocrystals (NCs) are starting to attract attention
for photovoltaic applications [2]. NCs have the advantages
of being solution-processable, capable of absorbing a large
fraction of the solar spectrum, and tunable band-gap due
to quantum-confinement effects [2]. While early NC solar
cell work was based on CdSe [3] and CdTe [4], impressive
results have been achieved with CuInSe2 [5], PbSe [6–10],
and PbS [11–15] NCs in recent years. In particular, Sargent
and coworkers have reported a PbS NC/TiO2 bi-layer solar
cell with a power conversion efficiency (PCE) as high as 5.1%
[15].

The above-mentioned materials may be good test-beds
for studies of NCs as photovoltaic materials but may not
be feasible candidates for wide-spread deployment due to
toxicity and availability—Cd and Pb are toxic heavy metals,
while In and Te are among the least abundant elements
in the Earth’s crust [16]. It is thus desirable to explore
other alternative solar cell materials. Copper- and iron-based
semiconductors have emerged as attractive materials from an
analysis by Wadia et al. based on abundance and cost [17].

For instance, Wu et al. [18] recently reported a Cu2S NC-
based solar cell with a promising PCE of 1.6%. Copper (I)
oxide (Cu2O) and copper (II) oxide (CuO) are also attractive
candidates for light-harvesting applications due to their band
gap energies of 1.4 eV (indirect) for CuO [19] and 2.0 eV
(direct) for Cu2O [20] that are quite close to the ideal band-
gap for a single junction photovoltaic cell estimated from
detailed balance [21]. Cu2O has been investigated as a solar
cell material for several decades [22], with recent reports
of PCE up to 2.0% [23–25]. CuO has been employed in
photo-electrochemical cells [26, 27] and as a cathode for dye-
sensitized solar cells [28]. The use of CuO as the active layer
in solid state solar cells has, to the best of our knowledge,
not yet been investigated, and is the focus of this work. From
a detailed balance analysis, CuO with a band gap of 1.4 eV
can reach an ultimate solar cell efficiency of almost 30%,
significantly higher than the 20% limit for Cu2O (2.0 eV
band gap) [21].

Copper oxide NC syntheses via various routes have
been reported in the literature [29–44]. Relatively few of
these reports, however, discuss the dispersibility of copper
oxide NCs in common solvents [41–44], which is critical
for solution-based processing of NC thin film absorber
layers. In particular, Yuhas and Yang [43] and Hung et al.
[44] reported solar cells based on films spin-coated from
Cu2O NC solutions, with PCE from 0.05% to 0.14%. In this



2 Journal of Nanomaterials

paper, the synthesis of colloidal CuO NCs by a facile alco-
hothermal method is reported. The NCs are characterized by
transmission electron microscopy (TEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and
UV-visible absorption spectroscopy. Finally, as a proof of
concept, a bilayer solar cell-based on CuO and phenyl-C61-
butyric acid methyl ester (PCBM) is demonstrated.

2. Experimental

2.1. Synthesis of CuO NCs. 0.29 g of copper (II) acetate
(Sigma Aldrich) was added to 30 mL of reagent alcohol
(Sigma Aldrich) under vigorous stirring. 1 mL of deionized
(DI) water was added, and the mixture was heated to 75◦C. In
a separate container, 1.3 mL of 25% tetramethylammonium
hydroxide (TMAH) in methanol (Sigma Aldrich) was added
to 10 mL of reagent alcohol. After 15 minutes of stirring,
when the copper acetate has fully dissolved, the TMAH
solution was gradually added over 5 minutes in regular
intervals. The reaction was allowed to proceed at 75◦C for
60 minutes, and the resultant product was collected by
precipitation with hexane and then centrifuging at 3750 rpm
for 5 minutes.

2.2. NC Characterization. TEM samples were prepared by
drop-casting very dilute NC suspensions in methanol onto
carbon grids (Electron Microscopy Sciences), and images
were taken using an FEI T12 Spirit TEM. X-ray diffraction
was performed on a Bruker General Area Detector Diffrac-
tion System (GADDS). A Thermo Scientific Nicolet iS10 FT-
IR spectrometer was used to perform FTIR spectroscopy
on NC samples drop-casted from methanol. These NCs
have been washed and centrifuged three times with reagent
alcohol to get rid of unreacted precursors. UV-visible
absorption spectroscopy was performed using a Shimadzu
UV-3101PC UV/Vis/Near-IR Spectrophotometer. All film
thickness measurements were done using a Tencor P10
Profilometer.

2.3. Solar Cell Fabrication and Testing. Solar cells were
fabricated on prepatterned indium tin oxide (ITO) coated
glass substrates (Kintec, Hong Kong), which were cleaned
by sonication in a mild detergent, rinsed in deionized water,
dried in a nitrogen stream, and treated with a 10-minute
UV-ozone exposure. CuO NCs were dispersed in a solvent
mixture of 2 : 1 chloroform and methanol at a concentration
of ∼10 mg mL−1, and then spin-coated on top of the ITO at
2000 rpm to give a film ∼40 nm thick. A cell with a thicker
CuO layer (∼70 nm) was also fabricated by performing
the spin-coating step 3 times. This is possible because the
underlying layer is not completely dissolved during the spin-
coating of subsequent layers. PCBM solution (20 mg mL−1

in chloroform) was then spin-coated on top of the CuO
at 2000 rpm to give a film ∼120 nm thick. Finally, 4 Å of
CsF and 400 Å of Al were thermally evaporated under high
vacuum (∼10−6 Torr) to form the cathode for the devices.
A shadow mask was used in the evaporation to define a
device-active area of 3 mm2. Control PCBM-only solar cells
(without CuO) were also fabricated.

Device current-voltage curves were obtained with a
Keithley 236 source-measurement-unit (SMU) in the dark
and as well as under AM 1.5 100 mW cm−2 illumination from
a Solar Light 16S-002 solar simulator. Light output power
was calibrated using a Newport 818P-010-12 thermopile
high power detector, which has a flat response over a
broad spectral range. EQE measurements were performed
using a Newport 1000 W xenon lamp coupled to an Oriel
Cornerstone 260 1/4 m monochromator as the light source,
a Keithley 236 SMU to measure short circuit current, and
a Newport 918D-UV3-OD3 low power detector to monitor
the light intensity.

3. Results and Discussion

The CuO NC synthesis is modified from a previously
reported method for the synthesis of soluble zinc oxide NCs
[9, 45]. Copper (II) acetate, Cu(OAc)2, was dissolved in
reagent alcohol and then reacted with tetramethylammo-
nium hydroxide (TMAH) to form copper (II) hydroxide.
CuO was then formed through heating:

Cu2+ + 2(OH)− −→ Cu(OH)2

Cu(OH)2 −→ CuO + H2O (T = 75◦C)
(1)

Figure 1(a) shows TEM image of CuO NCs, in which it
can be seen that they have a rather large size distribution
of around 4-5 nm. The relatively broad size distribution
of the CuO NCs is likely the result of the nucleation and
growth dynamics of the reaction. Unlike the “hot-injection”
synthesis [46], the simplified alcohothermal method lacks a
single well-defined nucleation event leading to broader NC
diameter distributions. X-ray diffractograms (Figure 1(b)) of
the NCs are consistent with the literature values for CuO
(JPCD no. 05-0661). It was observed that the addition of
a small amount of deionized (DI) water (3% by volume)
during the CuO synthesis produced NCs with more well-
defined and narrower XRD peaks as compared to NCs
synthesized without water. In previously reported syntheses
of ZnO nanoparticles with zinc acetate in alcohol [47, 48],
it was observed that the role of water was to increase the
concentration of Zn2+ ions in the solution, since zinc acetate
is more soluble in water than alcohol [47, 48]. Thus, it seems
reasonable to arrive at a similar conclusion for the CuO
synthesis, that the role of water is to promote the forward
reaction due to a higher concentration of Cu2+ ions in the
solution. Fits of the XRD peaks to the Scherrer equation
for the NCs synthesized with water gave a CuO NC size of
(5.1 ± 0.8) nm, which is consistent with the average NC size
discerned from the TEM image.

