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A B S T R A C T   

Holographic silver nanogratings on the surface and within the volume, which have significant potential for data 
storage applications, are generated in silver chloride (AgCl) waveguides using a single laser beam exposure. This 
formation process leverages the interference between the polarized incident wave and the TEm modes propa
gating inside the AgCl waveguide. These plasmonic nanogratings are anisotropic nanostructures, demonstrating 
intriguing optical traits such as wavelength-specific linear dichroism and birefringence. The observed linear 
dichroism and birefringence in the holographic silver nanograting can modify the optical rotation and ellipticity 
of a probe beam traversing this anisotropic medium. Notably, volume holographic nanogratings function as 
complex nanogratings with a periodicity exceeding that of the incident wavelength. As a result, upon exposure, 
these complex nanogratings exhibit discernible light diffraction, while the surface holographic nanogratings do 
not show any diffraction pattern. Additionally, as the AgCl film thickness is increased and more complex 
nanogratings are formed within the AgCl waveguides, there is a noted reduction in the resulting birefringence.   

1. Introduction 

Silver chloride (AgCl) films, when deposited on glass substrates, 
establish asymmetric waveguides. The number of modes that can be 
coupled into these AgCl waveguides directly correlates with the thick
ness of the AgCl film. By depositing silver nanoparticles (Ag NPs) onto 
an AgCl film (Ag-AgCl), the film transforms into a light-sensitive plas
monic material receptive to visible light. Furthermore, the presence of 
these silver nanoparticles facilitates the easy coupling of an incident 
light beam into the AgCl waveguide, eliminating the need for specialized 
couplers like prisms. As the incident wave interferes with the propa
gating wave within the AgCl waveguide, it results in the formation of 
periodic silver chain-like structures, known as silver nanogratings, 
within the AgCl film [1,2]. 

In thinner AgCl waveguides, only the TE0 mode can propagate. Thus, 
when a linearly polarized laser beam irradiates such a sample, a surface 
silver nanograting manifests within the AgCl thin film. In these sub
wavelength Ag-AgCl thin films, attributes of the incident light beam, 

such as polarization state, incident angle, and light wavelength, can be 
captured and recorded [3–7]. As the AgCl film’s thickness increases up 
to a thickness comparable to the wavelength of incident light beam, 
higher-order TE modes can also be channeled within the AgCl wave
guide [1,8]. Under these conditions, the periodic silver structures 
generated within the AgCl waveguide diverge from the previously 
researched surface silver nanogratings [4–7], functioning instead as 
volume holographic silver nanogratings. 

These volume holographic nanogratings boast a range of optical 
applications, including data storage, spatial-spectral filters, and serving 
as couplers in waveguide-driven display systems [9–11]. An advantage 
of employing the Ag-AgCl thin film as a recording medium is its 
straightforward fabrication process, enabling the easy formation of 
volume holographic nanogratings within this medium. A singular low- 
power polarized laser beam suffices to create a volume silver nano
grating in the AgCl thin film [1,3–8]. 

Silver nanogratings within AgCl films are inherently anisotropic 
plasmonic nanostructures, with their optical responses being contingent 
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on the probe beam’s polarization direction [7,12]. Given that these 
anisotropic plasmonic nanostructures are sensitive to light polarization, 
they hold potential in applications such as optical polarizers and sensors 
[13,14]. Linear dichroism (LD) and birefringence stand out as significant 
properties of these anisotropic nanostructures. In the context of the Ag- 
AgCl thin film, such attributes have been exclusively measured for 
samples that contain silver nanogratings in an AgCl waveguide with a 
cutoff thickness TE0 mode [7,12]. Yet, linear dichroism and birefrin
gence haven’t been evaluated for volume holographic silver nano
gratings in AgCl waveguides that propagate higher-order TE modes. 

