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As well known, photonics in soft matters, such as liquid
crystals, polymers, and even bio-tissues, is a burgeoning and
important field and attracting much attention in recent
years. Soft matters possess some inherent advantages such as
excellent tunability, high flexibility, scalable size, easy fabri-
cation, and adaptation to environments. The variety of inter-
esting properties in softmatters deserves not only fundamen-
tal researches but also potential applications, especially on
photonics.

The aim of this special issue is focused on the discussions
and developments of soft matter photonics and related appli-
cations. In this special issue, the editors collect interesting and
fruitful works on soft matter photonics, ranging from funda-
mental studies to applied devices. The possibility of soft mat-
ter based applications, such as sensors, tunable gratings and
waveguides, and photoluminescence, are also presented in
this special issue.

In the article entitled “High Sensitivity Refractive Index
Sensor byD-Shaped Fibers andTitaniumDioxideNanofilm”,
the authors coated the D-shaped fiber coated with nanosized
titanium dioxide (TiO2) thin film as a sensing head to present
a high sensitivity liquid refractive index sensor based on lossy
mode resonance effect.

In the article entitled “Effect of Oxygen Flow Rate on the
Optical, Electrical, and Mechanical Properties of DC Sput-
tering ITO Thin Films”, the authors found that the oxygen
flow rate has significant influence on the electrical resistivity,
residual stress, and surface roughness of the indium tin oxide
(ITO) thin film, which is an important material in display
technologies and organic electronics.

In the article entitled “Green LED as an Effective Light
Source for Curing Acrylate-Based Dental Resins in Combi-
nation with Irgacure 784”, the possibility about using green
light-emitting diode (LED) as the curing source for the dental
resins based on the mixture of acrylate and photoinitiator
Irgacure 784 was proposed. The mechanical properties were
also investigated.

In the article entitled “Light Leakage of Multidomain
Vertical Alignment LCDs Using a Colorimetric Model in
the Dark State”, the authors proposed a colorimetric model
to analyzing the colorimetric properties of liquid crystal
displays (LCDs).With the aid of this model, the multidomain
vertical alignment- (MVA-) type LCD module could be
designed for less light leakage and thus improve the contrast
ratio.

In the article entitled “Voltage-ControllableGuided Prop-
agation in Nematic Liquid Crystals”, the propagation prop-
erties of a single beam in a planar nematic liquid crystals
cell were discussed. On the basis of the results, the authors
also demonstrated that the beam propagation can be easily
coupled between two formed channels in the planar nematic
liquid crystals cell by adjusting the applied voltage.

In the article entitled “Electrically Tunable Diffraction
Grating Based on Liquid Crystals”, a liquid crystals cell with
periodic electrodes was fabricated as an electrically tunable
diffraction grating. The diffraction efficiency of the grating
can be adjusted by adjusting the applied voltage or the polari-
zation of the probe beam.

In the article entitled “Angle-Scanning Surface Plas-
mon Resonance System with 3D Printed Components for
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Biorecognition Investigation”, the authors utilized the fused
deposition modeling based three-dimensional printing tech-
nology to develop a rapid-prototyping surface plasmon res-
onance (SPR) system. The resolution of the proposed system
can be as high as 6.4 × 10−6 RIU (refractive index unit).

In the article entitled “Optical Modeling Analysis of Red,
Green, and Yellow Phosphors with a Blue LED”, the authors
evaluated the luminous properties of red, green, and yellow
phosphors with a blue LED and built a corresponding optical
model, which can be a cross-reference for the design towards
the better LED.

In the article entitled “Enhanced Photoluminescence in
Gold Nanoparticles Doped Homogeneous Planar Nematic
Liquid Crystals”, the authors reported that the photolumi-
nescence of nematic liquid crystals can be enhanced with
suitable amount of gold nanoparticles dopants and discussed
the mechanism for the enhancement.

In the article entitled “Circular Polarization and Wave-
length Selective Gratings Based on Holographic Cholesteric
Liquid Crystal Templates”, the liquid crystal polymer tem-
plate technique was adopted to develop diffraction gratings
for specific circular polarization and wavelength. The authors
also demonstrated that the diffraction efficiency of the grating
can be electrically controlled.

The editors expect to attract more researchers involved in
soft matter photonics via sharing the fruitful and fascinating
special issue.
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Refilling cholesteric liquid crystal (CLC) template gratings with circular polarization, wavelength selectivity, and dual operation
mode are first demonstrated. The gratings with template and nontemplate regions are obtained through the two-beam interfering
photo-polymerization, washing-out, and refilling procedure. The refilling CLC has different chiral handedness (left or right) and
reflection band (at green and red regions). When the wavelength of a probe beam is within the refilled CLC reflection band of the
nontemplate region, the device works as an amplitude grating since the sample in the template and nontemplate regions reflects
distinct colour region. In addition, the diffraction intensity of the grating can be electrically controlled. Therefore, this CLC-based
device can be potentially used in controllable diffraction elements in optics.

1. Introduction

Cholesteric liquid crystal (CLC) is a soft matter with a self-
organized helical structure and can be regarded as a one-
dimensional photonic crystal [1]. It has multiple responses
under various external stimuli and can thus be applied on
tunable photonic devices, such as tunable optical filter [2],
diffraction grating [3], mirror-less laser [4], microlens [5],
and eye protector [6]. CLCs can exhibit various textures,
including planar (uniformly standing helix), fingerprint
(uniformly lying helix), and focal conic, depending on the
orientation of the helical axes in CLCs. Fingerprint CLCs
exhibit modulation of refractive index in lateral direction
and are suitable for use in developing optical gratings. By
embedding the photosensitive moieties or doping some of
the additives with photosensitivity into the fingerprint CLC,
the helical pitch of the fingerprint CLC can be compressed or
extended by light irradiation and can function as an optically
tunable diffraction grating [7].

The optically tunable diffraction grating can be used for
beam control and wide-range spectral scanning applications

[7–9]. Fingerprint CLC can have the function of a tunable
grating [10]. However, gratings based on fingerprint CLCs
present no circular polarization selectivity, which is an
attractive feature ofCLCs.Therefore, gratings based onplanar
CLCs for diffracting circularly polarized light are developed
in recent years [11–13]. Using holographic interference or a
mask to generate a periodic distribution of light on photo-
sensitive planar CLC-based materials leads to the periodic
variations of CLC orientations and thus light diffraction
[14, 15]. For example, a CLC grating can be fabricated via a
spatial arrangement of the vertical and planar arrangement
of the CLC molecules by two-beam interference [11]. A
photo-induced surface relief phase grating can be realized
on a photoresponsive CLC polymer film through the optical
isomerization for reducing the molecular order parameters
[12]. Polarization-selective CLC polymer gratings because
of periodic phase modulation by phototunable helical pitch
have also been demonstrated [13]. However, the planar CLC
gratings based on photosensitive materials have stability
issues. To improve the stability and functions of the planar
CLC grating, a new type of CLC grating must be developed.
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Table 1: Prescription of the refilled right-handed and left-handed CLC (RCLC and LCLC, respectively) materials. The indices of “red” and
“green” behind RCLC or LCLC mean that the CLC materials reflect at red and green regions, respectively.

wt% RCLC-red RCLC-green LCLC-red LCLC-green
HTW114200-100 77 73 77 73
R811 23 27
S811 23 27

In this work, optical gratings are fabricated on the basis
of two-beam interference and fabrication technique of CLC
template (washing-out/refilling) [16–18]. By refilling left- or
right-handed CLC (LCLC and RCLC, respectively) into a
right-handedCLCpolymer template grating, the refilledCLC
template grating can diffract light with specific wavelength.
In addition, the refilled CLC template grating shows different
diffraction efficiencies for left- and right-handed circular
polarization (LCP and RCP, respectively) in reflection and
transmission modes. The diffraction intensity can also be
electrically controlled.Thebeam steering device exhibits elec-
trical controllability and circular polarization andwavelength
selectivity with dual operation modes.

2. Materials and Methods

Themixture used for fabricating CLC templates is composed
of E7 (NLC, from Fusol-Material), R811 (right-handed chiral
dopant, from Fusol-Material), R1011 (right-handed chiral
dopant, from Fusol-Material), RMM691 (chiral monomer,
from Merck), RMM257 (achiral diacrylate monomer, from
Merck), and Irg184 (photoinitiator, from Pufeng).The weight
ratio of these materials is 66.8:13:2:15.5:2.5:0.2. The uniform
mixture was injected into an PVA-rubbed empty cell with a
cell gap of 38 𝜇m. Two UV laser beams from a He-Cd Laser
(from Kimmon) were adjusted to construct an interference
pattern on and cure the sample, resulting in a spatially
periodic polymerized and nonpolymerized regions inside the
sample. The cured sample was immersed in acetone for one
day to wash-out the nonreactive materials. After evaporating
the acetone, a dried grating with spatially periodic template
and nontemplate regions was obtained. Last, another CLC
material was then refilled into the grating to finish the
fabrication of the refilling CLC template grating. In this
paper, four types of refilled CLC materials composed of NLC
(HTW114200-100, from Fusol-Material) and chiral dopants
(S811 and R811, from Fusol-Material), as shown in Table 1,
were prepared to refill into the sample. The four refilled
CLCs are labelled as RCLC-red, RCLC-green, LCLC-red, and
LCLC-green, in which “R” and “L” in front of CLC mean
right- and left-handednesses of chirality, respectively, and
“red” and “green” in the labels are the reflection bands at red
and green regions, respectively.

As shown in Figure 1, one CW probe beam (𝜆 = 532
nm or 633 nm) with right-handed or left-handed circular
polarization was aligned to normally probe the refilling
CLC template grating sample. Two photodetectors were
used to measure the first-order diffraction efficiencies in the
reflection and transmission modes of diffraction beams.

3. Results and Discussion

3.1. Refilled CLC Template Grating Samples with Various
Refilled CLC Materials. As described in the previous sec-
tion, the template grating was fabricated by refilling the
CLC material (shown in Table 1) into the holographically
cured sample with a grating spacing of about 7.3 𝜇m. Two
different regions are formed after refilling the CLC material
into the sample, template, and nontemplate regions, which
correspond to the constructive and destructive interference
regions, respectively. Since the CLC cannot completely fill
the nanopores of the template region, the reflection band of
the refilled template region blue-shifts from its original state.
The reflection band of the nontemplate region is attributed
to the reflection of the refilled CLC. Therefore, the two
regions can reflect at different colour regions. In other words,
if a probe beam with a specific wavelength probes on the
grating sample, the sample can be regarded as an amplitude
grating. Given that the reflection of CLC is for a specific
circular polarization, the refilled CLC template grating can be
designed to reflect lights of a specific wavelength and circular
polarization by refilling CLCs with different handednesses
and reflection bands. For describing the circular polarization
selectivity of the refilled template grating, a parameter called
𝑔-value is defined as [19]

𝑔 =
2 (𝜂𝐿 − 𝜂𝑅)

(𝜂𝐿 + 𝜂𝑅)
, (1)

where 𝜂𝐿 and 𝜂𝑅 represent left-handed and right-handed
circularly polarized diffraction efficiencies, respectively. A
positive 𝑔-value indicates that the diffraction efficiency with
LCP is greater than that with RCP.Therefore, a large absolute
g-value near 2 means a good circular polarization selectivity
of the refilled CLC template grating.

Figure 2 shows the circular polarization selectivity of
the template grating refilled with CLC material reflecting
red light (RCLC-red and LCLC-red, reflection region: 590
nm−650 nm). When the refilled material is RCLC-red, the
nontemplate region can reflect red RCP light but the template
region reflects blue RCP light, which can be observed via the
reflection spectrum shown in Figure 2(a). In the reflection
mode, the diffraction efficiency of the RCP red light is greater
than that of the LCP red light (𝑔 = −1.14) [Figure 2(a)]. On
the contrary, the effect of the transmission mode is opposite
to the reflection mode (𝑔 = 1.38) [Figure 2(b)]. If the
wavelength of the probe beam is 532 nm, then the light
cannot be reflected either by the template or the nontemplate
region and thus should not experience an amplitude grating.
However, the refractive index difference between the template
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Figure 1: Setup for measuring the diffraction efficiencies of the refilled CLC template grating sample in reflection and transmission modes
of diffraction beams.
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Figure 2: Measured +1 order diffraction efficiencies of the refilled CLC template grating in (a)/(c) reflection mode and (b)/(d) transmission
mode by the RCP and LCP lights with the wavelengths of 532 and 632 nm, respectively. The refilled material is RCLC-red in (a)/(b) and
LCLC-red in (c)/(d).
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Figure 3: Measured +1 order diffraction efficiencies of the refilled CLC template grating in (a)/(c) reflection mode and (b)/(d) transmission
mode by the RCP and LCP lights with the wavelengths of 532 and 632 nm, respectively. The refilled material is RCLC-green in (a)/(b) and
LCLC-green in (c)/(d).

and nontemplate regions results in a slight effect of phase
grating. Therefore, the green light can also be diffracted, but
the absolute 𝑔-value is smaller than that of the red light. This
condition represents no circular polarization selectivity for
green light in this sample. When the LCLC-red is used as
the refill material, the refilled CLC template grating sample
exhibits two reflection bands in the blue and red regions, as
shown in Figure 2(c). The properties of the refilled material
are similar to RCLC-red, except for the opposite chirality. In
the reflection mode, the diffraction efficiency of the RCP red
light is smaller than that of the LCP red light (𝑔 = 0.98),
as shown in Figure 2(c). On the contrary, the effect of the
transmission mode is opposite to that of the reflection mode

(𝑔 = −1.09), as shown in Figure 2(d). The absolute g-value in
the green region is smaller than that in the red region, and no
regular circular polarization selectivity occurs for green light
in either the reflection or transmissionmode. In other words,
the polarization selectivity of the grating is only for red light
when the refilled CLC reflects red light.

By refilling RCLC-green with reflection band in the green
region (reflection region: 510–570 nm), the refilled CLC
template grating causes the circular polarization selectivity
of the green light. In the reflection mode, the diffraction
efficiency of the RCP green light is greater than that of the
LCP green light (𝑔 = −0.81), as shown in Figure 3(a).
Conversely, the effect of the transmission mode is opposite
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Figure 4: Reflected polarized optical microscopic image of the CLC polymer template gratings refilled with (a) RCLC-red, (b) LCLC-red, (c)
RCLC-green, and (d) LCLC-green, respectively. The scale bar is 25 𝜇m.

to that of the reflection mode (𝑔 = 1.14), as shown in
Figure 3(b). When the refill material is LCLC-green, the
refilled CLC template grating sample exhibits two reflection
bands in the blue and green regions. The properties of the
refilled material are similar to RCLC-green, except for the
opposite chirality. In the reflection mode, the diffraction
efficiency of the RCP green light is smaller than that of
the LCP green light (𝑔 = 0.74), as shown in Figure 3(c).
Conversely, the effect of the transmission mode is opposite
to that of the reflection mode (𝑔 = −1.92), as shown in
Figure 3(d). Figure 4 shows the reflected polarized optical
microscopic images (with crossed polarizers) of the refilled
template gratings discussed in Figures 2 and 3. In Figures 4(a)
and 4(b), the red colour of the stripes is due to the reflection
of the refilled red CLC materials, RCLC-red and LCLC-red.
Similarly, the green stripes shown in Figures 4(c) and 4(d) are
caused by reflection of the refilled green CLC materials.

Since the gratings in the work are fabricated by two-beam
interference, the spatial distributions of refractive index and
transmittance in the gratings can be expressed by a sinusoidal
function. That is, the gratings can be regarded as sinusoidal
transmittance gratings or sinusoidal phase gratings, depend-
ing on the experimental condition. If the incident light can be
reflected by the CLC template or the refilled CLC, the sample
is a sinusoidal transmittance grating. On the contrary, the
sample can be regarded as a sinusoidal phase grating when
the wavelength or polarization of the incident light does not
match the reflection band or handedness of the CLC template

or the refilled CLC. For a sinusoidal transmittance grating,
the first-order diffraction efficiency varies as the square of the
amount of swing of the sinusoidal transmittance modulation
Δ𝑡, and is given by the formula 𝜂𝑡 = (Δ𝑡/2)

2. Because the
maximum value of Δ𝑡 is 0.5, the maximum value of the first
diffraction efficiency is 6.25% ideally [20]. The experimental
values are lower than themaximum theoretical value because
the transmittance modulations of the refilled CLC template
gratings are smaller than 0.5. For a sinusoidal phase grating,
the first-order diffraction efficiency can be expressed by a
first-order Bessel function of the phase modulation of the
grating Δ𝜑, that is, 𝜂𝑝 = J1

2(Δ𝜑). It means the diffraction
efficiency of a sinusoidal phase grating can be ranged from
0 to 33.8%, depending on the value Δ𝜑, which is related to
the variation of the refractive indices and thickness of the
grating [20]. Since the variation of the refractive indices of the
refilled CLC template gratings and thus Δ𝜑 is very small, the
diffraction efficiency is not high. In addition, the scattering of
light from the refilled CLC template grating is another factor
for the low diffraction efficiency.

3.2. Electrically Controlled Diffraction of Refilled CLC Tem-
plate Grating Sample. Considering that the arrangement of
the refilled CLC can be changed by applying an electric
field, the diffraction of the refilled CLC template grating
can be controlled by AC electric field (1 kHz). As displayed
in Figure 5, when the electric field is applied, the CLC in
the nontemplate region can be converted from planer to
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Figure 5: Schematic of conversion between planer and focal conic states in the refilled CLC template grating by the presence of an applied
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Figure 6: Dynamical variations of (a)/(b) the transmittance and (c)/(d) diffraction intensity of the refilled CLC template grating when (a, c)
applying and (b, d) releasing the electric field.

focal conic state [21]. The refilled CLC in the nontemplate
region will return from focal conic state to planer state
when the electric field is released. The CLC molecules in the
nontemplate region of the sample enter into a focal conic
state when an electric field with 30 V is applied. The strong

scattering of the focal conic state gradually reduces the trans-
mittance, as shown in Figure 6(a). When the electric field is
removed, the transmittance gradually rises back to its initial
state, as shown in Figure 6(b). The electrically controlled
scattering and transmittance results in the variation of the



Advances in Condensed Matter Physics 7

diffraction intensity with electric field [22]. Therefore, the
diffraction intensity of the refilled CLC template grating can
be controlled to decreases and increase with the electric field,
as shown in Figures 6(c) and 6(d), respectively. In this work,
the distance between the detector and the sample is 30 cm.
The contrast ratio of the electrically switched diffraction can
be higher if less scattered light is received by the detector,
which can be achieved by increasing the distance between the
detector and the sample.

4. Conclusions

In this paper, holographic interference is used to fabricate
diffraction devices based on CLC polymer template gratings
with circular polarization and wavelength selectivity. The
refilled CLC template gratings can be operated in reflection
and transmission modes. The diffractions of the reflection
and transmission modes exhibit different circular polariza-
tion. By replacing the refilled CLC, the device can diffract
light with specific circular polarization and wavelength.
Finally, the electrical controllability of the device is demon-
strated by switching the CLC texture between planer to focal
conic states with an electric field.
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This study reported the photoluminescence (PL) of gold nanoparticles (GNPs) doped planar nematic liquid crystals (NLCs) and
observed around 64% enhancement in PL intensity with suitable doping amounts of GNPs in liquid crystals 5CB.The enhancement
in PL intensity has been attributed to the increased surface area from GNPs, which results in increased emissions due to the
increased scattering of excitation. The subsequent decay of PL intensity with doping more amounts of GNPs in liquid crystals
5CB was due to the aggregation of the GNPs, which resulted in decayed emissions due to the decay of the scattering of excitation.
The concentration and the size of GNPs, as well as the orientation of the LCs’ director, with respect to the excitation, which depend
on the intensity of the PL, were also investigated.

