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ABSTRACT: We report the fabrication and properties of ion-
exchanged optical waveguides based on low-cost soda-lime glasses
embedded with silver ions and nanoparticles. Using the thermal
ion-exchange process, we embed silver ions into soda-lime glasses
by covering the glasses with different ratios of AgNO3:NaNO3
molten salt (2:98, 4:96, and 6:94) at 350 °C. The ion-exchanged
glasses containing silver nanoparticles were characterized by using
X-ray fluorescence spectroscopy, UV−visible spectroscopy, the X-
ray diffraction technique, X-ray photoelectron spectroscopy, and
atomic force microscopy of the surface. It is shown that the ion-
exchanged glasses make low-loss optical waveguides. Furthermore,
we evaluate the refractive index of ion-exchanged waveguides by
laser coupling into the waveguide. For this purpose, the ion-exchanged glasses were coated with a silver chloride thin film loaded
with silver nanoparticles (Ag-AgCl). When the Ag-AgCl layer is irradiated by a polarized coherent light beam, silver nanograting is
formed on the surface of the ion-exchanged glass, and the light beam is simultaneously coupled into the glass. The line-space of
nanograting determines the effective refractive index of the ion-exchanged glass. Although we expected the sample with the highest
ratio of AgNO3:NaNO3 salt (6:94) to have the largest refractive index, our results demonstrate that the ion-exchanged sample with
4% AgNO3 has the largest effective refractive index, which is due to the penetration of more silver ions and nanoparticles in the glass
matrix. Therefore, it is further demonstrated that using a Ag-AgCl layer on an ion-exchanged waveguide is an effective method for
coupling light into the waveguides and measuring its refractive index. The mentioned coupling technique in combination with easily
fabricated ion-exchanged waveguide has served as an excellent platform for applications in integrated optical circuits.

KEYWORDS: ion-exchanged glass, silver nanoclusters, Ag-AgCl thin film, silver nanograting, surface plasmon resonance

■ INTRODUCTION

Over the last few decades, many studies in doping metal
nanoparticles into a glass substrate investigated the thermal
ion-exchange (IE) process.1−4 In this process, the glasses are
covered by molten salt, including metal ions, which replace
alkali ions in the glass matrix during a thermal process.1−4

Penetration of metal ions such as silver ions (Ag+s) into a glass
induces positive stress due to the different ionic radius and
polarizability from those of sodium ions (Na+s), accompanied
by modification of its refractive index.4−7 Changing the molten
salt composition makes it possible to manipulate the refractive
index of the glass induced by the IE process.6

The IE process increases the refractive index of the glass due
to the formation of silver clusters in the glass matrix.4,8,9 The
high refractive index glasses are excellent candidates for
designing solid-state lasers and creating broadband optical
waveguides, which are utilized in integrated optical cir-
cuits.10−14 Ion-exchanged waveguides are also used to couple
light into the photonic structure, such as plasmons in array
gratings and slab.15,16 Furthermore, ion-exchanged waveguides

are intended for classical/quantum optical communications
and sensing.17,18

The refractive index of Ag+/Na+ ion-exchanged glasses
depends on the concentration of Ag+s introduced into the glass
matrix.4−7 Ag+s, driven into the glass matrix from molten salt
by a thermal process, penetrate a few micrometers into the
glass matrix, but they are not often uniformly distributed
through the glass.19 Therefore, the concentration of silver in
the glass matrix can be represented by a gradient profile, which
rapidly decreases inward.8 Similarly, the refractive index of an
ion-exchanged glass presents a gradient-index distribution.6,20
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Therefore, an effective refractive index for the ion-exchanged
glass should be considered and measured.4,6

One of the significant challenges of using ion-exchanged
glasses as a waveguide is coupling the light beam into the
waveguides.7,21,22 Among different coupling mechanisms, the
prism coupling approach and periodic nanostructures are the
most appropriate methods for coupling the light beam into
ion-exchanged glasses.7,16,21,22 In the prism coupling techni-
que, a high-index prism guides incident light into the
waveguide. For this purpose, phase matching must occur
between the incident wave and guided mode.21 In addition,
fabricating periodic nanostructures at the surface of a
waveguide is also an effective method for light coupling.23,24

