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With the miniaturization of electronic devices and advances
in nanomaterial research and production, the application of
functional nanomaterials is at the forefront of scientific and
industrial attention. The use of nanomaterials on their own,
or as part of a hybrid structure, allows new properties to
be exploited in the areas of electronics, optoelectronics and
photonics, and in bioelectronics. Recent advances in carbon
nanomaterials, such as nanotubes and graphene, as well as
other 2D layered materials, in nanostructured organic con-
ducting polymers and inmetal nanoparticles have broadened
the scope of nanomaterials towards innovation in electronic
and bioelectronic devices. This innovation has the potential
to develop new consumer electronics, energy generation
and storage technologies, and information communications
and technology and in the areas of medical diagnosis and
treatment.

This special issue is focused on utilization of functional
nanomaterials for electronics, optoelectronics, and bioelec-
tronics.

W.-K. Hong and colleagues have systematically compiled
an important review on the study of themetal-insulator phase
transition in quasi-one-dimensional VO

2
structures. They

discuss tailoring the metal-insulator transition by various
approaches which can be employed for gas sensor, strain
sensor, switching, and memory applications.

Improved photovoltage and photocurrent density is
reported by C. A. Rodŕıguez-Castañeda et al. in their study of
microwave synthesized monodisperse CdS spheres of dif-
ferent size and color for solar cell applications. They have

synthesized CdS spheres of sizes from 40–50 nm to 140 nm
whichwhenmixed into P3HT result in improved photoactive
response. Staying with photoactive materials, J. S. Lee et al.
report the enhancement of dye synthesized solar cell perfor-
mance by the doping of TiCl

4
/Al
2
O
3
in TiO

2
nanotube array

photoelectrodes.
G.Wang et al. report theoretical calculations of the effects

of barrier thickness and hydrostatic pressure on hydrogenic
impurity wurtzite GaN/Al

𝑥
Ga1-𝑥N strained quantum dots

and discuss the potential for advancing the applications of
group III nitride materials. In the work by A. Kelchtermans
et al., ways to increase the solubility limit of tetrahedral Al
in ZnO:Al nanorods are discussed. By using the optimum
parameters they have enhanced the substitution of Al in
ZnO:Al, which is useful for enhancing its conductivity and
other properties.

S.-J. Hwang et al. report their research on the fabrication
of liquid crystal (LC) microlens using nanoparticle-induced
vertical alignment. The nanoparticle-induced vertical align-
ment of the nematic liquid crystals is applied to achieve an
adaptive flat LC microlens with a hybrid-aligned nematic
mode by dropping polyhedral oligomeric silsesquioxane
nanoparticle solution on a homogeneous alignment layer.

Finally, F. Severiano et al. have reported their work on the
importance of the electrolyte in obtaining porous silicon and
how it modifies the optical and structural proprieties.

All of these papers show how nanomaterials can have a
significant benefit in a wide range of materials and device
research. It is hoped that readers of this special issue will
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see a snapshot of the breath of current research in functional
materials science and engineering.
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Nanocrystalline ZnO:Al nanoparticles are suitable building blocks for transparent conductive layers. As the concentration of
substitutional tetrahedral Al is an important factor for improving conductivity, here we aim to increase the fraction of substitutional
Al. To this end, synthesis parameters of a solvothermal reaction yielding ZnO:Al nanorods were varied. A unique set of
complementary techniques was combined to reveal the exact position of the aluminium ions in the ZnO lattice and demonstrated its
importance in order to evaluate the potential of ZnO:Al nanocrystals as optimal building blocks for solution deposited transparent
conductive oxide layers. Both an extension of the solvothermal reaction time and stirring during solvothermal treatment result in a
higher total tetrahedral aluminium content in the ZnO lattice. However, only the longer solvothermal treatment effectively results
in an increase of the substitutional positions aimed for.

1. Introduction

Because of the coexistence of high conductivity and high
transparency in the visible region, the realization of trans-
parent conductive oxides (TCOs) has attracted much interest
for optoelectronic device applications, such as solar cells and
displays [1–3]. Among all TCOs,Al-dopedZnO (ZnO:Al) has
gained considerable and continuous interest as it represents
a lower-cost, earth-abundant alternative to the widely used
TCO indium tin oxide (ITO) [4]. At the same time, TCO
nanocrystals (NCs) have recently drawn attention because
of their low cost associated with the possibility of solution
processing and the potential to exploit their size-dependent
properties [5]. Deposition of colloidal TCONCs as a nanoink
is highly appealing for integration into emerging flexible

electronics, such as displays, electronic paper, or solar cells
[6, 7]. While the synthesis of ZnO:Al nanocrystals and
films has recently advanced markedly, it still remains a
challenge to control dopant incorporation in zinc oxide based
TCO NCs [8–16]. Even more, probing doping efficiency and
understanding whether or not dopants have substituted the
desired host atoms are not trivial. No single analytical tool
is fully satisfactory in this regard. Instead, an appropriate
combination of characterization techniques can give more
reliable insights. Identifying, understanding and ultimately
controlling the uptake, dopant content and dopant location
in inorganic nanostructures is as an important goal. First, the
overall solubility limit of Al in the ZnO lattice is rather low.
The thermodynamic solubility limit of Al in ZnO thin films
is in the range of 1-2%. An experimental solubility limit has
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been estimated under 0.3 at% of Al using X-ray diffraction
refinements, whereasNMR analyses lead rather to a limit well
below 0.1 at% [17, 18]. Furthermore, it is believed that only
when the dopants occupy substitutional tetrahedral sites in
the ZnO crystal lattice, shallow donor levels are createdwhich
allow promotion of free carriers into the conduction band
[19–21]. Besides the substitutional tetrahedral position, the
aluminium ions can also occupy empty interstitial tetrahedral
and octahedral sites in the hexagonal wurtzite structure of
ZnO. In these positions however, they will act as an acceptor,
hence decreasing the conductivity [18, 20, 22].

Previous work [23] demonstrated the existence of a
constant, synthesis-dependent solubility limit for tetrahedral
aluminium in two series of ZnO:Al nanoparticles. For the
nanoequiaxed particles 0.25 at% of Al is placed in tetrahedral
positions, which is five times higher compared with the
nanorod particles, where only 0.05 at% of Al is placed in
tetrahedral positions. The aim of the work presented in this
paper is to study the synthesis parameters in order to increase
the tetrahedral aluminium content in the nanorods. More
specifically, the substitutional tetrahedral aluminium con-
tent, accountable for the increased conductivity, is targeted.

2. Experimental

2.1. Materials. Zinc acetylacetonate hydrate Zn(acac)
2
⋅xH
2
O

(Sigma-Aldrich), aluminium acetylacetonate Al(acac)
3
(99%,

Sigma-Aldrich), and benzyl alcohol C
6
H
5
CH
2
OH (99%,

Alfa Aesar) are used as received. The amount of hydrate
water (x) in the zinc acetylacetonate hydrate is verified by
high-resolution thermogravimetric analysis (HR-TGA) and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) to be 1 per formula unit.

2.2. Synthesis of the ZnO:Al Nanorods. A mixture of 1 g
Zn(acac)

2
⋅1H
2
O, 0.057 g Al(acac)

3
(0.5mol% with respect to

Zn), and 40mL benzyl alcohol is stirred for 30 minutes in
a Teflon liner (inner volume of 80mL). This Teflon liner is
then transferred into a stainless steel vessel which is sealed
and placed in a preheated furnace at 200∘C for 6 h. After
cooling down to room temperature, the resulting precipitate
is centrifuged (4400 rpm, 45), washed (with methanol and
milliQ water), and dried [23]. As a variation in synthesis
parameters, the time the autoclave stays in the furnace is
extended to 48 h and 96 h, respectively. Another variation in
the synthesis parameters is the use of a solvothermal reactor
(PARR 5500 series compact reactor) with stirring option
instead of a furnace to treat the reaction mixture.

2.3. Characterization. The crystal phase of the dry nanopow-
ders was determined at room temperature by X-ray diffrac-
tion (XRD) in the 2𝜃 range from 10 to 60∘, using a Siemens
D-5000 diffractometer with Cu K𝛼1 radiation. The size and
morphology of the ZnO(:Al) nanocrystals were characterized
with transmission electronmicroscopy (TEM), carried out on
a FEI Tecnai Spirit at an acceleration voltage of 120 kV. For
this purpose, a small drop of powdered sample redispersed
in methanol was deposited on a carbon-film coated copper

grid and dried under an infrared lamp. The structure of
the nanocrystals at the atomic scale was characterized using
high resolution transmission electronmicroscopy (HR-TEM)
performed on a Fei Tecnai G2, operated at 200 kV. Samples
for HR-TEM were prepared by redispersing the powder in
ethanol using an ultrasonic bath for 10 minutes and then
depositing a few drops of this dispersion onto a holey carbon
grid.

The 27Al solid-state magic angle spinning nuclear mag-
netic resonance (MAS-NMR)measurementswere performed
at room temperature on an Agilent VNMRS 400MHz spec-
trometer (9.4 𝑇 wide bore magnet) equipped with a Varian-
Chemagnetics T3HX3.2mmprobe.The resonance frequency
of the aluminum nuclei is 104.22MHz. The samples were
packed into a 3.2mm zirconia rotor and sealed with tight
fitting Torlon caps. The spectra were obtained at a rotor
spinning rate of 18 kHz by using a single pulse experiment
with a 𝜋/2 pulse of 4.2 𝜇s, an acquisition time of 10ms, a
preparation delay of 6 s, and a spectral width of 100 kHz. The
number of accumulations was around 20000. The chemical
shift scale, in parts per million (ppm), was externally refer-
enced to AlCl

3
⋅6H
2
O at 0 ppm. The aluminum 𝑇

1
relaxation

decay times were measured on the same spectrometer via the
inversion recovery method in which the evolution time 𝑡 (19
values) was varied between 0.5ms and 30 s. The repetition
delay was set to 20 s and about 900 scans were accumu-
lated. The integrated signal intensity 𝐼(𝑡) of the tetrahedral
resonance was analyzed biexponentially as a function of the
variable recovery time 𝑡 according to

𝐼 (𝑡) = 𝐼
𝑆

𝑜
⋅ (1 − 2 ⋅ exp( 𝑡

𝑇𝑆
1H
))

+ 𝐼
𝐿

𝑜
⋅ (1 − 2 ⋅ exp(− 𝑡

𝑇𝐿
1H
)) + 𝑐

te
.

(1)

The superscripts 𝑆 and 𝐿 refer to the fractions with short and
long decay time, respectively.

Transmission Fourier transform infrared (FT-IR) spectra
were recorded at room temperature using a Vertex 70 FTIR
spectrometer from Bruker Optics. The transmittance of KBr-
pellets containing 0.5 wt% ZnO:(Al) was measured in the
wavenumber interval of 4000–400 cm−1. The resolution of
the spectra is 4 cm−1.

A resonant microwave cavity perturbation method was
used to measure the microwave conductivity of the powders
[24]. Low dielectric loss quartz tubes (1.6mm inner diameter)
containing powder samples were inserted axially into an
aluminum TM

010
mode cylindrical resonant cavity. The

cavity has a height of 40mm and a 46mm radius, with
a corresponding operating frequency of 2.45GHz and an
unloaded quality factor of over 8000. S

21
measurements

were taken using an Agilent E5071B vector network analyzer.
Further experimental details are described in [25].

3. Results and Discussion

In the XRD patterns (Figure 1) of the Al-doped ZnO
nanocrystals, solvothermally synthesized for, respectively,
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Figure 1: XRD patterns of Al-doped ZnO nanocrystalline rods
as a function of the solvothermal reaction time and presence of
solvothermal stirring (6 h at 200∘C).

6 h, 48 h, and 96 h at 200∘C without stirring and solvother-
mally treated for 6 h at 200∘C with stirring, the peaks are
identified as (100), (002), (101), (102), and (110) reflections of
the hexagonal wurtzite structure of ZnO (JCPDS 36-1451),
confirming that all the ZnO:Al nanocrystals retain the similar
ZnO structure. The sharp signal at 32.9∘ in the pattern after
stirring originates from the Si sample holder.

TEM characterization (Figure 2) reveals that despite
the extension of the reaction time or stirring during
the solvothermal treatment, the morphology of the
crystalline Al-doped ZnO nanorods does not change.
Possible differences in the position of the aluminium ion
in the ZnO lattice can be evaluated by means of 27Al-NMR
measurements (Figure 3), from which it is possible to distin-
guish between tetrahedral (75 ± 15 ppm [26]) and octahedral
(0–20 ppm [26]) coordination of aluminium. Both the
signal corresponding to aluminium in a 4-fold coordination
with oxygen (tetrahedral) and the signal corresponding to
aluminium in a 6-fold coordinationwith oxygen (octahedral)
have a rather sharp line shape, indicating that the Al resides
in a highly ordered, symmetrical crystalline environment.
The absence of broad resonance signals, observed by
Kemmitt et al. [20], indicates that no amorphous phase
of Al-doped ZnO is present. The spectra clearly reveal an
increase in tetrahedral aluminium content as a function of
the solvothermal reaction time. Associated with an extension
of the solvothermal treatment time from 6 h to, respectively,
48 h and 96 h, the tetrahedral aluminium fraction increases
from 15% (Figure 3(a)) to, respectively, 27% (Figure 3(b)) and
31% (Figure 3(c)). However, by stirring the reaction mixture
during the solvothermal treatment (6 h), this tetrahedral
fraction even increases up to 41% (Figure 3(d)). Although
the spectra show a significant increase of the tetrahedral
aluminium content, this is not necessarily associated with
a higher amount of the desired tetrahedral substitutional

aluminium, leading to an increased conductivity as 4-fold
coordinated aluminium can appear in substitutional as well
as interstitial positions in the ZnO lattice. To obtain more
detailed information regarding this distribution, FTIR is used
as a complementary technique. FTIR is able to detect surface
plasmon resonance effects due to the presence of free charge
carriers, providing an indirect proof for substitutional doping
[27–29]. The spectrum (Figure 4) of the ZnO:Al nanorods
(0.5%Al) that were solvothermally treated for 6 h exhibits the
same features as the spectrum of ordinary ZnO. The broad
absorption bands at ∼3430 cm−1 and ∼1645 cm−1 encompass
the O–H stretching vibrations of adsorbed water on the
ZnO:Al surface while the strong absorption band between
500 and 400 cm−1 can be attributed to the stretching modes
of Zn–O and/or Al–O. The spectra of the ZnO:Al nanorods
obtained after longer solvothermal reaction times (48 h and
96 h) on the other hand exhibit a broad additional absorption
band between 600 and 3000 cm−1 which can be attributed to
surface plasmon IR absorptions originating from free charge
carriers. It is clear that longer solvothermal treatments lead to
more pronounced plasmon resonance absorptions, which in
turn can be related to a higher charge carrier concentration in
these particles [30, 31]. It is assumed that only substitutional
Al contributes to the formation of charge carriers. This leads
to the conclusion that a longer solvothermal reaction time
leads to a higher content of substitutional aluminium, which
should be beneficial for the conductivity [20, 21]. In contrast
to these findings, the even higher content of tetrahedral
aluminium obtained by stirring during solvothermal
treatment does not result in more free charge carriers. The
relatively high (41%) content of tetrahedral aluminium
as determined by 27Al-NMR (Figure 3(d)) is clearly not
correlated to an increase of free charge carriers as no distinct
plasma resonance IR absorption is observed (Figure 4). The
coexistence of high tetrahedral aluminium content and a
low number of free charge carriers indicates that most of the
aluminium ions have to be located in interstitial tetrahedral
positions. A possible explanationmight be a conflict between
thermodynamics and kinetics; that is, stirring promotes
the tetrahedral aluminium incorporation but the limited
reaction time of 6 h does not allow reaching thermodynamic
equilibrium. Further, the different setups (autoclave in
furnace and solvothermal reactor) might result in a different
heating profile and probably different heating rate, which
could also influence the dopant position [20].

In addition to FTIR characterization, relative conduc-
tivity values were determined for the different powders by
microwave resonant perturbation measurements. By placing
the sample in a resonant microwave electric field, the shift
in resonant bandwidth ΔBW can be directly related to the
conductivity of the powders since the imaginary part of
the permittivity 𝜀 is dominated by the conductivity 𝜎 for
conductive samples according to 𝜀 = 𝜎/𝜀

0
𝜔, where 𝜀

0
is the

permittivity of free space and 𝜔 is the angular frequency.The
measured ΔBW is proportional to 𝜀 and thus to 𝜎 for a
given frequency. Although this technique does not provide
the absolute value of the electrical conductivity, it allows us
to rank different ZnO:Al particle samples according to their
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(a) (b)

(c) (d)

Figure 2: TEM images of the ZnO:Al nanorods solvothermally treated for 6 h at 200∘C (a), solvothermally treated for 6 h at 200∘C while
stirring (b), and solvothermally treated for 48 h at 200∘C (c) and for 96 h at 200∘C (d).

Table 1:𝑇
1
spin-lattice relaxation times with their corresponding fractions (% of total amount of tetrahedral Al) observed for the tetrahedrally

coordinated Al of the ZnO:Al powders obtained after a solvothermal treatment of 96 h and after stirring during 6 h solvothermal treatment.

96 h @ 200∘C without stirring 6 h @ 200∘C with stirring
𝑇
1
relaxation time (ms) Fraction 𝑇

1
relaxation time (ms) Fraction

Interstitial tetrahedral Al 4.6 23% 24.8 34%
Substitutional tetrahedral Al 808 77% 725 66%

electrical conductivity. Effective medium theory may be used
to infer the absolute dielectric properties of powders, though
here the measured “effective” values indicate the relative
conductivity of each powder.Themicrowave absorption data
(Figure 5) show a significant increase in ΔBW or electrical
conductivity for longer solvothermal treatments, supporting
the FTIR data which indicated a higher number of free
charge carriers. On the other hand, the ZnO:Al nanocrystals
obtained by stirring during the solvothermal treatment do
not exhibit a significant increase in electrical conductivity,
also in accordance with the lack of a surface plasmon
absorption signal in the FTIR spectrum.

The indirect indications for the exact aluminium
position, determined by FTIR and microwave absorption
measurements, were ultimately confirmed by evaluating

the 𝑇
1
spin-lattice relaxation decay time behavior of the

tetrahedral Al (signal at ±80 ppm). Based on the 27Al-NMR
spectra (Figure 3) a first distinction between aluminium
in an octahedral or tetrahedral coordination with oxygen
could be made. By focusing now on the tetrahedral signal
and monitoring the 𝑇

1
spin-lattice relaxation decay time

of this signal, one can distinguish between aluminium in
differently ordered tetrahedral environments. For ZnO:Al
nanocrystals which were solvothermally treated for 96 h as
well as for ZnO:Al nanocrystals obtained by stirring during
their 6 h solvothermal treatment, two 27Al spin populations
(fractions) with a different 𝑇

1
relaxation decay time were

observed (Table 1), indicating the existence of two different
tetrahedral environments.
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Figure 3: Al-NMR spectra (with integral lines) of the ZnO:Al nanorods solvothermally treated at 200∘C for 6h (a), 48 h (b), 96 h (c), and
for 6 h at 200∘C while stirring (d). The percentages below the Al-NMR spectra express the respective amount of aluminium in tetrahedral
position.
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Figure 4: FT-IR spectra of the different ZnO:Al nanorods.

For the nanorods obtained after a 96 h solvothermal
treatment, 77% of the tetrahedral aluminium has a long
spin-lattice relaxation time of ±0.8 s against 66% (𝑇

1
=

±0.7 s) in the ZnO:Al nanorods obtained by stirring during
solvothermal treatment. In general, sharp signals in the 27Al-
NMR spectrum, corresponding with aluminium located in a
highly ordered, symmetrical crystalline environment, exhibit
relatively long spin-lattice relaxation times. Following this
trend, the relatively long 𝑇

1
decay time (or slow spin-lattice

relaxation rate) is associated with tetrahedral aluminium in

substitutional positions [32, 33]. The higher fraction of tetra-
hedral substitutional aluminium in the ZnO:Al nanorods
which were obtained after treatment for 96 h at 200∘C
supports the indirect indications obtained from the FTIR and
microwave absorptionmeasurements. Regarding the short𝑇

1

spin-lattice relaxation time of the tetrahedral signal, 23% of
the tetrahedral Al in the rods obtained after a solvothermal
treatment of 96 h at 200∘C has a 𝑇

1
= 4.6ms while 34% of

the tetrahedral Al in the rods obtained after solvothermal
treatment while stirring (6 h) has a 𝑇

1
of 24.8ms. The 𝑇

1
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Figure 5: Microwave absorption data of the different ZnO:Al samples.

