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Abstract: The effect of y-ray irradiation on surface plasmon resonance (SPR) sensing capability of
refractive index (n = 1.418-1.448) of the silica glass optical fiber comprised of germano-silicate glass
cladding embedded with Au nano-particles (NPs) was investigated. As the vy-ray irradiation
increased from 1 hour to 3 hours with the dose rate of 1,190 Gy/h, the morphology of the Au NPs
and the SPR spectrum were found to change. The average diameter of Au NPs increased with the
aspect ratio from 1 to 2 and the nano-particles became grown to the clusters. The SPR peak
wavelength shifted towards longer wavelength with the increase of total dose of y-ray irradiation
regardless of the corresponding refractive indices. The SPR sensitivities (wavelength/refractive
index unit, nm/RIU) also increased from 407 nm/RIU to 3,553 nm/RIU, 1,483 nm/RIU, and 2,335
nm/RIU after the vy-ray irradiation at the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy,
respectively.

Keywords: y-ray irradiation; surface plasmon resonance; fiber sensor; nano-particles; cladding
embedded optical fiber.

1. Introduction

Transparent host materials embedded with noble metal nano-particles (NPs) such as Au and
Ag are of great interest due to its unique characteristics of surface plasmon resonance (SPR) arising
from the excitation of electron density oscillations around metal NPs [1-9]. Their SPR property has
been widely used in the sensing of chemical, physical, and biological quantities [10-18]. The position
and intensity of SPR band depend on the size, shape, and inter-particle separation of the NPs and the
dielectric property of the matrix surrounding the NPs [3—4,7,19-27]. The position of SPR peak is
known to shift towards long or short wavelength upon the change in NPs size. Therefore various
fabrication methods of metal NPs with different geometries such as nano-spheres, nano-shells,
nano-tubes, nano-cubes, nano-wires, and etc have been proposed to increase the sensitivity and
usability of the SPR sensors [7,19,21-25,27-32]. Furthermore, various post-processing techniques of
the irradiation by the pulsed laser, the charged ion, and the y-ray have been investigated to control
NPs with desired size and shape [33-40]. Our group has reported a heat treatment method to control
the size of NPs in glass fiber [41-42]. Among such post irradiation processing techniques, the high
energy irradiation was proven to control effectively the size, shape, and spacing of the NPs by
creating ion tracks resulting from Coulomb explosion and/or thermal spikes accompanying the
excitations [43—46]. Due to the passage of a swift heavy ion, the particles grow and combine into
clusters leading to chemical, physical, and optical changes [47].

Recent advances in the SPR application have led to the realization of the optical fibers
incorporated with metal NPs and the fibers coated with metal thin layers [48-56]. In the SPR sensor
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based on the optical fiber, evanescent wave is formed by the interface between the surface of the
optical fiber and the metal NPs embedded or coated on the surface. The fiber-optic SPR sensor is an
alternative to overcome the disadvantages of previous conventional prism based SPR sensor because
of its attractive advantages of simple and flexible design, compactness, and remote sensing
capability for all-optical applications. Recently, we have reported the fiber-optic refractive index
sensor using the novel optical fiber incorporated with Au NPs in the cladding [42,57]. In this paper,
hence, we report the effect of y-ray irradiation on the SPR sensing capability by inducing the
morphological change in Au NPs embedded in the fiber.

2. Experiments

2.1. Optical fiber for surface plasmon resonance sensor

The fabrication process of the germano-silicate optical fiber embedded with Au NPs in the
cladding and the measurement of its SPR sensing property were described in detail in our previous
work [42,57-58]. The Au NPs(cladding)-doped glass fiber coated with low refractive index polymer
(SSCP Co., Ltd., Ansan-si, Kyunggi-do, South Korea, FIRON UVF PC-375, n = 1.3820 @ 852 nm) was
designed for enabling a light to propagate into the cladding not into the core. Note that the refractive
index of the cladding was larger than that of the core and the polymer coating. The refractive index
difference between the cladding and the core (Andaddingcore) and that between the cladding and the
coating (Andadding-coating) Were 0.0015 and 0.0764, respectively. The cladding width and total diameter
of the optical fiber were 2.6 um and 124.3 pum, respectively. Thus, surface plasmon waves are
induced around Au NPs in the cladding of the fiber by a light wave traveling through the cladding.

