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A colorimetric sensor providing a direct visual indication of chemical contamination was developed.
The sensor is a combination of a chemically sensitive dye layer and a resonant waveguide grating.
Enhancement of the light absorption by the photonic structure can be clearly seen. The detection is based
on the color change of the reflected light after exposure to a gas or a liquid. Low-cost fabrication and
compatibility with environments where electricity cannot be used make this device very attractive for
applications in hospitals, industries, with explosives, and in traffic. © 2013 Optical Society of America
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1. Introduction

Chemical and biochemical sensors are becoming of
major interest in everyday life, in particular visual
sensors that could warn people in real time of any
chemical attack or atmospheric pollution. Different
chemical systems are on the market that change
their color when exposed to external chemical agents
either through air or if immersed in liquids. The best
known is the litmus paper that changes color irrever-
sibly depending on the pH of the liquid it is immersed
in. Current time-temperature indicators, which are
used on packages of sensitive goods, such as food
or chemicals to determine if the package content is
still safe to use or has exceeded its lifetime, depend
on the dynamics of a tailored chemical reaction to
achieve a visual color change. Flexible temperature
sensors use liquid crystals to achieve reversible,
visible color changes at very specific temperatures.
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The major drawbacks of these purely chemical
approaches are their poor sensitivity and the signif-
icant chemical engineering required to achieve small
changes in their optical appearance. Combining
physical and chemical interactions brings enhanced
sensitivity and easier functional tailoring. In this
paper we propose a visual gas chemical sensor that
combines a chemical sensing layer with a resonant
waveguide grating. The latter consists of a subwave-
length grating that incorporates a high refractive
index thin-film acting as a waveguide layer.

Resonances of such optical structures are called
guide mode resonances [1,2]. Under specific illumi-
nation conditions (wavelength, angle), the grating
couples light by first order diffraction into a wave-
guide mode. By reciprocity, the mode is resonantly
re-emitted in the incident medium, producing sharp
reflection peak and transmission dip. These sharp
spectral features have been used to produce photonic
devices, such as narrowband filters, polarizers, laser
mirrors, tunable filters, and security devices [3-5].
Such mode resonances are highly sensitive to
the geometrical and material parameters of the



waveguide structures, which make them also suita-
ble for biosensing applications [6-9].

In this manuscript, we use the resonance of a
waveguide grating to emphasize the change in
absorption of a chemically sensitive dye layer after
gas contamination. We show that light absorption
within a thin layer can be strongly amplified by
the resonance of a guided mode.

To demonstrate the feasibility of a visual gas
sensor based on resonant waveguide grating and
dye thin film, we show the efficacy of the sensor at
detecting ammonia vapors. Optimization routines
based on rigorous simulations have been implemen-
ted to select the best suited photonic structure. The
visibility of color changes by the human eye can be
expressed by color difference quantity (DE) values
(see Section 3.G, “Color Changes”). Therefore DE
values are extracted from the reflected spectra to
evaluate the color changes after ammonia exposure.

2. Working Principle of the Visual Gas Sensor Based
on Resonant Waveguide Gratings

The device configuration is depicted in Fig. 1. A
broad spectrum light source illuminates the struc-
ture at a specific angle. The user observes the device
in reflection. At resonant wavelengths, the light
coupled into the structure interacts strongly with
the absorbing dye. The resonance peaks are attenu-
ated as a function of the dye absorption coefficient.

By choosing carefully the position of the reflection
peaks within the visible spectrum, the dye absorp-
tion produces a strong color change.

A. Resonant Absorption with Waveguide Gratings

One of the key points to achieve resonant absorption
relies on the optimization of the coupling between
the dye thin film and the waveguiding structure.
The amount of absorbed light depends on the local
field amplitude, the intrinsic absorption of the mate-
rial (dye thin film) itself, and on the volume interac-
tion. Therefore, high quality factor resonances (small
resonant bandwidth) are required to provide high
\ 1% ope
\ / Waveguide

I substrate

I,

Fig. 1. (Color online) Sketch of the resonant waveguide structure
with a dye thin film deposited on top of the structure. The upcom-
ing light couples inside the structure, propagates along the
surface, and eventually decouples out of the structure.

local field amplitude and high propagation distance
inside the waveguide.