(a) (b)

Figure 6: HR-TEM images of the ZnO:Al nanorods obtained by stirring during a solvothermal treatment of 6 h at 200∘C (top) and by
a solvothermal treatment of 96 h at 200∘C (bottom). The lighter patches are due to beam damage caused by the orientation process of the
nanocrystals.The slightly different appearance at the left bottom side of the second crystal isMoiré caused by overlapwith another nanocrystal.

decay times are different in almost one order of magnitude
(4.6ms against 24.8ms). If this difference is significant, it
might suggest the existence of two different Al-positions of
which the origin is still not clear. Avadhut et al. [33] reported
about a core-shell structure with substitutional aluminium
in the ZnO crystalline core and a shell or secondary-
phase containing amorphous tetrahedral aluminium. How-
ever, an amorphous environment is not expected here, as
the signals in the Al-NMR spectra are sharp. HR-TEM
images indeed confirm that the nanocrystals consist of a
single phase up to the edge of the crystals (Figure 6). No
indications are observed consistent with an amorphous shell
nor do the Fourier transforms of the images show any
differences between the edge and the middle regions of the
nanocrystals. Combining the information obtained by 27Al-
NMR spectroscopy and 𝑇

1
-relaxometry suggests the key role

importance of the ratio between substitutional and interstitial
tetrahedral aluminium. While spectroscopy demonstrates a
tetrahedral content of 31% versus 41% for ZnO:Al nanorods

obtained by solvothermal treatment at 200∘C for 96 h and for
6 h with stirring, respectively, the 𝑇

1
-results indicate a larger

amount of substitutional Al for the former (77% versus 66%).
Table 2 displays the ratio of substitutional/interstitial tetrahe-
dral aluminium for the two ways of synthesis. Normalization
to the interstitial tetrahedral fraction results in 3.4 substi-
tutional aluminium ions for each interstitial aluminium ion
for nanorods obtained by solvothermal treatment for 96 h at
200∘C in contrast to only 1.9 for a solvothermal treatment for
6 h at 200∘Cwith stirring. Based on this ratio, it becomes clear
that a prolongation of the solvothermal reaction time yields
the best conditions to enhance conductivity. Indeed, while
substitutional aluminium improves the conductivity, intersti-
tial aluminium has a negative effect on the conductivity.

4. Conclusions

By 27Al-NMR experiments, it is shown that a longer solvo-
thermal treatment as well as stirring during the solvothermal
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Table 2: Combination of the information obtained by 27Al-NMR spectroscopy (tetrahedral content of 31% versus 41% for ZnO:Al nanorods
obtained by solvothermal treatment at 200∘C for 96 h and for 6 h with stirring, resp.) and 𝑇

1
-relaxometry (77% substitutional aluminium for

the former versus 66% for the latter). Normalization to the interstitial tetrahedral fraction results in 3.4 substitutional aluminium ions for
each interstitial aluminium ion for nanorods obtained by solvothermal treatment for 96 h at 200∘C in contrast to only 1.9 for a solvothermal
treatment for 6 h at 200∘C with stirring.

96 h @ 200∘C without stirring
31% tetrahedral Al

6 h @ 200∘C with stirring
41% tetrahedral Al

23% × 31% = 7% 1 Interstitial tetrahedral Al 34% × 41% = 14% 1
77% × 31% = 24% 3.4 Substitutional tetrahedral Al 66% × 41% = 27% 1.9

treatment results in an increase of the tetrahedral aluminium
fraction in the resulting ZnO nanocrystalline rods. Fur-
thermore, the appearance of a plasmon absorption signal
(FTIR spectra) due to the presence of free charge carriers
and the significant increase in conductivity (microwave
absorption measurements) for ZnO:Al nanocrystals that
were solvothermally treated for longer reaction times (48 h
and 96 h) suggests an increase of the tetrahedral aluminium
in substitutional positions. The lack of a plasmon absorption
signal and of a significant increase in conductivity for the
ZnO:Al nanocrystals prepared by stirring during a short
solvothermal reaction time of 6 h suggests that the increase
in the tetrahedral aluminium fraction is not associated with
an increase in substitutional aluminium in these crystals.
Additionally, the 𝑇

1
spin-lattice relaxation time behavior of

the tetrahedral signal shows a 77% contribution of sub-
stitutional tetrahedral aluminium in the ZnO:Al nanorods
obtained by 96 h solvothermal treatment as compared to a
66% contribution of substitutional tetrahedral aluminium in
the ZnO:Al nanorods obtained by stirring during the 6 h
solvothermal treatment.

It can be concluded that the substitutional tetrahedral
aluminium fraction can be successfully increased by extend-
ing the duration of the solvothermal treatment. The ZnO:Al
nanorods solvothermally treated for 96 h exhibited the largest
proportion of substitutional tetrahedral aluminium, making
this the most promising route for further studies. Further-
more, it is demonstrated that, by employing the unique
combination of complementary techniques used in this study,
the exact position of aluminium in the ZnO lattice can be
determined, allowing to make predictions toward the best
building blocks for transparent conductive layers.
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For various reasons, low cost, easy fabrication, and so forth, dye-sensitized solar cells (DSSCs) have been consistently studied in
many laboratories. To improve the DSSCs performance, using an aqueous solution of titanium tetrachloride (TiCl

4
) treatment is

one of many processes. Before the treatment of TiCl
4
, nanoporous TiO

2
nanotubes (TNTs) are fabricated through a secondary

anodization process. TiCl
4
treatment on TNTs film enhanced short-circuit current density (𝐽SC) and aluminum oxide (Al

2
O
3
)

posttreatment enhanced open-circuit voltage (𝑉OC). As a result, Al2O3 posttreatment on TNTs film conversion efficiency of 8.65% is
realized, which is 7%higher thanTiCl

4
treatment onTNTs film. In thiswork, we investigated that double dip-coating of TiCl

4
/Al
2
O
3

treatment on TiO
2
nanotubes film had an effect on enhancement of 𝐽SC and𝑉OC due to improvement of electron transfer, increment

of dye adsorption, and reduction of recombination rate of charge. Photoelectrode DSSCs with light-to-electric energy conversion
efficiency were achieved under a simulated solar light irradiation of 100mW⋅cm2 (AM 1.5).

1. Introduction

Since the first report by Grätzel in 1991, dye-sensitized solar
cells (DSSCs) have been consistently researched due to their
lowmanufacturing costs, simple structure, and wide range of
applications [1–3]. Generally, DSSCs are composed of as parts
titanium oxide (TiO

2
) which carries an anchored organic dye

onworking electrode layer, counter electrode layermade of Pt
and an electrolyte containing a redox couple (I−/I

3

−) between
them [4–6].

Some researchers have suggested that the nanostructures
such as nanowires, nanorods, nanofibers, or nanotubes need
to avoid the electron transport in the nanocrystal boundaries
of TiO

2
nanoparticles and the electron recombination with

the electrolyte during the electron migration process [7–
9]. Recently, TiO

2
nanotubes layers (TNTs) have attracted

much attention, because of their geometric shape and simple
anodic process of fabrication, which improve the electron
transport between electrode layers. One-dimensional TiO

2

nanostructures have function of light scattering, fast electron

transport, and slower recombination rates but reduced dye
adsorption by their surface areas [10–12].

To improve theDSSCs performance, well-knownmethod
is using an aqueous solution of titanium tetrachloride (TiCl

4
)

treatment [13–15]. The TiCl
4
treatment effect is not quite

clear but many studies explain that TiCl
4
treatment on the

starting TiO
2
nanoparticle shifts downwards in the TiO

2

conduction band gap and decreases recombination rate
in the electron/electrolyte. Although previous studies that
treatment on TiO

2
nanoparticle, which are applied to TNTs

because it depends on the starting materials of TiO
2
[16].

Also method of improving the DSSCs efficiency is using
incorporation of atomic impurities Zn, Wo, Al, and so forth
[17–21]. It results in reduction in the charge recombination
rate and progressing of electron mobility at the interface
between electrode layers.

The TiCl
4
/Al
2
O
3
posttreatment on TNT film were stud-

ied in terms of dye adsorption, charge transport, and electron
lifetime. To enhance the short-circuit current density (𝐽SC)
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and open-circuit voltage (𝑉OC), we used the TiCl
4
and

aluminum oxide (Al
2
O
3
). As a result, effect of double dip-

coating with TiCl
4
/Al
2
O
3

posttreatment on TNTs film
enhanced the overall energy conversion efficiency of DSSCs.
In this work, we investigated the effects of double dip-coating
with TiCl

4
treatment and after Al

2
O
3
posttreatment on TNTs

based DSSCs.

2. Experimental

TiO
2
nanotubes were prepared by an optimized three-step

anodization process. Ti foil (0.25mm thickness, 99.7% purity,
Sigma-Aldrich, St. Louis, MO, USA) with an area of 2 cm ×
3 cm was degreased by ultrasonic agitation in acetone, iso-
propanol, and deionized water for 30min each and then
dried with N

2
gas. The ethylene glycol electrolyte contained

0.25wt% NH
4
F (99%, Sigma-Aldrich) and 2 vol% deionized

water. The anodization was performed in a two-electrode
system where the Ti foil served as the working electrode and
a Pt plate as the counter electrode. Anodization, using an
electrolyte at 0–4∘C, was conducted at room temperature at
a constant voltage of 60V for 30min. Then, the as-prepared
TNT array was removed by sonication for 5min in DI water.
The second-step anodization was carried out under the same
conditions for 5 h. The as-prepared amorphous TNT array
was crystallized into an anatase phase at 450∘C for 2 h in air
at a heating rate of 1∘C/min. After another anodization under
the same conditions for 20min and then immersion into a
H
2
O
2
solution (33%) for 10min, the anatase TNT array was

detached from the Ti substrate. After rinsing and drying, the
self-standing TNT array was cut into 5 × 5mm2 squares for
transfer.

A TiO
2
paste was prepared from TiO

2
powder (anatase,

99.9% purity, Sigma-Aldrich) and used as the reference [22].
The TiO

2
paste was coated onto a fluorine-doped tin oxide

(FTO) conductive glass substrate using the doctor blade
method, and then the TNT array was transferred onto the
TiO
2
paste.

TNTs film was dipped for 30, 60, 90, and 120min in a
90mMTiCl

4
aqueous solution at 70∘Cwhichwas prepared by

adding titanium tetrachloride (Sigma-Aldrich) to precooled
distilled water in an ice bath. Following the posttreatment,
the TiO

2
film was annealed at 450∘C for 15min. After TiCl

4

doped TNTs film was dipped in Al
2
O
3
aqueous solution at

90∘Cwhichwas prepared by adding aluminumoxide (Sigma-
Aldrich), made of different amount of aluminum oxide in
ethanol, in different moles of 40, 80, 120, and 160mM to
preheated ethanol at 50∘C bath. The substrate was sintered at
a temperature of 450∘C for 15min.

A Pt catalyst electrode was prepared by mixing H
2
PtCl
6

(5mM, Sigma-Aldrich) in isopropyl alcohol with an ultra-
sonic treatment. A counter electrode, which facilitates the
redox reaction of the electrolyte, was fabricated by spin
coating of the H

2
PtCl
6
solution at 1000 rpm for 30 s and

annealed at 450∘C for 30min.Thedye solution to be adsorbed
on the electrode filmswas prepared bymixing 0.5mMRu-dye
(N719, Solaronix) with ethanol. To facilitate the adsorption
of the dye molecules, the prepared TiO

2
electrode films

Weight%Element Atomic%

C K 2.26 4.43

O K 45.48 67.11

Al K 7.06 6.18

Ti K 45.20 22.28
Totals 100.00 100.00

0 1 2 3 4 5 6 7 8 9 10 11

(keV)
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Ti
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O

Spectrum 1

Full scale 2376 cts cursor: 11.624 (4 cts)

Figure 1: EDX spectra of Al
2
O
3
posttreatment on TiCl

4
treatment

on TNTs film.

were placed in the dye solution in darkness for 24 h. Finally,
the DSSCs were fabricated by sandwiching the prepared
electrode film and counter electrode at 120∘C for 10min using
a hotmelt sealant (60∘C).The electrolyte (I−/I

3

−) was injected
between the two electrodes with the inlet and then sealed by
a cover glass.

The phases of the TNT array prepared by anodization, as
well as those of TNPs, were examined by X-ray diffraction
(XRD) using a Rigaku D/MAX-2200 X-ray diffractometer
with a Cu-K

𝛼
radiation source. The morphology of the

prepared TNT/TNP photoelectrode film was investigated
by field emission-scanning electron microscopy (FE-SEM,
S-4700, Hitachi). The absorbance of the TNT/TNP photo-
electrode film was measured using a UV-VIS spectrometer
(Lambda 750, PerkinElmer). The conversion efficiency and
electrochemical impedance spectroscopy (EIS) of the fabri-
cated DSSCs were measured using an I-V solar simulator
(K3400, K3000, McScience) under a simulated solar light
irradiation of 100mW⋅cm2 (AM 1.5). The active area of the
cell exposed to light was approximately 0.25 cm2 (0.5 cm ×
0.5 cm).

3. Results and Discussion

The Energy Dispersive X-ray Spectroscopy (EDX) analysis of
the TiCl

4
90mM treatment for 90min and Al

2
O
3
120mM

posttreatment for 60min on TNTs film is shown in Figure 1,
which indicated the presence of about 6.18 atomic% of Al and
22.28 atomic % of Ti.

Figure 2(a) shows the field emission-scanning electron
microscopy (FE-SEM) image of the surface morphologies
of bare TNTs array. TNTs array was processed by a sec-
ondary anodization. Then, diameter of uniform surface is
about 100 nm and according to anodic oxidation at present
conditions TNTs array can come to various lengths. We used
18 𝜇m of TNTs in study; the fast electron transportation in
the film is helpful (Figure 2(b)). Figure 2(c) shows surface of
TiCl
4
treatment on TNTs film and Figure 2(d) shows surface

of TiCl
4
/Al
2
O
3
posttreatment on TNTs film. The surface

morphologies of TiCl
4
/Al
2
O
3
posttreatment on TNTs film

are rougher than TiCl
4
treatment or bare TNTs.
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(a) (b)

(c) (d)

Figure 2: FE-SEM images of (a) the surface of TiO
2
nanotubes array; (b) the cross section of a TiO

2
nanotube array; (c) the surface of TiCl

4

treatment on TiO
2
nanotubes array; and (d) the surface of TiCl

4
/Al
2
O
3
posttreatment on TiO

2
nanotubes array.
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Figure 3:UV-VIS absorbance of TiCl
4
treatment onTiO

2
nanotubes

film for different time conditions.

Figure 3 shows UV-VIS absorption spectrum of N-719
dye in the 400–800 nm wavelength in the different TiCl

4

posttreatment for time from 30 to 120min on TNTs films. It
was found that absorbance increased with increasing TiCl

4

dip-coating times, excluding TiCl
4
treatment for 120min. An

appropriate amount of TiCl
4
in the TNTs films can have effect

on providing a large surface area for dye adsorption reported
[23–25]. The number of dye molecules influences photocur-
rent of DSSCs indirectly; thus adsorption of dye molecules is
connected to increasing of more light harvesting and 𝐽SC as
expected. TiCl

4
treatment increased the amount of adsorbed

dye because TiCl
4
treatment can decrease the TiO

2
particle

size on the electrode surface, leading to the increased active
surface area [15, 26]. In case of TiCl

4
treatment for 120min,

the absorbance value was lower than TiCl
4
treatment for

90min. Reduction of the TNTs films porosity by increasing
of the nucleation in the nanoparticle caused decrement of dye
absorption in TNTs film with many chances over dip-coating
time. Therefore, the increase of inefficient charge-transfer
routes and recombination rate of electrons can decrease the
photocurrent density and conversion efficiency, as discussed
[16].

The I-V curves of TiCl
4
treatment on TNTs photoanodes

with different dip-coating time conditions are shown in
Figure 4, and the photovoltaic parameters including short-
circuit current density (𝐽SC), open-circuit voltage (𝑉OC), fill
factor (FF), and photovoltaic efficiency (𝜂) are listed in
Table 1. The light-to-electric energy conversion efficiency
was achieved under a simulated solar light irradiation of
100mW⋅cm2 (AM 1.5). The DSSCs with bare TNTs film
exhibited a 𝐽SC of 12.53mA/cm2 and yielded 𝜂 of 4.69%.
However, TiCl

4
treatment on TNTs film enhanced energy
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Figure 4: I-V curve of TiCl
4
treatment on TiO

2
nanotubes film for

different time conditions.

Table 1: The integral photocurrent density (𝐽SC), open-circuit
voltage (𝑉OC), fill factor (FF), and efficiency (𝜂) of dye-sensitized
solar cells fabricated using TiCl4 treatment on TiO2 nanotubes film.

Sample 𝑉OC (V) 𝐽SC (A/cm2) FF (%) 𝜂 (%)
Bare TNTs film 0.61 12.53 60.78 4.69
TiCl4 90mM (30min) 0.60 18.94 62.57 7.16
TiCl4 90mM (60min) 0.60 20.09 62.50 7.59
TiCl4 90mM (90min) 0.61 20.72 63.90 8.08
TiCl4 90mM (120min) 0.60 20.26 66.92 7.71

conversion efficiencies in cells due to increment of dye
adsorption, improvement of charge transport, and reduction
of electron recombination rate. When the TNTs film was
electrochemically dip-coated, the values of 𝜂 increased with
TiCl
4
treatment time to reach amaximum of 8.08% at 90min

and thereafter decreased. It is well known that the 𝜂 of DSSCs
performance is significantly affected by the amount of dye
loading to photoanodes [26–28].

The Nyquist plots of real axis residence (Z) and imagi-
nary axis residence (Z) analyzed by the classical equivalent
electrical circuit are shown in Figure 5. In the EIS, R

𝑆
(ohmic

series resistance), 𝑅CT1 (3 charge-transfer resistance of the
counter electrode), 𝐶PE1 (constant phase element of the
counter electrode), 𝑅CT2 (4 charge-transfer resistance of the
working electrode), and 𝐶PE2 (constant phase element of the
photoelectrode) are indicated in Figure 5. The small semicir-
cle is fit to a charge-transfer resistance (𝑅CT1) and constant
phase, while the large semicircle is fit to a transfer resistance
(𝑅CT2) and constant phase. As 𝑅CT2 is affected by the use
of TiO

2
nanoparticles/TNTs, large one appearing at interme-

diate frequency (around 10Hz) represents electron transfer
resistance (𝑅CT2) at photoelectrode and electrolyte interface
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Figure 5: Electrochemical impedance spectroscopy (EIS) Nyquist
plots of TiCl

4
/Al
2
O
3
posttreatment on TiO

2
nanotubes film with

different concentrations.

Table 2: The integral photocurrent density (𝐽SC), open-circuit
voltage (𝑉OC), fill factor (FF), and efficiency (𝜂) of dye-sensitized
solar cells fabricated using TiCl4/Al2O3 posttreatment on TiO2
nanotubes film.

Sample 𝑉OC (V) 𝐽SC (A/cm2) FF (%) 𝜂 (%)
Bare TiCl4 90mM 0.61 20.72 63.90 8.08
TiCl4/Al2O3 40mM 0.65 20.60 60.02 8.11
TiCl4/Al2O3 80mM 0.66 20.68 60.80 8.40
TiCl4/Al2O3 120mM 0.67 20.93 61.54 8.65
TiCl4/Al2O3 160mM 0.67 21.10 55.49 7.93

that is most relevant for TNTs film. In the electrochemical
impedance spectroscopy (EIS), all TiCl

4
/Al
2
O
3
posttreat-

ment on TNTs film indicated that impedance is smaller than
bare condition of TiCl

4
treatment. The smallest semicircle is

TiCl
4
treatment and Al

2
O
3
120mM posttreatment on TNTs

film. Small𝑅CT2 indicates much faster electron transport and
it is closely connected to efficiency of DSSCs. Therefore, the
TiCl
4
/Al
2
O
3
treatment of a less defective morphology effect

significantly improved electron transport.
Figure 6 shows I-V curve of Al

2
O
3
posttreatment of

TiCl
4
treatment TNTs film with different concentration in 40

to 160mM and the photovoltaic properties of TiCl
4
/Al
2
O
3

posttreatment TNTs film are summarized in Table 2. From
Table 2, DSSCs with TiCl

4
/Al
2
O
3
posttreatment on TNTs

film presented increased 𝑉OC from 0.61 to 0.67V. In
reported studies, Al

2
O
3
influenced a higher electron lifetime

and that contributed to increasing of 𝑉OC because Al
2
O
3

affects to suppress the charge recombination between the
TiO
2
/TNTs/electrolyte interfaces [29]. It was found that

Al
2
O
3
120mM posttreatment indicated 𝑉OC (0.67V) and
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Figure 6: I-V curve of TiCl
4
/Al
2
O
3
posttreatment on TiO

2
nan-

otubes film with different concentrations.

