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Abstract: This Study demonstrated a design of -dimaensional photonicrystal (PC)
structure consisting of alternate layers of Silicon dioxide>(Sémd Tantalum pentoxide
(TaOs ) that blocks infrared light and passes only light of short wavelengths. Results
show a new design for optimal edge filter of optical sinave pass (SWP) filter that can

be used as a smart energy saving window. Alagig and Almakhwah are hot climate
provinces at Albaha region in Kingdom of Saudi Arabia. They have been taken as
examples for this study. The design was done with the computational help of
optimization wusi ng t heThé reearspelarized lght mddalat eod” sof
been contained a mamittance greater than 98% in both summer and winter solstices in
the visible region and more than 40% of the amount of sun energy has entered in winter
from the infrared region which has been reflected (stopped) in surirarresults in a
0.0250.175 pm photonic band gap (PBG) shift in the direction of short wavelengths by
increasing the angle of incidence.
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INTRODUCTION

PhotonicCrystals (PCs) or Photonic Band Gap (PBG) materials are a new class of optical materials with a
periodic modulation in the dielectric constants on the length scale comparable to thewaptetahgth.

These artificial materials create a range of forbidétequencies called photonic band gap in which
propagation of electromagnetic (EM) waves is completely prohibited in a manner analogous to the
formation of electroic band gaps in semiconductérs

Optical interference filter is the preferred type of icgit coatings, which use the gomenon of
interference wave$*. Such filters consist of muitayered thin filmsdeposited on substrates, and have
the property of being able to reflect a range of wavelengths and trasthemié°. Useful application of
suchcoatings is the edge filtets.

Edge filters are the filters in which the primary characteristic is an abrupt change between a region of
rejection and a region of transmission, they transmit wavelengths on one side, and stop wavelengths on
the othe side, of a specified wavength, known as the edge wavelength, the high transmittanbe in t
passband is usually desirgd®!t Edge filters are divided into two main designs, levaye pass (LWP)

and shorwave pass (SWP)%12 One design has the passband on the high wavelength side of the stop
band, while the other one is on the low wavelengths side. The designs efighefilters are the
following®:

No[0.5H (LH*LOSH]ns( Hi gh A pass)
No [0.5L (HL)*H 0.5L] ns( s h qass) A

Where H and L are quartewave optical thickness of a high index layer and a low index layer
respectively. The doublayer combination (HL) stack between massive substrajeafrd air (i) is
repeated A times. A idgialisg”"calhedhehanadbydeéercadf a
in the passband because of the mismatching between the coatingalsaéed the surrounding
mediumt*15, These ripples are severe and the performance of the filter design would be quite a difficult

task. Thesdilters are widely used for various optical applications, especially in wavelength division

multiplexers (WDM), optical fiber communication systems, and maitlia color projection displ&y
17,18

In this paper we apply a technique that depends on the needle optimization as a synthesis method and
characteristics matrix to design optimal edge filter of stvavte pass for vislb-near IR region (04.1

um) 192021The design was done with treamputational help of optimization usinp e “ Essent i a
Macl eod” M preserd & raethod of building a hightical quality shortvave pass filter, as

the smart energy saving windows in buildings and other applications that can significantly seduc

energy at hot climates. Alagiq and Almakhwa are hot climates provinces at Albaha region in Kingdom of
Saudi Arabia. They have been taken as examples to study this optical low pass filter as a smart energy
saving window which changes its optical pras through the change in the incident angle of sun rays

in summer and winter solstices , and they can revert to their original state by an angle reversal.
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OPTICAL PASS FILTER MATRIX CALCULATIONS

In this study modeling 1D photonic crystal, as an optstartwave pass filter, has been carried out
using Characteristics Matrix to determine the spectral transmittance profile foagarlttructures on

a substraté!118 Figure (1) shows the multilayer structure of an optical filter. Characteristicsbmatr
are the assembly of g thin film layers. Simple characteristic matrix is the product of the individual
matrices for the individual layers of the assembly tdkehe correct order, i.e.

m (1]

Where, B and C are normalized total tangential electric and magnetic fields respectively at the input
surface.