Without considering any scattering or absorption
losses, the quality factor of the resonance describes
the leakage of the mode to the external media. It
has been shown that the absorption losses of the
material have to match the leakage rate of the mode
in order to have resonant absorption through an
impedance matching condition [10-13]. The photon
lifetime z,, related to the optical losses (related to
the quality factor), needs to be equal to the photon
lifetime 7,, related to the absorption losses. The qual-
ity factor @, and the absorption coefficient can be
expressed in terms of 7, and 7,, respectively:

Q = wr, (1)
I )
Taﬁ

where w is the light pulsation, c is the light speed in
vacuum, and n is the refractive index of the material.

The so-called impedance matching condition 7, =
7, leads to the following relation:

2nn

The absorption coefficient is related to the
extinction coefficient by the following formula:

_dnh
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a

Finally, the quality factor can be expressed as

Q=%. (5)

Therefore, the optimal extinction is obtained by
choosing the resonance quality factor as a function
of the absorption coefficient of the dye thin film.
Materials with high absorption coefficients require
a low quality factor structure, exhibiting large reso-
nant bandwidth and a poor absorption enhancement.
On the contrary, materials with low absorption coef-
ficients require high quality factor structure, leading
to a small resonant bandwidth and to a large absorp-
tion enhancement.

B. Simplified Absorption Model

For the waveguiding structure to work as a sensing
device, the key feature to know is the ability to de-
crease the resonant peaks during resonant process.
To answer this question, we only need to know the
maximum achievable absorption, assuming that
the phase matching condition (resonance condition)
is still valid and there is no transmission (A =
1-R-T). Consequently we have developed in this
section a simple model to predict the maximum
absorption.
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Let’s consider an external plane wave impinging
the structure at resonance conditions (wavelength,
incidence angle). Because of the resonant regime,
we assume the whole incoming light is trapped inside
the waveguide layer as guided waves. Since the
waveguide is periodically modulated, the guided
modes are scattered out. Thus, they are called
resonant leaky modes [14]. A leaky mode can be
described by its constant complex propagation along
the structure (x direction):

B = pr +Jb;. (6)

where f, denotes the real propagation constant and
p; the attenuation constant of the leaky wave ampli-
tude. The envelope of the mode along the structure
can be expressed as follows:

P(x) = P, exp(-2p;x). (7

where P, is the initial power in the waveguide.

If any absorbing material is present inside the lea-
ky structure, an absorption coefficient can be added
to the attenuation constant of the leaky wave. There-
fore the power remaining inside the leaky mode is
now

P(x) = P, exp[-2(p; + a)x]. (8

The integration of this power function over the
distance gives the amount of light that is extracted
or absorbed from the leaky mode. The difference
between the case of a leaky mode without and with
an absorption coefficient represents the amount of
light that is actually absorbed by the structure with
an absorption coefficient, as shown in Fig. 2.
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Fig. 2. (Color online) Power remaining inside the leaky mode
according to the propagation distance. Red curve corresponds to
a leaky mode without any absorption material. Blue curve corre-
sponds to the same leaky mode resonance but with an absorption
material. Area A between the red and the blue curve represents
the amount of light that is actually absorbed by the structure hav-
ing an extinction coefficient of 2 = 0.01.
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Therefore, we subtract the integration of these two
intensity functions along x to get A, the amount of
light absorbed by the structure:

A= [ " Poe-2ivdy / T pyel-2itam gy
0 0
a

We normalize A to get the portion of light absorbed
in comparison to the initial amount of light (area
under curve 1):

Pya
2P (Pi+
Ay = T
2p;
a
AR = —. 10

The damping distance f; can be expressed in terms
of the photon lifetime related to the resonance:

GRY)

Recalling (a = (1/7,(c/n))), the matching condition
79 = 7, implies f; = a; thus,

Ape = 0.5. (12)

Therefore one can predict that half of the incident
light can be absorbed in the resonant regime when
impedance matching condition is valid. Note that
we suppose all along the demonstration that the
entire mode is inside the absorption material.
Therefore Ag, would correspond to the maximum
achievable absorption under impedance matching
condition.

