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ARTICLE INFO ABSTRACT
Article histery: We have developed a novel ozone gas sensor based on one dimensional photonic crystal with two defects.
Received 10 February 2014 In this platform, the gas is dissolved in a specific neutral buffer kalium iodide reagent to include the Beer
Received in revised form 27 August 2014 Lambert effect. The corresponding photonic crystal which was fabricated by using sol-gel method consists
:"’""I : ;f;&";:;;ﬁ’:;ﬂ o of a high refractive index layer of TiO; and a low refractive index layer of Si0;. Prior to the fabrication
of corresponding photonic crystal, we grew the TiO; and 5i0; single layer separately in order to ensure
- that the performance of each layer fulfilled the required characteristics provided by our simulation. After
m that, the fabrication processed was conducted layer-by-layer and inspected by spectrophotometer. The
Photonic crystal sensor performance test of the fabricated photonic crystal, including its validation, accuracy and sensitivity,
Sol-gel method was then conducted through spectroscopic treatment and we used ozonizer as the gas source. Validation
Beer-Lambert effect test was performed by comparing the results with measurement using NBKI method and showed a good
agreement. It was found that the accuracy value is up to 98.75%. Based on a statistical approach, we found
that the limit of detection is 1.067 ug/m’® ambient air.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction One of the standard measurements of ozone gas concentration

It has been widely known that ozone (O3) pollution cannot only
affect human health, but also damage some types of plants. Under
long time exposure, 0.3 ppm low ozone concentration can cause
irritation, while the higher level ~9.0 ppm may lead to edema pul-
monary. Moreover, at least there are 57 species of plants that are
susceptible to ozone gas. The ozone gas diffuses via stomata and
terminates palisade cell to form brownish yellow spot. In the case
of tobacco plant, for 4 h exposure of 0.08-0.10 ppm concentration
results in serious damage [1.2].
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provided by the International Ozone Association (10A, Standariza-
tion Committee 001/87) is neutral buffer potassium iodide (NBKI)
method. The NBKI solution consists of potassium iodide (K1), diso-
dium hydrogen phosphate dodecahydrate (NazgHPO4-2H;0), and
potassium dihydrogen phosphate (KH;PO4). This method is based
on oxidation of iodide ion to form iodine ozone when the related
ozone is bubbled through a solution of NBKL. The main advantage
of this method is its reproducibility when conducted under strict
conditions of a particular sampling technique, reaction time and
ozone gas flow rate [3].

Over the past years, ozone sensors have been developed based
on various platforms such as In; 03 nano-crystals [4], WO; [ 5], elec-
trochemical cell [6.7], enzyme-based biosensor [8], ZnO nanorod
[9), chemo luminescent 10}, and optical sensors [11,12]. Several
types of optical sensors that have been developed were based on
photonic crystals [13], fiber optics | 14] and hybrid plasmonic pho-
tonic crystals [15]. Regarding the photonic crystal sensor, it has
even been reported to allow high sensitivity for the detection limit
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Fig. 1. (a) 1D-PhC model for ozone gas sensor. (b) Flow process of 1D-PhC fabrication. (c) Hlustration of deposition coating of PhC-1 and PhC-2. (d) Photograph of soi-gel

fabricated PhC-1 (left) and PhC-2 (right).

up to order of sub-pg/mL [ 16]. The application of one dimensional
photonic crystal (1D-PhC) with two defects for detecting NO; gas
has also been carried out in an integrated gas monitoring system
[17]. It has widely been discussed that the presence of defects in
a periodic optical structure leads to the existence of photonic pass
band (PPB) inside the photonic band gap (PBG) | 18]. Each of two
defects functions as a regulator and receptor. The regulator layer
which was designed permanently to set the fixed PPB has opti-
cal thickness two times greater than the regular layer, while the
receptor layer was designed to place the analyte.

In our recent work, we have successfully developed a 1D-PhC
based ozone sensor which was fabricated using sol-gel method.
The basic principle of this sensor is the application of photonic pass
band (PPB) variation due to refractive index changes of the receptor
enhanced by the Beer-Lambert effect in NBKI method. This article
will explain the result of the performance of the sensor.