Linear dichroism in an anisotropic medium results in the polarization 
azimuth of the probe beam undergoing rotation as it traverses this me
dium. On the other hand, the birefringence of an anisotropic medium 
can be discerned by assessing the ellipticity angle of the probe beam as it 
moves through the medium. The maximal absolute values of both linear 
dichroism and birefringence in these anisotropic plasmonic nano
structures are influenced by the wavelength of the localized surface 
plasmon resonance (LSPR) of silver nanoparticles [7,12,14]. Addition
ally, the thickness of the anisotropic medium plays a role in determining 
its optical rotation and ellipticity [8,14]. As such, in this paper, we 
examine the influence of AgCl thickness on the linear dichroism and 
birefringence of these anisotropic nanostructures. 

In our study, we fabricated both surface and volume silver nano
gratings, leveraging the interference between the incident laser beam 
and the TEm modes propagating in the AgCl film. As the AgCl film’s 
thickness was augmented, a greater number of TEm modes were able to 
couple into the AgCl waveguide, leading to increasingly intricate 
interference patterns within the film. The linear dichroism and bire
fringence observed in AgCl films of varied thicknesses were subse
quently measured and contrasted. 

2. Materials and methods 

In this section, we detail both the sample preparation process and the 
theoretical framework employed to elucidate the propagation of TEm 
modes in an asymmetrical AgCl waveguide when irradiated by a single 
laser beam. 

2.1. Sample preparation 

Ag-AgCl films were fabricated employing a two-step sequential 
thermal evaporation technique. This method was chosen for its effec
tiveness in producing films with the desired properties, and it was 
executed on a pristine microscope glass slide under vacuum conditions 
maintained at a pressure of 5 × 10−5 mbar. The fabrication process 
commenced with the deposition of an AgCl thin film onto the glass 
substrate. Notably, AgCl films do not inherently absorb light in the 
visible spectrum [15]. However, when exposed to light irradiation, the 
AgCl film undergoes transformation with the formation of silver nano
particles. This induces specific optical phenomena, notably the Weigert 
effect and the activation of surface-enhanced Raman scattering (SERS) 
[1,16]. 

For advancing the visible-light responsiveness of AgCl, especially to 
harness its potential in applications like photocatalytic performance, 
multicolor photochromic responses, and spontaneous periodic structure 
formation, an additional layer of silver nanoparticles becomes impera
tive [1,15,17]. Consequently, a silver layer of 10 ± 2 nm was thermally 
evaporated onto the AgCl film. It is crucial to understand that this silver 
layer is not a continuous film. Instead, it presents itself as a granulated 
layer, composed of sporadic silver nanoparticles that are interspersed 
across the AgCl film. 

For the scope of this paper, we focused on exploring the propagation 
of TE0, TE1, and TE2 modes in AgCl waveguides of varying thicknesses. 
To this end, we prepared three distinct Ag-AgCl films, each varying in 
AgCl thickness. To ascertain the optimal cutoff thickness required for the 
propagation of TEm modes in the AgCl waveguide, we employed the 

subsequent equation [2]: 
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Here, m denotes the integer index indicative of the order of TE modes 
progressing within the AgCl waveguide. λ = 532 nm represents the 
wavelength of the incident laser beam. The refractive index of the AgCl 
film is captured by nf = 2.06 [8], while ns = 1.52 stands for the refractive 
index of the glass substrate at a wavelength λ0 = 532 nm. Lastly, n0=1 
signifies the refractive index of air that envelops the AgCl waveguide. 

From the calculations, the cutoff thicknesses deduced for the TE0, 
TE1, and TE2 modes are h0 ≈ 43 nm, h1 ≈ 236 nm, and h2 ≈ 429 nm, 
respectively. Hence, we categorize the Ag-AgCl samples as:  

• Type I for samples Ag(10 nm)-AgCl (h0 ≈ 43 nm)  
• Type II for samples Ag(10 nm)-AgCl (h1 ≈ 236 nm)  
• Type III for samples Ag(10 nm)-AgCl (h2 ≈ 429 nm) 