C. Light Absorption Enhancement According to the
Quality Factor of the Resonance

From the above result we can determine the light
enhancement provided by the resonant waveguide
structure. We define the enhancement factor G by
the ratio of the light absorbed with the photonic
structure to the light absorbed by a thin layer in
transmission (Beer—Lamberts’ law). In the best case,
half of the light is absorbed by the photonic structure,
which yields

0.5

G= 1-e’

(13)

a is related to the quality factor of the resonance
through the matching conditions described above
[Eq. (3)]. Therefore the enhancement factor can be
expressed as a function of the quality factor:

0.5

(1 — e ) '

G= (14)



250 ————————T T T
./

200 | —m— Enhancement film thickness 200 nm ]
o® —e— Enhancement film thickness 100 nm 1
Pl o
.2 d 1
8 150 | P _m#]
w ® _n
= v .

S €] _m
= ./ "
Q Cat
o 100 | o " 4
] A _m
o @ o
c v _m
w o _u
50 | ./ -/. —
L o /./
L o "
[ o
0 !! [ IV NS (SN (U N TR NS RS SRR S
0 100 200 300 400 500 600 700 800 900 1000
Quality factor Q
Fig. 3. (Color online) Light enhancement factor G at impedance

matching conditions according to the quality factor of the wave-
guide grating. Wavelength of 600 nm and refractive index of 1.5
are assumed.

In Fig. 3 the enhancement factor G for film thick-
nesses 100 and 200 nm and n = 1.5, 2 = 600 nm is
presented.

D. Validation of the Absorption Model with Rigorous
Simulations

To demonstrate the validity of our model, rigorous
calculations have been carried out using rigorous
coupled-wave analysis [15]. The structure under
study is shown in Fig. 4. The overlap of the mode
with the absorbing dye is optimized with an evolu-
tionary algorithm [16]. The free parameter space
includes the following parameters: grating period,
grating depth, waveguide thickness dye thickness,
and resonance wavelength. Two structures corre-
sponding to different target resonance bandwidths
have been selected. Their optical and geometrical
parameters are detailed in Fig. 4 and Table 1.
Figure 5 shows the reflection (OR), the transmis-
sion (07), and the absorption (Abs = 1-0R-0T") of
the dye thin film at the resonant wavelength and
as a function of the extinction coefficient (). It shows
that the absorption increases with 2 up to an

Fig. 4. (Color online) Waveguide grating structure with optical
and geometric parameters.

Table 1. Optical and Geometrical Parameters of Two Resonant
Waveguide Structures

Parameters Structure 1 Structure 2
A, grating period (nm) 310 320
tg, grating depth (nm) 50 50
t,,, waveguide thickness (nm) 24 13
tq4, dye thickness (nm) 200 200
0, incidence angle (°) 20 20
A,  Resonant wavelength (nm) 599.0 600.1
AJ, resonance bandwidth (nm) 1.25 0.60
Q, Quality factor 479 1000
neg, effective mode index 1.62 1.55
k (impedance matching conditions) 1.69E -3 77E -4

optimum. Transmission 07 increases concurrently
as the phase matching conditions, required to have
constructive interferences in reflection, cease to be
valid. We can notice that the optimum absorption
of structure 2 is obtained at a lower extinction
coefficient than structure 1.
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Fig. 5. (Color online) Rigorous simulations of the reflection (OR),

transmission (0T), and absorption (Abs = 1-0R-07") of the dye thin
film at the resonant wavelength as a function of the extinction coef-
ficient (k). Graph (a) corresponds to structure 1 and graph (b) to
structure 2 (see Table 1). Absorption calculated with the simplified
absorption model is also shown (Abs Model). Dashed lines indicate
the coordinates of the impedance matching conditions.

20 January 2013 / Vol. 52, No. 3 / APPLIED OPTICS 343



We can notice from the rigorous simulations that
absorption is about 0.5 at impedance matching con-
ditions for both structures as predicted by the rela-
tions derived above. The absorption model curves
match very well the absorption obtained from the
rigorous simulations up to the impedance matching
conditions for structure 1, contrary to structure 2. In
the latter case the transmission increases rapidly
with %, which indicates that the resonance conditions
no longer hold. Note that reflection peaks can
be attenuated by more than 50% with higher absorp-
tion coefficients. One deviates in this case from the
impedance matching condition and the resonant
light (sum of reflection and absorption) decreases
to the profit of transmission. In our case, we are
interested in reducing reflection peaks with a mini-
mum variation of the absorption coefficient, as it
corresponds to low gas concentration detection.
Consequently, the highest enhancement factor G is
required. The enhancement factors of the two struc-
tures according to the extinction coefficient are
derived from the rigorous simulations, as depicted
in Fig. 6. The enhancement is higher for low & values
and becomes weaker for higher extinction coefficient.
This demonstrates that the resonant absorption
regime yields a stronger damping of the reflection
peaks.