2. Design and simulation of 1D-PhC

We considered a 1D-PhC structure consisting of two or more
periodic transparent dielectric materials with different refractive
indices, while the optical thickness of each layer is set to be
a quarter of operational wavelength |19,20]. When lights pass
through the layers, each layer partially reflects the corresponding
light. The Bragg reflection creates when constructive interference
between forward and backward propagating lights leads to a strong
reflectance. This reflection is responsible for the occurrence of
photonic band gap (PBG) where for certain wavelength interval
light cannot be propagated [21]. Remarkably, when a defect is

introduced to this periodic system by modifying one or more layers
optical path in the structure it bring about the existence of pho-
tonic pass band (PPB) that allows light to propagate in a narrow
interval inside the corresponding PBG. In principle, the insertion
of two defects in 1D-PhC can generate PPB with unique character-
istics with respect to the material changes on defect layers. The
change of optical path of the first defect leads to the shift of PPB
peak, while the one on the second defect layer causes the change
of PBB peak value. It is this later characteristic that can be used as
sensing platform [18].

We design a 1D-PhC comprising alternating two different
dielectric materials and two defects in the following arrangement:

()"0 (3)'(2)

As shown in Fig. 1a. The symbol (ny/n;) denotes one unit cell
where n, and n; represent layers of high and low refractive indices
with the associated thicknesses are dy and d,, respectively, while
ns represents substrate. The symbols Dy and D, are related to reg-
ulator and receptor defect cell, respectively, where Dy =(npeg/n;)
and Dy =(nrec/m;). The corresponding thicknesses of both defects
Nreg and Npec layers are dreg and dpee, respectively. The numbers of
cells in each segment are represented by M, N, L and we consid-
ered M=2, N=3 and L=1., respectively. This design is based on
optimum configuration where N=M + L [17]. For substrate layer we
used quartz crystal with refractive index of 1.544, Si0; as low index
layer with refractive index of 1.45, and TiO; with refractive index of
2.21 as high index layer as well as regulator layer. In this case, light
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Fig. 2. Absorption spectra of ozone absorbed in NBKL

propagates from substrate-1 through the 1D-PhC and is detected
after substrate-2,

As menticned previously, this sensor is not only developed
based on the principle of PPB variation, but also by employing
the electromagnetic absorption of material known as Beer-Lambert
effect. Therefore, firstly we have to determine the analyte absorp-
tion wavelength. For this purpose, we poured 10 ml NBKI solution
into an impinger tube added by ozone gas obtained from ozonizer
at rate of 0.41/min for 15 min. To obtain the spectrum characteris-
tics of ozone dissolved in NBKI solution (Fig. 2) we used an Ocean
Optics USB 4000 spectrophotometer. The magnitude of absorption
is presented by minimum transmittance where its corresponding
wavelength is considered as operational wavelength (Ag). The mea-
surement result showed that the average magnitude of absorption
is 351.58 £ 3.53 nm. To simplify, we take the value of 352 nm.

To design the corresponding 1D-PhC, we conducted a simula-
tion by means of transfer matrix method (TMM) [ 18]. The structure
{ 1) was set to satisfy the quarter-wave optical thickness (QWOT)
condition, in which nyd, =njd; = Ao/4, where 1 is the operational
wavelength. The optical thickness npgdreg was fixed to Ag/2. Here,
the physical thickness of high and low index layers were set to
d,=39.82nm and d;=60.69 nm, respectively. These chosen val-
ues satisfy the aforementioned QWOT condition with Ag =352 nm.
In the mean time, the thickness of regulator and receptor lay-
ers were set to dre = 79.64 nm and drec = 1 mm, respectively, while
Nyeg = Nrec = 2.21. The simulation result is presented in Fig. 3 show-
ing the existence of PPB with the corresponding peak is at 352 nm.
Clearly, this wavelength is coincides with the lowest transmittance
of ozone-dissolved NBKI as shown in Fig. 2 to accommodate the
Beer-Lambert effect.

