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We luve developed• novel ozone gu sensor ~sed on one dimensio~I photonic crysUI with two defects. 
In this pl•tform. lhe g•S is dissolved in a specific ~utr.il buffer k.ilium iodide re.igent to include the Bttr 
Lambert effect. Thecorresponding photoniccryst.il which w•s fabriuted by usina sol-gel method consists 
of• high rdr•ctive index l•yer of TiOJ •nd •low refractive index layer or SiOJ. Prior to the fabric•tion 
or corresponding photonic crystal, we grew the Ti02 and Si<>J single layer sepM.itdy in order to ensure 
that the performance of each l•yer fultilled the required characteristics providtd by our simul.ition. After 
that. the fabrication processed was conducted layer-by-layer •nd inspected by spectrophotometer. The 
perfonn.mce test or t.he r.ibricated photonic crysul. includina its validation. accuncy and sensitivity. 
wu then conducttd through spectroscopic treat~nt and we used ozoniur u the gas source. V•lidation 
test wa.s perfonned by comparing the results with measurement using NBKI method .ind showed a good 
agreemenr. It was found that the accuracy value is up to 98.75%. Based on <11 st•tistical approach. we found 
that the limit or detection is 1.067 µ.gjml .imbient air. 

1. Introduction 

It has been widely known that ozone (03 ) pollution coinnot only 
affect human heoilth, but also damage some types of plants. Under 
long time exposure. 0.3 ppm low ozone concentration can cause 
irritation, while the h igher 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 tob<lcco plant. for 4 h exposure of 0.08-0.10 ppm concentration 
results in serious damage I 1.2 ). 
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One of the standard measurements of ozone gas concentration 
provided by the International Ozone Association (IOA.. St.induiza­
tion Committee 001/87) is neutral buffer potassium iodide (NBKI) 
method. The NBKI solution consists of potassium iodide (KJ). d iso­
diu m hydrogen phosphate dodecahydrate (Na2HP04·2H20). and 
potassium dihydrogen phosphate (KH2PO~). This method is based 
on oxicbtion oriodide ion to form iodine ozone when the related 
ozone is bubbled through a solution of NBKI. The main advantage 
o f this method is its reproducibility when conducted under sttict 
conditions of a particular sampling technique. reaction time and 
ozone gas now rate [3). 

Over the past years. ozone sensors have been developed based 
on various platforms such as Jn2<>J noino-crystals f4). WOJ [S ). elec­
trochemical cell [6.7). enzyme-based biosensor (8). ZnO noinorod 
19), chemo lum inescent [10), and optical sensors IJ 1.12). Several 
types of optical sensors that have been developed were based on 
photonic crystals (13), fiber optics I 14) and hybrid plasmonic pho­
tonic crystals [ 15 I. Regarding the photonic crystal sensor. it has 
even been reported to allow high sensitivity for the detection limit 
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up to order or sub-pg/ml ( 16). The application of one dimensional 
photonic crystal (10-PhC) with two defects for detecting NC>i gas 
has also been Qrried 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) I 18). Each of two 
defects functions as a regulator and receptor. The regulator layer 
which was designed pennanently 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 10-PhC 
based ozone ~nsor which was fabric~red using sol- gel method. 
The basic principle orthis sensor is the application of photonic pass 
band (PPB) variation due to refractive index changes of the receptor 
enhanced by the Bttr-umbert effect in NBKJ method. This article 
will explain the result or the performance of the sensor. 

2. Design ;and simulation of 1 D-PhC 

We considered a 10-PhC structure consisting or two or more 
periodic tnnsparent dielectric material.s 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 
reHect.ance. This reflection is responsible for the occurrence of 
photonic band gap (PBC) where for certain wavelength interval 
light cannot be propagated 1211. Remarkably. when a defect is 

introduces! to this periodic system by modifying one or more layers 
optial 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 PBC. In principle. the insertion 
of two defects in 10-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 I 18). 

