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ABSTRACT

In this paper, a one-dimensional photonic crystal (PhC) composed of
[SiO,/ZrO,] stacks is designed to act as an optical filter. These types of filters
have been extensively used in safety glasses working in the wavelength of
355 nm. Here, theoretical calculations are carried out in MATLAB software
based on the transfer matrix method (TMM). Simulations showed that the
structure of Quartz/[SiO,/ZrO,]* can block the wavelength of 355 nm,
reducing the transmittance ratio to 1.29x10°%. By forming 16 stacks, the
optical density (OD) reaches 5, completely protecting the user’s eyes from
laser beams with incident angles ranging from 0 to 22 degrees. For higher
incident angles up to 38 degrees, 20 stacks of [SiO,/ZrO,] are needed to
reach OD = 5. The visible light can pass through this filter about 70%, being
sufficient for the user’s vision. Finally, the distribution of the electric field is

simulated to confirm the performance of the resulting structures.
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INTRODUCTION

Photonic crystals (PhCs) are multilayer
structures that have repeated stacks of the
dielectric layers with different refractive indices
(low and high). The period in the refractive indices
led to a blocking band which is barricaded photon
emission in the structure. In accordance with the
structural periodicity of photonic crystals, they can
be classified into three different classifications:
one-dimensional (1-D), two-dimensional (2-D), and
three-dimensional (3-D). Consequently, photonic
crystals have drawn global attention for their
use in various applications such as Bragg mirrors,
reflectors, optical filters, and laser eye protection
filters [1-7]. Laser users must adhere to specific
safety principles due to the high focusing and high
intensity of light. Because of a high concentration
of visible and near-infrared radiation on the retina,
it is the most vulnerable to laser radiation. Retinal
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laser injuries are characterized by a sudden loss
of vision, often followed by marked improvement
over a few weeks, and occasionally severe late
complications. In this case, medical and surgical
treatments are limited. Therefore, prevention
and eye protection are very essential [8-12]. In
this situation, not only a direct beam of the laser
is hazardous to the health of the user, but also a
reflected beam [13,14] and dispersed beam can
be dangerous when scattered from the diffuser
targets. In addition, high-power lasers with low
wavelength (lasers class 3R and above) place
on a higher risk level [15,16]. Because this type
of lasers have a lot of energy and according to
the high centralization, their peril is far higher,
therefore, observance of safety principle is more
imperative during work with them. Different types
of eye-protective devices have been designed for
different circumstances. While for average optical
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power, optical glasses with a plastic filter are used,
in which these kinds of glasses are made up of
polycarbonate or a layer of absorbent or reflective
[17], for higher power, the actual glass is used.
Glass has better resisted against the laser beam
and also against scratches; however, it is very
weak against mechanical shocks. Another type
of glasses can be made of multilayer dielectric
[18], nanogratings [19] or 1D-PhCs [7] to act as
the Bragg mirror against direct wavelengths. Not
only can these mirrors act as a full mirror, but also
they are able to pass a particular wavelength from
the crystal by creating a defect in their structure.
The optical properties of the structure and the
characteristics of the filter can be manipulated
and controlled according to its application by
monitoring the type of layers, their thicknesses,
the number of repetitions, and defects in the
structure [20, 21].

Regarding the importance of laser safety, in this
paper, a photonic blocker of Quartz/[SiO,/ZrO,]
" is designed to use in safety goggles for 355 nm
laser. Here, we use quartz instead of BK7 because
the BK7 has a large absorption in the ultraviolet
region. There is no refractive index measured for
BK7 in the ultraviolet region also the loss of UV-
light intensity in it would add up to the optical
blocking of the PhC. Therefore quartz was selected
as the base of the safety goggles, also zirconium
dioxide (ZrO,) and silicon dioxide (SiO,) are used as
high and low refractive indexes, respectively. SiO,
is a very well-known dielectric that has been used
in PhCs widely [22-24]. In our based calculations
several materials have been chosen to match with
SiO, in the PhC which led to picking the ZrO, as the
high refractive indexes in the structure [25]. It’s
worth mentioning that the absorption coefficient
of these dielectric materials is near zero for the
UV-Vis spectra which are perfect for our purpose
[25, 26]. Different PhCs have been designed with
different combinations and details containing
Si0, or even SiO,/ZrO, [23-24,27]. What makes
this paper special is that we focus on filtering
certain wavelength with a goggle and reducing the
laser transmittance enough to make it safe for a
human’s eye to work with 355 nm lasers that are
used for laser medical treatments, microscopy,
flow cytometry, Raman spectroscopy, and micro-
electronics manufacturing

THEORETICAL PRINCIPLES
Periodic structures and PhCs are discussed
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using Maxwell’s equations [28, 29]. Generally, the
beam of light is considered an electromagnetic
plane wave E(r) = E el(®7=»0) (Fig. 1).