1. Introduction

Research in the field of liquid crystals (LCs) has developed
due to its imposing properties [1–4], especially, the physical
and chemical properties, which are widely applied in liquid-
crystal displays (LCDs).The main drawback of liquid-crystal
displays (LCDs) is low brightness, which is due to the
use of absorbing color filters and dichroic sheet polarizers.
The luminescence of LCD is a possible method to improve
the low brightness issue [5–7]. The problem of making a
luminescent LCD is that light emissions in the visible region
of the electromagnetic spectrum are lessened by using pure
LC materials [8–10]. The enhanced luminescence of the LC
materials may definitely realize the emissive LCDs [11–13].
Doping metal materials or metal nanoparticles (NPs) in LCs
have attracted much attention due to the enhanced electro-
optical properties of the doped LC materials. Palewska et
al. investigated the influence of electric field on photolumi-
nescence of lanthanide-doped nematic liquid crystals and
obtained a highly resolved luminescence and luminescence

excitation spectra [14]. Kumar et al. reported the character-
ization and photoluminescence (PL) in gold nanoparticles
doped ferroelectric liquid crystals and obtained enhancement
in PL intensity [3]. Kuo et al. reported the enhancement
of photoluminescence (PL) intensity of NLC doped with
silver NPs [15]. Tanabe et al. reported the full-Color tunable
photoluminescent ionic liquid crystals based on tripodal
pyridinium, pyrimidinium, and quinolinium salts [16]. Lu
et al. reported the electrically switchable photoluminescence
of fluorescent-molecule-dispersed liquid crystals [17]. This
study investigates photoluminescence (PL) in GNPs doped
homogeneous planar NLCs and obtains about 64% enhance-
ment in PL intensity with doping suitable amounts of GNPs
in liquid crystals 5CB.

2. Preparation of Sample
and Experimental Setup

The materials adopted in this work are nematic LCs (NLCs),
5CB (from Merck), and GNPs with diameters of 13 nm,
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Figure 1: Experimental setup for measuring the PL spectra of the enhanced photoluminescence in GNPs doped homogeneous planar NLCs.

32 nm, and 56 nm (the concentrations of GNPs are 5∗109
particles/ml, 9∗109 particles/ml, 1.3∗1010 particles/ml, 1.8∗1010
particles/ml, and 2.5∗1010 particles/ml). These materials are
uniformly mixed and capillarity injected into the sample
cell, which is assembled from two indium-tin-oxide-coated
glass slides separated by two 5.4𝜇m-thick plastic spacers.The
homogeneous planar alignment of the NLCs is accomplished
unidirectionally by rubbing polyimide on the inner surfaces
of the two glass substrates.

Figure 1 depicts the experimental setup for the investi-
gation of the enhanced photoluminescence in GNPs doped
homogeneous planar NLCs, where the CW helium-cadmium
laser (wavelength: 325nm, power: 1mW) is focused on the
sample cell. A half-wave plate (𝜆/2 for 325 nm) and a polarizer
are placed in front of the sample cell to maintain the
excitation power of 1mw, the polarization of the excitation
beam is fixed parallel to the x-axis, and the director of the
NLCs is rotated every 15 degrees from x-axis (0 degree)
to y-axis (90 degree). The spectra of photoluminescence
(PL) are measured with a spectrometer and analyzed by
computer.

3. Results and Discussions

Figure 2 shows the experimental absorption and fluorescence
emission spectra of the pure NLCs cell (without doping
GNPs).The absorption spectrumcovered from288 to 340 nm
and the photoluminescence spectrum was recorded from
350nm to 500 nm, respectively. The maxima of the absorp-
tion and fluorescence emissions are about 321 and 394nm,
respectively. The inset of Figure 2 shows the image of the
fluorescence emission under the pumped helium-cadmium
laser, which is operated at 325nm.

Figure 3 shows the photoluminescence spectra of GNPs
doped homogeneous planar NLCs, where the concentrations
of GNPs are 5∗109 particles/ml, 9∗109 particles/ml, 1.3∗1010
particles/ml, 1.8∗1010 particles/ml, and 2.5∗1010 particles/ml,
respectively; and the gold nanoparticle size is 13 nm in
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Figure 2: The experimental absorption and fluorescence emission
spectra of the pure NLCs cell and the image of the fluorescence
emission under the pumped helium-cadmium laser operated at
325nm.

diameter. Figure 3(a) shows that the PL intensity gradually
increased with the increased amount of GNPs per ml in
NLCs. In the pure NLCs, the peak value of the PL intensity
is around 250.4; the peak values of PL intensities are 303.5,
324.4, and 372.8, respectively, which correspond to doping
GNPs with the concentrations of 5∗109 particles/ml, 9∗109
particles/ml, and 1.3∗1010 particles/ml. The ratio between
the maximum and minimum of peak intensity is ∼1.49,
meaning 49% enhancement in PL intensity with suitable
concentrations of 1.3∗1010 particles/ml.

Figure 3(b) shows that PL intensity gradually decayed
with the increased amount of GNPsperml inNLCs.The peak
values of PL intensity are 372.8, 319.3, and 275.0, respectively,
which correspond to doping GNPs with concentrations
of 1.3∗1010 particles/ml, 1.8∗1010 particles/ml, and 2.5∗1010
particles/ml.
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Figure 3: The photoluminescence spectra of GNPs doped homogeneous planar NLCs, where the concentrations of GNPs are (a) 0, 5∗109,
9∗109, and 1.3∗1010 particles/ml, respectively, and (b) 1.3∗1010, 1.8∗1010, and 2.5∗1010 particles/ml, respectively, and the gold nanoparticle size
is 13 nm in diameter.

The enhancement of photoluminescence intensity is
attributed to the increased surface area from the GNPs,
which strengthens the multiple reflections of the excitation
beam and results in the local surface plasmon resonance
effect.This effect becomes more obvious with suitable doping
concentrations of GNPs in the NLCs (NLCs).The decay of PL
intensity is attributed to the aggregation of the GNPs, which
cause the surface area to decrease, resulting in the reduction
of the energy transfer effect between NLCs and GNPs, and
this effect leads to the decrease of PL intensity.

Figure 4 shows the peak intensity of PL emissions versus
concentrations of GNPs with diameter sizes of 13 nm, 32 nm,
and 56 nm. The peak intensity of the PL emission gradually
increases in the range of concentration from 0 (pure NLCs)
to 1.3∗1010 particles/ml. The fluorescence is enhanced by the
scattering of the excitation beam due to the increased surface
area of GNPs. At the same concentration of gold nanopar-
ticles (lower than 1.3∗1010 particles/ml), the peak intensity
of PL emission is stronger for 13 nm gold particles. This is
because the smaller nanoparticles have larger surface areas,
which causes the multiple reflections and scattering of the
excitation beam. As the concentration of GNPs is larger than
1.3∗1010 particles/ml, the peak intensity of the PL emission
for a diameter size of 13 nm gradually decreases; instead, it
increases the PL emissions for 32 nm and 56nm. The smaller
nanoparticles are aggregated, which reduces the surface areas,
and aggregation may disrupt the ordering state of the liquid-
crystal alignment. The increasing PL emissions for 32 nm
and 56 nm diameters are due the gradually increased surface
areas, which result in multiple reflections and scattering of
the excitation beam. For GNPs of 32 nm, the peak intensity
of the PL emission gradually decays as the concentration
of GNPs becomes larger than 1.8∗1010 particles/ml. This is
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Figure 4: The peak intensity of PL emission versus concentrations
of GNPs with diameter sizes of 13 nm, 32 nm, and 56 nm.

because the aggregation of the nanoparticles reduces PL
intensity. For GNPs of 32 nm, the peak intensity gradually
increases with the increased concentration of GNPs; thus,
decreased PL emissions can be expected, as the concentration
of nanoparticles is sufficient.

Figure 5 shows the peak intensity of the PL emission of
pure NLCs and doping GNPs versus the rotational degree of
NLCs’ director, where the concentration of GNPs is 1.3∗1010
particles/ml. The polarization of the excitation beam is fixed
parallel to the x-axis, and the director of the NLCs is rotated
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Figure 5: The peak intensity of PL emissions of pure NLCs and
doping GNPs versus the rotational degree of NLCs’ director, where
the concentration of GNPs is 1.3∗1010 particles/ml.

every 15 degrees from the x-axis (0 degree) to the y-axis (90
degree). All peak intensities for gold nanoparticles doping
NLCs are stronger than pureNLCs’, as the rotational degree is
smaller than 45∘. As the rotational degree gradually increases
to 90∘, all peak intensities decay to a similar value. The
ratio between the absorption of NLCs in the x- and y-axis,
denoted as A

0
∘ /A
90
∘ , is around 3.21, and the ratio between

the PL intensity in the x- and y-axis, denoted as PL
0
∘ /PL
90
∘ ,

is around 3.32. These results show that the absorption of the
liquid crystal critically dominates PL intensity. However, the
A
0
∘ /A
90
∘ is decreased; instead, the PL

0
∘ /PL
90
∘ is increased by

adding gold nanoparticles in the NLCs.This result shows that
the doping of GNPs causes the reduction of the ordering state
of NLCs, resulting in decreased absorption. As the added
GNPs provide more scattering surface area, it results in the
enhancement of PL intensity.

4. Conclusions

This work investigated the photoluminescence (PL) of the
GNPs doped planar NLCs. The PL intensity gradually
increased with the increased amount of GNPs per ml in
NLCs. The results show 64% enhancement in PL intensity
with doping suitable amounts of GNPs in liquid crystals 5CB.
The enhanced PL intensity is attributed to the increased sur-
face area from the GNPs, resulting in increased emissions due
to the increase of the scattering of excitation. The subsequent
decay of PL intensity was attributed to the aggregation of the
GNPs, as it caused decreased surface area, resulting in the
reduction of the energy transfer effect between NLCs and
GNPs. The size effect of GNPs was discussed, and the results
show that the peak intensity of PL emission was stronger
for the 13 nm gold particles at the same concentration of
gold nanoparticles (lower than 1.3∗1010 particles/ml). This
is because the smaller nanoparticles have larger surface
area, which causes multiple reflections and scattering of the

excitation beam. By rotating the LCs’ director, the results
show that the absorption of the liquid crystal and the
increased surface area critically dominate PL intensity.
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[10] Y. P. Piryatinskĭı, O. V. Yaroshchuk, L. A. Dolgov, T. V. Bidna,
and D. Enke, “Photoluminescence of liquid-crystal azo deriva-
tives in nanopores,” Optics and Spectroscopy, vol. 97, no. 4, pp.
537–542, 2004.

[11] S. Kaur, S. P. Singh, A.M. Biradar, A. Choudhary, and K. Sreeni-
vas, “Enhanced electro-optical properties in gold nanoparticles



Advances in Condensed Matter Physics 5

doped ferroelectric liquid crystals,” Applied Physics Letters, vol.
91, no. 2, p. 023120, 2007.
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The luminous properties of red, green, and yellow phosphors with a blue LED are evaluated and a corresponding optical model is
constructed using the optical simulation software LightTools�. According to the phosphor particle model, the desired chromaticity
coordinate of the multicomponent light which is excited by a blue LED can be achieved by modifying the weight concentration of
the phosphors. A comparison of the four types of LED package modules tested shows that the yellow phosphor encapsulated with
a semispherical module takes up a lesser percentage of the total weight percentage of a constructed white light with a correlated
color temperature of around 4000K. The simulation and experimental results provide a cross-reference for better packaging and
encapsulating designs for lumen improvement.

1. Introduction

The white light LED has become a popular choice to replace
traditional lighting sources. Compared to incandescent and
fluorescent lamps, white LEDs have many advantages, such
as a long lifetime, high efficiency, and lower energy con-
sumption [1]. Most white LEDs use phosphors excited by
diode chips with short wavelengths (blue or violet) to reemit
a broad spectrum light with a good color-rendering index [2–
4]. Since the optical performance of LED lighting, including
the correlated color temperature (CCT) values, is strongly
dependent on the thickness, combination concentration, and
geometrical distribution of the phosphors, the commercially
available recipes for white LEDs usually require careful
manipulation if they are to meet the CCT requirements.
Any modification to the pattern of the package could change
the volume, density, concentration, or uniformity of the
luminescent phosphor film and cause variations in the CCT,
chromaticity coordinates, and luminous efficacy.

To empirically determine the factors that dominate the
optical properties of the white light LED, detailed experi-
ments must be carried out. In terms of time savings and cost
effectiveness, a proper optical model of phosphors is most

beneficial in reducing the trial-and-error process. In order to
establish anLEDmodel, experiments and simulations dealing
with the relationships between the encapsulants, package
structures, performance of the radiation power spectrum,
CCT, and chromaticity coordinates must be conducted and
the results analyzed. Further, some special LED package
designs with higher uniformity but using lesser phosphor
can be considered as an adjunct of the proposed model [5].
Yang et al. [6] demonstrated the accuracy feedbackmethod of
chromaticity coordinates and spectra. This feedback coating
method offers an easy approach towards optimized spectra.
Wang and Huang [7] also reported the chromaticity coor-
dinates and spectra of phosphor-converted LEDs are well
controlled by the feedback coating method. Our phosphor
particle model was designed to simulate the scattering and
absorbing process of light inside the phosphors. This model
was based on the Mie theory, the ray tracing method, and
Monte-Carlo algorithms [8–11]. A blue light LED was used
to excite the phosphors, with the samples numbered R-645
and R-626 indicating red lights, G-531 and G-529 indicating
green lights, and Y-561 yellow light. The number of the
samples indicates the peak value of the emission spectrum
in nanometers produced by the phosphor. For example, the
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Figure 1: (a) Radiation power spectrum and (b) luminous intensity angular distribution curve of the blue LED light source.

peak value of the R-645 phosphor is 645 nm.The LED power
efficiency at a CCT value of about 4000K for the different
package types was compared with this phosphor particle
model. The simulation and experimental results should pro-
vide a reference to improve the luminous properties for better
packaging and encapsulating designs.

2. Principle

The characteristic parameters of the blue LED, the spectra
of the phosphors, and the power transform efficiency of the
phosphor powders acting with blue light were established.

2.1. Blue LED Light Source. The dimensions of the blue
LED chip were 0.97mm × 0.51mm × 0.11mm. Figure 1(a)
shows the radiation power distribution versus wavelength
with a peak value of 447 nm; Figure 1(b) shows the angular
distribution of the luminous intensity curve.

2.2. Blue LED Source Spectrum, Excitation, and Emission
Spectra of the Phosphors. Figure 2 shows the excitation and
emission spectra of the R-645, R-626, G-531, and G-529
phosphors and the spectra of the pumping source for the
experimental results. The blue LED spectrum is indicated by
the blue line with a peak value of 447 nm, the green lines
indicate the excitation spectra of the phosphors, and the red
lines show the reemission spectra of phosphors with a longer
wavelength shift under the blue LED pumping.

2.3. Spectra Analysis of Different Weight Concentrations of
Phosphor under the Blue LED Excitation. The radiation
power and chromaticity coordinates of four monochromic
phosphors, the red phosphors, R-645 andR626, and the green
phosphors, G531 and G529, at different weight percentages
weremeasured. Figure 3 shows the schematic structure of the
blue LED with a uniformly distributed phosphor film used
in this study. The weight concentrations of the four different
phosphors are shown in Table 1.

Table 1: List of weight concentrations of the four different phos-
phors.

Type Weight concentration of phosphors
R-645 3% 5% 10%
R-626 0.83% 1.37% 2.11%
G-531 5% 10% 20%
G-529 8% 11.2% 15%

A normalized cross-correlation (NCC) formula was
adopted to evaluate the fitness between the simulation and
empirical data [12]. The NCC is given by

NCC

= (1/𝑁)∑𝜆=780
𝜆=380
(𝐴𝜆 − 𝐴) (𝐵𝜆 − 𝐵)

√(1/𝑁)∑𝜆=780
𝜆=380
(𝐴𝜆 − 𝐴)2√(1/𝑁)∑𝜆=780𝜆=380 (𝐵𝜆 − 𝐵)2

, (1)

where 𝐴𝜆 and 𝐵𝜆 are the values of the radiation power
at certain wavelengths, 𝜆; 𝐴 and 𝐵 are the values of the
average radiation power for the simulations and experiments,
respectively; and 𝑁 is the number of experiments and the
number of wavelengths to be evaluated.

3. Simulation Results

The empirical and simulated data curves of the radiation
power spectra of phosphors of different weight percentages
under blue light excitation are discussed in Sections 3.1–3.4.

3.1. Comparison of the Radiation Power Spectra and CIE
Chromaticity Locations of Phosphor R-645 with Different
Weight Concentrations. Figure 4 shows the radiation power
of phosphor R-645 with different weight concentrations (3%,
5%, and 10%) excited by a blue LED. The blue line indicates
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Figure 2: Empirical emission spectrum of the blue LED and the excitation and emission spectra corresponding to phosphors (a) R-645, (b)
R-626, (c) G-531, and (d) G-529.

Phosphor Reflector

Blue chip

Lead frame

Figure 3: Schematic representation of the package with phosphors
and a blue LED chip used in the simulation.

the empirical data measured by an integrating sphere and the
red lines show the simulation data. A comparison of these
curves shows that the higher the weight concentration, the

higher the emission spectra intensity, although the deviations
between the simulation and the empirical data were small.
The CIE chromaticity coordinates of the five concentrations
are listed in Table 2. The location points with values are in
terms of the CIE 1931 chromaticity diagram, as shown in
Figure 5. It can be seen that a weight concentration of 5% was
the best choice for obtaining a magenta-colored light.

3.2. Comparison of the Blue LED Excited Radiation Power
Spectrum and CIE Index for Phosphor R-626 of Different
Weight Concentrations. Figure 6 shows the radiation power
spectra of R-626 phosphors with weight concentrations of
0.83%, 1.37%, and 2.11%, when excited by the blue LED.
The intensity of the emission spectra showed a tendency to
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Figure 4: Radiation power of phosphor R-645 at three weight concentrations: (a) 3.0 wt%; (b) 5.0 wt%; and (c) 10.0 wt% with blue LED
excitation.

Table 2: Empirical and simulated chromaticity coordinates of R-645
phosphor with three different weight concentrations with blue LED
excitation.

Wt% Exp
CIE (𝑥, 𝑦)

Sim PL
CIE (𝑥, 𝑦)

3.0% (0.2739, 0.1065) (0.2638, 0.0884)
5.0% (0.3309, 0.1444) (0.3138, 0.1151)
10.0% (0.4412, 0.2114) (0.4247, 0.1727)

increase as the concentration increased.The CIE coordinates
are listed in Table 3. Figure 7 shows the distributions for the

Table 3: Empirical and simulated chromaticity coordinates of R-626
phosphor with three different weight concentrations with blue LED
excitation.