We design a 1 D-PhC comprising .lltemating two different 
dielectric m;iteri;ils ;ind two defects in the following arrangement; 

(1) 

As shown in Fig. I a. The symbol (nh/n1) denotes one unit cell 
where n11 and n1 represent layers of high and low refractive indices 
with the associated thicknesses are d11 and d1, respectively, while 
ns represents substrate. The symbols D1 and Dz are rel;ited to reg­
ulator and receptor defect cell. respectively. where D1 e {nrq/n1) 
and Di •(nnc/n1). The corresponding thicknesses of both defects 
nrrg and nm layers are drti and dm. 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 117 J. For substrate layer we 
used quartz crystal with refractive index oft .544, Si02 as low index 
layer with refractive index oft .45, and TiOi with refractive index or 
2.21 as high index layer as well as regulator layer. In thjs use. light 
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propagates from substrate-I through the 10-PhC and is detecled 
after substrate-2. 

As mentioned previously, this sensor is not only developed 
based on the principle or PPB variation, but also by employing 
the electromag~tic absorption of material known as Beer-Lambert 
effect. Therefore, firstly we have to determine the analyte absorp­
tion wavelength. For this purpose, we poured lOml NBKJ 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 NBKJ 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 o.o). The mea­
surement result showed that the average magnitude or absorption 
is 351.58 ± 3.53 nm. To simplify, we take the value of 352 nm. 

To design the corresponding 10-PhC. we conducted a simula­
tion by means of transfer matrix method (TMM) ( 18 f. The structure 
( I ) was set to ~tisfy the quarter-wave optical thickness (QWOT) 
condition. in which n,,d,, • n1d1 • J..o/4. where >.o i.s the operational 
wavelength. The optical thickness nrqd"' was fixed to >..of2. Here. 
the physical thickness of high and low index layers were set to 
d,, • 39.82 nm and d1•60.69 nm. respectively. These chosen val­
ues satisfy the aforementioned QWOT condition with >..0 a 352 nm. 
In the mean time. the thickness of regulator and receptor lay­
ers were set to drq • 79.64 nm and drrc • 1 mm, respectively, while 
nrq • nrrc • 2.21. The simulation result is presented in Fag. 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 NBKJ as shown in Fig. 2 to accommodate the 
Beer-Lambert effect. 

To examine the response behavior of the corresponding 10-PhC. 
we also perfonned another simulation by assuming the n, ... to be 
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in the range of I 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 1he refractive index. and 
Fig. 4b showing the correlation plot between refractive index and 
the peak of PPB. 

3. Fabrication process 

To fabricate the corresponding 10-PhC that consisting of Ti02 
and SiC>i 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 l22f. 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 l23-25f. 
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 
fonn complex geometry, even in a gel state. This sol-gel pr~ss 
can produce high purity products because the organic-metal pre­
cursorobtained 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 Ti02 prKUTSor. we used titanium isopropoxide (TIP), 
ethanol (C2HsOH) and acetic acid (CH3COOH), while the Si02 
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precursor was made using tetraorthosilicate (TEOS), ethanol 
(C2HsOH), hydrochloric acid (HCI) and distilled water (H20). All 
main precursor materials are from Sigma-Aldrich. 

To fabricate the corresponding 10-PhC. we first grew the sin­
gle layers of both TiOi and SiOi 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 
or the layer and position or 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 S-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 10-PhC. 

3.1. Synthtsis o/TiOi and Si02 single layer 

The TiOi single layer was deposited on a quartz crystal sub­
str;ate. A solution composed of ethanol 1500 ml and acetic acid 
200 ml WilS mixed and stirred for 5 min at 800 rpm and then tita­
nium isopropoxide (TIP) 125ml was added into the solution and 
we re-stirred for 5 min at 800 rpm. Afterward, the correspond­
ing Ti02 solution was dripped evenly onto substrate. The coating 
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process was then performed for 60s at 6000rpm. After that. sam­
ple was heated on furnace for 1 h at 24o~c and then cooled at 
room temperature. To characterize the result. we used SEM and 
spectrophotometer. Based on spectroscopy characterization the 
transmittance of Ibis single layer is given in Fig. Sa. showing !hat 
lhe 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 ofTi02 layer thickness optimization process with 
respect 10 spin coaling speed variations are given in Fig. Ga, while 
the variations of transmittance characieristics with respect to 
different amount of solvent are given in Fig. Gb showing lhe wave­
length shift of minimum transmittance. 