2.2. Sample irradiation 

All variants of the Ag-AgCl films on the glass substrate underwent 
irradiation from a continuous-wave (cw) Nd:YAG laser with a wave
length λ = 532 nm, spanning a duration of 15 min. As depicted in Fig. 1 
(a), the normally incident laser beam is directed towards the negative z- 
axis, with the beam being linearly polarized along the y-axis. This po
larization is mathematically expressed as: 

Ei,y = E0cos(k0z). (2)  

In this equation, E0 denotes the amplitude of the incident beam, while 
k0 = 2π/λ0 is its wavenumber. The power of this incident laser beam is 
roughly set to 50 mW. Owing to Rayleigh scattering [18], the silver 
nanoparticles disperse a fraction of the incident laser beams. A segment 
of these scattered beams, which satisfy the total reflection condition, are 
permitted to traverse the AgCl waveguide. The constructive interference 
of the beam traversing within the AgCl waveguide and the incident 
beam crafts bright and dark fringes on the AgCl thin film, as illustrated 

Fig. 1. A graphical representation illustrating the Ag-AgCl film mounted on a 
glass substrate: (a) depicts the film when exposed to a normally incident, lin
early polarized laser beam; (b) highlights the accumulation of silver nano
particles in a chain-like formation, particularly within the dark fringes resulting 
from the interference pattern. 
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in Fig. 1(b). Notably, under the influence of this interference pattern, the 
silver nanoparticles tend to gravitate towards the dark fringes [19]. 

During irradiation with a normal incidence, the spatial separation 
between every two dark fringes of the interference pattern, held con
stant at a specific value of z (z = cte), is dictated by the subsequent 
relationship [19]: 

d =
λ0

neff(z)
. (3)  

Within this equation, neff (z) symbolizes the effective refractive index of 
the AgCl waveguide at the point where the coupling mode is in pro
gression. This effective refractive index sits between the refractive 
indices of the glass substrate and the AgCl film, meaning ns < neff < nf. 

As detailed in Section 2.1, the thickness of the AgCl film determines 
which modes can propagate within the film. In Fig. 2, three distinct 
thicknesses of AgCl films are presented. The electric field of the mode 
propagated within the AgCl film can be represented as [2]: 

Ey = Ef cos[κf z − ϕs], (4)  

Here, Ef is the amplitude of the electric field, κf is the transverse prop
agation constant, and ϕs represents the phase shift upon reflection from 
the AgCl-glass boundary. The transverse propagation constant is further 
defined by [2]: 

κf =
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Where β = neff k0 is the propagation constant. By enforcing boundary 
conditions at both the AgCl-air and AgCl-glass interfaces, we derive the 
subsequent phase shifts [2]: 
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, (6)  
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respectively correspond to 
transverse decay at the AgCl-air and AgCl-glass interfaces. The collective 
phase shifts within the AgCl asymmetrical waveguide must equate to an 
integer multiple of 2π, a criterion termed the transverse resonance 
condition, represented by [2]: 

2κf hm − 2ϕc − 2ϕs = m2π. (8)  

In this equation, −2ϕc and −2ϕs are respectively the phase shifts upon 
total reflection from the AgCl-air and AgCl-glass interfaces. By inserting 
κf from Equation (8) into Equation (4), we obtain the distribution of the 
electric field for propagated modes in asymmetric waveguides. Fig. 2(a), 
2(b), and 2(c) illustrate the distribution of the electric field traversing 
through AgCl asymmetrical waveguides with thicknesses of 43 nm, 236 
nm, and 429 nm, respectively. 