Importantly, the CuO NCs can be dispersed in a 2 : 1
solvent mixture of chloroform and methanol (see inset in
Figure 1(a)). To understand the dispersion behavior, the NC
surface chemistry and surface bound species were investi-
gated using infrared spectroscopy. Figure 2 shows an FTIR
spectrum of drop-casted CuO NCs. The peak at 1560 cm−1

is rather difficult to assign since both the water H-O-H
scissoring vibration and the carboxylate anion asymmetrical
stretching fall within this range [49], but both should be
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Figure 1: (a) TEM image of CuO NCs, (b) X-ray diffractograms of
CuO NCs, with comparison between 2 syntheses: one with water
added and the other without any water. The black lines represent
literature values for CuO (JPCD# 05-0661). Inset shows a dispersion
of CuO NCs in a solvent mixture of methanol and chloroform.
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Figure 2: FTIR spectrum of CuO NCs.

represented since they are both present in the reaction. The
data thus suggests that acetate (accounting for both the
carboxylate and CH peaks), hydroxide, and water molecules
from the synthesis are adsorbed onto the NC surfaces. The
presence of both polar and organic groups explains why the
CuO NCs can be readily dispersed in the chloroform and
methanol mixture.

Figure 3(a) shows the absorption spectra of CuO (80 nm)
and PCBM (120 nm) films spin-casted from dispersions in
their respective solvents. The CuO film absorption data was
used to generate Tauc plots to determine the energy gap
of the NCs (Figures 3(b) and 3(c)), which indicate a direct
energy-gap at 3.07 eV and an indirect energy-gap at 1.40 eV.
The latter value is similar to the value for the indirect bulk
band-gap reported in the literature [19]. While there have
been reports of quantum confinement observed in CuO
nanostructures [33, 35], the authors did not perform an
indirect energy-gap fit to their data; hence it is difficult to
make meaningful comparisons.

As a proof of concept of the potential applications of
the CuO NCs, a bilayer solar cell comprising of CuO and
a fullerene derivative, phenyl-C61-butyric acid methyl ester
(PCBM), was fabricated. A single layer of CuO is unsuitable
as the active layer, since the NC film contains cracks and
pinholes and will result in a short-circuited device. This is
similar to what has been reported about PbSe NC films,
which require multiple sequential depositions of NCs and
cross-linking to fill up the cracks [6]. PCBM is chosen
since it is the acceptor of choice in solution-processable
polymer solar cells [50], and its good film forming property
allows it to cover up cracks in the CuO film. The literature
value energy levels of the conduction and valence bands
of CuO [19] and the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
of PCBM [51] are such that CuO and PCBM form a type
II semiconductor heterojunction; hence they are suitable as a
donor and acceptor pair. Figure 4(a) shows a schematic of the
device stack with indium tin oxide (ITO) forming the anode
and CsF/Al as the cathode, as well as the literature values for
the semiconductor energy levels [19, 51, 52]. Assignment of
bulk CuO energy levels is supported by the small difference
in NC optical band-gap relative to the literature (bulk) values
[19].

Figure 4(b) shows the device current density voltage
(J-V) curves both in the dark and light (under AM
1.5 100 mW cm−2 illumination) of a bi-layer cell with a ∼
40 nm thick CuO layer. The device is characterized by a
VOC of 0.44 V, JSC of 0.24 mA cm−2, fill factor (FF) of 0.38,
and a power conversion efficiency (PCE) of 0.040%. As a
control, a PCBM-only cell (without CuO) was fabricated
and tested (also shown in Figure 4(b)). It shows a much
lower JSC of 0.03 mA cm−2 and PCE of 0.011%, although it
gave a higher VOC of 0.78 V and slightly higher FF of 0.41.
Meanwhile, a bi-layer cell with a thicker CuO (∼70 nm) layer
is characterized by poorer JSC (0.15 mA cm−2), FF (0.35), and
PCE (0.024%) compared to the cell with thinner CuO (refer
to Table 1 for a summary of device results). These results
lead to the conclusion that efficient charge collection is only
taking place in the thin CuO layer near the interface, and
additional CuO layer thickness does not contribute to the
photocurrent while possibly adding to series resistance and
recombination as indicated by the poorer FF. Improvements
in the charge collection from CuO NC absorber layers
will therefore require better charge transport characteristics
within the NC layer. One possible route to improving the
charge collection is to use semiconductor nanowires (such
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Figure 3: Optical properties of CuO NCs: (a) UV-Visible absorp-
tion spectra for spin-casted CuO and PCBM films (b) Tauc plot for
the direct CuO band-gap fit (c) Indirect band-gap Tauc plot fit.

as n-type ZnO or TiO2) as the acceptor material, and the
CuO NCs are then infiltrated into the gaps of the nanowires.
Such device architectures have the advantage of separating
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Figure 4: Performance of a CuO/PCBM bilayer solar cell: (a) Device
stack and energy level diagram, (b) J-V curves in the dark and light
(AM 1.5 100 mW cm−2), (c) EQE comparison between the bilayer
cell and a PCBM only cell.

the light absorption and charge collection pathways so that
both processes can be efficient [8].

External quantum efficiency (EQE) spectra of the devices
are shown in Figure 4(c). The bi-layer cell shows a superior
EQE to the PCBM-only cell, and the improved EQE at
higher wavelengths beyond 550 nm can be attributed to
the contribution from the CuO by taking into account the
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Table 1: Summary of solar cell device results.

Active layer VOC (V)
JSC

(mA/cm2)
Fill Factor

PCE
(%)

CuO (40 nm)/PCBM 0.44 0.24 0.38 0.040

CuO (70 nm)/PCBM 0.46 0.15 0.35 0.024

PCBM only 0.78 0.03 0.41 0.011

absorption spectra of both materials (Figure 3(a)). Since JSC

is the integration of the EQE across the solar spectrum, the
higher JSC observed in the bi-layer cell is clearly due to its
superior EQE.

4. Conclusions

A synthesis of CuO NCs by a facile alcohothermal route
has been presented. The CuO NCs are soluble in a chlo-
roform/methanol mixture, thus enabling the processing of
these materials by solution. A bi-layer CuO and PCBM
solar cell achieved a power conversion efficiency of 0.04%,
which is 4 times higher than the control PCBM-only
cell, indicating the potential of these CuO NCs for light-
harvesting applications.
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We visually identify pork adulteration in beef and chicken meatball preparations using 20 nm gold nanoparticles (GNPs) as
colorimetric sensors. Meatball is a popular food in certain Asian and European countries. Verification of pork adulteration in
meatball is necessary to meet the Halal and Kosher food standards. Twenty nm GNPs change color from pinkish-red to gray-
purple, and their absorption peak at 525 nm is red-shifted by 30–50 nm in 3 mM phosphate buffer saline (PBS). Adsorption
of single-stranded DNA protects the particles against salt-induced aggregation. Mixing and annealing of a 25-nucleotide (nt)
single-stranded (ss) DNA probe with denatured DNA of different meatballs differentiated well between perfectly matched and
mismatch hybridization at a critical annealing temperature. The probes become available in nonpork DNA containing vials due to
mismatches and interact with GNPs to protect them from salt-induced aggregation. Whereas, all the pork containing vials, either
in pure and mixed forms, consumed the probes totally by perfect hybridization and turned into grey, indicating aggregation. This is
clearly reflected by a well-defined red-shift of the absorption peak and significantly increased absorbance in 550–800 nm regimes.
This label-free low-cost assay should find applications in food analysis, genetic screening, and homology studies.