Ninc

Nq, dq

N4, da
ns,ds

nz,dz

ni,d: '

=101

Figure (1): Multilayer Optical Filter
1 ¢t QAT GO_ [2]

Ur is the phase shift of the wave inside the layer of refractive ind@xdnphysical thickness d
O is the angle of incidenright.
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A is the wavelength of light in vacuum.
d is the pseudo index of the layer (a tilted optical admittance of the layer ).

dmis the pseudo index of the substrate or emergent medium.

The order of multiplication is impaant. If q is the layer next to the substrate,

then the order is

eB g R el

& giMl[M].-av, 6, 3]
Mii ndi cates the matrix associated with Jnuster 1, 8
be real for reflectance (R) and transmittance (T)

_4nB-C 0 /B C

- (0]

cMB +C < i «C 4
_ 4h, Re(f)

 (h,B +C)( 4B +C)

R

NEEDLE SYNTHESIS TECHNIQUE

Numerical methods are the most widely used techniques for the solution of complicated spectral
problems that cannot be solved with other methods, and can be applied to the design of coatings with
very complicated specificatiort$2%22The problem of optal coating design can be formtdd as an
optimization problem?*?5 The performance of the design during the optimization procedure is
improved by minimizing the merit function that measures the discrepasteyeén the target and
solution?® 27, The most important merit function (MF) form is that proposed brbwolski which is
defined ag* %

bo - —_— [5]

The merit function has been minimized by modifying several design parameters likiekhedh and

refractive idices of the individual layer®. Needle synthesis is the most commonly and efficient
optimization design techniqgue us esigns withfcdmplexa powe
performancé-15.1921.24.30

The principal featre of needle optimization technique is that the choice of starting design is not a
problem. The essence of the needle technique is that algorithm identifies the convenient places to
insert new layers that will improve the merit function. The algorithm &lib identify which layer
material, from a preselected group materials (specified by the user) willvidle the greatest
improvement. Once the process has been initiated and the needle layer has been inserted into the
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existing design, the thicknessekthe resulting assembly of layers is refined to further decrease the
value of the merit function by adjusting the thickness of layers in the stack. This process may be
successively iterated without intervention until the insertion of the needle layenger affects the
decrease in the merit functiért* 3%,

RESULTS AND DISCUSION

In this section, we have designed an edge filter of shave pass (SWP) filter by numerical

optimization method (needle technique) using the Essential Macleod softwhee. oftical

performance of the filter has been studied for visitdar IR region (0-4L.1um).The designed

dielectric edge filter is composed of alternatingntalum pentoxide (%&s , ny =2.14) and Silicon

dioxide (Sie, n. =1.46) layers and substrate is glass wighssv 1. 52 ; the design wayv
0.550 pm.

Studying the properties of the filter by varying the angle of incidence of light at mean polarized light,
gives us an important application for this filter. It can be used as a smart energy saving window.
Alagig and Almakhwah are hot climate provinces Hiaha region in Kingdom of Saudi Arabia. They
have been taken as examples for this stlidle (1) shows the incident angles of the sun at summer
and winter solsticesieasured at noon time for théfy>.

Table (1): the incident angles of the sun at summer and winter solstices measurec
noon time for Alagig and Almakhwah provinces.

Alagiq Almakhwah
Solstice | Day/Month | province province
Angle /deg | Angle /deg
21-Jun 4.73 5.24
Summer 21-Jul 4.65 4.9
21-Aug 9.18 9
21-Sep 19.77 19.27
21-Dec 43.79 43.28
Winter 21-Jan 40.54 40.05
21-Feb 31.41 30.94
21-Mar 20.93 20.48