As illustrated in Fig. 2, the 43 nm-thick AgCl waveguide supports 
only the TE0 mode. In contrast, the 236 nm-thick AgCl waveguide ac
commodates both TE0 and TE1 modes, while the 429 nm-thick AgCl 
waveguide can propagate TE0, TE1, and TE2 modes. The intensity of 
modes propagated within the AgCl waveguide is given by: 

I =
∑

m

⃒
⃒Ey,m

⃒
⃒2

, (9)  

where Ey,m is the electric field of the mth propagated mode in the AgCl 
waveguide, as derived from equation (4). Fig. 2 presents the normalized 
intensity distribution of the propagating wave at different depths (z) 
within the AgCl waveguide. The interference pattern’s visibility in Fig. 1 
(b) is at its peak where the propagated wave’s intensity within the AgCl 
waveguide reaches its maximum. Notably, the intensity distributions 
shown in Fig. 2(b) and 2(c) exhibit two and three peaks, respectively. 
This suggests that multiple interference patterns with high visibility are 
likely to form at different depths within these samples. 

Fig. 3 illustrates the apparatus employed to fabricate silver nano
gratings within the AgCl waveguide. The laser beam, boasting a 2.7 mm 
diameter, is oriented towards the negative z-axis. This beam, once it 
traverses the Glan–Taylor polarizer, achieves linear polarization along 
the y-axis ( E→). Positioned between the sample and the polarizer is a 
screen, uniquely characterized by its central aperture with a diameter of 
5.8 mm. 

This setup allows for the observation of silver nanogratings in the 
sample by monitoring the back-scattering and reflective diffraction 
patterns on the screen during laser beam irradiation [19]. 

Silver nanogratings’ formation in an AgCl film results in an aniso
tropic plasmonic medium. The optical behaviour of this medium can be 
examined through absorption measurements [12,18]. For this, a UV–vis 
JASCO V-670 spectrophotometer was utilized. The optical density, a 
measure of absorption, for irradiated Ag-AgCl samples is defined as 
[12,18]: 

OD = − log(
T
T0

), (10)  

where T represents the irradiated samples’ transmission and T0 is that of 
unaltered glass. 

For assessing the anisotropy of the plasmonic medium, a linearly 
polarized probe beam measures the optical density. The discrepancy in 
optical density across two perpendicular directions of the sample is 
termed linear dichroism, given as [12,20]: 

LD = OD‖ − OD⊥. (11)  

Here, OD‖ and OD⊥ represent the optical densities as measured by the 
polarized probe beam aligned with and perpendicular to the grating 
lines, respectively. 

An anisotropic medium possesses the unique property of rotating the 
azimuth of light polarization. This characteristic rotation in polarization 

Fig. 2. Electric field distribution of propagated modes and their normalized 
intensities within the AgCl waveguide for different thicknesses: (a) h0 ≈ 43 nm 
(sample type I), (b) h1 ≈ 236 nm (sample type II), and (c) h2 ≈ 429 nm (sample 
type III). 
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within the medium is termed optical rotation (OR). Notably, the extent 
of this optical rotation varies depending on the orientation of the sample 
within the medium. The mathematical relationship expressing optical 
rotation as a function of sample orientation, Φ, is given by [7,14,21]: 

OR = A0sin(2Φ). (12)  

In this equation, A0 represents the amplitude of the sine function, which 
correlates with the linear dichroism inherent in the anisotropic medium. 
Importantly, A0 is also directly proportional to the medium’s thickness 
[7,14]. 

Birefringence is another characteristic of anisotropic media, leading 

Fig. 3. Schematic illustration of the irradiation setup employed to produce silver nanogratings, with simultaneous monitoring of scattering and diffraction patterns.  

Fig. 4. Process for preparing the irradiated Ag-AgCl sample for SEM imaging. (a) Ag-AgCl film post-laser irradiation, (b) Confocal Laser Scanning Microscope capture 
of the Ag-AgCl surface, (c) surface rinsing using fixation solution and water, (d) applying a thin gold film to the cleaned sample, and (e) SEM image of the resultant 
silver nanograting. 
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to ellipticity when a linear probe beam passes through it. The relation
ship between ellipticity and sample orientation can be described as 
[7,21]: 

η = A1sin(2Φ). (13)  

Wherein A1 is the amplitude of the sine function and is defined by 
[7,21]: 

A1 =
πh
λ

Δn. (14)  

Here, λ represents the probe beam’s wavelength, h is the thickness of the 
anisotropic medium, and Δn is the birefringence induced in the medium. 