Similar to TiQi. the Si02 layer was also deposited on quartz crys­
tal substr.ue. A solution composed of ethanol 1600 µ.I ethanol.39 µI 
H20 and 30 µI HCI were mixed and stirred at 800 rpm for 5 min, and 
then 90 µI TEOS was added into solution and re-stirred at 800 rpm 
for 5 min. The SiOi solution was also dripped evenly onto substrate. 
The spin coating process was performed for 60 sat 6000 rpm. After­
ward the sample was furnaced for 1 h at 240°C and then cooled 
at room temperature. We finally characterized it by using SEM 
and speqrophotometer. The transmirunce of this SiOi layer is 
depicted in Fig. Sb, showing that the highest transmittance is at 
352nm. 
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It is important to note that the opposite transmitunce char­

acteristic between Ti(h and Si(h is due to the contrast between 
the associated layers and the substrate. Herc, the refractive index 
ofTi(h is higher than substrate, whereas the Si(h is lower. In the 
mean time, we did not measure the precise thickness or each Ti02 
~d Si(h. However, based on our simulation results their thick­
nesses are 39.82 and 60.69nm, respectively. Detailed discussion 
about these results will be further elaborated in the next section. 

3.2. Synchtsis of ID-PhC 

The deposition flow process to construct the corresponding 10-
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 10-PhC is 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. 1 b. The second deposition process created three layers. 
started from 16th down to 14th layer implemented on the second 
qu.irtz crystal substrate, while the 13th layer was set to be filled 
by analyte solution. We denote these 3 10-PhC layers as PhC-2. 
Illustration of these two separated 10-PhCs is shown in Fig. 1 c. 

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 
of320-400nm (see Fig. 2). Therefore, the precise value of refrac­
tive indices as well as thiclcnesses of both fabricated Ti02 and Si02 
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 or 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 
(SiQi-Ti(h-SiQi). To examine the accuracy in each fabricilted layer. 
we analyzed the transmittance using spectroscopy every time we 
added one layer by comparing it with our simulation (see Fig. 1 b). 
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 
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happens because the actual refractive index contrast between high 
and low indjces of the fabricated 10-PhC is smilller and their thick­
nesses are not the same as thilt used in the simulation. Since, we 
have to avoid the layer crack, we found that the optimal baking 
temperature is ilt 240°C. Therefore, it is obvious that this fabrica­
tion process could not achieve the simulation value orthe refractive 
index or each material. One of the difficulties encountered in the 
sol-gel method is the absence or control of layer thickness ilnd 
refractive index. thus allowing deviation in the consistency of the 
results orthe synthesis of each layer. Fig. 7a shows the deviation or 
the wavelength reilching 375 nm PPB. Fortunately, this wavelength 
is still in the range of absorption spectra or absorbed ozone in NBKI 
solution around 325-400 nm. 

Fig. 1 d shows the sol-gel fabricated 10-PhC. The photonic crys­
tal WilS made on quartz crystal substrate with a diameter 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 lert 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 oflayers. 

4. Perfo~ce test 

Performance test of the 10-PhC sensor in detecting the ozone 
was conducted in several steps: (i) preparing of ozone sample in 
insulation chamber. (ii) dissolving the ozone in NBKJ analyte, (iii} 
characterizing the spectroscopy spectrum or the sample under dif­
ferent levels of concentration, and (iv) performing the real time 
performance test. The test wa.s conducted by following the char­
acteriution schemes shown in Fig. S. It was carried out through 
modifying conventional impinger equipped with 10-PhC sensor 
inside. 

It should be emphasized that we did not deal with the repeat­
abiliry of rhe corresponding test in the following discussion since 
the robustness of the sol-gel fabricated 10-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 WilS 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 N2 gas 
cylinder. Gas inside the insulation chamber was sucked out using 
a vacuum pump to obtain the insulation pressure of - BOkPa while 
the N2 valve was closed. After this, we closed the valve of vacuum 
pump and open the N2 valve so that the pressure reached -o kPa. 
The purpose of this process is to remove all gasses inside the cham­
ber and only N2 that remained inside the chamber. This process 
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was performed in two or three times in order to ensure that the 
chamber condition was dean. 