1. Introduction

Detection of selective DNA sequences is the key step in
non-aggregated, genetic screening [1–3], food analysis [4–7],
environmental monitoring, and forensic investigations [8].
Most of the sequence detecting assays, available at hand,
rely on polymerase chain reaction (PCR) followed by elec-
trophoretic visualization of PCR products [4–6, 8]. Although
the use of PCR effectively amplifies DNA from single copy
to easily detectable quantities, it is an expensive technique
in the platforms of reagent and instrumental costs [3, 9].
Moreover, authentication of PCR products may further need
identification of specific sequences within it by RFLP analysis
[4, 6], southern blotting or sequencing [8, 9]. Therefore
use of PCR is unwarranted where sample scarcity is not a
concern.

The distinct surface plasmon resonance (SPR) characters
of aggregated and biodiagnostics GNPs are interesting as

they can be monitored by absorption spectroscopy and also
visually [3]. Researchers have long exploited these distinctive
optical properties of colloidal GNPs for sensing specific
oligonucleotide sequences to address a wide range of bio-
logical issues such as biodiagnostics, genetics, and food
analysis [2, 3, 10–19]. However, those studies are limited to a
cross-linking mechanism with synthetic probes and targets.
A cross-link-based DNA detection scheme requires surface
modification of GNPs to immobilize two DNA probes. The
immobilized probes are further needed to be interlinked by a
complementary target to realize aggregation [10, 16, 19].

Detection of nucleotide sequences by a noncross-linking
method is particularly interesting [2, 3, 16]. It does not
involve any modification chemistry and target hybridization
is considerably fast. Li and Rothberg [2] pioneered this work
by detecting selective sequences and single nucleotide mis-
match in PCR amplified DNA with 13 nm-GNPs. Mismatch
detection is a challenging but necessary task for the early
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diagnosis of cancers and other hereditary problems [2, 3].
However, spectroscopic supports in their findings were not
adequate. In our last report, we have shown 40 nm GNPs
can be used for visual identification of specific sequences
and mismatches in PCR-products and also in nonampli-
fied genomic DNA. We validated our visual findings by
absorption spectroscopy [3]. In the current report, we use
20 nm GNPs for visual identification of pork adulteration in
meatball formulations. We demonstrate that 20nm colloidal
particles produce more pronounced changes in color and
absorption spectra than those of 40 nm counterparts. The
absorption peak at 525 nm changes its position and appears
in a new location between 555–580 nm depending on the
degree of aggregation in 3 mM PBS (60 mM NaCl, pH
7.4). Stronger absorbance also remarkably appeared between
550–800 nm, making the identification more obvious. The
detection limit (DL) of genomic DNA in heterogeneous
mixture is also significantly reduced than that of 40-nm
counterpart [3].

Meatball is a special type of restructured comminuted
meat products [20, 21]. It is a favorite food in certain Asian
countries such as Malaysia and Indonesia and also some
European countries [20, 21]. Pork is a potential adulterant in
beef and chicken meatballs due to its availability at cheaper
prices. The mixing of pork or its derivatives in the Halal and
Kosher foods is a serious matter as it is not permissible by the
respective religious laws [20–22]. Unconscious consumption
of pork may also ignite allergic reactions in certain individ-
uals [4, 5]. Additionaly, its high content of cholesterol and
saturated fats are a concern for people with diabetes and
cardiovascular diseases.

2. Materials and Methods

2.1. Swine Specific Probe Design. A 25 nt swine probe
(567-(5′)-TAC CGC CCT CGC AGC CGT ACA
TCT C-(3′)-591) is designed by comparing Sus scrofa
cytochrome b (cytb) gene (GenBank: GU135837.1) with
Bos taurus (cow; GenBank: EU807948.1) and Gallus
gallus (chicken; GenBank: EU839454.1) cytb genes
by ClustalW multiple seq-uence alignment program
(http://www.genome.jp/tools/clustalw/). NCBI BLAST
(http://www.ncbi.nlm.nih.gov/nucleotide/blast) analysis
against nonredundant nucleotide collection confirms the
probe is unique for the pig as no other species shows
similarities with it. The probe is purchased from the first
BASE, Selangor, Malaysia.

2.2. Synthesis of Colloidal Gold Nanoparticles. Colloidal
GNPs are synthesized by the citrate method described in
bibliography [23]. The resultant particles are characterized
by Hitachi 7100 transmission electron microscope (TEM)
(Figure 1) and PerkinElmer Lambda 25 UV-vis spectropho-
tometer (Figure 2). The concentration and particles number
are determined according to Haiss et al. [24]. All chemicals
are procured from Sigma-Aldrich, USA, in the highest
analytical grades and are used without further purification.
All solutions are prepared in 18.2 MΩ water (Sartorius)

immediately before use. All glass wares are cleaned with
piranha solution and are oven dried prior to use.

2.3. Preparation of Meatballs and DNA Extraction. Meatballs
are prepared according to Rahman et al. [21] either with
pure or mixed emulsified meats of pork, beef, and chicken,
along with the addition of starch, seasonings, and salts in
certain ratios. All the meatballs are cooked in boiling water
for 20 min prior to DNA extraction. DNA extraction is
performed from 100 mg of cooked meatball of each formu-
lations using MasterPure DNA Purification Kit (Epicenter
Biotechnologies, USA) as per the manufacturer instructions.
The DNA concentration is determined with a biophotometer
(Eppendorf, Germany) based on triplicate readings. The
purity (A260/A280) of all DNA samples used in all experiments
is 1.95–2.0.

2.4. Detection of Single-Stranded and Double-Stranded DNA.
In four separate vials, labeled as ((a)–(d); Figure 2)), 100 μL
of 1.8 nM colloidal GNPs is taken. Thirty microliters (30 μL)
of 25-mer single-stranded (ss-) and double stranded (ds-)
oligoprobes of 100 nM (1st BASE, Malaysia) are added into
vials (c) and (d). Volume in vial (b) is adjusted with water
(18.2 MΩ). All vials, except dsDNA containing one (d), are
incubated in a water bath at 50◦C for 3 min to facilitate
ssDNA adsorption onto GNPs [2]. Vial (d), which contains
dsDNA, is incubated at 25◦C to avoid temperature-induced
dehybridization of the complementary strands [3]. Then
300 μL of 10 mM PBS (0.2 M NaCl, pH 7.4) is added into
each tube except vial (a) where the volume is homogenized
with water. All tubes are vortexed immediately. Colloidal
suspension in PBS (b) and dsDNA (d) turns into grey-
purple within 3 min or immediately. However, GNPs in DI
water (a) and ssDNA exposed vial (c) remain undisturbed.
They retain their characteristic pinkish-red color. After
10 min, sufficient water is added into each vial to adjust the
final volume to 1 mL and is characterized by transmission
electron microscopy (Figure 1) and absorption spectroscopy
(Figure 2). Thus the final concentration of probe, GNPs, and
PBS buffer is made to 3 nM, 180 pM, and 3 mM, respectively.
Stability of ssDNA-incubated colloidal particles in 3 mM PBS
is studied for seven days keeping them at 4◦C and is found
unchanged.

