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The paper presents the results of the investigations involving the influence of the change of launching
conditions on the characteristics of the planar amplitude evanescent wave ammonia sensors. Investigated sensors
are based on the channel gradient waveguides, which are produced with the application of the ion exchange in

glasses.

In our investigations we have tested two sensor structures of different refractive index profiles. The

absorption sensitive films were produced using sol—gel technology.

PACS: 81.20.Fw, 42.70.Ce, 07.07.Df

1. Introduction

Over the recent years we have been witnessing a very
intensive development of planar waveguide chemical sen-
sors. The development in question is stimulated by vari-
ous factors. On the one hand, it is the increasing demand
for new measurement techniques, which help to moni-
tor the condition of our natural environment, to control
technological processes or to detect the presence of haz-
ardous substances. On the other hand, we can enjoy the
benefits resulting from the application of optical wave-
guide techniques [1-3]. Planar evanescent wave chemi-
cal and biochemical sensors can be realized with applica-
tion of monomode or multimode waveguides. Monomode
waveguides are applied in sensor structures with phase
modulation [3-9] and multimode waveguides are ap-
plied in sensor structures with amplitude modulation.
Monomode planar uniform waveguides can be obtained
with the application of plasma-enhanced vapour deposi-
tion (PECVD) [10], low-pressure chemical vapour deposi-
tion (LPCVD) [11], metal organic chemical vapour depo-
sition (MOCVD) [12], pulsed laser deposition (PLD) [13]
or sol-gel technology [3-8, 14-18|. Planar waveguides of
great modes quantity can be fabricated by ion exchange
in glasses [19-26]. Such waveguides are particularly suit-
able for applications in technology of evanescent wave
chemical sensors with amplitude modulation.

The paper is devoted to planar evanescent wave ammo-
nia sensor with amplitude modulation. The physical ef-
fect applied in presented sensor is the absorption change
of waveguide cover, caused by ammonia concentration
change. The amplitude detection and available light
sources, as well as economic calculations speak for the
application of multimode waveguides in chemical sensors
with absorption sensitive film. The properties of ampli-
tude evanescent wave sensor are determined by the prop-
erties of the sensitive film and the properties of the ap-
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plied waveguide. The sensitive film determines the sensi-
tivity of the sensor, response time and regeneration time,
measuring range, influence of temperature and humidity
on sensor’s response as well as selectivity of sensor’s re-
sponse. A waveguide in multimode systems determines
sensor’s sensitivity to the changes of launching conditions
of the sensor structure, which is the most significant flaw
of multimode amplitude systems and is caused by the de-
pendence of attenuation coefficients on the mode’s order.
This problem can be eliminated or considerably reduced
by the application of waveguides having an appropriately
selected refractive profile. In such a case we can bring
about the same reaction of particular modes with absorp-
tion sensitive film. We have reported the realizability of
waveguide fabrication of different refractive index profiles
in our previous works [21, 22|. We widely discussed the
influence of the refractive index shape on distribution of
modal attenuation in ion-exchange waveguides with ab-
sorptive covers in Refs. [21-26].

The paper presents the results of our investigations in-
volving the planar amplitude ammonia sensor. The main
goal of this paper is presentation of the influence of the
shape of applied waveguide’s refractive index profile on
the sensitivity of the sensor structure to launching condi-
tions. In the paper we presented experimental results for
two kinds of sensor structures. The studies were concen-
trated on multimode structures whereof waveguides were
produced in ion exchange process in glass substrates, and
the sensitive films were produced in sol-gel technology.
We present the technology as well as the results of our
investigations of the fabricated sensors. We also provide
transmission characteristics of the sensors and the influ-
ence of the change of excitation condition on the obtained
characteristics.

