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Studies on nanomaterials have recently been carried out
widely and intensively in many fields in order to explore
the new era of the nanoscopic world and to overcome the
limitation of typicalness of the bulk materials. Nanomaterials
with the enhancedmechanical, electrical, and optical proper-
ties distinctively different from the bulk material properties
allow us to surmount many areas that the conventional
technology could not address. Nowadays, such properties
of the nanomaterials may be characterized electrically and
mechanically by direct contact with the nanomaterials.
Meanwhile, the optical methods take advantage of observing
the essential characteristics of the nanomaterials without
significantly modifying or permanently damaging them due
to their noncontact and noninvasive nature. Common optical
characterization methods include absorbance/transmittance,
photoluminescence, and Raman scattering measurement.

This special issue arranges a series of up-to-date articles
dealing with characterizing the various nanomaterials by
using such optical characterization methods. M. Benson et
al. discovers, from the absorbance analysis, the metamaterial
properties of silver nanorod thin film grown by oblique angle
deposition, “Optical characterization of silver nanorod thin
films grown using oblique angle deposition.” Y. C. Choi et al.
describes a purity analysis for carbon nanotubes by using
Raman scattering, “Novel method of evaluating the purity of
multiwall carbon nanotubes using Raman spectroscopy.” N.
Shanmugam et al. reports the effect of thermal process on
ZnS nanocrystals synthesized by chemical precipitation by

using UV-Vis absorption and photoluminescence, “Effect of
annealing on the ZnS nanocrystals prepared by chemical pre-
cipitation method.” By FT-IR, absorbance, and fluorescence
spectroscopy, T. L. Tan et al. observe the change in optical
characteristics of Mn-doped ZnO nanoparticles synthesized
by coprecipitation method while varying the manganese
dopant concentration, “Tunable band gap energy ofMn-doped
ZnO nanoparticles using the coprecipitation technique.” F. Sev-
eriano et al. introduces an electroluminescent device based on
white light emission fromZnO:In/PS by electroluminescence
and photoluminescence, “Electroluminescent devices based on
junctions of indium doped zinc oxide and porous silicon.”
By using photoluminescence, H.-S. Chin and L.-S. Chao
investigate the thermal annealing effect on ZnO thin film
grown by radio frequency sputtering, “The effect of thermal
annealing processes on structural and photoluminescence of
zinc oxide thin film.” Measuring the optical transmittance,
F.-H. Wang et al. analyzes the hydrogen effect on sputter-
deposited Al

2
O
3
-doped ZnO thin films, “Effects of hydrogen

on the optical and electrical characteristics of the sputter-
deposited Al2O3-doped ZnO thin films.” T. K. Kim et al.
observes the negative differential resistance from molecular
nanosilver chain, “Symmetric negative differential resistance
in a molecular nanosilver chain.” F. Q. Zhou et al. proposes
single ring-shaped nanotubes, dimmers, and arrays and
discuss their optical transmission properties, “Formation and
evolution mechanism of plasmon resonance from single ring-
shaped nanotube to dimer and arrays.”
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As we have seen from the papers in this special issue,
the optical characterization methods are essential in ana-
lyzing the various fundamental and functional properties of
the nanomaterials. The noncontact and noninvasive nature
makes the optical characterization methods one of the best
ideal and at the same time practical tools to investigate and to
take advantage of many different types of nanomaterials. We
believe that the articles in this special issue would serve as
excellent examples of how these optical methods are utilized
in characterization of some of the well-known nanomaterials.

Mun Seok Jeong
Gon Namkoong
Clare C. Byeon
Jong Su Kim

Hong Seok Lee
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Nanorods aremetamaterial structures that have been shown to have wide application, ranging from biomedical uses to photovoltaic
materials. These materials have unique optical characteristics. In this paper, two silver (Ag) nanorod thin-film samples are
created using Glancing Angle Deposition (GLAD) at both near-room temperature (∼300K) and cryogenic temperature (∼100K).
Generalized ellipsometry is used to measure the optical constants of the samples. The strong difference between the optical
constants of the constituent materials and those of these thin films shows that the characteristics of the samples are due to how
their metamaterial structures are defined. The principle optical axes of the films align well with the morphological characteristics
of the nanostructures. The axis with the greatest index of refraction remains aligned to the principle axes but shifts orientation
with respect to morphological characteristics between samples. Experimental results show differences in both magnitude and
characteristics of the nanorod indexes. Reflectance and transmittance measurements are performed to extract absorptance data.
The room temperature deposited sample shows a higher overall absorptance, while the cryogenic sample shows a clear orientation-
dependent absorptance. Polarization data is analyzed to show that the 100K thin film exhibits polarization-dependent absorptance,
while the 300K sample’s absorptance has a strong orientation dependence.

1. Introduction

Nanorods can create materials with optical properties that
are drastically different than their bulk material counter-
parts [1–3]. These structures have found a wide number of
potential uses, ranging from biomedical applications [4] to
photovoltaic device improvements [5]. The characterization
of these structures has been studied extensively in a number
of different places [6–9], focusing mostly on the optical
constants of the material. Here, two nanorod samples are
characterized using generalized ellipsometry and reflectance-
based measurements to examine their varying optical
properties, as well as their spectral absorptance proper-
ties.

2. Materials and Methods

2.1. Growth Methodology. The thin-film deposition method
discussed in this study was done using a generic e-beam
evaporation system (MDC evap-4000) made by Torr Inter-
national. This chamber was retrofitted with a custom-built
substrate holder to support thin-film growth at cryogenic
(∼100K) and room (∼300K) temperatures concurrently. Liq-
uid nitrogenwas allowed to flow through the substrate holder
in an open-loop configuration to achieve cryogenic substrate
temperatures during the deposition process. Copper and
teflon angle blocks with a preset angle of 88∘ were mounted
on the substrate holder. Using mechanical clips, silicon (Si)
substrates were attached to the angled surface of the block.

Hindawi Publishing Corporation
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Two type-K thermocouples were attached to the angle blocks
to measure substrate temperature during deposition. This
experimental setup is shown in Figure 1. Further details of
this experimental setup is discussed in [10].

Prime grade double-side-polished (DSP) 𝑝-type Si ⟨100⟩
wafers were used in this study. Partial wafers were cleaned
using acetone, methanol, and isopropyl alcohol followed by
nitrogen blow drying. The silver (Ag) evaporation pellets
were of 99.99% purity from Kurt J. Lesker Company. The
chamber base pressure was less than 66 × 10

−6 Pa (0.5 ×

10

−6 Torr) prior to the start of the deposition. After the
initial preconditioning ramp, the final deposition rate was
maintained at 0.3 nm/s. Film thickness was monitored using
SQC-310 thin-film deposition controller.

Top view and cross sectional scanning electron micro-
scope (SEM) imageswere acquired usingHitachi S-4800 high
resolution SEM system and are shown in Figure 2. ImageJ
software was used to structurally characterize morphological
differences among the 300K and 100K grown Ag nanorod
thin-film samples.

2.2. Spectral Ellipsometry Measurements. Ellipsometry mea-
sures the complex reflection coefficient [11]. This data is
typically compared against a model of the material compo-
nents to evaluate the actual parameters of the sample. In
spectral ellipsometry, a broadband source is combined with
a series of polarizing optics to illuminate a sample with an
exact polarization state. A detector then views the specular
reflectance of the sample through another polarizing optic to
measure the proportion of light reflected by the sample.

The complex reflection coefficient can be described as

𝜌

𝑝𝑝
= tanΨ

𝑝𝑝
exp [𝑖Δ

𝑝𝑝
] , (1)

where tan(Ψ
𝑝𝑝
) is the ratio of the amplitude of light horizon-

tally polarized over that vertically polarized, and Δ

𝑝𝑝
is the

phase delay between the two orthogonal fields [12].
Fundamentally, this complex reflection coefficient relates

back to the reflection Jones matrix of the sample. An element
with a reflection matrix of

𝑅

𝑗
= [

𝑟

𝑝𝑝
𝑟

𝑠𝑝

𝑟

𝑝𝑠
𝑟

𝑠𝑠

] (2)

will have a complex reflection coefficient that is equal to
𝜌

𝑝𝑝
= 𝑟

𝑝𝑝
/𝑟

𝑠𝑠
. Two other complex reflection coefficients are

commonly used,

𝜌

𝑠𝑝
=

𝑟

𝑠𝑝

𝑟

𝑠𝑠

,

𝜌

𝑝𝑠
=

𝑟

𝑝𝑠

𝑟

𝑝𝑝

,

(3)

and give new information on the relative Jones matrix. These
reflection coefficients (and hence corresponding Ψ and Δ)
can be extracted using generalized ellipsometry. Extraction
methods are detailed in [13]. These additional two reflection
coefficients are very important formeasuring biaxial samples.
A biaxial material’s Jones matrix is nondiagonal everywhere

substrate holder

E-beam evaporation 
source

Cryo GLAD Substrate

Vapor flux

Figure 1: Nanorod growth experimental setup.

except for the principle axes. These extra measurements are
required to properly extract the material parameters.

This data is typically measured as a function of angle
of incidence, 𝜓, as measured from the surface normal.
The reflection coefficient changes significantly given any
change of material parameters, such as layer depth or surface
roughness, making the measure of Ψ and Δ over a range of
angles fairly material specific.

The complex reflection coefficient, and hence Ψ and Δ,
can easily be modeled given material parameters. Because
these parameters are calculated, they can be quickly varied
by a computer to create a broad range ofΨ and Δ data. These
simulations are then compared to the measured data. If the
modeled data and the measured data align well, it can be
assumed that the sample is well described by the model.

Nanorods typically exhibit biaxial properties [3, 14–16],
which means that the complex refractive index, 𝑛 + 𝑖𝑘, is not
the same for every orientation or angle 𝜓. Biaxial materials
have three principle axes (𝑎, 𝑏, 𝑐), each of which has a different
index of refraction. In many applications, these axes do
not line up with the laboratory frame of reference, which
makes them difficult to measure [15]. Ellipsometric models
can be set up to generate biaxial data, which can then be
used to estimate the angles of these axes. Typically, these
angles correspond with properties of the materials, such as
the direction of the nanorods [16].

In our experiment, we found that the axis with the
highest real part of the refractive index measured at the
lowest sampled wavelength changed between samples. Due
to the confusion of having the axes’ names changing between
samples, these axes are instead designated as 𝛼, 𝛽, and 𝛾,
which were chosen to correspond with the morphological
characteristics of the sample and are aligned with the optical
axis. 𝛼 corresponds with the direction of the nanorods, 𝛾
is perpendicular to 𝛼 in the plane of the substrate, and 𝛽

is perpendicular to both 𝛼 and 𝛾, pointing away from the
surface. In other models, 𝛼 and 𝛽 do not have to necessarily
be perpendicular to each other. Here, they are defined as
perpendicular.
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(a) (b)

Figure 2: SEM images of silver nanorods. (a) Sample was grown at 300K, while the (b) sample was grown at 100 k.

Previous studies of nanorods point to the fact that the
material will have biaxial properties, and these axes typically
align with the direction of the rods [17]. Knowing this, the
ellipsometric measurements were taken along three direc-
tions: the plane of 𝛼 and 𝛽 on the side of 𝛼 (also designated
“INTO,” as the nanorods point towards the source), the same
plane on the opposite side (also designated “AGAINST,” as
the nanorods point away from the source), and the plane
of the sample normal and 𝛾 (also designated “ACROSS,” as
the nanorods are perpendicular to the source). This allows
us to collect data along all three of the principle axes of the
sample, which can be used to extract the relevant material
parameters using an ellipsometric model. An example of the
experimental setup used showing the sample orientation can
be seen in Figure 3. Data collection was performed using J.
A.WoollamCo.’s IR-VASE, and analysis was carried out using
the associated software [18].

2.3. Hemispherical Reflectance and Transmittance Measure-
ments. While ellipsometry measures specularly reflected
light, light scattered at other angles can also be used to
identify specific material parameters, such as absorptance.
Typically, absorptance is fairly difficult to measure directly,
but it can be extracted from reflectance and transmittance
data. Conservation of energy states that absorptance (𝐴),
reflectance (𝑅), and transmittance (𝑇) are related by

1 = 𝐴 (𝜓) + 𝑅 (𝜓) + 𝑇 (𝜓) . (4)

Absorptance can also be found given the 𝑛 and 𝑘 values
of the material. Absorptance is calculated as

𝐴 = exp [−4𝜋𝑘
𝜆

0

𝑑

cos 𝜃
] , (5)

where 𝜆

0
is the free-space wavelength, 𝑑 is the material

thickness, and 𝜃 is the angle of propagation within the
sample. Because 𝑘 is divided by 𝜆

0
, samples will have high

absorptancewhen they have lower 𝑘 (but>0) values at shorter
wavelengths or higher 𝑘 values at longer wavelengths.

Reflectance and transmittance measurements were made
using Surface Optics Corp.’s SOC-100 which measures hemi-
spherical directional reflectance (HDR) and hemispherical

x̂

ẑ

𝛽 𝛼

x̂

ẑ

𝛽𝛼

SourceAnalyzerSourceAnalyzer

𝜓 𝜓𝜓 𝜓

Figure 3: Ellipsometry experimental setup. The diagram on the left
demonstrates the orientation “INTO,”while the diagramon the right
demonstrates the orientation “AGAINST.”

x̂

ẑ

x̂

ẑ 𝛽
𝛽

𝛼

𝛼

Analyzer

Analyzer

𝜓

𝜓

Figure 4: Reflectance (left) and transmittance (right) experimental
setup. Both diagrams show the orientation “INTO.”

directional transmittance (HDT). Because of this, special
care must be taken to ensure proper measurement of these
nanorod samples.The sample must be mounted upside down
relative to the reflectance measurement to properly measure
the transmittance of the sample. This is shown in Figure 4.

3. Results and Discussion

3.1. Sample Characteristics. Figure 2 showed the top and side
view SEM images for 300K and 100K grown Ag nanorod
thin films. The distinct morphological differences in the
structure of these films are evident from these images. The
nanostructure of 300K grown films is in agreement with
previously reported results in literature [19, 20]. Compared
to 300K, 100K grown thin films appear to have distinctly
separate nanorods with smaller diameter. The 300K sample
has partially collapsed nanostructure with larger-diameter
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Figure 5: Measured 𝑛 (a) and 𝑘 values (b). Sample grown at 300K is shown on top, while the sample grown at 100K is shown in the middle.
𝛼 corresponds with the direction of the nanorods, 𝛾 is the perpendicular of 𝛼 lying in the plane of the sample, and 𝛽 is the perpendicular to
the two previous vectors. The 𝑛 and 𝑘 values extracted for the Si substrate and Ag deposition are shown at the bottom.

nanorods. This fact is not obvious unless the structure of
the film is investigated using cross sectional view. Based on
the observed differences in the diameter, length, number of
nanorods per unit area, and nanorod spacing, it appears that
the available Ag nanostructured surface area of the 100K
films will be larger than that of the 300K grown thin films.
Therefore, it is expected that the 100K and 300K grown
thin films will exhibit different plasmonic, optical, electrical,
and mechanical properties. The difference in the evolution
of thin films and quantitative morphological differences of

these films is discussed in our previously reported study
[10].

3.2. Optical Constant Extraction. The 𝑛 and 𝑘 values extracted
along the principle axes are shown in Figure 5. The structure
of the nanorods obviously has a strong impact on the overall
characteristics of themetamaterial as a whole. Neither sample
exhibits any behavior that can be attributed to a simple
layeredmaterial model.These values were extracted by fitting
the measured data to a biaxial layered model (summarized



Journal of Nanomaterials 5

Table 1: Modeling parameters and measurements for both sample grown at 300K and sample grown at 100K.

300K sample 100K sample
Model parameter SEMmeasurement Model parameter SEMmeasurement

Layer depth (nm) 135 nm 128 nm–160 nm 115 nm 110 nm–120 nm
Nanorod angle (deg.) 84∘ 68∘–72∘ 84∘ 68∘–72∘

in Table 1). Given the average film thickness (taken from the
SEM images), 𝑛 and 𝑘 were varied to match the collected
generalized ellipsometry data.

Both samples exhibit clear anisotropic behavior. The
effective index changes considerably as a function of the
orientation and the angle 𝜓. More significantly, each sample
demonstrates unique behavior, indicating that the subwave-
length structures are responsible for the material’s response.
Both sets of nanorods have complex indexes significantly
higher than that of the substrate and significantly lower than
that of the Ag deposition (also shown in Figure 5).

The 300K sample has an index that is highest along
the direction of the nanocolumns. This behavior has been
observed in other nanorod samples at shorter wavelengths
[9]. This index has a high complex component, which
would imply that the absorptance in this direction would be
comparatively higher.The complex portion decreases sharply
towards 5 𝜇m, where it approaches the behavior of the other
two axes.

The 100K sample has amuch different behavior. Here, the
index along the 𝛼 axis starts lower than the other two, then
increases to approximately the behavior of the 𝛽 axis. This
behavior has also been observed in other nanorod samples
[16]. This axis has a complex part of the index that is lower
than the 𝛽 axis, which is contrary to the 300K sample. The
real portion of the index along 𝛼 crosses the 𝛾 index at
2.65 𝜇m and crosses the 𝛽 at both 2.82 𝜇m and 3.75 𝜇m.

While both of these behaviors have been noted before,
these samples are novel because they exhibit both behaviors.
Themost significant difference between the two samples is the
nanostructures, implying that this difference is responsible
for this unique behavior.

These two structures have significantly different effective
optical constants. The optical axes of these materials always
roughly align with the morphological characteristics of the
sample, which is why the 𝛼, 𝛽, and 𝛾 axes were chosen instead
of the typical 𝑛

𝑎
, 𝑛
𝑏
, and 𝑛

𝑐
axes found in similar papers.

Choosing these axes allows for a much clearer comparison
between the two samples.

Similar structures have been well described using a
Bruggeman effective medium approximation [6]. Typically,
this kind of filmwould be a silver and voidmixturewith a void
fraction percentage likely around 70% with some depolariza-
tion factor. For our particular sample, these parameters were
not of great importance; the effective index of the material
was needed to correlate with the measured absorptance data.

The orientation of the optical axes was easily extracted for
both samples and is shown in Figure 2. For the 300K sample,
the orientation of the 𝛼 axes is located at 83.76∘ from normal.
Fitting placed 𝛾 at 89.9∘ from normal and 𝛽 axis at 6.21∘ from
normal, on the opposite side of the 𝛼 axis. This confirms that

Average
Perpendicular
Parallel

Ab
so

rp
ta

nc
e

0

0.2

Wavelength (𝜇m)
0 5 10 15 20 25

Figure 6: Polarization-based absorptance for Si substrate.

the 𝛾 axis is in the plane of the sample. Similarly, for the 100K
sample, the orientation of the 𝛼 axis was located at 83.89∘
from normal. The 𝛽 axis is oriented at 8.26∘ from normal. 𝛾
axis is a bit further from the plane of the substrate, oriented
5.53

∘ above the plane of the sample.

3.3. Absorptance Calculations. The absorptance is calculated
using (4) with the reflectance and transmittance measure-
ments. The absorptance of the Si substrate is shown in
Figure 6. The absorptance of the substrate shows that two
peaks inconsistent with the ellipsometric data discussed in
Section 3.2.The peaks occurring at 9𝜇mand 16 𝜇mare due to
interstitial oxygen present in the Si. This is commonly found
in silicon grown by Czochralski method [21].

Note that the absorptance is polarization dependent.
This is due to the difference in reflectance between the
two orthogonal states; the perpendicular polarization state
is prevented from exiting the material. The reflected portion
of the energy passes through the layer again, where it has
another chance to be absorbed,which in turn leads to a higher
absorptance.

