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ABSTRACT

A planar optical waveguide is manufactured by the functionnalisation of oxidised mesoporous silicon with
Bromothymol Blue to achieve a sensitive ammonia sensor suitable for low gas concentrations. The propagated light
intensity is measured at the output of the waveguide. The sensitivity at low concentrations and the short time of reaction
of the sensor are enhanced by a confinement effect of the gas molecules inside the pores. The dependence of the output
signal with gas concentration is demonstrated. When the ammonia flow is stopped, the reversibility of the initial
characteristics of the propagated light is naturally obtained with the disappearance of the gas molecules.
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1. INTRODUCTION

Various optical sensors have been proposed for ammonia detection [1]. They have several specific assets compared to
conventional sensors [2 - 5]. The major advantages are their small size, absence of electrical interference, remote sensing,
low cost ... [6].

The main principle of these sensors is based on the change of color of the detecting molecule immobilized in the
optical structure in the presence of gas. Several devices have been proposed cither using an active film coated on
substrates [7, 8], or on fibers [9, 10]. For these coated structures, the detection can be generally done by the variation in the
electric field of the evanescent wave when ammonia is present [11, 12].

One other means is to use an optical waveguide based on oxidised porous silicon whose pores are impregnated by the
active molecule [13]. Due to the open pore structure, gas can diffuse and react with active molecules in the whole volume
and not only at the surface, like for film structures. In these porous optical structures, the propagated signal intensity at the
output is modified by the absorption of the molecule.

This paper reports the development of a porous silicon waveguide sensor impregnated with Bromothymol blue (BTB)
molecules to detect ammonia. As shown in a previous study, indicator dye covers the pores over all the thickness of the
waveguide and a homogeneous structure can be achieved [13]. The advantage of such a porous structure is its very high
specific area. A good sensitivity can be expected because gas molecules are confined within the pores and can react with
this highly active specific area impregnated with BTB molecules.

BTB is a weak acid pH indicator whose color changes in the range of 6 — 7.6 pH from yellow to blue due to the
deprotonation of the HB acidic form to the B™ basic form when ammonia is present:



HB (yellow) + NH; <«  NH, + B’ (blue) (1)
The optical absorption of BTB depends on the amount of the ratio between HB and B". With an aqueous acidic
solution, the acidic form (HB) is preponderant, no absorption is obtained for wavelengths higher than 500nm. In a solution
with ammonia, the pH value increases, a maximum of absorption is obtained around 620 nm due to the predominance of
the basic form B". This behaviour indicates that BTB is suitable to perform a NH; chemosensing waveguide. In this way,
a He-Ne laser which the work wavelength is A = 633 nm is used to detect the presence of NH3 gas molecules.

The optical properties of the functionnalized layers are characterised by means of reflectance UV-Vis spectroscopy
and by the m-lines method. The sensor characterisation is performed by an in-situ optical transmission measurement in
presence of different NH; gas concentrations.

2. EXPERIMENTAL

Mesoporous silicon is obtained by anodisation of highly doped p-type (100) oriented c-Si substrates in a HF(50%):
H,O: ethanol (2: 1: 2) electrolyte. Porous silicon planar waveguides are made using two consecutively current densities
(50 and 80 mA/cm?). Two layers (5 um thickness) with different porosities (i.e. different refractive index) are obtained
[14].

The observation of the porous structure of the waveguide is achieved by means of a S-2500 Hitachi SEM. The network
of the porous structure which will be functionnalised later is well observed in the Fig.1. The open structure is well visible
on the micrography of the surface. On the cross-section, the columnar pore structure perpendicular to the surface is well
observed. Due to the difference of porosity, the two porous layers can be well identified in the cross-section micrography.
Pores with a mean diameter of 20 nm have been formed in the guiding layer, while in the cladding layer, the mean
diameter is about 25 nm. The porous silicon waveguides were then oxidised at 900°C for 1h under O, flow after a pre-
treatment at 300°C for 1h. This thermal oxidation allows a stable waveguide to be obtained with a lower absorption
coefficient than for a non-oxidised one, principally in the visible wavelengths [15]. After oxidation, due to the thermal
silica expansion, a decrease of the mean diameter is observed.
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Figure 1: SEM micrography of the porous silicon waveguide before oxidation



The Functionnalized Waveguide (FWG) is obtained by impregnating the oxidised porous silicon waveguide with a
solution of (0.05g/1) Bromothymol Blue (BTB) in deionized water. The pore filling is improved because oxidised porous
silicon is more hydrophilic than porous silicon.