Wt% Exp
CIE (𝑥, 𝑦)

Sim PL
CIE (𝑥, 𝑦)

0.83% (0.2481, 0.0946) (0.2416, 0.0847)
1.37% (0.2912, 0.1267) (0.2801, 0.1111)
2.11% (0.3305, 0.1568) (0.3231, 0.1399)

different concentrations as illustrated in the CIE chromatic
diagram. As can be seen in this figure, if magenta light
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Table 4: Empirical and simulated chromaticity coordinates of
phosphor G-531 with three different weight concentrations under
the blue LED excitation.

Wt% Exp
CIE (𝑥, 𝑦)

Sim PL
CIE (𝑥, 𝑦)

5% (0.1988, 0.2047) (0.2022, 0.1857)
10% (0.2158, 0.2783) (0.2321, 0.2792)
20% (0.2460, 0.3957) (0.2745, 0.4017)

is required, then the 2.11 wt% would be a good choice for
this design. Also, as discussed in Section 3.1, if light with a
magenta color (R-645 phosphor at 5 wt%) was required, only
the 2.11 wt% of R-626, for a 2.89wt% reduction, would be
used.

3.3. Comparison of the Radiation Power Spectrum and CIE
Index of G-531 Phosphor with Different Weight Concentrations
under the Blue LED Excitation. Figure 8 shows the radiation
power spectra of the G-531 phosphors with weight concentra-
tions of 5%, 10%, and 20% under the blue LED excitation.The
intensity of the emission spectra increased with the increases
in the concentration. The CIE coordinates are shown in
Table 4, and the distributions for the different concentrations
in the CIE chromatic diagram are shown in Figure 9. As
can be seen in the figure, if a design with cyanic light were
demanded, then the concentration of the G-531 phosphor
should be near 15%.

Table 5: Empirical and simulated chromaticity coordinates of
phosphor G-529 with three different weight concentrations under
the blue LED excitation.

Wt% Exp
CIE (𝑥, 𝑦)

Sim PL
CIE (𝑥, 𝑦)

8% (0.2669, 0.3361) (0.2804, 0.3124)
11.2% (0.2862, 0.3876) (0.3101, 0.3740)
15% (0.3013, 0.4268) (0.3413, 0.4354)

3.4. Comparison of the Radiation Power Spectrum and CIE
Index of G-529 Phosphors with Different Weight Concentra-
tions under the Blue LED Excitation. Figure 10 shows the
radiation power spectra of G-529 phosphors under the blue
LED excitation with weight concentrations of 8%, 11.2%, and
15%. The intensity of the emission spectra also increased as
the concentration increased. The CIE chromaticity coordi-
nates are listed inTable 5, and the distributions of the different
concentrations in the CIE chromatic diagram are shown in
Figure 11. When cyanic light is required, the concentration
of G-529 phosphor should be about 8%. Compared with the
results discussed in Section 3.3, where the concentration was
15%, this design reduced the weight concentration by 7% and
produced mixed light located at the cyan region.

3.5.Weight Concentrations of Phosphor and Luminal Efficiency
Analysis for Four Types of Packages at a Color Temperature
of 4000K. Figure 12 depicts the absorption and emission
spectra of Y-561 phosphors and the source spectrum of the
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Figure 6: Radiation power of R-626 phosphor at three weight
concentrations: (a) 0.83 wt%; (b) 1.37 wt%; and (c) 2.11 wt% with the
blue LED excitation.
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Figure 7: CIE chromaticity diagram from empirical and simulation
data for R-626 phosphor (with three different weight concentra-
tions) under blue LED excitation.

blue LED. Since white light can be obtained by mixing blue
and yellow light, we combined a blue LED, with a spectrum
peak value of 447 nm, and adjusted the weight percentage of
the Y-561 phosphor under excitation to obtain white light of
the desired color temperature.

If we want the color temperature of the mixed light to be
4000K, we must calculate the weight concentration of Y-561
phosphor from the coordinates of the cross point of the black
locus at 4000K and a line connecting the location points
of the blue LED and phosphor emission spectra on the CIE
chromaticity diagram, as shown in Figure 13.

Figure 14 shows the four types of packages adapted in
our simulation models. The weight percentages of the Y561
phosphor in these packages were manipulated to ensure
that the chromaticity points were at the locus of blackbody
radiation of 4000K for simulation purposes; the percentages
corresponding to the four types of packages, dispensing, con-
formal, remote, and semispherical, were 7.6%, 64.0%, 24.1%,
and 24%, respectively. The weights of the epoxy encapsulants
were 15.13mg (dispensing), 0.24mg (conformal), 6.20mg
(remote), and 0.77mg (semispherical). Based on this data, the
amount of phosphors used by the four types of packages could
be calculated. The weights were 1.24mg for the dispensing
type, 0.42mg for the conformal type, 1.97mg for the remote
type, and 0.24mg for the semispherical type, as shown in
Figure 15.

It was found that the Y-561 phosphor was excited by a
blue LED with a power spectrum having a peak wavelength
of 447 nm and that the semispherical type of package had
a lower weight percentage than the other types for a color
temperature of around 4000K.
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Figure 8: Radiation power of phosphor G-531 with three weight
concentrations: (a) 5 wt%; (b) 10 wt%; and (c) 20wt% with the blue
LED excitation.
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Figure 9: Chromaticity diagram of empirical and simulated data for
G-531 phosphor with three different weight concentrations excited
by a blue LED.

4. Conclusions

In this study, all the phosphors were excited under a blue
LED with a peak power spectrum value of 447 nm. The
power of the emission spectra of the red phosphors (R-
645, R-626) and green phosphors (G-531, G-529) increased
with an increase in the phosphor concentration. However,
the deviations between the simulation and empirical curves
tended to increase as the weight percentages increased, and
further studies are needed to improve the results. When a 5%
weight concentration of R-645 phosphor or a 2.11% weight
concentration of R-626 phosphor was combined with the
blue LED, chromaticity coordinates near the magenta area
were obtained. When an 8% weight concentration of G-529
phosphor was combinedwith a blue LED, themixed light was
within the cyan spectrum.

To produce a mixed white light with a color tempera-
ture of around 4000K with phosphor Y-561 and the blue
LED, the concentration of phosphors was calculated from
the intersection coordinates of the two lines on the CIE
chromaticity diagram: the first being the locus of blackbody
radiation at 4000K; the other line being the connection
points between the blue LED spectrum and the Y-561 phos-
phor emission spectrum.The chromaticity coordinates of this
point were 𝑥 = 0.3804 and 𝑦 = 0.3768.The simulations for the
packages revealed that the semispherical type used the least
amount of Y-561 phosphor to achieve a color temperature of
4000K.
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Figure 10: Radiation power of G-529 phosphor with three weight
concentrations: (a) 8 wt%; (b) 11.2 wt%; and (c) 15 wt% excited by the
blue LED.
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Figure 11: Chromaticity diagram of G-529 phosphors with three
different weight concentrations excited by a blue LED.
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Surface plasmon resonance (SPR) is a real-time, label-free, and high-sensitive detection technology. SPR has been widely used
in many applications such as biomolecular interaction analysis, environmental monitoring, and medical diagnostics. However,
conventional SPR sensor systems usually require expensive equipment and complicated optics. In this paper, we have demonstrated
a rapid prototyping of angle-scanning SPR for bioanalytical investigation. Rapid prototyping was attained by utilizing the FDM
(fused deposition modeling) based 3D (three-dimensional) printing technology. Two rotating platforms were employed to drive
the laser source and photodiode, respectively. A temperature regulation unit was incorporated to maintain the system temperature
in order to reduce the temperature effect. The proposed SPR rapid prototyping yielded a refractive index resolution of 6.4×10−6
RIU (refractive index unit), and the biotin-avidin system validated the kinetics parameters measurement capability. The obtained
results indicated that the FDM 3D printing has great potential for developing rapid-prototyping SPR system.

1. Introduction

Surface plasmon resonance (SPR) is a surface-sensitive opti-
cal technique that is used to study a thin layer on a metal sur-
face. When P-polarized light is projected onto metal film, it
can excite the oscillation of the electrons on the surface of the
film. This oscillation is called surface plasmon wave (SPW).
When the wave vector of the incident light matches the wave
vector of SPW, the reflected light intensity decays rapidly, and
the corresponding angle of the incident light is called reso-
nance angle. Surface plasmon resonance (SPR) is a powerful
analytical technology. It can detect the thickness of the films
absorbed onto the sensor surface and interactions between
biomolecules such as antigen-antibody or protein-DNA [1–
5]. In comparison with traditional detection methods, like
X-ray, HPLC, and HPLC-MS, SPR technology can perform
kinetics parameters (association and dissociation process)
measurement, concentration measurement, and real-time

molecule detection. It has been widely used in chemical,
biology, agriculture, environment, and food safety [6–12].

Traditional SPR systems usually require expensive equip-
ment and complicated optics. The cost of commercial SPRs
varies from $10,000 to $5,000,000, and the refractive index
resolution ranges from 10−5 RIU (refractive index unit) to
10−7 RIU. Many optical-fiber based SPRs have been studied
intensively in the literature [13–15]. The structure of these
devices is relatively simple. However, the resolution and
dynamic range are often sacrificed [16, 17]. To reach a high
resolution of 10−6 RIU or 10−7 RIU, a spectrometer is always
required for an optical-fiber SPR [18].

Compared with optical-fiber SPR, angle-scanning SPR
has the capability of achieving high resolution and wide
refractive index measurement range. A specific wavelength
laser is irradiated on a metal film surface and scanned to
achieve certain range of incident angle. However, angle-
scanning SPR requires more mechanical components, and
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also the optical path is more complicated. Typical angle-
scanning SPRs are based on Kretschmann configuration.
It involves many mechanical components manufacturing
and complex optical path design. Therefore, constructing a
compact home-made SPR is of great importance.

3D printing, also called additive manufacturing, since
its origins in 1980s has been a tool for developing rapid-
prototyping products. With the expiration of 3D printing
technology patents, this field has witnessed a great growth
[19]. FDM (fused deposition modeling) is one of the most
popular 3D printing technologies. In FDM 3D printing, a
heated nozzle is employed to melt raw material and extrude
fused material onto a building platform, and it lays the fused
material in layers. A wide range of materials can be printed,
such as acrylonitrile butadiene styrene (ABS), polylactic acid
(PLA), high-impact polystyrene (HIPS), and thermoplastic
polyurethane (TPU). After the emergence of open source
RepRap project, desktop fused deposition modeling (FDM)
3D printers have become more popular among users, man-
ufacturers, and researchers. It is simple, cost effective, and
versatile. Application of FDM3Dprinting technology to toys,
prototypes, scientific tools, and medical equipment becomes
more and more common [19–23].

Using 3D printing technology to design an SPR is an
interesting and attractive thing. Recently, some studies have
demonstrated the use of 3D printing in SPR platform. Hasan
et al. developed a smartphone based SPR imaging platform
for on-site biodetection [16]. They utilized the 3D printing
technique just to print the device holder. This system has a
dynamic range less than 0.02 RIU, which limits the appli-
cation for measuring large refractive index change. Bonyár
et al. proposed an acrylic photopolymer material-based 3D
printing to fabricatemolds for PDMS (polydimethylsiloxane)
casting and flow cell for SPR instrument. This method
enabled the customization of SPR flow cell alone [24].
However, 3D printing technology could be further applied
to SPR. The use of 3D printing technology simplifies the
process ofmanufacturing, accelerates the design of prototype,
and makes designs more flexible. Furthermore, complex
equipment, such as lathes and milling machines, is not
important any more, even nonexpert users can quickly copy
and build a 3D printed project.

In this study, we have demonstrated a rapid-prototyping
angle-scanning SPR utilizing FDM 3D printing technology.
PLA filament was chosen for its relative high tensile strength
(∼50 MPa), good reproducibility, and low cost. With the help
of 3D printing, the flow cell and optical path were designed
to be modular and customizable. Refractive index resolution
was found to be 6.4 × 10−6 RIU. To validate the bioanalytical
capability, biotin-avidin system was used as target analyte.

2. Method

Biotin and Avidin were purchased from Macklin Biochemi-
cal Co. Ltd. (Shanghai, China). N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS) and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) were purchased
from Aladdin Chemistry Co. Ltd. (Shanghai, China). Cys-
teamine and Sodium dodecyl sulfate (SDS) were obtained

from Beijing Biotopped Science & Technology Co. Ltd. (Bei-
jing, China). Absolute ethyl alcohol andNaClwere purchased
from Beijing Chemical Works (Beijing, China). Deionized
water obtained from a CCT-3300 water purification system
was used in all the experiments. Matching oil series E (1.520)
was purchased from Cargill Dow LLC. (USA). Polylactide
(PLA) 3D printing filaments (1.75mm) were purchased from
3D Systems (USA).

The developed SPR system includes a 650nm laser source
(Shenzhen Fuzhe Technology Co. Ltd. 150mW, Shenzhen,
China), a photodiode (2DU 10 mm × 10 mm), a polarizer
(F-PZP-001 𝜙15 mm × 2mm), and a BK7 triangle prism
(20mm × 20mm × 10mm). Au-coated glass slides (2mm ×
8mm ×30mm) were prepared by coating 47.5 nm thickness
of Au layer using sputtering deposition method. Prior to the
deposition the Au film, the glass slide was precoated with
2 nm chromium layer to enhance the adhesion of the Au
film. Cube 3 3D printer (3D Systems, USA) was used to print
the necessary SPR system components (Fig S1). Silhouette
Portrait (Silhouette America, Inc.) was used to cut the flow
cell. Two rotating platforms (Beijing PDV Instrument Co.,
Ltd., China) were employed as the mechanical drivers. Open
source boards (Arduino Mega 2560) accompanied with a
self-made amplifier circuit comprise the hardware circuits.
Two TECs (Thermoelectric Coolers) TES1-12704 (Hebei I.T.
Co. Ltd., 3.3mm × 30mm × 30mm, Shanghai, China) were
adapted as the temperature controller.

Schematic of rapid-prototyping angle-scanning SPR sys-
tem block diagram is shown in Figure 1. Light from the laser
source was first p-polarized by a polarizer and then projected
onto the sensor surface via a triangle prism.The reflected light
from the sensor surface was collected by a photodiode. The
collected raw signal was amplified by a self-made amplifier
circuit and sampled the built-in ADC (analog to digital con-
verter) of the microcontroller unit ATmega2560 (Microchip
Technology Inc., 8-bit AVR microcontroller, Chandler, Ari-
zona, USA). Digital signals were eventually transmitted to
the software on computer for analysis. The platform con-
troller can drive the system to scan from 40∘ to 72∘. When
performing measurements, instead of scanning a whole SPR
spectrum, an angle range of 3∘ around the resonance angle
was scanned at a speed of 0.3∘/s. For the temperature regu-
lation unit, low temperature drift coefficient NTC (Negative
Temperature Coefficient) resistors (SEMITEC Corporation,
103AT-4 Shape1, Japan) were employed to sense the system
temperature and signals from NTC resistors were quantified
by a 16-bit high-precision ADC ADS1115 (Texas Instruments
Inc. USA). A microcontroller ATmega328 (Microchip Tech-
nology Inc., 8-bit AVR microcontroller, Chandler, Arizona,
USA) was used to obtain the temperature information from
ADS1115 via IIC (Inter-Integrated Circuit) communication
protocol and control the heating or cooling of the flow
cell through TECs. A PID (proportional-integral-derivative)
controller algorithm was incorporated with ATmega328 to
maintain a stable temperature circumstance.

The flow cell module consists of rubber flow cell and
stainless part. Arrangement of the flow cell module is shown
in Fig. S2. The rubber flow cell of volume 65 𝜇L and dimen-
sion 5.3mm× 23mm× 0.5mmwas designed and constructed
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Figure 1: Schematic representation of the complete SPR system.

Figure 2: Overview of the designed SPR system by rapid-prototyping 3D printing.

using desktop cutter Silhouette Portrait. However, one can
customize the shape of flow cell by modifying the digital
design file and snip it in the rubber film with Silhouette
Portrait.

Overview of the developed rapid-prototyping SPR system
was depicted in Figure 2. The system was constructed with
3D printed components. Cube 3 desktop version 3D printer
was used to print the components with PLA filaments. The
component models were designed using SolidWorks 2012
software and saved as STL (Standard Triangle Language) file
format. Then, these STL files were imported into the 3D
printer’s software Cubify version 3.9.0 (3D systems, USA).
Two rotating platforms were employed and a 3D printed
optical platform was installed onto the rotating platforms.
The laser source and photodiode can be easily mounted onto
the optical platform with the 3D printed holders. Unlike the
laser and photodiode, the flow cell module was removable
and customizable. Furthermore, the alignment of optical
parts can be achieved effortlessly.

The SPR sensor functionalization process is shown in
Figure 3. To functionalize the SPR sensor with biotin, Au-
coated glass slide was first cleaned ultrasonically with 4%
sodium dodecyl sulfate (SDS) solution and rinsed with
deionized water. Then it was exposed to UV light for 20
minutes. Au-coated glass slide was then immersed in 10 mM

cysteamine solution for 2 hours and subsequently rinsed
with deionized water to remove the residual cysteamine. The
resulting sensor was then immersed in 0.2 mg/mL biotin
solution containing 15 mM EDC and 5 mM sulfo-NHS.Then
the sensor was rinsed in deionizedwater and absolute ethanol
and dried under a stream of nitrogen for further use.

3. Experimental

We used Tianmin contact angle meter to measure water con-
tact angle at each modification stage. SPR sensor chips were
mounted on the plane of contact angle meter. 4 𝜇L of deion-
ized water was dropped onto the sensor chip surface. The
droplet cross-sectionwas recorded as image file by the camera
on the contact angle meter. Open source software ImageJ was
used to estimate the contact angle from recorded image files.

The most benefit of SPR biosensor technology is the
determination of kinetics of biomolecular interactions. It can
be determined that the interaction of analytic A and ligand B
is immobilized on sensor surface. It usually uses the simplest
case A + B →AB. In this study,The kinetic parameters mea-
surement capability of the developed system was validated
using the biotin-avidin system. Affinity interactions between
biotin and avidin were characterized by the association rate
constant k𝑎, dissociation rate constant k𝑑, and equilibrium
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Figure 3: SPR sensor modification process.

association constant K𝑒𝑞, where A is the injected analyte,
B is the immobilized ligand, and AB is the analyte-ligand
complex. The experiment data was fitted with A + B → AB
interaction model. The interaction process can be described
as (1). The response signal R of SPR system is proportional
to the amount of [AB], k𝑎𝑝𝑝 is the apparent reaction rate
constant, t is the interaction time, and themaximumresponse
signal 𝑅max is proportional to the initial [B]. A series of
concentrations of [A] solutions were used to derive the
relationship between k𝑎𝑝𝑝 and different concentrations of [A],
and a regression curve was obtained from (2). Thus k𝑎 is the
slope of the regression, k𝑑 is the intercept of the regression
curve, and K𝑒𝑞 is computed as k𝑎 / k𝑑.

𝑅 =
𝑘𝑎 [𝐴] 𝑅max
([𝐴] 𝑘𝑎 + 𝑘𝑑)

[1 − 𝑒−𝑘𝑎𝑝𝑝𝑡] 𝑘𝑎𝑝𝑝 = [𝐴] 𝑘𝑎 + 𝑘𝑑 (1)

𝑘𝑎𝑝𝑝1 = [𝐴1] 𝑘𝑎 + 𝑘𝑑

𝑘𝑎𝑝𝑝2 = [𝐴2] 𝑘𝑎 + 𝑘𝑑

. . .