The spectral reflectance and transmittancemeasurements
of the samples are shown in Figure 7. The 300K sample
has a significantly lower reflectance than the 100K sample.
The “INTO” orientation reflects significantly better than the
“AGAINST” orientation; the “AGAINST” and “ACROSS”
transmittance measurements are nearly identical for this
sample; and the “INTO” orientation transmits better at longer
wavelengths.

The 100K sample has clearly different reflectance and
transmittance properties (Figure 7(b)). All three orientations
have very similar characteristics, with the “ACROSS” orien-
tation showing slightly higher reflectance. For transmittance,



6 Journal of Nanomaterials

0

0.2

0 5 10 15 20 25

AGAINST
ACROSS
INTO

Tr
an

sm
itt

an
ce

0.4

0.6

Re
fle

ct
an

ce

Wavelength (𝜇m)

(a)

0 5 10 15 20 25

AGAINST
ACROSS
INTO

0.2

0.4

0.6

Tr
an

sm
itt

an
ce

Re
fle

ct
an

ce

0.4

0.5

Wavelength (𝜇m)

(b)

Figure 7: Reflectance and transmittance measurements for unpolarized light at𝜓 = 70

∘. (a) Sample was grown at 300K, while the (b) sample
was grown at 100K.
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Figure 8: Absorbance measurements for unpolarized light at 𝜓 = 70

∘. (a) Sample was grown at 300K, while the (b) sample was grown at
100K.

all three measurements are nearly identical after about 7𝜇m.
For the shorter wavelengths, there is a large difference
between the “AGAINST” and “INTO” orientations, contrary
to what was observed in the 300K sample.

The absorptance measurements show a significant dif-
ference between the two samples. These measurements are
shown in Figure 8. The sample grown at 300K absorbs light
over the infrared wavelength range significantly better than
the sample grown at 100K. The “INTO” absorptance is
slightly higher than the “AGAINST” absorptance at wave-
lengths lower than about 5 𝜇m. This measurement corre-
sponds well to the indices presented in Figure 5. For example,
the imaginary portion of the index along 𝛾 is very low, which
matches very well with the much lower absorptance for the
“ACROSS” measurement.

For the 100K sample, all three orientations have nearly
identical absorptance at wavelengths longer than about 6𝜇m.
At shorter wavelengths, the “INTO” orientation has a much
stronger absorptance than the other two orientations. This

is a characteristic shared by both samples. “ACROSS” and
“AGAINST” have very similar absorptances throughout the
entire range of wavelengths examined here. Again, this
matches well with the indices in Figure 5. The 𝛼 axis has a
much higher imaginary index, correlating with the higher
absorptance.

The absorptance measurement can also be decomposed
into separate polarization states. This is shown in Figure 9.
Additional measurements (not shown here) show that the
differences are due to an inability for the sample to transmit
the parallel (TM) polarization state. Normally, this state
is easily transmitted through the sample. The inability to
transmit this energy, which has already been coupled into
the material, manifests as increased absorptance for this
polarization state.

Furthermore, the polarization-based absorptance dis-
plays some unique characteristics. The absorptance shows
a very clear polarization dependence of the 300K material.
In all orientations, the parallel polarization is most strongly
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Figure 9: Polarization-based absorptance for the sample grown at 300K (a) and 100K (b). Blue is the parallel (TM) polarization state and
red is the perpendicular (TE) polarization state. The green line is unpolarized.
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Figure 10: DOLP measurement for Si substrate (a), sample grown at 300K (b), and sample grown at 100K (c).

absorbed.The “INTO” absorptance shows the least difference
between polarizations, likely due to the light being incident
on the top of the nanorods. Because of the cylindrical symme-
try, there is very little difference between polarization states.
This would explain the lower degree of linear polarization
(DOLP) for this orientation in Figure 10.

The “AGAINST” orientation shows the highest difference
in absorptance between polarization states. In this case, the
direction of the incident light is normal to the nanorods,
which would explain why the two polarization states interact
with the material so differently. “ACROSS” shows similar
trends to the other two orientations, but to a lesser degree.

The polarization-based absorptance data for the sample
grown at 300K shows very little polarization-based absorp-
tance (Figure 9(a)). All three orientations have similar DOLP
values in Figure 10, averaging around 0.5. These values are
very different than the DOLP for the Si substrate, also shown

in Figure 10, which averages around 0.75 between 2 and 7 𝜇m
and then drops to around 0.25.

4. Conclusion

These Ag nanorod thin films have exhibited strong metama-
terial properties in the sense that they arewell described by an
effective medium approximation. Glancing angle deposition
at cryogenic temperatures created a nanorod sample that
has significantly different morphological properties than a
similar sample grown at room temperature. Ellipsometry
reveals that these two samples have greatly varying optical
properties.Notably, the optical axiswith the highest refractive
index changed places with respect to the axes defined by the
morphological features of the nanorods between the samples.
The 300K sample demonstrates a much higher set of indices
than does the 100K sample. The 100K has significantly
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different behavior than that of the 300K sample. The absorp-
tance of both samples has been measured. Absorptance
measurements correspond well with the measured material
indices.The 100K sample exhibits a much lower difference in
absorptance at wavelengths longer than 6𝜇m, while showing
its absorptance is strongly orientation dependent in the
shorter wavelengths. The 300K sample shows a smaller
orientation dependence, but across the entire infrared band.
These measurements show the impact of the subwavelength
structures on the observable optical properties of nanorod
metamaterials.
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The formation and evolutionmechanisms of plasmon resonance from single Ring-shaped nanotube to dimer and arrays are studied;
an attempt has beenmade to bridge the gap between single-tube, dimer, and array. Results show that resonantmodes can be divided
into three types: quadrupole, hexapole, and octupole resonance from visible to near infrared region, and each mode maintains
relatively stable resonant characteristics, but the optical transmission properties including redshift and blueshift of the modes and
band gap are highly tunable by adjusting the number of nanotube and intertube spacing values. The field-interference mechanism
has been suggested to explain the physical origin.

1. Introduction

Surface plasmon (SP) stems from the coupling between
metallic nanostructures and light and great interest has been
aroused for its rich physical phenomena, mechanisms, and
potential application [1–4].

The studies on single metallic nanostructures include
nanospheres [5], nanoprisms [6], nanorods [7], nanocubes
[8], and shells [9]. The results show that the plasmonic
properties depend strongly on the size and shape of the
nanostructure and material properties of the surrounding
medium.

Coupled metallic nanoparticle pairs are referred to as
plasmonic “dimer” [10]. The effects of symmetry breaking on
plasmon resonance of dimer have been analyzed in many
works [11, 12], and the “hot spots” may be formed by the
pair of closely spaced nanoparticles and caused by the strong
coupling interactions between the near fields of two closely
spaced nanoparticles [11, 13].

A nanosystem such as nanowire with nanoparticle [14,
15], nanoparticles array [16], and nanowires chain systems
[17, 18] is interesting for the interactions of plasmon modes

between the individual nanostructures [19]. In addition,
arrays of nanostructures can also be used as optical waveg-
uides [20–22]. Many efforts focused on the optical trans-
mission properties of simple nanoparticles such as spherical
particles and nanotube arrays [23–28].

Single nanostructure, dimer, and arrays have been highly
studied, respectively. And the above researched nanostruc-
tures such as circular-shell-core nanoparticle or nanotube are
the common structure; the metallic Ring-shaped nanotube
and its array have not been discussed comprehensively; and
the existence of length 𝐿 of the Ring-shaped nanotube (shape
of nanotube) influences greatly the transmission spectrum
and plasmon resonance. In addition, we want to research the
formation and evolution mechanisms of plasmon resonance
between single particle, dimer, and array.

Based on the above analysis, in this paper, we propose
single Ring-shaped nanotube, dimer, and arrays and discuss
its optical transmission properties by using Finite-Difference
Time-Domain (FDTD) method. First, we make a simple
comparison between the Circular-shaped and Ring-shaped
nanotube arrays. Then, from the transmission spectra of the
simulation results, we can see the formation and evolution
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process of the regularly resonant transmission modes and
band gap. A field-interferencemechanismhas been suggested
and investigated. In addition, the transmission properties
have been further characterized with various intertube spac-
ing between adjacent nanotubes. The present study has
led to an improved understanding of the formation and
evolution of plasmon resonant modes in nanostructures, and
the proposed models and results may have great potential
applications in subwavelength near-field optics.

2. Model and Method

Figure 1 shows schematically two-dimensional Ring-
shaped nanotube with infinite length along the 𝑧 direction.
Figure 1(a) is the single-tube, in the whole paper, the outer
radius, inner radius, and the length of the Ring-shaped
nanotube are fixed 𝑅

1
= 50 nm, 𝑅

2
= 40 nm, and 𝐿 = 100 nm,

respectively. A nanodimer composed by two nanotube
pairs is shown in Figure 1(b), and the intertube spacing
between adjacent nanotubes can be changed by varying the
parameter 𝐷. Further, the array of ten nanotubes is depicted
in Figure 1(c). In addition, the metal is chosen to be Au. The
relative permittivities of the gold are approximated by the
Drude model, which is defined as 𝜀(𝜔) = 1 − 𝜔2

𝑝
/(𝜔

2
+ 𝑖𝜔𝛾

𝑝
),

where 𝜔
𝑝
= 1.37 × 1016 s−1 is the bulk plasmon frequency and

𝛾

𝑝
= 4.08 × 1013 s−1 represents the electron relaxation time

[29]. The outside and inner-core outside dielectric medium
of Ring-shaped nanotube are defined as air; the dielectric
constant is 𝜀 = 1.

We use two-dimensional FDTD [30] method to simulate
the structure with a lattice of 𝐿

𝑥
× 𝐿

𝑦
= 1800 nm × 300 nm

for single-tube, dimer, and array, and infinity along the 𝑧
direction, and the spatial mesh and time steps are set as Δ

𝑥
=

Δ

𝑦
= 1 nm and Δ𝑡 = Δ𝑥/2𝑐, where 𝑐 is the velocity of light

in vacuum.The left and right surfaces of the calculated region
along the 𝑥 direction are truncated by perfectly matched
layer (PML) absorbing boundary conditions, and due to the
periodicity of the structure along 𝑦 direction, the top and
bottom boundaries along 𝑦 direction are treated by periodic
boundary conditions. A Gaussian single pulse of light with a
wide frequency profile is sent along the 𝑥 direction with TM
polarization.

3. The Differences between the Circular-
Shaped and Ring-Shaped Nanotube Arrays

Let us make a simple comparison between the Circular-
shaped and Ring-shaped nanotube arrays. We fix the outer
radius 𝑅

1
= 50 nm, inner radius 𝑅

2
= 40 nm, and separation

distance of tubes 𝐷 = 20 nm both for Circular-shaped and
Ring-shaped nanotube arrays and set length 𝐿 = 100 nm of
the Ring-shaped nanotube.

The transmission spectrum of the band structure can be
formed in both the Circular-shaped and the Ring-shaped
nanotube arrays. From Figure 2(a), we can see that only one
forbidden band has been formed in range from 428 nm to
577 nm, and it shows that the resonant peaks on the left
side are dense and irregular, while the resonant peaks on

the right side are regular.While two forbidden bands form in-
transmission spectrum of the Ring-shaped nanotube array,
which is showed in Figure 2(b), the right forbidden band is
very wide ranging from680 nm to 1000 nm, the left forbidden
band is narrow ranging from 370 nm to 500 nm, and five
regular resonant peaks appear between the two forbidden
bands. From the results, we can find that the existence of
length 𝐿 of the Ring-shaped nanotube influence greatly the
transmission spectrum and plasmon resonance; the details of
resonant properties of Ring-shaped nanotube are studied in
next sections. This is why we choose this structure.

4. Numerical Results and Discussion:
Formation and Evolution Mechanisms of
Plasmon Resonance

First of all, we fix the outer radius 𝑅
1
= 50 nm, inner radius

𝑅

2
= 40 nm, and separation distance of tubes 𝐷 = 20 nm

and discuss the effect of the tube number 𝑁 on optical
transmission properties and then study the formation and
evolution mechanisms of plasmon resonance from single
Ring-shaped nanotube to dimer and array. The transmission
spectrum with different numbers 𝑁 = 1, 2, 10 are shown in
Figures 3(a)–3(c), namely, the single-tube, dimer, and array,
respectively. We find some features by comparing Figures
3(a)–3(c). First, the resonantmodes can be grouped into three
types. Type 1 is quadrupole resonance including the peaks of
A1, A2, and A3, and the Type 2 peaks B1, B2, and B3 belong
to hexapole resonance; the Type 3, C1, C2, and C3, is octupole
resonance; we will discuss the multipole resonant properties
by simulating the electric field distributions in next chapter.
Second, from Figure 3, we can find that the properties of
the three types of modes exhibit certain regularity with 𝑁
increasing. When only the single-tube system is considered,
the higher-order modes are excited in the visible and near
infrared region, just like the resonant peaks B1 and C1, while
the quadrupole resonance peak A1 stays away from this area
and distributes in infrared region (not shown here).Then, we
take into account the dimer system; due to the coupling effect
between nanotube pairs, quadrupole resonance peak A2
gradually forms in near infrared region; we also consider that
quadrupole resonance peak A2 blueshifts into near infrared
region. At the same time, the higher-order modes B1 and C1,
the dip betweenB1 andC1, and the dip on the right B1 redshift.
It is more important that the transmission band begins to
form; forbidden band can clearly be seen in the transmission
spectra from Figure 3(b). As shown in Figure 3(c), due to the
coupling effect between each nanotube, regular quadrupole
resonance peakA3 and hexapole resonance peak B3 establish;
for example, six hexapole resonance peaks B3 appear. In
addition, two wide forbidden bands have been formed, the
right forbidden band ranges from 680 nm to 1000 nm, the left
band gap is smaller than the right, and it ranges from 380 nm
to 500 nm. The formation and evolution process is similar to
the forming process of band lines in photonic crystal, which
can be used to design an optical filter.

In order to analyse the basic physical mechanisms for
above phenomena, we plot the electric field distributions 𝐸

𝑥
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Figure 1: A unit cell of the Ring-nanotube (a) single-tube; (b) dimer; (c) array.
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Figure 2: Transmission spectra through the Circular-shaped (a) and Ring-shaped (b) nanotube arrays as a function of wavelength.
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Figure 3: Transmission spectra for single-tube (a); dimer (b); array (c).
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at the transmission peaks B1 and C1 for single-tube in Figures
4(a) and 4(b); transmission peaks A2, B2, and C2 for dimer
in Figures 4(c)–4(e) and transmission peaks A3, B3, and
C3 and band gap D3 and E3 for array in Figures 4(f)–4(k)
and the corresponding peaks have been labeled in Figure 3,
respectively. We consider that red colored areas represent
positive and blue means negative.

First, we can find that positive and negative electric
field 𝐸

𝑥
spread alternately near the edges of the nanotube

from the left column of Figures 4(a) and 4(b). Figure 4(a)
shows that the left sign of 𝐸

𝑥
is the same of the right,

while they are opposite on the top and bottom for single
nanotube, and electric field also exists in the middle and
inner of the tube; its sign is opposite to the left and right.
We consider that it is a hexapole field distribution for the
plasmon modes in the nanotubes. It is the reason that we
regard this transmission peaks as the peaks of Type 2 hexapole
resonance in Figure 2. In addition, Figure 4(b) depicts the
octupole resonance at the Type 3 C1 in Figure 3, but the signs
of the top and bottom, left and right, and outside and inner
change alternately. Besides, we can see analogous hexapole
and octupole resonant patterns in the dimer and array, which
are shown in Figures 4(d) and 4(e) for B2 and C2 and Figures
4(i) and 4(k) for B3 andC3.Theonly difference is that some of
the nanotubes form a group; this phenomenon is particularly
evident in Figure 4(i) B3, where each of the two tubes forms
a group, and five groups appear totally.

Second, Figure 4(c) for A2 and Figure 4(f) for A3 show
the quadrupole resonance; the electric field 𝐸

𝑥
distributes

nearly outside of the tube, and we could barely see the electric
field inner of the tube. The signs of the surface charges at
two sides of the gap are opposite; the electric fields between
two nanotubes are coupled together closely and intensified,
which is just in analogy with a simple capacity device, so
the field distributions are mostly concentrated at every other
gap between adjacent nanotubes [24–26].The results indicate
that the oscillation of charge density exists between the
nanotubes. In other words, the surface plasmon wave really
exists and propagates along the surface. Due to the nanotube
with different lengths that may be used as chain waveguides,
the understanding of the plasmonic behaviors in coupled
nanotubes of arrays is especially important [24].

Last, we draw the spatial distributions of the 𝐸
𝑥
at

wavelengths of band gap D3 and E3, which are depicted
in Figures 4(h) and 4(j); electric field only emerges on left
several tubes. No excitation of resonant mode exists owing to
the forbidden band gap, and incident light cannot transmit.

Successively, we investigate the effect of different spacing
intertube on transmission spectrum and electric field distri-
butions.

Firstly, the transmission spectra varying intertube spac-
ing between adjacent nanotubes for dimer is shown in
Figure 5(a).The transmission spectra blueshift obviouslywith
increasing of the intertube spacing; the peak intensities of A
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Figure 5: Transmission spectra with different intertube spacing in (a) dimer and (b) array.
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Figure 6: The calculated field distributions of 𝐸
𝑥
(left hand column for dimer, right hand column for array) for different intertube spacing

values.

and B have no change, but the resonant peaks C decrease
sharply until it disappears. At the same time, a broaden band
gap forms when the intertube spacing becomes 𝐷 = 40 nm
and 60 nm. Besides, Figure 5(b) shows that the resonant
peaks A and B are regular, while the peaks on the left side of
the transmission spectra are dense and irregular for the array.
As the intertube spacing increases, the transmission spectra
move to the short wavelength. The number of the peaks A
increases, while the number of the peaks B decreases; the
width of the right band gap has no change, but the width of
the left band gap is narrowed.

Secondly, the electric field 𝐸
𝑥
with different distance𝐷 =

20 nm, 40 nm, and 60 nm are shown in Figure 6; the left hand
column (a)–(c) is the distributions of dimer; the wavelengths
𝜆 of transmission peaks A labeled in Figure 5 are 1140 nm,
1108 nm, and 1157 nm, respectively, and the right hand col-
umn (d)–(f) is the distributions of array; the wavelengths

𝜆 of transmission peaks A labeled in Figure 5 are 1134 nm,
1035 nm, and 989 nm, respectively. During transmission peak
A that is the quadrupole resonant peak, the field distributions
of 𝐸
𝑥
only appear outside the nanotube. When separation

distance is𝐷 = 20 nm, similar to that of nanotube array [24–
26], the opposing and uniform surface charges are aligned
alternatively between the gap, so the field distributions are
concentrated between adjacent nanotubes. As𝐷 = 40 nmand
60 nm, the uniform surface charges are lessened due to less
coupling between nanotubes. When the intertube distance
gets farther apart, the uniform surface charges reduce further
and the intensity of electrical field attenuates sharply. This
phenomenon exists obviously in Figures 6(a)–6(c) for dimer.
For the case of array, from Figures 6(d)–6(f), we can see that
some of the nanotubes form a group when we increase the
intertube spacing, this phenomenon is particularly evident in
array, and five groups appear totally when 𝐷 = 40 nm, and
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four groups form as𝐷 = 60 nm. Due to the group formation,
the electric fields𝐸

𝑥
couple strongly with inner of each group,

so we do not see that the intensity of electrical field inner of
the group attenuates, but electrical field between the group
attenuates evidently.