𝜂 (8.65%). Therefore, the optimum condition for high con-
version efficiency was the treatment of Al

2
O
3
120mM.

4. Conclusions

To improve the efficiency of DSSCs, we took a two-step treat-
ment in the TiO

2
nanotubes film. In the first step, an aqueous

solution of titanium tetrachloride (TiCl
4
) was treated on

TNTs film for different time from 30 to 120min. The highest
efficiency of DSSCs using TiCl

4
90mM treatment for 90min

reached 8.08% and 𝐽SC of that condition was 20.72mA/cm2.
In the second step, an aqueous solution of aluminum oxide
(Al
2
O
3
) was treated on TiCl

4
treatment TNTs film with

different concentration from 40 to 160mM. Successfully,
performance of DSSCs was improved that𝑉OC was increased
to 0.67V and efficiency was 8.64%. The optimum condition
for high conversion efficiency was the treatment of Al

2
O
3

120mM. Al
2
O
3
influenced a higher electron lifetime due to

the increased interfacial charge-transfer resistance.
In conclusion, using theTNTs andTiCl

4
/Al
2
O
3
posttreat-

ment process was found to be an effective method to improve
the efficiency of TiO

2
nanoparticle based DSSCs.
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72220 Puebla, PUE, Mexico

Correspondence should be addressed to F. Severiano; ohcnap007@hotmail.com

Received 12 August 2014; Revised 17 January 2015; Accepted 19 January 2015

Academic Editor: Neeraj Dwivedi

Copyright © 2015 F. Severiano et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effect of using different electrolytes in the physical and optical properties of porous siliconwas studied. To do this porous silicon
(PS) samples photoluminescent in the visible range from (100) oriented n-type crystalline silicon prepared by anodic etching were
obtained. The first electrolyte was composed of a mixture of hydrofluoric acid (HF) and ethanol (CH

3
-CH
2
-OH) in a ratio of 1 : 2,

respectively. The second was composed of hydrofluoric acid (HF), ethanol (CH
3
-CH
2
-OH), and hydrogen peroxide (H

2
O
2
) in

a ratio of 1 : 1 : 2, respectively. Raman scattering, photoluminescence (PL), gravimetry, scanning electron microscopy (SEM), and
energy dispersive spectrometer (EDS) measurements on the PSL were carried out. Raman scattering showed that the disorder in
the samples obtained with H

2
O
2
is greater than in the samples obtained without this.The PL from PS increased in intensity with the

incremental change in the anodization time and showed a blueshift. The blueshift of PL is consistent with the reduction in size of
the silicon nanocrystallites. The sizes of nanocrystals were estimated to be 3.08, 2.6, and 2.28 nm.The gravimetric analysis showed
that the porosity increased with the incorporation of H

2
O
2
. SEM images (morphological analysis) showed an incremental change

in the quantity and in the porous size.

1. Introduction

With the discovery of light emission from porous silicon (PS)
made by Canham [1], the possibility of the use of silicon as an
efficient light source became attractive due to the potential
applications in optoelectronics [2] and electroluminescent
devices [3], because this source would be compatible with the
existing manufacturing infrastructure for ultra-large-scale-
integrated circuits. The PS is a form of silicon prepared by
anodic etching of crystalline silicon (c-Si). There have been
a few changes in the electrolytes used to obtain PS. Some
works report the use of hydrogen peroxide in obtaining of
luminescent samples of PS [2]. The observation of intense
photoluminescence (PL) from PS has been studied because
of the large blueshift of the observed radiations with respect

to the bulk silicon band-gap energy. It has been proposed
that the quantum confinement in crystallites [4] or wires
[5] is at the origin of the luminescence in the visible range.
There are many hypotheses to explain the origin of the
photoluminescence. Some of these theories involve siloxenes
[6], polysilanes, or hydrides [7] on the surface of PS. Another
suggestion is that the dominant luminescentmaterial is amor-
phous in nature [8].The quantum confinement interpretation
of the luminescence of PS is supported by the evolution of
the luminescence intensity and peak position with anodic
oxidation [9, 10] which could lead to a progressive reduction
in nanostructure sizes. The confinement model also seems
to be consistent with structural characterizations. From a
theoretical point of view, many works have shown that
confinement in wires [4] or dots [11] with typical sizes
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Table 1: Conditions for the PS preparation.

Sample Anodization time
(min) Electrolyte

M1 10 1 : 2 (HF/CH3-CH2-OH)
M2 15 1 : 2 (HF/CH3-CH2-OH)
M3 10 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH)
M4 15 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH)

under 6 nm could explain the important blueshift of the
luminescence compared to bulk silicon. The lifetime of the
luminescence and the decay mechanism of the luminescence
are unclear. The influence of defects, in particular surface
defects, on the luminescence needs to be studied. By defects,
we mean the way the etched surface of the silicon wafer is
changed due to the inclusion of hydrogen peroxide in the
electrolyte. In this work, PS samples were prepared by anodic
etching of (100) oriented n-type c-Si and the effect of two
kinds of electrolytes in obtaining porous silicon layers (PSL)
was analyzed.The first electrolyte was composed of a mixture
of hydrofluoric acid (HF) and ethanol (CH

3
-CH
2
-OH) in a

ratio of 1 : 2, respectively, and the second was composed of
HF, ethanol, and H

2
O
2
in a ratio of 1 : 1 : 2, respectively.

2. Experimental Details

Phosphorous doped n-type (100) oriented c-Si having a resis-
tivity of 1–5Ω cm was used to prepare PS. The samples were
obtained by the conventional anodization method [12] with
different electrolytes and under a constant current density of
35mA/cm2. The c-Si wafers were illuminated with UV light
during the anodization process in order to create electron-
hole pairs that are necessary to carry out the electrochemical
attack.The conditions for the PS preparation employed in the
present study are summarized in Table 1.

The first electrolyte was composed to a mixture of
hydrofluoric acid (HF;Merck) (40%) and ethanol (CH

3
-CH
2
-

OH; J. T. Baker) (99.98%) in a ratio of 1 : 2, respectively, and
the second was composed by a mixture of hydrofluoric acid
(HF) (40%), ethanol (CH

3
-CH
2
-OH) (99.98%), and hydro-

gen peroxide (H
2
O
2
; J. T. Baker) (30%) in a ratio of 1 : 1 : 2,

respectively. After the PS samples were obtained a laser with a
wavelength of 405 nm and 40mWof powerwas used to excite
the sample in the PL measurements. The range detected by
the monochromator was from 400 to 1100 nm.The thickness
and porosity of the PSL was estimated by gravimetry. The
structural characterization was obtained by micro-Raman in
a Dilor Labram spectrometer, with a He-Ne (632 nm) laser
and using a 50x objective. The diameter of the laser beam
spot at the focus plane is =1 𝜇m. A Philips brand XL30ESEM
microscope was used to obtain surface morphology studies
of the PSL. The chemical composition was obtained from
the Energy Dispersive Spectrometer (EDS) coupled at system
SEM.

3. Results and Discussion

3.1. Thickness and Porosity Obtained by Gravimetry. The
thickness and the porosity of the PSL were estimated by
gravimetry. In this process the porous layer was removed
using a sodium hydroxide (99.95%) and deionized water
solution in a ratio of 1 : 100, respectively, in which the PS was
immersed, and the porous layer is removed during contact
with this solution. The porosity was calculated by means of
the following equation [13]:

𝑃 =
𝑚
1
− 𝑚
2

𝑚
1
− 𝑚
3

, (1)

where𝑚
1
is the mass of the wafer of c-Si before the attack,𝑚

2

is the mass of the wafer after the anodization, and 𝑚
3
is the

mass of the same wafer after removing the PSL.The thickness
of the PSL was obtained by the expression [13]

𝐸 =
𝑚
1
− 𝑚
3

𝜌𝑆
𝑎

, (2)

where 𝜌 is the density of the c-Si (in g/cm3) and 𝑆
𝑎
is the

attacked surface during the anodization (in cm2). Table 2
shows the results obtained by gravimetry. The gravimetric
results showed an increase in the porosity of the samples
that were obtained with hydrogen peroxide in the starting
solution (M3, M4). In relation to the thickness of the porous
layer, we can observe that an increase in porosity occurs.This
behavior indicates that the hydrogen peroxide promotes the
attack on crystalline silicon wafer and this attack takes place
preferentially at the edges of the pores, which will be reflected
in the increase of the pore diameter as we can see in the SEM
images.

3.2. Raman Modes Analysis. Figure 1 shows Raman spectra
from longitudinal optic (LO) phonon for all samples of PS in
the range from 490 to 530 cm−1. In these spectra we can see
the LO mode of c-Si (512 cm−1). Since c-Si is (100) cut, LO
mode is allowed and transversal optic (TO) mode is forbid-
den. It is to be noted that the LO mode of PS broadens (503–
518 cm−1), becoming asymmetric in comparison with that of
c-Si (508–515 cm−1). Si nanocrystallites relax the wavevector
selection rule, which causes the Raman spectrum to broaden
and become asymmetric [14].

Right inset in the Figure 1 shows the Raman spectra for
PS samples in the range of 900–1000 cm−1. M3 and M4 sam-
ples show a peak around 930 cm−1 which is due to disorder
induced 2TO phonon overtones [15].This mode arises due to
the disorder present around the pores, and the disorder is
formed during the anodization process. During the anodiza-
tion, the attack process results in a layer of disordered (a-Si)
around the pore, as will be seen in the SEM images.The possi-
ble disordered silicon layer would result in TO as well as 2TO
mode appearance (930 cm−1). With the incorporation of
hydrogen peroxide in the electrolyte, the disorder in the PSL
increases and hence the 2TO mode intensity increases
(930 cm−1). M1 and M2 samples barely show this mode since
the rate of disorder is less than the samples obtained with
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Table 2: Gravimetric results of the different PS samples.

Sample Anodization time (min) Electrolyte Thickness (m𝜇) Porosity (%)
M1 10 1 : 2 (HF/CH3-CH2-OH) 38 40
M2 15 1 : 2 (HF/CH3-CH2-OH) 56 40
M3 10 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH) 40 62
M4 15 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH) 60 62
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Figure 1: LO phonon Raman spectra of PS samples. Left inset shows
Raman spectrum of PS samples in the range of 270–320 cm−1. Right
inset shows spectrum in the range of 900–100 cm−1.

hydrogen peroxide. In other words, the peroxide generates or
promotes the formation of disorder in the PSL. Left inset in
Figure 1 shows the Raman spectra for PS samples from 270 to
320 cm−1. M3 and M4 show a broad peak around 290 cm−1.
This peak arises due to the defect induced transverse acoustic
phonon of c-Si [16]. This mode barely can be seen in M1
and M2 samples. This is consistent with our suggestion that
the disordered silicon layer arises with the incorporation of
hydrogen peroxide.

3.3. Photoluminescence in PS. Figure 2 shows the photolu-
minescence spectra of the PS samples. M1 and M2 samples
had the higher photoluminescence intensities and also show
an increase in the PL intensity with the increment in the
anodization time. This increase is due to the formation of
silicon nanocrystals present in the porous layer [17]. The
main emission is centered around the 645 nm, which is
the PS characteristic emission and can be related to the
presence of silicon nanocrystals in the porous layer [17]. M2
shows very few contributions around the 578 and 533 nm.
These emissions can be related to the thinning of the silicon
nanocrystals due to the higher anodization time, which
modifies the emission energy [18]. M3 and M4 samples show
the lower PL intensities. The principal peak has a shift from
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Figure 2: Photoluminescence spectra of PS samples. The image
shows the nc-Si size calculated by (3).

the 645 to the 578 nm. This shift can be caused by the
formation of nonradiative recombination centers which are
around the pores and is due to the hydrogen peroxide in
the electrolyte. Moreover we can see that the contribution
around 533 nm barely shows change and it takes importance,
since it is almost equal in intensity to the emission centered
at 578 nm. These results suggest that the peroxide promotes
the attack in the edges of the pores and thus is reflected in
a thinning in the silicon nanocrystals, which originates the
shift to low wavelengths.

Startingwith the PL spectra the nc-Si size can be obtained.
This parameter gives information about the changes that take
place in the porous layer. For determining the approximate
nc-Si size, the energy emission was related to the diameter of
nc-Si [15, 19] through

(𝜆 (nm) =
1.24𝜇

𝐸
𝑁

=
1.24𝜇

(1.12 + 3.73/𝑑1.39)
) , (3)

where 𝑑 is the diameter of the nc-Si, 𝐸
𝑁

is the energy
associated to the nc-Si, and 𝜆(nm) is the wavelength of
emission of the nc-Si. These theoretical values show a good
approximation as Delerue et al. demonstrated [20]. Table 3
shows the results obtained by (3). The results show that the
nc-Si size decreases with the anodization time for all samples,
and we can see this in the PL spectra as a blueshift. For
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Figure 3: SEM images for the PS samples. In the images we can see the porous size in the different samples (a). Images on (b) show an
approach to the pores, and in these images we can see the pore surroundings.

the M3 and M4 samples this shift is evident and is attributed
to the change in the nc-Si size [17, 18]. This change in the size
is attributed to the hydrogen peroxide present in electrolyte
and the anodization time.

3.4. Microstructure of PS from SEM. Scanning electron
microscopy (SEM) images, Figure 3, show that in the M1 and
M2 samples, the quantity and the pore size are bigger with the
increase in the anodization time. With the increase of the
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Table 3: nc-Si size estimated through (3).

Wavelength (nm) Energy (eV) nc-Si size
533 2.3 2.28
578 2.1 2.6
645 1.9 3.08

quantity and porous size the PL presents a blueshift. This is
related to the thinning of the nc-Si as we explained in the
PL analysis, but it also can relate this shift to the electrolyte
and the anodization time. For example, the M3 and M4
samples show an increase in the PL intensity as a function
of the anodization time. This is related to the quantity of
nc-Si present in the porous layer; besides, we can see the
blueshift with the increment in the quantity and pore size,
and this is clear in the change that present the emission
centered at 645 nm, which pass to the 578 nm. Taking in
consideration the nc-Si size calculated through PL spectra,
we can reach the conclusion that the pores with the larger
diameters contain the smaller nc-Si sizes. On the other hand,
the samples obtainedwith hydrogen peroxide show the bigger
pore diameters. This is indicative that the peroxide promotes
the etching in the edges of the pores as can be seen in
the SEM images and is reflected as an increased amount of
disorder around pores as the Raman spectra demonstrated.
Table 4 shows the pore size as a function of the electrolyte.
This disorder also can produce nonradiative recombination
centers, which is the reason that the samples obtained with
hydrogen peroxide in the electrolyte show the lower PL
intensities.

The chemical composition was obtained from the Energy
Dispersive Spectrometer (EDS) spectrum, Table 5. M1 and
M2 samples show an increase in the quantity of oxygen
with the change in the anodization time, which can relate to
the presence of oxygen with the PL intensity. The oxidation
(presence of oxygen) favors the confinement of the nc-Si and
this is reflected as an increase in the PL intensity. M3 and
M4 samples show a quantity of oxygen that remains almost
constant. In this case, the differences among the intensities
are given by the quantity of nc-Si present in the porous layer.
M4 sample has a larger amount due to the anodization time.

4. Conclusions

Samples obtained with the ratio 1 : 2 in the electrolyte show
the higher PL intensities and the smaller pore sizes, which
shows that the nc-Si in these pores have a bigger probability of
PL emission. Raman spectra and SEM images showed that the
rate of disorder increases when the pore diameter is bigger.
Themorphological analysis showed that the incorporation of
H
2
O
2
in the electrolyte increased the pore diameter. This is

an important result for applications which need a big pore
diameter, such as introducing molecules or medicines in the
pores. Through the analysis of the PL we can see that the
electrolyte with H

2
O
2
promotes the thinning of the filaments

and a lowering of the PL intensity.

Table 4: The samples obtained with hydrogen peroxide shows an
increment in the quantity and porous size in comparison with the
samples obtained without this.

Sample Electrolyte Porous size
M1 1 : 2 (HF/CH3-CH2-OH) 87–226 nm
M2 1 : 2 (HF/CH3-CH2-OH) 348–400 nm
M3 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH) 522–679 nm
M4 2 : 1 : 1 (H2O2/HF/CH3-CH2-OH) 766 nm–1.06 𝜇m

Table 5: Chemical composition of the PS samples obtained from the
EDS spectrum analysis.

Sample Element (%W)
Si O

M1 [1:2 (HF/CH3-CH2-OH)] 10min. 90.4475 9.5525
M2 [1:2 (HF/CH3-CH2-OH)] 15min. 86.32 13.68
M3 [2:1:1 (H2O2/HF/CH3-CH2-OH)] 10min. 90.3625 9.6375
M4 [2:1:1 (H2O2/HF/CH3-CH2-OH)] 15min. 91.31 8.69
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H. Gómez-Pozos, and J. A. Luna-López, “Electroluminescent
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Within the framework of the effective mass approximation, barrier thickness and hydrostatic pressure effects on the ground-state
binding energy of hydrogenic impurity are investigated in wurtzite (WZ) GaN/AlxGa1−xN strained quantum dots (QDs) by means
of a variational approach.The hydrostatic pressure dependence of physical parameters such as electron effective mass, energy band
gaps, lattice constants, and dielectric constants is considered in the calculations. Numerical results show that the donor binding
energy for any impurity position increases when the hydrostatic pressure increases. The donor binding energy for the impurity
located at the central of the QD increases firstly and then begins to drop quickly with the decrease of QD radius (height) in strong
built-in electric fields. Moreover, the influence of barrier thickness along the QD growth direction and Al concentration on donor
binding energy is also investigated. In addition, we also found that impurity positions have great influence on the donor binding
energy.

1. Introduction

Recently, much attention has been paid to wide-band gap
wurtzite (WZ) GaN/AlGaN quantum heterostructures due
to their promising applications in optoelectronic devices
such as light-emitting devices (LEDs) and laser diodes
(LDs) [1–3]. Doping impurities in GaN-based confined sys-
tems is an effective method for controlling the electronic
and optical properties of optoelectronic devices. It is well
known that the hydrostatic pressure applied on a GaN-
based semiconductor material can not only modify the
parameters, such as the band gaps, the potential barriers, the
conduction effective masses, the static dielectric constants,
and the lattice constants, but also change the dimension of
the low-dimensional systems, which is associated with the
fractional change in the volume. Moreover, the strong built-
in electric field induced by the spontaneous and piezoelectric
polarizations also affects obviously the distribution of the
carrier wave function in WZ nitride-based quantum het-
erostructures. According to the above characteristics, various

studies concerning impurity states are reported in GaN-
based nanostructures such as quantum wells [4–8], quantum
well wires [9, 10], and (double) quantum dots [11–17]. In
these references, considering the strong built-in electric field
and/or hydrostatic pressure effects, the hydrogenic donor
impurity states are mainly discussed in a radial infinite
confinement potential barrier. Their results demonstrate that
quantum structure size, strong built-in electric field, and
hydrostatic pressure have a significant influence on the donor
impurity binding energies, but there are few reports involved
in barrier thickness effects on the donor binding energy in
WZ GaN/AlxGa1−𝑥N strained QD in finite potential barrier
to date.

To further demonstrate the barrier thickness effect on
impurity states in a WZ GaN/AlGaN strained QD, we
calculate the donor binding energy of hydrogenic impurity in
a WZ GaN/AlGaN QD under a strong built-in electric field
by means of a variational approach in the finite confinement
potential. In our calculation, effective mass of the electron,
dielectric constants, phonon frequencies, energy gaps, sizes
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Figure 1:Thediagramof a cylindrical wurtziteGaN/AlxGa1−xNQD.

(radius and height) of QD, and piezoelectric polarizations are
considered as a function of hydrostatic pressure.The paper is
organized as follows. In Section 2, we describe the theoretical
framework. Then, the pressure and the strain coefficients of
GaN and AlxGa1−𝑥N are discussed in Section 3. In Section 4,
the numerical results are discussed. Finally, conclusions are
drawn from the present study in Section 5.

