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Abstract. One-dimensional photonic crystals are artificial structures,
where refractive index varies periodically in one direction. Unlike Bragg
stacks, they are characterized with omnidirectional reflectance, i.e high
reflectance for all incidence angles and polarizations of light. Thus they
are very suitable for utilization as color indicators of liquids and vapors,
because the change of the color will be exclusively due to the presence
of analyte, not to the change of viewing angle.

In the present study, chalcogenide glasses (GeSe2) and sol-gel metal ox-
ides (Ta2O5 and V2O5) are used as high refractive index material pro-
viding sufficient optical contrast, while zeolite and polymer (PMMA)
films are employed for sensitive materials with low refractive index that
change their optical properties or thicknesses upon exposure to analyte.
Selective optical detection of acetone and chloroform based onmonitor-
ing of color change is demonstrated and discussed.

PACS codes: 78.67.Pt, 78.55.Mb, 42.70.Qs, 78.20.Ci

1 Introduction

One dimensional photonic crystals are artificial structures, where refrac-
tive index varies periodically in one direction. Usually they are fabricated
in the form of Bragg stack, i.e as multilayers systems comprising alter-
nating layers with high (nH) and low (nL) refractive index and quarter-
wavelength thickness nHdH = nLdL = λc/4, λc – wavelength and d –
thickness of the layers. Due to the periodicity and quarter-wavelength
thickness all waves that reflected from the boundaries of the stack are
in phase. Their interference leads to formation of high reflectance band
that is centered at λc. When λc is within the visible range, the stack ex-
hibits a bright color called structural color. Both the position of the band
(λc) and the color of the stack depend on the parameters of the stack
(nH , nL and d). If the stack’s parameters change due to an external stim-
ulus, the reflectance band shifts and the color of the stack changes, thus
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indicating the presence of external stimulus. However, the position of re-
flectance band is very sensitive to the angle of incidence. Thismeans that
at different viewing angles the stackwill be colored differently. When the
detection is performed by visual inspection of the color the observer will
be confused because he will not be sure if the change is due to the pres-
ence of some analyte or to slight change of the viewing angle.

One possible decision is the omnidirectional reflection (ODR), where
high reflectance is obtained for all incident angles and polarization of
light. Besides, the stack with ODR has the same color at different an-
gles of observation. However, in order to reach omnidirectional reflec-
tion some restrictions on nH and nL exist: (1) the optical contrast (dif-
ference in refractive indices of both materials) has to be higher than 0.75
[1]; and (2) the value of high refractive index material to be greater than
2.264 [1,2]. Even if the first requirement is fulfilled by using appropriate
pair of materials like TiO2 and SiO2 [3-5], it is not a trivial task to find
porous material with refractive index higher than 2.264. Unfortunately
the widely used materials such as porous metal oxides TiO2, ZnO etc.,
do not satisfy the second requirements. A careful selection of materials
is demanded that should provide permeable materials with refractive in-
dex as high as possible that change their parameters upon exposure to
external stimuli.

In this paperwe present our results on development of building blocks for
porous Bragg stacks. As high refractive index materials we use thermal
evaporated thin films of chalcogenide glasses (GeSe2) and sol-gel metal
oxides (Ta2O5 andV2O5). As sensitivematerials with low refractive index
we utilize spin-coated thin films of zeolite and polymer (PMMA). Two
types of color detection of vapors and liquids, based on the change in
refractive index and thickness, are discussed and demonstrated.

2 Principle of Color Sensing of Vapors and Liquids

The principle of color sensing is illustrated in Figure 1. Upon exposure
of one-dimensional photonic crystals to analyte, themolecules enter the
empty pores and initiate change of refractive index or thickness of the
layers comprising the 1D structure. As a result the optical thickness in-
creases and leads to a shift of reflectance band and consequent change
of the color of the stack. In an ideal case this change is proportional to
the concentration of the detected analyte.