5. Conclusion

In conclusion, we proposed single Ring-shaped nanotube,
dimer, and arrays and discussed its optical transmission
properties; an attempt has been made to bridge the gap
between single particle dimer, and array. Results show that the
resonant modes can be divided into three types: quadrupole,
hexapole, and octupole resonance from the visible to near
infrared region, and each mode maintains relatively stable
resonant characteristics, but the resonant transmission sen-
sitively depends on the number of nanotubes; magnitude
modification, redshift and blueshift of the resonance modes,
and band gap are observed. From the transmission spectra
and electric field distributions of the single nanotube to dimer
and arrays, we can see the formation and evolution process
of the regularly resonant transmission modes and band gap.
In addition, the transmission properties of the dimer and
array have been further characterized with various intertube
spacing between adjacent nanotubes. The presented study
not only sharpens our understanding of the formation and
evolution of plasmon resonant modes in nanostructures but
also provides a profound comprehension into the plasmonic
interference. And we hope that the proposed models and
results can be used to design structures with optimized
nanophotonic devices.
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In this study, AZO thin films were deposited on glass by using a 98mol% ZnO + 1mol% Al
2
O
3
(AZO, Zn : Al = 98 : 2) ceramic

target and a r.f. magnetron sputtering system. At first, the effects of different H
2
flow rates (H

2
/(H
2
+ Ar) = 0%∼9.09%, abbreviated

as H
2
-deposited AZO thin films, deposition temperature was 200∘C) added during the deposition process on the physical and

electrical properties of AZO thin films were investigated. The optical transmittance at 400 nm∼700 nm is more than 80% for all
AZO thin films regardless of H

2
flow rate and the transparency ratio decreased as the H

2
flow rate increased. The Burstein-Moss

shift effect was used to prove that the defects of AZO thin films decreased with increasing H
2
flow rate. Also, the 2% H

2
-deposited

AZO thin films were also treated by the H
2
plasma at room temperature for 60min (plasma-treated AZO thin films). The value

variations in the optical band gap (𝐸
𝑔
) values of the H

2
-deposited and plasma-treated AZO thin films were evaluated from the plots

of (𝛼ℎ])2 = 𝑐(ℎ] − 𝐸
𝑔
), and the 𝐸

𝑔
values increased with increasing H

2
flow rate. The 𝐸

𝑔
values also increased as the H

2
-plasma

process was used to treat on the H
2
-deposited Al

2
O
3
-doped ZnO (AZO) thin films.

1. Introduction

Zinc oxide (ZnO), which is an n-type oxide semiconductor
with a wurtzite crystal structure, is a novel II–VI compound
semiconductor with various electrical, optical, acoustic, and
chemical properties because of its wide direct band gap of
3.40 eV at room temperature. ZnO-based thin films are also
good candidates to substitute for indium tin oxide (ITO)
and tin oxide (SnO

2
) thin films in amorphous silicon (𝛼-Si)

solar cells because they are stable in the hydrogen plasma,
whereas ITO and SnO

2
produce a metallic layer in the

reducing plasma [1]. Additionally, in the case of CuInSe
2
-

and CuInGaSe
2
-based heterojunction solar cells [2], ZnO

coatings used as window layers have been found to enhance
the current more than the standard CdS (or ZnS) coatings,
due to ZnO’s higher band gap. Nonstoichiometric, undoped
ZnO thin films have usually shown low resistivity due to the
oxygen vacancies and zinc interstitials [3]. Hydrogen almost

never occurs as an electrically neutral impurity inside a
semiconductor or insulator. Invariably, it either (i) gives up its
electron, becoming positively charged and acting as a donor
in p-type semiconductors, or (ii) acquires an additional
electron, becoming negatively charged and acting as an
acceptor in n-type semiconductors. Therefore, hydrogen has
the properties of an amphoteric impurity, when it is used
as the atmosphere during the deposition process or used
as the plasma after the films deposition, it will change the
conductivity of formed thin films [4].

However, hydrogen is exclusively in a positively charged
state when calculations show, and only the positively charged
state occurs in ZnO.Thus, hydrogen can only act as a dopant,
and other charge states cannot be stabilized in ZnO-based
semiconductors [5]. In the past, several methods had been
studied to improve the properties of ZnO-based thin films.
Oh et al. reported the effects of different substrate tempera-
tures on the crystallization behavior and optical properties of
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ZnO and AZO thin films [6]. Strzhemechny et al. reported
on how the crystallization behavior and optical properties of
AZO thin films were affected by the addition of hydrogen
during the deposition process [7]. In this study, a 98mol%
ZnO + 1mol% Al

2
O
3
(AZO, Zn : Al = 98 : 2) compound

was used as the target, and radio frequency (RF) magnetron
sputtering was developed as a viable fabrication technique
to deposit AZO thin films. In the past, the deposition
temperature of AZO thin films was changed from room
temperature to 300∘C.We had studied the effect of deposition
temperature on the physical and electrical properties of
AZO thin films [8]. In this study, hydrogen (H

2
) was used

during the deposition process and as plasma gas of AZO
thin films. We would further investigate the effects of H

2
on

the physical and electrical properties of AZO thin films. At
first, different H

2
flow rates (H

2
/(H
2
+ Ar) = 0∼9.09%) were

added in Argon during the deposition process (abbreviated
as the H

2
-deposited AZO thin films). Next, the deposited

AZO thin films were treated by the H
2
plasma (abbreviated

as plasma-treated AZO thin films). The effects of H
2
flow

rates and H
2
plasma on the properties of AZO thin films

were compared by observing the crystallization, resistivity
and optical transmission spectrum. Optical transmission
parameters were also used to investigate the effects of H

2
flow

rate andH
2
plasma on the optical band gap ofAZO thin films.

2. Experimental Details

AZO powder (ZnO :Al
2
O
3
= 98 : 2, mole ratio) was calcined

at 1100∘C and sintered at 1350∘C to prepare the ceramic
target. AZO thin films were deposited on 25mm × 25mm
× 2mm Corning 1737 glass substrates by using the r.f.
magnetron sputtering system. The argon or argon-hydrogen
were introduced into the chamber and the pressure was
controlled at 5 × 10−2 Torr, under the 30 sccm with the
different H

2
/(H
2
+ Ar) flow rates (0%∼9.09%, abbreviated

as H
2
-deposited AZO thin films). The r.f. power was 100W

and the deposition temperature (200∘C) was controlled by
a thermocouple gauge. All AZO thin films had a thickness
of about 120 nm by controlling the deposition time. After
deposition, the plasma enhanced chemical vapor deposition
(PECVD) hydrogen (H

2
) was treated on the as-deposited

AZO thin films (plasma-treated AZO thin films) for 60min.
The working pressure was maintained at 1 Torr under
the 300 sccm H

2
flow rate and the used power was 10W.

The chemical bonding states of oxygen, aluminum, and
zinc in AZO thin films were investigated using an X-ray
photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI 5000
Versaprobe). The electrical resistivity was measured using
a four-point probe, the optical transmittance spectrum was
recorded using a Hitachi U-3300UV/Vis spectrophotometer
in the 300–800 nm wavelength range.

3. Results and Discussion

Surface images of the as-deposited and plasma-treated AZO
thin films are shown in Figure 1. It is evident that H

2
flowing

rate and plasma-treated process have large effects on the

films’ surface morphologies. At first, the grain sizes increase
with increasing H

2
flowing rate and reach the maximum at

2%, then the grain sizes decrease as the H
2
flowing rate is

further increased. However, as Figures 1(a)–1(d) show, AZO
thin films deposited at different H

2
flowing rate samples

yielded rough and rugged surfaces. Also, as the H
2
flowing

rate is increased, the roughness is apparently lessened because
larger particle coalescence is observable causing major grain
growth.When theH

2
plasma is used to treat on the deposited

AZO thin films, the roughness is apparently improved, as Fig-
ures 1(e)–1(h) show. From the surfacemorphologies shown in
Figure 1, the H

2
flowing rate and plasma-treated process will

have the large effects on the physical and electrical properties
of AZO thin films.

The XRD patterns of the Ar-deposited, 2% H
2
-deposited,

and plasma-treated 2% H
2
-deposited AZO thin films were

investigated, and the results are shown in Figure 2. The (002)
peaks of the Ar-deposited, 2% H

2
-deposited, and plasma-

treated 2% H
2
-deposited AZO thin films are situated at

around 2𝜃 = 34.61∘, 34.37∘, and 34.27∘, respectively. These
results imply that the parameter of lattice constant 𝑐 decreases
as H+ ions are used in the fabrication process. The H+ ions
doping intoAZO thin films and having smaller ion radius can
cause these results.The full width at half maximum (FWHM)
values for the (002) peak are 0.33, 0.24, and 0.28 for the
Ar-deposited, 2% H

2
-deposited, and plasma-treated 2% H

2
-

deposited AZO thin films, respectively. These results suggest
that the H

2
-deposited and plasma-treated 2% H

2
-deposited

AZO thin films have the better crystalline structure.
Figure 3 shows the transmittance spectra of the H

2
-

deposited AZO thin films plotted against the different H
2

flow rate and wavelengths in the region of 300–800 nm. As
Figure 3 shows, the optical transmittance at 400 nm∼700 nm
is more than 80% for all AZO thin films regardless of H

2

flow rate. The transparency ratio of the H
2
-deposited AZO

thin films decreased as the H
2
flow rate increased. This

result is due to the crystallization and the density of AZO
thin films decrease. In the transmission spectra of the H

2
-

deposited AZO thin films, the optical band edges are shifted
to a shorter wavelength and a greater sharpness is noticeable
in the curves of absorption edges as compared with those
of Ar-deposited AZO thin films. Those results mean that
as the H

2
flow rate increases, the absorption edge of AZO

thin films is blue-shifted. In the past, determination of the
optical band gap (𝐸

𝑔
) was often necessary to develop the

electronic band structure of a thin-film material. However,
using extrapolation methods, the 𝐸

𝑔
values of thin films can

be determined from the absorption edge for direct interband
transition, which can be calculated using the relation in (3) as
follows:

(𝛼ℎ])2 = 𝑐 (ℎ] − 𝐸
𝑔
) , (1)

where 𝛼 is the optical absorption coefficient, 𝑐 is the constant
for direct transition, ℎ is Planck’s constant, and ] is the
frequency of the incident photon [9]. The linear dependence
of (𝛼ℎ])2 on ℎ] indicates that AZO thin films are direct
transition type semiconductors. In accordance with (3), the
calculated optical band gap of the H

2
-deposited AZO thin
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Figure 1: SEM observations of AZO thin films as a function of H
2
/(H
2
+ Ar) flowing rate, for the as-deposited samples (a) 0%, (b) 2%, (c)

4%, and (d) 9.09%, and for the as-deposited and plasma-treated samples (e) 0%, (f) 2%, (g) 4%, and (h) 9.09%.

films increased from 3.74 to 3.82 eV as H
2
flowing rate

increased.
Figure 4 shows the energy band gap of the plasma-treated

AZO thin films plotted against wavelengths in the region
of 300–800 nm. In the transmission spectra of the plasma-
treated 2% H

2
-deposited AZO thin films, the optical band

edge is also shifted to a shorter wavelength and a greater
sharpness is also noticeable in the curves of the absorption
edge as compared with those of the H

2
-deposited AZO thin

films shown in Figure 3.Theplasma-treated 2%H
2
-deposited

AZO thin films are also the optimal H
2
content, because

they have the minimum resistivity (Figure 6). The calculated
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Figure 2: XRD patterns of the Ar-deposited, 2% H
2
-deposited, and

plasma-treated 2% H
2
-deposited AZO thin films.

optical band gap of the plasma-treated 2%H
2
-depositedAZO

thin films also increased from 3.77 to 3.83 eV as the H
2
flow

rate increased. The optical transmittance at 400 nm∼700 nm
is more than 83% for all thin films regardless of H

2
flow rate.

This blue-shift can be explained by the Burstein-Moss
shift, a shift of Fermi level into the conduction band, which
enhances the optical band gap by the energy, as follows [10,
11]:

Δ𝐸

BM
𝑔
=

ℎ

2
𝑘

2

𝐹

2

(

1

𝑚

𝑒

+

1

𝑚

ℎ

) =

ℎ

2
𝑘

2

𝐹

2𝑚

∗

V𝑐
, (2)

where the 𝑘
𝐹
stands for the Fermi wave vector, 𝑚

𝑒
is the

effective mass of electrons in the conduction band, and 𝑚
ℎ

is the effective mass of holes in the valence band, which can
be simplified as 𝑚∗V𝑐; the Burstein-Moss shift Δ𝐸BM

𝑔
can be

rewritten by inducing 𝑘
𝐹
for the carrier concentration 𝑛

𝑒
as

follows:

Δ𝐸

BM
𝑔
=

ℎ

2

8𝑚

∗

V𝑐
(

3𝑛

𝑒

𝜋

)

2/3

, (3)

where ℎ is the Planck’s constant. Equation (3) shows the
important relationship between the Burstein-Moss shift and
the carrier concentration 𝑛

𝑒
. The shift of the absorption

edge to the shorter wavelength region is due to the increase
in carrier concentration. When the wavelength is equal to
300 nm, the visible light absorbed by the thin films is due
to a quantum phenomenon called band edge absorption.
Burstein indicated that an increase of the Fermi level in the
conduction band of a degenerated semiconductor leads to the
energy band widening effect [10, 11]. For that, the movement
of the absorption edge to the shorter wavelength region is the
Burstein-Moss shift.

From (3), we know that the shift of the optical band edge
is caused by the increase in carrier concentration. This is
because the Fermi level inside the conduction band moves
upwardwith increasing donor concentration due to the filling
of conduction band by the increase of carrier concentration

[12]. Those results suggest that the addition of H
2
in the Ar

as the deposition atmosphere can increase the carrier con-
centration. The absorption edge shifts monotonically to the
shorterwavelength region as the hydrogenflow rate increases.
This is because the Fermi level inside the conduction band
moves upward with increasing donor concentration due to
the filling of conduction band by the increase of carrier
concentration [12].

The 𝐸
𝑔
value of ZnO thin films is about 3.40 eV and,

in general, the measured 𝐸
𝑔
values of AZO thin films are

consistent with and should be larger than that of ZnO thin
films, because the 𝐸

𝑔
value of Al

2
O
3
is about 6.55 eV. As the

98mol% ZnO + 1mol% Al
2
O
3
composition is used as the

target to deposit AZO thin films, the 𝐸
𝑔
value of AZO thin

films can be calculated as
𝐸

𝑔
= 0.98 × 3.40 + 0.02 × 6.55 = 3.46. (4)

The blue-shift (Δ𝐸
𝑔
) values are calculated from the difference

between 3.46 eV and the 𝐸
𝑔
values obtained in Figures 3

and 4. Figure 5 shows the Δ𝐸
𝑔
values of the H

2
-deposited

and the plasma-treated 2% H
2
-deposited AZO thin films

as a function of carrier concentration. It is found that the
Δ𝐸

𝑔
values are approximately proportional to 𝑛

𝑒
, and AZO

thin films deposited at higher H
2
content exhibit a stronger

blue-shift phenomenon.These results show that when the H
2

is used in the deposition processes, the 𝐸
𝑔
values become

larger. This means that the blue-shift in the plasma-treated
process has the same phenomenon, because H

2
will cause

the growth of AZO thin films. Those results also suggest that
the H

2
atoms also provide the electronic influences of AZO

thin films, resulting in the increase of carrier concentration,
however causing a blue-shift phenomenon.

To estimate the relation between Δ𝐸
𝑔
and 𝑛

𝑒
quantita-

tively, set 𝑚∗ = 0.28𝑚
0
, where 𝑚

0
is the free electron mass,

and substitute measured values of Δ𝐸
𝑔
and 𝑛

𝑒
into (3). The

calculated corresponding exponent is about 0.64 for all the
AZO thin films regardless of H

2
addition and H

2
plasma

treatment. Oh et al. [13] also reported that the exponent
is 0.655 from their Burstein-Moss shift measurement of
AZO thin films, and other researches [14, 15] show that the
exponents are in the range from 1/3 to 2/3. They explained
that the electronic state of the thin films can be calibrated
by electron-electron or electron-impurity scattering as the
thin films have a high carrier concentration (∼1020 cm−3),
namely, the many-body effect such as Coulomb interaction
or exchange interaction which makes the band gap values
decrease [14]. Obviously, such a scattering phenomenon is
slight in the AZO thin films developed in this study.

Figure 6 shows the resistivity of the H
2
-deposited and

plasma-treated 2% H
2
-deposited AZO thin films. The higher

conductivity of transparent conduction oxide (TCO) thin
films results mainly from deviations in stoichiometric com-
positions due to dopants or substitution atoms.The resistivity
of transparent conduction oxide (TCO) thin films is propor-
tional to the reciprocal of the product of carrier concentration
𝑁 and mobility 𝜇 as follows:

𝜌 =

1

𝑁𝑒𝜇

. (5)
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flowing rate.
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Electrons generated from oxygen vacancies and Zn inter-
stitial atoms resulting from the dopant primarily determine
the conduction properties of TCO thin films. Therefore, the
electrical conductivity of AZO thin films will have large
variations due to introducing H

2
in Ar during the sputtering

deposition process.
The resistivity of AZO thin films deposited in pure Ar

ambient was 25.2 × 10−4Ω-cm. However, the resistivity of
the 2% H

2
-deposited AZO thin films was 13.72 × 10−4Ω-

cm deposition atmosphere, and the minimum resistivity of
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Figure 5: Blue-shift of the H
2
-deposited and the plasma-treated

AZO thin films as a function of H
2
flowing rate.

12.67 × 10−4Ω-cm existed in the plasma-treated 2% H
2
-

deposited AZO thin films. As the H
2
rate was increased to

4%, the resistivity of the H
2
-deposited AZO under H

2
+ Ar

atmosphere was beyond that of Ar-deposit ones. When AZO
thin films are deposited on a glass substrate, many defects
result and inhibit electron movement. In addition, too many
oxygen vacanciesmay lead to an increase in scattering centers
and a resultant decrease in mobility. The resistivity of AZO
thin films decreases with the effects of hydrogen flow rate and
hydrogen plasma, probably because the number of defects
declines as the crystallization improves with H+ ions for the
crystal structure which boosts the deposition atoms’mobility.
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There are two kinds of donors contributing in AZO
thin films’ conductive mechanism. One is the native donor
including interstitial Zn or oxygen vacancy and the other is
substitutional Al atom. As 2% H

2
flow rate is used, a strong

influence on oxygen extracts it from AZO thin films, which
results in more vacancies to enhance the carrier concentra-
tion, and the conductivity has been improved.There are some
scattering mechanisms occurring in AZO thin films which
mainly include the neutral and ionized impurities and the
grain boundaries scattering. When H

2
flow rate is more than

2%, H
2
creates more oxygen vacancies and generates more

defects and free carriers, both of the neutral and ionized
impurities scattering centers should increase. Besides, a small
quantity of hydrogen atoms situates in the Zn–O bond center
to relax the surrounding atoms. For that, as the H

2
flow rate

is more than 2%, the resistivity increases with increasing H
2

flow rate. In this study, 2% is the optimal H
2
content, because

AZO thin films have the minimum resistivity.
To clarify the mechanism of improvement in resistivity,

the chemical structures of the Ar-deposited, H
2
-deposited,

and plasma-treated AZO thin films were investigated by XPS.
Figure 7 shows the XPS spectra for their Gaussian-resolved
components ofO 1 s. As shown in Figure 7, a shoulderwas vis-
ible on the high-energy side of the Ar-doped AZO thin films,
indicating that at least two different bonds exist.The bonding
state of O 1 s spectrum of the Ar-doped AZO thin films
is resolved into two components centered at 530.55 eV and
532.55 eV, respectively. The low bonding energy component
centered at 530.55 eV is attributed to O2− ions on the wurtzite
structure of the hexagonal Zn2+ ion array, surrounded by Zn
atoms with their full complement of nearest neighbor O2−
ions [15]. The high bonding energy component centered at
532.55 eV is attributed to the existence of adsorbed O

2
on

the surfaces of the AZO thin films [16, 17]. For the 2% H
2
-

deposited AZO thin films, the O 1 s peak slightly shifted
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Figure 7: XPS spectra and their Gaussian-resolved components of
O 1 s of the as-deposited and the plasma-treated AZO thin films as
a function of H

2
flowing rate.

to the high energy side and was located at 531.95 eV. After
plasma treatment, theO 1 s peak of the 2%H

2
-depositedAZO

thin films shifted to the low energy side and was located at
531.25 eV. Unfortunately, these contributions from the surface
cannot be separated from the main signal and might differ
between samples. Binding energies from 531 eV to 532 eV are
found for hydroxides and bonding energies from 530 eV to
530.8 eV are found for oxides. However, a Gauss-Lorentz fits
of the 2% H

2
-deposited and plasma-treated AZO thin films

yield the main peaks at 531.25 eV and 531.95 eV for Zn(OH)
2
.

