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Miniature optical fiber sensors with thin films as sensitive elements could open new fields for optical fiber sensor
applications. Thin films work as sensitive elements and a transducer to get response and feedback from envi-
ronments, in which optical fibers act as a signal carrier. A novel Ag coated intensity modulated optical fiber
sensor based on refractive index changes using IR and UV-Vis (UV-visible) light sources is proposed. The sensor
with an IR light source has higher sensitivity compared to a UV-Vis source. When the refractive index is en-
hanced to 1.38, the normalized intensity of IR and UV-Vis light diminishes to 0.2 and 0.8, respectively.
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Several developments have been made in recent years in
the use of fiber optic sensors. Multiple sensing applications
have been revolutionized by representing fiber optic sen-
sorst™?. The special properties of being non-electrical,
small in size, rugged, and immune to electromagnetic
interference boost the use of optical fibers for sensing ap-
plications in the fields of engineering, science, and technol-
ogy. The physical properties, such as temperature?, liquid
level®Z radiation?, strain, refractive index?, vibration'?,
concentration of liquidY, and chemical analysis?, can
be detected by optical fiber sensors. Furthermore, low
loss, low dispersion, ultra-wide bandwidth, high dynamic
range, durability, upgradability, and low cost networks
are other reasons for shifting the attention from tradi-
tional electrical sensors to optical fiber sensors. Compat-
ibility to multimode fiber technology and simplicity of
construction are two main advantages of intensity modu-
lated sensors,

The decreasing in intensity of the incoming light in most
optoelectronic devices, such as optical fibers and fiber sen-
sors, is attributed to the absorption process. Optical fiber
sensors based on evanescent absorption have attracted
widespread attention in the last few years for the applica-
tions of distributed and remote sensing™2), When light
travels in the core by the total internal reflection process,
some portion of the light escapes into the cladding as an
evanescent wave, and the evanescent wave intensity is
exponentially attenuated inside the cladding. This portion
together with a number of reflections at the core and clad-
ding interface gives rise to a decrease in the power propa-
gating and causes attenuation of light along the fiber.
Thus, the partially unclad glass rod is more useful as
an attenuated total reflectance spectroscopic element2,

Silver nanoparticles have been extensively studied
owing to their unique optical properties, such as high re-
flectance and localized surface plasmon resonance (LSPR)
in the UV-visible (UV-Vis) range, which can be utilized
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to develop nanoscale optical, chemical, and biological
sensorsZ 2!, LSPR of nanoparticles is generated by coher-
ent oscillations of their surface free electrons when nano-
particles are irradiated by electromagnetic waves at the
optical frequency. LSPRs have been widely used in various
sensing devices due to their high sensitivity to the refrac-
tive index of the surroundings®. Reflective silica multi-
mode optical fiber refractive index sensors coated with
~35 nm Ag nanoparticles were prepared by Chen et al.,
in which the wavelength shift of ~30 nm was observed
when the refractive index changed from 1.33 to 1.40%.
The photodeposition technique was employed to coat
Ag nanoparticles at the end of the optical fiber as a sensor
probe. The LSPR peak wavelength shift of ~33 nm to
longer wavelengths was observed as the refractive index
increased from 1 to 1.5,

The absorbance-based refractive index optical fiber
sensor using a coated Ag nanoparticle encapsulated
with graphene oxide as a sensing area was fabricated by
Nayak et al.Z2) They found that a 0.05 change in the re-
fractive index causes increments in absorbance from
0.055 to 0.1.

Recently, tapered optical fiber sensors with Ag
nanoparticles-based coatings have been developed for
ammonia sensing?!, ethanol levels?, and bacteria detec-
tion!. However, the simultaneous study of Ag coated
unclad multimode optical fiber refractive index sensors
with two different wavelength regions as a source power
is not investigated extensively.

Therefore, in this study, Ag has been coated on partially
removed cladding glass optical fibers as a sensing part,
and this part is exposed to different concentrations of
saline in order to measure the sensitivity against refractive
index changes. Two different light sources are employed
in order to compare the sensitivity of the sensors with a
refractive index. Different optical characterizations and
microscopic imaging techniques, such as absorption,
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reflection, emission spectra, and field emission scanning
electron microscope (FESEM), as well as X-ray diffraction
(XRD) for nanoparticle structural analysis, are employed
for investigating the sensitivity of the device.