2.5. Pork Identification in Beef and Chicken Meatballs. In
order to detect pork contamination in processed meat
products, meatballs are prepared with emulsified mixed
meats of pork-beef, pork-chicken, and chicken-beef binary
mixtures in 1 : 1 (w/w) ratios. Pure meatballs are formulated
with pure meats of each species under identical conditions.
After 20 min of cooking in boiling water, DNA extractions
are performed. One hundred microliters (100 μL) of mixed
genomic DNA (300 μgml−1) is taken in vials ((b)–(d);
Figure 3)). Equal portion of pure genomic DNA of pork,
beef, and chicken is taken in vials (a), (e), and (f). All
tubes are exposed to 30 μL of 100 nM swine probe (25 nt;
inset of Figure 3) at 95◦C for 3 min to allow denaturation.
All mixtures are cooled down to 50◦C for 2 min to favor
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Figure 1: TEM images of colloidal particles before and after salt-induced aggregation. Shown are 180 pM gold colloids in DI water (a), in
3 mM PBS (b), in 3 mM PBS after 3-minute incubation in 3 nM ssDNA probe at 50◦C (c), and in 3 mM PBS after the same-time incubation
in equimolar 25-bp dsDNA at 25◦C (d). All images are shown at a magnification of 100,000 times.
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Figure 2: Absorption spectra of aggregated and non-aggregated
GNPs. Shown are absorption spectra of 180 pM gold colloids in
DI water (blue curve (a)), in 3 mM PBS (pink curve (b)), and in
equimolar PBS after incubation with 3 nM ssDNA probes (red curve
(c)), and with the equimolar dsDNA probes (green curve (d)). The
vials in the inset shows the color photographs of the solutions in DI
water (a), PBS buffer (b), PBS buffer plus ssDNA (c) and PBS buffer
plus dsDNA (d).

perfectly matched annealing and mismatched nonannealing.
Subsequently, 100 μL of 1.8 nM gold colloids is added to each
vial and mixed for 2 min by mild shaking to allow adsorption
of unhybridized probe onto GNP-surfaces. Finally, 300 μL
of 10 mM PBS is added to induce aggregation of colloidal
particles. All the swine DNA containing vials ((a)–(c)),
either in pure (a) or mixed forms (b) and (d), immediately
turn into purple-grey. However, the rest of the vials ((d)–
(f)) that contain other species (chicken or beef) retain the
characteristic color of colloidal particles. The final volume
is adjusted to 1 mL with water and is characterized by
absorption spectroscopy. Thus the final concentration of
GNP, probe, genomic DNA and PBS is made to 180 pM,
3 nM, 30 μgmL−1, and 3 mM.

2.6. Determination of LOD. To determine LOD, raw pork and
beef are mixed in a ratio of 1 : 99, 3 : 97, 5 : 95, 10 : 90, and
15 : 85 (w/w). All mixtures are emulsified and meatballs are
prepared. DNA is extracted from cooked meatballs of each
formulation. One hundred microliters (100 μL) of mixed
DNA (400 μgmL−1) is taken into five separate vials ((a)–
(e); Figure 4)). All vials are exposed to 15 μL of 100 nM
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Figure 3: Identification of swine DNA in mixed meatballs. Vials ((a)–(f)) represent color of GNPs in genomic DNA extracted from meatballs
prepared with pure pork (a), 1 : 1 (w/w) mixtures of pork-beef (b), pork-chicken (c), chicken-beef (d), pure beef (e), and pure chicken (f).
The corresponding absorption spectra are labeled by respective alphabets. All vials are incubated at 95◦C for 3 min and annealed at 50◦C for
2 min before adding the colloidal particles and PBS. The top inset is the comparison of probe sequences with shown species. Mismatch bases
are demonstrated by red.

swine probe (25 nt; Inset of Figure 3) at 95◦C for 3 min
and then annealed at 50◦C for 2 min. After that 50 μL of
1.8 nM gold colloids is added to each vial and incubated
for 2 min with mild shaking. Finally, 100 μL of 10 mM PBS
is added to each vial. Vials ((a)–(c)) retain the pinkish-red
color of monomeric GNPs with an increasing trend of fading.
The fading of color proportionates the portion of pork in
each vial. Vials (d) and (e) clearly turn into purple-grey,
indicating clumping of colloidal particles. The final volume is
made to 1 mL with water and is characterized by absorption
spectroscopy. Thus the final concentration of probe, GNPs,
mixed genomic DNA, and PBS is made to 1.5 nM, 90 pM,
40 μgmL−1, and 1 mM. The concentration of swine DNA
in vials ((a)–(e)) is calculated to be 0.4, 1.2, 2.0, 4.0, and
6.0 μgmL−1.

3. Results and Discussion

3.1. Characterization of Gold Nanoparticles and Detection of
DNA. The formation of gold nanoparticles is confirmed
by TEM images (Figure 1) and UV-vis spectra (Figure 2).
The size of the particles (diameter: 20 ± 5 nm) is assigned
according to previously established methods [2, 3]. TEM
images revealed that most of the particles are spherical in
shape and homogeneously distributed throughout the bulk

solution in water (a) and in ssDNA incubated 3 mM PBS
(c), clearly showing particle isolation. A minor fraction of
the particles are appeared in small groups sitting side by side
or one on another in water (a), showing a very low level of
aggregation in DI water. This is consistent with the findings
of Li and Rothberg [2]. Negative coatings of citrate ions on
GNP-surfaces electrostatically repel one other, keeping them
separated. ssDNA adsorbed onto GNPs surfaces by van Waals
interactions and adds negative charges on GNP surfaces with
the exposed phosphate groups [2, 3]. Thus the GNPs are
stabilized against salt-induced aggregation when they are
previously exposed to ssDNA [3].

However, the huge aggregates of GNPs become obvious
after the addition of salts (3 mM PBS; b) that induces clog-
ging of particles by screening the repulsive negative charges
on particle surfaces [2]. Particles aggregation is also found in
dsDNA, containing 3 mM PBS (d). However, the size of the
aggregates appeared to be smaller. This is probably due to
the partial protection provided by a small fraction of ssDNA
which is frequently present in dsDNA solution [3].

Unlike ssDNA, dsDNA cannot protect the particles from
salt-induced aggregative stresses [2, 3]. This is contrary to the
conventional wisdom as both of them are highly negatively
charged due to the constituent phosphate back-bone. How-
ever, when the nitrogenous bases of uncoiled ssDNA face the
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Figure 4: Determination of LOD for pork in ready-to-eat beef
meatballs. In the inset, vials ((a)–(e)) demonstrate the color of
gold nanoparticles in 1% (a), 3% (b), 5% (c), 10% (d), and
15% (e) pork DNA extracted from processed pork-beef meatballs.
The corresponding absorption spectra are shown with alphabetical
labels. The LOD is shown to be 10% (4 μgmL−1) of swine DNA in
mixed meatball preparation (vial (d) and spectrum (d)).

citrate-coated GNPs, they adsorb onto their surfaces, adding
negative charges and enhancing intermolecular repulsion.
On the other hand, dsDNA is highly stable and seldom
uncoils to expose constituent bases [2].

Figure 2 shows the UV-vis spectra of isolated and aggre-
gated 20 ± 5 nm-GNPs in DI water (a), and in PBS (b).
The color of colloidal GNPs are very sensitive to the degree
of their aggregation which can be easily induced by adding
electrolytes such as salts [2]. The aggregated and non-
aggregated forms of the particles can be easily distinguished
by absorption spectroscopy and also visually [2, 3]. The
monomeric sol exhibits pinkish red-color in DI water (a) and
produces an intense surface plasmon resonance (SPR) peak
at 525 nm. This is consistent with the previously reported
findings [2, 3, 23, 25]. The particles aggregate immediately
in 3 mM PBS (60 mM NaCl, pH 7.4) as shown in TEM
image (Figure 1(b)). This is reflected by a visually detectable
dramatic change in color from pinkish-red (a) to grey-purple
(b).