𝑘𝑎𝑝𝑝𝑛 = [𝐴𝑛] 𝑘𝑎 + 𝑘𝑑

(2)

For fast kinetics parameters measurement, affinity inter-
actions between biotin and avidin were characterized by the
association rate constant k𝑎, the dissociation rate constant
k𝑑, and the equilibrium association constant K𝑒𝑞. However,
the interaction process is divided into association phase,
equilibrium phase, and dissociation phase. The dissociation
rate constant k𝑑 was obtained from the dissociation phase by
(3). Then it was substituted into (1) to obtain k𝑎 from the
association phase. Thus K𝑒𝑞 was computed as the ratio of
association and dissociation rate constants.

𝑑𝑅
𝑑𝑡
= −𝑘𝑑𝑅 (3)

4. Results and Discussion

Prior to conducting the biomedical experiment, effective-
ness of the sensor surface modification should be verified.
Contact angle measurement is a powerful tool to examine
every step during the sensor functionalization. Results of
contact angle measurement are shown in Figure 4. Bare Au
surface exhibited a value of 88.378∘. After 20 min of UV
exposure, the contact angle decreased to 71.922∘.This contact
decrease indicates that the UV exposure could effectively

remove the impurities on the Au film. When the cysteamine
self-assembled monolayers (SAMs) formed on Au film, the
contact angle became 46.720∘, which indicated that the
cysteamine SAM is terminated with a hydrophilic domain
−NH2 [25]. Subsequently, after the immobilization of biotin
onto the cysteamine SAM, the contact angle decreased to
21.911∘ from 46.720∘ of the cysteamine SAM. The reason was
that the ureido- and tetrahydrothiophene-rings of biotin are
more hydrophilic than −NH2 terminated cysteamine SAM
[26]. The contact angle of biotin SAM was smaller than the
previously reported one in study [27], and this may be due
to the well-organized biotin SAM. Thus, the above results
showed that the SPR sensor chip was prepared successfully.

The interactions between biotin and different concentra-
tions of avidin solution are plotted in Figure 5. A higher con-
centration of avidin showed a faster association rate. Biotin
SAM on the sensor surface was saturated in a short time.
Meanwhile, at lower concentration of avidin, the association
process occurred slowly, and it took a longer time to reach
equilibrium. After the saturation of biotin on the sensor
surface, the binding of biotin and avidin reaches equilibrium,
and the SPR response signal reaches 𝑅max . The relationship
between k𝑎𝑝𝑝 and various concentrations of avidin was
plotted as shown in Figure 6. The linear regression equation
was obtained as k𝑎𝑝𝑝 = 4.9×104×[C] + 5.4×10−5, where C is the
avidin concentration. Thus the kinetic parameter k𝑑 was first
obtained as 5.4×10−5 s−1, k𝑎 was obtained as 4.9×104M−1s−1,
and the K𝑒𝑞 was computed as 9.8 × 108 M−1, which is close to
the K𝑒𝑞 reported by Zhao et al. [28].

For fast kinetic parameters measurement, 73.2 nM avidin
was used. The interaction process during the associa-
tion phase, equilibrium phase, and dissociation phase was
recorded as in Figure 7. For the dissociation phase, k𝑑 was
derived as 0.0012 s−1. After substituting k𝑑 into (1), we obtain
k𝑎 = 3.551 × 104M−1s−1 andK𝑒𝑞 = k𝑎/k𝑑 = 2.96 × 107M−1.The
kinetics parameters obtained using the two above methods
were different. However, the fast kinetics parameters mea-
surement utilizes the association and dissociation phase of
the interaction process at only one concentration. Comparing
these two methods, the results showed that the system has
the capability to analyse the interaction between protein and
ligands by different analytic concentrations.

5. Conclusions

This work presented the development of a rapid-prototyping
surface plasmon resonance utilizing FDM 3D printing
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Figure 4: Contact angle measurement: (a) bare Au film; (b) Au film after 20 min UV exposure; (c) Au/cysteamine SAM; (d) Au/cysteamine/
biotin film.

Figure 5: Association curve of biotin and avidin.

technology. The developed device was modular and the
optical path and flow cell were customizable. The system
performance was validated with a series of experiments, and
our system showed a high resolution of 6.4 × 10−6 RIU.
Furthermore, kinetics parameters measurement capability
was validated by biotin-avidin system. In the future, we will
aim to develop our 3D-SPR to be more modular and easier

Figure 6: kapp versus different concentrations of avidin.

to construct, so that many institutes or researchers can build
their own 3D-SPR.
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Figure 7: Interaction curve for 73.2nM avidin.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by Beijing Natural Science
Foundation (Z160002), the State Key Project of Fun-
damental Research (Grant 2014CB931900), UCAS Young
Teacher Research Fund (Grants Y55103NY00, Y55103EY00,
Y65201FY00, and Y25102TN00), and the Chinese Academy
of Sciences Key Project Foundation (KFZD-SW-202).

Supplementary Materials

Figure S1 is mainly used to replace metal manufactured
parts, including the optical base, holders, and fitting parts.
3D printing enables the rapid assembly of scattered devices
such as laser, photodiode, prism, and Au-coated glass slide
into a complete system. Figure S2 is the flow cell mod-
ule which consists of rubber flow cell and stainless part.
(Supplementary Materials)
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A periodic electric field is generated in the grating-like electrodes cell by an applied voltage and results in the reorientation of liquid
crystals.The linearly polarized probe beam experienced periodic distribution of refractive index and formed a phase grating. He-Ne
laser was used as the probe beam to detect the zeroth-order (o) and first-order (+1) diffraction intensities. The experimental results
showed that the diffraction grating can be switched on by applying a small voltage. The optimal first-order diffraction efficiency is
about 12%.The dependence of the first-order diffraction efficiency on the polarization of the probed beam is also discussed herein.

1. Introduction

Liquid crystal (LC) phase grating has numerous applica-
tions, such as laser beam steering, beam shaping, fiber-optic
communications, highly efficient projection displays, wide-
viewing and direct-view displays, and other modifications of
light intensity or phase [1–9].

For nematic liquid crystals (NLCs) based phase grating,
because the operation voltage changing the orientation of
the molecular director is usually lower, depending on the
dielectric anisotropy (Δ𝜀) of LCs, an effective refractive
index (Δ𝑛) of the medium is experienced by a propagating
beam and has become an ideal candidate as an electrically
controllable device due to the large optical birefringence [3,
10–15].

There are several ways to fabricate the liquid crystals
diffraction gratings. Gibbons et al. have shown liquid crys-
tal grating by exposing a dye-doped polymer layer to an
ultraviolet interference pattern. Chen et al. have shown a
hybrid liquid crystal configuration to create a double-rubbed
polyimide layer for polarization-independent grating [16–
20]. Honma et al. have demonstrated multidomain align-
ment regions liquid crystal gratings through a microrubbing
technique [12, 13]. Wen et al. have shown a dual-domain

polarization grating which consists of right- and left-handed
twisted regions created from scribing a polyimide layer [5].

In this paper, we propose a simple phase grating with
tunable diffraction efficiency by applying a small voltage.The
grating-like patterning of the electric field for the alignment
of liquid crystals is easy to achieve and results in the periodic
distribution of refractive index. The physical mechanisms
for the first-order diffraction efficiency versus polarization
angles of the probed beam are also discussed.

2. Experiment

We studied the liquid crystals phase grating in 25 𝜇m-thick
LC cell containing homogenously aligned E7. The cell is with
grating-like electrode width 𝑤 = 15 𝜇m. An LC mixture (E7)
with Δ𝜀 = 14.4 (dielectric constants at 1kHz) and Δn=0.218
(refractive indices difference at 𝜆=633 nm and T=20∘C) was
injected into the cell via capillary flow. Figure 1(a) shows
the experimental setup for characterizing the liquid crystals
phase grating.He-Ne laser (𝜆=633 nm)was used as the probe
beam. The transmission axis of the linear polarizer was set
in the x-direction. An AC power supply (∼1 KHz) applied
voltage to the grating-like electrode cell and produced the
periodic electric field on the cell and resulted in the periodic
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Figure 1: (a) Experimental setup for characterizing the performance of the phase grating. (b)The periodic distribution of refractive index of
liquid crystals with an external 𝑎𝑐 voltage.

distribution of the refractive index of liquid crystals, as shown
in Figure 1(b).Themeasured diffraction signals for the zeroth
and the first order were detected by the photodetectors and
recorded by the computer.

3. Results and Discussions

First, the diffraction intensities of the liquid crystal gratings in
the zeroth and the first orders were recorded as a function of
time, with an applied voltage of ∼4.0V, as shown in Figure 2.
The x- linearly polarized light from a He-Ne laser light
source is normally incident on the sample; the zeroth-order
diffraction rapidly decayed and the first-order diffraction
was raised as the voltage was in “on” state. The diffraction
intensities rise or decay to a stable level at t=250 ms. Next,
the voltage was in “off” state at t=3250 ms; the zeroth-
order diffraction was gradually increased and the first-order
diffraction was gradually raised to an initial state at t=∼3800
ms.

Figure 3(a) plots the first-order diffraction intensity
versus voltage for a liquid crystal phase grating formed
from the periodic grating-like electrodes cell. The threshold
voltage occurred at 2.0 V. After 2.0 V, the diffraction intensity
gradually grew.The shape of the first-order diffraction versus
voltage curve was indicated; as the voltage is increased to
4.0 V, the liquid crystal director orientation may tend to
be homeotropically aligned in the electrical field, and the
linearly polarized probe beam in the x-direction experienced
the difference in refractive index modulation between elec-
trode and nonelectrode stripes zones, which was significant.
From 4.0 V to 10.0 V, the diffraction intensity gradually
decays. The phenomenon is speculated to be the result
of the disordering of the alignment of liquid crystals in
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Figure 2: The diffraction intensities of the liquid crystal gratings in
zeroth and the first orders were recorded as a function of time, using
an applied voltage of ∼4.0V.

the nonelectrode domains due to the edge effect of the
electric field, reducing the difference in the refractive index
modulation. After 10.0V, the first-order diffraction decays to
a stable level. Figure 3(b) shows the images of the diffraction
signals taken at 0, 2, 4, 10, and 20 V. At 0 V, only the
zeroth-order diffraction signal exists; at 2 V, the first-order
diffraction appears and the high order diffraction signals
(4th-order diffraction) can be observed; at 4 V, the first-
order diffraction becomes the brightest and the 6th-order
diffraction signals can be observed; at 10.0 V and 20.0V, the
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Figure 3: (a) The first-order diffraction intensity versus voltage for a liquid crystal phase grating formed from the periodic grating-like
electrodes cell. (b) Diffraction patterns at different applied voltages: 0, 2, 4, 10, and 20 V, respectively.
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Figure 4: The diffraction efficiency of the first-order beams versus
polarization of the probe beam with applied voltage ∼4.0V.

first-order diffraction signal decays, and 8th-order diffraction
signals can be observed.

Figure 4 shows the measured diffraction efficiency of
the first-order beams with various polarization of the probe
beam with applied voltage ∼4.0V. The first-order diffraction
efficiency 𝜂1 is defined as the ratio between the intensity of 1𝑠𝑡
diffracted order and the total intensity at 𝑉 = 0, described by

𝜂1 = 𝐼1𝐼0 (1)

The polarization of the probed beam is adjusted by rotating
a polarizer from 0∘ to 90∘ corresponding to the adjustment
of the polarization of the probe beam from 𝑥 polarized to 𝑦
polarized. The intensity of the probe beam maintains a con-
stant value as the polarization is adjusted. The polarization
angles of the probed beam are 0∘, 15∘, 30∘, 45∘, 60∘, 75∘, and
90∘, respectively. When the polarization angle is at 0∘, the

probe beam experiences ordinary (no) and extraordinary (ne)
refractive indices in the regions with andwithout the grating-
like electrode stripes of the liquid crystal grating, respectively.
The modulation of the refractive indices Δ𝑛=𝑛𝑒 − 𝑛𝑜 causes
the phase grating effect in liquid crystals. The first diffraction
efficiency 𝜂1 is ∼12.0%. In considering the polarization angle
other than the 𝑥 polarization (0∘), the effective refractive
index experienced by the probed beam is a function of the
polarization angle, according to [21]

𝑛eff (𝜃) = ( 𝑛𝑜𝑛𝑒𝑛𝑜2cos2𝜃 + 𝑛𝑒
2sin2𝜃)

1/2

(2)

where 𝜃 is the angle between the 𝑥-axis and the polarization
of the probe beam. As the polarization angle is adjusted
from 0∘ to 90∘, the effective refractive index 𝑛eff experienced
by the beam in the regions without the electrode stripe
is reduced; the refractive index is constant in the regions
with the electrode stripe. The modulation of the refractive
index influences the phase grating. Therefore, the decrease
in the anisotropy of the refractive index weakens the phase
grating effect. The phase grating effect gradually decays as
the polarization angle is increased. When the probe beam
is linearly polarized in the 𝑦 direction (90∘) it experiences
almost the same ordinary refractive index in the regions
with and without the electrode stripe. The first diffraction
efficiency 𝜂1 is ∼1.1%.The results reveal that the phase grating
effect is directly influenced by the polarization of the probe
beam and can be switchable by adjusting the polarization of
the probe beam.

4. Conclusions

In summary, the reorientation of liquid crystals can be
obtained by applying external voltage in the grating-like
electrodes cell; the linearly polarized probe beamexperienced
periodic distribution of refractive index, resulting in the
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liquid crystal phase grating. The zeroth-order and the first-
order diffraction intensities were probed by a He-Ne laser.
The diffraction grating can be switched on by applying a small
voltage (∼2.0V).The optimal first-order diffraction efficiency
is about 12%.The first-order diffraction efficiency can also be
tuned from 12.0% to 1.1% by adjusting the polarization of the
probe beam.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Voltage-controllable guided channels are formed in a planar nematic liquid crystals cell. The director of liquid crystals can be
aligned by applying external voltage, which results in a difference of the refractive index between two adjacent channels; therefore,
the incidence beam can be coupled from one channel to another. First, we discussed the propagation of the beam and the self-
focusing in a single channel; then we discussed the propagation of the beam and the coupling effect in the two channels.The results
showed that the propagation of the beam can be selected in each channel by applying voltages in the two individual electrode
channels.

1. Introduction

Optical waveguide elements play an important role in the
applications of optical communication, optical signal pro-
cessing, integrated optical circuits, and optical networking
[1, 2]. Many devices have been designed for the split, com-
bine, couple, and phase modulation of the optical signal
systems [1, 3]. Controlling the path of the propagating beam
is the primary aim of the optical switching system, and
the optical signals can be transferred to different guided
channels. Somekh et al. proposed the concept of optical
waveguide arrays [3], and the potential for optical switch-
ing applications has attracted much attention. Haus et al.
theoretically predicted that the optical signal switch can be
achieved by the external control of the waveguide arrays
[4, 5]. Christodoulides et al. predicted the existence of solitary
waves in arrays, and such unique properties have developed
all-optical signal processing [6]. Gia Russo et al. investigated
guided light and found the directional characteristics in
the layered crystalline media [7, 8]. Channin et al. studied
the waveguide characteristics and discussed the voltage-
addressable optical properties in a liquid-crystal medium
[9, 10]. Aligned nematic liquid crystals are a good choice
for large changes in optical properties, which can be easily

driven by applying external voltage. Tsai et al. investigated
a multiguided directional coupler based on planar-aligned
nematic liquid crystals and discussed the dependence of the
coupling effect on the external voltage, the polarization of the
incident beam, and the temperature [11, 12].

This work discusses guided light in a single channel and
two channels, where the propagation of the beam can be
selected in each channel by applying different voltage in the
individual electrode channels. In addition, self-focusing and
the coupling effect are discussed.

2. Preparation of Sample
and Experimental Setup

Thenematic liquid crystal (NLC) in this experiment is E7 (ne
= 1.7462 and no = 1.5216 at 20∘C for 𝜆 = 589 nm; nematic
phase ranges = −10 to 60.5∘C, from Merck). An empty cell
is constructed with two indium-tin-oxide (ITO) coated glass
plates. One of the two plates is etched with a two-stripe ITO
pattern as the upper electrode, and the other plate is used
as the grounding electrode. The spacing between the etched
region and the nonetched region is 15 𝜇m. These two plates
are coatedwith polyimide film and rubbed parallel to the ITO
electrode stripes (z-axis).The glass slides are separated by two
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Figure 1: Experimental setup of voltage-controllable guided propagation in a nematic liquid crystals coupler.
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Figure 2: The guided light in a single channel by applying external voltages of (a) 0 V, (b) 1.5 V, (c) 2.2 V, and (d) 3.0 V.

25𝜇mthick plastic spacers, and theNLCs are injected into the
empty cell to form a directional coupler.

Figure 1 presents voltage-controllable guided propagation
in a nematic liquid crystals coupler. A linearly polarized
(along the x-axis) beam of the 532 nm diode-pump solid-
state laser (DPSS) impinges normally onto the side of the
sample cell, which is focused on the cross-sectional region
of the NLCs medium within the striped electrode of channel
1 using a gradium singlet lens (GRID lens). The focal point
is around 3.0 mm from the surface of the side glass, and
the focus spot has a diameter of about 3.2 𝜇m. A half-wave
plate (𝜆/2 WP, for 532 nm) and a polarizer are inserted
between the DPSS laser and the spatial filter (SF) in order to
change the direction of polarization and the intensity of the
incident beam. By applying an external voltage on the sample
cell, the NLC molecules are reoriented, which results in the
distribution of the refractive index in the medium, and the

optical channels are formed under a single or two electrode
stripes.

Guided propagation, self-focusing, and the coupling
effect are discussed in three different situations: guided light
propagation (I) in a single channel, (II) in two channels by
applying equal external voltages in each of the two electrode
stripes, and (III) in two channels by applying the different
external voltages in each of the two electrode stripes.

3. Results and Discussions

Figure 2 presents a guided light in a single channel by
applying various external voltages. A laser beam, which is
linearly polarized in the x-direction, is introduced into the
channel from the left and propagates along the z-axis. With
the applied voltage of Vapp = 0 V, the guided light diverges
after propagating distance z = 25 𝜇m, as shown in Figure 2(a).
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Figure 3:The guided light propagation by applying the same external voltages of (a) 0 V, (b) 1.5 V, (c) 2.2 V, and (d) 2.5 V in the two channels.

Initially, the liquid crystal molecules are horizontally aligned
to the z-axis, while the x-direction polarized beamencounters
the ordinary uniform refractive index distribution in the
medium. With the increased applied voltage of Vapp = 1.5
V, the guided light propagates in the channel, as shown in
Figure 2(b). The liquid crystal molecules tend to align in
the x-axis, while the x-direction polarized beam sees the
extraordinary and ordinary refractive index of the liquid
crystals in the guided channel and outside the channel,
respectively, thus forming a waveguide-like structure. With
the applied voltages of Vapp = 2.2 V and 3.0 V, the self-
focusing of the propagated beam is observed, as shown in
Figures 2(c) and 2(d). The liquid crystal molecules around
the channel can be reoriented due to the edge effect of
the electric field, which forms an approximately gradient
distribution of the refractive index around the channel in the
medium.