Figure 2 presents an example of omnidirectional reflectance for Bragg
stack comprising layers with optical contrast of 0.8 (nH = 2.3, nL = 1.5).
The short and long reflectance edges at level of 98% for both p- and s-
polarization are plotted as functions of incident angle. It is seen that
with increasing the angle of incidence, the reflectance band at normal
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Figure 1: Principle of color sensing of vapors and liquids using one di-
mensional photonic crystals (color online).

incidence (x = 0◦) shifts towards shorter wavelength, widening for s-
polarization and narrowing for p-polarization. The overlapping area of
all bands is the omnidirectional reflectance band within which the stack
has a reflectance higher than 98% (in this case) for all incidence angles

Figure 2: Long- and short-wavelength edges of the reflectance band at
level of 98% for quarter-wave stack comprising layers with nH = 2.3 and
nL = 1.5 as a function of the incident angle for p- and s-polarized light.
The yellow rectangle (1) presents the omni-directional reflectance (ODR)
band of the stacks, while the red (2) and blue one (3) are for quasi-ODR
band corresponding to angles within the ranges of 0–70◦ and 0–45◦, re-
spectively (color online).
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and polarization types of light. ODR band for the particular case pre-
sented in Figure 2 is centered at 578 nmand haswidth of 4 nm. As the an-
gle range gets narrower a quasi-omnidirectional band appears that shifts
to higher wavelengths and widens with decreasing the angle range. Our
additional calculations have shown that when nL decreases from 1.5 to
1.2, the omnidirectional band disappears although the optical contrast
increases from 0.8 to 1.1. For reappearing of ODR band nH should be
increased. Therefore, in order to achieve ODR it is very important the
building blocks of Bragg stack to be appropriately chosen.

3 Materials and Methods

For materials with high refractive index we employ chalcogenide glass
GeSe2 [6], Ta2O5 [7,8] and V2O5 [9]. The bulk GeSe2 glass was synthesized
in a quartz ampoule by the method of melt quenching from the elements
of purity 99.999% [10]. The layers were deposited by thermal evaporation
with a deposition rate of 0.5–0.7 nm/s in a vacuum of 10−3 Pa.

Thinfilms fromTa2O5 andV2O5with thicknesses in the range 50–150nm
were prepared by using methods of sol–gel and spin-coating [7-9]. The
tantalum sol was prepared according to the previously developed water
free procedure [7,8]. Briefly, 1.5 ml Ta ethoxide Ta(OC2H5)5 (99.98%,
Sigma-Aldrich) was dissolved in 50 ml of isopropyl alcohol and 3 ml of
glacial acetic acid (CH3COOH, Sigma-Aldrich). After 30min stirring, 1ml
diethanolamine (HN(CH2CH2OH)2, 98%, Sigma-Aldrich) was added. The
obtained solution is subjected to slow stirring for 18 h.

Vanadium sol was prepared using 1.5 ml of Vanadium(V) oxytriiso-
propoxide (Sigma Aldrich) dissolved in a mixture of 17.5 ml acetone and
17.5 ml isopropanol for the dense films or 0.6% v/v solution of Pluronic
PE6100 (BASF) for porous films, stirred for 2 h at room temperature [9].

For low refractive index material we used zeolite and polymer thin films.
The former change their refractive index upon exposure to analyte, while
polymer changes its thickness. Zeolites (molecular sieves) are crystalline
materials with framework-type structures built of regular and uniform
pores ofmolecular dimensions [11]. They have low refractive index (1.15-
1.35) [12] and high affinity to organic solvents. Besides, thin films with
good optical quality can be deposited by simple methods [12,13]. We use
two types of zeolites synthesized in the Laboratory of Catalysis and Spec-
troscopy, Normandy University, ENSICAEN, CNRS, Caen, France.

Pure silica MFI-type zeolite (Si-MFI) was synthesized according to the
procedure described in [14]. The synthesis was performed at 90◦C for 3
days. After the hydrothermal treatment, the zeolite nanoparticles were
purified by two steps centrifugation (24.500 rpm, 1 h) and redispersed
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in double distilled water. MEL zeolite crystals were synthesized from
a colloidal precursor suspension with the following chemical composi-
tion: 1.0SiO2: 0.3TBAOH: 4.0EtOH: 18.0H2O (TBAOH – tetrabutylam-
monium hydroxide, EtOH – ethanol). The precursor suspension was
heated at 90◦C for 68h [15]. After the synthesis, the precursor suspension
was purified using high-speed centrifugation, and finally redispersed in
ethanol.