2. Theoretical Framework

In Figure 1, the schematic view of a cylindrical WZ
GaN/AlxGa1−𝑥N QD is depicted, with a detailed descrip-
tion of the different dimensions of the QD (dot radius 𝑅,
height 𝐿

𝑤
, and barrier thickness 𝐿

𝑏
). Additionally, the GaN

quantum dot is embedded in an AlxGa1−𝑥N host matrix
material, and the 𝑧-axis is defined to be the growth direction.
Within the frame of the effective mass approximation, the
Hamiltonian for a hydrogenic donor impurity in cylindrical
WZ GaN/AlxGa1−𝑥N QD under the influence of hydrostatic
pressure can be written [4] as

�̂� = �̂�
0
−

𝑒
2

4𝜋𝜀
0
𝜀 (𝑝)


⇀
𝑟 −

⇀
𝑟
0



, (1)

where ⇀𝑟 (⇀𝑟
0
) denotes the position vector of the electron

(impurity ion), 𝑒 is the absolute value of the electron charge,
𝜀
0
is the permittivity of free space, and 𝜀(𝑝) is the pressure-

dependent effective mean relative dielectric constant of GaN
andAlxGa1−𝑥Nmaterials.TheHamiltonian �̂�

0
is given by [11]

�̂�
0
= −

ℏ
2

2𝑚
⊥
(𝑝)

(
1

𝜌

𝜕

𝜕𝜌
(𝜌
𝜕

𝜕𝜌
) +

1

𝜌2
𝜕
2

𝜕𝜑2
)

−
ℏ
2

2𝑚
//
(𝑝)

𝜕
2

𝜕𝑧2
+ 𝑉 (𝜌, 𝑧, 𝑝) − 𝑒𝐹

𝑤,𝑏
(𝑝) 𝑧,

(2)

where 𝑚
//

and 𝑚
⊥
are the pressure- and strain-dependent

effective masses of electron along and perpendicular to the

[0001]-direction. And 𝑉(𝜌, 𝑧, 𝑝) is the electron confinement
potential due to the band offset (𝑄

𝑗
= 0.765) and is given by

[13]

𝑉 (𝑧, 𝑝)

=

{{{{{{{

{{{{{{{

{

𝑄
𝑗
[𝐸
𝑔,Al
𝑥
Ga
1−𝑥

N − 𝐸𝑔,GaN] ,
𝐿
𝑤

2
< 𝑧 <

𝐿
𝑤

2
+
𝐿
𝑏

2
,

−
𝐿
𝑤

2
−
𝐿
𝑏

2
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𝐿
𝑤

2
,

0 |𝑧| ≤
𝐿
𝑤

2
,

(3)

𝑉 (𝜌, 𝑝) =
{

{

{

0, 𝜌 ≤ 𝑅,

𝑄
𝑗
[𝐸
𝑔,Al
𝑥
Ga
1−𝑥

N − 𝐸𝑔,GaN] others.
(4)

In (2), F(p) is the pressure-dependent built-in electric
field (BEF) in the finitely thick barrier layer for WZ
GaN/AlxGa1−𝑥NQD.The values of the BEF along the growth
direction in the well (𝐹GaN) and barrier (𝐹Al

𝑥
Ga
1−𝑥

N) that result
from the difference in the total electric polarizations in each
region are given by simple formulas [14]:

𝐹GaN (𝑝) =



𝐿
𝑏
(𝑃

AlGaN
sp + 𝑃

AlGaN
pe − 𝑃

GaN
sp − 𝑃

GaN
pe )

𝜀
0
(𝐿
𝑏
𝜀GaN
𝑒
+ 𝐿
𝑤
𝜀AlGaN
𝑒

)



,

𝐹AlGaN (𝑝) = −
𝐿
𝑤

𝐿
𝑏

𝐹GaN (𝑝) ,

(5)

where 𝐿
𝑤
, 𝐿
𝑏
and 𝜀GaN
𝑒

, 𝜀AlGaN
𝑒

are the thicknesses and elec-
tronic dielectric constants for GaN and AlxGa1−𝑥Nmaterials,
𝑃
GaN
sp , 𝑃AlGaNsp and 𝑃GaNpe , 𝑃AlGaNpe are the spontaneous and

piezoelectric polarizations forGaN andAlxGa1−𝑥Nmaterials,
and the bowing parameter 𝜂 is chosen as −0.019 C/m2 [14]:

𝑃
AlGaN
sp = 𝑥𝑃

AlN
sp + (1 − 𝑥) 𝑃

GaN
sp − 𝜂𝑥 (1 − 𝑥) . (6)

The wave function of the electron confined in the WZ
GaN/AlxGa1−𝑥N QD can be written as

𝜓 (𝜌, 𝜑, 𝑧) = 𝑓 (𝜌) ℎ (𝑧) 𝑒
𝑖𝑚𝜑
, 𝑚 = 0, ±1, ±2, . . . ,

𝑓 (𝜌) =

{{

{{

{

𝐽
0
(𝛽𝜌) 𝜌 ≤ 𝑅,

𝐽
0
(𝛽𝑅)

𝐾
0
(𝛽𝑅)

𝐾
0
(𝛼𝜌) 𝜌 > 𝑅,

(7)

where the constants (𝛼 and 𝛽) are determined by the con-
tinuity of the derivative of the radial wave function at the
QD boundary and 𝑚 is the electron 𝑧-component angular
momentum quantum number.The radial wave function𝑓(𝜌)
of the electron can be obtained using the Bessel function 𝐽

𝑚
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and themodified Bessel function𝐾
𝑚
.Wave function ℎ(𝑧) can

be expressed by means of the Airy functions Ai and Bi [16]:
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Here 𝜀
𝑗
= ((2𝑚

∗

𝑗
/ℏ
2
)𝑒𝐹)
1/3
(𝑧 − 𝐸

𝑧
− 𝑉(𝑧, 𝑝)/𝑒𝐹). The coef-

ficients 𝐶
𝑗
and 𝐷

𝑗
(𝑗 = 1, 2, and 3) can also be obtained by

the transfer matrix methods [16].
In order to calculate the donor binding energy, the trial

wave function can be chosen as [17]

𝜙 (𝜌, 𝜑, 𝑧) = 𝑁𝜓 (𝜌, 𝜑, 𝑧) 𝑒
−𝛼(𝜌−𝜌

0
)
2

−𝛽(𝑧−𝑧
0
)
2

, (9)

where 𝑁 denotes the normalization constant; with the
adiabatic approximation, the donor binding energy of a
hydrogenic impunity 𝐸

𝑏
is defined as the difference between

the ground-state energy of the system without impunity and
the ground-state energy of the system with impurity; that is,

𝐸
𝑏
= 𝐸
0𝜌
+ 𝐸
0𝑧
−min
𝛼,𝛽

⟨𝜓
𝐻
𝜓⟩

⟨𝜓
𝜓⟩

. (10)

3. Pressure and Strain Dependence of
Physical Parameters

In this model, we take the strains induced by the biaxial
lattice mismatch into account. The components of biaxial
stress tensors of GaN and AlGaN materials are given under
the hydrostatic pressure 𝑃 [18]:

𝜀
𝑥𝑥,GaN = 𝜀𝑦𝑦,GaN =

𝑎eq (𝑝) − 𝑎GaN (𝑃)

𝑎GaN (𝑃)
,

𝜀
𝑥𝑥,AlGaN = 𝜀𝑦𝑦,AlGaN =

𝑎eq (𝑝) − 𝑎AlGaN (𝑃)

𝑎AlGaN (𝑃)
,

(11)

where the equilibrium lattice constant 𝑎eq for the strained
layer under hydrostatic pressure 𝑃 depends on the lattice
constants of the componentmaterials and is weighted by their
relative thicknesses [19]:

𝑎eq (𝑝) =
𝑎GaN𝐿𝑤 + 𝑎GaAlN𝐿𝑏

𝐿
𝑤
+ 𝐿
𝑏

. (12)

The lattice constant 𝑎] of theGaN (AlN)material dependence
of hydrostatic pressure satisfies [20]

𝑎] (𝑃) = 𝑎0,] (1 −
𝑝

3𝐵
0,]
) , ] = GaN,AlN. (13)

Here the actual lattice constant 𝑎AlGaN of theAlxGa1−𝑥Nmate-
rial can be obtained by the linear interpolation method from
the corresponding values of GaN and AlN. 𝐿GaN(𝐿GaAlN) is

the thickness of the dot (barrier) layer. The strain induced
by the biaxial lattice mismatch along the z-direction in the
heterostructure is [21]

𝜀
𝑧𝑧,GaN = 𝑅

𝐻

GaN𝜀𝑥𝑥,GaN,

𝜀
𝑧𝑧,AlGaN = 𝑅

𝐻

AlGaN𝜀𝑥𝑥,AlGaN.
(14)

The coefficient 𝑅𝐻] of the GaN (AlN) material is given by [21]

𝑅
𝐻

] =
𝐶
11,] (𝑃) + 𝐶12,] (𝑃) − 2𝐶13,] (𝑃)

𝐶
33,] (𝑃) − 𝐶13,] (𝑃)

, ] = GaN,AlN,

(15)

where 𝐶
𝜆𝜅,] is the pressure-dependent elastic stiffness con-

stant of material ] and is given by [21] 𝐶
𝜆𝜅,](𝑃) = 𝐶𝜆𝜅,](0) +

𝜎
𝜆𝜅,]𝑃 + 𝛿𝜆𝜅,]𝑃

2 and the coefficient 𝑅𝐻AlGaN and the pressure-
dependent elastic stiffness constant 𝐶

𝜆𝜅,AlGaN of AlxGa1−𝑥N
material can be obtained by the linear interpolation method
from the corresponding values of GaN and AlN. The strain-
dependent energy gaps of GaN and AlN are [22]

𝐸
𝑔,GaN = 𝐸𝑔,GaN (𝑝) + 2 (𝑎1,GaN + 𝑏1,GaN) 𝜀𝑥𝑥,GaN

+ (𝑎
2,GaN + 𝑏2,GaN) 𝜀𝑧𝑧,GaN,

𝐸
𝑔,AlN = 𝐸𝑔,AlN (𝑝) + 2𝑎1,AlN𝜀𝑥𝑥,AlN + 𝑎2,AlN𝜀𝑧𝑧,AlN,

(16)

where 𝑎
1,], 𝑎2,], 𝑏1,], and 𝑏2,] (] = GaN and AlN) are the

deformation potentials. The energy gap 𝐸
𝑔,](𝑝) dependence

of hydrostatic pressure 𝑃 is considered by the following
equation [22]:

𝐸
𝑔,] (𝑝) = 𝐸𝑔,] (0) + 𝜒]𝑝. (17)

The energy gap of the AlxGa1−𝑥N alloy can be calculated by
the following formula [14]:

𝐸
𝑔,AlGaN (𝑝) = (1 − 𝑥) 𝐸𝑔,GaN + 𝑥𝐸𝑔,AlN − 𝑏𝑥 (1 − 𝑥) . (18)

The biaxial strain and hydrostatic pressure dependences of
the electron effective masses in the 𝑥-𝑦 plane and the 𝑧-
direction can be calculated by [23]

𝑚
0

𝑚
⊥,//

] (𝑝)
= 1 +

𝐶
𝑗,]

𝐸
𝑔,] (𝑝)

, (19)

where 𝐶
𝑗,] is a fixed value for a given material ] and can be

derived from the values of𝑚⊥,//] (0) and 𝐸
𝑔,](0). In (5), under

consideration of the biaxial strain in a wurtzite structure
modified by hydrostatic pressure, the dielectric constants and
the phonon eigen-frequencies will also change. The static
dielectric constant 𝜀

𝜉
is influenced by biaxial strain and

hydrostatic pressure.The tensor components of 𝜀]
𝜉
for theWZ

structure are derived from the generalized Lyddane-Sachs-
Teller relation [24]:

𝜀
]
𝜉
(𝑝) = 𝜀

]
∞,𝜉
(𝑝)(

𝜔
]
LO,𝜉 (𝑃)

𝜔]TO,𝜉 (𝑃)
)

2

, (20)
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where the LO- and TO-phonon frequencies influenced by
biaxial strain and hydrostatic pressure can be written as

𝜔
]
𝑗,𝜉
= 𝜔

]
𝑗,𝜉
(𝑝) + 2𝐾

]
𝑗,𝜉,𝑥𝑥

𝜀
𝑥𝑥,] (𝑝) + 𝐾

]
𝑗,𝜉,𝑧𝑧

𝜀
𝑧𝑧,] (𝑝) . (21)

Furthermore, the hydrostatic pressure dependence of𝜔]
𝑗,𝜉

can
be given by [25]

𝛾
]
𝑗,𝜉
= 𝐵
0,]

1

𝜔]
𝑗,𝜉
(0)
(
𝜕𝜔

]
𝑗,𝜉
(𝑝)

𝜕𝑝
) , (22)

where the subscript 𝑗 represents LO or TO phonon, 𝜉 (𝜉 =⊥
or 𝑧) denotes 𝑥-𝑦 plane or 𝑧-direction, 𝜔]

𝑗,𝜉
(0) is the zone-

center phonon frequency of material ], 𝛾]
𝑗,𝜉

is Grüneisen
parameter of phonon mode given in [25], 𝐵

0,] is bulk
modulus, and 𝐾]

𝑗,𝜉,𝑥𝑥
and 𝐾]

𝑗,𝜉,𝑧𝑧
are the strain coefficients

of zone-center phonon modes. Following [14], the influence
of hydrostatic pressure on the high frequency dielectric
constants can be written as

𝜕𝜀
]
∞,𝜉
(𝑝)

𝜕𝑝
= −
5 (𝜀

]
∞,𝜉
− 1)

3𝐵
0,]

(0.9 − 𝑓
]
ion) . (23)

Here 𝑓]ion (] = GaN and AlN) is Phillips ionicity parameter
of material; the static bulk modulus 𝐵

0] under hydrostatic
pressure is given by [25]

𝐵
0] =

(𝐶
11,] (𝑃) + 𝐶12,] (𝑃)) 𝐶33,] (𝑃) − 2𝐶

2

13,] (𝑃)

𝐶
11,] (𝑃) + 𝐶12,] (𝑃) + 2𝐶33,] (𝑃) − 4𝐶13,] (𝑃)

, (24)

where 𝐶
11,], 𝐶12,], 𝐶13,], and 𝐶33,] are the elastic constants of

material ]. The effective mean relative dielectric constant in
(1) is defined as [26]

𝜀] (𝑝) =
2

3
𝜀
]
𝜉,⊥
(𝑝) +

1

3
𝜀
]
𝜉,𝑧
(𝑝) . (25)

Then the hydrostatic-pressure-modified biaxial and uniaxial
strain dependence of the static dielectric constant is fully
considered, whereas the dielectric constant of AlxGa1−𝑥N can
be calculated by the SCPA [13].The piezoelectric polarization
along the [0001] oriented WZ GaN/AlxGa1−𝑥N QD can be
calculated as [27]

𝑃
]
pe = 𝑒

]
33
(𝑝) 𝜀

]
𝑧𝑧
+ 2𝑒

]
31
(𝑝) 𝜀

]
𝑥𝑥
, (26)

where 𝑒]
31

and 𝑒]
33

are the pressure-dependent piezoelectric
constants of material ].

4. Results and Discussions

Under the strong built-in electric field induced by the sponta-
neous and piezoelectric polarizations, barrier thickness and
hydrostatic pressure effects on the donor binding energy of
hydrogenic impurity are investigated inWZGaN/AlxGa1−𝑥N
strainedQD. All material parameters used in our calculations
are listed in Tables 1–4.Material parameters of AlxGa1−𝑥Nare
estimated using a linear interpolation between the values of
the corresponding parameters of GaN and AlN.
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Figure 2:The built-in electric field𝐹GaN (𝐹AlGaN) in thewell (barrier)
layer along the QD growth direction as a function of the barrier
thickness 𝐿

𝑏
in WZ GaN/AlxGa1−𝑥N strained QD with the QD

height 𝐿
𝑤
= 3 nm, 𝑥 = 0.3 for different hydrostatic pressures 𝑃.

Figure 2 presents that the built-in electric field (BEF)
𝐹GaN (𝐹AlGaN) in the well (barrier) layer along the growth
direction 𝑧-axis as a function of the barrier thickness 𝐿

𝑏
in

WZ GaN/AlxGa1−𝑥N QD for different hydrostatic pressures
𝑃. Numerical results show that the BEF 𝐹GaN (𝐹AlGaN) is an
increasing (a decreasing) function of the barrier thickness 𝐿

𝑏
.

This is because the fact that the equilibrium lattice constant
𝑎eq of the strained layer and the components of the strain
tensor 𝜀

𝑥𝑥,𝑤
of the dot layer decrease with the increase of

the barrier thickness 𝐿
𝑏
according to (11), which induces

the decrement of the piezoelectric polarization in the dot
layer and the increment of the piezoelectric polarization in
the barrier layer along the QD growth direction. Therefore,
the BEF 𝐹GaN (𝐹AlGaN) gradually increases (decreases) (see
(5)). Moreover, Figure 2 also shows that the built-in electric
fields (𝐹GaN and 𝐹AlGaN) increase correspondingly as the
hydrostatic pressure 𝑃 increases; this is caused by the change
of the pressure-dependent piezoelectric constants, the biaxial
strains, and the dielectric constants of WZ GaN/AlxGa1−𝑥N
QD when the hydrostatic pressure increases.

In Figure 3, the built-in electric field (BEF) 𝐹GaN (𝐹AlGaN)
in the well (barrier) layer along the QD growth direction 𝑧-
axis is displayed as a function of the barrier thickness 𝐿

𝑏

for different Al compositions 𝑥 in WZ GaN/AlxGa1−𝑥N QD.
Numerical results show that the BEF 𝐹GaN (𝐹AlGaN) increases
(decreases) graduallywhen the barrier thickness𝐿

𝑏
increases.

This is caused by the change of the pressure-dependent
piezoelectric constants, the biaxial strains, and the dielectric
constants of WZ GaN/AlxGa1−𝑥N strained QD. In addition,
Figure 3 also shows that the BEF 𝐹GaN (𝐹AlGaN) increases
as Al composition 𝑥 increases, but the BEF 𝐹AlGaN remains
insensitive to the bigger barrier thickness 𝐿

𝑏
. The reason
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Table 1: Lattice constant 𝑎 (in units of nm), effective mass 𝑚
𝑒
(in units of a free-electron mass 𝑚

0
), piezoelectric constants 𝑒

31
and 𝑒

33
(in

units of C/m2), and deformation potentials 𝑎
1
, 𝑎
2
, 𝑏
1
, and 𝑏

2
(in units of eV) for GaN and AlN.

𝑎 𝑚
⊥

𝑚
//

𝑒
31

𝑒
33

𝑎
1

𝑏
1

𝑎
2

𝑏
2

GaN 0.3189a 0.18a 0.2a −0.44b 0.67b −4.09c −8.87c −7.02c 3.65c

AlN 0.3112a 0.25a 0.33a −0.53b 1.50b −3.39c −11.81c −9.42c 4.02c
aReference [14], bReference [28], and cReference [18].

Table 2: Band gap 𝐸
𝑔
(in units of eV), spontaneous polarization (in units of C/m2), elastic constants 𝐶

11
, 𝐶
12
, 𝐶
13
, and 𝐶

33
(in units of GPa),

Phillips iconicity parameter 𝑓ion, and the high frequency dielectric constant 𝜀
∞
for GaN and AlN.

𝐸
𝑔

𝑝
sp

𝐶
11

𝐶
12

𝐶
13

𝐶
33

𝑓ion 𝜀
∞,⊥

𝜀
∞,𝑧

GaN 3.507a −0.034a 365b 139b 101b 405b 0.5a 5.20a 5.39a

AlN 6.230a −0.090a 397b 143b 112b 371b 0.499a 4.30a 4.52a
aReference [7]; bReference [28].
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Figure 3:The built-in electric field𝐹GaN (𝐹AlGaN) in thewell (barrier)
layer along the QD growth direction as a function of the barrier
thickness 𝐿

𝑏
in WZ GaN/AlxGa1−𝑥N strained QD with the QD

thickness 𝐿
𝑤
= 3 nm, 𝑃 = 0GPa for different Al compositions 𝑥.

can be given as follows. When Al composition 𝑥 increases,
the equilibrium lattice constant 𝑎eq of the strained layer
decreases according to (11); therefore, the absolute values
of strain tensor 𝜀

𝑥𝑥,𝑏
and 𝜀

𝑧𝑧,𝑏
of the barrier layer along

the QD growth direction increase, which induces that the
piezoelectric polarization in the barrier layer increases, and
then the BEF 𝐹GaN (𝐹AlGaN) increases correspondingly in (4).

In Figure 4, the ground-state donor binding energy is
shown as a function of theQD radius inWZGaN/AlxGa1−𝑥N
QD with the parameters (𝐿

𝑤
= 2 nm, 𝐿

𝑏
= 5 nm, and

𝑥 = 0.3) for different hydrostatic pressures (𝑝 = 0Gpa,
4Gpa, and 8Gpa). The impurity ion is placed at the center
of the QD. As shown in Figure 4, the donor binding energy
increases with decreasing the radius 𝑅 in all cases, reaches

a maximum value, and then decreases rapidly. The behavior
is related to the variation of the electron confinement in
QD; the electron wave function is firmly localized inside the
QD with decreasing the QD radius. Therefore, the Coulomb
interaction between the electron and the impurity ion is
enhanced, and the donor binding energy increases corre-
spondingly. Moreover, when the radial thickness decreases
continuously to a certain value, the kinetic energy of the
confined electron rises greatly, which increases greatly the
probability of the electron penetrating into the potential
barrier by the uncertainty principle and therefore the donor
binding energy starts decreasing quickly. Moreover, Figure 4
also displays that the larger the hydrostatic pressure is, the
bigger the donor binding energy is. The main reasons can be
given as follows.With the increase of the hydrostatic pressure,
the dielectric constants, the electron effective mass, and the
finite confinement potential barrier will increase, which will
result in bigger donor binding energy.

Figure 5 demonstrates that the ground-state donor bind-
ing energy in cylindricalWZGaN/AlxGa1−𝑥NstrainedQDas
a function of the height 𝐿

𝑤
with the parameters (𝑅 = 10 nm,

𝐿
𝑏
= 20 nm, and 𝑥 = 0.3) for different hydrostatic pressures

(𝑃 = 0Gpa, 4Gpa, and 8Gpa). The impurity ion is placed at
the center of the QD, setting 𝜌

0
= 0 and 𝑧

0
= 0. As expected,

in all cases of hydrostatic pressures, the donor binding
energy increases with a decrease of the QD height, reaches
a maximum value, and then decreases quickly in finite
potential barrier. For a fixed value of the barrier thickness
𝐿
𝑏
, the size quantization confinement of the electron wave

function goes strongerwith the decrease of theQDheight, the
electron-impurity Coulomb interaction becomes larger, and
when the QD height becomes small enough, the probability
of the electron leaking into the potential barrier increases
greatly by the uncertainly principle. Therefore, the donor
binding energy decreases correspondingly. In addition, the
curves in Figure 5 also show that the stronger the applied
hydrostatic pressure is, the bigger the donor binding energy
is. Take the QD height 𝐿

𝑤
= 4 nm for example; a change

of the hydrostatic pressure from 0 to 8Gpa results in an
increase of the impurity binding energy𝐸

𝑏
from 34.03meV to

48.35meV. As expected, with the increase of the hydrostatic
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Table 3: Strain coefficients of the zone-center phonon modes 𝐾]
𝑗,𝜉,𝑥𝑥

and 𝐾]
𝑗,𝜉,𝑧𝑧

(in units of cm−1) for GaN and AlN.