Our attributions are feasible and lie in the range of values
found in other literature. From the XPS measurements, it
can be concluded that the Zn(OH)

2
is found in the 2% H

2
-

deposited and plasma-treatedAZO thin films, because theH
2

is existed from the surface into the crystal [18].

4. Conclusions

The effects of different hydrogen (H
2
/(H
2
+ Ar), 0%∼9.09%)

flow rates (deposition temperature was 200∘C) added during
the deposition process of AZO thin films were investigated.
The Burstein-Moss shift effects were measured and used to
prove that the defects in AZO thin films decreased with
increasing H

2
flow rate. The value variations in the optical

band gap (𝐸
𝑔
) of the H

2
-deposited and plasma-treated AZO

thin films were evaluated from the plots of (𝛼ℎ])2 =
𝑐(ℎ] − 𝐸

𝑔
), and the 𝐸

𝑔
values increased with increasing

hydrogen flow rate. As the hydrogen flow rate increased
from 0 to 9.09%, the calculated 𝐸

𝑔
values increased from

3.74 eV to 3.82 eV, and the 𝐸
𝑔
values of the plasma-treated

AZO thin films increased from 3.77 eV to 3.83 eV. From the
XPS measurements, it could be concluded that Zn(OH)

2

was formed in the H
2
-deposited and plasma-treated AZO

thin films. The resistivity of AZO thin films decreased with
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increasing hydrogen flow rate and reached a minimum value
of 13.56 × 10−4Ωcm at a H

2
flow rate of 2%, the minimum

resistivity of 12.67 × 10−4Ω-cm existed in the plasma-treated
2% H
2
-deposited AZO thin films.
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A simple coprecipitation technique was introduced to form manganese (Mn) doped on zinc oxide (ZnO) nanoparticles effectively.
Based on our morphological studies, it was revealed that mean particle size was increased while bigger agglomeration of
nanoparticles could be observed as the amount of concentration of Mn was increased. Interestingly, it was found that the position
of the absorption spectra was shifted towards the lower wavelength (UV region) as correlated with the increasing of Mn dopants
concentration into ZnO nanoparticles. This result inferred that optimum content of Mn doped into the ZnO nanoparticles was
crucial in controlling the visible/UV-responsive of samples. In the present study, 3mol% ofMn dopants into the ZnO nanoparticles
exhibited the better UV as well as visible light-responsive as compared to the other samples. The main reason might be attributed
to the modification of electronic structure of ZnO nanoparticles via lattice doping of Mn ions into the lattice, whereas excessive
Mn dopants doped on ZnO nanoparticles caused the strong UV-responsive due to the more 3d orbitals in the valence band.

1. Introduction

Nowadays, most countries are facing environmental pollu-
tion problems and thus the awareness of people upon this
matter was increased tremendously. Water is an essential
source for human beings and it was shown that the demand
of clean and safe drinking water is rising; therefore, the use of
the nano semiconductormaterial on photocatalytic oxidation
for oxidizing the toxic pollutant has become of great interest
in recent material research field [1].

Zinc oxide (ZnO) is an essential semiconductor with
direct band gap of 3.3 eV and high excitant binding energy of
60meV. Due to its potential application inmany areas such as
optoelectronic devices, solar cells, chemical sensor, and pho-
tocatalyst hence, it has attracted the attention of more and
more researchers and scientists to develop ZnO in the field of
science and technology. In addition, ZnO is lower in cost and
is environmental friendly as compared to other metal oxides
[2]. Normally, ZnO is studied in nanoscale; this is probably
due to the fact that the high surface area tomass ratio of nano-
particles could enhance the adsorption of organic pollutants
on the surface of particles as compared to the bulk materials
[1].

However, undoped ZnO nanoparticles have certain lim-
itation on light absorption catalytic activity. It was revealed
that ZnO has alarge band gap energy of about 3.3 eV which
can only absorb light within UV region. In addition, the fast
recombination rate of photogenerated electron-hole pairswill
also contribute to the limitation of photocatalytic activity.
Thus, in order to enhance the optical, magnetic, and electrical
properties of ZnO, the transitionmetal-doped ZnO nanopar-
ticles have been introduced. The modification of ZnO nano-
particles with impurity incorporation leads to possible appli-
cation in UV optoelectronic and spin electronics [3]. Among
the transition elements, Mn shows the maximum magnetic
behaviors with electron effective mass ∼0.3𝑚

𝑒
(𝑚
𝑒
= free

electron mass); a doping of Mn into the ZnO semiconductor
host lattice may result in large injected spins and carrier
which make it suitable to be applied as diluted magnetic
semiconductor (DMSs) [4].

Actually, the term “doped” is used to modify the optical
or magnetic properties of the host by adding impurities ions
against the host lattice.Thedopingwith 3dmetals such asMn,
Ni, Fe, Co, and Cr will increase the surface area and reduce
the particle size of ZnO nanoparticles [5]. Mn is preferred for
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Table 1: Amounts of reactant required to prepare nanoparticles with different manganese concentrations.

Amounts added in mmol for mol% of Zn(OAc)2⋅2H2O, Mn(OAc)2⋅2H2O and NaOH
Chemicals 0 3 5 10 15 20
Zn(OAc)2⋅2H2O 2.00 1.94 1.90 1.80 1.70 1.60
Mn(OAc)2⋅4H2O 0.00 0.06 0.10 0.20 0.30 0.40
NaOH 2.00 2.00 2.00 2.00 2.00 2.00

the doping of ZnO due to the fact that the d electron of Mn
at 𝑡
2𝑔

level can easily overlap with the ZnO’s valence bond as
compared with other transition elements. There are various
studies which showed, that Mn-doped semiconductors have
influenced the physical, chemical, and structural properties
of undoped ZnO nanoparticles. For example, the optical
properties of undoped ZnO nanoparticles especially on the
tuning of the band gap can be greatly improved at the
nanoscale by optimum content of Mn doping [6, 7].

Currently, the synthesis of Mn-doped ZnO nanoparticles
can be through various types of methods such as wet-
chemical, sol-gel, coprecipitate, solid-thermal, and spray
pyrolysis. In order to enhance the optical properties and
obtain a small particle size, a search for alternative synthesis
methods for efficiency Mn doping with ZnO nanoparticles
has become the major interest of studies. The purpose
of this work was to synthesize band gap energy tunable
of Mn-doped ZnO nanoparticles with high surface area
for better photocatalytic performance using coprecipitation
method. Zinc acetate (Zn(ac)

2
⋅2H
2
O) andmanganese acetate

(Mn(ac)
2
⋅4H
2
O) act as precursors and absolute ethanol was

used as a solvent to synthesis Mn-doped ZnO nanoparticles.
Basically, the synthesis of electrostatically stable Mn-doped
ZnO nanoparticles was performed in an alcoholic solution in
order to avoid the formation of ZnOH [8].

2. Experimental

2.1. Materials. All the chemicals used were analytical grade
and were used in this experiment without further purifi-
cation. The chemicals used were zinc acetate dehydrate
(Zn(OAc)

2
⋅2H
2
O), >99.5%, from Fluka), manganese acetate

tetrahydrate, (Mn(OAc)
2
⋅4H
2
O, >98%), sodium hydroxide

(NaOH, 98%), and absolute ethanol (C
2
H
5
OH, >99%).

2.2. Synthesis Procedures of Mn-Doped ZnO Nanoparticles.
Mn-doped ZnO nanoparticle was prepared by using sol-
gel method [8]. Mn-doped ZnO nanoparticles were synthe-
sized by the reaction of Zn2+, Mn2+, and OH− in an alcoholic
medium (ethanol). For 5mol% of Mn-doped ZnO nanopar-
ticles, there were generally three solutions that needed to be
prepared. The first solution contained 20mM of zinc acetate
dehydrate (Zn(ac)

2
⋅2H
2
O) in 10mL of ethanol. The second

solution consisted of 1.0mM of manganese acetate tetrahy-
drate (Mn(ac)

2
⋅4H
2
O) in 10mL of ethanol. Then, the next

solution consisted of 20mM of NaOH in 10mL of ethanol.
These three solutions at first were heated to 50∘C. After
heating, zinc acetate solution was poured into round bottom
flask and then manganese acetate solution was added to it.

Zinc acetate andmanganese acetate solutionwas again heated
to 80∘C with constant stirring for 30 minutes. Then, NaOH
solution was added dropwise into the solution containing
Zn(ac)

2
⋅2H
2
O and Mn(ac)

2
⋅4H
2
O along with reflux. The

solutions were again heated to 60–65∘C with magnetic stir-
ring for 2 h. After this, the solution was cooled to room tem-
perature. The precipitate was formed and was washed several
times with distilled water and then followed by ethanol. The
purpose of washing precipitate with ethanol was to remove
the unwanted salt and impurities.

To investigate the effect of different concentrations of Mn
dopant ions on the physical, chemical, and optical properties
of Mn-doped ZnO nanoparticles, the same procedures as
stated above were carried out for 3mol%, 10mol%, 15mol%,
and 20mol% of Mn-doped ZnO nanoparticles. Table 1 below
shows the amount of reactant required to prepare nanoparti-
cles with different manganese concentrations.

2.3. Characterization. The effects of Mn/ZnO on the compo-
sition,morphology, and optical properties ofMn-doped ZnO
nanoparticles were determined by various techniques. Ele-
mental and chemical composition of Mn-doped ZnO nano-
particles were carried out using a Scanning Electron Micro-
scope-Energy Dispersive X-ray (SEM-EDX). Surface mor-
phologies of Mn-doped ZnO nanoparticles were carried out
using a Scanning Electron Microscope (SEM). The SEM
images are shown in the magnification of 10,000. FTIR anal-
ysis was performed using a FTIR spectroscopy Perkin Elmer
spectrum GX model to obtain information about the chemi-
cal bonding and molecular structure in a sample. The optical
absorption spectra of Mn-doped ZnO nanoparticles were
carried out using a UV-visible Spectrophotometer operating
at a wavelength range of 300 nm to 500 nm. Fluorescence
spectrophotometer, CARY Eclipse, and Varian model were
used to investigate the effect of different Mn-doped con-
tents on the optical emission properties of Mn-doped ZnO
nanoparticles.

3. Results and Discussion

3.1.Morphological Studies. The influence of different percent-
age of Mn (3, 5, 10, 15, and 20mol%) on the surface mor-
phologies of Mn-doped ZnO nanoparticles was studied by
SEM which is shown in Figure 1. It can be seen that as the
percentage of Mn doped increases, the grain size of the ZnO
nanoparticles is also increasing (Table 2). From the SEM
images, it can be seen that with above 15mol%, the agglom-
eration increases. This may probably be related to the kinetic
equilibrium process where the high concentration of Mn
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Figure 1: SEM images of Mn-doped ZnO nanoparticles with (a) 3mol%, (b) 5mol%, (c) 10mol%, (d) 15mol%, and (e) 20mol%.

Table 2: The mean size obtained from different percentage of Mn
doping in ZnO nanoparticles.

Manganese dopant
concentration (mol%) Mean particle size (nm)

3 157
5 187
10 245
15 432
20 509

dopants could be nucleated with oxygen ions by itself and
form bigger particles. Hence, it could be difficult for the Mn
to be incorporated into ZnO lattice in higher concentration.
As a conclusion, a lower dopant concentration of Mn-doped
ZnO nanoparticles showed lower agglomeration and well-
ordered and small particles size distribution than the higher
Mn dopant concentration [9].

3.2. Elemental and Chemical Composition Analysis. Figure 2
shows the EDX spectrum of 3mol%, 5mol%, 10mol%,
15mol%, and 20mol% of Mn-doped ZnO nanoparticles.
From theEDX spectrum, it can be seen that the amount ofMn
element in the samples increased depending on the increasing
Mn incorporation in the ZnO nanoparticles. The area of

the corresponding spectral K lines gives the quantitative
results of the Mn/Zn ratio [10]. The elemental analysis for
O, Mn, and Zn for each sample (3mol%, 5mol%, 10mol%,
15mol%, and 20mol%) was shown in Table 3.

3.3. FTIR Analysis. Various peaks corresponding to the main
absorption bands can be seen from the FTIR spectrum on
Figure 3. The broad absorption peak around 3376 cm−1,
3377 cm−1, and 3378 cm−1 represents the O–H stretching of
the hydroxyl group. The peak around 2900 cm−1 was due to
C–H (acetate) stretching [11]. Two absorption peaks are
observed between 1650 and 1400 cm−1, corresponding to the
asymmetric and symmetric stretching of the carboxyl group
(C=O).

From the studies, the stretching mode of undoped ZnO
is at 431 cm−1. In this work, for Zn

1−𝑥
Mn
𝑥
O (𝑥 = 0.03, 0.05,

0.10, 0.15, and 0.20), the values of absorptionwere found to be
blueshifted at 443, 450, 462, 470, and 481 cm−1, respectively.
Undoubtedly, this can prove that the Zn–O–Zn network was
perturbed by the presence of Mn in its environment with the
change in the peak position of the ZnOabsorption bands [12].

3.4. Optical Studies. In this work, we obtained the wave-
length for undoped ZnO and 3mol%, 5mol%, 10mol%, and
15mol% Mn-doped ZnO nanoparticles. It was observed that
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Table 3: Mass % of O, Mn, and Zn as determined by EDX analysis.

Element Mass %
3mol% 5mol% 10mol% 15mol% 20mol%

O 23.48 33.73 7.60 43.31 53.34
Mn 3.26 4.66 9.51 15.23 20.97
Zn 73.25 61.62 82.89 41.46 25.69

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

7.
00

8.
00

9.
00

10
.0

0

(keV)

1
2
3
4
5
6
7
8
9

10

C
ou

nt
s

O
Ka

M
nL

l
M

nL
a

M
nK

a

M
nK

b

Zn
Ll

Zn
La

Zn
Ka

Zn
Kb

0

×103

(a)

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

7.
00

8.
00

9.
00

10
.0

0

(keV)

0
1
2
3
4
5
6
7
8
9

10

C
ou

nt
s

O
Ka

M
nL

l
M

nL
a

M
nK

a

M
nK

b

Zn
Ll

Zn
La

Zn
Ka

Zn
Kb

×103

(b)

(keV)

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

7.
00

8.
00

9.
00

10
.0

0

003

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

C
ou

nt
s

O
Ka

M
nL

l M
nL

a

M
nK

a

M
nK

b

Zn
Ll

Zn
La

Zn
Ka

Zn
Kb

×103

(c)

(keV)

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

7.
00

8.
00

9.
00

10
.0

0

008

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

C
ou

nt
s

O
Ka

M
nL

l
M

nL
a

M
nK

a M
nK

b

Zn
Ll

Zn
La

Zn
Ka

Zn
Kb

×103

(d)

(keV)

0.
00

1.
00

2.
00

3.
00

4.
00

5.
00

6.
00

7.
00

8.
00

9.
00

10
.0

0

008

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

C
ou

nt
s

O
Ka

M
nL

l M
nL

a

M
nK

a

M
nK

b

Zn
Ll

Zn
La

Zn
Ka

Zn
Kb

×103

(e)

Figure 2: EDX spectrum of Mn-doped ZnO nanoparticles with (a) 3mol%, (b) 5mol%, (c) 10mol%, (d) 15mol%, and (e) 20mol%.
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Figure 4: Absorbance spectrum of Mn-doped ZnO nanoparticles
with (a) pure ZnO, (b) 3mol%, (c) 5mol%, (d) 10mol%, and (e)
15mol%.

the absorption edges of undoped ZnO and 3mol%, 5mol%,
10mol% and 15mol% of Mn doping are 374.5, 370, 367, 365,
and 362.5 nm as shown in Figure 4.

With the increasing of Mn concentration in ZnO
nanoparticles, the position of the absorption spectra is shifted
towards the lower wavelength side or known as blue-shifted
which is correlated to the change in the optical band gap
value. The band gap energy of undoped and Mn-doped
ZnO nanoparticles could be determined using the following
formula: 𝐸bg = ℎ𝑐/𝜆, where 𝐸bg is the band gap energy, ℎ is
Planck’s constant (4.135667 × 10−15 eV s), 𝑐 is the velocity of
light (2.997924× 108m/s), and 𝜆 is the absorptionwavelength
(nm) [11]. The value of the band gap obtained for undoped
ZnO is 3.31 eV and it starts increasing for 3, 5, 10, and 15mol%
samples as 3.35, 3.38, 3.40, and 3.42 eV, respectively.

Generally, blueshifted in the band gapwas due toMndop-
ing in ZnO nanoparticles with the replacement of Zn2+ ions
in the ZnO lattice by Mn2+ ions. This indicates that the band
gap of ZnO nanoparticles increases with the increasing dop-
ing concentration of Mn2+ ion. Furthermore, the blueshifted
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Figure 5: Fluorescence spectra of Mn-doped ZnO nanoparticles
with (a) pure ZnO, (b) 3mol%, (c) 5mol%, (d) 10mol%, and (e)
15mol%.

in the band gap energy with increasing the amount of Mn
doping concentration can be defined as the separation in
energy between the top of the valence bond and the unoc-
cupied energy states in the conduction band [13].

The fluorescence spectrum of undoped ZnO nanopar-
ticles was taken into account for the comparison of flu-
orescence intensity between the undoped and Mn-doped
ZnO nanoparticles. From the studies, it was known that
ZnO tends to produce intrinsic defects such as interstitial
zinc and oxygen vacancy and these defects will certainly
affect the fluorescence behaviour of ZnO. The fluorescence
emission peak shifts are found to be size dependent due to
quantum size effect. The shift from the top of the valence
band and the bottom of conduction band is contributed as
a function of fluorescence emission peaks shift. Normally, it
was indicated that a redshift of UV emission as the particle
size increases [14]. The intrinsic luminescence properties of
ZnO rely upon the concentration of Mn doping and thus
the fluorescence intensity decreases with the increasing of
Mn dopant concentration and the spectrum related to a Mn
dopant concentration of 3mol% shows the maximum of flu-
orescence intensity which is shown in Figure 5. The increase
of fluorescence intensity indicates that the incorporation of
Mn2+ ion into ZnO nanoparticles may suppress some non-
radiative recombination of free excitation that is near band-
edge emission. Moreover, on doping with Mn, the surface
traps are eventually quenched which is correlated to the
reduction in the surface traps. Moreover, higher concentra-
tion of Mn may induce a high density of defects and thus
reduces the intensity of emitted light [15].