3. Results and discussion 

3.1. Analysis of the scattering pattern 

After the laser irradiation, we examine the sample’s morphology 
using scanning electron microscopy. Due to the intricate volume struc
tures of the holographic silver nanograting in the AgCl thin film, pre
paring the samples for scanning is essential. Fig. 4 outlines this 
preparation process. 

Fig. 4(a) illustrates the formation of silver nanogratings within the 
AgCl film post-laser irradiation. The surface of the post-irradiated Ag- 
AgCl film is captured in Fig. 4(b) using a Confocal Laser Scanning Mi
croscope (Keyence VKx1100). Given the historical use of AgCl film in 
photographic film and paper, its unique properties are beneficial. Spe
cifically, AgCl can dissolve in photographic film’s fixation solution 
without affecting silver nanoparticles. Utilizing this property, the Ag- 
AgCl film’s surface is rinsed with the fixation solution and subse
quently with water, ensuring only the silver nanoparticles are left 
behind, as depicted in Fig. 4(c). For SEM imaging, the sample is first 
coated with a 30 nm-thick gold layer using the sputtering deposition 
process. This gold coating ensures surface conductivity without altering 
the sample’s morphology, as depicted in Fig. 4(d). Once prepared, high- 
resolution SEM images are captured using the Tescan Mira3 FESEM. 
Fig. 4(e) displays the resulting SEM image, highlighting regions of 
aggregated silver nanoparticles. These regions appear brighter and 
exhibit a bumpy surface texture, signaling areas with a concentration of 
silver nanoparticles. Although these SEM images are of high resolution, 
the periodicity of the nanogratings is best discerned using the Fast 
Fourier Transform (FFT) feature in the Gwyddion software. 

As demonstrated in Figure 5(a), the scattering pattern for sample 
type I exhibits a candle flame-like shape oriented in the direction of light 
polarization ( E→0) . This is further clarified in Figure 5(d), where the 
alignment of silver nanoparticles in the ( E→0) direction, leading to the 
formation of surface silver nanogratings in sample type I, is evident. The 
inset of Figure 5(d) displays the FFT feature of the SEM image. The 
presence of symmetrical, sickle-shaped lines in the FFT suggests the 
establishment of a periodic nanostructure. Given that the silver chains 
have a somewhat wavy morphology rather than being perfectly straight, 
the FFT yields curved lines instead of distinct dots. The FFT also helps in 
determining the spacing between the lines of the silver nanogratings. For 
sample type I, this spacing is approximately 347 ± 2 nm. Consequently, 
by applying equation (3), an effective refractive index of 1.53 is 
deduced. 

Turning our attention to sample type II, Figure 5(b) reveals a 
prominent central scattering line flanked by two symmetrical curved 
lines. The SEM image of this sample, presented in Figure 5(e), indicates 
that the alignment of silver nanoparticles in sample type II is less orderly 
than in sample type I. The FFT of this SEM image reveals two pairs of 
lines, suggesting the existence of two distinct silver nanogratings with 
different spacings. The measured spacings for these nanogratings are 
310 nm ± 2 nm and 345 nm ± 2 nm, yielding effective refractive indices 
of 1.72 and 1.54, respectively. These varying refractive indices suggest 

that silver nanogratings have formed at different depths within the AgCl 
thin film. Based on the distinctive diffraction patterns observed and the 
variation in the effective refractive index at different depths of the AgCl 
film, it can be inferred that a volume holographic nanograting is formed 
in sample type II. 

For sample type III, Figure 5(c) reveals six symmetric pairs of curved 
lines surrounding the central scatter line on the display. The presence of 
three pairs of lines in the FFT feature, seen in the inset of Figure 5(f), 
indicates the formation of three distinct silver nanogratings. These have 
line-spaces of 270 nm ± 2 nm, 300 nm ± 2 nm, and 330 nm ± 2 nm and 
are established at varying depths within the AgCl film. Their respective 
effective refractive indices are 1.97, 1.77, and 1.61. The observations 
suggest that a volume holographic nanograting forms within sample 
type III. The thickness of this nanograting is comparable to the wave
length of the incident laser beam. It’s noteworthy that the effective 
refractive indices for sample type III are notably higher than those of the 
other two samples. 