2.2. Verification of existence and morphology of Au nano-particles

To investigate the effect of y-ray irradiation on change in morphology of Au NPs and the SPR
sensing capability, the fabricated fiber was irradiated by y-ray from a %Co radiation source (Nordion
Inc., Ottawa, Ontario, Canada, MSD Nordion, pencil type/C-188 sealed) with the dose rate of 1,190
Gy/h for 1 hour to 3 hours at room temperature in air. The y-ray doses were measured using the
alanine pellet dosimeter and estimated by electron paramagnetic resonance analysis with BRUKER's
e-scan alanine dosimetry system (Bruker Inc., Billerica, MA, USA). Then the samples of the fibers
with and without the y-ray irradiation prepared by the dual beam focused ion beam (FIB; FEI Co.,
Hillsboro, OR, USA, Helios NanoLab™ FIB 600) method were examined by transmission electron
microscope (TEM; FEI Co., Hillsboro, OR, USA, Technai™ G2 F30 S-Twin 300 KeV) to confirm the
formation and the change in size and distribution of Au NPs. And optical absorption of the fibers
was measured to verify again the existence of Au NPs by the cut-back method using the optical
spectrum analyzer (OSA; Ando Electric Co., Ltd., Kanagawa Kawasaki-shi, Kanagawa-ken, Japan,
AQ 6315B) and white light source (WLS; Ando Electric Co., Ltd., Kawasaki-shi, Kanagawa-ken,
Japan AQ 4305).

2.3. Surface palsmon resonance measurement

To characterize SPR sensing property, the change in optical absorption by the irradiation was
measured by putting small drops of the refractive index matching oil with various refractive indices
(n =1.418-1.448) on the surface of the stripped portion (3 cm) of the 10 cm fiber (Fig. 1). The coated
polymer of the irradiated fiber was stripped off using acetone and then the fiber was spliced with a
multi-mode fiber (diameters of core, cladding, coating were 105, 125, and 250 pum, respectively). The
light was launched into the multi-mode fiber and the resonance wavelength was measured at the
other end of the fiber using the OSA. Note that the change in optical absorption of the fiber without
y-ray irradiation was measured by using the fiber of total length 20 cm [57].
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Figure 1. Schematic diagram of the SPR measurement set-up using the optical fiber incorporated
with Au NPs in the cladding.

3. Results and Discussion

TEM images and size distributions of Au NPs in the cladding of the fiber before and after the
y-ray irradiation are shown in Fig. 2. The morphology of the Au NPs was dramatically changed with
the increase of the y-ray irradiation dose level from 0 Gy to 1,190 Gy, 2,380 Gy and 3,570 Gy. Before
the y-ray irradiation, the crystalline Au NPs were spherical and uniformly distributed with average
diameter of 3.8 nm (2.5 nm-5.2 nm) with the aspect ratio of 1.00. After the irradiation, most of the Au
NPs seemed to aggregate and became clusters. As the total dose of the irradiation increased to 1,190
Gy, 2,380 Gy, and 3,570 Gy, the average aspect ratio of the Au NPs increased to 1.05, 1.29, and 2.00,
respectively. The size distribution of the Au NPs also increased with the increase of the y-ray
irradiation level. It is clear that the y-ray irradiation induced the growth of Au NPs by the direct
coalescence and consequent transformation from spherical to prolate in shape. The similar growth of
crystalline Au NPs in silica glass due to Ostwald ripening by the ion irradiation was also reported
[43].

(d)
Figure 2. TEM images of the Au NPs incorporated in the cladding of the fiber (a) before and after the
y-ray irradiation at the total dose of (b) 1,190 Gy, (c) 2,380 Gy, and (d) 3,570 Gy.
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Figure 3. (a) Absorption spectra and (b) peak wavelength and intensity of the SPR band of the optical
fiber incorporated with Au NPs before and after the y-ray irradiation at the total dose of 1,190 Gy,
2,380 Gy, and 3,570 Gy.