4. Conclusion

Mn-doped ZnOnanoparticles have been successfully synthe-
sized through coprecipitation method. The effects of man-
ganese dopant concentrations (3mol%, 5mol%, 10mol%,
15mol%, and 20mol%) on the composition, morphologies
and optical properties of Mn-doped ZnO nanoparticles have
been investigated through EDX, FTIR, SEM,UV-visible spec-
troscopy, and fluorescence spectra.
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1 Instituto de Fı́sica, Benemérita Universidad Autónoma de Puebla, Apartado Postal J-48, 72570 Puebla, PUE, Mexico
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Electroluminescent devices (ELD) based on junctions of indium doped zinc oxide (ZnO:In) and porous silicon layers (PSL)
are presented in this work. PSL with different thicknesses and photoluminescent emission, around 680 nm, were obtained by
anodic etching. PSL were coated with a ZnO:In film which was obtained by ultrasonic spray pyrolysis technique. Once obtained,
this structure was optically and electrically characterized. When the devices were electrically polarized they showed stable
electroluminescence (EL) which was presented as dots scattered over the surface. These dots can be seen with the naked eye. The
observed EL goes from the 410 to 1100 nm, which is formed by different emission bands. The EL emission in the visible region was
around 400 to 750 nm, and the emission corresponding to the infrared part covers the 750 to 1150 nm.The electrical characterization
was carried out by current-voltage curves (I-V) which show a rectifying behavior of the devices. Observed electroluminescent dots
are associated with the electron-hole injection into quantized states in PS as well as the emission from the ZnO:In film.

1. Introduction

Crystalline silicon (c-Si) has been a vital material for the
development of the microelectronics industry; however, it is
an indirect band semiconductor so that it limits its appli-
cation to the optoelectronics industry. Nevertheless, the
discovery of visible luminescence at room temperature of the
porous silicon (PS) has reopened the possibility to obtain
electroluminescent silicon based devices [1–3].The discovery
of photoluminescence [1] in PS and the understanding of
the growth of nanostructures [2] opened the field to a large
amount of work on this material. For practical applications,
the electroluminescence (EL) is the crucial point. The devel-
opment of electroluminescent devices (ELD) in PS technol-
ogy faces some specific problems. The material has a large
internal surface; therefore, it shows a tendency to undergo

a chemical change when it is exposed to air. Furthermore,
nanoporous silicon shows a very low electrical conductivity
which causes problems for the EL efficiency. However, ELD
withwet contacts [4, 5] have proved to be efficient.This shows
that, in principle, PS is a good material to get EL. Most of the
ELD present a simple integrated structure of a porous layer
and a contact layer on top. For contact, thin metals such as
gold, indium tin oxide (ITO), silicon carbide, and conductive
polymers are used. An advanced structure has p-n junction
within the porous region. For this work, we propose to use
a ZnO:In film. ELD with this kind of structure (ZnO:In/SP)
has been obtained before but this is the first time that the
different components are obtained with techniques of low
cost equipment (ultrasonic spray pyrolysis (USP) and anodic
etching). Zinc oxide (ZnO) is classified as a semiconductor
n-type because it generally has an excess of zinc [6]. ZnO has
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an attractive direct gap (3.37 eV) which can be modified to be
applied to electrical and optical devices [7]. ZnO:In exhibits
both a high optical transmittance in the visible region of the
spectrum (between 60 and 80%) and a low resistivity (on the
order of 2E-10Ω-cm) [8] making it an important material in
the manufacture of heat mirrors used on gas stoves and also
as conductive coating that prevents ice formation on aircraft
windows and electrodes in solar cells based on amorphous
silicon [9, 10].The zinc oxide, used in this work, was obtained
by ultrasonic spray pyrolysis technique.Thismethod is highly
reproducible and can be used at room temperature and for
coating large substrates although it does not require a vacuum
system.Thedoped films are stable evenwhen the temperature
changes (25–400∘C) in the presence of air [11]. Furthermore,
ZnO:In thin films do not require extra postannealing treat-
ments in order to obtain low resistivity values in the range
of 5 × 10−3Ω-cm [12]. Due to the characteristics exhibited in
these films, we used them as a coating of the PSL.

In this paper, we report fundamental characteristics of a
ZnO:In/PS/p-Si diode in terms of the relation between the
EL intensity and the operating variables (operation, current
density, and thickness of the porous layer) as well as the
relation between the EL and PL spectra. This investigation
about the EL properties of this kind of structure will help to
clarify the EL mechanism of PS-based devices.

2. Experimental Details

PSL were obtained by anodic etching. This process was car-
ried out in a teflon cell designed so that the electrolyte which
consists of hydrofluoric acid (HF) and ethanol (CH

3
–CH
2
–

OH) has contact with the c-Si top surface to be attacked.
The cathode is formed by a platinum mesh similar in size
to the area of the c-Si exposed to the electrolyte. Moreover,
the anode is formed by an aluminum (Al) plate. PSL were
obtained of c-Si p-type with a resistivity of 2–4Ω-cm. The
used electrolyte was composed of a mixture of hydrofluoric
acid (HF) (Merck 40% by volume) and ethanol (CH

3
–

CH
2
–OH) (Alfa-Aesar 99.98% by volume) in a ratio 1 : 2,

respectively. The current density to obtain the PSL was
6.49mA/cm2; the time of etching was 10, 20, and 30min.

A laser with a wavelength of 405 nm and 40mWof power
was used to excite the sample in PLmeasurements of the PSL;
the range detected by the monochromator was from 400 to
1100 nm.The thickness of the PSL was estimated by gravime-
try; the thickness obtained by this method was compared
with physical measurements performed by profilometry.

The thickness of the PSL was obtained by the expression
[13, 14]

𝐸 =

𝑚

1
− 𝑚

2

𝜌𝐴

𝑎

, (1)

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

2

is the mass of the same wafer after removing the porous layer,
𝜌 is the density of the c-Si (in g/cm3), and 𝐴

𝑎
is the attacked

area during the anodization (in cm2).
The thickness of the PSL was measured by a Dektak

150 profilometer (this equipment allows measuring film
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Figure 1: Schematic diagram of the experimental setup used for
depositing the ZnO:In thin films.

thicknesses below 100 Å). This analysis was conducted after
the porous layer was removed using a solution of NaOH.

ZnO:In thin solid films were prepared using the ultra-
sonic spray pyrolysis (USP) technique which is a versatile
technique that can be used to produce nanoscale sized pow-
ders and thin solid films. The deposition system used to
obtain the ZnO:In thin film presented in this work includes a
piezoelectric transducer which operates at variable frequency
and that was set to 1.2MHz and the ultrasonic power at 120W.
ZnO:In thin films were deposited from a 0.2M solution of
zinc acetate ([Zn(O

2
CCH
3
)
2
] from Alfa, 98%), dissolved in a

mix of deionized water, acetic acid ([CH
3
CO
2
H] from Baker,

95%), andmethanol ([CH
3
OH] fromBaker, 98%). Separately,

a 0.2M solution of indium acetate ([In(CH
3
CO
2
)
3
] from

Alfa, 98%) dissolved in a mix of deionized water and acetic
acid (1 : 1, volume proportion) was prepared in order to be
used as a doping solution.The substrate temperature (Ts) was
kept constant at 430∘C. Pure N

2
(from PRAXAIR, 99.997%)

was used as solution carrier and a director gas with flow
rates of 3.5 and 0.5 L⋅min−1, respectively. Figure 1 shows a
schematic diagram of the experimental setup used for depos-
iting the ZnO:In thin films (ultrasonic spray pyrolysis: USP).

The thickness of the ZnO:In thin films was measured by
a KLA profilometer (Tencor model P15 with a resolution of
1.5 nm) froma step formed during deposition. All the samples
were grown with a film thickness value of 600 nm approx-
imately. The microcrystalline structure of the samples was
studied with X-ray diffraction analysis, obtained in a Siemens
D5000 diffractometer by using the Cu-K1 (𝜆 = 0.154056 nm)
radiation and the 𝜃-2𝜃 technique. The optical transmittance
spectra at normal incidence of the ZnO:In filmwere obtained
by a double-beam Shimadzu 2401 PC spectrophotometer in
the UV-Vis region (350–1000 nm) without glass substrate
correction. Electrical sheet resistance of the ZnO:In was
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Figure 2: PL spectra for the PSL utilized to get the ELD.

measured by the conventional four-aligned probe method
(Veeco equipment) with the appropriate geometric correc-
tion factors.

The optical characterization of the ELD was obtained
with a monochromator model iHR320 HORIBA brand Jobin
Yvon which is coupled to a CCD detector model iHR320
brand Synapse; the range detected by the monochromator
was from 300 to 1100 nm. The resolution of this equipment
is 0.06 nm, whereas the scanning speed is 160 nm/seg and an
accuracy of 0.20 nm wavelength. EL spectra were obtained
by applying different currents of operation to the device. The
electrical characterization was carried out with a Keithley
2000 multimeter through which variable current was applied
to ELD; the data were monitored by a LabTracer program
through which current-voltage (I-V) curves were obtained.

3. Results and Discussions

3.1. PL of PS. We proceeded to get three samples with differ-
ent thicknesses to obtain the ELD and carry out the proposed
study. Figure 2 shows the result of the optical analysis per-
formed. The used electrochemical etching current was of
6.49mA/cm2; this current was selected because it had shown
the highest PL intensity in previous analyses. The obtained
sample with this current density showed the highest PL
intensities because this current favors the obtaining of silicon
filaments that are emitted in the visible region. The etching
times were 10, 20, and 30min, corresponding to thickness of
4(M5), 13(M3), and 23(M1) 𝜇m, respectively. Figure 2 shows
that, by increasing the anodized time, the maxima of the
curves show a shift to higher energies and it is observed
that the peaks intensity decreases. This shift goes from 650
to 600 nm. This is due to the reduction of the emitting
silicon filaments size present in the PS structure [15], and the
intensity decrease is the result of the oxidation process which
takes place in the PSL [16]. This process reduces the filament

Table 1:Thickness of the PSL obtained by gravimetry and profilom-
etry.

Sample Thickness (𝜇m) Profilometry (𝜇m)
M1 23 21
M3 13 12
M5 4 3.5
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Figure 3: Diffraction pattern of the ZnO:In film deposited at 430∘C.

size until the filaments lose their capacity to emit light. As it
can be seen the samples show an increase in the PL inversely
proportional to the thickness of the PSL. This is the typical
behavior of this kind of samples. These three samples were
used in obtaining the devices.

3.2. Thickness of the PSL. Table 1 shows the thicknesses of
the PSL (obtained with a current density of 6.49mA/cm2)
calculated by (1) and the profilometry results. We can see that
the results between gravimetry and profilometry show good
agreement (±5%).

3.3. ZnO:In Characterization. ZnO:In film was obtained
from the precursor solution as it was described before, the
Ts was kept constant at 430∘C, and time growth was 10
minutes in all cases. This is the temperature of the PSL
when the ZnO:In film was deposited to get the devices. X-
ray diffraction patterns obtained from ZnO:In thin films
show polycrystalline characteristics and the corresponding
peaks fit well to a hexagonal ZnO:In wurtzite type structure.
Figure 3 shows the pattern of ZnO:In thin films.

The crystallite size was estimated using the (002) and
(100) diffraction peaks from the XRDdata in accordancewith
the Debye-Scherer formula [17]. According to the results, the
crystallite size of the ZnO:In thin films is around 23 to 36 nm.

Figure 4 shows the optical transmittance spectra of
ZnO:In thin film deposited on soda-lime glass substrate. No
substrate correctionwasmade to the correspondingmeasure-
ment. Average transmittance of the obtained film is suited
for transparent conductive oxide (TCO) application. Optical
band gap was calculated from the plot of (𝛼ℎV)2 as a function
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Table 2: ZnO:In films electric resistivity.

Sample Average thickness (nm)
±5.0%

Average transmittance
(400–700 nm) (%)

Electrical resistivity ×10−3
(Ωcm) ±5.0%

Band gap (eV)
±5.0%

ZnOIn/SLGS 685 53.11 2.05 3.44
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Figure 4: The optical transmittance is about 53%.
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Figure 5: Plot of (𝛼ℎV)2 versus ℎV and estimate of the band gap.

of ℎV, where 𝛼 is the optical absorption coefficient and ℎV is
the energy of the incident photons. From these curves, the
optical band gap (𝐸𝑔) values can be estimated by the extrap-
olation of straight line to (𝛼ℎV) = 0. Figure 5 shows band gap
value (3.44 eV).

Table 2 shows the electrical resistivity value and the
principal characteristics for ZnO:In thin film deposited on
soda-lime glass substrate (SLGS). Electrical sheet resistance
of the sample was measured by the conventional four-aligned
probe method.

Both optical and electrical characterization show that the
ZnO:In films possess the necessary properties to be used as
an electrical contact and as a transparent coating to get ELD
based on PSL.

EL emission
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p-Si substrate
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+

Figure 6: Schematic diagram of the ELD structure.
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Figure 7: EL spectra obtained from the ELD. We can see the
response of the device with different current densities.

4. Results and Discussion of ELD

Figure 6 shows the distribution of the components of the
ELD. EL responses were obtained from devices taken by
applying DC current. The negative terminal was connected
to the ZnO:In film through a needle probe (we say that our
device is forward polarized); the device presented lumines-
cent spots on the surface which were visible to the naked eye.

Figure 7 shows the EL spectra of the ELD labeled ELDM1,
ELDM3, and ELDM5 which have thicknesses of 23, 13 and
4 𝜇m, respectively. In the spectra we can see that the EL
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emission goes from 400 to 1100 nm for all samples and the
EL intensity increases with the increasing of the operating
current density. Based on the spectra and the images taken
from the devices, the emitted light is white. The sample that
showed the best performance in the visible and infrared part
was the sample labeled as ELDM5 (4𝜇m). In the visible part
of the spectra three principal peaks centered at 500, 600, and
710 nm are seen, and in the infrared region one principal peak
centered at 1020 nm is observed. The emissions observed in
the visible region are attributed to the PS and the ZnO:In film.
The emission centered at 600 nm is due to the presence of
silicon filaments which have different diameters (nanosized)
and that are present in the PS as we can see in the PL
characterization. This changes their bandwidth and thereby
the wavelength that is emitted [18–21].The emission centered
at 500 is the characteristic blue-green (BG) emission band
(broad fluorescence band) typically observed in ZnO films,
and it is due to the transition from the conduction band to
the Ozn level [22]. The peak at 710 nm might be due to the
emission from a level caused by oxygen interstitials attributed
to ZnO:In; the measure of the peaks associated with the ZnO
film was performed by Castañeda in previous works [22].
The emission that is observed in the IR might be due to the
crystalline silicon substrate, since there are reports which say
that the silicon is emitted in that region [18, 23]. This would
explain the fact that the corresponding emission to this region
is increased to reduce the thickness of the porous film, allow-
ing the contribution of the substrate to be observed in a better
way when the device is polarized. Comparing the obtained
results of PL and EL, we can conclude that the intensity of
the EL emission of the devices is directly related to the PL
than the PSL present. This is evident since the EL intensity
is directly related to the PL behavior; as it can be seen in
Figure 2, the sample with the highest PL intensity is the same
sample with higher EL intensity. The sample that showed the
best PL and EL was the sample with a thickness of 4 𝜇m; this
is due to the high concentration of emitting filaments present
in this sample which is reflected in the intensity of the spectra
obtained.Through the analysis of the obtained results, we can
observe that in order to improve the functioning of this kind
of devices, we have to find the way to improve the PL of PS.

4.1. Comparison between PL and EL. Figure 8 shows a
comparison between the PL and EL spectra obtained from
ELDM5 device. This gives us evidence to explain the origin
of emissions in the devices. In the PL spectra of the ELD,
emissions that are from 400 to 800 nm are related to the PS
and the ZnO:In film. Figure 2 shows that the main peak of
PS emission is around the 600 nm, and as we said before
there are works that report emissions fromZnO:In in 500 and
710 nm. This explains the observed peaks in the PL spectra
of the ELD (black in Figure 8). Now if we compare the PL
and the EL spectra of the ELD, the EL spectra show a main
peak around 1020 nm. We related this emission to the silicon
substrate. The IR band cannot be observed in the PL because
the laser penetrates only slightly in the sample [24];moreover,
the electric current goes through the entire sample, exciting
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two regions which exhibit a linear relationship.

also the substrate; for this reason the silicon substrate can only
be appreciated in the EL spectra.

4.2. EL Analysis

4.2.1. Relation between EL Intensity and Current Density.
Figure 9 shows the behavior of the EL as a function of the
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operating current density applied to the obtained devices.The
graph shows that the EL intensity increases when increasing
the operation current density; this behavior is observed in all
the studied samples.

We can see two regions which exhibit a linear relation-
ship; the first region goes from0 to 15mA/cm2 and the second
region goes from 15 to 48mA cm2.This denies the direct exci-
tation of luminescence centers by accelerated carriers as the
EL principal excitation mechanism. This suggests that the
localized electron-hole pairs are responsible for the visible
EL which is created by trapping an electron and hole from
the conduction and the valence band, respectively [25]. The
deviation from the linear relationship at low current densities
implies that there is some current component which does not
directly contribute. In other words, a significant amount of
current precedes the onset of EL.

4.3. EL Source. On the basis of the PL and EL spectra, and the
relation between EL intensity and current density analysis,
we can conclude that the observed white EL is a combination
of red emission from the PS and blue light from the ZnO:In
layer when it is excited by the operating current density. In
the PS, each emitting filament is supposed to be surrounded
by a wide band gap region since it behaves like a quantum
dot [26]. The wide gap region may be composed of oxides,
hydrides, amorphous Si, or simply a Si nanostructure of
smaller dimensions. Thus, the microscopic structure of PS
along the direction of current flow can be understood as if the
Si nanocrystallites are connected together via wider gap inter-
face regions. When a bias voltage is applied to this ensemble,
a stronger electric field may build up preferentially in the
wide-gap regions because of their expected lower dielectric
constant and higher resistivity. Then, the conduction and
valence band edges of the nanocrystallites become shifted
with respect to those of respective neighboring ones. This
band shift increases when the applied voltage rises.Therefore,
under a sufficient high voltage bias, a critical situation would
appear locally: the energy position of the valence-band edge
of a crystallite becomes comparable with that of the conduc-
tion band edge of the neighboring one. In this situation, either
of the following two phenomena is expected to occur. First,
hot electrons injected from the conduction band of the neigh-
boring one are so energetic that they can create electron-hole
pairs by an impact process (process 1). Second, electron-hole
pairs can be created also by the tunneling of electrons from
the valence band of a crystallite into the conduction band of
the next one (process 2). Progress of these processes should
significantly increase the number of carriers in the PSL and
consequently let a sharp increase in current density at the cor-
responding voltage.This is similar to the electrical breakdown
in reverse biased p-n junctions.Otherwise the electric current
excites the oxygen interstitials in the ZnO:In filmwhich orig-
inates the blue light that can be seen in the PL and EL spectra.

4.4. Electrical Characteristics of the DEL. Figure 10 shows
the obtained I-V curves from the devices. This is a typical
I-V curve for a ZnO:In/PS/p-Si structure which shows
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Figure 10: I-V curves for devices obtained. This is a typical I-V
curve that shows rectification behavior.

characteristic rectification behavior. The forward direction
corresponds to a negative potential on the ZnO:In film. From
a forward voltage of around 15V, spots of white light could
be seen by the naked eye in a dimly lit room which merged
together as the bias was increased. Closer examination of
the EL at lower potentials (approximately 10–15V) revealed
that in addition to the white light small spots on the surface,
they emitted red light. At higher current densities, only white
light was observed; however, it was not possible to ascertain
whether this was due to the previously red spots now emitting
white light or if the more intense white light from other
regions was simply masking the colored EL from these areas.
No light emission was observed under reverse bias.