Table (2) shows the maximum temperature in summer and winter solstices measured for Alagiq and
Almakhwah, as well as Albaha regioin Kingdom of Saudi Arabf4 *°. Before the design
optimization, the performance at normal polarization is showRigare (2). The curve shows the
transmittance profile of 37 layers of sharave pass (SWP) filter with total physical thickness 4.708
pm where in the visible region, the pass band had an average transmittance Tav = 96%6if50.4

pm spectral range, for normal idence. In the infrared region, the stopband had an average
transmission of Tav = 0.6% in 7.35085um spectral range.
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Table (2): The maximum temperature in summer and winter solstices measure(
Alagiq andAlmakhwah

Alagiq Almakhwah
province province
Solstice Month Maximum Maximum
Temperature | Temperature
(°C) (°C)
June 36.1 41.6
Summer July 36 41
August 35.1 40.1
September] 35.3 40
December 23.9 30.8
. January 231 29.7
Winter — bruary 252 312
March 28.1 33.9
100
S 80 | Y
8
§ 60
£ a0 |
8
© 20
|_
0 1 1 1 D -

04 05 06 07 08 09 1 11
Wavelength (um)

Figure (2): The performance of optical SWP filter at normal polarization before
optimization.

The design has been optimizedngsEssential Macleodoftwaré!. The needle technique was used in

the present study. The performance of the design after optimization is shown in figure (3), which
offers the improved optical performance of the layers of sheave pass (SWP) filter. The curve
shows the transmittancegdile of 41 layers with total physic#hickness 4.775 um where the coating
layers increased to get optimal shadve pass (SWP) filter as shownfigure (3).In the visible

region, the pass band had an average transmittance greater than 99 %689 spectral range,

for normal incidence and in the infrared region, the stop band had an average transmission of Tav =
0.6% in 0.7351.085 um spectral range.
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Figure (3): The performance of optical SWP filter at norrpalarization using thaeedle technique.

The transmission spectrum of the optimal design has been studied in detail by varying the angle of
incidence of light at mean polarized light (mgaoi) in summer and wintesolsticesone for Alagiq
province and one foklmakhwah province at Albaha region in Kingdom of Saudi Arabia.

Figures (4A and B) show the contour and 3D plots. They show the general aspect of transmittance
with varying the angle of incidence of light through the optimal design. By increasing the angle of
incidence the stop band shifts in the direction of short wavelengths pegrtiitéiriransmission of the
infrared radiation at high angles (in winter solstice).

Incident Angle /deg

400 600 800 1000
Wavelength /nm

Figure (4A): Contourplot for thetransmittancén SummesWinter Solstices by varying the angle o
incidence.
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Figure (4B): 3D plotfor thetransmittancén SummerWinter Solstices by varying the angle of
incidence.

(a) For Alagiq Province: Figure (5) shows a significant reflection (stop) of sun energy (in the
infrared range) which has beenticed in summer time. Mean polarized light shows a transmittance
greater than 99% in the visible spectral range during summer s@iticee 5) and geater than 98%

in winter solsticgFigure 6).

Summer Solstice in Alagiq province

100
QQ, 80 r —(0.00 deg
S 60 | ——4.73 deg, 21-Jun
£ 40 | ——4.65 deg, 21-Jul
% 20 L AA —0.18 deg, 21-Aug
E 0 ! ! = i —19.77 deg, 21 Sep

04 05 06 07 08 09 1 11
Wavelength (um)

Figure (5): Transmittance profile for optimal low pass filter in summer solstice in Alagig pravince

As shown in Figure (6) by increasing the angle of incidence, the stop band shifts in the direction of
short wavelengths permitting the transmission of the infrared radiation in winesults in a 0.025
0.175 um photonic band gap (PBG) shift in thesdiion of short wavelengths by increasing the angle
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of incidence.The transmittance on 21 December is more than 41 % , in the range from 1um to 1.100

pm, allowing IR for space heating during that time of the year and then it decreases reaching 6% on 21
of March.