𝐾To,⊥,𝑥𝑥 𝐾To,𝑧,𝑥𝑥 𝐾To,⊥,𝑧𝑧 𝐾To,⊥,𝑧𝑧 𝐾Lo,⊥,𝑥𝑥 𝐾Lo,𝑧,𝑥𝑥 𝐾Lo,⊥,𝑧𝑧 𝐾Lo,⊥,𝑧𝑧

GaN −1139a −931a −300a −443a −1198a −885a −389a −618a

AlN −1208a −1330a −391a −70a −1233a −1038a −442a −434a
aReference [14].

Table 4: Band gap pressure coefficient 𝜒 (meV/GPa), phonon frequencies 𝜔LO and 𝜔TO (cm−1) for GaN and AlN, and Grüneisen parameter
of phonon mode 𝛾]

𝑗,𝜉
.

𝜒 𝜔Lo,⊥ 𝜔Lo,𝑧 𝜔To,⊥ 𝜔To,𝑧 𝛾Lo,⊥ 𝛾Lo,𝑧 𝛾To,⊥ 𝛾To,𝑧

GaN 39a 757b 748b 568b 540b 0.91b 0.82b 1.18b 1.02b

AlN 40a 924b 898b 677b 318b 0.99b 0.98b 1.19b 1.21b
aReference [29]; bReference [28].
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Figure 4: The ground-state donor binding energy in cylindrical
WZ GaN/AlxGa1−𝑥N strained QD as a function of the radius 𝑅 for
𝐿
𝑤
= 2 nm, 𝐿

𝑏
= 5 nm, 𝑥 = 0.3 and several values of the hydrostatic

pressure 𝑃.

pressure 𝑝, electron effective masses and dielectric constants
of GaN and AlxGa1−𝑥N materials become lager, and a
growth of the hydrostatic pressure leads to the increase of
the finite potential barrier, which will lead to the electron
wave function being firmly squeezed around the impurity
ion, and consequently the donor binding energy increases
correspondingly.

The ground-state donor binding energy as a function of
Al composition 𝑥 in WZ GaN/AlxGa1−𝑥N QD is displayed
in Figure 6 for different hydrostatic pressures 𝑃. Numerical
results show that the donor binding energy for the central
impurity inWZGaN/AlxGa1−𝑥N strained QD increases with
the increase of Al composition. This is because that the
competition effects between the built-in electric field and
the potential barrier confinement will change the strength of
the electron-impurity interaction. For the small QD height
𝐿
𝑤
= 2 nm, as the Al concentration increases, conductor
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Figure 5:The ground-state donor binding energy in cylindricalWZ
GaN/AlxGa1−𝑥NstrainedQDas a function of theQDheight (𝐿

𝑤
) for

𝑅 = 10 nm,𝐿
𝑏
= 20 nm,𝑥 = 0.3 and several values of the hydrostatic

pressure 𝑃.

band offset of WZ GaN/AlxGa1−𝑥N QD increases, and the
potential barriers on the surfaces of QD play the main
role in the distribution of the electron wave function. In
addition, the bigger the Al composition 𝑥 is, the larger
the potential barrier is, which results in the fact that the
probability of the electron leaking into the barrier region
becomes small. Accordingly, increasing the Coulomb effect
between the electron and the impurity ion leads to the
enhancement of the binding energy. Figure 6 also shows that
the donor binding energy increases with the increment of
the hydrostatic pressure 𝑃. This is due to the fact that the
electron wave function is strongly compressed in the QD
as hydrostatic pressure 𝑃 increases, and the strength of the
electron-impurity interaction becomes larger, leading to the
enhancement of the binding energy correspondingly.

To clarify the effect of the hydrostatic pressure on the
ground-state donor binding energy, we investigated the
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Figure 7: The ground-state donor binding energy in cylindrical
WZ GaN/AlxGa1−𝑥N strained QD as a function of the hydrostatic
pressure (P) with 𝑅 = 5 nm and 𝑥 = 0.1(0.3) and for different QD
heights and barrier thicknesses.

donor binding energy in cylindrical WZ GaN/AlxGa1−𝑥N
strained QD with the parameters (𝑅 = 5 nm, 𝑥 = 0.1(0.3),
𝜌
0
= 0 nm, and 𝑧

0
= 0 nm) for several values of

QD height and barrier thickness. From Figure 7, one can
observe that the donor binding energy increases almost
linearly as the hydrostatic pressure 𝑃 increases. The pressure
behavior in WZ GaN/AlxGa1−𝑥N QD can be explained by
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Figure 8:The ground-state donor binding energy in cylindricalWZ
GaN/AlxGa1−𝑥N strained QD as a function of the barrier thickness
𝐿
𝑏
along the QD growth direction for 𝑅 = 10 nm, 𝐿

𝑤
= 3 nm, 𝑥 =

0.2 and several values of the hydrostatic pressure P.

the modification of the polarization in the dot layer by the
pressure induced strain, which leads to a significant increase
of the BEF 𝐹GaN in the QD. This behavior is in agreement
with the result of [13]. In addition, the stronger the applied
hydrostatic pressures is, the bigger the electron effective
masses and dielectric constants of GaN and AlxGa1−𝑥N
materials are, and the finite confinement potential at the
boundary of GaN QD also becomes large under the bigger
hydrostatic pressure; hence the expected value of the distance
between the electron and the impurity ion reduces and the
strength of the electron-impurity interaction becomes larger,
which will lead to the increase of the donor binding energy
correspondingly. Taking the solid curve for example, the
donor binding energy increases by 21.15meV approximately
if the hydrostatic pressure 𝑃 increases from 0 to 8GPa. Thus,
the hydrostatic pressure has an important influence on the
donor binding energy.

Figure 8 displays the ground-state donor binding energy
as a function of the barrier thickness 𝐿

𝑏
along the QD growth

direction with the parameters (𝑅 = 10 nm, 𝐿
𝑤
= 3 nm,

𝜌
0
= 0 nm, 𝑥 = 0.2 and 𝑧

0
= 0 nm) and different values

of the hydrostatic pressure 𝑃. The impurity ion is located
at the centre of the QD. We can see from Figure 8 that
the donor binding energy increases, reaching a maximum
value, and then reduces gradually with the increase of the
barrier thickness 𝐿

𝑏
in all cases. As expected, the cures in

Figure 8 also show that the donor binding energy has a
maximum value. This is because the enhancement of the
barrier thickness leads to the change of the finite confinement
potential along the QD growth direction. As the barrier
thickness 𝐿

𝑏
increases, the finite confinement potential at the

bottom of the QD becomes small, and the one at the top of
the QD becomes big due to the strong built-in electric field
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Figure 9: The ground-state donor binding energy in a cylindrical
WZGaN/AlxGa1−𝑥N strainedQD as a function of the axial impurity
position 𝑧

0
for𝑅 = 6 nm, 𝐿

𝑤
= 3 nm, 𝐿

𝑏
= 5 nm, 𝑥 = 0.3 and several

values of the hydrostatic pressure P.

effects. When the QD barrier thickness 𝐿
𝑏
increases to about

11 nm, the finite confinement potentials at two sides of theQD
along the growth direction are approximately equal, which
leads to the fact that the electron wave function is strongly
compressed around the central impurity ion. Therefore, the
Coulomb action between the electron and the impurity ion
reaches a maximum.

In Figure 9, the ground-state donor binding energy is
investigated as a function of the impurity position 𝑧

0
along

the QD growth direction with the parameters (𝑅 = 6 nm,
𝐿
𝑤
= 3 nm, 𝑥 = 0.3 and 𝜌

0
= 0 nm) and different values of

the hydrostatic pressure 𝑃. As shown in Figure 9 the curves
in all cases are absolutely asymmetry, and the donor binding
energy demonstrates a maximum value when the impurity
is located from the plane 𝑧 = −𝐿

𝑤
/2 to the symmetry

plane 𝐿
𝑤
/2 along the growth direction of the QD, and the

maximum value of the donor binding energy is not located at
the point [0, 0]. This is because the fact that the strong BEF
modifies the spread of the electron wave function in the QD,
and the direction of the built-in electric field 𝐹

𝑤
in the dot

layer is opposite to the growth direction of the QD.Thus, the
built-in electric field 𝐹

𝑤
pushes the electron toward the right

side of the QD. This behavior is in agreement with the result
of [17]. In addition, the curves also show that the stronger
the hydrostatic pressure is, the larger the peak value of the
donor binding energy is with the same parameters (𝐿

𝑤
, 𝑅,

and 𝜌
0
). Moreover, the position of the peak value of the donor

binding energy is also shifted to positive 𝑧-direction. This is
because the fact that the electronic wave function is obviously
modified, and the bigger concentration of the electron wave
function is squeezed strongly around the impurity ion. In
addition, the stronger the hydrostatic pressure is, the bigger

the localization effect of the electron wave function is, so that
the peak value of the binding energy increases accordingly.
Therefore, the distribution of the electron wave function is
not central symmetrical about the QD in the presence of the
strong BEF.

5. Conclusions

With the framework of the effective mass approximation,
the ground-state donor binding energy in a cylindrical WZ
GaN/AlxGa1−𝑥N strained QD is investigated theoretically in
the presence of built-in electric field and hydrostatic pressure
by using a variational approach. The ground-state donor
binding energy depends strongly on dot radius, hydrostatic
pressure, impurity position, and barrier thickness in the
finite confinement potential. Numerical results show that the
donor binding energy increases firstly, reaches a maximum
value, and then drops slowly as the QD radius (height)
decreases. And the donor binding energy is an increasing
function of Al composition 𝑥 and/or hydrostatic pressure. In
addition, the donor binding energy has a maximum value,
when the impurity position moves along the symmetry axis
of the QD from the bottom of the QD to the top, and the
position of the peak value of the donor binding energy is also
shifted towards positive 𝑧-direction. Moreover, the stronger
the hydrostatic pressure is, the larger the peak value of the
donor binding energy is with the same spatial confinement.
The electronic wave function distribution in the QD is also
obviously modified by the hydrostatic pressure. We hope that
our results would stimulate further researches and lead to
some potential applications on group-III nitride materials.
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Monodisperse CdS spheres of size of 40 to 140 nm were obtained by microwave heating from basic solutions. It is observed that
larger CdS spheres were formed at lower solution pH (8.4–8.8) and smaller ones at higher solution pH (10.8–11.3). The color of
CdS products changed with solution pH and reaction temperature; those synthesized at lower pH and temperature were of green-
yellow color, whereas those formed at higher pH and temperature were of orange-yellow color. A good photovoltage was observed
in CdS:poly(3-hexylthiophene) solar cells with spherical CdS particles. This is due to the good dispersion of CdS nanoparticles in
P3HT solution that led to a large interface area between the organic and inorganic semiconductors. Higher photocurrent density
was obtained in green-yellow CdS particles of lower defect density. The efficient microwave chemistry accelerated the hydrolysis of
thiourea in pH lower than 9 and produced monodisperse spherical CdS nanoparticles suitable for solar cell applications.

1. Introduction

The increasing social conscience on the use of clean and re-
newable energy resources motivates the search on newmate-
rials, processes, or technologies for clean energy conversion
systems. For solar photovoltaics, in particular, the research
activities on low cost organic or hybrid (organic-inorganic)
solar cells are very intensive. The so-called hybrid hetero-
junction solar cells contain photoactive layers consisting
of an inorganic semiconductor as electron conductor and
an organic one as hole conductor. The inorganic semicon-
ductors could be PbS, Si, CdTe, CdSe, CdS, TiO

2
, ZnO,

and so forth, and the organic semiconductors could be
poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(2-methoxy-
5-(20-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV),
poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta(2,1–b;3,4–b)-
dithio-phene)-alt-4,7-(2,1,3-benzo-thiadiazole)) (PCPDTBT),
poly[[4,8-bis[(2-ethylhexyl)oxy] benzo [1,2-b:4,5-b0] dithio-
phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,
4-b]thiophenediyl]] (PTB7), and so forth. Review articles
about hybrid solar cells can be found in literature [1–3].

Among the inorganic electron conductors, cadmium
sulfide (CdS) was one of the most studied [4–6]; the energy
conversion efficiency of the solar cells achieved 4.1% by using
CdS quantum dots bound onto crystalline P3HT nanowires
through solvent-assisted grafting and ligand exchange [7].
In literature, the CdS nanocrystals with size smaller than
10 nm were mostly synthesized through solution via using
encapsulation agents, trioctylphosphine oxide (TOPO), for
example, to avoid the agglomeration of the crystals [8];
without any encapsulation agent, the obtained CdS particles
were of micron size and showed hydrophobic characteristic
[9]. Since the encapsulation agents were electrically insulated,
their presence in the active layers increases the series resis-
tance and reduces the energy conversion efficiency of the
resulting solar cells. The synthesis of larger monodisperse
CdS spheres of 0.25 to 20 𝜇mwithout encapsulation agent had
been reported by using colloidal method in acidic solutions
[10–12], although the optical and electrical properties of the
obtainedCdS products had not been analyzed in thoseworks.

Microwave heating is also an effective and homoge-
neous process that can be used for synthesis of inorganic
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nanoparticles. Microwave radiations can heat any material
containing mobile charge such as polar molecules or ions
in solutions or solids. For example, spherical monodisperse
nanomaterials of organically passivated binary and ternary
III-V(InGaP, InP) and II-VI (CdSe) materials were syn-
thesized with microwave synthetic methodology [13]. The
organic passivation of the nanomaterials was through the
use of the strong microwave absorber TOPO that led to the
formation of spherical nanocrystals of 2–6 nm, depending on
the reaction temperature and radiation power. On the other
hand, highly monodisperse submicrometer CdS colloidal
spheres with a controllable and tunable size (between 80
and 500 nm) have been synthesized through a solvothermal
techniquewith salts of cadmium (Cd(NO

3
)
2
⋅3H
2
O), thiourea

(TU), and polyvinylpyrrolidone (PVP) in ethylene glycol
[14].Themixture was sealed in a 50mL PTFE-lined stainless-
steel autoclave and was heated at 140∘C for 8 h to 24 h, which
was quite long compared to microwave synthesis method
(usually less than 30min). However, the presence of about
8wt% PVP as residues in the product was detected even after
the sample had been thoroughly washed.

Either TOPO or PVP helps to formmonodisperse spheri-
cal CdS of size fromnanometers to submicrons.The synthesis
of CdS nanoparticles without organic dispersers has been
a challenge for solar cell applications. In a previous work,
cadmium salt, sodium citrate, pH adjuster (KOH), and two
different sources of sulfur, thioacetamide (TA) or TU, were
used to synthesize CdS in a microwave oven with basic solu-
tions [15]. It reported that the CdS products from TA recipe
were much more crystalline and showed morphology of
hexagonal particles with random distribution of particle size.
Under the same reaction conditions, however, the use of TU
led to the formation of hydrophobic monodisperse spherical
CdS particles of about 100 nm. In thiswork, it is demonstrated
that monodisperse spherical CdS nanoparticles with diame-
ters from 40 to 140 nm could be obtained through a careful
control of solution pH, reaction temperature, and time during
the microwave assisted heating. The homogeneous heating
and enhanced reaction rates given by microwave chemistry
[13] enabled the formation of monodisperse CdS spheres of
different particle and crystal sizes. The effect of synthesis
conditions of CdS products on the photovoltaic performance
of CdS-P3HThybrid solar cells was also analyzed.Microwave
heatingwas a simple and efficientmethod to obtainmonodis-
perse inorganic semiconductor nanoparticles for solar cell
applications.

2. Experimental

CdS nanoparticles were synthesized in a microwave oven
(Anton Paar Synthos 3000). The solution was made of 19mL
of 0.03M CdCl

2
(Reasol), 9mL of 0.1mM sodium citrate

(HOC(COONa)(CH
2
COONa)

2
) (Fermont, 99.9%), 1–3mL

of 0.1MKOH (J. T. Baker 88%) to keep the pH value
of the solution between 8.4 and 11.3, 19mL of 0.3MTU
(NH
2
CSNH

2
) (Fermont 99.3%), and 1.5mL of deionized

water.The total reaction solution in a reactor tube was 50mL.
The reaction temperature was set at 100 or 150∘C, the reaction
time for 10 or 30min, and the power of themicrowave oven at

600W.The initial reaction pressure was 0.8–2 bars and ended
up to 60 bars. The obtained CdS suspension was centrifuged,
decanted, rinsed with methanol, centrifuged for the second
time, decanted again, and dried at room temperature for
about 48 h. No further washing or thermal treatment was
made on the dried CdS products.

X-ray diffraction (XRD) patterns of CdS powders were
recorded in a Rigaku Ultima IV X-ray diffractometer (CuK-
radiation 𝜆 = 0.154 nm). Scanning electron microscope
(SEM) analysis was performed in a Hitachi FE-5500. The
size distribution of CdS nanoparticles in an area of 3𝜇m ×
3 𝜇m was counted with the free software IMAGEJ64. Pho-
toluminescence spectra of CdS powders, dispersed in water,
were taken in a Perkin-Elmer Fluorimeter LS55 with 370 nm
as excitation wavelength for emission spectra and a filter
of 430 nm to eliminate the second harmonic signals. The
concentration of the powder in water was about 0.75 to
1.5mg/mL to maintain the particles separated in the solution
(appearance of 450 nm emission band; see the text in the
next section). Fourier transform infrared (FT-IR) spectra of
CdS powders in KBr pellets were recorded in a Spectrum
GX of Perkin-Elmer. Thermogravimetric analysis (TGA)
was carried out in a TGA Q500 of TA Instruments in a
temperature range of 20 to 400∘C with a heating rate of
10∘C/min under nitrogen ambient.

For solar cell preparation, thin films of cadmium sulfide
(CdS-f), of thickness of about 50 nm, were deposited by
chemical bath deposition on transparent conductive glass
substrates (indium tin oxide, ITO, coated glass with sheet
resistance of 15Ω per square, Lumtec) with the same process
as described previously [16]. CdS-f acts as a hole blocking
layer in hybrid solar cells. The active layers were formed
by CdS powder with poly(3-hexylthiophene) (P3HT, Aldrich
regioregular, 97%). Dried CdS powder was blended with
P3HT solution in 1,2-dichlorobenzene (DCB). The weight
ratio between inorganic nanoparticles and conducting poly-
mer, CdS:P3HT, was chosen as 1 : 1 or 3 : 1.Themixed solution
was spin coated on the CdS-f, dried at 70–80∘C, and annealed
at 150∘C for 10min. Carbon paint (CP) solution was spread
first on the surface of active layers and dried in air. Then
gold contacts of about 40 nm of thickness were deposited
by thermal evaporation on top of CP. The use of CP was to
improve the ohmic contact between P3HT and Au and avoid
the gold atom diffusion towards the active layer [17].The final
structure of the cells was ITO/CdS-f/CdS-P3HT/CP/Au, and
the whole devices were annealed in air at 110∘C for 10min
to improve the junction between the metal contact and the
active layer. Current-voltage (I-V) curves of solar cells were
taken under illumination of one Sun with a solar simulator
(Oriel) in air under ambient conditions. The intensity of the
xenon lamp was adjusted to 100mW/cm2.

3. Results and Discussion

3.1. Monodisperse Spherical CdS Particles. Spherical particles
with relatively narrow distributions have been observed in
microwave synthesized CdS products at 100∘C or 150∘C for
10 or 30min from solutions of pH 8.5 to 10.8 (Figure 1).
The size of the particles varied from 52 nm to 137 nm and
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Figure 1: SEM micrographs of monodisperse CdS nanoparticles synthesized by microwave heating at (a) 100∘C for 10min with solution of
pH 8.5, (b) 100∘C for 30min with solution of pH 8.5, (c) 150∘C for 10min with solution of pH 8.4, and (d) 100∘C for 30min with solution of
pH 10.8.

was a function of the initial solution pH (Figure 1(b) versus
Figure 1(d)), the reaction temperature (Figure 1(a) versus
Figure 1(c)), and time (Figure 1(a) versus Figure 1(b)). The
effect of the experimental conditions on the formation of
monodisperse CdS nanoparticles will be discussed as follows.

3.1.1. Effect of pH. The formation of monodisperse spherical
CdS particles was faster in solutions of lower pH. For
example, at reaction temperature (100∘C), CdS spheres of
about 117 nm were formed during the first 10min of reaction
when the solution pHwas at 8.4 to 8.8 (Figure 1(a)). However,
at the same reaction temperature it would take about 30min
to form smaller particles (about 51 nm) from solutions of pH
values between 10.8 and 11.3 (Figure 1(d)). Figure 2 shows
the dependence of CdS particle size (𝑦) as a function of
the solution pH value (𝑥, in an interval of 8.5 to 11.3) for
those CdS products synthesized at 100∘C for 30min. The
experimental data were fitted with an exponential decay:

𝑦 = 43.11 + 94.70 exp(−(𝑥 − 8.40)/0.69). Under the same
synthesis temperature for the same period of time, lower pH
produced larger spherical CdS particles.