For deposition of thin films, the zeolite-ethanol suspensions and metal
sols were spin-coated on silicon wafer (2500 rpm and 30 s), followed by
annealing at 320◦C for 30 minutes. The stacks were prepared by alterna-
tive deposition of oxide and zeolite films. After deposition of each layer
a thermal treatment was applied in order to avoid its destruction during
the deposition of the next layer.

The sensing properties of the films and stacks were investigated through
measurements of reflectance spectra of the films with CARY 05E UV-
VIS-NIR spectrophotometer and homemade sensor set-up [16]. CIE
(Commission Internationale de l’Eclairage)) tristimulus color coordi-
nates were calculated using the measured reflectance spectra at normal
and oblique incidence of unpolarized light through already developed
program codes [17,18].

4 Results and Discussions

4.1 Color sensing of liquids

Here we are going to present two examples of color sensing of liquids.
The first one employs bi-layered stack of GeSe2 (130 nm) and MEL thin
films (260 nm). Our calculations (not shown here) proved that Bragg
stack comprising GeSe2 (n = 2.65 at 600 nm) and MEL zeolites (n = 1.18
at 600 nm) has an omnidirectional reflectance (ODR) band with width of
6 nm and wider quasi-ODR band of 55 nm for angle ranging from 0 to
70 degrees. However, it is interesting to check how the color of the stack
changeswhen it is illuminatedwithwhite light. Figure 3(a) showsCIE co-
ordinates calculated for 7-layers stack as a function of incident angle. As
the incident angle increases the color of the stack changes from yellow-
green to blue-green. Nevertheless, there are ranges of angles (0-30o, for
example) where the color is the same thus providing the possibility for
color sensing. The red shift of reflectance band when the stack is im-
mersed in methanol and acetone was presented in Figures 3(b) and 3(c),
respectively. In the case of methanol the shift is 12 nm, that is 3 times
more as compared to acetone. The shift leads to 7% change of the sig-
nal at fixed wavelength in the case of methanol and 4.5% for acetone.
The shift is accompanied with detectable change of the color from blue
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Figure 3: (a) Calculated CIE coordinates for 7-layers stack comprising
GeSe2 and MEL thin films as a function of incident angle; Reflectance
spectra of GeSe2 – MEL bi-layers measured prior to and after exposure
to liquid methanol (b) and acetone (c); CIE color coordinates for GeSe2
– MEL bi-layer before (points 1 and 3) and after (points 2 and 4) acetone
(points 1 and 2) and methanol (points 3 and 4) exposure (color online).

to blue-violet in the case of methanol immersion and insignificant color
change in the case of acetone (Figure 3(d)).

The inconvenience of GeSe2-MEL building block of Bragg stack is the
requirement of two different techniques for films deposition: thermal
evaporation and spin-coating. It will be a real advantage if both films
are deposited by the same simple method. Thus using sol-gel and spin-
coating we prepared 5-layers stack consisting of Ta2O5 and MEL films
with thicknesses of 72 nm and 102 nm, respectively. In order to achieve
higher reflectance the stack starts and ends with Ta2O5 film. After im-
mersion in analyte the effective refractive index of zeolite increases be-
cause the air inside the pores with refractive index 1 is replaced with liq-
uid with higher refractive index. As a result reflectance band shifts to-
wards longer wavelengths and a change of color of the stack is expected.
The shift of high reflectance band in the case of immersion of 5-layers
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Figure 4: Reflectance band of 5-layers stack consisting of Ta2O5 (72 nm)
andMEL zeolites (102 nm) layers prior to and after immersion in acetone
(a) and methanol (b); Calculated CIE coordinates for reflectance spectra
measured before and after acetone immersion (c) and of the stack as a
function of incident angle (d) (color online).