To examine the response behavior of the corresponding 1D-PhC,
we also performed another simulation by assuming the nye to be

350
Wavelength (nm)

Fig. 4. Simulation result of refractive index at second defect, (a) PPB spectrum characteristic on each refractive index, (b) correlation between refractive index change towards
the peak of PPB transmittance.
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Fig. 3. Simulation result of PPB spectrum characteristic.

in the range of 1 to 2. The objective of this wide range refractive
index is to predict the change of analyte refractive index which was
assumed to be inside it. The simulation results are shown in Fig. 4a
for PPB spectrum changes with respect to the refractive index. and
Fig. 4b showing the correlation plot between refractive index and
the peak of PPB.

3. Fabrication process

To fabricate the corresponding 1D-PhC that consisting of TiO;
and Si0; materials, we choose the sol-gel method. This method is a
wet-chemical technique which is commonly used for manufactur-
ing glass and ceramic materials [22]. In this process, the reaction of
sol (or solution) forms a gel-like tissue which contains a liquid and
solid phase.

Generally, the precursors for this process are alkoxides metal or
metal salt where under hydrolysis reaction and polycondensation
form colloid. The basic structure or morphology of solid phase can
vary from discrete colloid particle to polymer tissue chain [23-25].
Some of the advantages of sol-gel method are its capability to form
a good adhesion of thin-layer with the substrate and easiness to
form complex geometry, even in a gel state. This sol-gel process
can produce high purity products because the organic-metal pre-
cursor obtained from ceramic oxide can be mixed, diluted in specific
solution and hydrolyzed into sol. Moreover, the gel composition
and process condition can also be controlled. Likewise, this method
is considered simple, cheap and effective to produce high quality
coating and also can be conducted in low sintering temperature
(200-600°C) [25,26).

For TiO; precursor, we used titanium isopropoxide (TIP),
ethanol (C;HsOH) and acetic acid (CHyCOOH), while the SiO;
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Fig. 5. (3) TiO; film thickness at different spin coating speed 4000 rpm (left panel) S000 rpm (mid panel) and 6000 rpm (right panel). (b) The effect of solvent variation.

precursor was made using tetraorthosilicate (TEOS), ethanol
(C;HsOH), hydrochloric acid (HCl) and distilled water (H;0). All
main precursor materials are from Sigma-Aldrich.

To fabricate the corresponding 1D-PhC, we first grew the sin-
gle layers of both TiO; and Si0Q; separately. This step is taken in
order to determine the optical path satisfying a QWOT condition
of each layer so as to obtain the fabrication parameters (e.g. spin-
ning speed and time, sol-gel composition) that ensure the quality
of the layer and position of the considered PPB peak at 352 nm.
The corresponding physical and morphological characteristics of
those single layers were tested using scanning electron microscope
(SEM), Hitachi 5-4800, while the optical performances were tested
using UV-VIS Ocean Optics USB 4000 and High-sensitivity Maya
2000Pro spectrometers. The following are the detailed processes
in synthesizing the corresponding single layers and 1D-PhC.

3.1. Synthesis of TiO; and SiO; single layer

The TiO; single layer was deposited on a quartz crystal sub-
strate. A solution composed of ethanol 1500 ml and acetic acid
200 ml was mixed and stirred for S5min at 800 rpm and then tita-
nium isopropoxide (TIP) 125 ml was added into the solution and
we re-stirred for 5Smin at 800rpm. Afterward, the correspond-
ing TiO; solution was dripped evenly onto substrate. The coating

process was then performed for 60's at 6000 rpm. After that, sam-
ple was heated on furnace for 1 h at 240“C and then cooled at
room temperature. To characterize the result, we used SEM and
spectrophotometer. Based on spectroscopy characterization the
transmittance of this single layer is given in Fig. 5a, showing that
the lowest transmittance is at 352 nm. The lowest trasmittance was
obtained by optimizing the spin coating duration and speed as well
as the amount of solvent.