According to the boundary condition for
electric fields and magnetic fields, all tangential
components are continuous:
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where E and H, are the incident beams, E,_and
H, arethe reflected beams from the LHS of the z=0,
and are the transmitted beams, and E, and H, are
the reflected beams from the RHS of interface z=0.
Then can rewrite the above equations in a matrix
form:
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where A is called the dynamical matrix. Also, for
the emission of light in a thin film, the propagation
matrix is defined as:
e—ikiLi 0

Di = 0 e+ikiLi (6)

the k is the wavenumber of the i" layer and L
is the distance that light traveled inside the thin
film. In periodic structures with a large number
of layers, the above equations are expressed as
follows:
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Fig. 1. Electromagnetic plane wave at the interface of two layers.

where 0 and S denote air and substrate,
respectively. The matrix M is the total matrix of
the structure and by using this matrix, the Fresnel
coefficients and reflectivity and transmission
of structure can be calculated subsequently, as
follows [30,31]:

=Mz1/M1i (9)
t=1/Mi; (10)
where M(m o is an element in the m* row and

n column, of M matrix. The total electric field
expression of the TE and TM polarizations as
follows:

BERAF i

where is the forward propagating electric field
components, and E is the backward propagating
electric field components of the whole structure:

I1=|E|*. (13)
Finally, the optical density (OD) defined as [32]:
0D = log,, (;—i) (14)

where | is the incident light intensity and | is
transmitted light intensity.

CALCULATIONS AND SIMULATION
For simulations of PhC, quartz plays the role of

620

the substrate also zirconium dioxide (ZrO,) and
silicon dioxide (SiO,) are selected as thin films with
high and low refractive indices, respectively. In
calculations, the refractive indices of quartz [33],
silicon dioxide [26] and zirconium dioxide [25] were
extracted from references and illustrated in Fig. 2.
It’s worthy to mention that all three of Quartz,
Si0,, and ZrO, are dielectrics with almost zero
extinction of light which means their imaginary
parts of the refractive index are negligible in
the UV-visible spectrum. Blocking PhC has been
designed for 355-nm UV laser, regarding this goal
some parameters such as working wavelength
(WW), layer’s thickness and the number of stacks
have to be optimized. It’s well known layers
thickness in PhCs are calculated using L=A /4n
equation where A is WW.

To scrutiny of WW, the structures with WWs of
250, 300, 355,400 and 450 nm were simulated. The
intensity of transmitted light from the structure
with 10 stacks of [SiOz/ZrOZ] was calculated and
results were shown in Fig. 3. In results for each
WW, there is a blocking band about 100 nm width
that the related WW almost place in the middle of
the blocking band. Besides, in the other regions of
the spectrum, the transmitted light is not diminish
appreciably. Therefore, the structure acts as a
perfect filter in the desired range and it passes
other wavelengths. Consequently, regarding the
paper’s target, the WW of 355 nm was selected.

After the determination of the WW, the related
thicknesses of 59 and 38 nm were obtained
using L=A /4n equation for silicon dioxide and
zirconium dioxide, respectively. Now, with more
calculations, it is possible to obtain the optimum
number of stacks to obtain optimal conditions
and the desirable blocking rate. In this way, the
intensity of light transmission of the structure was
calculated for n =5, 10, 15 and 20 (where n is the
repetitions of [SiOZ/ZrOZ] stacks) and results were
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Fig. 2. Refractive index of Quartz [33], SiO, [26] and ZrO, [25] versus wavelength, imaginary parts of
refractive index are negligible.
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Fig. 3. The transmittance spectrum of Quartz/[SiO,/Zr0,]* structure for the WWs of 250, 300, 355, 400 and 450 nm.