UV-Vis reflectivity spectra of functionalized layers have been recorded using a spectrophotometer equiped with a
specular reflectance module.

The refractive index for each oxidised singlelayer before and after introduction of BTB has been measured by m-lines
at A = 633 nm as a function of BTB concentrations. Five tests have been performed at different sample surface, the mean
value and the standard deviation are presented below.

A schematic view of the experimental set-up for the in-situ measurements is shown in Fig.2. The propagated light
intensity at the output of the sensor is measured by a silicon photodiode under controlled gas flow. Diluted NH; gas in
dried N, has been used to work in the 1000 to 1 ppm NH; range. Each gas flow is regulated by a flow meter controller, the
gases are mixed before injection in the chamber. The NH;/ N, reactive gas is introduced in the closed chamber above the
FWG at atmospheric pressure and ambient temperature with a 73% Ry;.

Light from a 633nm He-Ne laser beam is injected by an optical fiber into the FWG and the propagated light intensity
is measured at the output of the sample by a silicon photodetector.

The test procedure has been perfected :

- a vacuum up to 5S0mbear is carried out for ten minutes to evacuate contaminated molecules of gas. The chamber is
then returned to atmospheric pressure by introduction of ambient air.

- NH;/N, gas is continuously introduced to the testing chamber at a constant flux of 200 sccm, instead of a pulsed
flux, to obtain a good signal to noise ratio [16].

- then a new test is performed with a different NH;/N, concentration. The same FWG sample has been used for all the
cycles presented in this paper.

He-Ne Laser @ 633

%%%%oller

Gas outlet
gauge “......S1 Photodiode

‘ N Multimeter
IEEE-BUS

Rotary pump

Figure 2 : View of the experimental set-up for gas sensor



3. EXPERIMENTAL RESULTS
3.1 UV-Vis reflectance spectra and refractive index of the functionnalized layers

The reflectivity spectra of oxidised porous silicon single layers before and after functionnalisation with BTB are
presented on Fig.3. Samples with the same porosities as those used for the guiding and the cladding layers of the
waveguide have been studied.

Before functionnalisation, the reflectivity is relatively higher for the single layer with the lowest porosity (the highest
refractive index). However, for functionnalized ones, an important decrease in the reflectivity is observed below 550 nm.

The comparison with the BTB properties described in Eq. 1 and the reflectance spectrum of layer impregnated by BTB
shows that the absorption properties of the BTB dye are retained when it is dried and confined in the pores. Only, a very
low absorption of BTB can be expected at 633 nm for the FWG in an inert atmosphere.
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Figure 3 : Reflectivity of the oxidised porous silicon: before (thin line) and after functionnalisation with 0.5 g/l of BTB (thick line)

The real part of the refractive indexes measured by m-lines are presented in Fig.4 for the two single layers as a
function of BTB concentrations. The refractive index of the guiding layer is higher than that of the cladding one before
impregnation. For the impregnated layers, the refractive index does not vary in a significant way for the two tested
concentrations of BTB. The introduction of BTB, in its protonated form HB, does not affect the refractive index of the
oxidised porous silicon, due to the very small amount of dye introduced into the pores.
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Figure 4 : Refractive index measured by m-lines method for the two single layers of oxided porous silicon as a function of
BTB concentration



The m-line results have shown that the refractive indexes of the functionnalized layers are very close to those of the
non-impregnated layers. Gas detection can be only expected by the increase of the dye absorption at 633 nm (Fig.2) which
affects the complex refractive index.

3.2 Sensor characterisation

The optical intensity at the exit of the FWG is measured by a silicon photodiode (Si-PD). The output voltage (V) is
recorded as a function of time when the FWG is exposed to ammonia gas. Without ammonia, the recorded signal (V,x) is
maximum because the dye is in its protonated form and it does not absorb at 633 nm as shown in Fig.2.

The variation of the normalized (V/Vmax) signal ratios as a function of the time for decreasing NH; concentrations is
shown in Fig.5. As soon as the gas is introduced, the transmitted light from the FWG decreases leading to a reduction in
the output voltage. The diffusion of the gas into the pores is instantaneous because of the open structure of the porous
material. The small diameter of the pores does not hamper the diffusion of the gas inside the pores. The optical properties
of the BTB molecules are retained when they are confined in the waveguide. When the sensor is exposed to the gas, the
chemical reaction Eq. 1 moves toward the right part, the concentration of the basic form B’ increases, the dye absorbs at
633 nm, the signal (V) quickly decreases.