3.1.2. Effect of Reaction Time. At low pH region (8.4 to 8.8),
monodisperse CdS nanoparticles were formed independent
of the reaction temperature and time, as observed in Figures
1(a), 1(b), and 1(c). Longer reaction time led to larger particle
size. Figures 3(a) and 3(b) exhibit SEM images with larger
magnification of the same samples in Figures 1(a) and 1(b):
CdS products synthesized from solutions of pH 8.5 at 100∘C
for 10min (Figure 3(a)) and 30min (Figure 3(b)).The average
particle sizewas 117 nmafter 10min of reaction, and it became
about 126 nm after 30min of reaction. The increase of the
diameter of the particles was about 8% in the additional
20min of reaction.

However, at high pH region (10.8 to 11.3), the formation
of spherical particles took longer time and the particle size
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Figure 2: Correlation of the average CdS particle size and the pH of
the initial solution for those CdS products synthesized at 100∘C for
30min (black squares). The data were fitted with single exponential
decay (red solid line).

was smaller in comparison with those synthesized at lower
pH. Figures 3(c) and 3(d) show the SEM images of two CdS
products synthesized at 100∘C and a high pH value (11.2)
with the difference on the reaction time. It is observed that
the interval of 10min was not sufficient to form separated
spherical CdS particles (Figure 3(c)), and after 30min of
reaction the previous long chains of CdS were separated into
individual CdS particles with an average size of about 40 nm
(Figure 3(d)). If the reaction temperature was at 150∘C, the
very small CdS particles were agglomerated into large clusters
and after 10min of reaction no separated spheres could be
formed (Figure 3(e)).

3.1.3. Effect of Reaction Temperature. The range of reaction
temperature for CdS synthesis by microwave heating had
been chosen originally between 50 and 150∘C. But the
reaction kinetics was so slow at 50∘C that it took 60min
to obtain about 10mg of the CdS product, which was not
sufficient to prepare one solar cell. Therefore, it decided to
choose 100∘C or 150∘C as the reaction temperature. The CdS
products synthesized at these two temperatures for 10min
and at the same solution pH were compared to analyze the
effect of the reaction temperature on the CdS crystal or
particle characteristics.

As showed in Figures 1(a) and 1(c), larger CdS spheres
were obtained at higher reaction temperature when the
solution pH was low (8.4–8.8). In both cases, spherical
particles with diameters of about 100 nm were observed. By
making a statistic counting in areas of more than 3𝜇m ×
3 𝜇m, it is found that the average size of CdS synthesized at
100∘C for 10min was 117.42±17.84 nm (Figure 1(a)), whereas
the average size of CdS synthesized at 150∘C for 10min was
equal to 137.14 ± 27.92 (Figure 1(c)). This suggests that the
higher the reaction temperature, the larger the average CdS
particle size. As for higher solution pH values (10.8–11.3),
no spherical CdS nanoparticles were formed, for synthesis
time interval of 10min, either at 100∘C (Figure 3(c)) or at

150∘C (Figure 3(e)). This concludes that the main factor that
controls the formation of spherical CdS particles was the
solution pH value; the effect of temperature was to increase
the particle size (lower pH) or change the surfacemorphology
of the CdS products (higher pH), as will be discussed in the
next section.

In a conventional solution precipitation process, the
hydrolysis of thiourea at 60 to 80∘C requires a solution
pH higher than 10; the precipitation of CdS powder or
formation of CdS thin film was kinetically too slow as the
pH of the solution was lower than 9. The CdS products
obtained in this work confirmed that microwave chemistry
enhances hydrolysis of thiourea at pH lower than 9 either by
overcoming local intermediates (ions, solvents, etc.) which
act as traps along the reaction trajectory or by increasing
the microscopic temperature of the reaction [13]. The com-
bination of an adequate kinetics of reaction at lower pH
and the homogeneous interaction of microwave radiation
with solvent and polar molecules/ions made the formation
of monodisperse spherical CdS nanoparticles at low reaction
temperature in a short period of time possible.

3.2. CdS Crystal Size and Emission Bands. All the CdS
particles observed in previous SEM images contain smaller
grains or crystals. Figures 4(a) and 4(b) exhibit the SEM
images with largermagnification of the same samples showed
in Figures 1(a) and 1(c), respectively, synthesized at 100 and
150∘C for 10min from solutions of pH 8.4–8.5. They indicate
that the size of grains or crystals inside the particles depends
on the reaction temperature, and higher reaction temperature
induced larger size of grains or crystals. XRD patterns of the
two CdS products in Figure 4 were exhibited in Figure 5(a).
With the maximum peaks located at 2𝜃 around 24.8∘, 26.5∘,
28.2∘, 44.0∘, 47.8∘, and 52.1∘, the CdS products obtained by
microwave heatingwere crystalline of hexagonal Greenockite
CdS structure (JCPDS 08-0006). Using the Scherer equation
the average crystal size was estimated by choosing the
diffraction peak at 44∘, and it was found to be 9.2 nm for CdS
synthesized at 100∘Cand 10.4 nm for that synthesized at 150∘C
(SEM images in Figures 4(a) and 4(b), resp.).

The same crystalline structure was also observed in the
CdS products obtained from high solution pH (11.0 to 11.3)
even as they did not have a spherical morphology (SEM
images in Figures 3(c) and 3(e)). In these cases the XRD
patterns (Figure 5(b)) demonstrate that the crystal size was
10.4 nm for CdS synthesized at 150∘C for 10min and 10.0 nm
for those synthesized at 100∘C for 10min. On the other
hand, comparing the XRD patterns in Figures 5(a) and 5(b),
it is concluded that the solution pH also influences the
CdS crystal size. The CdS products synthesized at lower
temperature (100∘C for 10min) from solutions of pH 8.5 and
11.0 indicated that lower pH sample had smaller crystal size
(9.2 nm), and the higher pH sample had larger crystal size
(9.5 nm). At the same time, lower pH sample (Figure 1(b))
had larger spherical particle size (126 nm), and the higher pH
one (Figure 1(d)) showed the smaller particle size (52 nm).
Namely, under the same reaction conditions, high solution
pH enlarged the CdS crystal size but reduced the diameter
of the spherical CdS particles. Finally, it is observed that
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Figure 3: SEM images of CdS products synthesized in solutions with the initial pH 8.5 at 100∘C for (a) 10min and (b) 30min. SEM images of
CdS nanoparticles synthesized with the initial solution of pH 11.2 ± 0.1 (c) at 100∘C for 10min, (d) at 100∘C for 30min, and (e) at 150∘C for
10min.
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Figure 4: SEM images of CdS nanoparticles synthesized with pH 8.5 ± 0.1 of the initial solutions at (a) 100∘C and (b) 150∘C for 10min.
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Figure 5: XRD patterns of CdS products synthesized (a) at 100 and 150∘C for 10min from solutions of pH 8.4–8.5 (Figures 5(a) and 5(b),
resp.), (b) at 100∘C and 150∘C for 10min from solutions of pH 11.0–11.3 (Figures 4(a) and 4(c), resp.).

the reaction time did not affect the crystal size of the CdS
products (not showed here), although it did increase the
spherical particle size, as mentioned before.

Formation of larger CdS crystallites at alkaline solutions
obeys the chemical reaction mechanism of CdS solution pre-
cipitation with thiourea [18–20]. The hydrolysis of thiourea
requires higher concentration of hydroxide (OH−) and the
formation of CdS was favored at pH 11 during the conven-
tional solution precipitation. Larger nucleation-growth rate
of CdS crystals at higher solution pH reduces the probability
of CdS agglomeration, since the rapid crystal nucleation-
growth process would overcome that of the crystal agglomer-
ation on the existing particles. Therefore, when the solution
pH was higher, larger amount of smaller particles would be
formed, as can be seen in the SEM images of the CdS samples
obtained at higher pH (Figures 3(c)–3(e)). Actually, the yield
of the CdS product frompH 10.8 solutionwas 158.9mg,much
higher than that from the pH 8.8 one: 90.4mg, when the
reaction temperaturewas at 100∘Cand the interval of reaction
time was 30min for a total solution volume of 100mL.

At the same time, optical properties of CdS products also
showed the dependence on the pH value of the synthesis
solution. It is observed that twodifferent colorswere observed
in the CdS products under white light reflection: green-
yellow color for those synthesized at 100∘C (or lower) with
the solution pH smaller than 9.4, or orange-yellow color for
the rest of the synthesis conditions.The reaction time did not
affect the color of CdS products if they were synthesized at
the same temperature for the same solution pH.The different
color of the CdS products should come from the different
optical properties of the materials, which in turn should be
related to the size and/or surface defects of the crystals inside
the CdS particles.

Photoluminescence (PL) spectra of CdS particles dis-
persed in water describe the light emissions occurring when
the photoexcited electrons went from excited states back to

ground states after the incidence of monochromatic light.
Since the intensity of the xenon lamp was not strong, the
incident light on the CdS nanoparticles would be mostly
absorbed by the atoms at the outside layers of those nanopar-
ticles and the resulting emission spectra should indicate the
available energy states of the species at the exterior layers
of CdS particles. Figure 6 exhibits the PL spectra after the
370 nm wavelength excitation of the same 4 CdS samples
in Figure 5. All the PL spectra had been deconvoluted into
four or five individual bands, choosing each shoulder in
the original spectra as the center of an individual band.
It was observed that the emission band at around 440–
450 nm appeared as the concentration of CdS powder in
water solutionwas dilute, and it vanished as the concentration
of CdS powder was high [20].That band should be associated
with the emission of soluble or molecular CdS product. The
second band at 492–495 nm (2.51 eV) could be assigned to the
band gap transition (edge to edge) of CdS nanoparticles. The
third one at 522–529 nm (2.36 eV) should be associated with
the band gap transition of bulk CdS [21, 22]. The emission
band at 538 to 550 nm (2.28 eV) should be electron transition
from energy levels of surface states or bulk defects to the
valence band of CdS.

The color of CdS samples under white light reflection and
their PL spectra after UV light excitation are always related.
The sample of Figure 6(a) was the only one among the four
in Figure 6 that showed the green-yellow color and was the
only one that had the maximum emission peak at about
490 nm with a narrow band. The rest of them had orange-
yellow color and the maximum emission peak at around
525 nmwith awide band. Furthermore, the PL intensity of the
green-yellow sample was almost 4 times that of the orange-
yellow ones. Pure CdS has a band gap value lower than
525 nm and is of lemon green color (or green-yellow). Orange
color of CdS products (emission wavelength higher than
550 nm) indicates the presence of impurity or defect states
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Figure 6: Photoluminescence (PL) spectra of CdS nanoparticles synthesized at 100∘C for 10min from the solutions of (a) pH 8.5 and (b) pH
11.3 and at 150∘C for 10min from the solutions of (c) pH 8.4 and (d) pH 11.0.

in the compound. The impurity or defect states should result
from the rapid crystal nucleation and growth by overheating
(higher temperature of synthesis) or by accelerated hydrolysis
of thiourea (higher solution pH).

In all the obtained CdS products, it was observed that
the PL spectra of green-yellow samples looked like that in
Figure 6(a), and those of the orange ones were similar to
those in Figures 6(b), 6(c), and 6(d). Combining the XRD
and PL results, It is concluded that CdS products synthesized
at low temperature from solutions of low pH contained
small and photoluminescent nanoparticles with lower defect
density. Higher reaction temperature and higher solution pH
led to larger CdS crystals with higher density of surface or
defect states. Resuming the results of the two sections, it is
concluded that the size of CdS particles depends strongly on
the solution pH values and the size of the CdS crystals, on
both reaction temperature and solution pH. Table 1 resumes

the particle and crystal sizes of CdS products synthesized
from solutions of different pH at 100 or 150∘C for 10 or 30min.

3.3. Chemical Impurities at the Surface. As mentioned in the
experimental section, the as-prepared CdS precipitates were
rinsed with methanol and dried in air at room temperature.
To prevent the loss of material, no further washing was
carried on to the as-prepared CdS precipitates that could
contain some impurities at the surface of the products. FT-
IR and TGA experiments were made on two CdS samples
synthesized at the same temperature (100∘C for 10min) but
with different solution pH: one of pH 8.5 and the other
of pH 11.3. The FT-IR spectra of both samples suggested
the presence of sodium citrate in the CdS products, and
the difference was that the pH 8.5 sample gave stronger
intensity of the absorption peaks than the pH 11.3 one. TGA
curves of the two samples indicated that the lower pH sample



8 Journal of Nanomaterials

Table 1: Particle and crystal sizes of CdS products synthesized from solutions of different pH at 100 or 150∘C for 10 or 30min.

Particle size
(nm)

Crystal size
(nm)

White light
reflective color

Emission band
(nm)∗

Particle size
(nm)

Crystal size
(nm)

White light
reflective color

Emission
band (nm)∗

Time
10min 30min

100∘C
pH 8.5 117 ± 18 9.2 Green-yellow 492 126 ± 21 9.2 Green-yellow 492
pH 8.7 102 ± 18 9.2 Green-yellow 492
pH 8.8 98 ± 36 9.2 Green-yellow 492
pH 10.8 52 ± 15 9.5 Orange-yellow 530
pH 11.2 Chains 10.0 Orange-yellow 530 40 — Orange-yellow 530

150∘C
pH 8.4 137 ± 28 10.4 Orange-yellow 530
pH 11 Clusters 10.4 Orange-yellow 530
∗Themaximum emission peak after the excitation by the 370 nmUV radiation.

Table 2: Photovoltaic parameters of ITO/CdS-f/CdS-n:P3HT/CP-Au solar cells with different synthesis conditions of CdS nanoparticles
(CdS-n).

Cell CdS-n preparation
conditions

Particle/crystal
size (nm) 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)

A 100∘C 10min pH 8.5 117/9.2 2.79 0.56 0.36 0.57
B 100∘C 30min pH 8.8 98/9.2 2.59 0.61 0.37 0.59
C 100∘C 30min pH 10.8 51/9.5 1.92 0.66 0.39 0.49
D 150∘C 10min pH 8.5 137/11.7 1.40 0.73 0.36 0.37
E 100∘C 10min pH 11.3 Chain/9.9 1.2 0.32 0.40 0.16
F 150∘C 10min pH 11 Cluster/12.4 1.60 0.25 0.37 0.15

showed a weight loss of 2.1 wt% at temperature range of 20
to 150∘C, which corresponded to the percentage of moisture
or free water in the sample, and a weight loss of 3.3% at
temperature range of 150 to 400∘C, corresponding to the
percentage of sodium citrate or any other organic trace. In the
case of higher pH sample, the loss of moisture was of 1.4 wt%,
and the organic compound loss at higher temperature range
was about 2.0%. As will be seen in the next section, this
small difference on organic trace did notmake differentiation
among the photovoltaic performance of those cells.

Sodium citratewas soluble inwater solution and served as
the metal (cadmium) complex to release slowly cadmium ion
during the formation of CdS molecules. The slow hydrolysis
of TU in lower pH solution led to a lower product yield, and
as a result, higher concentration of cadmium (citrate) trace
could remain at the final CdS products. Comparing with the
monodisperse CdS submicron particles obtainedwith PVP as
antiagglomeration agent [14], the CdS products synthesized
in this work contained less organic impurities (<3.3%) during
a short period of time (10 to 30min).

3.4. Photovoltaic Solar Cells. The photovoltaic performance
of hybrid solar cells with some of the obtained CdS nanopar-
ticles was analyzed and the curves of photocurrent density
(𝐽) versus applied potential (𝑉) of six ITO/CdS-f/CdS-
n:P3HT/CP-Au solar cells with different types of CdS pow-
ders (CdS-n) were showed in Figure 7. Each 𝐽-𝑉 curve was

a representative of at least five 𝐽-𝑉 curves of the “identical”
cell samples prepared under the same experimental condi-
tions. Table 2 enlists the photovoltaic parameters of the 𝐽-
𝑉 curves in Figure 7 and the synthesis conditions of the
corresponding CdS powders. It is observed that cell samples
A and B showed higher photocurrent density at short circuit
(𝐽sc, 2.59 to 2.79mA/cm2), whereas samples C, D, E, and F
gave lower values of 𝐽sc (1.40 to 1.92mA/cm2). On the other
hand, samples A, B, C, and D gave higher photovoltage at
open circuit (𝑉oc, 0.56 to 0.73V), and samples E and F had
low 𝑉oc (0.25 to 0.32V).

It is observed that the green-yellow CdS products sys-
tematically originate higher 𝐽sc in solar cells (cell samples
A and B). Orange-yellow CdS products, on the other hand,
generated lower photocurrent density (cells C, D, E, and F).
The difference could be from the different charge carrier
mobility in the two types of CdS products. In a previous
work [23] it is reported that CdS thin films deposited at
lower temperature (60∘C) showed lower density of charge
trapping centers than those deposited at higher one (80∘C).
A lower density of charge trapping centers, in turn, leads
to a larger charge mobility of the material and consequently
larger charge carrier collection efficiency (𝐽sc) in the solar
cells. Green-yellow CdS products were synthesized at lower
temperature (100∘C) in solutions of lower pH values (8.5–
8.8). It permitted a slower kinetics of CdS crystal nucleation
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and growth, and consequently the resulting CdS crystals
contained lower density of bulk or surface defects. Orange-
yellow CdS products, however, were synthesized at higher
temperature (150∘C) or in higher pH solutions (10.8–11.3).The
accelerated CdS crystal nucleation and growth led to larger
imperfection density inside the orange-yellow CdS samples,
as suggested by their PL spectra (Figures 6(b), 6(c), and 6(d)).
As a result, smaller 𝐽sc of the corresponding solar cells had
been obtained.

The photovoltage (𝑉oc) of the hybrid cells, on the other
hand, seems to be related to the good dispersion of monodis-
perse spherical CdS particles in P3HT solution. It is observed
that relatively good 𝑉oc was found in all the cells with
spherical particles of CdS. Lower𝑉oc values were observed in
the solar cells that contained CdS products with morphology
of large clusters or chains (Figures 3(c) and 3(e), cell samples
E and F in Figure 7).

4. Conclusions

Monodisperse spherical CdS nanoparticles from 51 to 140 nm
can be obtained bymicrowave assisted heating from solutions
that contained cadmium salt, sodium citrate, pH adjuster
(KOH), and thiourea. At the same reaction temperature,
lower pH solutions (8.4 to 8.8) promoted formation of larger
spherical CdS particles, whereas higher pH solutions took
longer time to form smaller CdS spheres. The combination
of slow kinetics of reaction at lower pH and homogeneous
microwave heating made the formation of monodisperse
spherical CdS nanoparticles at low reaction temperature in
a short period of time possible. High reaction temperature
as well as high solution pH accelerated the kinetics of CdS

reaction, leading to the CdS crystals with larger defect den-
sity. Monodisperse spherical CdS nanoparticles could be well
dispersed in poly(3-hexylthiophene) (P3HT) solutions and
gave a good photovoltage (0.56 to 0.73V). Those spherical
CdS nanoparticles with less density of defect states gave a rel-
atively good photocurrent density (2.59 to 2.79mA/cm2). It
is demonstrated that microwave chemistry can accelerate the
reaction kinetics and produce homogeneous heating, which
is an efficient option to preparemonodisperse semiconductor
nanoparticles for solar cell applications.
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The nanoparticle-induced vertical alignment (NIVA) of the nematic liquid crystals (LC) is applied to achieve an adaptive flat
LC microlens with hybrid-aligned nematic (HAN) mode by dropping polyhedral oligomeric silsesquioxane (POSS) nanoparticle
solution on a homogeneous alignment layer.The vertical alignment induced by the POSS nanoparticles resulted in the formation of
a hybrid-aligned LC layer with concentric nonuniform distribution of the refractive index in the planar LC cell, which subsequently
played the role of the lens, even in the absence of any applied voltages.The dimensions of the concentric HAN structure significantly
depend on the volume of the microdroplet and the POSS concentration. The focus effect of this flat microlens was observed while
electrically controlling its focal length using the applied voltages from −50mm to −90mm.

1. Introduction

Over the years, switchable liquid crystal (LC) microlenses
have become significantly attractive for a variety of appli-
cations, such as mobile phone cameras, photonic devices,
eyeglasses, and 3D displays. The tunable focal length of the
LC lens is principally generated by the electric field-induced
director reorientations. As the applied voltage exceeds the
Fréedericksz transition threshold, the LC molecules reorient
along the electric field direction. Such a molecular reorien-
tation causes the LC refractive index to change, altering the
phase retardation of the input light. As a result, the focal
length of the LC lens device can be flexibly modulated by
the operating voltage. To date, various approaches have been
developed to achieve tunable LC lenses, such as a surface-
relief profile [1], shaped electrode [2–4], Fresnel zone type [5,
6], elastomeric molds [7], vertically aligned multiwall carbon
nanofiber electrodes [8], droplet evaporation [9], polymer
network LC technique [10, 11], and self-assembly of liquid
crystal or polymer [12, 13]. Although several approaches to
fabricating microlenses have been reported, these methods

are technically complicated and expensive. Thus, we develop
a simple and economical approach to fabricate a microlens
device with a hybrid-aligned (HA) LC structure by using
the nanoparticle-induced vertical alignment and microdrop
method.