Ta2O5 / MEL stack in acetone and methanol is presented in Figures 4(a)
and (b). A selective shift of 30 nm is obtained in the case of acetone and
only 9 nm formethanol. In the case of water the change is even smaller –
less than 4 nm. As it is expected the shift of reflectance band is accompa-
nied with substantial change of the stack’s color from blue-greenish to
yellow-green (Figure 4(c)), while there is no color change in the case of
methanol andwater. Our additional calculations have shown that the op-
tical contrast in the case of Ta2O5 / MEL stack is 0.7 [7] that is insufficient
for ODR band to open. The calculated CIE coordinates for the reflectance
of the stack at different incident angles (Figure 4(d)) show that the color
of the stack changes from yellow to blue-green as the viewing angle in-
creases from 0 to 70 degrees. Still, there is a narrow range of viewing
angles (0–20◦) inside which the color is independent of the angle. With
the current advances in technology, it will not be difficult the detection
of color to be performed with the camera of a smartphone [19]. Then the
range of angles where the stack has the same color is not so narrow.
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Figure 5: TEM images of dense (a) and porous (b) V2O5 films; Reflectance
change of stacks consisting of alternating dense or porous V2O5 and
PMMA films due to exposure to chloroform vapors as a function of num-
ber of the layers in the stack (c) (color online).

4.2 Color sensing of vapors

The changes in the refractive index of zeolite films are much smaller
when exposed to vapors of the analyte. Therefore, there is no overall
displacement of reflectance band, only the short wavelength edge shifts
towards longer wavelengths. Color sensing of vapors is also possible,
but in order to obtain detectable change of color the sensing material
has to change its thickness upon exposure to vapors, not only its refrac-
tive index. Considering this we have studied Bragg stacks consisting of
Poly(methyl methacrylate) (PMMA) as sensitive layers and sol-gel V2O5

layers providing high optical contrast [9].

In order to increase the sensitivity an artificial porosity was introduced in
V2O5 using organic template (Pluronic, BASF). After annealing at 320◦C,
the template burns out leaving empty pores in the film. The comparison
between dense and porous filmsmorphology is presented in Figure 5. An
increase of pores size with addition of Pluronic is clearly seen. The opti-
cal response of stacks consisting of different number of alternating V2O5

(porous or dense) and PMMA films when exposed to chloroform vapors
is shown in Figure 5(c). In the case of porous V2O5 films the response is
2 to 3 times stronger as compared to stacks comprising dense V2O5 films
because the bigger pores facilitate the penetration of analyte vapors.

When the porous stack is exposed to chloroform vapors there is a red
shift of reflectance band that is as stronger as the exposure time is
longer. Concerning the selectivity, the optical response of the stack is 4
times higher for chloroform vapors as compared to acetone vapors (Fig-
ure 6(b)). There is no change for ethanol, methanol and water vapors.

The red shift of the reflectance band results in gradual change of the color
of the stack from green before exposure to red after 360 s of exposure to
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Figure 6: Reflectance band of 7-layers stack consisting of porous V2O5

and PMMA films exposed to chloroform vapors for different time (a); Re-
flectance change of the stack when exposed to acetone and chloroform
vapors for 120 s (b) (color online).

chloroform vapors. Unfortunately, because of the low optical contrast
(0.47 in the case of porous V2O5 film) both the reflectance of the stack at
oblique incidence and the color are sensitive to incident / viewing angles
(Figure 7(b)). Our calculations of CIE coordinates using measured re-
flectance spectra at oblique incidence show that the color changes from
green to bluewhen the viewing angle increase from0 to 70 degrees. How-
ever, if we increase the optical contrast by using dense V2O5 films, then

Figure 7: Calculated CIE coordinates using reflectance spectra of 7-layers
stack consisting of alternating porous V2O5 and PMMA films (a) exposed
to chloroform for 120 s (red circle), 240 s (green circle) and 360 s (blue
circle) and (b) for unpolarized light incident at different angles denoted
on the plot (color online).
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weaker sensitivity of color to the viewing angle will be achieved, but the
sensor sensitivity will drop by 2 to 3 times. Therefore, a compromise be-
tween the porosity level and omnidirectional reflectivity has to be done
in order the optical indicator to be more sensitive.

5 Conclusions

It is shown that one dimensional photonic crystals comprising sensitive
materials such as zeolites and polymers that change their optical param-
eters and / or thicknesses could be utilized for selective color sensing of
liquids and vapors of volatile organic compounds. Depending on the op-
tical contrast between the constituent blocks of the stack, the color is
more or less sensitive on the viewing angle. As the porosity of high re-
fractive index layer increases, its refractive index decreases and the sen-
sitivity of the color on viewing angle becomes stronger. A compromise
between porosity and omnidirectional reflectivity should be found.
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