The filling of ozone into insulation chamber was carried out by 
re-sucking the N2 from the insul.ition chamber until -40 kP.i and 
then filled with ozone to re.ich -0 kPa. The ozone gas w.is filled 
using ozonizer at 21/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 NBKI solution. First. we 
closed the valve leading to N2 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, now meter and back to insul.iting 
chamber. Ozone w.is absorbed by NBKJ solution in impinger con­
taining 10 ml NBKI solution. Circulation process occurred for 30 min 
with 0.41/min now 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 p.irts. A total of 5 ml was analyzed by NBKJ method 
to determine the ozone concentr.ition in NBKI solution, while the 
other 5 ml was used to test the 1 D-PhC sensor under different 
levels of concentration. The concentration value obtained from 
NBKI analysis w.is considered as the reference in testing sensor 
performance based on spectroscopy anatysi.s. Dissolved ozone con­
centration in NBKI solution (µ.g per ml solution) was converted into 
µ.g per ml of ambient air by calculating the now rate. absorption 
time. temperature. pressure. and environment humidity during the 
process. 

By using pre~etennined analyte concentration. che measure­
ment of sensor performance was conducted by spectrometer under 

different levels of concentr'1tion by adding 41 blank solution i.e. NBKJ 
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 me'1sute­
ment was· recorded continuously •t every •ddition of 1 ml of blank 
solution. 

Following this. the fabricated 10-PhC was mounted on a mod­
ified impinger as shown in Fig. 9. The 1 D-PhC were placed on the 
bottom of the impinger and submerged in NBKJ reagents. The PhC-1 
and PhC-2 is placed facinge•ch other with a dist'1nce 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 375 nm is 
placed on the right hand side of PhC-1, according to the char•cter­
istics of PPB of fabricated 1 D-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 now to the solution will react with the 
NBKI solution I 3 J. Obviously, the amount of ozone that reacts with 
the corresponding NBKJ 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 spectrophotometer. 

From this measurement, we have obtained the characteris­
tics of the spectroscopy spectrum at each level of ozone gas 
absorbed in NBKJ solution as given in Fig. 9a, while Fig. 9b 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 • -56.661nC + 222.82. where C is the concentration 
of ozone gas (µg/ml) and T is the transmittance (l). with a 
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regrtsSion coefficient of99.48%. The equation was used to calculate 
the value of concentration when the transminance measurements 
were performed directly to the 1 D-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 
for30min. 

The next performance test is to evaluate sensor accuracy and 
sensitivity. For comparison. impinger without 1 D-PhC was tested in 
similar measurement method. In impinger. the related 1 D-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 1 D-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. 10 ml ana­
lyte was divided into two parts. the first 5 ml was for NBKI analysis 
and the other Sml 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 ml of blank solution. The addition was carried out in 5 times to 
obtain lOml anaJyte solution. From this 10ml analyte sample, we 
took 5 ml to repeat NBKJ analysis while the remaining 5 ml 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 1 D-PhC, but we only used sub­
strate in the impinger for the measurement performance without 
10-PhC. 

The obtained data of ozone concentration or with and without 
10-PhC cases are shown in Fig. tOa and b. Both figures show the 
results of spectroscopic measurements and validation curve from 
NBKJ measurement. The straight line y •xis 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 1 D-PhC has MAPE of 1.25%, while 
the one without 1 D-PhC has MAPE of 26.29%. In other words, the 
ca.se with JD-PhC exhibits accuracy up to 98.75%. therefore it is 
more accurate than the one without 1 D-PhC. 

From the aforementioned process or dividing 10ml analyte, 
we can also generate sensitivity cuJVe as shown in Fig. 11 . The 
curve shows correlation data between tr.ansmittance and logarith­
mic concentration. The 1 D-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 10-PhC were 56.66 and 38.21. respectively. 
Clearly, this result shows that the use of 1 D-PhC is more 
sensitive. 

Fig. 11 also presents that natural characteristic of analyte in 
measurement without t D-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 or 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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using 1 D-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 .lnalyte concentration is in line with the increas­
ing refractive index. In this react ion, the measurement using NBKI 
reagent only reacted with ozone gas. and there are no other gasses 
will react with the NBKJ solution. Therefore, it ensures the sensor 
selectivity. 