2. Fundamentals and technology

The diagram of the structure of planar ammonia sen-
sor is presented in Fig. 1. A sensitive film is deposited on
a gradient channel waveguide produced in ion exchange
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Fig. 1. Structure of the evanescent wave ammonia sen-
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process in glass. The produced planar structures were
coupled with standard multimode optic fiber telecom-
munication waveguides (62.5/125 pm). Sensitive films
in the investigated structures were produced in sol-gel
technology [27, 28]. Silica is a matrix binding the indi-
cator, which was bromocreosole purple. In effect of the
reaction of ammonia on the sensitive film, the change of
its absorption is taking place, proportional to the con-
centration of ammonia. Chemical processes taking place
in the sensitive film are described by the following reac-
tions:

NH; (vapour) + HoO «» NHF OH™, (1)
NH; OH + H"Dye™ «» NH; Dye™ + H,0, (2)
NH; Dye~ «» H"Dye™ 4 NHj(vapour) . (3)

The maximum involving the changes of absorption of
the applied sensitive film occurs with the wavelength
A = 600 nm [27]. The modes propagating in the struc-
ture and penetrating the sensitive film with the evanes-
cent field are attenuated. If we assume that there is no
coupling between the modes within the area of the sensi-
tive film, then the total power propagating in all modes
can be presented as follows:

M-1 )
Pufw) = 3" Pu(0)exp(~Fnnz), (4)
m=0

where m is the number of mode, M is the number of all
modes, P,,,(0) is the power incoupled to the m-th mode,
Am is the normalized attenuation coefficient of the m-th
mode, n) is the imaginary part of the refractive index
of sensitive film, x is the length of sensitive film. Sensor
structure will be insensitive to the changes of excitation
conditions if the values of normalized attenuation coeffi-
cients are not dependent on the mode order. As it will
be presented below, also non-monotonic distribution of
modal attenuation makes possible the reduction of the
influence the launching conditions on transmission char-
acteristics of the sensor structure.

Channel waveguides applied in multimode sensor
structures were produced using ion exchange Agt—Na™
in glass. Substrates made of soda-lime glass and borosil-
icate glass were applied. In soda-lime glass the struc-
tures were produced with the use of dissolved admix-
ture source, which was silver nitrate AgNO3 dissolved in
sodium nitrate NaNOjs in molar ratio equal to 0.0025. In
the second case a two-stage process was applied, which
involved pre-diffusion in pure silver nitrate and then heat-

ing. Selective ion-exchange process in glass substrates
was carried out with the use of aluminium masks. De-
tailed description is given below.

3. Theoretical analysis

For the produced sensor structures, theoretical distri-
bution of modal attenuation was determined. Following
the approach of the effective index method, the calcu-
lations were carried out for planar waveguides having
refractive index profiles of channel waveguides in their
symmetry plane. In the calculations we assumed com-
plex refractive index of the sensitive film n, = ngr) — ingi)
and we used the expressions on mode attenuation coeffi-
cient (v, = ’ymng)) formulated by Snyder and Love [29],
Eq. (11-63):

- 1/2 fi)d ngr)ngi)|E|2 dz
Tm = 2ko | — o )
o) Re([7I(E x HY),|d2)

where E, H — vectors, respectively, of electric and mag-
netic fields, g, 1o — permittivity and permeability in
free space, respectively, kg = 27/A — wave number in
free space corresponding to wavelength A, d — sensitive
film thickness.

Effective indexes and the distribution of modal fields
were determined using the 4 x 4 matrix method [6, 30].
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Fig. 2. Refractive index profile of the channel wave-

guide in their symmetry plane. Ion-exchange from so-
lution AgNO3:NaNO3 with molar ratio 0.0025. Mask
opening width w = 30 pym.

Figure 2 presents the refractive profile corresponding to
the channel waveguide produced in soda-lime glass sub-
strate with the application of dissolved admixture source.
The process has been carried out at temperature 380 °C
for 1.5 h.

Figure 3 presents the calculated distributions of modal
attenuation for that type of refractive index profile. For
both polarizations, the obtained relations are monotonic
functions. Together with the rise of mode order m, for the
described case, the attenuation of modes is decreasing.

Figure 4 presents the refractive profile of the waveguide
produced in two-stage technological process in borosili-
cate glass substrate. The technological process involved
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Fig. 4. Refractive index profile of the channel wave-

guide in their symmetry plane. Ion-exchange from so-

lution AgNO3s. Mask opening width w = 20 pm.
following steps: pre-diffusion at temperature 300°C for
4.0 h, and then annealing at temperature 450 °C for 1.5 h.