The optical fiber applied here is a kind of multimode
coated glass fiber, which consists of a core with diameter
of 50+ 0.05 pm and a cladding with a diameter of
125.0 £ 0.5 pm. The Ag nanoparticles are coated on the
fiber by the chemical reduction method. The mechanism
of coating is given by the following equations, and the
preparation procedures are depicted in Fig. 1.
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In Eq. (1), the 3 cm length of the glass fiber cladding
layer®? is removed by 30% concentration hydrofluoric
acid until the thickness of 600 nm achieved. This partially
removed part is immersed and exposed into 20 mlL,
0.1 mol/L. AgNO; solution. After that, 15 drops of
0.2 mol/L NaOH are added into the solution in order
to convert Ag to Ag,O and activate the surface of the re-
moved part (brown precipitate appears). Then in Eq. (2),
while gently shaking the glassware, a 2 mol/L. ammonia
is added drop-by-drop to the solution until the precipitate
is completely dissolved (transparent solution). Finally in
Eq. (3), a 10% concentration glucose solution is added,
and the glassware is secured in 70°C water bath for
15 min. Eventually, the Ag thin film is formed on the sur-
rounding surface of the fiber (Ag color). The sensitivity of
our prepared optical fiber sensors to the refractive index
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Fig. 1. Schematic diagram of Ag nanoparticles deposition
processing as a sensing part on the surface of the fiber.
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Fig. 2. Schematic setup and working principle of an intensity
modulated fiber optic sensor. P(1) and P(2) represent the inci-
dent and transmitted light intensity, respectively. The SPR at
the interface of the Ag film and cladding is shown by the red
wave symbol. The evanescent wave and its exponential decay
are clearly seen in the right side of the figure.

changes is examined by the following setup which is illus-
trated in detail in Fig. 2.

To observe the deposited layers, the formation of
Ag nanoparticles, and the elemental analysis, FESEMs
(JEOLJSM 6380LA) attached with an energy dispersive
X-ray (EDX) spectrometer are used. A broad band source
with a laser wavelength ranging from 400 to 700 nm
and the distributed feedback (DFB) laser diode with
A. = 1553.40 nm center wavelength are used as the light
sources. An optical spectrum analyzer (OSA, ANDO
AQG6317B) is employed as a detector. The structure of
the Ag nanoparticles is studied using XRD (Bruker D8 Ad-
vance Diffractometer) with Cu-Kal radiations (1.540 A,
1A=01 nm) at 40 kV and 100 mA. The scanning range
of 20 is from 30° to 80°. Also, speed of scanning
~1.2° per minute with resolution of 0.011° is employed.
The optical properties of Ag nanoparticles are evaluated
by measuring the absorption, transmittance, and reflec-
tance spectra with a UV-Vis near-IR (NIR) spectropho-
tometer (Shimadzu UV3600, Japan). The transmittance
and reflectance spectra are measured with a 2 nm step
length in the wavelength range of 350 to 1000 nm.

For investigating the optical properties and contribu-
tions to the resonance peak, Ag nanoparticles are irradi-
ated with linearly polarized light parallel to the axes. The
absorption, reflection, and transmittance spectra obtained
by linearly polarized light from Ag nanoparticles on a glass
substrate are plotted in Fig. 3. Based on the different num-
ber of electrons on the outer and next to last electron or-
bits, each group of metals in terms of electronic and optical
properties behaves differently. In metals, strong absorp-
tion of light is accompanied with high reflectivity, as a re-
sult metallic surfaces act as excellent mirrors. Typically,
light reflection is used to investigate the optical properties
of metals. However, absorption and transmission experi-
ments may contain very significant information that as-
sists in observing and evaluating the effects in thin
metal films. The greatest interesting effects are supposed
to be observed in thin metal films with a critical thickness,
which is the transition between continuous and island
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Fig. 3. (a) UV-visible absorption, and (b) reflection and trans-
mittance spectra of Ag nanoparticles on a glass substrate.
(¢c) FESEM images of Ag nanoparticles synthesized using the
chemical reduction method and (d) XRD pattern of Ag
nanoparticles.

films. At this thickness, the films display anomalous opti-
cal properties in near UV and visible light instead of show-
ing monotonous variation in absorption, transmission,
and reflection spectra, which according to Beer-Lambert’s
law is considered normal behavior. Generally, an incident
electromagnetic wave interacts with metal by the mecha-
nisms of absorption. However, some energy can pass
through thin layers of metals.