Figure 3 presents the guided light propagation by applying
the same external voltages of Vapp = 0 V, 1.5 V, 2.2 V, and 2.5 V
in the two channels. Initially, the incident beam is introduced
into channel 1 with Vapp = 0 V, as shown in Figure 3(a).
With the applied voltage of Vapp = 1.5 V, a part of the guided
light gradually trends to channel 2, while part of the guided
light still propagates in channel 1, as shown in Figure 3(b).
Waveguide-like structures are formed, which results in total
reflection in both channel 1 and channel 2. With Vapp = 2.2
V and 2.5 V, each of the two beams travels back and forth
in the vicinity of its channel, as shown in Figures 3(c) and
3(d). An approximate gradient distribution of the refractive
index around the two channels is formed, which results in
self-focusing in each channel.

Figure 4 presents the guided light propagation by apply-
ing fixed voltage Vapp (1) = 2.2 V in channel 1 and applying
voltage Vapp (2) = 0 V, 1.5 V, 2.2 V, and 2.8 V in channel 2,
which correspond to Figures 4(a)–4(d), respectively. Initially,
the incident beam is introduced into channel 1, and self-
focusing is observed, as shown in Figure 4(a). At Vapp (2)

= 1.5 V (i.e., Vapp (1) is larger than Vapp (2)), a small part of
the guided light gradually couples to channel 2, as shown in
Figure 4(b). In the condition of Vapp (2) = 2.2 V (i.e., Vapp (1)
is equal to Vapp (2)), the coupling effect is clearly observed,
and the propagation behavior seems to be the same in both
channel 1 and channel 2, as shown in Figure 4(c). At Vapp (2)
= 2.8 V (i.e., Vapp (1) is smaller than Vapp (2)), a large part
of the guided light gradually couples to channel 2, as shown
in Figure 4(d). The results show that the propagation of the
incident beam can be easily tuned in channel 1 or in channel
2 due to the distribution of the refractive indexwhen applying
external voltage.

4. Conclusions

In summary, voltage-controllable guided channels are formed
in a planar nematic liquid crystals cell. Nematic liquid
crystal molecules can be easily reoriented by applying exter-
nal voltage, which results in the difference of the refrac-
tive index between two neighboring channels. Therefore,
the incidence beam can be coupled from one channel to
another.

First, we discussed the propagation properties of the
beam in a single channel. The self-focusing of the light can
be observed at Vapp = 2.2 V and 3.0 V. Then we discussed
the guided light propagation by applying the voltages in the
two channels; the beam coupled from one channel to another
can be observed.The results show that the propagation of the
incident beam can be easily tuned in each of the two channels,
due to the distribution formation of the refractive index by
applying external voltage.

Data Availability

The authors confirm that the data supporting the findings of
this study are available within the article.
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Figure 4: The guided light propagation by applying the fixed voltage of Vapp (1) = 2.2 V in channel 1 and applying voltages of Vapp (2) = 0 V,
1.5 V, 2.2 V, and 2.8 V in channel 2, which correspond to (a)–(d), respectively.
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Light leakage from liquid crystal displays in the dark state is relatively larger and leads to a degraded contrast ratio and color
shift. This work describes a novel colorimetric model based on the Muller matrix that includes depolarization of light propagating
through liquid crystal molecules, polarizers, and color filters. In this proposed model, the chromaticity can be estimated in the
bump and no-bump regions of an LCD. We indicate that the difference between simulation and measurement of chromaticity is
about 0.01. Light leakage in the bump region is three times that in no-bump region in the dark state.

1. Introduction

Many wide viewing-angle LCDs have been investigated and
produced. In-Plane Switching (IPS) [1, 2] and Multidomain
Vertical Alignment (MVA) [3–5] are widely used for high-
end LCD products. The MVA LCD has a superior contrast
ratio at normal viewing directions, wide viewing angle, and
poor color dispersion. However, the light leakages in the
dark state and color shift at an inclined angle have not yet
been improved. Therefore, enhancing the contrast ratio and
eliminating the light leakage in the dark state are important
goals [6, 7]. Many conditions result in the light leakage such
as light scattering from liquid crystals and the color filter,
misalignment of crossed polarizers, and retardation of phase
from liquid crystals [8, 9]. Polarization light scattering from
the liquid crystals due to thermally excited orientation-based
fluctuations of liquid crystal directors and light depolariza-
tion from the color filter due to pigment scattering have
to be discussed [10, 11]. Investigating the colorimetric and
photometric characteristics of LCDs, which include their
major optical components, such as crossed polarizers, liquid
crystals, color filters, and backlight modules, is interesting
[12–14].

In this colorimetric model based on the Muller matrix,
the transmission spectrum of each component is imported

and the light scattering from liquid crystals is ignored. The
chromaticity coordinates can be estimated by measuring the
degree of depolarization of the polarizer and the color filter.
The error of chromaticity can be analyzed by introducing
three backlight units and color resists. Finally, this work
presents simulation and measurement results for a LCD
module in the dark state, which demonstrate that aminimum
difference exists in chromaticity, and light leakage in the
bump region is three times larger than in no-bump region.

2. Analyzing Light Leakage in the Dark State

Figure 1 shows some LCD parts—the polarizer, analyzer,
liquid crystal, and color filter. Twomajor parts in pixel design
exist for an MVA: one is the bump region and the other is
the no-bump region. In the bump region, due to the shape
of the bump, the orientation of liquid crystal molecules is
affected by the boundary condition. When linear polarized
light passes through the bump region, phase retardation
results in nonlinear polarization light. Finally, light leakage
can exist in the bump region. Furthermore, transmittance
in the bump region also influences chromaticity of an LCD.
We should be concerned with calculating individually the
optical performance of a pixel in the bump and no-bump
region. Figure 2 presents vertical images of the subpixel
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Figure 1: Scheme of MVA liquid crystal module.
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Figure 2: The vertical view images of subpixel color filter in dark
state.

color filter at a normal direction in the dark state. The blue,
green, and red lights are generated by the color filter with
the existence of different color pigments. The oblique lines
in each grid (subpixel) indicate the bump region, which
is brighter than the no-bump region in the dark state due
to light leakage. Light leakage can reduce colorimetric and
photometric performance of liquid crystal displays in the
dark state.

3. Colorimetric Calculation by Matrix Method

Depolarization occurs with the reduction in degree of polar-
ization when light scatters through optical elements such as
the polarizer or color filter. In (1), the light emanating out of
the LCD through the polarizer, analyzer, liquid crystals, and
color filter can be described using a matrix of optics.

𝑃 (𝜃1)𝐷 (𝑑) 𝑃 (𝜃2)(𝐼𝑄𝑈𝑉) = (𝐼𝑄𝑈𝑉), (1)

where𝑃(𝜃) is theMullermatrix of polarizer; 𝜃 is the direction
of the transmit axis and the subscript numbers of 𝜃 are the
polarizer and analyzer, respectively;𝐷(𝑑) is theMullermatrix
of the depolarizer (including the polarizer and color filter); 𝑑
is the degree of depolarization. Notably, 𝐼, 𝑄, 𝑈, and 𝑉 are
known as stoke parameters of a quasimonochromatic plane
wave that represents total intensity, horizontally or vertically
polarized state, linear polarization along directions at angle

𝜑=± 45∘ to the𝑥-axis, and the right or left circularly polarized
state, respectively. Superscripts of stoke parameters describe
the conditions of light propagating through the LCDmodule.
Values of 𝑄, 𝑈, and 𝑉 vanish in the unpolarized state.

We assume the polarizer and analyzer comprise an ideal
polarizer.TheMuller matrix of the polarizer can be presented
as follows:

𝑝 (𝜃) = 12 (
(

1 cos 2𝜃 sin 2𝜃 0
cos 2𝜃 1 + cos 4𝜃2 sin 4𝜃2 0
sin 2𝜃 sin 4𝜃2 1 − cos 4𝜃2 00 0 0 0

)
)

, (2)

where theMullermatrix in different directions of the transmit
axes can be obtained by changing the value of 𝜃.

Equation (3) derives the contrast ratio determined by the
intensity of outgoing light with parallel polarizers (𝜃1 = 𝜃2 =0) divided by that with crossed polarizers (𝜃1 = 0, 𝜃2 = 𝜋/2)
in the dark state.

CRPDP = 𝐼//𝐼⊥ = (2 − 𝑑) /4𝑑/4 = 2 − 𝑑𝑑 , (3)

where 𝐼// and 𝐼⊥ are the total intensity of outgoing light
with the polarization of polarizers parallel or orthogonally
intersected with each other, respectively.

The colorimetric and photometric performance of LCDs
depends on wavelength.That is, all mechanisms of light leak-
age should be determined in wavelength-related terms.Thus,
considering the transmittance of color filters and polarizers,
the degree of depolarization is function of wavelength. The𝑑(𝜆) can be estimated by (3) after measuring the contrast
ratio. The intensity of outgoing light from the bump and no-
bump regions is as follows:

𝐼BUMP (𝜆) = 𝑑 (𝜆)4 × 𝑇CF × 𝑇BUMP × 𝑇LC BUMP× 𝑇PF × 𝑇TFT × 𝐼in (𝜆)𝐼No−BUMP (𝜆) = 𝑑 (𝜆)4 × 𝑇CF × 𝑇LC No−BUMP × 𝑇PF× 𝑇TFT × 𝐼in (𝜆) ,
(4)

where 𝑇 is transmittance of optical components, CF is the
color filter, BUMP is the region with a bump, LC BUMP is
the region of the liquid crystal (LC) with a bump, PF is the
polarizer or analyzer, TFT is thin-film transistors, and 𝐼in(𝜆)
is light source spectrum.

To determine the chromaticity of the dark state, 𝑋bump,𝑌bump, and 𝑍bump tristimulus values of the Commission
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International de 1’Éclairage (CIE) 𝑋𝑌𝑍 color space through
the bump region can be written in the following form [14]:𝑋bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇BUMP (𝜆)× 𝑇LC BUMP (𝜆) × 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑥 (𝜆)× 𝐼in (𝜆) 𝑑𝜆𝑌bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇BUMP (𝜆)× 𝑇LC BUMP (𝜆) × 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑦 (𝜆)× 𝐼in (𝜆) 𝑑𝜆𝑍bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇BUMP (𝜆)× 𝑇LC BUMP (𝜆) × 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑧 (𝜆)× 𝐼in (𝜆) 𝑑𝜆,

(5)

where 𝑥(𝜆), 𝑦(𝜆), and 𝑧(𝜆) are the tristimulus values of the
monochromatic stimuli and 𝑘 is a constant.

Furthermore, the tristimulus values of light through the
no-bump region 𝑋no bump, 𝑌no bump, and 𝑍no bump can be
written as follows:

𝑋No bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇LC NoBUMP (𝜆)× 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑥 (𝜆) × 𝐼in (𝜆) 𝑑𝜆𝑌No bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇LC NoBUMP (𝜆)× 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑦 (𝜆) × 𝐼in (𝜆) 𝑑𝜆𝑍No bump = 𝑘∫ 𝑑 (𝜆)4 × 𝑇CF (𝜆) × 𝑇LC NoBUMP (𝜆)× 𝑇PF (𝜆) × 𝑇TFT (𝜆) × 𝑧 (𝜆) × 𝐼in (𝜆) 𝑑𝜆
(6)

When analyzing the colorimetric and photometric per-
formance of LCDs, the 𝑋, 𝑌, and 𝑍 values are difficult to
interpret as the bump and no-bump regions coexist. The
chromaticity coordinates𝑥,𝑦, and 𝑧have been developed and
established by the Commission International de 1’Éclairage
(CIE). Equation (7) shows the relationship between chro-
maticity and tristimulus; as 𝑥 + 𝑦 + 𝑧 = 1, describing
chromaticity of the stimulus using chromaticity coordinates(𝑥, 𝑦) is reasonable. To calculate optical performance of a
pixel, the bump and no-bump regions should be investigated
individually. This work sets ratio 𝐴, which is the bump area
divided by the aperture area of a pixel, and the chromaticity(𝑥, 𝑦) of module can be derived in the dark state using (8).

𝑥 = 𝑋𝑋 + 𝑌 + 𝑍,𝑦 = 𝑌𝑋 + 𝑌 + 𝑍,𝑧 = 𝑍𝑋 + 𝑌 + 𝑍
(7)

𝑥 = 𝑋bump × 𝐴 + 𝑋No bump × (1 − 𝐴)(𝑋bump + 𝑌bump + 𝑍bump) × 𝐴 + (𝑋No bump + 𝑌No bump + 𝑍No bump) × (1 − 𝐴)𝑦 = 𝑌bump × 𝐴 + 𝑌No bump × (1 − 𝐴)(𝑋bump + 𝑌bump + 𝑍bump) × 𝐴 + (𝑋No bump + 𝑌No bump + 𝑍No bump) × (1 − 𝐴) (8)

4. Measurement

Figure 3 shows the measurement system, in which a pair of
polarizers are superimposed onto both sides of the prepared
sample; the polarization of polarizers is parallel or orthog-
onally intersected. The light source is a backlight unit with
cold cathode fluorescent lamp (CCFL) (AUO, 59.23M01.002),
which can provide luminance of >7500 cd/m2.The light from
the backlight unit passes through the polarizer (Nitto, NPF-
SEG1224DU), color resists (JSR Co., R874, G894, B877),
analyzer, and spectrometer (Minolta, CS-1000), sequentially.
The color filter is composed of three different color resists
(R874, G894, B877 of R, G, and B, respectively). The distance
between the first polarizer and backlight unit is 2cm such
that the incident angle is <10∘, and the distance between

the two polarizers is 2cm. The colorimetric model can be
implemented when the degree of depolarization 𝑑(𝜆) is
measured.This measurement must identify the contrast ratio
that is equal to the luminance of the light passing through the
parallel polarizers divided by that crossing the polarizers.

5. Simulation Results of Light Leakage in
the Dark State

Thedegree of depolarization of RGB color resists is measured
without addressing the transmittance of the black matrix.
The contrast ratio of the color filter can be measured using
various RGB color resists. If the liquid crystal and TFT
layers are absent, the spectrum of outgoing light depends
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Figure 3: Auto-experimental system of measurement for contrast ratio of color resists.
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Figure 4: Simulated result of chromaticity and photometry (Y) in bump and no-bump region.

on the transmission spectrum of the color filter, degree of
depolarization, and spectrum of the backlight unit in (4).
In the colorimetric model, the values of 𝑌parallel and 𝑌cross
are 14.05 and 0.002765, respectively, under the white point
condition.Thismodel indicates that the value of contrast ratio
is 5110 for a color filter. The contrast ratio of modeling is
close to the actual measurement result of 5500. It is a rapid
way of evaluating optical performance of color filters when
developing new color resists.

The colorimetric and photometric performance (𝑥, 𝑦, 𝑌)
can be found (Figure 4) by considering the transmittance of
the TFT, bump, and LC using (5) and (6).Without addressing
the ratio of the bump area over a pixel area in this model,
light leakage in the bump region is three times larger than no-
bump region. By improving the contrast ratio of LCDs, light
leakage caused by LC retardation in the bump region can be
reduced.

Figure 5 shows the output spectra of measurement (solid
line) and simulations (dotted line) of an LCD module in the
dark state. The spectra peaks at about 440 nm, 550 nm, and
610 nm, represent the R, G, and B colors, respectively. The
485 nm and 585 nm peaks generated overlap transmission
spectra between the B and G color filters. The 710 nm peak
is from the backlight emitter, which has high transmittance
in the R region. Figure 5 demonstrates that measurement and
simulation results are similar. Figure 6 shows the measure-
ment and simulation results for the colorimetric model in
the dark state and bright state with three panel positions.
The solid and dotted lines represent the measurement and
simulation results, respectively. The points in the upper-
right (down-left) side of figure are the bright state (dark
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Figure 5: Output spectra of measurement and simulation of LCD
module in the dark state.

state). In the bright state, the error of (𝑥, 𝑦) chromaticity is
about 0.003; in the dark state, chromaticity error is about
0.01. The large error in the dark state has two causes. One
is the degree of depolarization in this colorimetric model.
When the polarization of polarizers is crossed, light intensity
is quite low, which results in fluctuations in the degree of
depolarization in terms of wavelength. The other cause is
error caused by manufacturing variation, such as polarizer
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misalignment or space in the cell gap variation. The low
light intensity can be improved using a relatively brighter
continuous light source.When degree of depolarization noise
is minimized, estimating chromaticity of an LCD in the dark
state is possible by measuring the degree of depolarization of
color resists.

The contrast ratio is defined by 𝑌bright/𝑌dark. Not only
is the depolarization of the color filter an influential factor,
but the light leakage in the bump area has an important role
when calculating the contrast ratio. This model can evaluate
the excellence of the contrast ratio of the LCD module when
only improvements to the contrast ratio of the color filter
are considered. Figure 7 shows the contrast ratio of the
color filter, which increases with the contrast ratio of the
LCD module when the extreme ratio of the LCD model is
assumed to be about 3500. Actually, for a dispersion-type
color filter, improving the contrast ratio of the color filter by
200% is difficult. Finally, the primary cause of contrast ratio
deterioration of LCDs is light leakage from the bump region.

6. Conclusions

This work investigated the colorimetric and photometric
properties of LCDs using a novel colorimetric model. This
work demonstrates that the chromaticity coordinates of an
LCD can be simulated accurately, and the proposed model
can be utilized to optimize color LCDs with different optical
components (excluding liquid crystals). Most importantly,
this work thoroughly analyzes the colorimetric properties of
LCDs and, in doing so, demonstrates that properly optimized
LCDs use different backlights and color resists. Finally, the
depolarization and retardation effects can be reduced to
improve contrast ratio performance in an MVA-type LCD
module.
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Low intensity green light emitting diodes (LED) were shown to be an effective light source to induce the photopolymerization of
an acrylate-based photocurable dental restorative resin mixture of bisphenol A glycerolate dimethacrylate (BisGMA), triethylene
glycol dimethacrylate (TEGDMA), and diurethane dimethacrylate (UDMA), in combination with fluorinated diaryl titanocene
(Irgacure 784). Dental matrices were prepared by the LED light source at different intensities. The mechanical properties, such as
Vickers microhardness, compressive strength, diametric tensile strength, flexural strength, and 𝐸-modulus of the created samples,
were investigated. The kinetics of the photopolymerization was followed by Raman spectroscopy and conversion values were
determined. It was found that, despite its narrow-emission range centered at a wavelength of 531 nm, the green LED light source is
suitable for the preparation of dental matrices with good mechanical properties and high conversion values.

1. Introduction

Photopolymerization [1] has become an essential tool in
three-dimensional (3D) printing [2] and photolithography
[3], in the construction of polymer electronics [4], optical
materials [5], membranes [6], and coatings, and in sur-
face modifications. The most common photopolymeriza-
tion monomers are cyclic or linear epoxides (cationic) and
acrylate-based monomers (radical) [1]. Acrylate-based pho-
topolymers are important materials for cardiovascular appli-
cations [7], for in vivo drug delivery [8], and for minimally
invasive procedures. Dimethacrylate-based resins have many
applications in restorative dentistry, being used as adhesives
and pit-and-fissure sealants, can be combined with silane-
coated glass fillers to render the most widely used esthetic
direct restorative material, and can be used as cementation
agents and veneering materials [9–12]. Photopolymeriza-
tion starts with exposure to a light source, the operation

wavelength of which depends on the photoinitiator added.
For the photopolymerization process to be effective, the spec-
tral radiant power of the light-curing unitmust fall within the
spectral range required to activate the photoinitiator present
in the resin [13].