The visually detected changes in color is strongly sup-
ported by the remarkable features in UV-vis spectrum
((spectrum (b)) of the aggregated particles. The collective
plasmon peak is intensified and appears in a new position
between 550 and 580 nm (Figures 2–4), depending on the
degree of aggregation and concentration of GNPs. The
position of this peak is more and more red-shifted with an
increment of particles clumping and particle concentration.
The absorption is significantly increased throughout the
550–800 nm regimes, a feature that is indicative of parti-
cles coagulation [2]. These features in absorption spectra
show strong relevance with the pioneering work of Li
and Rothberg [2] and Ali et al. [3]. His group detected
specific sequences in PCR products by a non-cross-linking
method using 13 nm GNPs. They studied the temperature

and length-dependent adsorption of ssDNA on colloidal
particles and observed collective plasmon peak of aggregated
13 nm particles near 700 nm. In our last report, we did
not observe any collective peak of aggregated 40 nm gold
particles. However, we reported strong absorption between
600–800 nm in aggregated form. As the optical properties of
GNPs are size dependent [2, 3, 12, 13], the new position of
the collective plasmon peak of 20 nm particles between 550–
580 nm is acceptable.

We observe that 20 nm GNPs do not change color in
PBS (the inset of Figure 2(c)) if they are previously exposed
to sufficient (3 nM) ssDNA at a reasonable temperature
(50◦C). Temperature is implicated to break down secondary
structure of ssDNA and facilitates their adsorption onto
GNP-surfaces by van der Waals interactions [2]. Thus the
water-exposed phosphate groups of ssDNA add negative
charges on particle-surfaces and protect them from salt-
induced aggregation. dsDNA is highly negatively charged as
phosphate groups on their back-bone are exposed to aqueous
media and nitrogenous bases are shielded interior by the
helical structure. Consequently, it does not adsorb onto the
negatively charged GNPs [2]. Thus the particles do not get
any support from dsDNA to survive in salt-induced stress in
PBS. This is clearly revealed by the drastic changes in color
(d) and absorption spectrum (d). This is also confirmed by
relevant TEM image of Figure 1(d).

3.2. Detection of Pork Adulteration in Mixed Meatballs. In
order to detect pork adulteration in beef and chicken meat-
balls, we design a 25 nt swine probe that bears full matching
with swine cytb and 13 nt and 14 nt mismatching with the
bovine and chicken cytb genes (Figure 3: inset). Thus the
mismatching with bovine and chicken genes is 52% and
56%, respectively. The presence of mismatch bases has a
remarkable effect on hybridization [2, 3, 9, 12, 13, 16].
Mismatches reduce melting temperature (Tm) significantly,
making hybridization difficult [2, 3]. Therefore, it is highly
unlikely for the probe to hybridize with bovine and chicken
DNAs that contain more than 50% mismatch nucleotides at
or near temperature where perfectly match hybridization is
possible [2, 3]. Consequently, the probe should be available
to interact with GNPs if it is annealed with bovine and
chicken genes at or near its melting temperature (64◦C).

We mix the probe with an excess of pure and mixed
genomic DNAs of pork, beef and chicken extracted from
ready to consume meatballs of respective species as shown in
Figure 3. We denature the mixtures at 95◦C to induce strand
separation of all genomic DNAs [4–8]. Afterwards, we cool
down the mixtures to 50–60◦C to allow complementary base-
pairing between the strands and the probe. Previous studies
demonstrated shorter DNA hybridizes before the longer
counterparts due to steric reasons [2]. Thus the limited probe
should be completely engulfed by the excess genomic DNA if
it bears complementary targets within it. However, the probe
does not hybridize with mismatch bearing targets if they are
not forced to do so by the excessive reduction of annealing
temperature.

The inset of Figure 3 clearly shows that the probe is
consumed completely by the pork DNA in pure (vial (a)) or
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mixed forms (vials (b) and (c)). Thus the colloidal particles
in all pork containing vials ((a)–(c)) experience clogging
upon the addition of salts as they are not protected by the
ssDNA probe. This is clearly depicted by the dramatic change
of color from pinkish-red to grey purple. The UV-vis spectra
demonstrate a huge red-shift of ∼100 nm and appearance of
a collective plasmon peak at 575 nm, confirming the visually
determined result. However, probe is not engulfed at all by
the huge mismatch (>50%) containing beef or chicken DNA
either in pure (vials (e) & (f)) or mixed formulation (vial
(d)). Thus the probe is available in vials ((d)–(f)) to adsorb
onto GNPs surfaces to provide them withstanding strength
in salt solution. Consequently GNPs of these vials do not
undergo aggregation upon the addition of equimolar PBS.
This is clearly revealed by their retention of characteristic
pinkish-red color and plasmon peak of isolated colloidal
particles at 525 nm.

3.3. Determination of LOD. The absorption spectra and
visually detected color of GNPs in various percentages of
pork containing beef meatballs are shown in Figure 4.

It is very clear from visually observed results as well as
spectroscopic data that 1% pork containing vial (a) retains
almost 100% original color of colloidal particles (pink curve:
spectrum (a)). However, original pinkish-red color of GNPs
in 3–5% pork containing vials ((b) and (c)) considerably
disappeared, reflecting partial aggregation. This is confirmed
by the appearance of collective plasmon peak near 535 nm
and considerably stronger absorption between 550 and
650 nm ((red curve: spectrum (b) and green curve: spectrum
(c)). On the other hand, 10% and 15% pork containing
vials ((d) and (e)) change color from pinkish-red to purple-
grey simulating aggregation. Absorption spectra of vials (d)
and (e) display the collective surface plasmon features of
20 nm aggregated particles between 550 and 700 nm with
a collective plasmon peak near 555 nm. Concentration of
swine DNA in 10% pork containing vial is 4 μgmL−1. Thus
the determined LOD is 4 μgmL−1 swine DNA in processed
beef meatballs. It is observed that some of the particles (∼3–
5%) retain their colors in vials (d) and (e) that contain 10%
and 15% swine DNA. These are most likely the unconsumed
probe-bound particles that withstand the salinity stresses.

3.4. Efficacy and Limitation of the Current Assay. The current
assay directly determines swine-specific sequences in a pop-
ulation of nonamplified mixed genomic DNA. The mixed
population of genomic DNA is obtained from meatballs,
prepared with the emulsified meats of chicken, beef, and
pork. The method is capable of detecting target sequences
just by visually observed color change of GNPs. The visually
determined results are sufficient to make a concrete decision.
However, it can be further authenticated by a relatively
inexpensive and easily available absorption spectroscopy.
This eliminates any sort of color blindness errors that may
arise from visual findings. Sensitivity of the assay is also
improved as revealed by a low LOD (4 μgmL−1).

Both the color and absorption spectra of 20 nm GNPs
are more remarkable than the earlier report [3], making

them a more suitable candidate for the analysis of targets
in processed meat products. In earlier report, we have
shown absorption peak of 40 nm colloidal particles at 530 nm
fall down commensurating the degree of aggregation [3].
However, the current study has shown the absorption peak
of 20 nm particles change its position and appears in a
new position proportioning particle clumping. Absorption
between 550–800 nm regimes is also significantly increased
following aggregation. Thus a well-defined change in the
peak position of aggregated and non-aggregated particles can
be easily detected avoiding any ambiguity. These features
probably make 20 nm counterparts more sensitive than
40 nm particles.