demonstrated in Fig. 4. One can see the blocking
effect does not satisfy completely in n=5 but by
increasing the value of n, up to 10, the blocking
effect has improved in the wavelength region of
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335-375 nm, but still, this effect is not optimum
and merely some part of the light is transmitted
(see Fig. 4). Ultimately, in the structure with n=15,
the filter effect of PhC has an acceptable condition
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Fig. 4. The transmittance of Quartz/[SiO,/Zr0,]" structure with n =5, 10, 15, and 20. Inset image shows the blocking
band area in more detail.
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Fig. 5. The distribution function of electric field intensity in the PhC filter with Quartz/[SiO,/Zr0,]** structure for
wavelengths of 340, 345, 350, 355, 360 and 365 nm.
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Fig. 6. Optical density of structure versus wavelength for different numbers of 5, 10, 15, 16, 17, 18, 19 and 20 [SiOz/
Zr0,] stacks.

and with increasing the n value up to 20, the
blocking quality reach perfection. In this structure,
the light transmittance reduces to less than
1.29%x10°% at the wavelength of 355 nm which is
very desirable and satisfactory.

Studying the distribution function of the electric
field intensity in the structure is very useful and
can provide a better understanding of structure
performance [28,34,35]. In this regard, to ensure
the performance of the filter, the transmission
distribution function was plotted for wavelengths
near355nmi.e. 340, 345, 350, 360 and 365 nm and
was shown in Fig. 5. In this figure, X-axis presents
the depth of the structure starting from the air
side. Here the distribution of the field intensity
in 15 stacks [SiOz/ZrOZ] has been calculated using
the Matlab code. This code works in a for loop that
starts with calculation of the distribution of the
field intensity in depth of 1 nm which is SiO, and
goes forward ftill it gets to the SiO,/ZrO, boundary,
there for code calculates the distribution of the
field intensity in one layer of SiO, and 1 nm layer
of ZrO, and so on. According to Fig. 5, the filter
proceeds of a PhC were again confirmed for the
wavelength of 355 nm and nearby wavelengths
around it. The distribution of the field intensity

J Nanostruct 11(3): 618-627, Summer 2021
[@)er |

curve demonstrated that how the electric field
of a laser beam had merely aspired to zero at the
depth of layer and nearby the quartz substrate.
Consequently, the beam was completely blocked
and the high energy waves did not reach the user’s
eyes, thus, safety was guaranteed.

As we know the laser beams with different
wavelengths have different effects on the human
ocular system. Lasers with ultraviolet wavelength
potentially are hazardous for the cornea since
these wavelength ranges will focus on the cornea
and will cause damage. The corneais the part of the
ocular system that absorbs ultraviolet wavelength,
therefore this type of lasers are harmful to the
cornea. Based on the type of lasers, the damage
mechanisms caused by them are different.
Continuous wavelength (CW) lasers cause
burning (thermal process) and photochemical
degeneration (UV effect) [36]. Pulsed lasers cause
thermal and photochemical processes also blast
damage along with damage that come from shock
and acoustic waves of these pulsed lasers. The
laser caused injuries are determined by multiple
laser-related and eye-related factors such as
laser wavelength, exposure time, laser power,
direct contact or indirect exposure and etc. Lots
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Fig. 7. The distribution function of electric field intensity in the PhC blocking filter with Quartz/[SiO,/ZrO,]* structure
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Table 1. The electric field intensity in the ending point of the blocking filter (|E

605 and 685 nm (UV and visible light ranges).

2) for different wavelengths of 355, 470, 530, 580,

ena

Wavelength 355 nm 470 nm

530 nm

580 nm 605 nm 685 nm

| Eend|? 7.28x10® 0.46

0.64 0.61 0.63 0.60

of studies took place on ocular system and skin
laser damage threshold.One of the standards for
laser safety filters is optical density (OD) which
is defined as equation (14). The minimum of OD
is about 5 required to eliminate the risk of lasers
[32]. Considering previous discussion OD of the
designed PhC filter for WW of the 355 nm and the
different numbers of 5, 10, 15, 16, 17, 18, 19 and
20 [SiOZ/ZrOZ] stacks have been calculated and
presented in Fig. 6. The intersecting lines (dash
lines) of OD=5 and A=355 nm show that 5 and 10
stacks of [SiOZ/ZrOZ] won't offer safety, but with
increasing the number of stacks up to 15, the OD
curve almost reaches 5, which promises safety for
its user. By increasing the number of stacks higher
than 15, (n= 16-20), the OD curves go higher and
cover a wide range of wavelengths with desirable
OD.