Another import.lot p.1nmete r that should be examined is the 
limit of detection (LOO). This parameter can be calculated sta­
tistically using software provided by the University of Maryland 
(27 J. Approximate value of LOO can be de te rmined using formula 
LOO• 3.3(SD/S) where SD is the standard deviation between the 
measurement and validation data and S is the slope of the cali­
br.ition line. The corresponding SD can be determined basrd on 
the standard deviation of y-intercept of regression line. It was 
found from the calibration line in Fig. tOb. that SD•0.3248 and 
S • 1.0048; as a result the LOO is 1.067 µ.gfml ambient air. Using 
the S.lme procedure, we found that in the case without 1 D-PhC the 
corresponding LOO is 2.838 µ.g/m1 ambient air. Clearly, this fact re­
emphasize that the case wi th 1 D-PhC is much better than the one 
without 10-PhC. 

Finally. it is important to emphasize th.lt the sensitivity of the 
1 D-PhC c.in be enh;anced by increasing the refractive index contrast 
between high and low index layers ( 18). Increasing the number of 
cells can be the other ;iltemative that should be considered to ;idjust 
sensitivity. range of measurement and its LOO. 

s. Condusion 

We have successfully developed a lD-PhC sensor for ozone 
detection based on sol- gel method. The 10-PhC model with 2-3-1 
pattern using Beer-Lambert effect shows higher sensitivity com­
pared to the conventional measurement. Moreover. measurement 
with 10-PhC demonstrated good accuracy up to 98. 75%. This study 
also proved that the existence of 10-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 LOO value. The combination between Beer-Lambert effect 
and PPB phenomena improves the performance of correspond­
ing sensor, especially sensitivity and selectivi ty of the sensor that 
allows its application in environmental and biological monitoring 
systems. 

Acknowlrdgement 

This work was funded by the lntegr.lted Outstanding ScholM­
ship Program from Ministry of EduC.ltion .lnd Culture. Republic of 
Indonesia. under contract no. 70811/A2.5/LN/2010. We would like 
to extend our th.lnk to the Centre for Environment.11 Research - IPB 
(PPLH-IPB) that allowed us to use their facili ties. We also thank to 
KAJST Nano-Bio-Photonics members who supported this research 
collaboration. 

Rdettnces 

I 1 I M. l\Jml)-1. t l..~>l~n.i.•. ltum~n hNlth l'lfl"Cn or m polluuon. lnvirun. l'ollut. 
ISi t200SJ JG2-3G7. 

121 M Nurvdl. AP Cullen_ f R dt· CruiJI. ). lon3'S1Mh. Y TJkJt•W~ RM Luc.AS. 
F P NuunJn,j C v.tn d~f l.-uu, The cR"ltS •in hum.an hC!<thh fn-m slr~tusphcric 
010~ Jcplct1on and 1u in1erKtt0ns with chma1e ..-h.lnrc. Photoc~m Photo­
b1ot S.:L6(2007 l32-:!51 

131 K lbkntu. G Gordon 8. l..lns;IJ1s, W. Ah uch<'le1n. N ~uumoto. Y lllc~rd. 
CM. Robson. I. Sorn•V•. Gu1dehnt ror mt.tsurt~nt 01 01one conctnrr• · 
""n 1n I~ proce~s iili rrorn •n ozont ge1~u1or. OzoM 18 ( t 996) 209-
229. 

141 A. Curl~ M lv•oovslc.lyu, N. Bl~ub. M. Slhw~zer.Berberichb. U Wl'imarb. 
W. GOpelb. A. Otf!UC'zc. Gr•in sozr con!IUI m Nll<k"fYlt.&lline ln101 lftJllCOn· 
ductor g.u stiuou. Stns. Actu.l!ors 8 44 ( 1-3)( 1!1971 J27-3Jl 

151 M. Btnd•h~n. R. Boulm•m.J L So?suin. IC Agu11 . Clwr<k·miu liun of uzune sen· 
sors bucd on W01 rcamvcly sputtl'rl'd lilms: mflucncc ofO, concentr~uon in 
the spuHtrmg ~JS. and worluni tempcr.uure. Stns. Aclua1ors 8 100(3)(W041 
J:?.0-324. 