In our previous works, we reported a new method—
namely, nanoparticle-induced vertical alignment (NIVA)—
to align LC vertically by adding polyhedral oligomeric
silsesquioxane (POSS) nanoparticles in the LC cell [14]. This
POSS-induced spontaneous vertical alignment potentially
eliminates the alignment layers required in a conventional LC
device, thus avoiding the drawbacks of the traditional high
temperature process. In addition, the NIVA technique was
also applied to continuously control the pretilt angle of the
LC molecules over a range of 0∘ < 𝜃

𝑝
< 90
∘ using con-

ventional homogenous polyimide (PI) alignment material
doped with different concentrations of POSS nanoparticles
[15]. This simple technique for adjusting the pretilt angle for
liquid crystal alignment provides a prospective method for
making the tunable LC photonic devices with high flexibility.
Herein, we develop a simple and economical approach to

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 840182, 7 pages
http://dx.doi.org/10.1155/2015/840182

http://dx.doi.org/10.1155/2015/840182


2 Journal of Nanomaterials

Sealing and LC 
injection

Homogenous
alignment layer

ITO substrates

Microdrop
POSS/PI solution 

(a)

Homogeneous 
alignment layer 

Rubbing direction

Rubbing direction

d

ITO substrate 

ITO substrate 

Vertical alignment 
layer

(b)

Figure 1: (a) The fabrication procedure for a liquid crystal microlens by microdropping PI/POSS solution on the homogeneous alignment
layer and (b) the hybrid-aligned LC concave microlens configuration.

fabricating a LC microlens device by microdropping the
POSS/PI solutions on a specific area of the horizontally
alignedPI film. Since theNIVAeffectmakes the LCmolecules
vertically aligned on the locally dropped substrate surface
with a circularly-dispersed pattern. The reorientation of
LC molecules spatially distributes on the dropped region,
resulting in an inhomogeneous refractive index distribution
across the dropped area. Consequently, a LC flat microlens
with hybrid-aligned nematic (HAN) mode is formed. Due
to the fact that microdropping the POSS/PI solution on
the alignment layer can be easily done, the adaptive LC
microlens devices of any size can be flexibly achieved by
controlling the droplet volume. Furthermore, in this way,
liquid droplets of the POSS/PI solution can be deposited onto
a substrate surface using a drop-on-demand inkjet apparatus.
Therefore, the proposed method can potentially be extended
to make microlens arrays using an inkjet printer, resulting in
a relatively simple, low-cost, and energy-saving procedure.

In this work, the positive nematic LC material existed in
the cell, and the focal length of the LC concave lens was found
to be electrically controllable, whereas no disinclination lines
were observed in this device. Under the influence of electric
voltage, the electric field-induced axially symmetric profile
of the extraordinary refractive index yields different focal
lengths for the LC microlens. Herein, the focal length range
of the proposed LC lens can be tuned from −50mm to
approximately −90mm at an applied voltage of less than 4V.
To verify the lens properties of the proposedHAN-LC device,
the LC director profile was also simulated by the LCDMaster
software system. We observed how the centrosymmetric
nonuniform refractive index distribution of a LC microlens
can be simply realized and tuned by the applied voltages.

2. Experimental

Figure 1(a) shows the schematic diagram for fabricating the
LC microlens by microdropping POSS/PI solution to locally
regulate the orientation of LC molecules. The upper and
lower substrates are formed separately and then assembled to
form the LC microlens. First, the buffed polyimide (SE-3140;

Nissan Chemicals Co.) films, serving as a LC horizontal
alignment layer, were coated, baked, and buffed on the two
ITO substrates. Next, the POSS and PI solution mixture
was prepared at a 0.2% weight ratio to achieve the complete
vertical alignment of LC molecules on the substrate surface
[15]. To vertically align the LC molecules on the substrate
surface locally, the POSS/PI mixture was microdropped
selectively on one of the bottom buffed PI substrates and
then cured to form a circle-patterned vertical alignment layer.
These two substrates were then assembled into a cell such that
the rubbing directions at the glass plates were antiparallel,
with a cell gap of 20𝜇m maintained by spacers. The positive
liquid crystal (E7, 𝑛

𝑒
= 1.6441 and 𝑛

𝑜
= 1.505 at wavelength

𝜆 = 632.8 nm; Merck) was subsequently injected into the
empty cells using the capillary effect. Due to theNIVA [12, 13],
the vertical alignment of the LC molecules occurred on the
dropped substrate surface, and the spatially inhomogeneous
distribution of the refractive index gradually increased from
the boundary to the center of the cylinder in the LC layer. As
a result, a flat hybrid-aligned (HA) LC microlens was then
selectively constructed on a specific area with high flexibility,
as shown in Figure 1(b). The patterned HALC microlens
size can be easily controlled by the dropping volume of
POSS solution. In this work, a concave LC microlens with a
diameter of 0.58mm was made and characterized.

The effective refractive index experienced by the extraor-
dinary light wave normally occurring in the LC cell, which
depends on the tilt angle 𝜃 of the LC molecules, is 𝑛eff

𝑒
=

(𝑛
𝑒
⋅ 𝑛
𝑜
)/√𝑛2
𝑒
sin2𝜃 + 𝑛2

𝑜
cos2𝜃, where 𝑛

𝑒
and 𝑛
𝑜
are the extraor-

dinary and ordinary refractive indices of the LC material,
respectively. The distribution of the extraordinary refractive
index is significantly responsible for the focusing effect.
However, the ordinary refractive index does not influence
optical properties; therefore, nearly axial symmetry for an
incident extraordinary light wave passing through the HALC
layer forms and the lens property is expected well.

To characterize the lens effect of a LC microlens under
different applied voltages, an interferometer measurement
was conducted based on the phase retardation of the interfer-
ence patterns. The LC microlens was placed between the two



Journal of Nanomaterials 3

Power meter

Polarizer LC lens

Stage

He-Ne laser

Pin hole Convex lens

Detector
Spatial 

filter

Figure 2: Experimental setup for measuring the voltage-dependent focal length of a LC microlens.

P

(a) (b) (c)

(d) (e) (f)

Figure 3: Imaging behaviors of the hybrid-aligned LC microlens for various applied voltages: (a) original image as an object, (b) 0V, (c)
0.5Vrms, (d) 1Vrms, (e) 2Vrms, and (f) 3Vrms, respectively.

crossed polarizers—namely, the polarizer and analyzer. The
transmission axes of the two polarizers were set to 45∘ from
the rubbing direction. AHe-Ne laser beamwith a wavelength
of 0.633 𝜇m, divided by the first polarizer into ordinary
and extraordinary waves, was incident on the LC cell. The
ordinary wave experienced a spatially uniform phase shift,
whereas the extraordinary wave experienced a phase shift of
the nearly spherical profile.The second polarizer recombined
the two waves, and interference occurred between them.The
interference fringe patterns captured by the CCD provided
information on the phase shift experienced by the extraordi-
nary wave. In this work, anAC voltage with a 1 kHz frequency
was applied to the ITO electrodes. In addition, the scheme
of the measurement system was set up to further probe the
voltage dependence of the focal length of the LC lens, as
shown in Figure 2. To investigate the voltage-dependent focal

length of the negative lens, a convex lens was arranged behind
the LC sample in this work.

3. Results and Discussion

To evaluate the lens performance, the imaging properties of
the LCmicrolens at themicroscopic scale were first evaluated
using a parallel-polarized optical microscope (POM), with
the transmission axis of the polarizer set to be parallel to the
rubbing direction of the LC cell.The LCmicrolens was placed
on a card including several digits; the card acted as an object.
The distance between the LC lens and the card was 10.54mm.
The image was observed to be deformed by the LCmicrolens,
as shown in Figure 3. When an applied voltage exceeded
the threshold value (∼0.5 Vrms), the reorientation of the LC
occurred and the refractive index distribution of the LC lens
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Voltage increasing

Figure 4: Field induced transformation in the interference fringes of a hybrid-aligned LC lens. The voltage is increased from 0V to 4Vrms.
The initial optical axis of the cell is oriented at 45∘ with respect to the crossed polarizers.

was modulated. Correspondingly, the focusing properties
of the LC microlens started to change. Based on these
five different images shown in Figure 3 for various applied
voltages, the inhomogeneous refractive index of the proposed
microlens induced by the spatially varying reorientation of
the LC directors provided a divergent lens.

The interference fringes can directly give the distribution
of the effective birefringence 𝑛eff of the LC sample, which
only depended on the LC director’s tilt angle. The phase
retardation variation induced by the applied voltages indi-
cated the mechanism determining how the electrical field
performs the lens properties. Figure 4 shows the photographs
of the interference fringes at different voltages, which are
composed of nearly circular ones. We found that the circular
interference patterns moved from the center to the edge
with increasing voltages. Note that the phase difference of
two adjacent constructive or destructive interference circles
indicated a phase change of 2𝜋. The number of fringes,
𝑁, is proportional to the refractive index distribution, Δ𝑛,
and is expressed as 2𝜋𝑁 = 2𝜋(Δ𝑛𝑑/𝜆), in which 𝑑 is
the cell gap and 𝜆 is the wavelength of the incident light.
When the applied voltage was varied, the appearance of
the interference fringes is modified due to the reorientation
of the LC directors as caused by the applied electric field.
In the beginning, the interference fringes appeared at the
edges under voltages slightly below the threshold value
corresponding to Fréedericksz transition. By increasing the
voltage to levels slightly above the threshold voltage, the small
voltage initiated the reorientation of the LC molecules in the
selected HAN region andmade the interference fringes move
toward the center while new fringes appeared at the edges.
For voltages above 0.5 V, distortions that corresponded to

a variation of the lens properties were created. The influence
of the voltage-induced LC realignment in the area outside
the dropped zone gradually became dominant at only higher
voltage levels. We also found a decrease in the number of the
interference fringes occurred as increasing voltage, meaning
that the gradient phase profile of the LC lens flattenedwith the
applied voltages. In addition, the nearly axially symmetrical
property of the LC lens can be observed based on the fact that
the interference patterns were composed of almost circular
fringes. Herein, we found the interference patterns with
the circular symmetry and no disclination lines appeared.
Therefore, a tunable LC microlens can be easily fabricated by
dropping the NIVA nanoparticle solution.

Based on the experimental results, we verify that the
applied electric field reoriented the LC directors and altered
the refractive index distribution. The tuned refraction mod-
ulated the wavefront of the incident light, thereby modifying
the focusing properties of the LC microlens. The focal length
of the lens cell can be calculated using the equation 𝑓 =
𝑟
2
/2𝜆𝑁 [9], where 𝑟 is the radius of the patterned lens

aperture. According to the observed ring number in the
interference patterns, the focal length of the proposed LC
microlens increases with the applied voltages. As a com-
parison, the voltage-dependent focal length of the proposed
microlens was also measured, as shown in Figure 5. The
corresponding tuning range of the focal length of the LC
concave lens was found to be −50mm to approximately
−90mm. As a small voltage was applied to the LC microlens,
the focus effect was predominantly affected by the selected
HA LC domain, in which the LC directors were easily
disturbed. The reason is that the lower voltage is not enough
to drive the LC molecules in the surrounding horizontally
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Figure 5: Voltage-dependent focal length of the LC microlens.

aligned region; therefore, the phase difference between these
two regions increased and the focal length decreased as
voltages increased. As the voltage increased to approximately
1 V, the focal length reaches a minimum and then gradually
increases with the voltages.When the applied voltage is larger
than 1V, the LC directors in both the HAN and horizontally
aligned regions were deformed by the electric voltage. The
high voltage-induced reorientation of LC directors in the area
outside the circular dropped region changed dramatically,
decreasing the phase difference between the lens region and
its surroundings. As a result, the focal length of the lens
increased with the applied voltages. These measured results
of lens effect are consistent with the phenomena shown in
Figure 4 well. As previously discussed, the applied voltage
gradually flattened the refractive index distribution and the
focal length of the LC device increased monotonically with
the applied voltage at a range of 1 to 4Vrms. Furthermore,
we found that applying a sufficiently high voltage—namely,
above 4.5 Vrms—reoriented the bulk LC director to be nearly
perpendicular to the substrates. As a result, the effective
birefringenceΔ𝑛eff was null while the focal length approached
infinity. Based on the experimental results, the proposed LC
microlens can potentially be achieved with a low operating
voltage and large focal length tunability.

In addition, the spatial LCdirector reorientation profile of
the proposedHANLC device was also numerically simulated
using the LCDMaster commercial software system, as shown
in Figure 6. A pretilt angle of 2∘ in the horizontally aligned
area was assumed in this analysis. The elastic interaction
of the LC molecules caused the patterned orientation of
LC directors on the microdropped area of the LC cell to
produce a nearly axially symmetrical distribution smoothly
varying from parallel to hybrid-aligned states.The concentric
nonuniform orientation distribution of the LC molecules
made the LC cell behave as an optical divergent lens, even
with no applied voltages as shown in Figure 6(a). When the
voltage was applied, the reorientation of the LC directors
occurred and the refractive index distribution of the LC
cell changed. Thus, the lens effect of the proposed LC

device can be electrically tuned. Based on the results of
numerical simulation and experiments, we have verified that
the proposed method can be successfully applied to build an
electronically controlled microlens.

The fabrication of a simple and cost-effective LC
microlens is proposed using the NIVA technique and micro-
drop method. As the POSS/PI solution can be microdropped
on the selective surface to simply realize the HAN-LC lens,
the concave or convex LC microlens can be easily realized by
an ink-jet printer to microdrop the solution on a horizontal
or vertical alignment layer. For example, we can design the LC
microlens device fabricated in the HAN mode surrounded
by vertical alignment or in the horizontal alignment mode
surrounded by hybrid alignment. The different alignment
configurations of the LCmolecules in a LC cell could achieve
the lens device with different focusing properties. Figure 7
shows the images observed for the LC microlens devices
made with different alignment configurations at various
voltages. Lens1 is a hybrid-aligned LC microlens surrounded
by vertical alignment, and lens2 is a horizontal-aligned LC
microlens device surrounded by hybrid alignment, respec-
tively.The image from the lens1 device (Figure 7(b)) is clearer
and magnified as voltage increases, but the image from lens2
(Figure 7(c)) is blurred and reduced with increasing voltage.
According to the experimental results, we evidently claim that
an adaptive concave or convex LC microlens with significant
flexibility can be successfully achieved.

4. Conclusion

In this work, we have presented a simple and novel method
for building LC-based microlens by microdropping the
POSS/PI solution on a selective surface inwhich the nanopar-
ticles make the LC directors aligned perpendicularly. The
HALC microlens has potential advantages in terms of its
large focal length tunability, low operating voltage (<5V),
and simple process. Compared with the existing LC lenses of
various structures, the proposed LC microlens can be easily
designed and fabricated with high flexibility by carefully



6 Journal of Nanomaterials

X

Z

(a)

X

Z

(b)

X

Z

(c)

X

Z

(d)
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Figure 7: Imaging behaviors of the LC microlens for various applied voltages: (a) original image as an object, (b) images of a hybrid-aligned
LCmicrolens surrounded by vertical alignment, and (c) images of a horizontal-aligned LCmicrolens device surrounded by hybrid alignment,
respectively.



Journal of Nanomaterials 7

choosing the mode of the initial alignment layer, positive or
negative LC material used, and controlling the droplet vol-
ume. Consequently, the presented method not only provides
an extremely simple and low-cost technology formaking very
small tunable LC microlens or microlens arrays—devices
from several to several tens of micrometers—but also has
the significant potential to achieve the tunable LC microlens
using an ink-jet printer.
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The metal-insulator transition (MIT) in strongly correlated oxides has attracted considerable attention from both theoretical
and experimental researchers. Among the strongly correlated oxides, vanadium dioxide (VO

2
) has been extensively studied in

the last decade because of a sharp, reversible change in its optical, electrical, and magnetic properties at approximately 341 K,
which would be possible and promising to develop functional devices with advanced technology by utilizing MITs. However,
taking the step towards successful commercialization requires the comprehensive understanding of MIT mechanisms, enabling
us to manipulate the nature of transitions. In this regard, recently, quasi-one-dimensional (quasi-1D) VO

2
structures have been

intensively investigated due to their attractive geometry and unique physical properties to observe new aspects of transitions
compared with their bulk counterparts.Thus, in this review, we will address recent research progress in the development of various
approaches for the modification of MITs in quasi-1D VO

2
structures. Furthermore, we will review recent studies on realizing novel

functional devices based on quasi-1D VO
2
structures for a wide range of applications, such as a gas sensor, a flexible strain sensor,

an electrical switch, a thermal memory, and a nonvolatile electrical memory with multiple resistance.

1. Introduction

Strongly correlated oxide materials undergoing reversible
transitions between metallic and insulating states have been
gaining interest because of their unique physical properties
coupled with various phase transitions as well as their poten-
tial for application in electronic devices, thermochromic
devices, optical and holographic devices, sensors, actuators,
and power meter or thermometer [1–22]. However, in spite
of the attractive features of strongly correlated systems associ-
ated withmetal-insulator transitions (MITs), it has been diffi-
cult to move forward towards commercially viable industrial
applications. These problems have been mainly associated
with the lack of not only comprehensive and fundamental
understandings of underlying physics accounting for the
precise transition mechanism but also appropriate materials
and technology. Therefore, recent research has been focused
onMITs in single-domain nanostructures due to their unique
geometry and favorable domain size, providing a simple and

homogeneous system to explore the intrinsic property of
individual phases or single-domain phenomena, which are
obscured in bulk samples.

Among the strongly correlatedmaterials, vanadiumdiox-
ide (VO

2
) is the most interesting because of its first-order

MITnear easily accessible temperature (approximately 341 K)
that is accompanied by a structural phase transition (SPT)
from a low-temperature monoclinic phase (M1, P2

1
/c) to

a high-temperature rutile phase (R, P4
2
/mnm) [3, 4, 21].

Although there have been continued debates on whether the
MIT in VO

2
is usually driven by strong electron-electron

correlations associated with the Mott transition or electron-
phonon interactions associated with the Peierls transition,
VO
2
has attracted significant attention as a potential can-

didate for electronic and photonic devices based on MITs
because of its tunable electrical and optical switching fea-
tures at ultrafast time scale [1–23]. In particular, quasi-one-
dimensional (quasi-1D) VO

2
structures can provide new

opportunities to explore, understand, andultimately engineer
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MIT properties for developing novel functional devices as
they exhibit significantly different properties compared with
their bulk counterparts due to surface effects and unique
dimensionality [3, 4, 21]. In addition, phase transitions
in quasi-1D VO

2
structures can be significantly affected

and tuned by doping, interfacial stress, external stress, and
stoichiometry and/or defects. Accordingly, considerable and
extensive efforts have been recently devoted to the under-
standing of MIT behavior and fundamental mechanisms in
quasi-1D VO

2
structures and their practical applications,

such as sensors, switching, and memory devices [24–44]. In
this review, therefore, we will first describe the basic crystal
and electronic structures of VO

2
related to metallic and

insulating phases and the representative growth method of
quasi-1D VO

2
structures based on the vapor phase transport

process. Then, we will review recent research carried out on
the quasi-1D VO

2
structures, particularly focusing on the

development of various approaches for tunable MITs by dop-
ing, surface stress, external stress, and stoichiometry and/or
defects. Lastly, we will discuss recent functional applications
based on quasi-1D VO

2
structures for gas and strain sensing,

electrical switching, and thermal and nonvolatile electrical
memory technologies.

2. Crystal and Molecular Orbital
Structures of VO2

VO
2
exhibits at least four different phases: the monoclinic

M1, triclinic T, monoclinic M2, and rutile R phases. The
electronic metal-insulator phase transition in VO

2
is coupled

with a SPT from a high-temperature metallic rutile (R) phase
(P4
2
/mnm space group) to a low-temperature insulating

monoclinic (M1) phase (P2
1
/c space group) at a temperature

of approximately 341 K (Figure 1) [3, 4, 22, 23]. All V atoms
are equally spaced along linear chains of VO

6
octahedra

parallel to the crystallographic 𝑐-axis (𝑐R) with V–V distances
of 2.86 Å in the R phase, as shown in Figure 1(a). During the
MIT from a metallic R phase to an insulating M1 phase, two
distinctive sets of V–V bond distances are observed at 2.65
and 3.12 Å for the monoclinic M1 phase due to the pairing
and tilting of VO

6
octahedra with respect to the rutile 𝑐-

axis, 𝑐R (Figure 1(a)) [22, 23]. Anothermonoclinic phase (M2,
C2/m space group) has two types of V chains consisting of
equal-spaced tilted V chains and paired V chains. Recently,
M2 phases in VO

2
micro/nanocrystals were reported to exist

in the M1 and the R phase through stabilization by tensile
stresses resulting from VO

2
crystals bent or clamped to the

substrate as well as stoichiometric defects due to the variation
of lattice constants [38, 39, 45–47]. The insulating character
of the metastable M2 phase has been described as a Mott
insulator driven by electron-electron correlation [3, 4, 21].
The T phase is a transitional phase between the M1 and M2
phases [3, 21, 39].