To verify the existence of Au NPs in the fiber cladding again, optical absorption was measured
by the cut-back method. Fig. 3(a) compares the optical absorption spectra of the fibers before and
after the y-ray irradiation at the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy. Before the irradiation,
the absorption bands due to SPR were found to appear peaking at 392 nm (absorption coefficient «
=0.088 cm) and 509 nm (a = 0.066 cm™) depending on the particle size and shape of Au NPs in the
cladding of the fiber [5,8,42,59]. After the irradiation, the two SPR absorption bands at 392 nm and
509 nm appeared to increase its intensity and to shift towards longer wavelength. The clear
appearance of the bands indicates the significant morphological change of the Au NPs as shown in
Fig 2. The first SPR absorption band shifted from 392 nm to 430 nm, 458 nm, and 477 nm and the
second absorption band from 509 nm to 553 nm, 584 nm, and 597 nm with the increase of the total
dose to 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively. With the increase of y-ray irradiation dose,
the splitting of the SPR absorption bands became more distinct [2,49-51]. It is known that the
anisotropically shaped metal particles show a splitted SPR absorption band due to transverse and
longitudinal modes of charge density oscillations in the presence of electromagnetic radiation [43].
Thus the splitting of the SPR absorption bands may be due to the morphological change, especially
the increase of the aspect ratio, of the Au NPs. As the total dose of y-ray irradiation increased, the
SPR absorption bands wavelength showed a tendency to shift towards longer wavelength due to the
growth of Au NPs from spherical to prolate in shape as shown in Fig. 3(b).

Also, the intensity of the two SPR absorption bands increased significantly with the increase of
y-ray irradiation. This absorption increase may be due to the radiation-induced defects. The possible
defects are oxygen deficient centers (Si-ODC, =Si-Si= at 394 nm), per-oxy radicals (Si-POR, =5i-O-O-
at 630 nm), self-trapped hole defects (Si-STHs at 477 nm, 574 nm, 663 nm, 765 nm), non-bridging
oxygen hole centers (Si-NBOHC, =5i-O-at 620 nm) due to strained Si-O bonds, GeX (at 475 nm), and
Ge-NBOHC (=Ge-O- at 630 nm) due to strained Ge-O bonds [60-66].

The intensity of the first absorption band corresponding to the Au NPs at the total dose of 1,190
Gy decreased from a = 0.178 cm™ to aa = 0.204 cm™ and o = 0.226 cm? with total dose of 2,380 Gy and
3,570 Gy, respectively. On the other hand, the intensity of the second absorption band corresponding
to the Au NP at the total dose of 1,190 Gy increased from a = 0.160 cm? to a = 0.212 cm?, and a =
0.249 cm! at the total dose of 2,380 Gy and 3,570 Gy, respectively. This difference of absorption
intensity change depending on the bands is thought to be due to the different morphological
behavior of the Au NPs by the y-ray irradiation.
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Figure 4. (a) Refractive index difference and (b) stress profile of the fiber before and after the y-ray
irradiation with the dose rate of 3,570 Gy.

Considering that the change of the refractive index and the residual stress of the fiber induced
by the y-ray irradiation may affect the transmission characteristics of the optical signal, the refractive
index and the residual stress of the fiber before and after the y-ray irradiation of the total dose of
3,570 Gy were measured by the fiber index profiler (Interfiber Analysis, Sharon, MA, USA, IFA-100)
with the accuracy of + 1 x 10 and shown in Fig. 4. Before the y-ray irradiation, the refractive index
(Andadding-core = 0.0015) of the cladding larger than that of the core was due to the presence of GeO:
[60,67]. The residual stress of the core was found to be under a tension of 5MPa ~ 10 MPa except the
center of the core ~ 17.5 MPa, but that of the cladding was a compression of ~ —26 MPa. The stress in
the core is normally positive (tensile) due to the external pulling force during the drawing process.
However, the compressive stress in the cladding is developed for the balance of the forces after
removing the drawing tension [68—69]. On the other hand, after the y-ray irradiation at the total dose
of 3,570 Gy, no influence on the refractive index was observed. Therefore, the influence of the change
in refractive index by the irradiation on SPR characteristics can be excluded. However, a change in
the residual stress of the center of the core and the cladding was found. The tensile stress around the
center of the core was relaxed from ~ 17.5 MPa to ~ 7.0 MPa without the change of tensile stress of ~
7.0 MPa in the outer core region. And the compressive stress in the cladding slightly increased from
~ —26 MPa to ~ —27 MPa. Therefore, the negligible change in the refractive index and the residual
stress of the cladding by the y-ray irradiation of the total dose of 3,570 Gy does not contribute to SPR
sensing property.