The surface plasmon absorption of Ag is a phenomenon
that is evident in the absorption spectra of the Ag films
deposited on a glass substrate. According to the Mie
theory, the Ag nanoislands with a diameter smaller than
about 100 nm show a plasmonic resonance in the UV-Vis
spectra, centered between 400 and 470-500 nm, depending
on the size and, to some extent, on the surrounding
(liquid) medium?!. The absorption spectrum [Fig. 3(a)]
is deconvoluted into three Gaussian shaped components
at around 432, 548, and 621 nm. The peaks are assigned
to the coupled surface plasmon resonance (SPR) modes in
Ag dimers or Ag nanoparticle chains®2%, The scattering
cross section at some wavelengths is enhanced due to in-
terference of the incident and reflected light at specific
wavelengths, which cannot be seen in an IR area.

It is clearly seen from Fig. 3(b) that the maximum
reflection corresponding to the resonance peaks is found
to be located near 580 to 630 nm. The broader reflection
peaks measured in this plot are attributed to large varia-
tions in shape, size, and inter-particle distance. The peak
at 1~ 620 nm is attributed to the dipolar plasmon reso-
nance of the nanoparticles in mutual interactions and
interaction with the substrate. Figure 3(c) shows the
FESEM image of Ag nanoparticles with an average size
of 40 nm synthesized using the chemical reduction
method. Most of the Ag nanoparticles were roughly circu-
lar in shape with smooth edges.

The crystalline size and structure of the Ag nanopar-
ticles are investigated by XRD analysis, which is depicted
in Fig. 3(d). The four distinct diffraction peaks at 20 val-
ues of 38.1°,44.1°, 64.4°, and 78.1° can be assigned as the
planes of (111),(200), (220), and (31 1), respectively,
indicating that the Ag nanoparticles have a fcc structure
and are crystalline in nature [Joint Committee on Power
Diffraction Standards (JCPDS) file No. 04-0783]. The
broadening of Bragg peaks indicates the formation of
nanoparticles. The mean size of Ag nanoparticles is calcu-
lated using the Debye—Scherrer’s equation”,

D = (0.941/p) cos 6, (1)

where D is the average crystallite domain size
perpendicular to the reflecting planes, 4 is the X-ray wave-
length, f is the full width at half-maximum (FWHM), and
0 is the diffraction angle. It is found that the calculated
average size is ~42 nm from the FWHM of the peaks.

Figure 4 illustrates the cross section and surface view
FESEM images of the Ag coated glass fiber. As can be seen,
the Ag nanoparticles with the thickness of ~350 nm are
successfully attached to the partially removed cladding
area. The diameter of the removed cladding is measured
to be 650 nm, which shows that only a small portion of
cladding remains after the immersing and removing proc-
ess. Considering the following formula, when the light
wavelengths are 1550 and 610 nm, the penetration depths
of the evanescent wave are 2.065 and 0.8076 pm, respec-
tively, which confirms that removing a major part of clad-
ding until ~650 nm [Fig. 4(b)] can assist the evanescent
wave in reaching the Ag nanoparticles. These nanopar-
ticles act as a mirror to partially reflect the evanescent
wave inside the fiber at slightly different angles, which
causes an increase in the number of total internal reflec-
tions, leads to a decrease in the propagating power, and
reduces the light intensity at the end of the fiber.

The penetration depth is given by

dy = 4 (2)

27(n? sin? @ — n3)/?’

where A is the wavelength of the light source, 6 is the in-
cident angle of light, and n; and n, are the refractive index
of core and cladding, respectively.

(b)ag nani)particles

Fig. 4. FESEM images of (a) the surface view and (b) cross sec-
tion of Ag nanoparticles coated on a glass fiber.
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Discontinuous structure of Ag film, which is clearly seen
as the inset in Fig. 4(a), causes the light to escape confine-
ment through the thin film. As the laser interacts with the
core—cladding interface, a portion of the incident photons
within the glass will penetrate into the external medium in
the form of an exponentially decaying electromagnetic
field, referred to as the evanescent field??, which is sche-
matically shown in Fig. 2. In situations where the cladding
thickness is shorter than the penetration depth of this
field, the peak of the field may protrude through the film
and interact with the Ag thin film and a third external
medium. Under such circumstances, the protruding peak
may revert back into a propagating field and refract into
the tertiary medium, having optically tunneled through
the metal film. This optical tunneling is utilized in the
sensor application to transmit the laser light into a
measurand.