In this paper, we supply an original and novel way to couple
light into the ion-exchanged waveguides, which is based on a
silver chloride thin film loaded with silver nanoparticles (Ag-
AgCl). Nanograting is formed in the Ag-AgCl thin film by
irradiating a linearly polarized laser beam to the film. The
nanograting is an aperture for coupling the light beam into the
ion-exchanged waveguides. Furthermore, the line-space of the
nanograting indicates the effective refractive index of the
substrate.9,23−25

Ion-exchanged glasses with three different silver concen-
trations are prepared in this research. The atomic compositions
of these glasses are studied using X-ray fluorescence (XRF)
spectroscopy. X-ray photoelectron spectroscopy (XPS) is also
used to evaluate the surface chemical compositions of ion-
exchanged glasses. Finally, the crystallinity of the prepared
sample is examined by the X-ray diffraction (XRD) technique.
The optical properties of ion-exchanged glasses are

characterized by UV−visible spectrometry. Afterward, the
ion-exchanged glasses are covered by the Ag-AgCl thin film
and irradiated by a low-power laser to couple the beam into the
glass. Simultaneously, nanograting is formed in the Ag-AgCl
thin film. Ultimately, the effective refractive indices of ion-
exchanged glasses are determined by measuring the line-
spacing of the nanogratings using scanning electron micros-
copy (SEM) images and their fast Fourier transform (FFT)
features.

■ EXPERIMENTAL SECTION
This section focuses on the preparation and characterization of ion-
exchanged glasses. Afterward, the deposition technique for coating
ion-exchanged glasses by the Ag-AgCl thin film will be described.
Finally, the irradiation process of ion-exchanged glasses coated by the
Ag-AgCl thin film is explained.
Preparation of Ion-Exchanged Glasses. Commercial soda-lime

glasses with a thickness of 1 mm were used for the IE process. The
chemical components of the soda-lime glass (% w/w) are 66.16 SiO2,
20.90 Na2O, 5.85 CaO, 4.46 MgO, 1.16 Al2O3, 0.88 K2O, 0.29 SO3,
0.12 As2O3, and 0.03 Fe2O3, which are measured by an S4 Pioneer
XRF.
In the IE process, Ag+s in silver nitrate (AgNO3) salt, mixed with

sodium nitrate (NaNO3) salt, replaced Na+s in soda-lime glass by a
thermal process. We carried out the IE process at 350 °C for 30 min.
In Figure 1a and Figure 1b, the IE process in the glass matrix is
schematically shown at the beginning and the end of the annealing
process, respectively. The maximum depth that Ag+s penetrate in the
glass matrix depends on the duration of thermal treatment.26

Three samples with different ratios of AgNO3 to NaNO3 described
as follows were prepared:

1) 2% AgNO3:98% NaNO3 (IE 2%)

2) 4% AgNO3:96% NaNO3 (IE 4%)

3) 6% AgNO3:94% NaNO3 (IE 6%)

After the IE process, all samples were soaked in diluted
hydrochloric acid to remove the remaining salts on the surface. In
the last stage, the samples were rinsed with distilled water. As a result,
the ion-exchanged samples were faint yellow after the IE process,22 as
represented in Figure S1 of the Supporting Information.

In Table 1, the chemical compositions of IE 2%, IE 4%, and IE 6%
samples are listed. Although the absolute values of the XRF readings

may not be accurate, they give us appreciable information about the
glass compositions before and after the IE process.

As shown in Table 1, the primary component of ion-exchanged
samples is silicon dioxide (SiO2). The silver (Ag) content appears in
all ion-exchanged samples, although its amount is less than 1%.
Comparing the sodium oxide (Na2O) content of soda-lime glass with
that in ion-exchanged samples, the Na2O content in ion-exchanged
samples is decreased. Therefore, Na+s were replaced by Ag+s in the IE
process.27 In the glass, the presence of impurities, such as arsenic
trioxide (As2O3) and ferric oxide (Fe2O3), promotes the reduction of
Ag+s into metallic clusters.22,28

Characterization of Ion-Exchanged Samples. The optical
properties of ion-exchanged samples were measured by UV−visible

Figure 1. Scheme of the IE process (a) at the beginning and (b) at
the end of thermal treatment.