In both Figures 5(b) and 5(c), the symmetric curved scattering pat
terns observed around the central line are attributed to the emergence of 
intricate gratings in both sample types II and III. These patterns arise due 
to the superimposition of two or three individual gratings with varying 
line-spaces, leading to the creation of a complex grating, as previously 
reported [22]. Fig. 6 provides a schematic representation, elucidating 
the formation of these complex gratings in samples type II and III. 

The grating vector for waves propagating in a complex grating ad
heres to the phase-matching condition [9]: 

k
→

0 + lG→ = k
→

s, (15)  

Fig. 5. Scattering patterns for samples are presented as follows: (a) type I, (b) 
type II, and (c) type III. The associated SEM images, along with their respective 
FFT features, are depicted in (d) for type I, (e) for type II, and (f) for type III. 
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where k
→

o represents the incident wave vector, k
→

s is the scattered wave 
vector, G→l denotes the grating vector, and l is the diffraction order. As 
demonstrated in Fig. 6, the grating vector is oriented perpendicular to 
the grating lines. The magnitude of the grating vector is given by Gl =

2π/Λ, with Λ representing the periodicity of the complex grating. 
Given the normal incident irradiation depicted in Fig. 3, there’s no 

component of the incident wave in the direction of the grating vector (k0, 

x = 0). The x-component of the scattered wave vector can be expressed 
as ks,x = 2πsinθs/λ0, where θs is the diffraction angle depicted in Fig. 3. 
This leads to the phase-matching condition in the x-axis direction 
[19,23]: 

lλ0

Λ
= sinθs. (16)  

According to equation (16), for a diffraction pattern to manifest on the 
screen in Fig. 3, the periodicity of the complex grating (Λ) must exceed 
the wavelength of the incident light (Λ > l λ0). Fig. 6 indicates that the 
period of a complex grating can surpass that of each individual simple 
grating. Specifically, the period of the complex grating in sample type II 
(ΛTE1), resulting from the superposition of two simple gratings with line- 
spaces of 310 nm and 345 nm, is roughly 1 μm. Consequently, the 
periodicity of sample type II exceeds the incident wavelength λ0 = 532 
nm, yet remains below 2λ0. Thus, only the first-order diffraction (l = 1) 
is visible in Figure 5(b). For the complex grating in sample type III 

(ΛTE2), its period is approximately 3.5 μm, which is less than 7λ0. Hence, 
diffraction patterns ranging from the first to the sixth order can be 
observed on the screen, as shown in Figure 5(c). 

3.2. Linear dichroism in silver nanogratings 

Fig. 7(a), 7(b), and 7(c) depict the optical density for sample types I, 
II, and III, respectively. Notably, the AgCl film is mostly transparent in 
visible light. The emergence of absorption peaks in the spectra is 
attributed to the localized surface plasmon resonance (LSPR) of the 
silver nanoparticles [24,15]. The broad optical density peaks in the 
spectra for types I, II, and III result from a diverse size distribution of 
these nanoparticles [25]. 

In the optical density spectra of Ag-AgCl samples, readings obtained 
using a perpendicular polarized probe beam (OD⊥) are consistently 
higher than those gathered using a parallel polarized probe beam (OD‖). 
Specifically, the spectrum of sample type I features two LSPR peaks: the 
first at 470 nm and the second at 580 nm. These peaks confirm the 
formation of an anisotropic nanostructure in the samples [26]. Mean
while, the spectra for samples type II and type III exhibit a distinctive 
shoulder at 450 nm, coupled with a broad LSPR peak at 610 nm. 