The LOD of the assay is higher than that of the real-time
and conventional PCR [5–7]. However, PCR-based methods
need comparatively longer targets which are reported to
break down during the chemical and physical stresses of food
processing, causing template crisis in PCR assay [9]. On the
other hand, the present assay uses DNA target (25 nt) that
is comparable with the size of a typical PCR-primer [5–
7]. As shorter targets are more stable than the longer one
[7], the method can be applied to analyze highly degraded
samples where PCR may lose its candidacy. The probe deign
is also much simpler than that of a PCR assay. Moreover,
PCR-electrophoresis is a clumsy technique and sometimes
needs self-authentication by RFLP-analysis [4], sequencing,
or blotting [8]. The LOD of the assay can be decreased by
using increased amount of DNA mixtures to ensure sufficient
targets for the probe. Using increased amount of targets is not
problematic in food analysis because here sample scarcity is
not a concern.

The presence of single stranded nucleic acids (DNA or
RNA) interferes with target detection by sticking to GNPs
and interfering particle aggregation. However, by using
appropriate purification technique [26], the single-stranded
nucleic acid can be easily removed from the degraded
samples.

The method cannot provide quantitative information
of the target DNA. TaqMan fluorogenic probe can detect,
quantify, and amplify specific sequences by real-time PCR
without the need of electrophoresis and blot analysis [7].
However, the TaqMan probe, real-time PCR, and the master-
mix used in real-time PCR are highly expensive and ordinary
laboratories cannot afford them. On the other hand, UV-
vis spectroscopy is available in most laboratories and can
authenticate the visually identified results of colloidal gold.

4. Conclusion

A rapid (less than 10 min), reliable, and cheap method for
the selective detection of target DNA sequences in processed
meat products is developed. It does not need any instrument
or surface modification chemistry and directly detects target
DNA in nonamplified mixed genomic DNA. The procedure
is very simple and relies on the color change of 20-nm
GNPs following salt addition. The visual finding is solid
and can be further confirmed by an inexpensive, available,
and reliable technique, absorption spectroscopy which incurs
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only the instrumental cost and reusable cuvette. The use of
absorption spectroscopy increases sensitivity and eliminates
any sort of color-blindness error or ambiguity in visual
detection by producing well-defined bands of aggregated
and non-aggregated colloidal particles. The assay needs a
shorter probe whose design is simpler than PCR primers. The
method is applicable to analyze extensively degraded sample
which may not be possible by PCR which require longer
targets.
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ZnO nanorods with mean diameter 200 nm on different substrates were fabricated by hydrothermal method. Fluorescent proper-
ties of fabricated ZnO nanorods were researched by both linear and nonlinear excitation using femtosecond lasers. The damage
threshold of productions on Si substrate irradiated under intense femtosecond pulses was found much higher than that on Zn
plate. Raman spectrum was also applied to investigate relative optical properties. The A1L optical mode was found to be important
to the fluorescent properties of ZnO materials.

1. Introduction

ZnO is a kind of II-VI compound wide band gap semicon-
ductor with a direct band gap of 3.37 eV and a large exciton
binding energy about 60 meV at room temperature, which
makes it a potential candidate for the room temperature
ultraviolet (UV) laser diodes [1, 2]. Researches on the fab-
rication of ZnO materials show that different kinds of nano-
structures can be got through controlling fabrication meth-
ods or conditions [3–5]. Among the fabrication methods,
hydrothermal has been found to be economical and flexible
to realize various kinds of nanostructures such as nanorods
and nanoflowers [6–9]. Most of the researches about hy-
drothermal fabrication were focused on the relationship
between fabrication conditions and the configuration of the
productions [10–13]. Special investigations on the effects
of fabrication conditions on the optical properties of ZnO
nanostructures are meaningful. But as far as we know, these
researches are still few.

Besides, owing to the development of laser technology,
the emergence of ultrafast laser, especially the femtosecond
(fs) laser source with low repetition rate, makes it possible
to get extremely intense field above TW/cm2 which ensures
us to explore the interaction between condensed matters and

intense field. Recently, researches on the nonlinear excitation
of ZnO with intense laser pulses have been done, and the
nonlinear properties, especially the basic mechanisms of
multiphoton absorption-induced fluorescent emission in
ZnO, are proven to be meaningful [14–20]. This calls for the
ZnO materials with high quality that is stable under the
intense field of ultrafast pulses [21]. However, most of the
ZnO materials used in these experiments are fabricated by
molecular beam epitaxy (MBE), metal-organic chemical
vapor deposition (MOCVD), or magnetron sputtering [22–
25]. Special researches on the fluorescent properties of hy-
drothermal ZnO are quite few.

In this paper, we fabricated ZnO nanorods with mean
diameter 200 nm on different substrates through hydrother-
mal at 90◦C. The fabrication conditions including the con-
centrations of reactants, PH value, and substrate properties
on the fluorescent properties of the productions were dis-
cussed by applying Raman spectra and fluorescent spectra
under linear and nonlinear excitation conditions.

2. Experimental

The details of the fabrication of ZnO materials are as follows.
The Si or Zn plate substrates were first precleaned by



2 Journal of Nanomaterials

300 400 500 600 700 800

0

1

2

3

4

A
bs

or
pt

io
n

(a
.u

.)

Wavelength (nm)

Figure 1: Absorption spectrum of the blue glass used in the meas-
urement of fluorescent spectra under nonlinear excitation.

ultrasonic. Then, the reactant solution with zinc chloride
solution (0.1 M) and ammonia used to adjust the PH value
were mixed, round, and poured into a Teflon vessel. After
the substrates were put into it, the vessel was heated to 90◦C
for 4 hours and then cooled down naturally; the products
were washed with deionized water for several times and
dried. Scanning electron microscopy (SEM) was introduced
to characterize the products. The main reactions occurred in
the vessel can be expressed as follows [9]:

Zn2+ + 4NH3 ·H2O −→ Zn(NH3)2+
4 + 4H2O (1)

Zn(NH3)2+
4 + 2OH− −→ ZnO + 4NH3↑+ H2 (2)

The fluorescent properties of fabricated nanostructures
were recorded when the productions were excited by Xe lamp
at 327 nm. The nonlinear excitation laser source used in this
experiment was a Ti : sapphire laser (Spectra-Physics, Spit-
fire) operating at repetition rate of 1 kHz with output pulses
centred around 800 nm and full width at half maximum of
150 fs. The nonlinear fluorescent spectra were recorded by
a spectrometer with a blue glass placed in front to filter the
excitation laser. The absorption spectrum of the blue glass is
shown in Figure 1. The Raman spectra were recorded by a
Raman spectrometer with an argon laser at 514.5 nm as the
excitation source.

3. Results and Discussion

Figure 2(a) illustrates the products on the Zn plate when the
content of the zinc chloride is 0.1 M and PH value is 11 in the
reactant solution. The productions show nanorods with the
mean diameter about 200 nm from the SEM image. And they
form balls with the size in micrometer. We investigated the
effects of reactant solution by changing the content of zinc
chloride or PH value. When the content of the zinc chloride
decreased, the amount of the products decreased accordingly.
Figure 2(b) shows the SEM image of the products when the
content of the zinc chloride is 0.07 M. No nanostructures

were found on the substrate. According to (1) and (2), when
the concentration of zinc chloride is low, the reactions move
to the left which means that ZnO cannot be formed in this
condition.

The optical properties of the productions were first
researched by fluorescent spectra under linear excitation.
Figure 3 is the fluorescent spectra of fabricated nanostruc-
tures on Zn substrate with different PH values of the reactant
solution excited at 327 nm. The intense peak at near the
ultraviolet region corresponds to the band-edge emission of
ZnO which indicates that the nanostructures produced were
ZnO. Usually, there is a broad peak at around 550 nm in
the fluorescent spectra of the hydrothermal fabricated ZnO
material which is caused by defects induced in the fabrication
process [26–29]. Compared with the UV emission, this peak
is weak in the fluorescent spectra especially when the PH
value of the reactant solution is 11 as shown in the blue line in
Figure 3, implying good optical properties of the fabricated
ZnO under this condition. When the PH value of the solution
increased further, too much OH− in the reactant solution
may cause defects in the ZnO which can be expressed as
follows:

ZnO + 2OH− −→ (ZnO2)2− + H2O (3)

The fluorescent spectrum of the products fabricated
under PH value of 12 on Zn plate is shown in the red
dashed line in Figure 3. The broad peak around 550 nm
enhances evidently which confirms the supposition above.
The remaining (ZnO2)2− due to the incomplete cleaning
step may also be another origin of this broad peak in the
fluorescent spectra.