Winter Solstice in Alaqgiq Province
100

80 1 —0.00 deg
0T ——43.79 deg, 21-Dec
40 r
—10.54 deg, 21-Jan
20
0 , , _ata.. M J ——=31.41 deg, 21-Feb
05 06 07 08 09

0.4

Transmittance(%b)

1 11 20.93 deg, 21-Mar

Wavelength (um)

Figure (6): Transmittance profile for optimal low pass filter in winter solstice in Alagiq Wi
province.

after the optimization. As shown in figures (7,8), the quality faQadncreases as the angle of

incidence® increases at the megolarized light. This means that the PBG decreases by increasing

the angle of incidence which permits the amount of sun energy to enter in winter solstice. Q can be

used as a probe for the vaitm of the size of the PBG with the angle of incidence of the sun i.e. from
summer solstice to winter solstice.

Summer Solstice in Alaqiq

2.62
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O 2615

S

S 261

Ll

22.605

‘_§ 21-Jul

6 21-Aug
o 26 21-Jun
2.595 . . . .
0 5 @ (in degre&5 20 25

Figure(7):Qual ity factor Q vs The angl e
summer solstice in Alagig.
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Winter Solstice in Alagiq
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Figure (8): Quality factor Qvs The angle of incidend@ at mean polarized light at
winter solstice in Alagiq.

(b) For Almakhwah Province : Figure (9) shows that same results have been obtained as in Alaqiq
province during summer. As shown in Figure (10), by increasing the angle of incidence the stop band
shifts in the direction of short wavelengths permitting the transmission of the infrared radiation in
winter. This results in a 0.020.170 um photonic bahgap (PBG) shift in the direction of short
wavelengths by increasing the angle of incidenidee transmittance on 21 December is more than 40

% in the range from 1um to 1.1um, allowing IR for space heating during that time of the year and then
it decreass reaching 5.5% on 21 March.

Summer Solstice in Almakhwah

<10 0.00 d

o — () e

S 80 | d
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£ 40 4.90 deg, 21-Jul
c 20 L

©

=R . . . ) ——9.00deg, 21-Aug

04 05 06 07 08 09 1 11

—19.27 deg, 21-Sep
Wavelength (um)

Figure (9): Transmittance profile for optimal low pass filter in summer Solstice in Almakh
province.
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Winter Solstice in Almakhwah
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Figure (10): Transmittance profile for optimal low pass filter at winter solstice in
Almakhwahprovince.

As shown in figures (11,12), The quality factor Q increases as the angle of ind@lgmureases at the
meanpolarized light which it means decreasing in the PBG with increasing the angle of incidence
which permits amount of sun energy to enter in winter solstice.

Summer Solitice in Almakhwah

o 262 | 21-Sep

e

2

s

LL

2

26 21-Aug

© ,21-June . .
0 5 10 15 20 25
O (in degrees)

Figure (11): Quality factor Qus The angle of incidend® at mean polarized light at
summer solstice in Almakhwah.
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Winter solstice in Almakhwah
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Figure (12). Quality factor Qus the angle of incidend@ at mean polarized light
during winter solstice in Almakhwah.

By comparing the study of the optimal design of sheave pass (SWP) filter in Alagig and
Almakhahprovincesi,it is clear that the results are nearly the same except a minor increase of IR
energy entered during winter in Alagiqg more than Almakhwah.

CONCLUSION

In this Study, the needle technique has been applied as a synthesis method. The characteristics matrix
was also used in designing an optimal edge filteshoirtwave pass (SWHpr visible-near IR region
(0.4-1.1um)The tuning of SWP filter that was obtained and its optical properties that had been studied
can be used as a smart energy saving window. Alagiq and Almakhwa have been taken as examples for
this study. They are hot climates provinces at Albaha region igddim of Saudi Arabia. Mean
polarized light mode has shown a transmittance greater than 98% during both summer and winter
solstices in the visible region and more than 40% amount of sun energy entered in winter from the
infrared region which has been retied (stopped) in summerthis results in a 0.020.175 um

photonic band gap (PBG) shift in the direction of short wavelengths by increasing the angle of
incidence.t is clear that the results are nearly the same except a minor increase of IR energy entere
during winter in Alagiq more than Almakhwabh.
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