Table 1. XRF Analysis of Ion-Exchanged Samples (% w/w)

component IE 2% IE 4% IE 6%

SiO2 68.58 72.73 78.80
Na2O 19.00 13.80 7.08
CaO 5.81 6.05 5.52
MgO 4.04 4.35 4.86
Al2O3 1.11 1.14 1.25
K2O 0.75 0.88 1.02
Ag 0.11 0.33 0.57
SO3 0.30 0.37 0.46
As2O3 0.12 0.15 0.20
Fe2O3 0.03 0.03 0.03
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spectrometry, which can provide information about the energy gap
and band structure of the glasses.29 For this purpose, a UV−vis−NIR
JASCO V-670 spectrophotometer was used to measure the optical
density and diffuse reflectance spectra of the ion-exchanged samples.
Optical density (OD), which is a criterion of absorption, is defined as

T Toptical density log( / )0= − (1)

where T and T0 are the intensities of the transmitted light passing
through the ion-exchanged samples and the soda-lime glasses,
respectively.25

Figure 2a shows the optical density spectra of IE 2%, IE 4%, and IE
6% samples. In Figure 2a, each spectrum includes an intense peak

below 300 nm and a small broad hump in the vicinity of 400 nm,
respectively, ascribed to the absorption band of Ag+s and surface
plasmon resonance (SPR) of silver nanoclusters.22 The SPR hump is
better shown in the inset of Figure 2a.
To distinguish the extinction peak of Ag+s from the SPR hump of

silver nanoclusters in the optical density spectrum, we fitted two
Lorentz curves to each spectrum, as shown in Figure S2 of the
Supporting Information. The peak position (λ) and the full width at
half-maximum (Δλ) of the fitted Lorentz curves are also reported in
Table S1 of the Supporting Information.
In the IE process at 350 °C (below 400 °C), silver atoms are

mainly in the form of Ag+s.19 Some Ag+s in the glass matrix are
neutralized by continuing the annealing process, and silver nano-
clusters are formed.22 Although no significant SPR absorption peak of
silver nanoclusters was seen,30 Table S1 shows that a small number of
Ag+s are neutralized and form silver nanoclusters. By using the data in
Table S1, the average size of silver nanoclusters, which are embedded
in the glass matrix, can be calculated as the following relation30

D
V
c

f SPR
2

SPR

λ
π λ

=
Δ (2)

where D is the average diameter of silver nanoclusters, Vf = 1.39 × 106

m/s is the Fermi velocity of the electrons in the bulk silver, c is the

speed of light in vacuum, λSPR is the characteristic wavelength of silver
nanoclusters, and ΔλSPR is the full width at half-maximum.30 The
average sizes of silver nanoclusters in IE 2%, IE 4%, and IE 6%
samples are approximately 0.9, 3.2, and 3.1 nm, respectively.
Therefore, the clusters in IE 2%, IE 4%, and IE 6% samples,
respectively, contain about 16, 819, and 736 atoms. The silver
nanoclusters are larger in the IE 4% sample, consisting of more atoms
than the other samples.

Figure 2b shows the diffuse reflectance spectra of IE 2%, IE 4%, and
IE 6% samples. Since silver nanoparticles of ion-exchanged samples
can scatter light, diffuse reflectance spectroscopy (DRS) is preferred
to direct reflectance spectroscopy for ion-exchanged samples. In
Figure 2b, the dips around 400 nm, approximately near the SPR peak,
can be discerned, which is more apparent for the IE 4% sample. The
reflectance spectrum of the IE 4% sample rises rapidly at 400 nm such
that, above 480 nm, its reflectance is higher than the other samples.

Diffuse reflectance spectra can be used to estimate the energy gaps
of the samples, which contain nanoparticles, using the Kubelka−
Munk equation.31 The absorption spectroscopy of an ion-exchanged
glass is also helpful to determine the energy gap by Tauc’s law,
defined as9,32

B hv Ehv ( )n
gα = − (3)

where α is the absorption coefficient, hv is the photon energy, B is the
band tailing parameter, and Eg is the energy gap. The absorption
coefficient is proportional to optical density according to αd =
2.303(OD), where d is the thickness of the sample.9,32 In relation 3, n
= 1/2 and 2, respectively, correspond to the allowed direct and
indirect energy gaps.32 The energy gaps of ion-exchanged samples are
obtained from the intercepts of the extrapolated linear fit to relation 3,
which are shown by the orange lines in Figure 2c,d. The direct energy
gaps of IE 2%, IE 4%, and IE 6% samples are 4.53, 4.15, and 4.23 eV,
respectively. The indirect energy gaps of IE 2%, IE 4%, and IE 6%
samples are 3.90, 3.60, and 3.62 eV, respectively. Interestingly, the
lowest energy gaps are recorded for the IE 4% sample, which has
larger silver nanoclusters. Therefore, for having a smaller bandgap in
ion-exchanged glasses and better growth and diffusion of silver
nanoparticles in the glass matrix, 4% of AgNO3 in molten salt is
enough.