Referencing Fig. 7, the LSPR peaks within the spectra for samples 
type I, type II, and type III are located at wavelengths 500 nm, 515 nm, 
and 520 nm, respectively. The migration of the LSPR peak towards a 

Fig. 6. Schematic representation illustrating the formation of complex gratings in (a) type II and (b) type III samples.  

Fig. 7. The figure illustrates the optical density spectra for samples (a) type I, (b) type II, and (c) type III. Additionally, the linear dichroism spectra for each sample 
type are provided in (d) type I, (e) type II, and (f) type III. 
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longer wavelength is attributed to the increased effective refractive 
index surrounding the silver nanogratings, encompassing the glass 
substrate, AgCl thin film, and overlying air layer [27]. 

Turning our attention to the linear dichroism spectra, these are dis
played for sample types I, II, and III in Fig. 7(d), 7(e), and 7(f) respec
tively. Linear dichroism, in this context, behaves as a wavelength- 
sensitive parameter in an anisotropic plasmonic medium [12,25]. In 
the case of sample type I, the most significant linear dichroism value 
aligns closely with the incident laser wavelength (λ0 = 532 nm). This 
observation indicates that this sample effectively captures the wave
length of the incident laser beam [4,5,15]. In contrast, the peak values of 
linear dichroism for samples type II and type III are pegged at wave
lengths of 510 nm and 505 nm, respectively. This suggests that the 
surface holographic nanograting in sample type I more accurately reg
isters the wavelength information of the incoming wave compared to the 
volume holographic nanogratings in samples type II and type III. 

3.3. Optical rotation 

Optical rotation measurements were conducted for samples of types 
I, II, and III using an experimental arrangement as illustrated in Fig. 8. 
For these measurements, we employed a probe beam with a wavelength 
of 532 nm—the wavelength at which these samples typically exhibit 
their peak linear dichroism values. To ensure the silver nanogratings 
within the samples remained unaffected during testing, the probe 
beam’s intensity was moderated using a neutral density (ND) filter. 
Before the beam was allowed to traverse the sample, it was polarized 
vertically using a polarizer. 

When no sample is present, and both the polarizer and analyzer are 
positioned crosswise, the detector registers no light. Introducing a 
sample between these two components causes the sample to induce a 
rotation in the light wave’s polarization azimuth. To gauge this rotation, 
the analyzer must be adjusted until the light’s intensity reaches its 
minimum value. The degree to which the analyzer is rotated provides a 
measure of the optical rotation. For our experiments, optical rotation 
angles were determined for various sample orientation angles, ranging 
from Φ = 0̊ to Φ = 180̊, with increments of 15̊. 

Fig. 9(a), 9(b), and 9(c) graphically represent the optical rotation 
angles measured against the sample orientation for samples type I, type 
II, and type III, respectively. Across all the Ag-AgCl sample types, the 
optical rotation values were observed to be roughly zero at orientation 
angles Φ = 0̊, 90̊, and 180̊. This suggests that the probe beam’s polari
zation exiting the sample remains largely unaffected. Consequently, this 
implies that the sample’s fast and slow axes align either parallel or 
perpendicular to the nanograting lines. Notably, at orientation angles of 
Φ = 45̊ and 135̊, the optical rotation reaches its peak absolute value. 

The experimental data shown in Fig. 9 can be fit using Equation (12), 
as depicted by the dashed line. For the surface holographic nanograting 
in sample type I, the amplitude of the sine function (A0) – a measure of 
linear dichroism – is A0 = 3.1̊±0.3̊. However, for the volume holo
graphic nanogratings in sample types II and III, the amplitudes are found 
to be A0 = 10.7̊±0.3̊ and A0 = 11.7̊±0.3̊ respectively. It should be noted 
that holographic nanogratings are promising candidates for the design 
of polarized-sensitive photodetectors and waveplates [28,29]. 