The fluorescent properties under nonlinear excitation
conditions were investigated applying femtosecond pulses.
The productions on Zn plate were found unstable under
the intense excitation field, and no fluorescent spectrum
was recorded under our experimental conditions. Figure 4
shows the fluorescent spectrum of the productions on Si
plate irradiated under 800 nm femtosecond pulses. The peak
at 400 nm was found moving together with the tuning of
the excitation laser, and it kept locating at just half of the
wavelength of the excitation laser. It was attributed to the
second harmonic signal (SHG) of the excitation laser. The
peak at the blue side of the SHG is the band-edge emission of
ZnO which is mainly caused by the exciton-exciton collision
or the recombination of the electron-hole plasma (EHP)
[21]. This peak increased quite prominently compared with
SHG, and the spectral width of this peak decreased to only
2 nm when the excitation intensity reached 0.2 TW/cm2,
indicating that stimulated emission emerged under this
excitation condition. This shows that we fabricated ZnO
nanorods through hydrothermal with high quality that can
realize stimulated emissions at room temperature under
intense nonlinear excitation. The experimental results show
that the damage threshold of ZnO nanorods irradiated under
intense femtosecond pulses fabricated on Si substrate is
much higher than that on Zn plate which is considered rela-
tive to the surface properties of the substrates for the surface
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Figure 2: (a) SEM images of ZnO nanostructures on Zn substrate with different scales when the Zn2+ content is 0.1 M. (b) SEM image of
fabricated ZnO on Zn substrate fabricated by hydrothermal method with low Zn2+ content 0.07 M.

350 400 450 500 550 600

12
11

P
L

in
te

n
si

ty
(a

.u
.)

Wavelength (nm)

Figure 3: Fluorescent spectra of ZnO nanostructures fabricated
with different PH values on Zn substrate excited at 327 nm (the red
curve is moved upwards).

of the Si plate was much glazed than that of the Zn plate
used in the experiment and the substrate softened when Zn is

heated above 90◦C, because both Si and ZnO are cubic crystal
structure, however, Zn is hexagonal crystal structure. The
difference in their crystal structures is another reason that Si
substrate benefits the formation of ZnO with high quality.

To further investigate the optical properties of ZnO on
different substrates, we measured the Raman spectra of the
ZnO nanostructures as shown in Figure 5 with the red and
blue line responses to the result of products on Si and
Zn plate, respectively. There are several Raman peaks in
the region of 50–1400 cm−1. The obvious sharp peaks at
100 and 438 cm−1 correspond to E2 mode which confirm
the formation of ZnO, the wide peak around 1140 cm−1

is A1 mode, while the relative weak peak at 331 and
378 cm−1 corresponds to A1 and A1T mode, respectively [30].
Compared with that on Zn substrate, the A1L mode which
locates at 576 cm−1 only emerges in the case of Si as substrate.
Considering the results under nonlinear excitation, we regard
that the A1L optical mode is important to the fluorescent
properties of ZnO materials. Compared with transverse opti-
cal modes, the coupling between longitudinal optical modes
and electromagnetic field is more efficient especially for low-
order optical modes [31]. This is why A1L optical mode
is important to the fluorescent properties of productions.
The experimental results show that Si substrate benefits the
formation of A1L optical mode compared with Zn plate.
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Figure 4: Fluorescent spectrum of fabricated ZnO nanostructure
on Si substrate excited at 800 nm applying femtosecond pulses
under different excitation intensities.

200 400 600 800 1000 1200 1400

Si
Zn

In
te

n
si

ty
(a

.u
.)

Raman shift (cm−1)

Figure 5: Raman spectra of fabricated ZnO nanostructures on Si
and Zn substrates (the red curve is moved upwards).

4. Conclusions

In summary, ZnO nanorods have been fabricated by
hydrothermal method on Zn and Si substrates. The effects
of fabrication conditions including the concentrations of
reactants, PH value, and substrates on the fluorescent prop-
erties of fabricated ZnO material have been researched. The
optimized fabrication conditions were found, and stimulated
emissions in the hydrothermal fabricated ZnO nanorods
were realized at room temperature under intense nonlinear
excitation. The A1L optical mode was found important to
the fluorescent properties of ZnO materials by analyzing the
Raman spectra of the productions on Si and Zn substrates.
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We have investigated morphological and optical properties of zinc oxide rods. Highly structured ZnO layers comprising with well-
shaped hexagonal rods were prepared by spray pyrolysis deposition of zinc chloride aqueous solutions at ∼550◦C. The rods were
characterized by X-ray diffraction, scanning electron microscopy, atomic force microscopy, photoluminescence, and ultraviolet
and visible absorption spectroscopy measurements. The deposition of the 0.1 mol/L solution at ∼550◦C resulted in crystals with
a diameter of 400–1000 nm and length of 500–2000 nm. Sharp near-band edge emission peaks, centered at 3844 and 3680 Å,
dominated the PL spectra of ZnO at 300 K and 6.2 K, respectively. In addition to this, absorption coefficient was determined by
absorption measurement. X-ray diffraction, scanning electron microscopy and atomic force microscopy, results suggest that ZnO
rods, prepared by spray pyrolysis, have high crystalline quality. This is desirable in nanotechnology applications.

1. Introduction

Zinc oxide (ZnO) is a commercially important material
utilized in paints, rubber, catalysts, sensors, varistors, and
so forth. ZnO exhibits semiconducting, piezoelectric, and
pyroelectric properties [1, 2]. Nanostructured ZnO has a
potential for application in nanotechnology [3, 4]. Struc-
tural, morphological, optical, and electrical properties of
ZnO can be changed drastically by its doping with various
metal cations [5]. Furthermore, ZnO thin films have recently
been studied as an active channel material in thin film
transistors [6, 7]. Chemically, ZnO is a simple compound;
morphologically, however, this material is very rich in terms
of the geometry of its particles. Many researchers focused on
the investigation of the relationship between the synthesis
route of ZnO on one side, due to their large exciton
binding energy of ∼60 meV at room temperature [8–13].
ZnO particles were largely prepared by using “wet” chemistry
or pyrolysis, whereas the vacuum techniques prevailed in
making thin ZnO films. The starting zinc compound,
chemical composition of solvent, nature of the precipitating
agent, pH, temperature, and time of aging influence the size
and geometrical shape of ZnO particles [14].

In the past years, the ZnO micro/nanostructures with
different shapes were synthesized by various approaches
reported by many research groups. These methods include
chemical vapor transport and condensation [15, 16], thermal
evaporation [17], metal organic chemical vapor deposi-
tion [18], hydrothermal method [19], sol-gel method [20,
21], electrochemical deposition [22, 23], ion beam-assisted
deposition [24], laser ablation [25], and sputter deposition
[26].