E. Considerations for Visual Sensors

In the case of a visual sensor, the naked eye is the
final element of the sensor chain. Therefore the reso-
lution of our sensor corresponds to the smallest
change that can be detected by the naked eye. We
propose to design a structure exhibiting two reflec-
tion peaks varying differently with the absorption
change of the dye layer. Changing the ratio of these
two peaks brings variation in the three color attri-
butes (hue, saturation and lightness). Thus, the color
differences are expected to be higher than in the case
of one reflection peak, which relies only on the light-
ness changes. Substantial color changes can be
obtained by carefully choosing their position over
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Fig. 6. (Color online) Light enhancement factor G retrieved from
rigorous simulations of structure 1 and structure 2.
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the visible spectrum. In addition, since the naked
eye sees a broad spectrum (from 380 to 780 nm) a
thin resonant peak has a very low impact on the
resulting color. Therefore the level of reflection out
of the resonance dictates the minimum width of
the resonant reflection peak. Anti-reflection struc-
tures have to be integrated in the waveguide grating
design in order to exhibit lower side band levels.

3. Gaseous Ammonia Sensing with Waveguide
Gratings

To show the feasibility of a visual gas sensor based on
resonant waveguide grating and dye thin films, we
demonstrate the efficacy of the sensor configuration
depicted in Fig. 1 at detecting ammonia vapors. The
sensitive layer is composed of a mixture of bromo-
cresol purple (BCP) and polymethylmethacrylate
(PMMA), providing a host matrix to the dye mole-
cules. BCP has been previously used in an absorption-
based optical sensor [17]. PMMA can easily be dis-
solved in a number of commercial solvents and mixed
with various indicator dyes. The absorption of the dye
changes after exposition to ammonia.

A. Sensor Fabrication

The sensor fabrication process is based on standard
techniques suitable for low-cost mass production.
The fabrication of the waveguide grating can be di-
vided into two steps: fabrication of the grating and
deposition of the waveguide layer. The subwave-
length grating is fabricated by a common stamping
process. A master grating made of fused silica is
fabricated by laser holography followed by reactive
ion etching. A sol-gel material (Ormocer, from Micro
Resist Technology) is dispensed onto a 2 in square
glass plate. A nickel shim is obtained from the mas-
ter grating by electroplating and is used to replicate
the grating into the sol-gel by UV-casting process
[18,19]. In a second step, a zinc sulfide (ZnS) layer
is evaporated to obtain the waveguide layer. A solu-
tion of BCP [1%(w/v)] and PMMA [3%(w/v)] is spin
coated on top of the waveguide structure to provide
the chemically sensitive layer.

B. Experimental Setup

The experimental setup to measure reflection (and
transmission) spectra under dry air and ammonia at-
mosphere is shown in Fig. 7. The light source consists

Spectrometer

Optical fiber

Gas In
Bt
e ptical Gas Out
fiber
L -
Halogen Objective  polarizer Flow-Cell

Lamp

Fig. 7. Experimental setup to measure reflection spectrum under
dry air and ammonia atmosphere.



of a Halogen lamp (DH-2000) from Mikropack con-
nected to an optical fiber from Ocean optics
(400 pm core diameter). The light coming out of
the fiber is collimated with a microscope objective
and illuminates the front side of the sensor. The light
is polarized with a Glan Thomson polarizer to
select the TE mode (electric field parallel to the
grating lines). A lens collects and focuses the re-
flected light onto another optical fiber connected to
a spectrometer (HR4000 CG-UV-NIR) from Ocean
Optics. The sensor is placed into a large flow-cell
to allow measurements under different ammonia gas
concentrations.