The example of TiO; layer thickness optimization process with
respect to spin coating speed variations are given in Fig. 6a, while
the variations of transmittance characteristics with respect to
different amount of solvent are given in Fig. 6b showing the wave-
length shift of minimum transmittance.

Similar to TiOy, the 5i0; layer was also deposited on quartz crys-
tal substrate. A solution composed of ethanol 1600 .l ethanol, 39 pl
H20 and 30 pl HCl were mixed and stirred at 800 rpm for 5 min, and
then 90 ! TEOS was added into solution and re-stirred at 800 rpm
for 5 min, The Si0; solution was also dripped evenly onto substrate.
The spin coating process was performed for 60 s at 6000 rpm. After-
ward the sample was furnaced for 1h at 240°C and then cooled
at room temperature. We finally characterized it by using SEM
and spectrophotometer. The transmittance of this SiO; layer is
depicted in Fig. S5b, showing that the highest transmittance is at
352 nm,

40 45 500 S50 600 €0 M T M0
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Fig. 6. Spectrum characteristic of single (a) TiO; (b) SiO; layer.
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Fig. 7. Spectrum characteristics of fabricated (3) PhC-1 and (b) PhC-2.

It is important to note that the opposite transmittance char-
acteristic between TiO; and Si0; is due to the contrast between
the associated layers and the substrate, Here, the refractive index
of TiO; is higher than substrate, whereas the 5i0; is lower. In the
mean time, we did not measure the precise thickness of each TiO;
and Si0;. However, based on our simulation results their thick-
nesses are 39.82 and 60.69 nm, respectively. Detailed discussion
about these results will be further elaborated in the next section.

3.2. Synthesis of 1D-PhC

The deposition flow process to construct the corresponding 1D-
PhC was carried out in two steps, The first one is to create 12 layers
started from the 1st up to 12th layer which was implemented on
the quartz crystal substrate-1. These 12 layers 1D-PhCis denoted as
PhC-1. This process also included the first defect layer which was
placed at the 5th layer. Deposition flow process for each layer is
given in Fig. 1b. The second deposition process created three layers,
started from 16th down to 14th layer implemented on the second
quartz crystal substrate, while the 13th layer was set to be filled
by analyte solution. We denote these 3 1D-PhC layers as PhC-2.
Illustration of these two separated 1D-PhC's is shown in Fig. 1c.

To ensure the conformity between the manufacturing pro-
cess, predefined design and simulation, a spectroscopy test was
performed at each deposition layer to provide feedback to the fab-
rication process and the design plan. Therefore, it can be used as a
guidance in subsequent process and provides information to ana-
lyze the sample performance at each step and its repeatability.

Based on the measurement result on N-M-L of 2-3-1 pattern, it
was found that the associated PPB transmittance spectrum was in
the range of UV wavelength, reaching its with peak at 375 nm. Com-
pared to the simulation result which showed 352 nm, it is shown
that the deviation is only 7%. This deviation is still tolerable since
the absorption wavelength of ozone dissolved NBKl is in the range
of 320-400 nm (see Fig. 2). Therefore, the precise value of refrac-
tive indices as well as thicknesses of both fabricated TiO; and $i0;
layers are not necessary to be examined.

It is worth noting, however, the fabrication process was
inspected by spectroscopy method which characterized the change
of transmittance spectrum on each layer. This result was further
compared with the one generated by simulation (see Fig. 7). Fig. 7a
shows the PBB spectrum occurred at PhC-1 which composed of 12
layers including the first defect set at 5th layer, while Fig. 7b shows
the spectroscopic analysis occurred at PhC-2 which has 3 layers
(5i0;-Ti0;-5i0; ). To examine the accuracy in each fabricated layer,
we analyzed the transmittance using spectroscopy every time we
added one layer by comparing it with our simulation (see Fig. 1b).
It was found that both fabrication of PhC-1 and PhC-2 are in good
agreement with the simulation results.