To investigate the effect of the y-ray irradiation on the SPR sensitivity, the SPR absorption of the
Au NPs(cladding)-doped fiber was measured. The SPR absorption was measured by dropping the
index matching oils onto the stripped portions of 3 cm. The total fiber length was 10 cm and the
refractive index (n = 1.418-1.448) of the matching oils was varied. Figure 5 shows the SPR spectra of
the fiber before and after the irradiations of 1,190 Gy, 2,380 Gy, and 3,570 Gy. Before the y-ray
irradiation, two SPR absorption bands were found to appear, the first peak at ~ 380 nm and the
second peak at ~ 580 nm [70]. The two SPR absorptions are related to the single Au NPs and the
coupled Au NPs, respectively as known from the results shown in Fig. 2 and Fig. 3. The first SPR
peak shifted towards longer wavelength from 381.95 nm to 394.15 nm with the increase of the
refractive index from 1.418 to 1.448. The intensity of the SPR peak also increased. The SPR sensitivity
(wavelength/refractive index unit, nm/RIU) was estimated to be 406.7 nm/RIU. It is well known that
the SPR peak wavelength increase with the increase of refractive index is related to the resonance
wavelength of the incident light due to the increase of the wave vector of the surface plasmon mode
[42,50-52,54,57]. The baseline corrected absorption intensity of the SPR spectrum from 0.80 dB to 4.34
dB increased with the increase of refractive index due to the difference in diffraction orders [52,71].
The full width at half maximum (FWHM) of the SPR band was broadened from 49.06 nm to 71.29 nm
with the increase of refractive index due to the spatial spreading and scattering of the conduction
electrons [20,42,52,72]. The average SPR absorption intensity and the average FWHM were 2.09 dB
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and 60.55 nm, respectively. However, the second SPR band wavelength ~ 580 nm was hard to define
its appearance as shown in Fig. 5(a) and the shift of the SPR band with the increase of the refractive
index may be due to low concentration of coupled Au NPs.
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Figure 5. The SPR spectra obtained by dropping the matching oils of different refractive indices (a)
before and after the y-ray irradiation at the total dose of (b)1,190 Gy, (c) 2,380 Gy, and (d) 3,570 Gy.

After the y-ray irradiation, interestingly, another SPR band was found to appear around 750 nm.
This new SPR band may be due to the aggregated Au NPs formed by the y-ray irradiation as shown
in Fig. 2. The intensity of this band increased with the increase of the index. The Au NPs was grown
in size and morphologically changed to aggregates due to the bridge-like connection and
crosslinking of the Au NPs by the y-ray irradiation. However, after the y-ray irradiation of 1,190 Gy,
the SPR peak wavelength at 380 nm due to the single Au NPs shifted towards shorter wavelength of
360 nm unexpectedly. And the SPR peak wavelength at 360 nm slightly shifted towards longer
wavelength with the increase of the refractive index. The amount of red shift of the SPR band around
750 nm with the increase of the refractive index was much larger than that of the SPR peak at 360 nm
and it was due to coupled Au NPs compared to the single Au NPs of the 360 nm peak.