Several types of light-curing units are available for photo-
activation of photopolymerizable dental resins. The contem-
porary technologies include quartz-tungsten-halogen lights
(QTH), plasma arc lights, high-intensity QTH lights, and
light emitting diodes (LED). The most common photoini-
tiator in dental practice is camphorquinone (CQ) in com-
bination with tertiary amines as coinitiators [14]. CQ has a
relatively broad absorption in the ultraviolet (UV) region and
an absorption band in the visible region with a maximum
wavelength (𝜆max) of 468 nm [14, 15]. Unfortunately, CQ
has a low molar absorption coefficient in the visible region
of the spectrum. Normally, UV light would be used in
combination with CQ, but due to the risk of tissue burning
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and carcinogenic and photoallergic effects, the application of
irradiation below 400 nm is restricted in dental applications,
and visible light is favored [16].

To overcome the relatively low initiation efficiencies,
other high-performance visible photoinitiators have been
developed for resins used in specialty applications, such as
direct laser imaging, holography, or photopolymerization
color printing [17]. Fluorinated diaryl titanocene (Irgacure
784) proved to be effective for initiating the polymerization of
acrylate monomers under visible light exposure, having high
photosensitivity and absorbing light in a large wavelength
region of up to 550 nm, meaning it may be suitable for use
in dental composites [18]. Another advantage of Irgacure 784
is that it is not reliant on diffusion controlled electron transfer
reactions because it undergoes unimolecular decomposition
[19]. However, the application of Irgacure 784 may have the
disadvantage of residual color when used in excess, but this
issue is also present in CQ/amine initiator systems [20] and
could be overcome by optimizing the amount of initiator or
could be lowered by the application of fillers.

The degree of conversion of the dental resin, which is
the marker of polymerization efficiency, depends on the
correlation between the spectral distribution of the light
source and the absorption spectra of the photoinitiator
[21]. Essentially, QTH light sources have been used for the
photopolymerization of dental resins, but their application
is energetically inefficient, and their effective lifetime is
limited by degradation [22]. On the other hand, LED have
many intrinsic advantages making them ideally suited for
the photopolymerization of oral biomaterials. Their first
major advantage for photopolymerization is their high energy
efficiency in terms of energy required for a cure cycle. LED
have high durability, meaning a long lifetime with little
degradation of light output. The second major advantage
is that their typical spectral line width is 5–20 nm. So, as
the photoinitiators present in oral biomaterials have light
absorption spectra with distinct maxima, effective and rapid
photopolymerization could result if the wavelength of the
LED was chosen in this range [21].

While the photocuring of dimethacrylate-based dental
resins in combination with Irgacure 784 and LED light
source has many advantages, similar to other free-radical
polymerizations, it may be strongly inhibited by free-radical
scavengers such as oxygen. However, the inhibition effect of
oxygenwas studied in detail byGauthier et al. for bisphenol A
glycerolate dimethacrylate:triethylene glycol dimethacrylate-
(Bis-GMA:TEGDMA-) based dental composites [23]. They
showed that, with the proper selection of the monomer
viscosity and polymerization temperature, oxygen inhibition
only occurs in the surface layer, to a depth of about 20𝜇m,
and below that approximately 90% conversion could be
reached.

To the best of our knowledge, no studies have been
published on the preparation of dental acrylate resins using
Irgacure 784 as a photoinitiator in combination with a green
LED light source. Herein, we report on our investigation into
the effect of a LED light-curing unit on the mechanical prop-
erties and conversion rates of acrylate-based experimental
resin containing Irgacure 784 photoinitiator.

2. Experimental Materials and Methods

2.1. Preparation of Experimental ResinMatrix. Thephotocur-
able resin matrix was a mixture of bisphenol A glycerolate
dimethacrylate (BisGMA), triethylene glycol dimethacrylate
(TEGDMA) (Sigma-Aldrich Co., St. Louis, MO, US), and
diurethane dimethacrylate (UDMA) (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) monomers in a 21.4 : 25.4 : 53.3
weight ratio, respectively, containing 2% (m/m) Irgacure
784 (BASF Hungary Ltd.) as a photoinitiator. Dimethylfor-
mamide (DMF, high-performance liquid chromatography
(HPLC) grade) was obtained from Sigma-Aldrich.Themate-
rials were used without further purification.

2.2. Photopolymerization of the Samples. To exclude oxygen,
the photocuring process was performed under laminate
conditions.The experimental resin was inserted into a Teflon
mold and the top surface was flattened by a polyester strip
(to seal the surface from oxygen) as is shown in Figure 1(b).
Light activation was performed for 30 s with the LED at light
intensities of 0.7, 1.0, 1.2, 1.4, 2.0, 4.0, and 6.0mW/cm2. The
photopolymerizations were done in a dark room, without any
backlights. The specimen disks were 2mm thick and 10mm
in diameter.

2.3. Light-Curing Unit Description. In our experiments, we
used a light emitting diode light source (LED) (Megaled, 3
W green power LED, Hungary) unit in order to polymerize
the experimental resinmatrix.The emission range of the LED
light source is centered at a wavelength of 531 nm. The full
width at the half maximum is 32 nm, while the half width
at the half maximum is 16 nm for our LED light source. The
size of the irradiated region was 3 × 3 cm. Therefore, the
samples were irradiated through a cuboid, a tube with both
sides open, which was covered inside with a highly reflective
coating to make the irradiation spot more homogenous. The
optical spectrum of the light source was measured with a
fiber optical spectrophotometer (OceanOptics,USB650,US).
The intensity of the light source was measured by a power
meter setup (ThorLabs, PM100, US). In addition, the spectral
irradiance distribution of the light source was detected with
a spectroradiometer (EKO Instruments, LS-100, Japan). The
UV-vis spectra of the photoinitiator in toluene were recorded
on an Agilent Cary 60 spectrophotometer (Agilent, Santa
Clara, CA, US) in a quartz cuvette with a 1.00 cm optical
length. A 3.00 cm3 solution was prepared from the sample.

2.4. Resin Density, Extraction, and Water Swelling Experi-
ments. The densities of the cured samples were determined
in a pycnometer at 25∘C, using water as the medium.
For the swelling studies, three of the samples at different
light intensities, 0.7, 1.0, 1.2, 1.4, 2.0, 4.0, and 6.0mW/cm2,
were placed in excess deionized water and were allowed to
reach equilibrium at ambient temperature for a week. The
surfaces of the wet disks were cautiously wiped dry and their
weights were measured immediately. After 24 h, the cured
samples were extracted with DMF in a Soxhlet-type extractor
overnight. The extracted samples were dried in vacuum at
50∘C for 2 days and their weight was measured.
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(a) (b)

Figure 1: Experimental layout for Raman spectroscopy (a) and the laminated Teflon mold used for preparing the resins (b).

2.5. Characterization of Polymerization Kinetics of Exper-
imental Resin with Raman Spectroscopy at Different Light
Intensities. The Raman spectra were recorded with a system
incorporating awaveguide spectrophotometer (OceanOptics
QE 6500, US), and the light source was a CW laser operating
at 785 nm. As this wavelength is out of the absorption
range of the photoinitiator, the laser light did not affect the
photopolymerization process. The monomer was irradiated
in a polystyrene cuvette and the spectrawere taken before and
after polymerization (Figure 1).

In addition, in situ investigation of the Raman spectrawas
completed; the spectra were recorded during the illumination
every second. This measurement setting allows calculating
and establishing the kinetics at different types of irradiation.
With these measurements, the chosen light intensities varied
between 0.7 and 10.0mW/cm2. The laser was focused to
the center of the cuvette, so the spectral information was
collected from the volume and not from the surface. The
polymerization time was chosen as 250 s to allow for the
front of the polymerization to reach the Raman source. The
images, which display changes in composition and degree of
conversion (𝛼), were generatedwithOriginPro 8.0� software.

2.6. Preliminary Vickers Microhardness Measurements. The
specimens were prepared as described in Section and were
stored at room temperature for 24 h before testing. At each
light intensity, three samples were prepared (𝑛 = 3) and
five microhardness indentations were made per specimen.
Vickersmicrohardnessmeasurementsweremadewith a 100 g
load for 20 seconds in a microhardness testing machine
(Buehler Vickers Microhardness, Micromet 5103, US). In this

preliminary investigation, our aim was to choose the optimal
light intensity for polymerization of the samples, where the
Vickers microhardness data showed the best results. The
subsequent mechanical measurements were performed at the
chosen light intensity.

2.7. Diametral Tensile Strength Measurements. The uncured
resin was placed in a Teflon mold and the samples were
covered with a thin polyester foil. The polymerization of the
samples was performed at a light intensity of 1.4mW/cm2
of the LED light source for 30 s. The size of the specimens
was 3mm thick and 6mm in diameter. The diametral tensile
stress (DTS) of the experimental resin was determined by
a mechanical testing device (INSTRON 5544, US) equipped
with 2-kN load cell at a crosshead speed of 1mm/min. DTS
was calculated from the maximum compression load (𝐹)
at the specimen fracture in a diametric position, with the
following equation: DTS = 2𝐹/(𝜋ℎ𝑑), where ℎ is the height
of the specimen, 𝑑 is the diameter of the specimens, and 𝜋 is
a constant at 3.14.

2.8. Flexural Strength Measurements. The flexural strength
of the experimental resin samples was investigated with a
mechanical testing device (INSTRON 5544, US) equipped
with 100-N load cell at a crosshead speed of 1mm/min. The
span distance was 18mm. The three-point flexural strength
tests were implemented on prismatic specimens. The sam-
ples were photopolymerized with the LED light source at
1.4mW/cm2 power density for 30 s in aTeflonmold.The cross
section size of the specimens was 2mm× 2mmand 25mm in
length. In average, 14 specimens were prepared and stored at
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Figure 2: The chemical structure of the photoinitiator and acrylate monomers used in this study.

room temperature for 24 h before testing. The flexural stress
and modulus (modulus of elasticity) data were calculated by
MSZ EN ISO 178.

2.9. Compressive Strength Measurements. Compressive
strength tests were performed with a mechanical testing ana-
lyzer (INSTRON 8874, High Wycombe, UK) equipped with
25-kN load cell. Fifteen cylindrical samples (𝑛 = 15) were
created. The resin was inserted in a single increment into
a Teflon mold, and the top surface was flattened by means
of a polyester strip. For the sample preparation, the light
activation was performed for 30 s at 1.4mW/cm2. The size
of the specimens was 6mm in height and 3mm in diameter.
The crosshead speed was 1mm/min. The compressive data
were calculated by MSZ EN ISO 604:2003.

3. Results and Discussion

3.1. Monomers and Light Source. Our resin contained a mon-
omer mixture of BisGMA, TEGDMA, and UDMA (Figure 2)
in a 21.4 : 25.4 : 53.3 weight ratio. Asmussen and Peutzfeldt
[24] examined the influence of these monomers on the
mechanical properties of experimental resin composites.
They stated that for the designed mechanical properties of

dental composite resins it is best to apply monomers in
this optimal ratio for that purpose. The aromatic monomer
BisGMA is rigid compared to TEGDMA and UDMA. The
urethane linkage in UDMA, the favorable stereochemistry,
and the long chain in TEGDMA provide flexibility to these
molecules. The application of more flexible monomers is
expected to increase the conversion of polymerization.

The photoinitiator used was Irgacure 784, mixed to
the matrix in 2% (m/m). In addition to the copolymer
composition, the photoinitiator also influences the physical
properties of the resins. Sabol et al. studied Irgacure 784 in
an epoxy photopolymer and assumed that two absorptive
photoproducts are generated during photoinitiation [25].
This photoinitiator does not require an electron donor to
produce free radicals so it is suitable for the substitution of
CQ in dental photopolymer systems. Irgacure 784 absorbs
photons at the green exposing wavelength (𝜆) of 532 nm.The
absorption of light quanta by Irgacure 784 causes reversible
isomerization, resulting in an intermediary isomer with dif-
ferent absorption spectra, which can either relax and return to
the original state or cause photocleavage, resulting in a stable
acryl compound and an unstable titanocene diradical that
can react with a reducing agent to form a stable transparent
final product. Another possible method of forming a final
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Figure 3: Ultraviolet-visible (Uv-vis) absorption spectrum of
Irgacure 784 photoinitiator in toluene (left) and spectral irradiance
distribution of the green LED light source.

stable product is the reaction of the isomer with a reactive
component of the resin matrix [25].

Since we used a green LED light source to initiate the
photopolymerization process, knowing the characteristics of
the lamp and sensitivity of the initiator in the green region
of visible light is important. The transmittance spectrum of
the LED lamp and the absorption spectrum of Irgacure 784,
recorded in toluene, are presented in Figure 3.

From Figure 3, the LED light source emits in a relatively
narrow range (490–590 nm), which can be assigned to the
green region of visible light. The peak of emission was found
to be at 531 nm, while the full width of the half maximum
is 32 nm. Irgacure 784 has high absorption below 500 nm,
which drops rapidly above this wavelength and is practi-
cally transparent above 550 nm. However, the molar extinc-
tion coefficient is still approximately 𝜀 90M−1 cm−1 at the
emission maximum of the light source; therefore, we con-
cluded that Irgacure 784 can be effectively used in combina-
tion with a green LED light source.

3.2. Kinetic Investigation of the Photopolymerization. To gain
insight into the photopolymerization process of our dental
resin, kinetic measurements were performed. However, the
chain polymerization of acrylate monomers during pho-
topolymerization may involve very complex reactions; there-
fore, it is only possible to work with simplified models.
The reaction rate (𝑑𝛼/𝑑𝑡) of a theoretical radical chain
polymerization is usually given by

𝑑𝛼𝑑𝑡 = 𝑘𝑝 (𝑄𝐼𝑎𝑘𝑡 )
1/2 (1 − 𝛼) , (1)

where 𝛼 is the degree of conversion, 𝐼𝑎 is the intensity of
absorbed light in moles of light quanta per liter-second, 𝑄
is the quantum yield of initiation, and 𝑘𝑝 and 𝑘𝑡 are the
rate constants for propagation and termination, respectively.

Equation (1) is only valid if we assume steady-state con-
ditions. However, during propagation, the reaction kinetics
are affected by autoacceleration, which is a consequence of
altered diffusion. Since (1) is no longer applicable, the rate
of reaction must be rewritten as a function of the radical
concentration, [𝑅]:

𝑑𝛼𝑑𝑡 = 𝑘𝑝 (1 − 𝛼) [𝑅] , (2)

where [𝑟] = ∑𝑛𝑖=0[𝑅𝑀𝑖].
Unfortunately, (2) does not consider that the glass tran-

sition temperature (𝑇𝑔) of the restorative material must be
higher than themaximum temperature that can be reached in
the oral cavity, in order to prevent failures of the restorations
due to thermal fatigue. As the photocuring progresses, 𝑇𝑔 of
the network formed also increases, and the initially viscous
liquid monomer mixture becomes a glassy solid. In this
glassy network, the mobility of the monomers and radicals
is greatly reduced, and due to this vitrification effect the
reaction becomes diffusion controlled and the termination
step of the polymerization is governed by the strong decrease
in themolecularmobility.Maffezzoli and Terzi [26] proposed
a simple expression, capable of describing the overall kinetic
process by modelling the kinetic behavior of acrylates during
photocuring conditions, using a simple pseudo-autocatalytic
expression. According to Maffezzoli, (2) can be transformed
to include the two effects of diffusion, autoacceleration and
vitrification, as presented in

𝑑𝛼𝑑𝑡 = 𝑘app𝛼𝑚 (𝛼∞ − 𝛼)𝑛 (1 − 𝛼) , (3)

where 𝑘app = 𝑘app,𝑜√𝐼𝑜 is the apparent rate constant of the
polymerization, 𝐼𝑜 is the initial light intensity,𝑚 and 𝑛 are the
fitting parameters, and 𝛼∞ represents the maximum degree
of conversion. Notably, according to (3), the reaction rate
converges to zero as the degree of conversion (𝛼) approaches𝛼∞.

Raman spectroscopy is an appropriate technique to deter-
mine the degree of conversion (𝛼) [27] for (3). Measurements
were obtained before and after 150 s of irradiation, and the
results are presented in the spectral range of 500–2000 cm−1
in Figure 4.

The vinyl double bonds (C=C) and aromatic ring quad-
rant stretching vibration (Ph), which were used to calculate
the conversion [27, 28], are observed at 1639 and 1610 cm−1,
respectively, as indicated by the arrows. The highest intensity
of the band, at 1639 cm−1, was observed for the samples
before irradiation. The monomer has the largest number of
C=C bonds before polymerization. The intensity of the C=C
band decreased upon irradiation due to the consumption of
the double bonds in the polymerization reaction, whereas
the intensity of the Ph band remained constant during the
irradiation.The conversion (𝛼) was calculated using the two-
frequency technique, as a ratio between aliphatic C=C, at
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Figure 4: Representative Raman spectrum before and after irradia-
tion with a LED light source.

1637 cm−1—𝐼C=C, and aromatic, at 1610 cm−1—𝐼Ph, carbon
double bonds peaks based on

𝛼 = [1 − (𝐼C=C/𝐼Ph)polymer(𝐼C=C/𝐼Ph)monomer
] × 100%. (4)

Conversion data were calculated based on (4) from the
Raman spectra recorded every second for 250 s in total, at
light intensities between 0.7 and 10.0mW/cm2.Themeasured
reaction rates along with the calculated ones, per (3), were
plotted as a function of the light intensity as shown in
Figure 5.

From Figure 5, the experimental points can be well fitted
using (3). The 𝑥 variable has a power of 0.52, which agrees
with the square root dependency (𝐼𝑜1/2) of the reaction rate
upon the light intensity. The applicability of the model, des-
cribing the overall kinetic behavior, was tested by comparing
the theoretical conversion data with the experimental data.
According to Figure 6, the conversion of photocuring shows
a significant light intensity dependence.

Using a low value of 1.4mW/cm2, only 50% conversion
was obtained, taking more than 200 s to reach the final
value. However, little difference was observed for 𝐼𝑜 of 6
and 10mW/cm2, where a conversion of more than 70% was
achieved after 150 s. For dental applications, higher light
intensities are favorable; however these values fall well below
those previously reported for CQ [16].

3.3. Resin Density, Water Swelling Experiments, and Physical
Properties of the Cured Resins. An increase in density is a
good indicator of resin formation because the crosslinked 3D
structure is more compact than the mixture of the unreacted
monomers, as with acrylate polymerization. The density of

y = 0.0042x0.52

R2 = 0.938

2 4 6 8 100
Io (mW/＝Ｇ2)

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

(d

/d

t)
Ｇ
；Ｒ

(s
−
1
)

Figure 5: The reaction rates (𝑑𝛼/𝑑𝑡) as a function of light intensity
(𝐼𝑜). The solid line represents the fitted curve based on (3).
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the monomer mixture and that of the cured samples were
measured in a pycnometer, relative to water. The density
increased from 1.121 ± 0.001 g/cm3 in the monomer mixture
to 1.16 to 1.18 g/cm3 (the error was less than 2.5% in each case),
as seen in Figure 7.

The resin densities did not show any significant variation,
indicating similar structural properties and conversion of the
monomers. For practical applicability, swelling experiments
were performed in deionized water for seven days at ambient
temperature. The samples did not uptake water, with a mass
increase of about 1% in each case, which is favorable for
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Figure 8: Vickers microhardness values for the samples cured by a
LED light source at different intensities, with an irradiation time of
30 seconds, after storage for 24 hours and one week.

in vivo applications. The cured samples were extracted in
DMF to determine the conversion of the monomers. In each
case, the weight loss was approximately 9-10%, indicating
a conversion close to 90%, even with a light intensity as
low as 1mW/cm2. This result shows that Irgacure 784 can
be considered effective when combined with the narrow-
emission green LED.