For a safety goggle, the whole subject doesn’t
necessarily evolve just around blocking the light,
we need to avoid blocking visible range and
not disturbing user’s vision. In this regard, six
wavelengths in the visible spectra were chosen
and the distribution function of the electric field of
related wavelengths throw depth of structure with

15 stacks were calculated and illustrated in Fig. 7.
Field distribution results prove and discuss the
results of Fig. 5 in another way. The electric field
intensity at the end of the structure that entitled
|E_,|? is listed in Table 1. One can see that the
designed filter does nothing much to the visible
spectra and besides blocking ultraviolet region
and safety, won't interrupt with the user’s vision.

All the pre simulations and discussions before
were for the ideal situation where light incidents
on the filter surface perpendicularly. The extra
simulations and calculations were carried out for
gaining more realistic insight about the designed
structure capabilities and weaknesses. Fig. 8
presents the optical density of structure with 15
stacks of [SiOZ/ZrOZ] in wavelengths of 250 to
800 nm versus incident angles in ranges 0 to 90
degrees. Fig. 8 shows with increasing the incident
angle to about 40 degrees, the OD’s peak width
which is related and homologous to blocking band
doesn’t change a lot. For incident angles larger
than 40 degrees, the OD peak gets narrow and
shifts to lower wavelengths which is not desirable.

The main wavelength in this paper is 355 nm,
therefore, OD for 355 nm on the structure with

Quartz/[Si0,/Zr0,]"/ Air
[Si0,/Z10,]"

--- Wavelength 355 nm
n=

Optical density (OD)

)

o 3

0 T T T T T ‘tﬁ:%ﬁfmzﬁ
0 10 20 30 40 50 60 70 80 90

Incident angle (degree)
Fig. 9. The optical density of structure for wavelength of 355 nm versus incident angles
of 0 to 90 degrees for different numbers of 5, 10, 15, 16, 17, 18, 19 and 20 [SiO,/ZrO,]
stacks.
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Table 2. Safe incident angle region for different numbers of [SiO,/ZrO,] stacks carried out in Fig. 10 (NS means not safe).

Number of stacks 5 10 15 17 18 19 20
Safe incident angle ranges NS NS NS 0to 22 0to 29 0to 33 0to 36 0to 38
(degree)

5, 10, 15, 16, 17, 18, 19 and 20 stacks of [SiOz/
ZrQ,] versus incident angles of 0 to 90 degrees
are calculated and shown in Fig. 9. Also, table 2
presents the safe incident angle range for 5, 10,
15, 16, 17, 18, 19 and 20 stacks of [SiOz/ZrOZ]. The
results show thatn=1, 5, 10 and 15 stacks can’t be
trusted and don’t offer any safety but for 16 stacks,
users can make sure direct stroked laser beam with
incident angles ranging from 0 to 22 degrees won’t
cause any damage. By increasing the number of
stacks up to 20, the user is safe against the direct
strike ranging from 0 to 38 degrees.

CONCLUSION

In this paper, an optical filter consisting of the
PhC with repetitions of [SiO,/ZrO,] stacks was
designed and investigated. Here, thicknesses of
the silicon dioxide and zirconium dioxide were
selected to be 59 and 38 nm, respectively. Various
parameters of the blocking filter were studied and
calculated for the wavelength of 355 nm of high-
energy lasers, thereby designing a high-efficiency
blocking filter with an OD of at least 5. Simulations
showed that the structure of Quartz/[SiO,/ZrO,]*°
can block the wavelength of 355 nm, reducing
the transmittance to 1.29x10° %. By having 16
stacks and higher, the optical density reached 5,
completely protecting the user’s eyes from laser
beams with incident angles ranging from 0 to 22
degrees. For incident angles up to 38 degrees, 20
stacks of [SiO,/Zr0,] guaranteed no damage to the
eyes of the operator. This filter transmits at least
70% of the visible light, being enough for the user’s
vision. Finally, the distribution of the electric field
was also used to confirm the performance of the
structures.
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