The result on Fig. 7 reveals that PBG bandwidth is smaller than
the simulation results while the PPB's peak position is shifted. This

happens because the actual refractive index contrast between high
and low indices of the fabricated 1D-PhC is smaller and their thick-
nesses are not the same as that used in the simulation. Since, we
have to avoid the layer crack, we found that the optimal baking
temperature is at 240°C. Therefore, it is obvious that this fabrica-
tion process could not achieve the simulation value of the refractive
index of each material. One of the difficulties encountered in the
sol-gel method is the absence of control of layer thickness and
refractive index, thus allowing deviation in the consistency of the
results of the synthesis of each layer. Fig. 7a shows the deviation of
the wavelength reaching 375 nm PPB. Fortunately, this wavelength
is still in the range of absorption spectra of absorbed ozone in NBKI
solution around 325-400 nm,

Fig. 1d shows the sol-gel fabricated 1D-PhC. The photonic crys-
tal was made on quartz crystal substrate with adiameter of 6.5 mm.
This diameter size is set to fit the impinger design that will be used
in sensing test. The picture on the left side is the PhC-1. Violet color
indicates the presence of a reflection in the 325-400 nm bandwidth,
whereas the right picture is PhC-2 which is more transparent than
PhC-1 due to less number of layers.

4. Performance test

Performance test of the 1D-PhC sensor in detecting the ozone
was conducted in several steps: (i) preparing of ozone sample in
insulation chamber, (ii) dissolving the ozone in NBKI analyte, (iii)
characterizing the spectroscopy spectrum of the sample under dif-
ferent levels of concentration, and (iv) performing the real time
performance test. The test was conducted by following the char-
acterization schemes shown in Fig. 8. It was carried out through
modifying conventional impinger equipped with 1D-PhC sensor
inside.

It should be emphasized that we did not deal with the repeat-
ability of the corresponding test in the following discussion since
the robustness of the sol-gel fabricated 1D-PhC and its fabrication
repeatability as discussed in the previous section are good enough
to guarantee repeatable measurement results.

The next step, ozone sample was prepared in insulation cham-
ber to obtain the desired gas composition. Insulation chamber was
cleaned away from the gas before the ozone gas sample filled into
the chamber. Such initial condition showed that the chamber had
equal pressure with outside air pressure, which was shown by a
zero value on the pressure gauge. The first step that must be taken
to clean the chamber is closing all valves (see Fig. 8) of the chamber
except. those that connect to either the vacuum pump or N; gas
cylinder. Gas inside the insulation chamber was sucked out using
avacuum pump to obtain the insulation pressure of —80 kPa while
the N; valve was closed. After this, we closed the valve of vacuum
pump and open the N valve so that the pressure reached ~0kPa.
The purpose of this process is to remove all gasses inside the cham-
ber and only N, that remained inside the chamber. This process
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Fig. 8. Schematic diagram of 1D-PhC characterization for ozone detection

was performed in two or three times in order to ensure that the
chamber condition was clean.

The filling of ozone into insulation chamber was carried out by
re-sucking the N; from the insulation chamber until —40kPa and
then filled with ozone to reach ~0kPa. The ozone gas was filled
using ozonizer at 2 |/min. After completing this process, the ozone
sample was ready to be used in the further step.

In the next step we dissolved ozone in NBK1 solution. First, we
closed the valve leading to N; gas, vacuum pump and ozonizer.
Then, we opened the valve leading to circulating pump and
impinger. The circulating pump was turned on to generate close
circulation, namely the gas from insulating chamber leads to
impinger, circulating pump, flow meter and back to insulating
chamber. Ozone was absorbed by NBKI solution in impinger con-
taining 10 ml NBKI solution. Circulation process occurred for 30 min
with 0.4 |/min flow meter rate. The analyte as the result of reaction
between ozone and NBKI solution was ready for further analysis.

Analysis of the analyte was conducted by dividing 10 ml ana-
lyte into two parts. A total of 5ml was analyzed by NBKI method
to determine the ozone concentration in NBKI solution, while the
other 5ml was used to test the 1D-PhC sensor under different
levels of concentration. The concentration value obtained from
NBKI analysis was considered as the reference in testing sensor
performance based on spectroscopy analysis. Dissolved ozone con-
centration in NBK] solution (g per ml solution) was converted into
p.g per m? of ambient air by calculating the flow rate, absorption
time, temperature, pressure, and environment humidity during the
process.