From the results of the SPR spectra as shown in Fig. 5, the variation of the SPR peak wavelength,
the SPR sensitivity, the absorption intensity, and the FWHM of the SPR spectrum as a function of
refractive index of the matching oils under the y-ray irradiation were replotted and summarized in
Fig. 6. The SPR peak wavelength showed a tendency to shift towards longer wavelength with the
increase of the total dose of y-ray irradiation regardless of the corresponding refractive indices due
to the growth and assembly of Au NPs into the Au NP clusters by the y-ray irradiation (Fig. 6(a)).
Also, the onset wavelength of the SPR band around 750 nm was found to shift towards longer
wavelength from 527 nm to 559 nm, 572 nm, and 587 nm after the y-ray irradiation with the increase
of the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively. The baseline corrected SPR peak
intensity slightly increased from 0.17 dB to 0.24 dB, from 0.17 dB to 0.18 dB, and from 0.07 dB to 0.11
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dB with the increase of the refractive index from 1.418 to 1.448 at the total dose of 1,190 Gy, 2,380 Gy,
and 3,570 Gy, respectively. The increase of the SPR absorption intensity with the increase of the
refractive indices regardless of the y-ray irradiation is due to leaking out of more divergent light
beam from the cladding of the fiber [5,9,73]. However, as the total dose of y-ray irradiation increased
from 1,190 Gy to 3,570 Gy, the SPR absorption intensity decreased regardless of the corresponding
refractive indices due to the increase of the radiation-induced loss as shown in Fig. 6(c). And the
FWHM of the SPR band became broadened from 230.93 nm to 313.49 nm, from 277.47 nm to 278.52
nm, and from 240.48 nm to 260.96 nm with the increase of the refractive index from 1.418 to 1.448 at
the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively. The broadened SPR band with the
increase of the refractive indices regardless of the y-ray irradiation is due to the spatial spreading
and scattering of the conduction electrons and the FWHM of the SPR band was saturated with the
increase of the total dose of y-ray irradiation as shown in Fig. 6(d) [20,52,72]. Note that the center
wavelength, intensity, and the FWHM of the SPR band were rapidly changed after the y-ray
irradiation at the total dose of 1,190 Gy as compared with the fiber before the y-ray irradiation.
However, the change in center wavelength, intensity, and the FWHM of the SPR band was saturated
as the total dose of y-ray irradiation of 2,380 Gy and 3,570 Gy increased regardless of the
corresponding refractive indices.
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Figure 6. Variation of (a) the SPR peak wavelength, (b) the SPR sensitivity, (c) the absorption
intensity, and (d) the FWHM of the SPR spectrum as a function of refractive index of the matching
oils before and after the y-ray irradiation at the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy (The

lines were polynomial-fitted).

From the results of the SPR spectra as shown in Fig. 6(a), the center wavelengths of the SPR
band were found at 720.67 nm, 731.33 nm, 752.29 nm, and 827.27 nm with the increase of the
refractive index 1.418, 1.428, 1.438, and 1.448 under at dose of 1,190 Gy, respectively. And under the
total dose of 2,380 Gy and 3,570 Gy, the SPR band wavelengths were found to appear at 760.75 nm,
781.71 nm, 794.77 nm, and 805.25 nm and at 771.53 nm, 786.70 nm, 808.65 nm, and 841.57 nm with
the increase of the refractive index, respectively. The estimated sensitivities (wavelength/RIU) of the
SPR sensor based on the y-ray irradiated fibers on sensing capability of refractive index (n = 1.418-
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1.448) increased to be 407 nm/RIU, 3,553 nm/RIU, 1,483 nm/RIU, and 2,335 nm/RIU before and after
the y-ray irradiation at the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively, as shown in
Fig. 6(b). After the y-ray irradiation, the SPR sensitivity increased rapidly but saturated with the
increase of the total dose of y-ray irradiation. The SPR sensitivity, the average absorption intensity,
and the average FWHM of the fiber before and after the vy-ray irradiation at the total dose of 1,190
Gy, 2,380 Gy, and 3,570 Gy are listed in Table. 1. The average SPR absorption intensity and the
average FWHM were changed from 0.20 dB to 0.17 dB and 0.08 dB and from 284.21 nm to 274.59 nm
and 272.03 nm at the total dose of 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively. The average
absorption intensity and average FWHM of the SPR band around 750 nm in the range of the
refractive index from 1.418 to 1.448 decreased with the increase of the total dose of y-ray irradiation
at 1,190 Gy, 2,380 Gy, and 3,570 Gy.