161 R Kn.lkt'. Pl H~use1 ~ns111ve rk-clrOChl"ITllC .ti d,•!t'f 1100 oC nione, AnAI Oum. 
Acta 459 i 200:.lj I 99-l07 

171 BJ. Johnson. SJ. OltmJns. II. Vomd. t:IC'Ct rochemi.'I conttntr•Uon cell (ECC) 
oioncs,, ndc pump .:ilicicncy mc.uun-mcnls Jnd 1em on thl' scnrnivity 10 
uzunc ul bulT.:rcd Jnd unburfcred CCC sensur (J!hudc sulur1uns. j. Geupbys. 
ltl'S 107 i l>191 t2002 ) 4)1)] 

181 E. ~kker. Eltc1roch<mical St·nsors. An.ll Chrm 711(.!004}3..185-3298. 
191 f .s .. s. Clllt'I\, C.·R W•n1. Y .. L Ch.In. H ·L UIL M.-H. C'Mn. R·J. Wu. 

f ;os1-rc•ponsc ozone S\'nS<lt w11h ZnO nannrnds grown by chcmlCJI vJpordcpo· 
$111011. Sens. llCIU~IDrs 8 t44 t I )(2010) 120-125. 

(I 01 V. Yushkov .JI. Oulanovskv, N Lcchenuk, I. Roud~kov. K. /\rshinov. f T1khonov. L 
S1cfanurli F R•v~n•n•. U Bona.I~. T Gcorg1.td1s.11 chemilumoncsccm a.n• lyzcr 
ror str•losphcrt.: nw•surcmcnn of lhc <>1onc concem1.tuon (FOZANlJ. AmlOS. 
Ore•n. ft'Chuol. 16(1999i 1345-1350. 

f 111 RA. Potyra.ilo. S.E. Hobbs. C.M. Hil'~. Nur-ultra.viold ev.i1mcmt-w1~ 
•bsorption Stnsorb.utd on .i mullimodt optic•I fiber, An•I. Cbtm. 70(8)(1991) 
1639-1645, http://dx.doi.ors/t0.1021/~c970<J42v. 

1121 S. O'Keelfl'. C. Flupatrick. E. Ll'wls. An opt.iol flbrl' b.lsl'd ullra v1olc1 •nd visi­
ble- .tbsorpuon spttiroscopy svsttm for ozone conct'ntr.uion momtor111i.. ~ns. 
Aclu.tors 8 12S t2)(20071372-l78. 

( 13) V.N. Kooopsky. EV. Aliev~ Ph01onic nys1al surf.let' w•~ for 09t1c•I btOSl'n· 
$0r5, Anal. Chem. 79 (2007) 4729-4il5. 

(14) O.S. Wollbcb. fib.!r-<>plic chcmlc•I sensors ~nd !11oscnsors. Ana.I. Chem. 80 
(?008) 4269-4283. 

( 151 X. Yu. L Siu. O. H.t1\.J. Zi. P. V. Braun. Hi sh qu .. hty l•t·1or met.lllocbelf'CtrK h)lbrid 
pl~mo'n1c-ph01on1C cryst..tls. Adv Funct. M•ter. 20 (2010) 1-7 

I 161 F. Liang. N Cl•ti(e. P. P•t~. M Lonco1r. Q, Qu.m. Sc.&Jablt pbo1onic ~al 
chips fc>r high scns11lvtty protein detccr1on. Opt. E.\press 21 (201)) 32306-
3:?312. 

1171 M. R.ihm.>t, W. Maulma. E. Rustami. M. Alts. 0 R Budi.uti. K.8 ~monM. A.S. 
Yuwono, H. Al•t.ls. Pcrfonn.tnCl' in ~•I cond11Jon or pholonic nys1.U srnsor 
based N02 g•s monuonns systtm. lllllll'S. El1\1ron 79 i2013) "80-4115. 

I 181 H. IJ.Jras. H • ._bydin.1. H. HardhK'Thlt.1.AA libnd•r. M.O. lji•. Su1Jle frequency 
rerr.tct1vc index sc:nsor t>ased on finite ono?-d1mtnslon.l photonic cryst.11 wi1h 
cwu d~f<'CIS. Jpn. J. Appl. Phys. 45 (88) (2006) pp. 6754. 

1191 t. Y•blonuvhch. lnh1b11l'CI spun1a11eous cm1ss1on •n solid-smt physics and 
~kclromcs. rhys Rev. ldL 56 :iOli\98i) 

(201 C. S1bili•. TM Benson~ M. M•1cu11•k. T Szophl;. PhOlcmic Cryst.tl Physics AAd 
Ttthnolos.v. Spinier-\lt>rl•g. lr•h•. 2008. 