5. Conclusions

ELD from structures based on ZnO:In/SP which exhibit
emission in the visible and infrared region of the electro-
magnetic spectrum were obtained. We demonstrated stable
white light emission from ZnO:In/PS structures through EL
and PL spectra. The device presented luminescent spots on
the surface which were visible to the naked eye. It was shown
that the EL emission is related to the PL behavior of the PSL
used to obtain the devices. It was proved that the EL emission
is integrated by the emission of ZnO:In, PS, and the silicon
substrate. Also the results indicate that the thickness of the
porous layer is very important in the electrical behavior
because the devices tend to behave as a diode.
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from the SEP México through Project no. PROMEP/103.5/
11/0144. The authors also acknowledge S & C Associates for
proof-reading of the paper.

References

[1] L. T. Canham, “Silicon quantum wire array fabrication by elec-
trochemical and chemical dissolution ofwafers,”Applied Physics
Letters, vol. 57, no. 10, pp. 1046–1048, 1990.
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This study used radio frequency sputtering at room temperature to prepare a zinc oxide (ZnO) thin film. After deposition, the thin
film was placed in a high-temperature furnace to undergo thermal annealing at different temperatures (300, 400, 500, and 600∘C)
and for different dwelling times (15, 30, 45, and 60min). The objective was to explore the effects that the described process had on
the thin film’s internal structure and luminescence properties. A scanning electron microscope topographic image showed that the
size of the ZnO crystals grew with increases in either the thermal annealing temperature or the dwelling time. However, significant
differences in the levels of influence caused by increasing the thermal annealing temperature or dwelling time existed; the thermal
annealing temperature had a greater effect on crystal growth when compared to the dwelling time. Furthermore, the crystallization
directions of ZnO (002), (101), (102), and (103) can be clearly observed through an X-ray diffraction analysis, and crystallization
strength increased with an increase in the thermal annealing temperature. The photoluminescence measurement spectra showed
that ultraviolet (UV) emission intensity increased with increases in thermal annealing temperature and dwelling time. However,
when the thermal annealing temperature reached 600∘C or when the dwelling time reached 60min, even exhibited a weak green
light emission peak.

1. Introduction

Because the international community has focused on energy
conservation and global warming prevention, white light-
emitting diodes (LEDs), which are energy-efficient, envi-
ronmentally friendly, and safe, have become the new light
source of the twenty-first century. This phenomenon has
created a substantial market opportunity for white LEDs,
and they have gradually become a mainstream product in
themarket. Although high qualitymanufacturing technology
and stable procedural parameters currently exist for white
LEDs, high production costs, operational difficulties related
to alternating current (AC), and the inability to provide
white-light illumination for large areas highlight the applica-
tion deficiencies of white LEDs. Consequently, the industry
targets these deficiencies as directions for improvement.
Thick-film dielectric electroluminescence (TDEL) technol-
ogy, which comprises electroluminescence components, is
currently used by research authorities to actively develop

white light excitation. The TDEL structure is self-emitting,
flat, large, and applicable to AC, and it emits uniform
light. Consequently, it can ameliorate white LED application
insufficiencies, becoming a new-generation white lighting
product. If the TDEL technology can replace a part of the
white LED market, its future market potential is limitless.

Electroluminescence is a phenomenon of energy emis-
sion where high voltages are applied to electrodes on both
sides of a phosphor; subsequently, the phosphor is excited and
emits light, and electricity is converted into light energy. The
emission does not create heat; thus, it is also called “cold light.”
This type of emission, which uses the electron transition
between valence and conduction bands or the collision of
high energy electrons with the activator inside a phosphor
layer and the luminescent center to excite and emit energy,
is different from an LED, which employs the recombination
of the electron-hole pair near the p-n junction to emit light.
Because the TDEL structures have the advantages of being
large-size, low-cost, and non-heat-producing and produce
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Figure 1: The ZnO thin film sample and structure schematic drawing.

uniform emission, they are suitable as fully solidified, large-
size emission products, and have great developmental poten-
tial for future lighting equipment as an alternative to LCD
backlights.

Because ZnO demonstrates abundant sources, low prices,
nontoxic characteristics, radiation resistance, high temper-
ature resistance, and chemical stability, it has become an
extremely important photoelectric thin film material. Com-
mon ZnO thin film production methods include spray
pyrolysis [1], metal organic chemical vapor deposition [2,
3], sputtering methods [4–6], thermal oxidation [7], and
sol-gel methods [8–10]. Because the sputtering method is
nonpolluting and exhibits superior thin film adhesion, flex-
ibility in changing the partial pressure ratio of reactive gases,
and stoichiometric qualities that effectively control thin film
growth, it is currently the most commonly studied ZnO thin
film preparation method.

Because ZnO at room temperature has an optical band
gap of 3.3 eV and an extremely large exciton binding energy
of 60meV [11–13], it can potentially be used as an ultraviolet
(UV) light source. This study focuses on the exploration of
the fluorescent material ZnO:Zn, which is known for its high
efficiency and low voltage excitation. To avoid contamination
by impurities of traditional electrophoretic deposition or
screen printing, which decreases the fluorescent material’s
emitted luminosity and lifespan, radio frequency (RF) sput-
tering was employed at room temperature to deposit ZnO
thin film (ZnO:Zn). The exploration of the ZnO thin film’s
internal structure and changes in UV emission properties
were conducted by changing thermal annealing procedural
parameters.

2. Experimental Procedure

This study employed RF sputtering to deposit a ZnO:Zn thin
film on an indium tin oxide (ITO) glass substrate at room
temperature. Different thermal annealing parameters were
used to explore changes in the thin film’s structural orga-
nization and constituent properties and how these changes
influence the ZnO thin film’s UV emission properties. Prior
to the experiment, the substrate was ultrasonically cleaned
with acetone, isopropanol, and deionized water separately
for 30min and then dried. A sputtering system was then
employed to deposit a ZnO thin film on the substrate. This
experiment used a 99.99% pure Zn target and introduced
oxygen (O

2
) and argon (Ar) during the preparation process

as the reactive gases for sputtering. The sputtering parame-
ters comprised a fixed sputtering power of 100W, 30% O

2

concentration, sputtering pressure of 5 × 10−3 torr, and a
deposition time of 30min. The completed ZnO thin film
sample is as shown in Figure 1.

After deposition, the ZnO thin film was placed in a
high-temperature furnace under atmospheric conditions. A
10∘C/min temperature heating rate was used to raise the
temperature to 300∘C, 400∘C, 500∘C, and 600∘C for ther-
mal annealing. A dwelling time of 15min, 30min, 45min,
and 60min was adopted in the experiment. These analyses
were employed for an in-depth exploration of how different
thermal annealing parameters affected the ZnO thin film’s
internal structure and UV emission properties.

3. Results and Discussion

Figure 2 is an SEM surface and cross section topographical
image of a ZnO thin film without thermal annealing. The
image clearly shows that the surface of the as-deposited
ZnO thin film is flat, the thin film’s internal structure is
loose, and crystals did not grow significantly. This is because
the low-O

2
, low-pressure sputtering environment created

by the 30% O
2
concentration and 5 × 10−3 torr sputtering

pressure caused the thin film deposition rate to accelerate,
and because the rapid stacking of the atoms easily caused the
thin film’s interior to exhibit an amorphous morphology of
small particle accumulation.

Figure 3 shows the XRD diffraction analysis of the as-
deposited ZnO thin film. These results reveal that not only
the ZnO peaks but also a Zn (101) peak. This is because
O
2
(atomic weight: 15.999) is a lighter particle, and in

the low-pressure sputtering environment, an O
2
atmosphere

can easily be pulled out, leaving a higher quantity of the
heavier Ar gas (atomic weight: 39.948). An insufficient O

2

concentration in the chamber not only increases the rate of
thin film deposition but also causes the sputtered Zn atoms
to form a ZnO thin film with a high Zn content (ZnO:Zn)
[14] because of insufficient oxidization. This result can be
confirmed through an EDS analysis (Figure 4). The figure
shows a significant difference in Zn:O

2
ratio, which indicates

that low-O
2
, low-pressure sputtering can easily lead to a

higher Zn content in the ZnO thin film.
Figures 5(a), 5(b), 5(c), and 5(d) are SEM topographical

profiles for thermal annealing at 300∘C, 400∘C, 500∘C, and
600∘C, under atmospheric conditions, and for 30min. The
images clearly show that the thin film thickness increased
with an increase in thermal annealing temperature. The
crystals in the thin film also show a tendency to increase
in size. When the ZnO thin film (ZnO:Zn) prepared in the
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Figure 2: SEM surface and cross section topographical image of the as-deposited ZnO thin film.
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Figure 3: XRD diffraction analysis of the as-deposited ZnO thin
film.

experiment was thermally annealed at 300∘C, it exhibited a
morphology of small particle accumulation in the internal
structure because of the low temperature that resulted in
limited reaction of the excess Zn. This was similar to the
ZnO thin film structure that has not been thermally annealed.
When the thermal annealing temperature increased to 400∘C,
the thin film’s internal structure began to exhibit a molten
state. When the thermal annealing temperature approached
the Znmelting point (419.58∘C), a portion of the excess Zn in
the thin film melted. At a 500∘C thermal annealing tempera-
ture, the thin film’s internal crystal growthwas significant and
exhibited many holes because the high-temperature thermal
annealing caused the Zn in the thin film to dissipate. When
thermal annealing temperature reached 600∘C, because the
temperature was higher, not only was the crystal growth
more apparent, but the Zn dissipation was also more severe,
resulting in a greater number of holes.

Figure 6 is the PL spectrogram for different thermal
annealing temperatures, where the excitation light source
was a 325 nm wavelength helium-neon laser. The testing
parameters ranged between 350 nm and 620 nm. The testing

ZnO Zn

Zn Element Weight (%)Atomic (%)
O K 13.54 39.03
Zn L 86.46 60.97

Totals 100.00

0 1 2 3 4 5 6 7 8 9 10

Figure 4: EDS analysis of the as-deposited ZnO thin film.

results showed that the UV emission center was located
approximately at the 376 nm wavelength. By using the emit-
ting wavelength and band gap conversion formula (1), the
calculations clarified that after thermal annealing; the ZnO
thin film prepared in this experiment had a band gap of
approximately 3.3 eV. Consider

𝛼ℎV = 𝐴(ℎV − 𝐸
𝑔
)

𝑛

. (1)

In addition, with an increase in the thermal annealing
temperature, the PL intensity showed an increasing trend.
However, when the temperature reached 600∘C, a 523 nm
visible light (green) emission peak appeared simultaneously.
Because ZnO materials can concurrently possess visible and
invisible light (UV) emission properties, after discounting the
self-emitting UV, the visible light emission is considered to
result from an internal thin film defect, which is caused by
electrons colliding with the luminescent center under high
voltages. Vanheusden et al. [15–17] asserted that the green
light’s luminescent center, which is situated between 510 nm
and 525 nm, is related to an O

2
vacancy (𝑉

𝑂
). According

to their experimental results, high-temperature annealing
consumes large quantities of O

2
in the air, increasing 𝑉

𝑂
in

the thin film and subsequently caused the intensity of the
green light emission to increase. The experimental results
in this study exhibit the same emission trend. Thus, it is
inferred that the reduction of UV emission intensity and
the appearance of a green light emission peak in the ZnO
thin film are related to high-temperature thermal annealing,
which generated internal thin film defects.
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(a) (b)

(c) (d)

Figure 5: SEM cross section morphologies of ZnO thin film annealing under different temperatures: (a) 300∘C, (b) 400∘C, (c) 500∘C, and (d)
600∘C.
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Figure 6: PL spectra of ZnO thin film annealing under different
temperatures (dwelling time: 30min).

Because the change in the UV emission intensity is
related to the crystallization of the thin film during thermal
annealing, this experiment conducted an XRDmeasurement
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Figure 7: XRD diffraction peaks of ZnO thin film annealing under
different temperatures.

analysis to discover how they could be linked. The XRD
diffraction analysis diagram for different thermal annealing
temperatures (Figure 7) clearly shows that with an increase
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Figure 8: SEM surface morphologies of ZnO thin film annealing under different dwelling time: (a) 15min, (b) 30min, (c) 45min, and (d)
60min.
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Figure 9: PL spectra of ZnO thin film annealing under different
dwelling time (annealing temperature: 500∘C).

in thermal annealing temperature, ZnO (002) exhibited an
increasing degree of preferred 𝐶-axis orientation. This indi-
cates that high-temperature thermal annealing can improve

crystallization in the ZnO thin film. However, after 300∘C
thermal annealing of the ZnO thin film, the image not
only showed crystalline phase peak of ZnO (002) and ZnO
(101) but also showed a diffraction peak of Zn (101). This
is because the 300∘C thermal annealing temperature had
not reached the melting point of Zn; thus, the excess Zn
in the thin film could not completely react. By increasing
the thermal annealing temperature, the 𝐶-axis orientation of
ZnO gradually increased. However, the peaks of other ZnO
phases also progressively increased. When the temperature
reached 600∘C, the 𝐶-axis orientation began to reduce. Con-
versely, the increases in the ZnO (101), (102), and (103) peaks
became more significant. This is because the ZnO thin film
prepared in this experiment contained more Zn, and the Zn
recombined with the O

2
in the air during thermal annealing,

forming ZnO. The ZnO crystals with poor crystallization
then formed in various directions, thus exhibiting a ZnO thin
film structure with polycrystal patterns.

Figure 8 shows the SEM surface images of the thin film
at a fixed thermal annealing temperature of 500∘C, under
atmospheric conditions, and for 15min, 30min, 45min, and
60min. The figure shows that the length of dwelling time
affected the crystal growth. A longer dwelling time provides
more reaction time and thermal energy that is required for
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Figure 10: SEM surface and cross section topographical images of the ZnO thin film deposited on low-O
2
and low-pressure sputtering

environment.

crystal growth and recrystallization. Therefore, the crystal
size increases with an increase in the dwelling time. After
maintaining the temperature for 45min, the resulting crystal
morphology appeared similar to that for 60min.The primary
reason is that the excess Zn in the thin film has almost
completely reacted with the O

2
in the air and formed ZnO;

consequently, the Zn source for recrystallizationwas reduced,
leading to decelerated crystal growth.

Figure 9 is the PL spectrogram for different dwelling
times. In the figure, the UV emission intensity increased as
the dwelling time was extended. The size of the crystals and
the intensity of the UV emission were positively correlated.
However, when the dwelling time reached 60min, the PL
image also began to show the emission peak of visible
light (green). This indicates that thermal annealing not
only allowed the crystals to grow and improved the thin
film’s internal crystallization but also highlighted the existing
defects in the thin film with an increase in the dwelling time.
Consequently, the PL image produced a visible light emission
peak.

Figure 10 is the SEM surface and cross section topograph-
ical images of the ZnO thin film by 60% O

2
concentration

and 20 × 10−3 torr sputtering pressure, under atmospheric
conditions. The image clearly shows that the surface of the
ZnO thin film is flat; the thin film’s internal structure is dense,
because sufficient O

2
concentration in the environment

induced the thin film deposition rate to retard and exhibit a
well hexagonal wurtzite structure.

Figure 11 is the XRD diffraction analysis diagram of ZnO
thin film. It can be observed from Figure 11, it exhibited
only the ZnO (002) peak. This is because the high-O

2
,

high-pressure sputtering environment caused the zinc ion
completely oxidized, to be increased the thin film’s internal
crystallization. Figure 12 is the PL spectrogram of ZnO thin
film. The results showed only a weak 376 nm UV emission
peak without the other visible light peak.

ZnO thin films with thermal annealing at 500∘C (for
45min) and atmospheric conditions exhibited a sharp (002)
peak and small value of FWHM(full width at halfmaximum),
as shown in Figure 13. Figure 14 presents the PL spectrogram
for ZnO thin films with thermal annealing processes. The
results shows a more obvious 376 nm UV emission peak
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Figure 11: XRD diffraction analysis of the ZnO thin film deposited
on low-O

2
and low-pressure sputtering environment.

because the thermal annealing processes increase the internal
grain size of ZnO thin films.

4. Conclusion

This study employed RF sputtering at room temperature to
deposit a ZnO thin film on an ITO glass substrate. By varying
the thermal annealing temperatures and dwelling times, this
study explored changes in the thin film’s internal structure
and UV emission properties. The results showed that a low-
O
2
, low-pressure sputtering environment readily forms a

ZnO thin film with high Zn content. The excess Zn exhibited
influences of differing levels on crystal growth and emission
properties when different thermal annealing parameters were
applied. The experiment showed that an increase in thermal
annealing temperature or dwelling time resulted in gradual
growth of crystal size, and when specific parameters were
applied, the UV emission intensity increased with the crystal
growth. However, when the thermal annealing temperature
was at 600∘C or when the dwelling time reached 60min,
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Figure 12: PL spectra of ZnO thin film deposited on low-O
2
and

low-pressure sputtering environment.
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Figure 13: XRD diffraction analysis of the ZnO thin film deposited
on low-O

2
and low-pressure sputtering environment with thermal

annealing process.
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Figure 14: PL spectra of ZnO thin film deposited on low-O
2

and low-pressure sputtering environment with thermal annealing
process.

actually exhibited aweak green light emission peak.This indi-
cates that the thermal annealing process increased the thin
film’s internal crystallization and simultaneously enhanced
the defects in the thin film and the growth of other crystalline
phases. This is evidenced by the PL spectrogram and XRD
diffraction analysis results. Consequently, ZnO luminescence
is a type of defective emission caused by the V

𝑂
in the

thin film. Thus, the width of ZnO band gap determines
the wavelength position of the UV emission center, and the
grain size dominates the intensity of UV emission. In order
to obtain the well UV emission, the Zn:O

2
ratio must be

controlled with thermal annealing processes to improve the
crystallization and grain size.
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The electrical transport properties of the molecular nanosilver chain have been investigated. We observed the symmetric negative
differential resistance (NDR) in the current-voltage characteristics. The peak voltage (𝑉

𝑃
) increased but the peak current (𝐼

𝑃
)

decreased upon cooling. The self-capacitance effect of the silver chain crystal is suggested to explain this unconventional NDR
phenomenon.

1. Introduction

Negative differential resistance (NDR) has attracted much
interest due to its applications for switch, memory, and
high-speed logic devices. NDR explained by a resonance
tunneling diode has been shown in various materials, such
as germanium p-n junction [1], various heterostructures [2–
6], semiconductor superlattices [7], self-assembled layered
nanostructures [8], carbon atomic wires [9], mesoscopic
manganite structures [10], and molecular electronics device
systems [11–13].TheNDRhas also been observed in graphene
nanoribbon with unsaturated edges due to the strong current
polarization [14] and due to the interaction between the
narrow density of state of doped sites and the discrete states
in the scattering region [15]. In addition, Ag-based materials,
such as Ag/Si nanowires on silicon carbide, exhibited NDR
as well [16]. NDR phenomena in general, including those
mentioned above, exhibited asymmetric current-voltage (I-
V) characteristics with respect to the applied voltage.

Recently, Moon et al. reported a stair-shaped Ag0 coor-
dination compound without bridging ligands (nanosilver
chain) [17].This nanosilver chain (NSC) consists of Ag atoms
linked by covalent bonds and pyridine molecules. Herein,
we report the abnormal N-shaped NDR phenomenon of
the single crystalline NSC and temperature-dependent NDR
behavior that cannot be interpreted by previously reported

mechanisms. The I-V characteristics in the backward volt-
age sweep were symmetric to that in the forward voltage
sweep. Hysteretic behavior was manifested as well. The peak
voltage (𝑉

𝑃
) increased and the peak current (𝐼

𝑃
) decreased

as the temperature decreased. We suggest that the NDR
phenomenon of the NSC may be caused by a capacitance
effect of the NSC itself.