Ion-exchanged glasses are known as amorphous semiconducting
materials. In such materials, an absorption edge, called Urbach’s edge,
arises from structural disorientations and randomness.32 For
evaluating the degree of structural disorder in ion-exchanged samples,
Urbach’s energy is calculated by the following relation32

hv Eexp( / )0 uα α= (4)

where α0 is a constant and Eu is Urbach’s energy. Therefore, the
absorption spectrum is used to obtain Urbach’s energy.33 In Figure 2e,
ln(α) versus hv is plotted for IE 2%, IE 4%, and IE 6% samples.
According to relation 4, the reciprocal of the line slopes, fitted to the
plots in Figure 2e, determines Urbach’s energy. For IE 2%, IE 4%, and
IE 6% samples, Urbach’s energies are 0.41, 0.33, and 0.37 eV,
respectively. Therefore, the IE 2% sample has a poor crystalline
structure.

The energy gaps and Urbach’s energy of IE 2%, IE 4%, and IE 6%
samples are compared in Figure 2f. Unexpectedly, both direct and
indirect energy gaps and also Urbach’s energy in the IE 4% sample are
lower than those in the IE 6% sample. The decrease in the energy
gaps of the IE 4% sample is attributed to the increase in the size of the
silver nanoclusters and the decrease in structural disorder, in
agreement with the smaller Urbach’s energy.34

The crystallinity of ion-exchanged samples was also examined by
XRD analysis, as shown in Figure S3. The XRD profiles of IE 2% and
IE 4% samples do not illustrate any significant peak. The XRD pattern
of the IE 6% sample shows two sharp peaks at 2θ = 29.41 and 31.73°,
corresponding to (110) and (111) of silver oxide (Ag2O),
respectively.35 Therefore, the increase in the absorption spectrum of
the IE 6% sample, from 400 nm to higher wavelengths, is due to the
Ag2O crystals on the surface of this sample.36 Despite the two peaks in

Figure 2. (a) Optical density spectra, (b) diffuse reflectance spectra,
(c) Tauc plots for determining direct energy gaps, (d) Tauc plots for
determining indirect energy gaps, (e) ln(α) versus hv plot used to
calculate Urbach’s energy, and (f) comparing the direct and indirect
energy gaps and Urbach’s energy of IE 2%, IE 4%, and IE 6% samples.
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the XRD pattern of the IE 6% sample, the nature of ion-exchanged
glasses is still amorphous.37,38

The surface chemical compositions of the ion-exchanged glasses
were recorded by XPS. The XPS measurements were performed using
an XPS/UVS-SPECS system equipped with a PHOIBOS 150 analyzer
(<1 eV resolution). The XPS broad spectra of soda-lime glass and IE
2%, IE 4%, and IE 6% samples are presented in Figure S4 in the
Supporting Information. In the mentioned spectra, the peaks
attributed to Si 2p, Si 2s, C 1s, Ag 3d, O 1s, and Na 1s are clarified.
The high-resolution Ag 3d core-level spectra of IE 2%, IE 4%, and

IE 6% samples are displayed in Figure 3a and are compared with the

XPS spectrum of soda-lime glass. The Ag 3d core-level spectrum
consists of Ag 3d3/2 and Ag 3d5/2 peaks. The two peaks are separated
by approximately 6 eV. The Ag 3d peaks of the IE 4% sample indicate
higher intensity.
In Figure 3a, the Ag 3d core-level spectrum of the IE 6% sample

unexpectedly shows the lowest peak compared to other samples. The
optical density spectra in Figure 2a and reflectance spectra in Figure
2b clearly show that the population of silver clusters in the IE 6%
sample is much larger than that in the IE 2% sample.
The strange behavior of the XPS spectrum of Ag 3d for the IE 6%

sample can be attributed to a large population of silver clusters and
Ag2O crystals on the surface of this sample. The surface fullness of the
IE 6% sample blocks the low-energy electrons emitted from the silver
atoms from reaching the XPS detector. The blue shift of Ag 3d peaks
for the IE 6% sample also confirms that only the high-energy electrons
pass through the surface of this sample and reach the detector.
XPS data is analyzed to identify the chemical states of silver

particles (Ag+ or Ag0) located on the surface of ion-exchanged
samples.25 In Figure 3b, Ag 3d peaks are deconvoluted into four fitted
peaks for the IE 2%, IE 4%, and IE 6% samples. In Table S2, the
intensity, full width at half-maximum (FWHM), and binding energy

of Ag0 and Ag+, corresponding to each fitted peak in Figure 3b, are
reported.