By using pre-determined analyte concentration, the measure-
ment of sensor performance was conducted by spectrometer under

different levels of concentration by adding a blank solution i.e. NBKI
solution that did not react with ozone gas. The performance mea-
surement was conducted in impinger connected to a light source
and Ocean Optics USB 4000 spectrometer. Spectroscopy measure-
ment was recorded continuously at every addition of 1 ml of blank
solution.

Following this, the fabricated 1D-PhC was mounted on a mod-
ified impinger as shown in Fig. 9. The 1D-PhC were placed on the
bottom of the impinger and submerged in NBKI reagents, The PhC-1
and PhC-2 is placed facing each other with a distance of about 1 mm
and the gap is used as receptor chamber filled by NBKI solution.
Afterward, the light source of LED with a wavelength of 375nm is
placed on the right hand side of PhC-1, according to the character-
istics of PPB of fabricated 1D-PhC. Spectrophotometer detector was
placed right after the PhC-2 to detect light transmission that passed
through photonic crystal. When the circulation pump started, the
gas containing ozone that flow to the solution will react with the
NBKI solution | 3]. Obviously, the amount of ozone that reacts with
the corresponding NBKI solution increased in line with the length
of the process. The change of the concentration affected the light
transmittance where its variation was detected and measured by
the spectropholometer.

From this measurement, we have obtained the characteris-
tics of the spectroscopy spectrum at each level of ozone gas
absorbed in NBKI solution as given in Fig. 9a, while Fig. Sb rep-
resents the correlation curve between PPB's peak and various
concentration levels. From the regression analysis of transmittance
and concentration correlation curves we obtained a logarithmic
equation: T=-56.66InC+222.82, where C is the concentration
of ozone gas (pg/m?) and T is the transmittance (%), with a
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Fig. 10. Validation data of ozone measurement. (3) With and (b) without 1D-PhC sensor.

regression coefficient of 99.48%. The equation was used to calculate
the value of concentration when the transmittance measurements
were performed directly to the 1D-PhC structure.

The sensor testing for ozone detection was performed using the
same procedure as shown in Fig. 8. Performance test was carried out
in four steps i.e. (i) preparing the insulation chamber, (ii) cleaning
the insulation, (iii) filling the ozone into the chamber and (iv) circu-
lating the ozone in a closed loop. The transmittance measurement
was carried out simultaneously with the ozone absorbing process
during the fourth step. The spectroscopic and secondary data such
as temperature, pressure and humidity were recorded every 2 min
for 30 min.

The next performance test is to evaluate sensor accuracy and
sensitivity. For comparison, impinger without 1D-PhC was tested in
similar measurement method. In impinger, the related 1D-PhC was
replaced by blank substrate quartz crystal. Therefore, the mecha-
nism of the measurement was based on Beer-Lambert effect only,
where light was absorbed by the analyte. The objective of this test
is to compare the measurement results with and without 1D-PhC.
Analyte sample preparation followed the same procedure, as illus-
trated by Fig. 8, to get analyte NBKI solution that reacted with
ozone.

Similar to the early steps of the performance test, 10ml ana-
lyte was divided into two parts, the first 5 ml was for NBKI analysis
and the other 5ml was used for testing the sensor performance.
The value obtained from NBKI analysis result was used as a refer-
ence for sensor performance analysis. However, there was a slight
difference in the testing procedure. Sensor performance analysis
was conducted using spectroscopic method at every addition of
1 mi of blank solution. The addition was carried out in 5 times to
obtain 10 ml analyte solution. From this 10 ml analyte sample, we
took 5ml to repeat NBKI analysis while the remaining 5ml was
treated under the same procedure to reach 10 ml again. With three
replications, four data were obtained to validate the measurement

results. A similar procedure was conducted to compare the system
performance with and without 1D-PhC, but we only used sub-
strate in the impinger for the measurement performance without
1D-PhC.