Between two tests, a rough vacuum evacuates NH; molecules from the pores, this period has been symbolized by thin
broken lines on the spectrum (Fig.5). For the highest concentration (1000 ppm of NHj3), the light has been completely
absorbed in 27 seconds. As observed from Fig.5, the decrease in the ratio V/Vmax is a function of the NH; concentration
of the gas. The higher the NH; concentration, the lower the propagated light intensity becomes. The chemical reaction
between NH; and BTB molecules can occur even at low concentrations because entrapped gas particles inside the pores
react directly with BTB molecules fixed along the pores: 1 ppm ammonia was detected by the sensor with a 15% variation
in the initial signal value. Two different behaviors can be observed on the curves: after a fast decrease, the transmission
through the FWG leads to a constant value V,;, (final state). V., decreases when NH; concentration increases. The ratio
between [HB] and [B’] concentrations is a function of NH; concentration in the injected gas.
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Figure 5 : V/Vmax output ratios as a function of time for different NH3 concentrations. The thin broken lines correspond
to the vacuum period

First, the forward reaction Eq.1 is dominating, the indicator is easily dissociated. Then, the reaction tends to the
equilibrium between the protonated and the deprotonated form of the indicator because the reaction is incomplete as
expected in the case of a weak acid. Hu and al. [16] have proposed a mathematical model based on the mechanism of NH;
molecule adsorption on film sites, to explain that the signal reaches a constant value which depends on the gas
concentration.



Fig.6 shows the normalized (V/Vmax) signal ratios measured at the final state Vmin as a function of the concentration
of ammonia. A dependence of the final value with the concentration of NH; is well observed for the all gas tested
concentrations in this work. This result allows us to assume that Vmin is a suitable magnitude to determine gas
concentration. We have shown that the FWG is not only able to detect but can also measure NH; molecule concentration.
A mathematical model to calibrate the sensor response in function of the NH; concentration in the gas will be exposed in a
previous work.
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Figure 6 : Vmin/Vmax output ratios as a function of NH; concentration

Natural reversibility tests in ambient atmosphere have also been performed with 10 and 1 ppm NHj; concentration. The
results are presented in Fig.7. As soon as the gas flow was stopped, the output signal increased, because of the dilution of
the NH; molecules in air. NH; concentration naturally decreases. The NH," decomposes in ammonia plus one proton and
restores the acidic form (HB) of the dye. This reversibility is not instantaneous, a slow and progressive recovery of the
initial state is obtained. The reverse reaction rate constant of Eq.1 is low because only a natural ejection of the gas
molecules outside of the pores has been carried on. For the two concentrations, about five minutes was necessary to restore
the sensor properties. Two tests at 6 months’ interval have been performed on the same FWG. The same behavior in
presence of NH; has been observed. No bleaching of the dye occurred, showing a high stability of the material with time.
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4 CONCLUSION

We have studied a NH; sensor based on a functionnalized optical waveguide. A weak acid dye pH indicator has been
selected to be introduced homogeneously inside the pores of the oxidised porous silicon waveguide. Contrary to polymer
films, no problem of immobilization of these molecules into the pores has been encountered. With UV-Vis spectroscopy
and m-lines method, we have shown that the optical properties of the as-done waveguide are retained under ambient air
when dye is introduced. Gas is detected by the important absorption at 633 nm of the deprotonated BTB form. The
intensity of the transmitted light through the FWG decreases. A very good correlation has been found between the
transmitted signal at the final state and the injected ammonia concentration.

A fast response time of the sensor has been obtained for all the tested NH; concentrations. Due to the reverse chemical
reaction of the dye, a natural reversibility is obtained when NH; molecules disappear. With the proposed configuration, the
detection limit was less than 1 ppm, with a rather good sensitivity. The response times (detection and reversibility)
obtained in this work are very encouraging to use this kind of technique to realize such a gas sensor.

An optimization of the introduced dye concentration will allow the detection limit to be decreased. On the other hand,
by using ridge waveguides, the sensor characteristics can be expected to be improved. This technology could also be used
to detect other gases, using another suitable sensitive molecule.
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