Table 1. The SPR sensitivity, the average absorption intensity, and the average FWHM of the optical
fiber embedded with Au NPs in cladding after the y-ray irradiation.

Average
Total y-ray o .
. o ) o Sensitivity absorption Average FWHM
Y-ray irradiation irradiation dose . ]
(Gy] [nm/RIU] intensity [nm]
Y [dB]
Before 0 407 2.087 60.554
1,190 3,553 0.204 284.207
After 2,380 1,483 0.170 274.592
3,570 2,335 0.084 272.026

From the SPR results of the fibers after the y-ray irradiation, the growth of the Au NPs to
anisotropically shaped Au cluster must have played an important role because it showed the
splitting of the SPR band into the transverse and longitudinal modes [43]. The increase in the aspect
ratio of the Au cluster led to red shifts of the longitudinal SPR band (longer wavelength) and it
showed better sensitivity in response to changes in refractive index of the surrounding medium
because the refractive index sensitivity of the SPR sensor was enhanced with increasing SPR band
wavelength [74]. However, an excessive y-ray irradiation is detrimental due to the decrease of the
SPR sensitivity and the increase of the radiation-induced optical loss by excessively changing the
size and shape of Au NPs. Nevertheless, the y-ray irradiation of the SPR sensor fiber with an
appropriate irradiation dose is an effective method to increase the SPR sensitivity and to control a
desired detection wavelength for utilizing commercially available light source and power detector.

4. Conclusions

The silica glass optical fiber incorporated with Au NPs in the germano-silicate glass cladding
has been irradiated by ©Co y-rays with the dose rate of 1,190 Gy/h for 1 hour to 3 hours at room
temperature to investigate the enhancement of the SPR sensitivity and the enabling tunability of
operation range of sensing wavelength of the SPR for the refractive index sensing by controlling the
size and shape of the incorporated crystalline Au NPs in the fiber cladding. As the total dose of the
y-ray irradiation increased to 1,190 Gy, 2,380 Gy and 3,570 Gy, the average aspect ratio of the Au
NPs increased from 1.0 to 1.05, 1.29, and 2.00, respectively together with the increase of the particles
size. The spherical Au NPs of ~ 3.8 nm diameter grew into the large clusters by the direct coalescence
of NPs and then transformed to prolate shaped particles with large aspect ratio.

The SPR absorption was also related with the Au NPs and thus the shift and bimodal
appearance of the SPR bands implies that Au NPs was grown in size with the morphologically
change by the y-ray irradiation. After the irradiation, the two SPR absorption bands at 392 nm and
509 nm appeared to increase its intensity and to shift towards longer wavelength. Also, with the
increase of y-ray irradiation dose, the splitting of the SPR absorption bands became more distinct
due to the increase of the aspect ratio of the Au NP clusters.
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No significant change in the refractive index and the residual stress after the y-ray irradiation at
the total dose of 3,570 Gy indicated no contribution of them to the SPR sensing capacity. With the
increase of the refractive index from 1.418 to 1.448, the SPR peak shifted towards longer wavelength.
Furthermore, the major SPR band peaking at 380 nm was found to change around 750 nm after the
Y-ray irradiation for the corresponding refractive indices (n = 1.418-1.448), increased with the
increase of the index, respectively. The SPR sensitivity of the fiber increased rapidly but saturated
from 406.7 nm/RIU to 3,553 nm/RIU, 1,483 nm/RIU, and 2,335 nm/RIU with the increase of the total
dose of y-ray irradiation from 0 Gy to 1,190 Gy, 2,380 Gy, and 3,570 Gy, respectively. However, the
average SPR absorption intensity decreased from 0.20 dB to 0.17 dB and 0.08 dB and the average
FWHM of the SPR band around 750 nm also decreased from 284.21 nm to 274.59 nm and 272.03 nm
with the increase of the total dose of y-ray irradiation from 1,190 Gy to 2,380 Gy and 3,570 Gy,
respectively.
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