C. Sensor Design

The aim of the present visual gas sensor is to produce
a visual color change with a minimum variation of
the BCP film absorption, corresponding to a low
ammonia concentration exposure. Our approach
consists of having two resonant reflection peaks.
Different colors can be obtained depending on the
relative level of each peak as long as the rest of the
reflection spectrum is low. One of the two resonant
peaks is positioned on the absorption band of the
BCP film when exposed to ammonia. The strategy
to obtain an effective absorption of this resonant
peak has been explained above. First, it requires a
maximum overlap between the waveguide mode pro-
file and the dye thin film. Second, one must carefully
choose a quality factor of the resonance in accordance
with the absorption coefficient of the dye thin film.

The real and imaginary parts of the refractive in-
dex of the BCP layer have been estimated by reflec-
tance and transmission spectroscopy measurements,
respectively. These measurements were carried out
under dry air and ammonia atmosphere on a BCP
film spin-coated on a glass substrate.

D. Sensor Response to NH3

Figure 8 represents transmission measurements of
a BCP film deposited on glass substrate under
ammonia atmosphere (100 ppm) according to time
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Fig. 8. (Color online) Transmission of BCP film on glass under
ammonia exposure (100 ppm) according to time exposure.

exposure. Before ammonia exposure there is strong
absorption band in the short wavelengths, with a
maximum absorption peak at 430 nm. An absorption
band appears in the wavelength range of 500-
650 nm under ammonia atmosphere. The absorption
band in the short wavelength slightly decreases
under ammonia exposure. Time diffusion of the gas
inside the dye thin film is responsible for the strong
time dependent response.

The change of absorption of the BCP film on glass
is rather low for an ammonia concentration of
100 ppm. We believe that much higher sensitivity
of the BCP film (same absorption change for a lower
ammonia concentration) can be achieved with addi-
tional material improvement (gas diffusion, polymer
properties, and dye concentration). However, the
focus of the present article is to enhance a very
low response of the dye (absorption change) that
would not be detected by the naked eye without
the resonant waveguide structure.

The absorption coefficient (a) and the extinction
coefficient (k) of the BCP film have been retrieved
from the transmission spectrum by computing the
Beer-Lambert’s law:

v _ln(lT) (15)

a= # (16)
_ —In(T) %2

k= “dn el (eN))

where T is the transmission, [ the thickness of the
film, and A the wavelength of light. A reflectivity of
6% has been considered for this calculation due to
the film reflection. The calculated % values according
to the wavelength are represented inside Fig. 9.

The absorption coefficient of the material dictates
the quality factor to use to get maximum absorption
through the impedance matching condition de-
scribed in the previous section [Eq. (5)]. Assuming
k = 0.01 at 600 nm with a mode index of 1.6 we found
@ = 80. Therefore a bandwidth of 7.5 nm for a reso-
nant peak at 600 nm has to be selected for the reso-
nant waveguide structure in such case.

E. Numerical Optimization with Rigorous Simulations

The design of the resonant waveguide grating
sensor with BCP film is based on the following
requirements:

- low reflection off-resonance

- impedance matching conditions, dictating the
maximum resonant bandwidth (minimum quality
factor @)

- resonant peak around 600 nm matching the
absorption band of BCP under ammonia atmosphere

20 January 2013 / Vol. 52, No. 3 / APPLIED OPTICS 345
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Fig.9. (Color online) Extinction coefficient (%) of the BCP film un-
der ammonia exposure (100 ppm), retrieved from the transmission
measurement.

To meet all the above requirements a numerical
optimization routine based on rigorous simulations
has been implemented by adjusting the waveguide
structure parameters (grating period, grating depth,
waveguide thickness, dye thickness, and incidence
angle). The optical and geometrical parameters of
the optimized structure are detailed in Table 2.

Figure 10 shows reflection spectrum of the opti-
mized structure calculated with rigorous simula-
tions. A comparison between the case where the
dye thin film has an extinction coefficient 2 of 0
and 0.01 (constant over wavelength) is presented.
We can notice that the resonant peak at 580 nm is
much more affected by the absorption than the other
peak at 440 nm. Figure 11 shows the evolution of ab-
sorption according to extinction coefficient of the dye
thin film. Absorption enhancement at the position of
the resonant peak is clearly shown. Note the satura-
tion of the absorption for £ higher than 0.05.

F. Reflection Measurements

The optimized structure was fabricated according to
the process described above. Reflection measure-
ments of this structure under ammonia exposure are
shown in Fig. 12. There is a good agreement on the
position of resonant peaks between calculations and
measurements. However, resonant peaks do not yield
100% efficiency in the measurement spectrum due to
scattering losses. In addition, the resonant peak
width is smaller since the grating profile is not
perfectly square but has a rather sinusoidal shape.