Another important factor to consider for practical appli-
cations is the surface hardness of the material. Therefore, the
Vickers microhardness of the resins was measured after 24 h
and after one week. The results are presented in Figure 8. It
is important to measure the hardness of the samples at two
different times to account for the effect of postcuring.That is,
while most of the polymerization reaction occurs during the
firstminutes after irradiation, a significant portion of reaction
may take place after curing [29].

Based onFigure 8, theVickers hardness versus light inten-
sity does not show any significant variation. Good hardness
data were measured even near a light intensity of 1mW/cm2.
Notably, the increase in hardness after one-week storage is
not significant, indicating high conversion at each inten-
sity, which aligns well with the extraction results. Unfor-
tunately, above an irradiation intensity of 6mW/cm2, the
surface properties of the samples rapidly deteriorated and
became gel-like, making the hardness measurements unre-
liable. This phenomenon may be accounted for by the large
amount of Irgacure 784 photoinitiator (2%m/m) in the
system. Although in the literature 2% (m/m) values can be
found for both CQ and Irgacure 784 [30, 31], the latter is
much more effective. Therefore, for further experiments, a
1.4mW/cm2 power density was used for the LED light source.
At first glance, the maximum Vickers hardness of this resin,
20–25 kgf/mm2, falls below that of the sound dentin, at 40 to
60 kgf/mm2. However, the physical properties of dental filling
materials differ in many aspects, such as type and amount of
filler, type and amount of initiators, and salinization of the
filler particles. These effects may be more determinative than
the nature of the copolymer matrix. In this study, we only
focused on the properties of the pure resin.

Hardness is not the only property affecting the practical
applicability of dental restorative materials. Mechanical pro-
perties are a function of the degree of conversion and
the 3D structure of the polymer network. As shown by
Asmussen and Peutzfeldt [24], the diametral tensile strength,
flexural strength, and modulus of the elasticity are also influ-
enced by monomer composition. During sample prepara-
tion, we used the optimal composition [24] of BisGMA :
TEGDMA :UDMA in a weight ratio of 21.4 : 25.4 : 53.3 and
only one light intensity setting at 1.4mW/cm2, where the
Vickers hardness value was found to be near the maximum.
Themeasured mechanical properties are shown in Table 1. In
addition, hypothesis tests, including independent sample 𝑡-
tests and the nonparametric Mann–Whitney tests, were run.

Commercial dental composite restoratives have a flexural
strength in the range of 60 to 180MPa [32, 33]. Our data falls
within this range and is in good agreement with our pre-
viously reported values obtained for BisGMA-based resins,
using CQ as initiator [34]. The 𝐸-modulus of about 0.9GPa
was found to be a bit lower than that previously reported
for similar compositions [24, 35]. However, this is the pure
resin and for practical applications the 𝐸-modulus can be
significantly enhanced by the addition of filler materials [35].
Compressive strength has a particularly important role in the
mastication process, since most of the masticatory forces are
of compressive nature. The compressive strength values of
our copolymer matrix are, at around 300Mpa, in the order
of those published by Galvão et al. [36]. The high diametral
tensile strength values may be attributed to the high degree of
conversion of the methacrylate double bonds [37]. However,
the diametral tensile test is only suitable for truly brittle
materials. Materials that plastically deform would produce
erroneous DTS values [38]. Without filler, our matrix may
not be truly better and this could explain the high standard
deviation values obtained during this measurement, whereas
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Table 1: Mechanical properties of the photocured resins at 1.4mW/cm2 light intensity, with an irradiation time of 30 seconds. The sample
size is denoted by 𝑛.We used IBM SPSS Statistics Version 22 for all statistical calculations.

𝐸-modulus (MPa) Flexural strength (MPa) Compressive strength
(MPa)

Diametric tensile strength
(MPa)

Number of samples 10 10 15 8
Mean value 876.4 61.7 348.8 46.1
Minimum value 771.7 55.5 316.7 33.1
Maximum value 979.6 70.7 376 64.4
Std. deviation 63.0 4.4 16.1 11.0

the other mechanical measurements resulted in errors less
than 10%.

4. Discussion

The applicability of a narrow-emission green LED light
source, in combination with Irgacure 784 during the pho-
tocuring of an acrylate-based dental resin, was studied. The
resin contained a monomer mixture of BisGMA, TEGDMA,
and UDMA in a previously reported 21.4 : 25.4 : 53.3 weight
ratio for the best mechanical properties, and 2%m/m
Irgacure 784 was used. Our LED light source emits in
a relatively narrow range of 490 to 590 nm, with a peak
emission at 531 nm. In this range, Irgacure 784 still has a
molar extinction coefficient of approximately 𝜀 90M−1 cm−1
making it effective in combination with the green LED
light source. The photopolymerization was performed at
different light intensities ranging from 0.8 to 10mW/cm2
and was followed by Raman spectroscopy in a polystyrene
cuvette. The conversion (𝛼) was calculated using the two-
frequency technique, as a ratio between aliphatic C=C and
aromatic carbon double bond peaks. To handle the complex
processes of photocuring for kinetic investigations, we used a
modified version of Maffezzoli’s equation, which is capable
of describing the overall kinetic process by modelling the
kinetic behavior of acrylates during photocuring conditions,
using a simple pseudo-autocatalytic expression. By includ-
ing autoacceleration and vitrification in the expression, we
obtained very good agreement between the experimental and
calculated kinetic values. The maximum conversion values
were found to be about 70–80% after 150 s irradiation time
at light intensities of 6–10mW/cm2.

For physical and mechanical investigations, specimen
diskswith dimensions of 2mmby 10mmwere prepared using
the same light intensities as used in the kinetic investigations.
The density of the cured resins was found to increase
compared to that of themonomers andwas found to be nearly
constant ( ∼ 1.17–1.19 g/cm3) with light intensity. Extraction
with DMF revealed a weight loss of less than 10% for each
sample, indicating approximately 90% conversion for these
thin disks even at a light intensity of about 1mW/cm2. The
cured resins did not swell in water, took up less than 1%
water in a week, and therefore may be suitable for dental
applications.

Good Vickers microhardness values of 20–25 kgf/mm2
were obtained, even at low light intensities. This intensity

value is more than one magnitude lower than those used in
dental practice. However, at light intensities over 6mW/cm2,
the hardness values deteriorated rapidly potentially due to the
high concentration of Irgacure 784 and the thin disk samples.
The compressive strength and diametric tensile strength of
the resins, cured at 1.4mW/cm2 light intensity, were in the
range of 300MPa and 30MPa, in good agreement with
those of practically applied dental restorative composites.The
flexural strength was found to be about 60MPa and the 𝐸-
modulus was approximately 0.9GPa.
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[30] T. Guimarães, L. F. Schneider, R. R. Braga, and C. S. Pfei-
fer, “Mapping camphorquinone consumption, conversion and
mechanical properties in methacrylates with systematically
varied CQ/amine compositions,” Dental Materials, vol. 30, no.
11, pp. 1274–1279, 2014.

[31] Y. M. Chang, S. C. Yoon, and M. Han, “Photopolymerization
of aromatic acrylate containing phosphine oxide backbone and
its application to holographic recording,”Optical Materials, vol.
30, no. 4, pp. 662–668, 2007.

[32] S.M. Chung, A. U. J. Yap, S. P. Chandra, and C. T. Lim, “Flexural
strength of dental composite restoratives: Comparison of biaxial
and three-point bending test,” Journal of Biomedical Materials
Research Part B: Applied Biomaterials, vol. 71, no. 2, pp. 278–283,
2004.

[33] S. Dos Santos, M. R. Moysés, C. E. P. Alcântara, J. C. R. Ribeiro,
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This study presents the effect of oxygen flow rate on the optical, electrical, and mechanical properties of indium tin oxide (ITO)
thin films prepared by the DC magnetron sputtering technique. The oxygen flow rate was varied from 10 to 50 sccm.The ITO thin
films deposition under different oxygen flow rates exhibits different properties. We used an optical spectrometer to measure the
optical transmittance and a four-point probe instrument to determine the resistivity. A home-made Twyman-Green interferometer
was used to evaluate residual stress and a microscopic interferometer was used to measure the surface roughness of ITO thin films.
The experimental results show that the average optical transmittance is larger than 85% in visible range; the electrical resistivity has
a minimum 6.85 × 10−4 ohm-cm for the oxygen flow of 10 sccm. The residual stress is varied from −0.15GPa to −0.34GPa in the
range of 10–50 sccm. The root-mean-square (rms) surface roughness is changed from 2.64 nm to 2.74 nm as the oxygen flow rate
increases.The results show that the oxygen flow rate has significant influence on the electrical resistivity, residual stress, and surface
roughness of the ITO thin film.

1. Introduction

The transparent conductive oxide films (TCO) had excellent
physical and chemical properties, and the coating process
parameters have significant influence on the optical, elec-
trical, and structural properties and residual stress of the
transparent conductive oxide films. Indium tin oxide (ITO)
thin film is one kind of transparent conductive films. Due
to its high transmittance and good physical and chemical
properties [1, 2], it is widely used in optical devices like
flat panel displays, solar cells, sensors, and so on [3–5].
There are many different methods for the fabrication of
ITO thin films including the magnetron sputtering method
[6, 7], thermal evaporation method [8], plasma ion-assisted
evaporation [9], reactive electron-beam evaporation [10], and
sol-gel method [11]. It is well known that almost all thin films,
produced by the various deposition techniques, have residual
stresses. Residual stress that develops during thin film growth
is critical issue for many applications. Films stress causes
many undesirable phenomena, for example, the cracking or

peeling of the film and the bending of the substrate. The
precise measurement of residual stress in thin films is helpful
to understand the stress behaviour and related effects. DC
magnetron sputter deposition has generally been used in
industrial production lines for the deposition of ITO films
because this method yields homogeneous ITO films with low
resistivity and good reproducibility. Therefore, in order to
improve the quality of the ITO thin films, the surface char-
acteristics, residual stresses, and optical and electrical prop-
erties of DC magnetron sputtering ITO thin films have been
investigated experimentally.

There are many papers to explore the optical, electrical,
and structural properties of ITO thin films prepared by dif-
ferent deposition methods. However, there are few studies to
report the effect of oxygen flow rate on the residual stress and
surface roughness of sputtering ITO thin films [12–14]. This
study investigated the effect of oxygen flow rate on optical,
mechanical, and electrical properties and the surface rough-
ness of ITO thin films prepared by DCmagnetron sputtering
technique. The optical transmittance spectra of ITO films
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were scanned by a UV-Visible spectrometer. The resistivity
of these films was measured by a four-point probe instru-
ment. The residual stress was evaluated by a home-made
Twyman-Green interferometer. The surface roughness was
determined by a Linnik microscopic interferometer.

2. Experimental Methods

2.1. DCMagnetron Sputtering. ITO thin films were deposited
using DCmagnetron reactive sputtering.The vacuum system
consisted of a turbo molecular pump backed by a mechanical
pump. A three-inch disk of In–10wt% Sn alloy was used as
a sputtering target. The spacing of the target to substrates
was 80mm. Before sputtering, the target was presputtered for
about 10min with a shutter covering the target in order to
remove the adsorbed gas on the surface of the ITO target.The
working gas consisted of a mixed gas of Ar and O2, the flow
rates of which were independently controlled by mass flow
controllers. A DC discharge was sustained by a power supply
operated under the constant-current mode with 150mA.The
constant-current mode can reduce spikes and arcing; thus
plasma conditions are more stable in coating process. The
base pressure of the systemwas 2.7× 10−4 Pa. Tominimize the
oxidation of the target, Ar and O2 were introduced near the
target and the substrate, respectively.The flow rates of oxygen
reactive gas were varied from 10 to 50 sccm. Both BK7 glass
and silicon wafer were employed as coating substrates, where
the former was used for measuring the transmittance and
residual stress of ITO thin films and the latter for measuring
the other properties. The coating substrates were not heated
and were assumed to be at near room temperature during the
film deposition.

2.2. Optical Properties. Analysis of the optical properties of
deposited films was carried out. The relative transmittance
spectra of ITO thin films deposited at different oxygen
flow rates were measured. In this work, the UV-Visible
spectrometer (Chrom Tech., CT-2200) was used to measure
the transmission spectrum from350 nm to 850 nm.The enve-
lope method was used to determine three optical constants,
namely, the refractive index (𝑛), extinction coefficient (𝑘),
and physical thickness (𝑑). These were determined from the
transmittance spectrum with loss absorption [15].

2.3. Residual Stress Measurements. Stress in thin films is
primarily composed of a thermal stress and an intrinsic
stress [16]. The thermal stress is due to the difference in
the thermal expansion coefficients between the coating and
substrate materials. The intrinsic stress is induced during the
deposition process, but the mechanisms are complex and
not yet fully understood. To study thin film stress issues, it
is necessary to understand the stress mechanisms and their
effects. Therefore, the precise measurement of stress in thin
films is of considerable importance in numerous industrial
applications.

We used a home-made Twyman-Green interferometer
associated with the fast Fourier transform (FFT) method to
measure the radius of curvature of substrate before and after

He-Ne laser
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Beam splitter
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Figure 1: Stress measuring instrument based on Twyman-Green
interferometer.

thin film deposition [17, 18].The substrate was a circular BK7
glass with a diameter of 25.4mm and thickness 𝑡𝑠 = 1.5mm.
The schematic diagram of the stress measuring apparatus is
shown in Figure 1. The laser beam passed through a spatial
filter and then through a lens to form a plane wave front.
The plane wave front was divided into different amplitudes
by a beam splitter. The reflected beam and the transmitted
beam traveled to a reference plate and a tested sample. The
two beams were recombined and traveled toward a CCD
camera after being reflected by both the reference plate and
the tested sample. A digital CCD camera was used to record
the interference fringe and the stress in the thin films was
measured by the fast Fourier transform (FFT) method [18].
A thin film’s surface deformation can be readily obtained
by subtraction of the surface contours before and after film
deposition. The residual stress of the thin films can be
determined by the modified Stoney equation [19]:

𝜎 = 16
𝐸𝑠
1 − ]𝑠
𝑡2𝑠
𝑡𝑓 (
1
𝑅 −
1
𝑅𝑜) , (1)

where 𝜎 is residual stress of the films; 𝐸𝑠 is Young’s modulus
(𝐸𝑠 = 81GPa) of the BK7 substrate; ]𝑠 is Poisson’s ratio (]𝑠 =0.208) of the BK7 substrate;𝑅0 is the radius of curvature of the
BK7 substrate before coating; R is the radius of curvature of
the BK7 substrate after coating; 𝑡𝑠 is the thickness of the BK7
substrate; 𝑡𝑓 is the thickness of the films. By convention, 𝜎 is
negative for compressive stress and positive for tensile stress.
Tensile stress is present in the film if the curvature of the sub-
strate is concave; conversely, the stress is compressive if the
curvature of the substrate is convex.

2.4. Surface Roughness Measurements. The surface morphol-
ogy and microstructure of the thin films depended on the
properties of the films and fabrication parameters. There
are many ways to measure the roughness of the films. We
usually use root-mean-square (rms) roughness to evaluate
the surface roughness of the thin films.Weused a home-made
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Figure 2: Measurement of surface roughness by using Linnik
microscopic interferometer.

Linnik microscopic interferometer to evaluate the surface
roughness of thin films [20].The Linnikmicroscopic interfer-
ometerwas combinedwith the fast Fourier transformmethod
to build up a surface roughness measurement system, as
shown in Figure 2.The interference patternswere captured by
a CCD camera. The fast Fourier transform (FFT) technique
was used for the phase extraction. A phase unwrapping
algorithm is needed to remove the discontinuities by adding
or subtracting multiples of 2𝜋 to a pixel until the difference
between it and its adjacent pixel is less than 𝜋. A Gaussian
filter is used to separate the roughness profile from the
original profile. The mean surface profile is then subtracted
from the surface height profile to obtain the roughness
profile. The root-mean-square value of surface roughness
is determined by the numerical analysis with MATLAB
program.

3. Results and Discussion

The optical transmittance of the films was measured by
a UV-Visible spectrophotometer in the wavelength range
350–750 nm. Figure 3 shows transmittance spectra of the ITO
thin films deposited under different oxygen flow rates. The
transmittance of the ITO thin films is not a function of the
oxygen flow rate, but all samples are over 85% in the visible
region. At oxygen flow rate of 30 sccm, the transmittance
of the ITO thin films has a maximum value of 88.7% for
the wavelength of 500 nm. The spectra of the ITO films
were obtained by scanning from 350 nm to 850 nm. The
thickness of ITO films in various conditions was determined
by transmittance spectrum. The average refractive index (𝑛)
and the extinction coefficient (𝑘) in visible range vary in range
of 2.01–2.04 and 5.6 × 10−3–6.5 × 10−3, respectively. However,
no obvious correlation between 𝑛 and 𝑘 is observed. Figure 4
shows the ITO film thickness as a function of the oxygen flow
rate.
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In this study, a sheet resistance meter with four-point
probe was used tomeasure the sheet resistance and resistivity
of thin films. Figure 5 shows the resistivity and sheet resis-
tance as a function of the oxygen flow rate. The resistivity
and sheet resistance increase with increasing the oxygen flow
rate from 10 to 30 sccm, and then both decrease as the oxygen
flow rate is larger than 30 sccm. In the film deposition exper-
iments, the oxygen flow rate was 10 sccm and the working
pressure was maintained at 6.7 × 10−4 Pa; ITO thin films
exhibit a lower resistivity and sheet resistance. A maximum
resistivity of 1.56 × 10−3Ω-cm is found at the oxygen flow
rate of 30 sccm. The lowest resistivity of 6.85 × 10−4Ω-cm
and a minimum sheet resistance of 75.8Ω/sq. were achieved
at the oxygen flow rate of 10 sccm. This low resistivity and
sheet resistance may be attributed to a formation of SnO2
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in the films resulting in high carrier mobility. The electrical
resistivity of the ITO films is considered to be sensitive to the
oxygen flow rate in the mixture of the discharge gas (argon)
and reactive gas (oxygen). At oxygen flow rates from 10 to
30 sccm, the increase in resistivity and sheet resistance was
due to gradual decrease of the carrier mobility. The mobility
was slightly enhanced with increasing oxygen flow rates from
30 to 50 sccm. It is well known for the ITO films that the
electrons are released from the substitutional entered Sn
atoms in the sublattice and from the doubly charged oxygen
vacancies. Tin can exist as either SnO or SnO2. The presence
of SnO2 would result in 𝑛 doping of the lattice because the
dopant would add electrons to the conduction band [21].
Furthermore, many studies have reported that the resistivity
of ITO thin films is strongly dependent on the oxidation state
during film deposition [22–25]. As pointed out above, the

charge carriers of the ITO thin films are either contributed by
Sn+4 ion or oxygen vacancies. The incorporation of oxygen
atoms into the ITO films causes the decrease of oxygen
vacancies and then gives rise to higher resistivity of ITO films
[26]. When the oxygen vacancies in ITO thin films are fully
filled, it leads to thin films growing more dense. This cannot
only decrease the defects, but slightly improve themobility in
ITO films [27].