For the IE 2% sample, the population of Ag0s and Ag+s on the
sample surface is almost the same, while for the IE 4% sample, silver is
mostly Ag+s. The Ag 3d3/2 and Ag 3d5/2 peaks of IE 6% samples are
shifted toward higher energy, evidencing that Ag+s on the surface are
neutralized in the air, forming silver clusters (Ag0)n.

22,39 Furthermore,
some silver nanoclusters on the surface of IE 6% are capped with
Ag2O.

36

In Figure 3c, the O 1s core levels of IE 2%, IE 4%, and IE 6%
samples are shown. The O 1s peak of the IE 6% sample is more
intense than the other samples. As mentioned before, silver
nanoclusters on the IE 6% sample surface are oxidized, forming a
Ag2O shell around the silver nanoparticles.36

In Figure 3c, the O 1s peak of the IE 4% sample is shifted toward
lower energy compared to other samples. The non-bridging oxygens
(NBO) have lower energy than bridging oxygens (BO). The XPS
peak of NBO is seen at 530 nm while that of BO is observed at 533
nm.40 The deconvolutions of the O 1s core-level spectra for soda-lime
glass and the IE 2%, IE 4%, and IE 6% samples are shown in Figure S5
of the Supporting Information.

In Figure 3d, Si 2p core levels of IE 2%, IE 4%, and IE 6% samples
are demonstrated. The height of the Si 2p peak for the IE 6% sample
is substantially larger than the other samples due to the presence of
the Si−O−Si bond on the sample surface. Ag+s tend to neutralize and
form silver clusters on the surface during the IE process. Therefore,
the number of Si−O−Ag+ linkages near the surface decreases
compared to Si−O−Si linkages.27 For the IE 4% sample, the Si 2p
peak is shifted toward lower energy. This shift is related to the
formation of more Si−C-, Si−OH-, and SiO2-like bands.

30

Figure 3e demonstrates the C 1s core levels of IE 2%, IE 4%, and IE
6% samples, which appear on the surface of the ion-exchanged
samples due to surface contamination. Increasing the AgNO3 ratio in
the IE process, the surface contamination decreases. The C 1s core-
level spectra of the ion-exchanged samples are compared with a clean
soda-lime glass, as shown in Figure S6 of the Supporting Information.
The high peak of C 1s of soda-lime glass before the IE process shows
that the IE process decreases the surface contamination.

Figure 3f compares the Na 1s peaks of IE 2%, IE 4%, and IE 6%
samples. Almost all Na+s are replaced by Ag+s in the IE 6% sample
during the IE process. Therefore, the population of Na+s is too low on
the surface of the IE 6% sample, which leads to the lower intensity of
the Na 1s core-level spectrum. In contrast, for the IE 4% sample, it
seems that a large number of Na+s are not replaced. As mentioned
earlier, the surface of the IE 4% sample, compared to the IE 6%
sample, is not densely covered by Ag+s; as such, a considerable
redistribution likely occurs in the IE 4% sample, i.e., Ag+s diffuse
inside the glass matrix and Na+s inside the glass matrix diffuse toward
the surface.41 Furthermore, more Ag+s from AgNO3 salt have the
chance to replace Na+s in the IE 4% sample during the IE process.

The surface morphology is investigated by atomic force microscopy
(AFM) to observe the distribution of the silver nanoparticles on the
surface of the ion-exchanged samples. The AFM images of the surface
of IE 2%, IE 4%, and IE 6% samples are shown in Figure 4a−c,
respectively.