Table 2. Optimized Waveguide Structure Parameters

Parameters Optimized Structure
A, grating period (nm) 295
tg, grating depth (nm) 70
t, waveguide thickness (nm) 50
tq, dye thickness (nm) 160
0, incidence angle (°) 17
-, Resonant wavelength (nm) 582
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Fig. 10. (Color online) Reflection spectrum of the calculated
optimum structure. Black curve: Dye thin film has an extinction
coefficient % of 0. Red and blue curves: Dye thin film has an extinc-
tion coefficient % of 0.01.
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Fig. 11. (Color online) Absorption calculated for the optimized
structure for different values of the extinction coefficient %
(constant over wavelength) of the dye thin film.
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Fig. 12. (Color online) Reflection spectrum of BCP film on wave-
guide gratings under dry air (blue curve) and ammonia exposure
(red curve).
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Fig. 13. (Color online) Relative response ([Rinitial — R]/Rinitial) of
BCP films on glass (dash curves) and on waveguide grating (solid
curves) under ammonia exposure (100 ppm).

Since the structure is not symmetric (different re-
fractive indices of the cladding and the substrate),
the resonance has an asymmetric line shape [4].
There is a strong attenuation of the peak situated
at around 580 nm under ammonia exposure while
the rest of the spectrum remains unchanged.

In order to show the impact of the waveguide grat-
ing on the amount of light absorbed, a comparison
between the relative response of BCP film on glass
and the relative response of BCP film on waveguide
grating is shown in Fig. 13. It shows a clear enhance-
ment of the response with the waveguide grating
structure at the positions of the resonant peaks,
which is due to the increase of resonant light
absorbed along the dye thin film.

G. Color Changes

As the present sensor is meant to be visual, the final
response is more appropriately represented by
figures that define the amount of color changes
rather than fluctuations of reflection peaks. The dif-
ference between two colors can be calculated using
an equation developed by the Commission Interna-
tionale de I'Eclairage (CIE) in 1976 called DE. This
equation calculates the linear (Euclidian) distance
between two points in the Lab 3D space. The color
coordinates and the DE have been retrieved from
the reflection and transmission spectra measure-
ments. Table 3 shows the color differences for BCP
on resonant waveguide gratings and Table 4 for
BCP on glass. It is known that a DE value

Table 3. Color Coordinates of the Reflection Spectra According
to Time Exposure in Ammonia Atmosphere for BCP Film
on Waveguide Grating

Table 4. Color Coordinates of the Transmission Spectra According to

Time Exposure in Ammonia Atmosphere for BCP Film on Glass

Exposure Time (min) L A b CIEx CIEy DE
0 100 -14.4 57.0 0.351 0.357 —

1 100 -14.6 56.5 0.351 0.357 0.56
2 100 -14.8 55.0 0.350 0.357 1.98
3 100 -15.2 53.3 0.350 0.356 3.72
4 100 -15.4 514 0.349 0.355 5.68

Exposure Time (min) L A b CIEx CIEy DE
0 100 -60.0 16.1 0.297 0.356 —

1 100 -60.0 11.9 0.293 0.354 4.24
2 100 -60.0 9.7 0.292 0.353 6.42
3 100 -60.0 7.8 0.290 0.351 8.34
4 100 -60.0 6.9 0.289 0.351 9.26

superior of 1 can be detected by the human eye.
The resonant waveguide grating shows higher DE
values in comparison to the BCP on glass. Thus
it is possible to visually detect a color change after
1 minute of ammonia exposure (100 ppm) with the
resonant grating.

H. Considerations for a Divergent and Extended Light
Source in a Real Scenario

In the experimental setup presented above, a combi-
nation of a halogen light source, an optical fiber, and
a microscope objective is used to form a collimated
beam. However, in the real scenario the source could
be divergent with an extended size as depicted in
Fig. 14. Depending on the distance between the light
source and the sensor, we can estimate the deviation
of the reflected spectrum from an ideal collimated
light source.

The deviation is related to the variation of incident
angles, which can be calculated through the following

relation:
dxsin a = |:d:|: (%)} x sin o

m sin a.