2. Materials and Methods

The I-V characteristics were measured with the conven-
tional 2-probe method. Silver paint (DuPont 4929N) and
carbon paint (Dotite XC-12) contacts were made to 0.01
inch diameter gold wires. The I-V characteristics were dou-
bly checked using semiconductor characterization systems
(Keithley 4200-SCS) and electrometer (Keithley 6517A).
The voltage sweep rate was 10mV/sec. The temperature-
dependent I-V characteristics were investigated with a cryo-
genic displex-osp.

3. Results and Discussion

The (001) and (010) planes of the single crystalline NSC are
shown in Figure 1(a).The I-V characteristics of the NSC crys-
tal at room temperature measured in air right after mounting
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Figure 1: NDR behavior at room temperature. (a) An NSC single crystal is shown in the white box. (b) I-V curve is measured in air at 300K
by the conventional 2-probemethod with DuPont, silver composition 4929N paint. 𝐼

𝑃
is a peak current.𝑉

𝑃
and𝑉

𝑉
are voltages corresponding

to the peak and the valley of the current, respectively. The number shows the voltage sweep procedure. The I-V curve with a carbon paint
contact is shown in the inset.

the sample were the same as those measured in a vacuum
after loading the sample in the displex cryogenic system.
This implies that the NSC crystal lost pyridine molecules as
soon as it was exposed to air [17] for the measurements. N-
type NDR was observed for V > 𝑉

𝑃
(0.25V) as shown in

Figure 1(b). Here, 𝑉
𝑃
and 𝑉

𝑉
are voltages corresponding to

the peak and the valley of the current, respectively. The I-V
curve was linear in the low voltage region (0 < 𝑉 < 𝑉

𝑃
). The

current abruptly dropped at𝑉
𝑃
revealing NDR and started to

increase gradually for 𝑉 > 𝑉
𝑉
(process “1”). In the backward

sweep fromhigh to low voltage, the current followed the same
curve as that in the forward sweep for 𝑉 > 𝑉

𝑉
. However, it

exhibited a big hysteresis for 0 < 𝑉 < 𝑉
𝑉
with a significantly

reduced NDR peak (process “2”). The I-V characteristics
of the negative voltage region (processes “3” and “4”) were
symmetrical with those of the positive voltage region. To
check the contact effect, the identical experiment with a
carbon paint contact was also done. The I-V characteristics
with carbon paint were the same with a silver paint contact
although the details were not identical (the inset of Figure 1).
This symmetric NDR with respect to the applied voltage has
never been reported. It will be discussed later.

The temperature-dependent I-V characteristics of the
NSC crystal from 230K to 300K are shown in Figure 2. All
I-V curves showed the symmetric NDR behavior and the
data were reproducible for 3–5 cycles of I-V measurements
at each temperature. The peak current (𝐼

𝑃
) decreased but

𝑉

𝑃
increased upon cooling. This is another unusual behavior

in NDR phenomena. The resistivity (𝜌) at each temperature
was obtained from the slope of the I-V curve in the linear
region (𝑉 < 𝑉

𝑃
) (Figure 3(a)). The resistivity at 300K is

𝜌

300K ≃ 1.5 × 10
5
Ω cm, which is in the range of resistivity

for ionic solids. The various Ag-based materials follow ionic
conduction [18–21]. Although no mobile ions are reportedly
expected to exist in the NSC crystal [17], it is possible for
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Figure 2: Temperature-dependent NDR behavior. All I-V curves
measured at various temperatures exhibit the symmetric NDR
behavior.𝑉

𝑃
increases but 𝐼

𝑃
decreases as the temperature decreases.

ionic defects to exist in the NSC crystal, and the defects
can cause the current to flow through the sample by ionic
conduction. The temperature-dependent conductivity of the
NSC crystal seems to follow the ionic conduction behavior
with the activation energy 0.35 eV. However, the resistivity
is well fitted to the thermally activated hopping conduction,
𝜌 = 𝜌

0
exp(𝐸

𝑎
/KBT), rather than the ionic conduction

as shown in the inset of Figure 3(a). 𝐸
𝑎
and 𝐾

𝐵
are the

activation energy and the Boltzmann constant, respectively.
Moreover, the ionic conduction mechanism does not explain
the unusual temperature dependence of the symmetric NDR
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Figure 3: Abnormal NDR behavior. (a) Temperature-dependent resistivity follows the thermally activated hopping conduction (inset). (b)
Contrary to NDR behavior reported previously, 𝑉

𝑃
increases but 𝐼

𝑃
decreases as the temperature decreases.

phenomena of theNSC crystal.Therefore, we suggest another
possible mechanism for the NDR behavior.

Above all, we focused on the temperature-dependent
NDR phenomena. Upon cooling, the values 𝐼

𝑃
decreased but

𝑉

𝑃
increased (Figure 3(b)). The temperature dependence of
𝐼

𝑃
and 𝑉

𝑃
was different from that of other NDR phenomena

observed in the tunneling diode, Gunn effect [22], or subband
transition from the highmobility of a fundamental level to the
low mobility of a higher subband level, where 𝐼

𝑃
increased

and 𝑉
𝑃
decreased upon cooling [9]. In case of a molecule

containing a nitroamine redox center, both the 𝐼
𝑃
and 𝑉

𝑃

increased upon cooling [11]. The 𝐼
𝑃
decrement of the NSC

crystal upon cooling is attributed to the thermally activated
hopping conduction as described in Figure 3(a). However,
the 𝑉
𝑃
increment on cooling is difficult to understand. We

suggest a possible mechanism based on thermally modulated
capacitance effect of the NSC itself.

At the beginning of voltage sweeping, the current
increases due to the bias voltage and then charges are
accumulated in the NSC gradually like a capacitor. At𝑉

𝑃
, the

charges are saturated in the NSC resulting in a drastic drop
of the current at 𝑉

𝑉
. For 𝑉 > 𝑉

𝑉
, the current exponentially

increases with the increase of the bias voltage. This is called
a thermal current [22]. During backward sweeping from 𝑉

𝑉

to 0V, the current decreases exponentially, which follows
the trace of a thermal current. In this process, hysteresis
and discharging occur. As a negative bias voltage is applied,
the same behavior is exhibited with an opposite polarity of
charge.This results in symmetric NDR behavior with respect
to the bias voltage.

In order to confirm that the charge storage is the domi-
nant factor for the NDR of the NSC, we applied a different
voltage (𝑉

𝐼
) at the beginning of sweeping (Figure 4(a)).When

𝑉

𝐼
started from the negative voltage (black line, from −1.0 V

to +1.0 V), the peak in the negative voltage region did not
appear. On the other hand, when the 𝑉

𝐼
was positive (red

line, from +1.0V to −1.0 V), the peak in the positive voltage
region was not exhibited. Nonezero 𝑉

𝐼
over 𝑉

𝑃
means that

a large number of charges are already stored in the NSC.
Therefore, NDR was not observed. This is similar to the
previous literature on ZnO nanowires [23]. In case of a
consecutive sweep from −1.0 V to + 1.0V and to −1.0 V, we
found two peaks as expected (Figure 4(b)).

The decrease of 𝑉
𝑃

with the temperature can be
understood by the thermally activated mobility, 𝜇 =
𝜇

0
exp(−Δ/𝑘

𝐵
𝑇) [24]; here, 𝜇

0
and Δ are the prefactor and

activation energy, respectively. This indicates that the mobil-
ity increases exponentially with the temperature and charges
are more easily moved. At low temperature, an additional
electrical potential, compared with high temperature, is
necessary to fully store the charge in the sample. Hence, the
𝑉

𝑃
increases as the temperature decreases.

4. Conclusions

In summary, the temperature-dependent symmetric NDR
phenomenon in theNSC crystal has been investigated. As the
temperature decreases, the 𝑉

𝑃
increases but 𝐼

𝑃
decreases. We

consider the thermally modulated capacitance effect of the
NSC as the origin of the NDR behavior.
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Figure 4: Capacitance effect of an NSC crystal. (a) A nonzero initial voltage results in the nonexistence of the peak in the voltage region,
which is the same sign to the initial voltage. Black and red lines are the voltage sweep with negative and positive initial voltages, respectively.
(b) I-V characteristics were obtained by a consecutive bias voltage sweep. The number shows the sweep procedure.
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Nanocrystals of ZnS have been synthesized through simple chemical precipitation method using thiourea as sulphur source. The
synthesized products were annealed at different temperatures in the range of 200–800∘C.The as-synthesized and annealed samples
were characterized by X-ray diffraction (XRD), UV-Visible absorption (UV-Vis), and room temperature photoluminescence (PL)
measurements.Themorphological features of ZnS annealed at 200 and 500∘Cwere studied by atomic force microscope (AFM) and
transmission electron microscope (TEM) techniques. The phase transformation of ZnS and formation of ZnO were confirmed by
thermogravimetric (TG) and differential thermal analysis (DTA) curves.

1. Introduction

Wide bandgap semiconductor nanocrystals have attracted
the scientific community in the past two decades because
of their size dependent properties and diverse applications
[1–3]. In semiconductor nanoparticles, bandgap energy can
be tuned by slight variation in size and composition, which
enables them to be used in variety of applications like photo
catalysis, imaging, solar cells, and so forth with an increase
in efficiency [4, 5]. A simultaneous control of structure
and morphology of semiconductor nanocrystals provides
opportunities to tune and explore their optical properties.
Therefore, structure and morphology control are of great
interest in the development of semiconductor nanocrystals.
Zinc sulphide is a wide bandgap II-VI group semiconductor
material of cubic and hexagonalmorphologies with bandgaps
of 3.72 eV [6] and 3.77 eV [7], respectively, at room tem-
peratures. ZnS has wide range of applications owing to its
fluorescence properties [8–13].

Annealing treatments are very common in semiconduc-
tor processing. The annealing can be used to improve the
crystal quality and to confirm the stability of the crystal at a
given temperature, which is important for device purposes.
An annealing treatment is quite effective for reproducible

size control of ZnS nanocrystals [14]. In this work, we report
the effect of annealing temperature on the structural and
morphological properties of ZnS nanocrystals prepared by
simple chemical precipitation method.

2. Experimental

2.1. Preparation of ZnS Nanoparticle. All the chemicals used
in this study are of AR grade with 99% purity (Merck and SD
fine chemicals) and used without further purification. Ultra-
pure water was used for all dilution and sample preparation.
Zinc acetate dihydrate [Zn(CH

3
COO)

2
⋅2H
2
O] and thiourea

[CH
4
N
2
S] were used as precursors.

The process to prepare Zns nanoparticle is as follows. In
this synthesis process, zinc and sulfur sources were taken
in 1 : 1.5 molar ratios. For this 3 g of zinc acetate in 50mL
aqueous was stirred magnetically at 80∘C until homogeneous
solution was obtained.Then 3 g thiourea in 50mL of aqueous
was added drop by drop to the above solution. After stirring
for 2 hours a colorless crystal cleared solution was formed.
Then the solution was placed inside a hot air oven at a
temperature of 130∘C for 5 hours and then cooled down to
room temperature. The resulting precipitates were filtered off
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and washed several times in water and ethanol and the final
products were dried in hot air oven at 80∘C for 2 hours. The
samples were then heat-treated at the rate of 10∘C/min for 2
hours and held at temperatures in the range of 200, 400, 500,
600, and 800∘C.

Nanocrystals of ZnS have been synthesized through sim-
ple chemical precipitation method using thiourea as sulphur
source. The synthesized products were annealed at different
temperatures in the range of 200–800∘C mentioned above.

2.2. Measurements. The X-ray diffraction (XRD) patterns of
the powdered samples were recorded using X’ PERT PRO
diffractometer with Cu-K𝛼 radiation (𝑘 = 1.5406 Å). The
crystallite size was estimated using the Scherrer equation.
The optical absorption spectra of all the samples in deionized
water were recorded using LAMDA 25 PERKIN ELMER
spectrometer. Fluorescence measurements were performed
on a VARIAN spectrophotometer. The morphology of the
product was observed by Nano Surf Easy Scan 2 atomic force
microscope (AFM). High-resolution transmission electron
microscopy (HRTEM) analysis was performed using JEOL
3010 HRTEM to study the morphology and size of the
nanocrystals. Thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) studies have been performed
using Perkin Elmer Diamond TGA/DTA instrument at a
heating rate of 20∘C/min in air.

3. Results and Discussion

The XRD patterns of starting material as well as those of
annealed samples are recorded in the scan range 2𝜃 = 10–80∘.
In the case of starting material, three diffraction peaks at 2𝜃
values of 28.5∘, 48∘, and 57∘ appeared due to reflection from
the (111), (220), and (311) planes of the cubic (zinc blende)
phase of ZnS (Figure 1). This result suggests that the crystal
structure of the sample is in good accordance with that of the
Zinc blende ZnS of the standard card (JCPDS card no-05-
566).The particle size was determined to be 8.65 nm from the
width of the diffraction peaks corresponding to (111), (220),
and (311) planes by using the well-known Scherrer equation:

𝐷 =

0.89𝜆

𝛽 cos 𝜃
, (1)

where 𝜆 is wavelength of X-ray (1.5406 Å), 𝛽 is FWHM in
radian, and 𝜃 is Bragg’s angle in degree.

From Figure 1 it is clear that, at 200∘C, the sample is
still in its cubic phase with broadened XRD peaks. The
broadening of the diffraction peaks results from the decrease
of particle size. The average particle size was determined to
be 5.96 nm. As we increase the temperature to 400∘C, phase
transformation of ZnS has been taken place. As a result of
transformation cubic phase of ZnS is changed into hexagonal
ZnS. It is also seen in Figure 1 that at 400∘C a faint portion of
wurtzite ZnO has been formed and is indicated by the planes
(100), (002), and (101).

The XRD patterns of all the four high temperature
annealed samples match well with JCPDS numbers 36–
1405 (for hexagonal ZnS) and 36–1451 (for hexagonal ZnO).
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Figure 1: XRD patterns of as-synthesized and annealed ZnS.

However, ZnS wurtzite phase completely disappears and
wurtzite ZnO appeared when the annealing temperature
was brought to 500∘C. This result reveals that 500∘C is the
temperature essential to the conversion from ZnS to ZnO
nanoparticles in the presence of air [15]. The average particle
size of the ZnO was determined from the diffractions peaks
and found to be 22.82 nm.

Hence it is concluded that as a result of increase in
annealing temperature formation of ZnO speeds up, and the
transformation is completed at 500∘C. On further increase
in the annealing temperature up to 800∘C, the diffraction
peaks are found to narrow down as compared to those
of the samples annealed at 500∘C indicating the growth
of bulk crystallites. The average crystallite sizes are 32.60
and 66.49 nm for the samples annealed at 600 and 800∘C,
respectively.

The optical properties of semiconductor materials are
directly determined by the size and shape of the particles.
We demonstrated the optical properties of as-synthesized and
annealed products using a combination of UV-Visible and
photoluminescence (PL) techniques. As shown in Figure 2,
absorption peaks around 282, 278, 316, 333, 348, and 367 nm
were noted corresponding to as-synthesized ZnS and ZnS
annealed at 200, 400, 500, 600, and 800∘C, respectively. In
comparison with the absorption edge of as-synthesized ZnS,
the absorption maximum of the sample annealed at 200∘C
was found to be blue-shifted by 4 nm. Such a shift in the
optical absorption spectrum is known to take place owing
to quantum confinement effect, which occurs in the case
of nanoparticles when the particle size becomes comparable
with or smaller than Bohr radius of exciton [16]. The ZnS
nanoparticles annealed at 200∘C have size less than the
Bohr exciton diameter of ZnS, which is around 5.96 nm.
According to the formula 𝐸

𝑔
= ℎ𝑐/𝜆 eV, the bandgaps were

calculated and are 4.39, 4.46, 3.92, 3.72, 3.56, and 3.40 eV,
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Figure 2: UV-Visible absorption spectra of as-synthesized and
annealed ZnS nanocrystals.

respectively, for as-synthesized ZnS and ZnS annealed at
different temperatures.

Thebandgap of ZnS annealed at 200∘Chas been increased
(4.46 eV)when comparedwith the bandgap of as-synthesized
ZnS (4.39 eV) as a result of quantum confinement.This result
suggests that 200∘C is the optimum annealing temperature
for the harvest of narrow sized ZnS nanocrystals. In addition,
the bandgap value of the sample annealed at 500∘C (3.72 eV)
is higher than that of bulk value of ZnO (3.37 eV), which
confirms the conversion of ZnS into ZnO as a result of
oxidation of ZnS. However, beyond 200∘C the bandgap of the
samples decreases with increase in annealing temperature.

The room temperature PL spectra of the as-prepared and
annealed ZnS nanoparticles are shown in Figure 3. The as-
prepared ZnS exhibits three emission peaks positioned at
∼349 nm, ∼407 nm, and ∼540 nm. The emission at ∼349 nm
is attributed to the near-band-edge emission of ZnS [17].
The peak observed at around ∼407 nm can be attributed
to the recombination of electrons at surface sulfur vacancy
with the holes at the valance band. The emission at ∼540 nm
could be attributed to some self-activated defect centres
related to Zn-vacancies [18]. In samples annealed at 200∘C,
the PL emission peaks are shifted to higher wavelength
regions compared to as-synthesized samples. The shifts in PL
peaks are attributed to the variation of bandgap as annealing
temperature increases asmentioned inUV-Visible absorption
studies. Particularly the peak positioned at 540 nm in as-
synthesized ZnS was shifted (578 nm) with enhanced inten-
sity. The red shift can be attributed to quantum size effect
owing to small particle size and the enhanced intensity
reveals that PL spectra are consistent with XRD result of ZnS
annealed at 200∘C.

The emission intensity at 578 nm may be due to the
recombination of electrons from the energy level of sulfur
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Figure 3: PL spectra of as-synthesized and annealed ZnS nanocrys-
tals.

vacancies with the holes from the energy level of zinc
vacancies. At an annealing temperature of 400∘C, there is
no change in the positions of the peaks but the intensity
of them has been enhanced. Further, annealing at 500∘C
revealed three emission peaks at 413, 470, and 670 nm. The
emission at 413 nm is attributed to near-band-edge emission
of ZnO originating from excitonic transitions of between
electrons in the conduction bands and the holes in the
valence bands [19–21]. The emissions at 470 nm and 670 nm
are probably ascribed to oxygen vacancies or other defects
[22, 23]. The positions of the emission bands are unchanged
as the annealing temperature is raised from 500 to 600∘C
and then to 800∘C. This suggests that these emission bands
are weakly associated with the bandgap properties. On the
other hand, as far as the intensity is concerned, the intensity
of the emission peaks has been enhanced with raise in
annealing temperature whichmeans that the oxygen vacancy
concentration increases after annealing at high temperatures.

The surface morphology and particle size of the ZnS
annealed at 200 and 500∘C were studied by AFM. The
two- and three-dimensional images of the ZnS annealed at
200∘C are shown in Figures 4(a) and 4(b). From the two-
dimensional view it is noted that most of the particles are
well separated from each other and are spherical in shape.The
sizes of the particles are in the range of 2.5–27.5 nm. However,
most of the particles are in the range of 5–15 nm. The size
obtained from the AFMmatched well in accordance with the
XRD and TEM results. The 3D view revealed that the growth
direction of all the particles was the same.