The importance of the Ag film in this case relates to the
degree in which optical tunneling occurs. The effect is pro-
portional to the evanescent wave protruding into the ex-
ternal medium, which is correlated to the refractive index
and thickness of the cladding film. It has been demon-
strated that regulating the thickness of the metal film
along the waveguide and within the active area affords
control over the location and intensity of energy transmis-
sion into the media. Consequently, for this example, the
accurate characterizations of the metal film and cladding
thicknesses as well as the Ag film structure are of para-
mount importance in appropriately exerting control over
the beam propagation, both for maintaining confinement
within the fiber and for transmitting the light into the
external medium.

The corresponding EDX mapping and spectra for the
selected area of the fiber surface and cross section are
depicted in Figs. 5(a) and 5(b), respectively. In Fig. 5(a),
the presence of the Ag element confirms the deposition of
Ag on a partially uncladded area. The existence of C and
O is attributed to double sided tape, which is used to fix
the sample on the holder, and probably oxidation of
the Ag nanoparticle due to exposure to atmosphere,

AgLa;

CKay,

Fig. 5. EDX mapping and spectra of a particularly selected area
on the (a) sample surface and (b) cross section.

respectively. The presence of Si with the highest intensity
in the EDX related to cross section is attributed to the
silica core of the fiber.

Figures 6(a), 6(b), and 6(c) show the transmitted spec-
trum with refractive index insensitivity for two different
light sources. The refractive index of the surrounding area
of Ag thin film is increased by using different concentra-
tions of saline, which is schematically depicted in Fig. 2.
Enhancing the refractive index of the surrounding media
causes significant diminishment in the light intensity.

If Py is the power transmitted by the fiber in the absence
of a sensing medium, then the power transmitted along the
fiber in the presence of a sensing medium is given by

pP= PO(_yL)v (3)

where y is the evanescent absorption coefficient of the
sensing medium, and L is the length of the sensing region.
The evanescent absorption coefficient of a ray making an
angle @ normal to the interface is given byJ

alny sin’ 6,
27p(n? — n3)(n? — n3 —sin9;)!/?’

r(0, l) = (4)

where p is the core ratio, n,y is the refractive index of the
sensing media, n, is the refractive index of the cladding of
the fiber, and a is the bulk absorption coefficient. From the
formula, it is clearly shown that by increasing the refrac-
tive index of surrounding media from 1 for air to 1.38 for
30% saline the transmitted light intensity should be de-
creased, which is in good agreement with our experimental
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Fig. 6. Propagating light intensity as a function of wavelength
for different refractive indexes in the (a) UV and (b) IR regions.
(c) Light intensity in the LSPR (iii) area, inset shows the wave-
length shift as a function of refractive index.
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results depicted in Figs. 6(a) and 6(b) for UV-Vis and IR
sources, respectively.

When metal particles with sizes smaller than the
wavelength of incident radiation are illuminated, elec-
trons occupying the conduction band are driven by the
applied electromagnetic field. The time harmonic motion
of electrons in the nanoparticle results in polarization,
which in turn causes a restoring force and leads to an
oscillation (see schematic diagram in Fig. 2) with
characteristics dependent on the material properties
and geometry. Incident radiation having frequencies
at the resonance condition of the oscillator leads to
LSPR, which results in strong interaction of light with
the nanoparticle. Three shoulders for all spectra in
Fig. 6(a) are attributed to LSRP in different regions,
which is consistent with the UV-Vis absorption spectra
in Fig. 3(a).

Figure 6(c) illustrates the transmitted spectra in the
specific range of LSPR (iii). By increasing the refractive
index from 1 to 1.38, the red-shift of 1.35 nm in the spectra
is clearly seen [inset in Fig. 6(c)]. LSPRs depend on the
size, shape, and inter-particle interactions of the nanopar-
ticles as well as the polarization of the medium. For a
higher index of refraction, the dielectric function increases,
which causes greater polarization of the medium and leads
to attenuating of the accumulated charge in the resonance
zone. By attenuating the electric charge of the nanopar-
ticles, the restoring electric force is reduced. Reducing
the restoring force diminishes the resonance frequency
and leads to the red-shift in the transmitted spectrum.
The occurrence of a small wavelength shift in our samples
is attributed to agglomeration of nanoparticles and the
formation of larger nanoparticles on the surface of clad-
ding, which causes reduction of the effect of LSPRZ.
Furthermore, it is well known that in the region of
1550 nm wavelength, Ag nanoparticles do not have any
light absorption and LSPR“, and therefore, there is no
shift is observed in the transmitted spectra.