The distributions of modal attenuation corresponding
to that profile were presented in Fig. 5. In that case,
the distributions of modal attenuation have the charac-
ter of non-monotonic relations. Initially, the normalized
coeflicients are increasing together with the increase in
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Fig. 5. Dependence of normalized attenuation coeffi-

cients on mode order for refractive index profile pre-
sented in Fig. 4. Lines are drawn as guide for eye.

mode order. For the modes of higher order — higher
than the 10th order, normalized attenuation coefficients
are decreasing with the increasing in mode order.

4. Experimental

4.1. Measurement setup

The produced structures of ammonia sensors were in-
vestigated in the measurement system whereof diagram
is presented in Fig. 6. The investigated sensor structure
PS was placed in a measurement chamber K. From the
measurement chamber, the waveguide fibers coupled with
the structure were guided out. The light source LS (LED;
EL 383-2UOC, Elfa) of the wavelength A = 611 nm was
also coupled with the optical fiber, and its connection to
the investigated planar structure PS was affected by the
optical fiber connector of ST type. In all cases the same
light source was applied. The diode LED was fed with
alternate signal from the generator G. For the detection
of signal we used a homodyne nanovoltmeter and sig-
nal recording system RS coupled with a computer. The
measurement chamber K with the sensor structure placed
inside was joined with the gas batching system. As am-
monia source, we used ammonia solution of the concen-
tration 5000 ppm in synthetic air, and as carrier gas we
applied air. Both gases were mixed in a computer con-
trolled batching system MCS, and then they were moist-
ened and passed to the measurement chamber. During
the measurements, the light intensity of the diode LED
has been controlled. For this purpose we applied the ref-
erence circuit, which is not showed in Fig. 6.

NH

Fig. 6. Diagram of the measurement setup. PS — pla-
nar structure, MC — measurement chamber, MMF —
multimode optical fiber waveguide, ST — optical fiber
connector, LS — light source, D — detection diode,
MCS — mixing and control batching system, G — gen-
erator, NH — homodyne nanowoltmeter, RS — record-
ing system.

4.2. Results

In the carried out experimental investigations, we de-
termined the influence of the change of excitation con-
ditions of the produced sensor structures on their char-
acteristics. Repeatability of sensor’s response was tested
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Fig. 7. Distribution of the power density. SD — stable
distribution, UNSD — unstable distribution.

and regeneration times of the sensor subjected to the in-
fluence of ammonia of different concentration were com-
pared. The obtained results are presented in Fig. 7.

Transmission characteristics of the produced sensor
structures were determined for two different distributions
of power in waveguide fiber coupled with the sensor struc-
ture. Angular distributions of power density, which were
recorded in the far field, are presented in Fig. 7. Unsta-
ble distribution of power (UNSD) was recorded when the
excitation waveguide was positioned in a rectilinear way
between the light source S (Fig. 6) and the planar struc-
ture PS. Stable distribution (SD) was recorded when a
mode scrambler was applied in the line, which guides the
light to the planar structure. It can be seen from the pre-
sented relations that in the case of unstable distribution,
higher density of power occurs for small angles «, which
are close to zero. It means that in this case the modes
of the lowest order are preferred, as the ones that guide
more power than the modes of higher order.
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Fig. 8. The characteristics of sensor with waveguides

produced in soda-lime glass substrate for different
launching conditions.

Transmission characteristics for the investigated sen-
sor structures for different excitation conditions are pre-
sented in Figs. 8 and 9.
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Fig. 9. The characteristics of sensor with waveguides
produced in borosilicate glass substrate for different
launching conditions.

Figure 8 presents the characteristics of the sensor
whose waveguide was produced in soda-lime glass sub-
strate from the dissolved dopant source of molar ra-
tio AgNO3:NaNO3z = 0.0025. The characteristics were
recorded for gradually increasing concentration 7 of am-
monia. The dependence of ammonia concentration 7 in
the measurement chamber on time is also presented on
this diagram. The characteristic corresponding to the
unstable distribution (UNSD) of power shows higher dy-
namics of changes of signal S than the characteristic cor-
responding to the stable distribution of power (SD). It
results from the monotonic dependence of attenuation
coefficients on mode order (Fig. 3). When the sensor
structure is excited with the use of UNSD, the modes
of lower order are subjected to stronger excitation than
in the case of SD. These modes, as it can be seen from
Fig. 3, correspond with higher values of attenuation coef-
ficients than for the modes of higher order. Hence, with
the change of excitation conditions, when less power is
transferred to the lower order modes and more power to
the modes of higher order, a relatively high change of
sensor’s characteristic is observed.