Figure 4a demonstrates that the surface of the IE 2% sample is
sparse, and the average separation of the silver nanoparticles in this
sample is significantly larger than in other samples. The population of
silver nanoclusters on the surface of the IE 4% sample is more than
the IE 2% sample, as shown in Figure 4b. Figure 4c demonstrates that
silver nanoclusters densely cover the surface of the IE 6% sample.
Although the size of silver nanoclusters on the surface of the IE 4%
sample is larger than that on the IE 6% sample, the average separation
of the silver nanoclusters on the IE 6% sample is less than that on the
IE 4% sample. AFM analysis of the surface morphology and roughness
of ion-exchanged samples is shown with more detail in Figure S7 in
the Supporting Information.

Ag-AgCl Thin Film on Ion-Exchanged Glasses. A Ag-AgCl
thin film was deposited at room temperature on the surface of ion-
exchanged glasses, at 5 × 10−5 mbar pressure, in two subsequent

Figure 3. (a) High-resolution XPS spectra of Ag 3d for soda-lime
glass and IE 2%, IE 4%, and IE 6% samples. (b) Ag 3d core-level
spectra, (c) O 1s core-level spectra, (d) Si 2p core-level spectra, (e) C
1s core-level spectra, and (f) Na 1s core-level spectra of IE 2%, IE 4%,
and IE 6% samples.
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procedures by the thermal evaporation technique. First, to excite the
lowest order transverse electric mode (TE0), at the visible-light
region, the AgCl layer with a thickness of 50 ± 2 nm was evaporated
to form a waveguide on the surface of the ion-exchanged samples.
Afterward, a 10 ± 2 nm-thick silver was coated on the AgCl layer. The
thickness of the silver layer is too small to form a continuous layer at
room temperature with this approach. Instead, silver nanoparticles
form on the surface of the AgCl film. In Figure 5a and Figure 5b, the
ion-exchanged glasses, with and without the Ag-AgCl layer on the
surface, are shown, respectively.
Irradiating the Samples. The ion-exchanged samples with a few

micrometers’ penetration depth, covered by a 60 nm-thick Ag-AgCl
layer, were irradiated with the linearly polarized continuous-wave laser
beams. A He−Ne laser beam with a wavelength of 632.8 nm and
power of 4 mW and the second harmonic generation of the Nd:YAG
laser beam at a wavelength of 532 nm and power of 44 mW were used
to irradiate the samples. The two different laser beams were used to
study the dependence of the refractive index of the ion-exchanged
samples on the wavelength. Since the output power of lasers is not the
same, the different exposure times are considered for sample
irradiation, 55 min for the He−Ne laser and 5 min for the Nd:YAG
laser. To polarize the laser beam, we used a Glan−Taylor calcite
polarizer (Thorlabs code: GT10-A) with an accuracy of 5 min.
When the Ag-AgCl thin film is irradiated by the laser beam in the

(+z) direction, the silver nanoparticles scatter the incident laser beam.
A part of scattered waves propagates in AgCl waveguide in (±y)
directions, which is perpendicular to both the incident direction (+z)
and polarization direction (±x) of the beam (E⃗0), as schematically
shown in Figure 5c.
The interference of the incident and propagated beams in AgCl

waveguide results in bright and dark fringes in the AgCl thin film.24

The silver nanoparticles disappear in the bright fringes of the
interference pattern. Therefore, silver nanoparticles were aligned in
the dark fringes of the interference. Figure 5d schematically shows the
aligned silver nanoparticles.

The periodic structure of the silver nanoparticles acts as an optical
grating, which could couple the laser beam into the ion-exchanged
glass.24 As a result, the ion-exchanged glass behaves as a slab
waveguide. In Figure 5e, a screen is placed between the laser and the
sample. The laser beam passes through one of the holes on the screen
to reach the sample. The coupled beam, which is propagating in the
ion-exchanged glass, is illustrated in Figure 5e. The direction of the
propagating beams in the ion-exchanged glass (±y) is perpendicular
to the incident direction (+z) and the direction of grating lines (±x).
As shown in Figure 5e, a scattering pattern appears in the direction of
the grating lines on the screen.

■ RESULTS AND DISCUSSION
The formation of optical gratings on the surface of ion-
exchanged glass not only offers an appropriate method of
coupling the laser beam into the ion-exchanged waveguide, but
it also offers a straightforward approach to quantify the
effective refractive index of the ion-exchanged glasses.24

In the normal incident case, the line-space (d) of the
periodic nanostructures, formed in Ag-AgCl thin films,
depends on the wavelength (λ) of the incident beam and the
effective refractive index of the substrate (neff) according to the
following relation24

d
neff

λ=
(5)

The soda-lime glass and IE 2%, IE 4%, and IE 6% samples,
coated by the Ag-AgCl thin film, are irradiated by the linearly

Figure 4. AFM images of (a) IE 2%, (b) IE 4%, and (c) IE 6%
samples.