The trend of diminishing intensity of transmitted light
as a function of the surrounding refractive index, ex-
tracted from LSPR (iii) for the UV-Vis and propagating
light spectra for the IR region, is plotted in Fig. 7. As it is
clearly shown, the sensitivity of the optical fiber sensor is

£ [« [e2) o
L L 1 I

Normalized intensity (a.

©
(N

10 11 12 13 14 15
Refractive index

Fig. 7. Sensitivity curve of the intensity modulated sensor for
different applied light sources.

higher in the IR region compared to in the UV-Vis. Sen-
sitivity is an important parameter of sensor performance.
High sensitivity is usually preferable in practical applica-
tions. In the IR region with longer wavelengths, the imagi-
nary part of the refractive index, which represents the
absorption, is higher. Therefore, higher absorption by
the surrounding media in the IR region occurred. Further-
more, the evanescent penetration depth and number of to-
tal internal reflections are higher in the IR region, which
causes homogeneous and moderate light to arrive at the
interface between the surface layer and the environment;
as a result, more attenuation takes place and boosts the
sensitivity compared to UV-Vis light.

The combination of fiber optics with nanostructure
technologies and sensitive thin films offers great potential
for the realization of novel sensor concepts. Therefore, the
intensity modulated intrinsic glass optical fiber sensor
is successfully fabricated via partially uncladding the
fiber and coating it with sensitive material such as Ag
nanoparticles. The FESEM and EDX analysis confirm
homogeneous deposition of uncontained Ag nanoparticles
on the surface of uncladded glass fiber. Increasing the
refractive index of the surrounding environment from
1 to 1.38 results in diminishing the normalized intensity
of propagated light to 0.8 and 0.2 in case of the UV-Vis
and IR source, respectively, which indicate a higher sen-
sitivity of the sensor in a longer wavelength source. The
small red-shift of ~1.35 nm in the LSPR (iii) region is ob-
served, which is attributed to reducing the restoring force
by increasing the refractive index of the media. Our simple
fabricated intensity modulated sensor has potential to be
used for monitoring the oil and gas movement in reservoir
and porous media.

The project was supported by the Universiti Teknologi
Malaysia, AMTEC (No. R.J130000.7609.4C112) and the
Frontier Material Research Alliance.

References
1. C.K.Y. Leung, K. T. Wan, D. Inaudi, X. Bao, W. Habel, Z. Zhou, J.
Ou, M. Ghandehari, H. C. Wu, and M. Imai, Mater. Struct. 48, 871
(2015).
2. S. Poeggel, D. Tosi, D. Duraibabu, G. Leen, D. McGrath, and E.
Lewis, Sensors 15, 17115 (2015).
3. R. Di Sante, Sensors 15, 18666 (2015).
4. Q. Bian, Z. Song, Y. Chen, and X. Zhang, Chin. Opt. Lett. 15,
120603 (2017).
5. Z. Yang, H. Sun, T. Gang, N. Liu, J. Li, F. Meng, X. Qiao, and M.
Hu, Chin. Opt. Lett. 14, 050604 (2016).
6. K. R. Sohn and J. H. Shim, Sens. Actuators A 152, 248 (2009).
7. P. Nath, H. Kumarjit Singh, D. Tiwari, and T. Basumatry, Rev. Sci.
Instrum. 83, 055006 (2012).
8. T. P. Yanukovich and K. V. Kurilo, J. Opt. Technol. 71, 628 (2004).
9. C. R. Liao, H. F. Chen, and D. N. Wang, J. Lightwave Technol. 32,
2531 (2014).
10. I. Lujo, P. Klokoc, T. Komljenovic, M. Bosiljevac, and Z. Sipus,
Radioengineering 17, 93 (2008).
11. K. Yamini, B. Renganathan, A. R. Ganesan, and T. Prakash, Opt.
Fiber Technol. 36, 139 (2017).

090602-5



COL 16(9), 090602(2018)

CHINESE OPTICS LETTERS

September 10, 2018

12

13.

14.

16.