Transmission characteristics of the sensor produced
with the application of a waveguide formed in a two-stage
technological process in borosilicate glass substrate are
presented in Fig. 9. In this case we can observe a small
difference in the run of the characteristics, corresponding
with different excitation conditions. As it can be seen,
this structure shows low sensitivity to the change of ex-
citation conditions. The distribution of modal attenua-
tion for this structure has the character of non-monotonic
relation, which, with the applied excitation conditions
(Fig. 7), yields a similar run of sensor’s characteristics.
The reduction of power guided in lower order modes and
the increase of power in higher order modes has therefore
inconsiderable influence on the run of sensor’s character-
istics. We can distinguish two ranges on the character-
istics presented in Figs. 8 and 9, which have noticeably
different dynamics of the changes of signal S with the
increase of ammonia concentration 7. Initially, when the
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ammonia concentration does not exceed 7 = 100 ppm,
very strong changes of signal S are observed with the
increase of ammonia concentration. For high ammonia
concentration, above n = 100 ppm, the change in dy-
namics of signal S is considerably lower.
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Fig. 10. Response of the sensor to the increasing am-

monia concentration and its regeneration.
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Fig. 11. Repeatability of sensor’s responses.

Figure 10 presents the response of the sensor to
the gradually increasing ammonia concentration to
1000 ppm, and then its regeneration. It can be seen from
the presented characteristic that the full regeneration of
the sensitive film subjected to the influence of ammonia
of the concentration 1000 ppm is taking place after the
time of 4 h.

The repeatability of sensor’s responses is illustrated
by the characteristic presented in Fig. 11. We can see
here two change cycles of ammonia concentration in the
measurement chamber. In each of them the maximum
concentration of ammonia was 1 = 100 ppm. The time
of full regeneration of sensitive film is in this case shorter
than for the concentration n = 1000 ppm, and equals
3 h. Therefore, we can see that the regeneration time of
sensitive film subjected to the influence with ammonia is
increasing with increase in ammonia concentration.

The comparison of the responses of the sensor sub-
jected to the influence of ammonia of the concentration
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Fig. 12. Response and regeneration of the sensor sub-

jected to the influence of ammonia of different concen-
tration.

100 ppm and 200 ppm is illustrated in Fig. 12. It can
be clearly seen that the signal S is decreasing faster with
higher concentration of ammonia. In effect, the time af-
ter which the signal reaches the minimum for both con-
centrations of ammonia is similar. We can also observe
that we have longer regeneration time of sensitive film
subjected to the influence of ammonia of higher concen-
tration. Without any doubts for a given indicator, the
regeneration time of sensitive film depends on its poros-
ity. For sensitive films, which are more porous, we can
expect shorter regeneration times.

5. Conclusions

The paper presents the results of investigations in-
volving ammonia sensors produced in planar technology.
Channel waveguides were produced in ion-exchange pro-
cess in glass, and sensitive films with the use of sol-gel
technique. The setup for the investigation of sensor char-
acteristics was described. We presented the characteris-
tics of sensors produced with the use of different channel
waveguides, with different distributions of modal atten-
uation corresponding to them. For these sensors, the
influence of the change of excitation conditions on the
obtained characteristics was presented.

The sensor structure with the waveguide produced in
soda-lime glass, for which the distribution of modal at-
tenuation was a monotonic relation, was characterized
by high sensitivity to the changes of excitation condi-
tions. The structure formed in two-stage technological
process, for which the distribution of modal attenuation
was a non-monotonic relation, was characterized by low
sensitivity to the changes of excitation conditions. The
strongest dynamics of changes of the signal was observed
for low concentrations of ammonia. By an appropriate
selection of refractive index and thickness of the sensitive
film as well as the length of interaction area, we can opti-
mize the parameters of the sensor for a required range of
ammonia concentration. By the application of sensitive
films of high porosity, we can shorten the regeneration
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time. Investigations on the technology of that type are
being carried out by us.
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