12 I I j.M Lourttoz. l'hotonic Cryst•I. Sptngcr-Vl'rl<is, Berlin. 2008. 
(221 J.Ju1t'ni•k.N • I . Sol-Jcl baS<'d \•cnte• lopt1C•l n11croovi1itt w11hqu .. ncumdot 

dcfecl layers. Adv. funcl. M.tlcr 18 (2008) 3772. 
(231 LC. Klein. GJ. wrvty. Kinerics of che sol-gel tr•ns1rio11.J. Non-Crysl Solids 38 

11980) .. 5. 
(24 I C.j. Brinktt. K.O. Kttfer. O.W. Sch•ef<'r. ltA. Assink. 8.0. kay. C.S. Ashley. Sol-gel 

tr• nsirion in simple siltc•teS. J. Non-Cryst. Solids "8 (19S2l • 7. 
1251 T. Oldins. M. Saytr. 0. &lnow. ccr .. nuc sol-gel compo.sittco.itinss for tlectricoll 

insula1ion. Thin Solid Films 398-399 (2001) 581-536. 
1261 T. Troaynskl. Q, Y•ng. Process for m.tking chtmially bond~ sol-stl ct r.unics. 

US P•lent No. 6.284.682. 200 I. 
1271 T. o·tu~r. Worlcshetts for An.tlytiul C.libmion Cwves, The Univrr­

sity or M.tryl;ind, 2013 hnp://ttrpconncct.umd.tdu/ loh/modds(C.libr•tion 
Curve.html 



M Rahmat ~ aL / Struon and AcniatOtJ A 120(1014) SJ-61 61 

Biogr~phiH 

M.uswt bblul is cumncly ii f•cull:y mtmber ilt the Ofpintnent or Physics. Boaor 
~ltur~ Univeniry. lndonesli. Hr obc•lllfd hu B.S. in Physin in 2000 .nd M..S. 
in Blo-physin in 2010 both from Boaor Agricultur•I Univrrsicy. lndoiwm. He is 
illso nwmbtt al lndorwsiin Opcial Society (lnOS). Has mnrch intttnU include 
pho<onic oys1~. Sfnsor. elfC!rornc. inscrumenmion. •nd soltwilre development. 

Wnury M.lullD.l lw bttn ir•diuttd u Mum Desttt •I Biophysics Prosr.un. Gr•d· 
iute School Boaor AcricuJtur ~ Umvmicy. Shf receiwd ii BS dtertt 111 Physics from 
tht umt univmiiy in 2008. Hfr ~ilrch interws ilrf b10Sfnsor. photonk crysul. 
•nd mrmbmlf. 

ts-.u lw bttn working as post-doctor•l reSf•rchtr •t DfJ)irtmfftl of Phys1Cs. 
KAIST. Kort• saner 2012. He r«tivtd has B.SC. from Boa« AJnC\lltur~ Univrn1ty. 
lndonrsi. in 2000. his M.SC. from Thf Univrrsiiy of Quttnslilnd an 2006. •nd his 
Ph.D. from Korn Adv~td Institute of Scirncr •nd Technology. Koru in 2012. Has 
ruurch interHI is on photonk uyst•ls. mtul runopirtkles. •nd low dimensiorYI 
semkonductor n.inophotonJCJ. such u qiuntum docs. n•nowires. •nd runorods. 

Deck Yullu Hund MllUh hilS bttn 1radiuttd •s S.chelor Oqrtt •I Physics Pro­
gmn. f .culcy ofM•thfrru1ks •nd N•rur •I Seit nee. Boaor AJricultur•I Univrrsicy. His 
rrsurch inttttsu 1ncludt photonic aysul. sensor. elecironic. •nd instrumenution. 

Nk.U Sulu!Yw•d hu bttn 1r.tdiutrd •s khelor Oqrtt •t PhystCs Prosr•m. f.c­
ulty ofMilthfrrutics ilnd Niltur •I Science. Boaor AJnClllturill University. Her rtseilrch 
interests ilrr include photon1c crys!ill. ilnd gils sensor. 

End l.ust&IDI lw bttn sradU.lttd u Mutrr Desttt ilt Biophysics Pru1mn. Gradu­
iltt Sctiool Boaor AJricultur ill Universiiy. He rectived • BS dtertt in Physics from 
tht ume university in 2008. He is illso member oflndonesiiln Optlc•I Socirty (lnOS). 
His rrse•rch intrrnts Mt include d«rronic. instrumentiltion. •nd softw.rr devtl­
opment. 