The obtained data of ozone concentration of with and without
1D-PhC cases are shown in Fig. 10a and b. Both figures show the
results of spectroscopic measurements and validation curve from
NBKI measurement. The straight line y =x is a calibration line which
indicates how close the value obtained from spectroscopic mea-
surements to actual value. By comparing these two results, error
value whics is calculated by mean average percentage error (MAPE)
can be obtained. It was found that 1D-PhC has MAPE of 1.25%, while
the one without 1D-PhC has MAPE of 26.29%. In other words, the
case with 1D-PhC exhibits accuracy up to 98.75%, therefore it is
more accurate than the one without 1D-PhC,

From the aforementioned process of dividing 10ml analyte,
we can also generate sensitivity curve as shown in Fig. 11. The
curve shows correlation data between transmittance and logarith-
mic concentration. The 1D-PhC measurement has steeper gradient.
The larger value of gradient absolute indicates more sensitivity.
It could be found that gradient absolute value in measurement
with and without 1D-PhC were 56.66 and 38.21, respectively.
Clearly, this result shows that the use of 1D-PhC is more
sensitive.

Fig. 11 also presents that natural characteristic of analyte in
measurement without 1D-PhC could be detected using spectropho-
tometer as interaction of molecules with light in accordance with
the Beer-Lambert effects. It occurs when the optical signal wave-
length matches with natural wavelength of molecular energy level.
The resonance wavelength depends on the number and weight of
the atoms in the molecule, or equivalent to the amount and strength
of its chemical bonds. If the chemical structure is more complex,
the absorption characteristic of molecules is expressed in the spe-
cific range of vibration frequency. On the other hand, measurement
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Fig. 11. Ozone concentration correlation curve obtained from measurement with
and without 1D-PhC

using 1D-PhC had a greater gradient value which indicated that the
presence of it could increase measurement sensitivity.

The increase of sensitivity is also due to the variation of PPB
characteristics with respect to the variation of refractive index in
the second defect that contains analyte. The reason underlying this
is that increasing analyte concentration is in line with the increas-
ing refractive index. In this reaction, the measurement using NBKI
reagent only reacted with ozone gas, and there are no other gasses
will react with the NBKI solution. Therefore, it ensures the sensor
selectivity.

Another important parameter that should be examined is the
limit of detection (LOD). This parameter can be calculated sta-
tistically using software provided by the University of Maryland
|27]. Approximate value of LOD can be determined using formula
LOD =3.3(SD/S) where SD is the standard deviation between the
measurement and validation data and § is the slope of the cali-
bration line. The corresponding SD can be determined based on
the standard deviation of y-intercept of regression line. It was
found from the calibration line in Fig. 10b, that SD=0.3248 and
$=1.0048; as a result the LOD is 1.067 pg/m® ambient air. Using
the same procedure, we found that in the case without 1D-PhC the
corresponding LOD is 2.838 pg/m? ambient air. Clearly, this fact re-
emphasize that the case with 1D-PhC is much better than the one
without 1D-PhC.

Finally, it is important to emphasize that the sensitivity of the
1D-PhC can be enhanced by increasing the refractive index contrast
between high and low index layers | 18]. Increasing the number of
cells can be the other alternative that should be considered to adjust
sensitivity, range of measurement and its LOD.

5. Conclusion

We have successfully developed a 1D-PhC sensor for ozone
detection based on sol-gel method. The 1D-PhC model with 2-3-1
pattern using Beer-Lambert effect shows higher sensitivity com-
pared to the conventional measurement. Moreover, measurement
with 1D-PhC demonstrated good accuracy up to 98.75%. This study
also proved that the existence of 1D-PhC can increase measure-
ment sensitivity as a result of analyte refractive index changes
in second defect that influence PPB response as demonstrated
by its LOD value. The combination between Beer-Lambert effect
and PPB phenomena improves the performance of correspond-
ing sensor, especially sensitivity and selectivity of the sensor that
allows its application in environmental and biological monitoring
systems.
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