Film stress is an important factor in the adhesion and
stability of thin films. Figure 6 shows the residual compressive
stress and refractive index as a function of the oxygen flow
rate. Both values increase as the oxygen flow rate increases.
The residual stress in all ITO thin films is a compressive
stress with values ranging from –0.15GPa to –0.34GPa. In
this work, the plasma bombardment energy increases as
oxygen flow rate increases during thin film deposition; the
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Figure 7: Surface roughness of ITO thin films as a function of
oxygen flow rate.

ITO thin film growth becomes more dense (i.e., refractive
index increasing) to form a compressive stress. Mattox [28]
reported that energetic particle bombardment can intro-
duce a compressive film stress. In a low-pressure sputtering
deposition, energetic particle bombardmentmay induce high
compressive film stress due to the recoil implantation of
surface atoms. Besides, Windischmann [29] suggested that
the compressive stress in sputtered films appears to be
momentum rather than energy driven. However, no one
model can explain all experimental data; the atomic peening
model [30–32] appears to be more appropriate for sputtering
deposition involving energy particle bombardment of the
growing films leading to compressive stresses.

For the surface roughness measurements, the roughness
can be characterized by several parameters and functions.The
average roughness (𝑅𝑎) is the most widely used because it is
a simple parameter to obtain when compared to others. The
root mean square (RMS) of roughness (𝑅𝑞) is a function that
takes the square of the measures. The surface roughness at a
certain area is determined by the height differences of all the
distinct points at this area. RMS roughness is the mean of the
root for the deviation from the standard surface to the indi-
cated surface. The measurement results show that the RMS
surface roughness of ITO films increases with increasing of
the oxygen flow rate, as shown in Figure 7. The RMS surface
roughness is changed from 2.64 nm to 2.74 nm in the range
of 10–50 sccm. It is clear that the ITO film prepared with low
oxygen flow rate had a low RMS roughness value (2.64 nm)
than that of the ITO films prepared in the high oxygen flow
rate under the same deposition conditions. The reason may
be due to bombardment of themore energetic particles on the
growing film which causes the rough surface. We also found
that the RMS surface roughness of ITO thin films increased
with a corresponding increase in film thickness (Figure 4),
while a relatively small surface roughnesswas obtained for the
ITO films that were deposited at oxygen flow rate of 10 sccm.
The lower flow rate helps in producing a smooth ITO film
with suitable opto-electrical properties on substrates without

heating during deposition and/or additional post-annealing
treatments.

4. Conclusions

This work demonstrates the influence of the oxygen flow
rate on optical, electrical, and mechanical properties and
surface roughness of DC sputtering ITO thin films. The ITO
thin films were deposited on glass substrates and silicon
wafer by DCmagnetron sputtering technique under different
oxygen flow rates. The ITO films prepared under the optimal
deposition conditions had an optical transmittance of ∼
85% in the visible spectrum. The experimental results show
that ITO thin films are not a function of the oxygen flow
rate, but optical transmittance of all ITO films is over 85%
in the visible region. At oxygen flow rate of 30 sccm, the
transmittance of the ITO thin film has a maximum value of
88.7% for the wavelength of 500 nm.The electrical resistivity
measurements reveal that the sheet resistance values of the
ITO thin films increase with the increasing oxygen flow
rate, and the electrical resistivity has a minimum of 6.85 ×
10−4 ohm-cm for the oxygen flow rate of 10 sccm.The residual
stress and surface roughness increase as the oxygen flow
rate increases in the range of 10–50 sccm. In this study, the
optimum depositing parameter is the oxygen flow rate of
10 sccm which results in a high transmission of 88%, the
lowest resistivity of 6.85×10−4 ohm-cm, a lower residual stress
of −0.15GPa, and the RMS surface roughness of 2.64 nm.
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This paper presents a high sensitivity liquid refractive index (RI) sensor based on lossy mode resonance (LMR) effect. The D-
shaped fibers coated with nanosized titanium dioxide (TiO2) thin film as a sensing head were submerged into different refractive
index solutions. The variations in the optical spectrum of the proposed RI sensor with different refractive index solutions were
measured. The LMR resonance peaks were used to determine the wavelength shifts with different refractive index solutions. The
results show that the optical spectrum peaks shifted towards the longer wavelength side with increasing the refractive index. For the
proposed fiber sensing head with a polishing residual thickness of 72𝜇m, the maximum shift of the absorption peak was 264 nm.
The sensitivity of the proposed RI sensor was 4122 nm/RIU for the refractive index range from 1.333 to 1.398.

1. Introduction

Many fiber-optic sensors for refractive index (RI) sensing
have been developed due to some advantages such as small
size, high sensitivity, light weight, and immunity to external
electromagnetic interference. Various fabrication methods
for fiber-based RI sensors have been reported in the literature
[1], including surface plasmon resonance (SPR) [2, 3], evanes-
cent field [4], fiber gratings [5, 6], and optical fiber interfer-
ometry [7]. However, the sensitivity of the traditional sensing
techniques needs to be improved in practical applications.
Iadicicco et al. [5] reported an etched fiber Bragg grating RI
measurement, while etching can also be applied to a long
period of grating to increase sensitivity to external refractive
indices [6]. Optical fiber sensors based on evanescent wave
generate a strong interaction between the guided wave and
the surrounding materials. However, most of the reported
sensors showed a low-sensitivity or low-detection range. To
overcome this problem, we proposed a D-shaped optical
fiber coated with a high refractive index titanium dioxide
(TiO2) nanofilm to enhance the sensitivity and to extend the
detection range of the sensor.

In the last decades, thin film coated onto a fiber-optic has
become a widely explored technique in the field of sensors.

The effects of depositing a thin, highly refractive index (RI)
layer onto the cladding over the grating region have been
reported [8, 9]. Since titanium dioxide (TiO2) is one of the
highly refractive index materials, TiO2 is known to be a good
photocatalytic material under UV radiation. In this study,
we present the fabrication of high sensitivity refractive index
fiber-optic sensors based on D-shaped fibers and nanosized
TiO2 coatings. From the optical point of view, TiO2 nanofilm
deposited on D-shaped fibers can generate lossy mode reso-
nance (LMR) effect under particular conditions [10]. In this
work, we fabricate a new liquid refractive index fiber-optic
sensor called a D-LMR (D-shaped fiber with lossy mode
resonance) sensor that combines with the D-shaped fibers
and nanosized TiO2 coatings to achieve a high sensitivity
sensor with a wide range of liquid refractive indices. We
also utilized a DCmagnetron sputtering technique to deposit
TiO2 nanofilms on the polished surface ofD-shaped fibers for
the fabrication of liquid refractive index fiber sensors. The
proposed D-shaped fiber sensor structure includes a low
index upper cladding (about 3–5𝜇m thick) between the fiber
core and the TiO2 layer that is different from an uncladded
fiber structure in the literature [10–12]. Our fiber structure
designwill help in giving theD-shaped fiber goodmechanical
support after side-polishing. This paper demonstrates the
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D-LMR type RI sensors with a high sensitivity for liquid
refractive index measurements. The characteristics of the
resonance-based fiber-optic sensors could be extensively
used as refractometers to detect the refractive index changes
in liquids.

2. Method

If a side-polished optical fiber is coated with a thin film,
the propagation of the guided wave is affected. The thin
film coatings combined with side-polished optical fibers
can produce two different resonance types: one is surface
plasmon resonances (SPRs) [8] and the other is lossy mode
resonances (LMRs) [9–11]. The surface plasmon resonance
(SPR) occurs when the real part of the thin film permittivity
is negative and higher in magnitude than both its own imag-
inary part and the permittivity of the material surrounding
the thin films. The LMR effect can be generated by the metal
oxide films whose real part of the permittivity is positive
and higher in magnitude than both the imaginary part of
the permittivity and the permittivity of the surrounding
material. The LMR effect is achieved for metal oxide films
with low imaginary part of the complex refractive index. In
general, a specified thin film coated onto a D-shaped fiber
can generate LMR effect based on a modified Kretschmann
configuration [10]. LMR phenomenon has been observed
with metal oxides, such as indium tin oxide (ITO) [12],
titanium oxide [13], and indium oxide [14]. Apart from this,
LMR effect appears for both TM and TE polarized light, and
the generation of multiple resonances without modifying the
optical fiber geometry is also possible [15]. According to the
mode coupling theory, an LMR is the result of light coupling
between evanescent waves and lossy modes guided in the
absorbing thin films.Thus, the analysis of the evolution of the
modal effective refractive index is helpful in understanding
the generation of the resonance.

Since all of thematerials are characterized by their relative
permittivity, titanium dioxide thin films can be characterized
by a complex form of relative permittivity. The oscillatory
model represents the dielectric constant of TiO2 thin films
and it can be expressed as follows [16]:

𝜀 (𝜔) = 𝜀∞ −
𝜔2𝑝

𝜔2 + 𝑖 (𝜔/𝜏)
, (1)

where 𝜀∞ is the dielectric constant of the high electron
density region in the film, 𝜏 is the Drude damping time for
free electrons, 𝜔 is the incident light frequency, and 𝜔𝑝 is
the plasma frequency. It should be noted that the dielectric
constant was predicted by the Drude model [17]. The plasma
frequency is determined by the following formula:

𝜔2𝑝 =
𝑁𝑒2

𝜀0𝑚
∗𝑚
, (2)

where𝑁 is the electron density, 𝑒 is the electron charge, 𝜀0 is
the dielectric constant, 𝑚 is the electron mass, and 𝑚∗ is the
optical effective mass for carriers [18].

As mentioned above, the generation of LMR is based
on D-shaped fibers coated with absorbing thin films which

modified the well-known Kretschmann configuration. If
TiO2 films are deposited on the polishing surface ofD-shaped
fibers, then the real part of the refractive index of TiO2 films
will always be higher than that of the D-shaped fiber in
the wavelength region of our study. Besides, when the index
of the surrounding medium above the TiO2 nanolayer is
1.333, the structure will support guided modes. These modes
will be lossy because of the imaginary part of the index of
TiO2 films. Thus, the dispersion curves for the proposed
sensor structure (D-shaped fiber/TiO2 layer/surrounding
medium) will be similar to the dielectric waveguides [19].
The number of modes supported by this waveguide increases
with increasing the film thickness. Batchman and McWright
[20] studied the light propagation through semiconductor
cladded waveguides. The attenuation maxima of the light
propagating through the optical waveguide can be obtained
for specific thicknesses and at certain wavelengths.This effect
can be explained as a periodic coupling between the guided
modes of the lossless structure and the lossymodes supported
by the high refractive indexmaterial.Therefore, themode loss
is maximal if the thickness of the coating layer corresponds
to the cut-off thickness for that particular mode. Carson and
Batchman [21] reported that a thin film is deposited on the
single mode waveguide; the mode losses for either TE or TM
becomemaximal at its particular thickness.This happens due
to the lossy nature of the thin film and the phase matching
between the guided mode supported by a lossless dielectric
waveguide and the lossy mode supported by the thin film.

In this work, the proposed D-LMR fiber sensor can be
fabricated by using the D-shaped fiber and thin film coating
technique. It is a challenging work to keep a uniform thick-
ness of the TiO2 nanolayer coated on a side-polished surface
of the single mode fibers. A DC magnetron sputtering tech-
nique is an efficient approach to obtain a uniform nanolayer
coating of TiO2 films with a low surface roughness. The
performance of the proposed RI sensor is evaluated in terms
of wavelength sensitivity and linearity.

3. Experimental

Using a side-polishing technique to make D-shaped fiber, we
modified themotor-driven polishingmethod [22] to suspend
the optical fibers and to control the polishing surface depth.
To ensure correct polishing depth, a PC-based measuring
system with a photometer was used to monitor and control
the polishing process in real time. A large increase of power
loss during polishing indicates that the cladding is thin
enough for the light to radiate from the fiber core and that
the polishing should be stopped.

A high sensitivity fiber-optic sensor is reached by thin-
ning the optical fiber enough to obtain an evanescent wave
interaction of the guided light with the surrounding medi-
ums. For D-shaped optical fibers, the core is very close to
the flat surface of the structure. As a direct consequence, an
optical fiber thinning is enough to allow evanescent wave
interaction of the guided light with the surrounding medi-
ums.The D-shaped fiber section is sensitive to the surround-
ing medium refractive index allowing the measurement of
different refractive indices in liquids.
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Figure 1: Schematic diagram of optical fiber polishing arrangement.

A single mode fiber (SMF-130V) was used to fabricate the
sensing devices. Before the thin film deposition, the cladding
was partially removed, and the resultant portion was ultra-
sonically cleaned. After this cleaning process, the fabrication
of the sensors involved two different steps. First, we used the
single mode fiber, ground/polished by using a home-made
side-polishing machine. During the process of polishing the
fiber, we need to monitor the polishing depth by checking
the transmission light power levels, as shown in Figure 1.
This measurement can confirm when the polished surface
reaches the near fiber core region. The polished length was
altered by changing the contact angle of the optical fiber on
the wheel or by using a polishing wheel of different diameter.
Under the optical fiber polishing conditions, where the wheel
rotated at 15 rpm, the tension force on the optical fiber was
approximately 0.2–0.3N and the wheel was lubricated with
liquid paraffin; the radial force on the wheel from the optical
fiber was essentially uniform over the contact length and
the optical fiber was polished uniformly over that length.
The polished fiber diameter was also further measured by
an optical microscope to precisely obtain the polished depth.
The thickness and polishing length of the side-polished fibers
were also measured by using an optical microscope. Figure 2
shows the microscopic image of the D-shaped fiber. The
residual thickness of the side-polished fiber was about 72 𝜇m
(including a 5 𝜇m-thick cladding layer), and the polishing
length of theD-shapedfiberwas 30mm.Then, TiO2 nanofilm
was deposited on the D-shaped fiber surface by using a
DC magnetron sputtering system. TiO2 has the advantages
of nontoxicity, environmental compatibility, high refractive
index, and low price; therefore, we choose TiO2 as the coating
material.

Prior to the deposition, the coating substrates (including
silicon wafers and the D-shaped fibers) had been ultrason-
ically cleaned in acetone and ethanol and then had been
dried by a dryer. In a high-vacuum sputtering chamber,
D-shaped fibers and silicon wafer were mounted onto a
substrate holder 200mm in diameter that rotated at a speed
of 30 rpm. The flat side of D-shaped optical fibers offers
a unique substrate on which thin films can be deposited.
The D-shaped optical fibers were embedded in V-shaped

10.0 mTilt angle: 0

Lens: Z100:×1000

Figure 2: Microscopic image of the D-shaped fiber.

groove of a special fiber holder and the flat side of D-shaped
fibers was parallel mounted to the surface of the substrate
holder to keep the coating thickness uniform. For the DC
sputtering depositions, titanium targets with purity of 99.99%
and diameter of 76.2mm were used. The target to substrate
distance was 120mm, the total pressure being set at 1.5 ×
10−3 Torr. The reactive gas partial pressure was kept constant
at 4.5 × 10−4 Torr during the deposition. For the preparation
of the nanosized TiO2 films, a mixture of argon and oxygen
gases was used. The DC power and heating temperature
were controlled to be 100W and 80∘C, respectively. Thin film
was simultaneously deposited on the silicon wafers and the
side-polished surfaces of the single mode fibers (SMF). The
TiO2 film’s thickness of 84 nm was measured by using an
ellipsometer.

To characterize the optical response of the D-LMR sens-
ing device, a typical transmission setupwas used. A portion of
the coated optical fiberwas cleaved at both ends and spliced to
optical fiber patch cords. The spectral response of the sensor
was obtained by using a typical optical transmission setup.
Figure 3 shows that this setup consisted of a halogen white
light source (Ocean Optics, HL-2000) connected at the input
of the optical fiber, and the other end was attached to a near-
infrared spectrometer (Ocean Optics, NIR 512). Thus, the
light coupled to the side-polished fiber passed through the
cladding removed sensitive region, which is located in the
optical transmission pathway.

4. Results and Discussion

The absorption peaks generated by the LMR phenomenon
can be observed in optical transmission spectrum. The
wavelength interrogation method along with D-LMR type
optical fiber sensors was considered in our analysis. The
LMR wavelengths were determined from the normalized
transmittance versus wavelength plot for different sensing
liquid refractive indices. The data analysis for the proposed
sensor was done by using MATLAB� software. The different
sets of sensing medium (NaCl solutions) refractive indices
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Figure 3: Schematic of the proposed RI sensor and experimental setup.
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Figure 4: LMR spectra of the D-shaped fibers coated with TiO2
nanofilm for different liquid refractive indices.

used for the analysis were 1.333, 1.338, 1.356, 1.366, 1.382, and
1.398. Figure 4 shows the LMR transmission spectra of D-
shaped fibers coated with nanosized TiO2 film for different
liquid refractive indices. The sensing sensitivity is defined
as the shift of resonance wavelength versus the change in
surrounding refractive index. If the refractive index value
is increased by higher concentration of NaCl solutions, the
LMR peak shifts to higher wavelengths. From the trans-
mittance spectra, when the refractive index of the external
medium is 1.333, the absorption peak is located at 1307 nm.
When the refractive index of the external medium is 1.338,
the absorption peak is located at 1335 nm. When the RI is
1.382, the peak is at 1520 nm, and when its value is 1.398
the peak reaches 1571 nm. Figure 5 illustrates the normalized
transmittance of D-LMR optical fiber sensor for different
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Figure 5: The transmittance spectra of different refractive index
solutions by D-LMR optical fiber sensor.

refractive index solutions. Here the transmittance is defined
as the ratio of the transmitted light intensity to the incident
light intensity. It is important to note that the wavelength’s
shift of the resonance peaks is a function of the refractive
index of NaCl solutions, as shown in Figure 6. The sensing
sensitivity of the D-LMR sensor was 4122 nm/RIU; RIU is
refractive index units, for the fiber residual thickness of 72 𝜇m
and the polishing length of 30mm. Figure 6 also shows the
linear fitting of the resonant wavelength as a function of the
liquid refractive index. The linear fitting curve demonstrates
𝑅2 value of 0.980. In our previous publication [23], a liquid
refractive index sensor using double-sided polishing long
period fiber grating (DSP-LPFG) was reported. A sensing
sensitivity of 143.4 nm/RIU for the DSP-LPFG sensor was
obtained from the RI range of 1.333–1.375. In this work, the
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Figure 6: LMR wavelength as a function of the refractive index for
different NaCl solutions.

experimental results show that the sensing sensitivity of the
D-LMR sensor is 28 times higher than that of the DSP-LPFG
sensor. These results also show that the sensing sensitivity of
the D-LMR sensor is about 12 times higher than that of a
tilted-LPFG sensor for liquid refractive index measurements
[6]. The detection range of the proposed RI sensor is also
extended.

5. Conclusion

We have proposed and demonstrated a novel D-LMR fiber
sensor by coating TiO2 nanofilms on D-shaped fibers. The
D-LMR sensor response to the liquid refractive index changes
has been carried out bymeasuring the resonancewavelength’s
shift. The results show that LMR peaks shift to higher
wavelengths with increasing the liquid refractive index. The
greatest sensitivity of the RI sensor that has been experimen-
tally demonstrated is 4122 nm/RIU for theRI range from 1.333
to 1.398. Compared with other sensors, we propose that a
simple structure based on a D-shaped fiber and nanosized
TiO2 coating layer will be more sensitive for the liquid
refractive index measurements with the advantages of being
more compact, of low cost, and easily portable. The general
idea of proposed D-LMR sensor can also be applied to other
sensing applications.
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