17.

18.

19.

20.

21.
22.

23.

24.

26.

27.

. J. Heo, M. Rodrigues, S. J. Saggese, and G. H. Sigel, Appl. Opt. 30,
3944 (1991).

G. Brambilla, V. Finazzi, and D. J. Richardson, Opt. Express 12,
2258 (2004).

K. Orlowska, M. Swi‘qtkowski, P. Kunicki, D. Kopiec, and T.
Gotszalk, Appl. Opt. 55, 5960 (2016).

. M. R. R. Khan and S. W. Kang, Sensors 14, 23321 (2014).

H. Wang, L. Jiang, and P. Xiang, Opt. Fiber Technol. 42, 97 (2018).
R. A. Perez-Herrera, M. Fernandez-Vallejo, and M. Lopez-Amo,
Photo. Sens. 2, 366 (2012).

Z. J. Ke, D. L. Tang, X. Lai, Z. Y. Dai, and Q. Zhang, Optik 157,
1094 (2018).

S. M. Spuler, D. Richter, M. P. Spowart, and K. Rieken, Appl. Opt.
50, 842 (2011).

Y. He, Y. Ma, Y. Tong, X. Yu, Z. Peng, J. Gao, and F. K. Tittel,
Appl. Phys. Lett. 111, 241102 (2017).

A. Messica, A. Greenstein, and A. Katzir, Appl. Opt. 35, 2274 (1996).
A. Liang, Q. Liu, G. Wen, and Z. Jiang, TrAC Trends Anal. Chem.
37, 32 (2012).

Y. Lin, Y. Zou, and R. G. Lindquist, Biomed. Opt. Express 2, 478
(2011).

L. J. Sherry, R. Jin, C. A. Mirkin, G. C. Schatz, and R. Duyne, Nano
Lett. 6, 2060 (2006).

. K. Mayer and J. Hafner, Chem. Rev. 111, 3828 (2011).

J. Chen, S. Shi, R. Su, W. Qi, R. Huang, M. Wang, L. Wang, and
Z. He, Sensors 15, 12205 (2015).

0. Mendoza, J. Gabriel, A. Padilla-Vivanco, C. Toxqui-Quitl, P.
Zaca-Moran, D. Villegas-Herndndez, and F. Chévez, Sensors 14,
18701 (2014).

28

29

30

31

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

090602-6

. J. K. Nayak, P. Purnendu, and R. Jha, J. Phys. D 49, 285101
(2016).

. D. Rithesh Raj, S. Prasanth, T. V. Vineeshkumar,
C. Sudarsanakumar, Opt. Commun. 340, 86 (2015).

. A. Aziz, H. N. Lim, S. H. Girei, M. H. Yaacob, M. A. Mahdi,

N. M. Huang, and A. Pandikumar, Sens. Actuators B 206, 119

(2015).

M. 1. Zibaii, H. Latifi, Z. Saeedian, and Z. Chenari, J. Photochem.

Photobiol. B 135, 55 (2014).

M. Krehel, R. M. Rossi, G. L. Bona, and L. J. Scherer, Sensors 13,

11956 (2013).

and

J. S. Duque, J. S. Blandén, and H. Riascos, J. Phys. 850, 012017
(2017).
J. C. Valmalette, Z. Tan, H. Abe, and S. Ohara, Sci. Rep. 4, 5238
(2014).

A. Agrawal, S. H. Cho, O. Zandi, S. Ghosh, R. W. Johns, and D. J.
Milliron, Chem. Rev. 118, 3121 (2018).

K. B. Mogensen and K. Kneipp, J. Phys. Chem. C 118, 28075 (2014).
A. Samavati, H. Nur, A. F. Ismail, and Z. Othaman, J. Alloys
Compd. 671, 170 (2016).

J. C. Swihart and W. Shaw, Physica 55, 678 (1971).

J. Luo, J. Yao, Y. Lu, W. Ma, and X. Zhuang, Sensors 13, 3986
(2013).

B. D. Gupta, A. Sharma, and C. D. Singh, Int. J. Optoelectron. 8,
409 (1993).

S. Peng, J. M. McMahon, G. C. Schatz, S. K. Gray, and Y. Sun, Proc.
Nat. Acad. Sci. 107, 14530 (2010).

H. E. de Bruijn, R. P. Kooyman, and J. Greve, Appl. Opt. 31, 440
(1992).