Figure 5. (a) Ion-exchanged glass in which Ag+s and Ag nanoparticles
penetrate a few micrometers in the glass matrix; (b) Ag-AgCl layer on
the surface of the ion-exchanged glass with a thickness of 60 nm; (c)
the normal incident laser beam is scattered by silver nanoparticles and
then propagates in the AgCl thin film; (d) the formation of silver
nanograting on the surface of the sample couples the laser beam into
the ion-exchanged waveguide; (e) propagating beam in the sample
and the scattering pattern after the formation of the silver grating.
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polarized He−Ne laser beam at a wavelength of 632.8 nm. The
surfaces of the samples after laser irradiation are imaged using
scanning electron microscopy (SEM). The fast Fourier
transform (FFT) feature of each SEM image is used to
determine the line-space of the periodic nanostructure.
The SEM images of the periodic structure, which are formed

on the surface of soda-lime glass and the IE 2%, IE 4%, and IE
6% samples after laser irradiation, are shown in Figure 6a−d,
respectively. The bright particles in the SEM images are silver
nanoparticles, aligned with the laser polarization direction
(E⃗0).

The FFT features, which are in the reciprocal space of the
SEM images of Figure 6, are shown in Figure S8 of the
Supporting Information. A pair of sickle-shaped lines is seen in
each FFT feature, which evidences the formation of the
periodic structures.
The line-spaces of periodic nanostructures in Figure 6a−d

are approximately 427, 413, 400, and 411 nm, respectively.
Accordingly, the effective refractive indices of the soda-lime
glass and IE 2%, IE 4%, and IE 6% samples, calculated in
relation 5, are reported in Table 2.
The soda-lime glass and IE 2%, IE 4%, and IE 6% samples

covered by the Ag-AgCl thin film are also irradiated by the
Nd:YAG laser at a wavelength of 532 nm. The effective
refractive indices of these samples are also calculated by
analyzing the FFT features and based on eq 5. The results are
reported in Table 2.
Figure 2a and Figure 2b, respectively, showing the optical

density and diffuse reflectance spectra of the IE 2%, IE 4%, and
IE 6% samples, could also be used to measure the refractive
index of the ion-exchanged samples. The refractive index of the
ion-exchanged samples versus wavelength can be obtained
using the following relation9

n
R R R k

R
(1 ) 4 (1 )

(1 )

2 2

=
+ + − −

− (6)

where R is the normalized reflectance and k is the extinction
coefficient, which is defined as9

k
4
αλ
π

=
(7)

where k and R can be obtained from Figure 2a and Figure 2b,
respectively.
The refractive index dispersion (RID) curves of the IE 2%,

IE 4%, and IE 6% samples are shown in Figure 7. The

refractive indices at wavelengths of 532 and 632.8 nm are
extracted from Figure 7 and reported in Table 2. The refractive
indices extracted from Figure 7 agree well with those obtained
from the FFT features of the SEM images.
Furthermore, the effective refractive indices of the soda-lime

glass and the ion-exchanged samples are calculated by
measuring Brewster’s angle at the two wavelengths of 632.8
and 532 nm. These results are reported in Table 2, matching
well with those calculated by FFT analysis and the RID curves.
Table 2 shows that the effective refractive indices of the ion-

exchanged samples are larger than that of the soda-lime glass,
which is due to the large population of the Ag+s in the glass
matrix. The IE 4% sample has the largest refractive index at
both wavelengths. In the IE 4% sample, more Ag+s penetrate
the glass matrix than the other ion-exchanged samples,

Figure 6. SEM images of the periodic nanostructures formed by
irradiating laser beam with a wavelength of 632.8 nm on the surface of
(a) soda-lime glass, (b) IE 2% sample, (c) IE 4% sample, and (d) IE
6% sample.