Ml!IWMd Azls lw bttn gudu•ted u M•sttr Desttt ilt Biophysics Progr•m. Gr•d­
U.ltt School Bo1or AJrlculrur•I Univrrsliy. He rrceivtd ii BS degrtt In Physics from 
rht umr uniwrsity in 2008. His rese•rch inttrHts •rr includt tlfC!ronic, instru­
mrnution. •nd embedded system 

KIMW>s llof'o ~mlou Is .i Proftssor In Computtr Technology In tht DfJ)irt­
mfnt of M«hinic~ <lnd Siosys1rm U111nttrins. Boaor Asricullur.i Univrrs1ry (IP8). 
lndontSi.1. Ht ~wd M.5c. <lnd Ph.D. in Computtr Scit.'nct from U111vmity of 
New Brunswick. C.tnid.1. Ht 1s • board member of AITrA (Ast.in Fedtr.i1ion for 
lnfonnilrlon Technology in Agriculture) & lSAJ (lndonH1•n Socieiy of Asriculturt 
lnformat.ics). His research intemts 1ncludt lnfonn.ttion Englnttrins,SoftwMt Engi­
nttrins. lnttllilfnt Sysrtm. Oistilnct lt•mins. lnttfllftWO(ttins, Computtt e.Sfd 
lnstrumrnuflon .tnd Control system. 

Aritf S.bdo Yuwoao is an Assocutt Profrs.sor 1n tht ~piltmtnt of Civil .ind Envi­
ronmtnUI En11nttrins, Bosor Asricultur~ Univtmiy. Hf recrlwd BS dqrtt in 
AJnClllturil En11nttrin1 from Bosor AJriCllltur•I Uniwnity, lndonts~ 1n 1989. 
MSc in Etlvironmtnt•I S.n1mion from Univtrsiry of Gent. Btlpum. 1R 1996. •nd 
PhD desrtt in Bio-Environmenul Engmttring from University of Bonn. Gtrrruny, 
1n 2003. His rtsurch intertsts include environmtnt~ moniiorins. rnvironmrnt•I 
1nstrumrnm1on. w•ttt •nd <lir pollution qllihl}' control Hr wu •n •or qllil­
•IY and noise upert. air tm1ssion fxptrt. •nd t nvironmrnul •nd .,ncultural 
s~i•list. 

Yo111-Hooa Cbo is • profrs.sor •t Dfp;tnmtnt of Physics. ICAIST. Kore.1. Si net 201 o. 
ht bis bttn 1n c~ of IWST Centrr for LEO Atsem:IL Ht r«tiwd his B.SC. 
dqrtt in physics from Sogilng Univtrsity in 1989. Mid tht M.SC. me! Ph.D. dqrttS 
in solid smt physics from Dfp•rtmtnt of Physics, Stoul N•tiorul Univtrsity in 
1992 .nd 1997, rHpectivrly. He 1s c~nt.ly • revttWn of Applied Physics Lrt­
tfrs/jounul of Applied Physici/Joum.il of Korean Physic.I Society and .i mrmbtr 
or KI'S, APS, AIP. MRS. OSA. SPIE. KSEA. •nd AK.PA. Hts current mt•rch inttffSIS ilre 
growth. f.lbric•Uon. •nd v.inous structur•I. electnc.il. .ind opllc.I c~racttni.rions 
of micro- •nd n•no-sc•lt 111 -V compound optoeltctronic semiconductor qu.nrum 
structurfS. 

Hl&SUI AlaW is •n Associiltt Profnsor 1n Dtpilrtmtnt of Phystes, Boaor Azricultunl 
Univrnity. lndonesi.i. Ht rrceiv~ BS. M.SC . .ind PhD dqrtt from lnstitut Ttknologl 
B•nduns. lndontst.1. in 199S, 1998, and 2005, resptetiwly. Currently, ht is HeMS 
of Theori-tic•I Physics Division .c Bosor AJriculrur.i Univtnity. Hr is •lso mrm­
ber of tht lndontSi•n Optic.I Socitty (lnOS). .ind Optk•I Society or Americ.i (OSI\). 
His rest•rch inttrtsu lncludt rhf theory and modrlinc of photonic cryst•I biSed 
sensor. 