As an example we take the case where the light
source has a width of 20 cm and is situated at a dis-
tance of 1 m from the sensor. The central incident
beam angle is 17°. Inserting these values to the
Eq. (18) we find:

sin o = (18)

w=20cm

\\\§§§\\\\\\\\\\\\\\\\ oy

Sensor -

Fig. 14. (Color online) Sketch of a possible real scenario where
the light source is not collimated.
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Fig. 15. (Color online) Reflection spectrum of the optimized
structure according to incidence angle.

a.=15.4° and oS =18.9°.

Therefore the incident light angles to consider are
17° £ 2°. Figure 15 represents the reflected spectrum
for different incident angles calculated for the opti-
mized structure (Table 2). It shows a linear shift of
resonant peaks wavelengths according to the inci-
dence angle. The peak shift is about 4.5 nm for a
1° angle shift.

In order to see the effect on the final color seen by
the naked eye, we calculate the DE values according
to the angle deviation (Table 5). The color coordinates
are calculated by taking the average reflection spec-
tra over the incidence angles considered. Resonant
peaks get broader as the range of incident angles
increases, as shown in Fig. 16.

Table 5 tells us that a color deviation can be seen
when the variation of incidence angle is 1° from the
central angle. However, what matters in the present
application is the color change seen when the device
is exposed to ammonia. Therefore we calculate the
deviation of color change when absorption coefficient
(£ = 0.01) is added to the BCP layer (Table 6).

We can see that the expected color change is con-
stant over the angle deviation due to the symmetric
distribution of resonant peaks from the central inci-
dence angle. However if we increase further the in-
cidence angle deviation, resonant peaks will be out
of the absorption band (530-630 nm) of the BCP film.
Since a 50 nm shift corresponds to a 10° angle shift,
no detection of color change by the naked eye can be
expected for deviation angles larger than +10°.

Table 5. Color Coordinates and Color Deviation According to the
Incidence Angle Deviation

Angle (°) L a b CIEx CIEy DE
17° 46.5 433 -40.9 0.289 0.195 —

Av+05° 465 432 -40.8 0.290 0.196 0.13
Av +1° 46.5 429 -40.6 0.290 0.196 0.52
Av +2° 46.5 42.0 -40.1 0.290 0.199 1.55
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Fig. 16. (Color online) Average reflected spectrum according to

the deviation angle.

Table 6. Color Coordinates and Color Changes with Absorption
Coefficient (k = 0.01) Added to the BCP layer According to the
Incidence Angle Deviation

Angle () L a b CIEx CIEy DE
17° 429 414 -419 0280 0187 4.2
Av+05° 429 413 -41.8 0280 0188 4.2
Av+£1° 429 410 -416 0280 0189 4.2
Av+2° 429 401 -41.1 0280 0.190 4.2

4. Conclusion

We have demonstrated that visual chemical sensors
based on subwavelength grating structures are fea-
sible. An absorption model is developed to predict the
resonant absorption conditions. It is validated with
rigorous theoretical simulations. Optimization rou-
tines based on rigorous simulations have been imple-
mented to select the highest photonic structure
sensitivity in the case of ammonia detection with a
thin BCP layer. Enhancement of the light absorption
by the waveguide grating is shown experimentally
with a fabricated sample. DE values have been
extracted from the reflected spectra to evaluate
the color changes in the case of an ideal incident
collimated light. Light source divergence with an
extended size is also considered to approach the real
scenario configuration. Ammonia sensing tests have
shown that the waveguide grating structure brings
higher color changes (DE values).

One of its main advantages lies in its simple adjust-
ability to spectral requirements. By changing the
geometry of the resonant structures, the same dye
and chemistry can be used to obtain different color
shifts and different sensitivities. Different dyes can
be integrated into the same platform to monitor dif-
ferent chemical reactions at the same time. The tech-
nology proposed here is fully compatible with mass
production techniques, making the device a low
cost-sensor. Furthermore, the device is a stand-alone
sensor as any ambient light can be used as the light
source (within certain conditions) and no external



electrical supply is required. The main target applica-
tions concern the monitoring of gas contamination in
public places in the case of terrorist attack or indus-
trial accident, the monitoring of air pollution in cities,
and the detection of gas leakages in private places.

Improvement of the current design could include a
reference area built within the sensor to enhance the
contrast of color changes.
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