In this study, ZnO rods were prepared by chemical spray
pyrolysis technique. The spray pyrolysis is an attractive
method to obtain thin films, since it has been proved to be a
simple and inexpensive method and it is particularly useful
for large area of nanotechnology applications. In addition,
chemical spray pyrolysis has the advantage over the other
methods in that it does not consume much time and is a cost-
effective, catalyst, and template-free method to prepare ZnO
nanostructures. Here, we report the direct growth of zinc
oxide rods on glass substrate [27–30] by a chemical spray
pyrolysis method. We have also studied the structural, mor-
phological, and optical properties of the films with the aim
of understanding physical properties of the obtained ZnO
rods.
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2. Experimental

ZnO rods were grown by a chemical spray pyrolysis tech-
nique. The spray solution was prepared dissolving ZnCl2
(2.7256 g) in 200 mL distilled water. The initial pH value
of solution was measured as 6. The starting solution was
atomized at a frequency of 1.63 MHz by an ultrasonic
nebulizer and by using dry air. The solution was mixed
with magnetic mixer. Mixing process lasted for 30 min. The
nozzle-substrate distance was maintained at 10 cm with 45
degree, and the substrate temperature was fixed at ∼550◦C
by TET-612 temperature controller device on the metallic
hot plate surface, because a flat ZnO film evolves into the
the structured layer consisting of single-crystalline hexagonal
elongated prims at growth temperatures close to∼500◦C and
above [27]. The temperature of the metallic plate surface
was totally stable. The substrates are normal microscope
glasses which were cut with the dimensions of 10 × 10
× 1 mm. Before loading into the system, the substrates
were washed with detergent and then completely rinsed in
methanol, acetone, and deionized water, respectively, and
dried in air. Then, the substrates were progressively heated
up to the required temperature, before being sprayed on.
At this temperature, it was observed that the glass substrate
became soft. The 5-6 μm diameter droplets were carried
onto heated glass substrates. The flow rate of air used
as a carrier gas was 2 mL/min. The duration of the film
deposition was about 100 min. The colour of ZnO film was
white, and it had very good adhesion to glass substrates. The
structural characterization of the films was carried out by X-
ray diffraction (XRD) measurements using a Rigaku D/Max-
IIIC diffractometer with CuKα1 radiation (λ = 1.5418 Å),
at 30 kV, 10 mA. Surface morphology was examined by a
JEOL JSM5610 model scanning electron microscope oper-
ating at 24 kV. The diameter and length of the rods were
measured by a scanning electron microscope (SEM). In
addition, morphology was also determined by atomic force
microscopy (AFM). The optical characterization of the films
was carried out by photoluminescence (PL) with an He-Cd
ion laser as a light source using an excitation wavelength of
325 nm. So absorption coefficient was determined by UV-
VIS absorption (UV) spectroscopy measurement.

3. Result and Discussion

3.1. Structural Properties. XRD patterns of the grown ZnO
samples are shown in Figure 1. The diffraction pattern of
grown sample shows a peak corresponding to (002) plane-
reflection together with highly diminished peaks corre-
sponding to other planes of wurtzite ZnO structure. The high
intensity of (002) plane as compared with other planes clearly
suggests the preferential growth of rods along the c-axis
direction. The XRD pattern shows increase in the intensities
of peaks due to reflections from all crystallographic planes
of (100), (002), (101), (102), and (110) of wurtzite ZnO
structure with predominant counts for (002) plane.

Taking SEM and AFM into consideration, we see that
ZnO structures are spreading uniformly onto the sample
surface, and vertically increasing from the axis c in Figures
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Figure 1: XRD pattern of ZnO rods deposited on glass substrate.

2 and 3. The length of the ZnO rods is between 500
and 2000 nm, and the diameter changes between 400 and
1000 nm. The diameter and length of the ZnO rods acquired
by SEM were confirmed by graphs acquired by means of
AFM. These cross-section graphics are important that the
same length or diameter is achieved on the plane sample.
AFM results are in compliance with the SEM investigation.
Additionally, the reason of the sunflower-like structures in
the SEM pictures is unknown, but we thought that the reason
of these structures may be related to the temperature gradient
on the glass substrates (Figure 2(b)).

3.2. Optical Properties. Figure 4(a) was acquired from the
room temperature PL spectra of the synthesized ZnO rods.
Two peaks are observed in this figure: exciton peak in the left
side and donor-acceptor peak in the right side. Figure 4(b)
was acquired from the cryogenic PL spectra. Two peaks
are observed in the spectrum at 6.2 K: one is a strong,
dominated, and high-intensity peak at 3680 Å in the UV
region; the other is a suppressed and week band at 5500 Å
in the visible region.

The UV emission is also called as near-band edge
emission and originated by the recombination of the free
excitons. The green band in the visible region, known as
deep level emission, is generally explained by the radiative
recombination of the photo-generated hole with the elec-
trons which belong to ionized oxygen vacancies [31]. In
our case, the UV emission is dominated over the green
level emission. The weak peak is a result of donor acceptor
pairs (DAPs) which can cause emission at room temperature.
These DAPs are made up of dislocations or impurity in
crystal. In general, the UV peak at room temperature is
attributed to near band-edge (NBE) free exciton transition
from the localized level below the conduction band to the
valance band [32]. The emissions which are produced by
DAP are decreasing by the temperature decrease because
activity is decreasing by the temperature. The sharply peak
is made up of exciton doublets which are not decomposed
at the room temperature. According to PL data which is
obtained in 6.2 K, the sharp peaks’ duration increases at
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Figure 2: SEM images of ZnO rods. (a) Hexagonal ZnO nanorods.
(b) The result from temperature gradient-dependent structure de-
formation.
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Figure 3: AFM image and cross-section graphic of the ZnO rods.
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Figure 4: PL spectra of ZnO rods at (a) 300 K and (b) 6.2 K.

temperature decrease, so peak intensity increases and slides
to the left side because decrement of temperature widens the
band gap. The other peak seems like decreasing because of
the increase of sharp peaks’ intensity. It has been reported
that the improvement in the crystal quality such as low
structural defects, oxygen vacancies, zinc interstitials, and
decrease in the impurities may cause the appearance of a
sharp and strong UV emission and a suppressed and weak
green emission [33]. So the presence of a strong UV emission
and a weak green emission from the synthesized ZnO rods
indicated that the grown structures have good crystal quality
with less structural defects [34]. The absorption coefficient
is one of the intrinsic parameters of the ZnO rods that
was determined by fitting the absorption spectrum with an
appropriate Beer-Lambert Law. The thickness of the ZnO
rods was verified by the cross-section graphic of the AFM
(Figure 3) and SEM images (Figure 2). The value of the
energy and absorption coefficient calculation was carried out
for the ZnO rods. It was found that the value of the energy is
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3.35 eV and the absorption coefficient is 145125 cm−1 for the
largest peak.

4. Conclusion

In this study, the ZnO rods on glass substrate were obtained
by the ultrasonic spray pyrolysis method. The microstruc-
tures of ZnO rods were characterized by SEM, AFM images,
and XRD patterns. Optical properties were obtained by
PL spectrometer and UV-Vis measurements. Sharp near-
band edge (NBE) emission peaks centered at 3844 and
3680 Å dominated the PL spectra of ZnO at 300 K and
6.2 K, respectively. In addition, structural analysis showed
that the rods are c-axis-orientated ZnO wurzite crystals. The
ZnO rods produced at optimum substrate temperature of
∼550◦C exhibited single phase of ZnO with preferred (002)
orientation. Diameter and length of size ZnO rods were
500–2000 and 400 2000 nm, respectively. It was found that
ZnO rods with good structural and morphological properties
can be produced on glass. These results indicate that spray
pyrolysis methods are a viable technique for producing high-
quality ZnO rods for optical devices. At the same time, it is
important to discuss the implementation of the presented
results in this study for optoelectronic applications. The
main issue in nanotechnology is to get devices in small size.
The present work will contribute to the understanding of
related photoluminescence, optical, structural, and morpho-
logical properties of ZnO nanomaterials.
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