Table 2. Effective Refractive Indices of the Soda-Lime Glass
and the IE Samples, Measured at Two Wavelengths

samples methods @632.8 nm @532 nm

IE 0% FFT 1.48 ± 0.02 1.50 ± 0.02
RID
Brewster 1.46 ± 0.03 1.48 ± 0.03

IE 2% FFT 1.53 ± 0.02 1.54 ± 0.02
RID 1.53 ± 0.01 1.55 ± 0.01
Brewster 1.53 ± 0.03 1.56 ± 0.03

IE 4% FFT 1.57 ± 0.03 1.60 ± 0.02
RID 1.58 ± 0.01 1.59 ± 0.01
Brewster 1.58 ± 0.02 1.58 ± 0.03

IE 6% FFT 1.53 ± 0.02 1.55 ± 0.02
RID 1.54 ± 0.01 1.56 ± 0.01
Brewster 1.55 ± 0.03 1.56 ± 0.03

Figure 7. Refractive index versus wavelength for the IE 2%, IE 4%,
and IE 6% samples.
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resulting in a larger effective refractive index. Furthermore, the
IE 4% sample shows lower disorder and smaller direct and
indirect energy gap values, which causes a higher refractive
index than the other samples.29

As shown in Figure 5, the surface of the ion-exchanged
glasses is not smooth due to the silver clusters on the surface.
Therefore, the periodic nanostructures, which are formed on
the ion-exchanged glasses, are not perfect nanogratings. To
find out how well the silver nanogratings are formed on the
surface of the samples, the optical density spectra of each
sample are measured by a linearly polarized probe beam, in
both parallel (∥) and perpendicular directions (⊥) to the
nanograting. A more ordered silver nanograting would yield a
more considerable difference between the two optical densities.
The optical density spectra of the silver nanograting formed

on the soda-lime glass and IE 2%, IE 4%, and IE 6% samples by
irradiating laser beam at a wavelength of 632.8 nm are
indicated in Figure 8a−d, respectively.

In Figure 8, the optical density spectra are measured by
linearly polarized probe beams in two directions. At 632.8 nm,
the absorption of the probe beam for which the polarization
direction is perpendicular to the nanograting line (⊥) is larger
for all samples. The difference of optical density spectra
measured in two directions is maximum for soda-lime glass, as
shown in Figure 8a. Since silver nanoparticles on the surface of
the ion-exchanged samples increase the light scattering, the
light propagation in IE samples is not as much intense as that
in soda-lime glass. Therefore, the difference of the optical
density spectra in two directions decreases in ion-exchanged
samples compared to that in soda-lime glass. The difference of
optical density for the IE 4% sample is larger than the other
ion-exchange samples. Therefore, the nanograting on the
surface of the IE 4% sample is more organized, as shown in
Figure 8c. It seems that, in the IE 4% sample at a wavelength of
632.8 nm, a part of scattered light from silver nanoparticles is
directed to propagate in waveguide.
The optical density spectra of ion-exchanged samples in

Figure 8 have prominent absorption peaks in the vicinity of
300 nm, attributed to Ag+s, as mentioned before. Therefore,
the low-power laser beam cannot neutralize Ag+s or induce any
changes in the structure of the ion-exchange samples. The

absorption of the ion-exchanged samples covered by the Ag-
AgCl layer is low at the laser wavelength. Therefore, the beam
is coupled inside the ion-exchanged waveguide and propagates
without considerable absorption. Ion-exchanged waveguides
are long-term stable materials for optical applications.42

■ CONCLUSIONS
Ion-exchanged glasses with three different ratios of Ag-
NO3:NaNO3 salt (2:98, 4:96, and 6:94) were produced by a
thermal process. The optical and structural analyses of the ion-
exchanged samples showed that, when silver ions saturate the
surface of the ion-exchange glasses, e.g., in the IE 6% sample,
no more silver ions and nanoparticles could penetrate into the
glass matrix. Therefore, the formation of silver nanoclusters on
the sample surface prevents further modification of the glass
refractive index. The coupling of laser beam inside ion-
exchanged glasses was achieved readily by coating the Ag-AgCl
layer on the glass surfaces. The formation of silver nano-
particle-based nanograting on the surface of ion-exchanged
glasses couples the laser beam into the glass. Furthermore, the
effective refractive index of the modified glass could be
evaluated from the line-spacing of the silver nanograting.
Therefore, the deposition of the Ag-AgCl layer on the ion-
exchange waveguide provides a platform that the laser beam
could be coupled inside the waveguide and simultaneously
provides a facile approach to determine the effective refractive
index of the ion-exchanged waveguide. This paper supplies an
original and novel way to couple light into the ion-exchanged
waveguides for future applications such as optical communi-
cations and optical sensing.
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