The SPT in VO
2
is accompanied by a change of the

electronic structures in the metallic and insulating states
which was described in terms ofmolecular orbital theory [22,
23, 48, 49]. In the high-temperature metallic state (as shown
schematically in the left side of Figure 1(b)), the density of

states at 𝐸
𝐹
is formed from a mixture of the half-filled 𝑑‖

band oriented along the 𝑐R and antibonding 𝜋∗ band. Across
the MIT, the dimerization of the V ions along the 𝑐R and
the tilting of the VO

6
octahedra splits the 𝑑‖ bands that

mediate V–V bonds into a bonding (𝑑‖) combination and
an antibonding (𝑑‖∗ and 𝜋∗) combination. This results in
the orbital polarization with the bonding 𝑑‖ band being fully
occupied and the 𝑑‖∗ and 𝜋∗ being empty.

3. Growth of Quasi-1D VO2 Structures

In recent years, considerable efforts have been made to
grow single-crystalline VO

2
nanobeams or nanowires using

a vapor phase transport method because of difficulties of
growth associated with the presence of various competing
vanadium oxide phases [24–29]. It has been reported that
the growth characteristics, morphology and composition
features, and density of VO

2
nanostructures are significantly

affected by growth parameters such as temperature, gas
flow rate, oxygen partial pressure, precursor deposition rate,
and crystallographic plane of growth substrates [24–29]. To
explain this phenomenon, Kim et al. [24] reported that
liquid droplets of V

2
O
5
nucleate initially and then these

droplets may become nucleation sites for the growth of VO
2

nanowires. Strelcov et al. [25] conducted direct in situ optical
and photoelectron emission microscopy observations of the
nucleation and growth of VO

2
nanostructures using thermal

transport of V
2
O
5
precursor in a vacuum or in an inert gas

environment.They observed the coexistence and transforma-
tion of the intermediate oxide phases and morphologies dur-
ing nanostructure reductive growth, as shown in Figure 2(a).
In Figure 2(a), the temperature-composition phase diagram
shows that vanadium oxides can have a variety of stoi-
chiometries due to multiple oxidation states of vanadium
in which the stoichiometries are mutually transformable at
specific temperatures and oxygen partial pressures. Kim and
Lauhon [26] also studied controlledmorphology, density, and
site-specificity of VO

2
nanobeams using a two-step vapor

transport method. As seen in Figure 2(b), they observed
three distinctive morphologies of VO

2
nanostructures, such

as nanoparticles, nanowires, and nanosheets, depending on
local source supersaturation and temperature. In addition, as
shown in Figures 2(c)–2(f), some previous studies have also
shown that VO

2
nanowires can form on various substrate

surfaces and display either in-plane or out-of-plane growth,
depending on the crystallographic orientation and lattice
mismatch of growth substrates as well as the temperature of
the reactor [27–29].

4. Stimuli Effects on MITs in
Quasi-1D VO2 Structures

4.1. Influence of Doping on MIT. The ability to incorporate
transition metal ions into quasi-1D VO

2
structures, which

can play a key role in determining their MIT properties,
is extremely important for a variety of applications such as
optical switches, smart window coating, Mott transistors,
memristors, sensors, and thermal actuators [30–32, 40–44].
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Figure 1: (a)The crystal structures of the high-temperature tetragonal rutile (R, space group P4
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octahedron exhibits uniform V–V distances of 2.86 Å and the M1 phase with distorted VO
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(left side: the undistorted metallic
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2
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2
). Panels (a) and (b) adapted with permission from [23] and [22], respectively.
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2
nanobeam.

The inset shows a SEM image of aVO
2
nanobeamon suspended pads. (d)Optical images of theW-dopedVO

2
nanobeamdevice (upper panel)

and the undoped VO
2
nanobeam device (lower panel) at various temperatures during heating.Themetallic and insulating phases are denoted

as M and I, respectively. Panels (a-b) and (c-d) adapted with permission from [30] and [31], respectively.

Figures 3(a) and 3(b) show that the doping of metal ions has
a profound influence on the phase transition behavior and
transition temperatures of VO

2
. It has been reported that the

substitution of V4+ ions with metal-ion dopants of higher
oxidation states, such as W6+, Nb5+, and Mo6+, lowers the
transition temperature (𝑇MIT), which is identical to reduction
of the V4+ ions. In contrast, metal-ion dopants of lower
oxidation states, such as Cr3+, Al3+, Fe3+, and Ga3+, stabilize
theM2 and T phases of VO

2
at room temperature [30], which

is identical to oxidation of the V4+ ions. A schematic diagram
(Figure 3(a)) shows mutual transformations of VO

2
phases

as a function of reduction and oxidation induced by metal-
ion dopants. Furthermore, Strelcov et al. [30] have recently
demonstrated a practical synthesis procedure for stabilization
of the M2 phase at ambient conditions via doping metal
ions, which can open a way for realization of a purely
electronic Mott transition field-effect transistor without an
accompanying structural transition. As shown in Figure 3(b),
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the authors also produced high-quality uniformly doped
single-crystalline structure and demonstrated a temperature-
doping level phase diagram in the temperature range close
to the ambient conditions by doping aluminum (Al) into
VO
2
nanostructures during the growth in which the doping

level was varied from zero to 𝑥 = 0.025. In addition, Lee
et al. [31] also demonstrated the axially graded-tungsten-
(W-) doped VO

2
nanowires and measured resistance (R)-

temperature (T) curves of the graded-W-doped and undoped
VO
2
nanowires, as shown in Figure 3(c). The undoped VO

2

nanowire shows an abrupt resistance change at 67∘C, whereas
resistance of the graded-W-doped VO

2
nanowire decreases

gradually from room temperature to 60∘Cwithout the abrupt
resistance change. As shown in Figure 3(d), with the increase
in temperature, the metallic phase grows out of the two ends
of theW-doped nanowire, followed by a progressive invasion
into the insulating phase toward the middle of the W-doped
nanowire, and the W-doped nanowire entirely turns into a
single metallic phase at 55–60∘C compared with the undoped
VO
2
nanowire.

Although the doping of metal ions into vanadium oxides
is usually regarded as the effective way to control the elec-
tron concentration, this process is not reversible. Recently,
Wei et al. [32] demonstrated that hydrogen doping into
VO
2
is completely reversible process and that the MIT in

VO
2
nanostructures can be strongly modified by doping

with atomic hydrogen using the catalytic spillover method,
which results in the electronic phase transition (i.e., the
Mott transition). The authors also demonstrated that the
MIT accompanied by a structural phase transition could be
reversibly modified by hydrogen doping using a catalytic
spillover method [32]. Figures 4(a) and 4(b) show electrical
resistivities and structural phases before and after the hydro-
gen doping of VO

2
microcrystals. In Figure 4(a), the two-

terminal device made from an as-grown VO
2
microcrystal

shows thermally activated conduction exhibiting an energy
gap close to 0.6 eV (black curve). The two-terminal device
that baked in flushing hydrogen gas at 150∘C for 20min shows
an energy gap close to 0.2 eV (green curve).The energy gap of
the device after further baking at 180∘C for 20min (red curve)
is nearly zero. The device after annealing at 190∘C for 20min
eventually stabilized in the metallic state with a characteristic
negative slope (purple curve). The two-terminal device that
was annealed in air at 250∘C for 20min recovered the
original phase transition and temperature dependence (blue
curve). As shown in the SEM images of Figure 4(b), the VO

2

nanobeam becomes straight after hydrogen doping to the
fully metallic state, indicating that the fully hydrogen-doped
nanobeamhas a shorter lattice constant than amonoclinic as-
grown VO

2
microcrystal. This is also well supported by the

optical microscopy images of a VO
2
microcrystal before and

after hydrogen doping.

4.2. Influence of Surface Stress on MIT. The surface stress,
affecting the lattice structure and relative stability of compet-
ing phases, plays an important role in determining the phase
state of VO

2
micro/nanostructures [33–35, 50]. In particular,

the surface stresses associated with the interaction between

a nanobeam and a substrate for VO
2
nanobeams with

and without epitaxial interfaces significantly affect the MIT
behavior in VO

2
nanobeams, the spontaneous formation of

metal-insulator domains, and the spatial phase transitions as
well as the formation and stabilization of an M2 phase. For
example, as shown in Figure 5(a), VO

2
nanobeams lying on a

SiO
2
substrate (referred to as on-substrate VO

2
nanobeams)

without metal contacts exhibit the spontaneous formation
of alternating metal-insulator domains along the nanobeam
length, resulting from an adhesive interaction between the
nanobeam and the substrate leading to a coherent uniaxial
strain on the nanobeam [33]. Figure 5(b) shows that the
electrical resistance of devices made from the on-substrate
VO
2
nanobeams changes in many discrete steps over a much

wider temperature range during the heating and cooling
cycles [33].

Sohn et al. [34] demonstrated how the epitaxial interface
stress affects the phase transition behavior inVO

2
nanobeams

epitaxially grown on c-cut sapphire. Figure 6(a) shows the
temperature-dependent evolution of X-ray diffraction (XRD)
spectra related to the (011)M1 and (020)M1 planes. Contour
plots exhibit coexisting characteristics within the temper-
ature region of 54–64∘C and 68–80∘C for corresponding
(011)M1 and (020)M1 planes (marked by yellow dotted lines),
respectively. In particular, in Figure 6(a), the peak corre-
sponding to the (201) plane of M2 is broader than that
expected at low temperature and its peak position shifts
slightly upward compared to the value of an M2 phase in
VO
2
nanobeams without the epitaxial interface. A SPT in the

(011) plane occurs from 54∘C, whereas a peak of the (020)
plane splits into two peaks of (200)R and (002)M2 planes
corresponding to the (020) plane of an M1 phase from 68∘C,
indicating the coexistence of M2 and R phases. Figure 6(b)
shows temperature-dependent Raman and XRD spectra for
VO
2
nanobeams [35]. The temperature-dependent Raman

spectra, which are obtained from the straight part (marked
by A in the upper inset) and bent part (marked by B
in the lower inset) of a bent VO

2
nanobeam on a c-cut

sapphire substrate, demonstrate the stress-induced structural
transitions and the coexistence of three distinct M1, M2, and
R phases. The evolution of Raman spectra of the straight
region of a nanobeam (A) exhibits direct structural changes
from M1 to M2 phases, whereas those of the bent part of a
nanobeam (B) display coexistence of bothM1 andM2 phases
with increasing temperature and peaks associated with only
M1 and M2 phases are observed even at room temperature.
The XRD spectra from ensembles of epitaxially grown VO

2

nanobeams were obtained at the temperature range of 6–
303K during the cooling process. At 303K, peaks of (011)M1
and corresponding (201)M2planes coexist and the coexisting
region exists down to 50K through the direct transformation
of the remaining M2 phase to an M1 phase.

4.3. Influence of External Stress on MIT. The control of the
domain structure and phase transitions through external
stress in VO

2
could lead not only to deeply understanding

the correlated electron materials but also to providing a
novel way to control their electrical and optical properties
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for device applications. Recently, the phase transitions and
domain dynamics between metallic and insulating phases in
single-crystalline qausi-1D VO

2
beams have been explored

by introducing the external stress [3, 36, 37, 41, 42, 51]. For
example, Cao et al. [36] demonstrated that periodic domains
of metallic and insulating phases along single-crystal VO

2

microbeams were nucleated and manipulated by tuning the
strain over a wide range of values, as shown in Figure 7.

Figure 7(a) shows the evolution of domains of triangular
shape along a bent VO

2
microbeam at different temperatures.

The bent microbeam was in an insulating phase at room
temperature and periodic triangular domains of the metallic
phase started to nucleate at the inner edge of the bent
region (compressive strain) at elevated temperatures. At a
temperature near 341 K, the straight part of the microbeam
transformed abruptly to the metallic phase, whereas the bent
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2
beam under different axial compressions at room

temperature. The scale bars in (a) and (c) are 10 𝜇m. Panels (a–d) adapted with permission from [36].

part of the microbeam showed a coexistence of domains of
the metallic and insulating phases. The uniaxial stress (𝜎)-
temperature (T) phase diagram in Figure 7(b) shows the
fraction of the metallic and insulating phases as a function
of temperature (𝑥-axis) and uniaxial stress (left 𝑦-axis) or
strain (right 𝑦-axis). In the diagram, the VO

2
phase is a

pure metallic phase (metallic phase fraction 𝜂 = 1) at
high temperatures and high compressive stresses and a pure
insulating phase (𝜂 = 0) at low temperatures and high tensile
stresses. At intermediate temperatures and stresses, metal-
lic and insulating phases coexisted. Figure 7(c) also shows
how the metallic phase fraction (𝜂) changed with external

compressive stress along the length of a VO
2
microbeam

clamped onto a soft substrate. The uniaxial compression
reversibly induces a phase transition between metal (𝜂 = 1)
and insulator (𝜂 = 0) at room temperature in the clamped
VO
2
microbeams. The microbeam can be self-heated into

the metallic phase when the applied bias voltage exceeded a
threshold transition voltage and the operation power of the
self-heated VO

2
microbeam can be drastically reduced under

the uniaxial compression at room temperature. Figure 7(d)
shows the experimental observation of a MIT behavior
induced by Joule heating under the external compression in
the VO

2
microbeam device.
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Figure 8: (a) Raman spectra of a VO
2
microcrystal showing the tensile strain-dependent evolution of structural phase transitions at room

temperature. (b) A Raman frequency map of strain-temperature phase diagram of the insulating phases of the VO
2
microcrystal represented

via the 𝜔
0
phonon frequency shift. Panels (a) and (b) adapted with permission from [37].

To investigate the influence of external stress on crys-
tallographic phase transition behavior in VO

2
microcrystals,

Atkin et al. [37] employed Raman spectroscopy, which is a
facile, rapid, and nondestructive tool for studying the phase
transition properties of individual nano/microstructures.The
authors demonstrated that, with increasing tensile strain, an
M1–T–M2 structural phase transition occurs at temperatures
below approximately 305K over a wide range of strain values
in an individual, homogeneous VO

2
microbeam subjected

to external uniaxial strain, as shown in Figures 8(a) and
8(b). Figure 8(a) shows Raman spectra of a VO

2
microcrystal

showing the evolution in phononmodes with increasing ten-
sile strain at room temperature. From these Raman spectra,
a Raman frequency map is presented based on the spectral
position of 𝜔

0
as a fingerprint for the three different phases

(M1, T, and M2 phases) (Figure 8(b)).

4.4. Influence of Stoichiometry and/or Defects on MIT. The
MIT properties of VO

2
are significantly affected by stoi-

chiometry and/or defects due to the fact that vanadium can
exist in multiple valence states such as V3+, V4+, and V5+ [38,
39, 52–55]. Recently, Zhang and coworkers [38] investigated
the influence of stoichiometry on the structural phase tran-
sition in suspended single-crystalline VO

2
nanobeams and

established a pseudo-T-𝛿 phase diagram with dimensions of
temperature and stoichiometry, as shown in Figure 9(a). The
authors also demonstrated that the annealing of nanobeams
under vacuum conditions stabilized the rutile phase to
temperatures as low as 103K due to the fact that oxygen
deficiency contributed to the enhancement of conductivity,
providing direct evidence of substantial electron doping in
VO
2
nanobeams (Figure 9(b)). Most recently, Hong et al.

[39] demonstrated a morphotropic phase transformation,
which is the phase transition due to the compositional
variation, in single-crystalline VO

2
nanobeams caused by

thermal reduction in a high-pressure hydrogen gas, lead-
ing to the stabilization of metallic phases. The authors
showed that hydrogen significantly reduced oxygen in the
nanobeams with characteristic nonlinear reduction kinetics
which depend on the annealing time [39]. Figures 9(c) and
9(d) show that the work function and the electrical resistance
of the reduced VO

2
nanobeams follow a similar trend to

the compositional variation due to the oxygen deficiency
and related defects. These results imply that the structural
properties and the electrical resistivity of VO

2
nanobeams

are closely correlated with the compositional stoichiometry
and/or defects in the nanobeam.

5. Applications

VO
2
has attracted considerable attention because of a vari-

ety of potential applications based on abrupt reversible
phase transitions at ultrafast timescales in which the phase
transition can be triggered by external perturbations, such
as thermal, electrical, or optical perturbations as well as
strain [1]. Recently, several efforts have been devoted to the
demonstration of potential devices utilizing MITs in VO

2

nanostructures, such as gas sensors, strain sensors, electrical
switches, a thermal memory, and electrical memory devices
[40–44, 56, 57].

For example, Strelcov et al. [40] demonstrated a novel
gas sensing concept based on suspended VO

2
nanowires,

as shown in Figure 10(a), in which the transition properties
of nanowires strongly depend on the changes in molecular
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Figure 9: (a) Structural phase maps (temperature versus annealing time). The shaded background demarcates a pseudo-T-𝛿 phase diagram
for VO

2−𝛿
. Confocal reflectivity at a 532 nm laser source. The brighter (darker) regions correspond to the insulating (metallic) phase (upper

image). (b) Resistance versus temperature for as-grown (red) and reduced (green) nanobeams. (c) Change in vanadium (V)/oxygen (O)
compositional ratio as a function of reduction time and their corresponding work functions extracted from ultraviolet photoemission
spectroscopy measurements. (d) Electrical resistance as a function of the reduction time for the as-grown and reduced VO

2
nanobeams.

The inset shows statistical data of the electrical resistance at room temperature for as-grown VO
2
and reduced VO

2
nanobeams for 1, 5, and

30min at approximately 400∘C under the exposure to hydrogen gas. Panels (a-b) and (c-d) adapted with permission from [38] and [39],
respectively.

composition, pressure, and temperature of the ambient gas
environment. Hu et al. [41] fabricated a flexible strain sensor
and a single domain electrical switch based on a VO

2

nanobeam. Figure 10(b) shows the change of the current (I)-
voltage (V) behavior solely dependent on the loading strains
(compressive and tensile strains) in which the different types
of strain lead to the distinct response from the phase transi-
tion between M1 and M2 phases. Hu et al. [42] also showed
that the self-heated VO

2
nanobeam under the application of

a bias voltage that exceeds a threshold transition voltage can
be easily switched based on a single domain transition by
stretching or compressing the substrate. Figure 10(c) shows
a single domain switch based on phase transitions induced
by the coupling of self-heating and external strain in a VO

2

nanobeam.

In addition to the sensor and switching device appli-
cations, Xie et al. [43] demonstrated a solid-state thermal
memory that can store and retain thermal information
with high/low (HI/LO) temperature states, as shown in
Figure 11(a). In Figure 11(a), HI/LO temperature states of
repeatedWrite HI-Read-Write LO-Read cycles using heating
and cooling pulses show the switching performance and
repeatability of the thermal memory. Bae et al. [44] also
reported a two-terminal memory device based on single VO

2

nanowires that were synthesized by a hydrothermal method,
followed by thermal annealing process to form a monoclinic
phase (Figure 11(b)). As shown in Figure 11(b), the MIT
induced by the Joule heating and the hysteresis behavior leads
to the nonlinear R-V characteristic and eventually enables
the switchable resistance to be maintained, resulting from
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Figure 10: Representative devices utilizing MIT in quasi-1D VO
2
nanostructures. (a)The design and principle of operation of VO

2
nanowire

MIT gas sensor (left panel). 𝑃G and 𝑃L indicate heat fluxes dissipating into the gas environment and metal contacts, respectively. Current
(I)-bias voltage (V) curves of a self-heated nanowire at different gas pressures showing transition voltages (forward direction) (right panel).
(b) I-V curves under different tensile and compressive strains (left panel) and their corresponding response to the strain switch (right panel).
(c) Schematic illustration of two-terminal nanobeam device placed on Kapton (left panel). Electrical switch with the strain change based on
single domain at DC voltage of 9.5 V (right panel). Panels (a), (b), and (c) adapted with permission from [40, 41] and [42], respectively.
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Figure 11: (a) A schematic illustration and a SEM image of a thermal memory device with an individual VO
2
nanobeam connecting the input

terminal (𝑇in) and output terminal (𝑇out) (upper panels). High/low (HI/LO) temperature states over 150 repeated cycles by using a one-second
heating pulse and a one-second cooling pulse at the input terminal under a voltage bias of 0.04V (lower panel).The inset shows the process of
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and IV in the upper right panel). Nonvolatile switching property of a single VO

2
nanowire memory device (lower panel). Panels (a) and (b)

adapted with permission from [43] and [44], respectively.

the mixed states of metallic and insulating phases during the
MIT of the single VO

2
nanowire. The multiple retainable

resistances of the single VO
2
nanowire when two different

voltage pulses are applied repeatedly show the possibility of
nonvolatile memory device utilizing a MIT behavior.

6. Summary

In this review, we first present the basic crystal andmolecular
orbital structures of VO

2
in metallic and insulating phases

and then discuss the growth characteristics of single-
crystalline quasi-1D VO

2
structures in terms of their

morphology, composition, and density, which can be signifi-
cantly affected by growth conditions such as temperature, gas
flow rate, oxygen partial pressure, precursor deposition rate,

and crystallographic plane of growth substrates. Next, we
discuss the influence of doping, surface stress, external stress,
and stoichiometry and/or defects on various aspects of phase
transitions in the quasi-1D VO

2
structures. Lastly, we present

snapshots of the research carried out emerging applications
of quasi-1D VO

2
structures such as a gas sensor, a flexible

strain sensor, an electrical switch, a thermal memory, and
a nonvolatile electrical memory. We expect that this review
will give insights not only into understanding the basic
important aspects of mechanism and properties of quasi-1D
VO
2
materials but also into developing practical applications

for successful commercialization based on MIT technology.
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