Although the AgCl film thickness in samples type II and type III is five 
and ten times greater than in sample type I, the measured A0 for samples 

type II and type III are only three and four times greater than that of 
sample type I. It was anticipated that A0 in Ag-AgCl samples would rise 
linearly with the increased thickness of the AgCl film. The observed 
deviation is attributed to the interference among various plasmonic 
modes in samples type II and III. This interference results in light scat
tering depolarization at a wavelength of 532 nm, leading to a decrease in 
A0 [25]. 

3.4. Birefringence 

Birefringence in the Ag-AgCl film can be discerned by evaluating the 
ellipticity angles (η) of the probe beam traversing the Ag-AgCl film 
[7,12]. To achieve this, a polarimeter is incorporated into the setup 
depicted in Fig. 8, taking the place of the analyzer and detector. Fig. 10 
(a), 10(b), and 10(c) display the ellipticity angles, measured as functions 
of the sample orientation, for samples type I, type II, and type III, 
respectively. The peak birefringence value for silver nanogratings in the 
AgCl thin film is recorded at a wavelength of 632.8 nm; thus, a probe 
beam of this wavelength is employed for measuring ellipticity [7,12]. 

For the sample types I, II, and III, the values of induced birefringence 
are 0.29, 0.10, and 0.02 respectively. The maximum birefringence is 
observed for sample type I, which consists of a surface holographic 
nanograting. The emergence of intricate nanogratings in samples type II 
and III leads to a substantial reduction in birefringence. 

Birefringence in plasmonic anisotropic materials arises due to the 
phase retardance between transverse and longitudinal plasmonic reso
nances [30]. When the transverse plasmonic resonance surpasses its 
longitudinal counterpart, there is a positive phase retardation, and the 
reverse holds true [30]. As detailed in section 3.1, samples type II and III 
consist of complex gratings formed by the overlay of two and three 
simple gratings with different line-spacing, respectively. This layering 
likely causes the observed reduced birefringence in these samples, 

Fig. 8. Schematic representation of the experimental setup employed for op
tical rotation measurements. 

Fig. 9. Optical rotation measurements for Ag-AgCl samples across various 
orientations: (a) type I, (b) type II, and (c) type III. 
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stemming from the superposition of simple gratings each exhibiting a 
distinct birefringence direction. Interestingly, despite this reduced 
birefringence, linear dichroism remains relatively strong when 
compared to sample type I. Materials showing such pronounced di
chroism find potential applications in devices like nanophotonic 
switches and modulators [29]. 

4. Conclusion 

In this study, we elucidated the process of forming both surface and 
volume holographic silver nanogratings within an AgCl waveguide. 
Notably, the volume holographic nanogratings are crafted via the 
interference between the incident laser beam and higher-order TE 
modes present in the AgCl waveguide. A distinctive aspect of our method 
for creating volume holographic silver nanogratings in the AgCl film is 
the use of a single low-power laser beam. Furthermore, we circumvented 
the need for specialized couplers to introduce laser beams into the AgCl 
waveguide. Another advantage is the ability to monitor the quality of 
the volume holographic nanograting during laser exposure by observing 
the scattering and diffraction patterns displayed on a screen. These 
holographic silver nanogratings, both surface and volume types, act as 
anisotropic media and exhibit noteworthy optical characteristics, 
including linear dichroism and birefringence. The localized surface 
plasmon resonance (LSPR) of the periodic silver nanostructures enables 
the recording of wavelength information in these plasmonic nano
structures. Consequently, the linear dichroism of the holographic silver 
nanograting emerges as a wavelength-dependent feature. The utmost 
absolute value of linear dichroism is discerned near the incident laser’s 
wavelength. It’s also evident that sample type I, embedded with surface 
holographic nanogratings, more accurately registers the wavelength of 
the incident laser beam. Additionally, sample type I manifests the 
highest birefringence value. In summary, the propagation of elevated- 

order TE modes in the AgCl waveguide culminates in the emergence 
of intricate nanogratings. It’s also noteworthy that the birefringence 
induced in such a configuration is considerably diminished compared to 
an AgCl film solely propagating the TE0 mode, where a surface silver 
nanograting is generated. 
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