Figure 4(c) shows the AFM image of ZnS nanoparticles
after being annealed at 500∘C. As can be seen in the figure,
the spherical shape of the nanocrystals does not changes
upon annealing, whereas the morphology at the nanoscale
exhibits dramatic changes. As a result of high temperature
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Figure 4: (a) AFM image of ZnS annealed at 200∘C, (b) corresponding 3D view. (c) AFM image of ZnS annealed at 500∘C, (d) corresponding
3D view.

annealing, the size of the particles has been increased due
to agglomeration. The size is ranging between 10 and 65 nm.
However,most of themare in the range of 30 nm.The 3Dview
(Figure 4(d)) exhibits the inhomogeneous growth pattern of
the samples.

The morphology and sizes of the nanocrystals are con-
firmed from TEM studies, as shown in Figure 5. Figure 5(a)
indicates the HRTEM image of the samples annealed at
200∘C, revealing the formation of almost monodispersed
nanocrystals with average diameter ∼2 nm. TEM measure-
ments of ZnS (Figures 5(b) and 5(c)) annealed at 200∘C
show the agglomerated, nearly spherical particles with size
variation between 10 and 15 nm. Figure 5(d) depicts the

selected-area electron diffraction (SAED) pattern of the sam-
ple annealed at 200∘C. All the diffraction rings were indexed
to those of spherical phase of ZnS in agreement with the
XRD patterns. The clear lattice fringes display indicates that
the nanoparticles are good crystals. The (111) lattice planes of
some particles canmainly be observed and this lattice spacing
is estimated to be about 0.310 nm fromHRTEM image, which
is consistent with the cubic ZnS (111) spacing value (0.312 nm)
from standard JCPDS database.

The TEMmeasurements of ZnO (ZnS annealed at 500∘C)
are shown in Figure 6. Figure 6(a) specifies the HRTEM
image of the ZnS annealed at 500∘C, revealing the formation
of ZnO nanocrystals with diameter ∼2 nm. In addition the
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Figure 5: (a) HRTEM image of ZnS annealed at 200∘C, (b), (c) corresponding TEMmicrographs, and (d) corresponding SAED pattern.

HRTEM shows that the lattice fringes are separated by a
diameter of 0.26 nm, representing the interplanar distance of
the (101) lattice plane of ZnO hexagonal phase. TEM images
of the ZnO show (Figures 6(b) and 6(c)) that the sizes of the
individual particles are in the range of 25 to 80 nm.The SAED
pattern shows the well-defined electron diffraction spots,
confirming the single crystalline nature of the hexagonal
phase of ZnO nanocrystals.

The deviation in the size of the nanoparticlesmeasured by
AFM and TEM fromDebye-Scherrer calculation may be due
to difference in the film preparation and detection technique.
When preparing thin flim for AFM or TEM techniques, the
smaller nanoparticles may physically contact each other to
form larger size particle [24]. It is a well-established fact
that precision of crystallite size analysis by Debye-Scherrer
calculations, as best, of the order of ±10% [25, 26].

The thermal stability of the synthesized product was
investigated by TG-DTA, as shown in Figure 7. The TGA
showed four distinct weight losses arising from desorption of
water (below 200∘C), the decomposition of organic template
(200–300∘C), the phase transformation of ZnS (300–500∘C),
and the formation of ZnO due to oxidation of ZnS (500–
800∘C). After 800∘C there was no weight loss until 1200∘C.

From the DTA curve, there exists an endothermic peak
at 180∘C that may be due to removal of water molecules.
A sharp endothermic peak at 220∘C could be due to the
removal of residual organics. As the temperature increases

to 340∘C, a small endothermic peak appeared as a result of
starting of phase transformation of ZnS. A wide exothermic
peak between 300 and 700∘C with a maximum at 500∘C
was noted. The maximum at 500∘C explains the formation
of ZnO as a result of oxidation of ZnS. During oxidation
enormous amount of energy is released in the form of heat.
The wideness of the exothermic peak was due to the growth
of the particles and the energy was, therefore released [27]. As
the temperature was over 800∘C, the whole system tended to
be endothermic. It could be assumed that sulfur atoms escape
from the zinc sulfide lattice completely and therefore absorb
energy.

4. Conclusions

In the present work, the influence of thermal annealing on
the structural, optical, and morphological features of ZnS
nanocrystals was investigated. XRD patterns show the for-
mation of 5.96 nm sized sphere-like cubic ZnS nanocrystals
at 200∘C. However, annealing at 500∘C in air converts ZnS
into ZnO as a result of oxidation. UV-Visible absorption
peaks suggest that beyond 200∘C the bandgap of the sam-
ple decreases with increase in annealing temperature. The
room temperature PL measurements of as-synthesized and
annealed samples exhibit that the intensity of the emission
peaks has been enhanced with raise in annealing temper-
ature which means that the oxygen vacancy concentration
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Figure 6: (a) HRTEM image of ZnO (ZnS annealed at 500∘C), (b), (c) corresponding TEM micrographs, and (d) corresponding SAED
pattern.
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Figure 7: TG-DTA curves of as-synthesized ZnS nanocrystals.

increases after annealing at high temperatures. The surface
morphology of ZnS and ZnO was studied by atomic force
microscope. The AFM results reveal that particle agglom-
eration increases with increase of annealing temperature.
The periodic layer nanometer structures of ZnS and ZnO

were identified by high resolution transmission electron
microcopy (HR-TEM) images, with thickness of∼2 nm. TEM
measurements of ZnS annealed at 200∘C show the agglom-
erated, nearly spherical particles with size variation between
10 and 15 nm, whereas micrographs of the ZnS annealed at
500∘C show that the sizes of the individual particles are in the
range of 25 to 80 nm. The phase transformation of ZnS and
formation of ZnO were confirmed by TG-DTA curves.
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We propose the quantitativemethod of evaluating the purity ofmultiwall carbon nanotubes (MWCNTs) usingRaman spectroscopy.
High purityMWCNTswere prepared by chemical vapor deposition (CVD) to be used as a referencematerial with 100%purity. Since
the intensity and wavenumber ofD-band located at around 1500 cm−1 were found to be independent of the excitation wavelength
of a laser, the purity of MWCNTs was measured by comparing the intensity ratio of D-band to G-band (𝐼

𝐷
 /𝐼
𝐺
) of the sample

with that of a reference material. The established method was verified by testing the mixture of amorphous carbon particles and
reference MWCNTs.

1. Introduction

Since multiwall carbon nanotubes (MWCNTs) possess high
electrical conductivity, high thermal conductivity, and excel-
lent mechanical properties [1–3], they have been exten-
sively studied for being used in the electrical, thermal, and
mechanical applications [4–7]. In order to achieve better
characteristics of application products, the advancement in
the synthesis technology has been tried to improve the
properties ofMWCNTs, including crystallinity, dispersibility,
and purity [8–10]. Among these characteristics, purity is
one of the most important properties from the viewpoint
of better performance of application products. In addition,
since higher purity means that a smaller amount of CNTs is
required to achieve targeted properties, it is very important
for industrial applications to use high purity MWCNTs in
terms of low cost. Many researchers have used thermo-
gravimetric analysis (TGA) [11–13] and 𝐷-band to 𝐺-band
intensity ratio of Raman spectrum (𝐼

𝐷
/𝐼

𝐺
) [14] to measure

the purity of MWCNTs. However, TGA represents the whole
carbon content in the sample because measuring the weight

loss with increasing temperature does not distinguish carbon
nanotubes from other carbon species. Meanwhile, apart from
the fact that the intensity and position of 𝐷-band peak are
varied with the excitation wavelength of a laser to a great
extent [15], 𝐷-band originates from not only amorphous
carbon particles but also nanotube-related aspects including
defects in the curved graphene sheets, tube ends, and finite
size of crystalline domains of the tubes [16]. Thus, the
measurement of (𝐼

𝐷
/𝐼

𝐺
) is not useful for evaluating the purity

of MWCNTs using various wavelengths of laser. In contrast
to 𝐷-band, the intensity and position of 𝐷 band are not
varied with the wavelength of laser. Moreover, 𝐷-band
originates from only amorphous carbons [17]. Therefore, we
propose here the quantitativemethod evaluating the purity of
MWCNTs using the𝐷-band Raman spectrum ofMWCNTs
as a signal for amorphous carbon particles.

As-synthesizedMWCNTs are in general composed of the
nanotubes, catalyst particles, and amorphous carbonaceous
particles. Since the crystallinity of MWCNTs observed from
Raman spectroscopy is clearly distinguishable from that of
amorphous carbons, we used the comparison of Ramanpeaks
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Figure 1: (a) SEM image of referenceMWCNTswith 100%purity. Inset shows theHRTEM image of referenceMWCNTs. (b) Raman spectrum
of reference MWCNTs.

observed fromMWCNTs and amorphous carbons for evalu-
ating the purity ofMWCNTs. A high purityMWCNT-sample
was prepared and then used as a reference material. The
purity was evaluated from comparing 𝐷-band to 𝐺-band
intensity ratio (𝐼

𝐷
/𝐼
𝐺
) of sample with 𝐼

𝐷
/𝐼
𝐺
of reference

materials. MWCNTs have been synthesized by either arc-
discharge [18, 19] or chemical vapor deposition (CVD) [1–
10]. Since the MWCNTs synthesized by arc-discharge have
higher crystallinity, 𝐷-band is scarcely seen in the Raman
spectrum. Therefore, the method to be introduced in this
report is useful for only CVD-grown MWCNTs. But, the
MWCNTs synthesized by arc-discharge are not used in the
practical applications due to the impossibility of mass pro-
duction.Therefore, it is still worthy of developing themethod
have evaluating the purity of CVD-grownMWCNTs that are
unexceptionally shown𝐷-band in the Raman spectrum.We
will provide the detailed protocols for determining the purity
of CVD-grown MWCNTs, which are confirmed by testing
the mixture of high purity MWCNTs and amorphous carbon
particles.

2. Experimental

In order to synthesize MWCNTs, Fe/Mo/Al
2
O
3
particles

were prepared using combustion method. Fe/Mo particles
were used as catalysts and Al

2
O
3
was supporting the cata-

lysts. Metal-organic precursors of iron nitrate, molybdenum
acetate, and aluminum nitrate were dissolved in deionized
water, and then the prepared solution was transformed into
catalyst powder by thermal treatment at 450∘C for 30min
in air ambient. The quartz boat having the catalyst powder
was placed inside a quartz tube reactor. After heating the
reactor to 700∘C in Ar atmosphere, a gas mixture of C

2
H
4
/H
2

(1 : 1) was fed into the reactor with a pressure of 1 atm for the
synthesis, followed by cooling to room temperature under Ar
atmosphere.

The morphologies of MWCNTs were investigated using
scanning electron microscopy (SEM, JEOL JSM 6700F) and

transmission electron microscopy (TEM, FEI Tecnai 20,
200 kV). The amount of catalyst particles included in the
synthesized MWCNT samples was investigated by TGA.
Amorphous carbon powder was purchased from Aldrich
to be used as an impurity material. In order to verify the
proposed evaluation method, several intermediate purity
samples, having the purity range of 0–100% with 20%
interval, were prepared by mixing high purity MWCNTs
and amorphous carbon powder, considered as 100% and 0%,
respectively. Then, Raman spectroscopy measurement was
carried out to evaluate the purity ofMWCNTs using a Raman
microscope (TRIVIA, Acton).

3. Results and Discussion

Through optimizing the experimental parameters for the
synthesis of MWCNTs, we prepared very high purity MWC-
NTs, as can be seen in Figure 1(a). Despite of a number of
observations using SEM, we could not see carbonaceous par-
ticles. TEM image (inset figure) clearly shows the synthesized
materials are all of MWCNTs with hollow insides. According
to TGA analysis, two weight-percent (wt%) of catalyst metal
particles is included in the prepared MWCNTs. However, we
could hardly see the catalyst particles during both SEM and
TEM observations. It is believed that 2 wt% of catalyst parti-
cles corresponds to an extremely small volume percent that
could be negligible, because the bulk density of catalyst parti-
cle is much larger than that of MWCNTs. Furthermore, most
of the catalyst particles are residing insideMWCNTs after the
synthesis [20], which does not affect Raman spectrum.There-
fore, this high purity MWCNTs could be considered as a ref-
erence material with 100% purity. Figure 1(b) represents the
Raman spectrum of a reference MWCNT sample. The spec-
trum was taken using an excitation wavelength of 633 nm.
The Raman spectrum shows a typical feature of MWC-
NTs: the first ordered 𝐷-, 𝐺-, and 𝐷-band peaks located
at around 1350, 1582, and 1610 cm−1, respectively. 𝐺-band
peak is assigned to “in plane” displacement of the carbons
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Figure 2: SEM images of purity-controlled MWCNT samples by mixing amorphous carbon particles and highly pure MWCNTs: (a) 0%, (b)
20%, (c) 40%, (d) 60%, (e) 80%, and (f) 100%.

strongly coupled in the hexagonal sheets [17]. 𝐷- and 𝐷-
band are found when disorder is introduced into the graphite
structure. For this reason, the intensity ratio of𝐷-band to 𝐺-
band (𝐼

𝐷
/𝐼

𝐺
) has been used to determine the crystallinity of

MWCNTs [15, 20]. However, according to Behler et al. [15],
the intensity and position of𝐷-band peak are varied with the
excitation wavelength of laser to a great extent.Therefore, the
measurement of 𝐼

𝐷
/𝐼

𝐺
cannot be used as a standard method

for evaluating the crystallinity of MWCNTs although 𝐼
𝐷
/𝐼

𝐺

is used to compare the crystallinity of carbon nanotubes
when the identical wavelength is used. Another broad peak
(𝐷-band) located at around 1500 cm−1 is also found in the
Raman spectrum (Figure 1(b)). 𝐷-band was reported to
be associated with amorphous 𝑠𝑝2-bonded forms of carbon
[21, 22]. Unlike 𝐼

𝐷
/𝐼

𝐺
, the intensity ratio of 𝐷-band to 𝐺-

band (𝐼
𝐷
/𝐼
𝐺
) was found to be invariable with the excitation

wavelength of laser. In addition, 𝐷-band is associated with
only amorphous carbons. Hence, we suggest 𝐼

𝐷
/𝐼
𝐺
instead

of 𝐼
𝐷
/𝐼

𝐺
to be used for representing the crystallinity of

carbon nanotubes. 𝐼
𝐷
/𝐼
𝐺
of the reference samples obtained

from Figure 1(b) is 0.06. On the other hand, 𝐼
𝐷
/𝐼
𝐺

of
amorphous carbon particles that was purchased fromAldrich
is 0.37. We suggest that 𝐼

𝐷
/𝐼
𝐺
of the high purity MWCNTs

(0.06) and amorphous carbons (0.37) should represent the
purities of 100% and 0%, respectively.Therefore, the purity of
MWCNTs (𝑃MW) can be simply determined by an equation of

𝑃MW (%) = (
AC (𝐷/𝐺) −MW (𝐷/𝐺)
AC (𝐷/𝐺) − RMW (𝐷/𝐺)

) × 100, (1)

where AC(𝐷/𝐺), MW(𝐷/𝐺), and RMW(𝐷/𝐺) are𝐷/𝐺
ratios of amorphous carbon particles,MWCNTs being tested,
and reference MWCNTs, respectively. In order to verify
the suggested equation, intermediate purity samples were
preparedwith 20%purity interval from0% to 100%bymixing
high purity MWCNTs and amorphous carbon particles.
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Figure 3: (a) Raman spectra, taken using an excitation wavelength of 633 nm, of purity-controlled MWCNT samples with purities ranging
from 0% to 100% with 20% interval. (b) Purity measured from Raman spectroscopy using 633 nm laser versus constructed content of
MWCNTs.

First, we dispersed the MWCNTs and amorphous carbon
particles in the dimethylformamide (DMF) separately with
1mg/100ml concentration. Then, two solutions were mixed
with designed ratios.Themixed solutions were dropped onto
glass and Si substrates for the analyses by Raman and SEM,
respectively. Figure 2 shows the SEM images of several inter-
mediate purity samples. It can be clearly observed from these
figures that the amount of impurity decreases as the purity of
MWCNT increases. However, it is hard to define the purity
of samples quantitatively by using SEMmeasurements.

Six different intermediate samples preparedwith different
purities (0%–100%) were analyzed by Raman spectroscopy.
Figure 3(a) shows the Raman spectra, taken using an excita-
tion wavelength of 633 nm, of MWCNTs with various puri-
ties. 100% and 0% purity samples show the Raman spectra
of reference MWCNTs and amorphous carbons, respectively.
Although the deconvoluted peaks of 0% purity sample are
not presented here, it was found that the Raman spectrum
of 0% purity sample is composed of not only conventional𝐷-
and 𝐺-bands but also𝐷-band with a considerable intensity.
With increasing the purity of MWCNTs, full width at the
half maximum (FWHM) of the peak at 1200–1400 cm−1 (𝐷 +
𝐷

-bands) decreases because the contribution of 𝐷-band
is getting smaller. We applied the proposed equation to the
series of MWCNT samples with intentionally varied purity,
and the results are illustrated in Figure 3(b). Figure 3(b) plots
the purity evaluated using the equation to the constructed
contents with varying purities from 0% to 100%. The linear
fitting yielded a slope close to unity, 0.96, and the confidence
value 𝑅2 was 0.95. Thus, the evaluated purities of MWCNTs
are in good agreement with the designed values of con-
structed content. It can be therefore said that the suggested

equation can be simply used for evaluating the purity of
MWCNTs.

Various lasers with different excitation wavelengths are
used in Raman spectroscopy. Therefore, in order to stan-
dardize an evaluation method using Raman spectroscopy,
the method should not be dependent upon the excita-
tion wavelength. A number of previous literatures reported
the crystallinity of carbon nanotubes determined from the
intensity ratio of 𝐷-band (∼1350 cm−1) to 𝐺-band (𝐼

𝐷
/𝐼

𝐺
).

However, the measurement of 𝐼
𝐷
/𝐼

𝐺
cannot be used as a

standardized evaluation method since the intensity of 𝐷-
band is significantly dependent upon the wavelength of laser
[15]. In this study, we measured the purities of several differ-
ent samples by using the excitation wavelength of not only
633 nm shown in Figure 3(b) but also 532 nm to verify the
independency of this method on the wavelength. Generally,
633 nm and 532 nm laser are widely used for the Raman
scattering measurement of MWCNTs. Figure 4 represents
the purities evaluated from the Raman spectra taken using
532 nm laser as a function of constructed content. 𝐼

𝐷
/𝐼
𝐺
,

obtained using an excitation wavelength of 532 nm, of high
purity reference MWCNTs and amorphous carbon particles
was 0.07 and 0.49, respectively. Although 𝐼

𝐷
/𝐼
𝐺
measured

using 532 nm laser is slightly different from that obtained
using 633 nm laser, the purity measured using an excitation
wavelength of 532 nm is also well matched to the constructed
content, as can be seen in Figure 4.The linear fitting yielded a
slope of 1.03, and the confidence value 𝑅2 was 0.96. Thus, the
purities of MWCNTs evaluated using excitation wavelength
of 532 nm are also in good agreement with the designed
values of constructed content. It can be therefore concluded
that evaluating the purity of MWCNTs using 𝐼

𝐷
/𝐼
𝐺
is valid

regardless of excitation wavelength of laser.
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Figure 4: Purity measured from Raman spectroscopy using an
excitation wavelength of 532 nm versus constructed content of
MWCNTs.

4. Conclusion

A quantitative method for evaluating the purity of MWCNTs
using Raman spectroscopywas newly proposed.The purity of
MWCNTs was determined by comparing the intensity ratio
of 𝐷-band to 𝐺-band (𝐼

𝐷
/𝐼
𝐺
) of MWCNTs being tested

with that of the high purity reference material. The estab-
lishedmethodwas verified by testing themixture of reference
MWCNTs of high purity and amorphous carbon particles.
Furthermore, it was found that the proposed method was
found to be valid regardless of the excitation wavelength of
laser.
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