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A low-cost, high-sensitivity humidity sensor based on a low-loss dielectric thin film waveguide (WG) is
presented. The guided mode is produced by coupling laser light into the film by optical tunneling through
a solid gap deposited on the base of a semi-cylindrical lens. The light reflected from this optical system
carries information about the refractive index of the medium neighboring the WG, and is detected by a
low-cost CCD linear sensor and analyzed with a microcontroller or personal computer. The technique
presents good sensitivity to relative humidity (RH) changes, especially below 10% RH, linear

behavior between 20% and 80% RH, and a response time of a few seconds.
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1. Introduction

The accurate measurement and control of humidity is
important for a variety of applications. This motivates
the development of new techniques and devices
aiming at improving humidity sensors [1,2]. Such
improvements should tackle important issues related
to reliability, cost, sensitivity, accuracy, and response
time. Humidity sensors usually rely on the change
of some physical parameter of a humidity-sensing
material, generally shaped in the form of a thin film.
A number of techniques to probe the properties of
these films and to get better response times have
recently been reported. Most of them measure varia-
tions of a given parameter that can be of electrical
[3,4], acoustical [5,6], or optical [7-9] nature. In prin-
ciple, optical sensors can be more advantageous than
their electrical counterpart as they are less sensitive
to electromagnetic interference. Particularly, optical
methods based on evanescent waves (EW) were
shown to be useful to probe the effects of relative
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humidity (RH) in thin films deposited on silica
[10-13] and plastic [14] optical fibers. Planar wave-
guides (WGs) also constitute good tools to generate
aprobe EWand are employed in techniques using sur-
face plasmon resonance (SPR) [15] and dielectric thin
films WGs [16], which are versatile and accurate
devices for refractive index (RI) measurements. Since
the EW penetrates a fraction of the wavelength into
the medium surrounding the WG, it probes both the
adsorbed layer (of a few angstroms) as well as the
outer gas layer. It is important to note that in order
to use the SP WG as a humidity sensor, it is necessary
to coat the device with a transducing layer whose Rl is
humidity dependent. In the case of dielectric WGs, the
WG material itself is hydrophilic, and this behavior
avoids any extra humidity-dependent layers. This is
interesting because the humidity-sensing film can
age, and its performance may be degraded if a long-
lasting operation is desired.

A mode propagating in a planar dielectric WG ex-
hibits interference for light traveling perpendicular
to the WG, resulting in a standing wave in that direc-
tion. From this point-of-view, the dielectric thin film
can be regarded as a Fabry—Pérot (FP) étalon [17].

20 June 2013/ Vol. 52, No. 18 / APPLIED OPTICS 4287


http://dx.doi.org/10.1364/AO.52.004287

Therefore, methods based on WGs have the intrinsic
sensitivity of interferometric techniques but are
much more compact than usual interferometers.
Large amounts of light can be efficiently coupled into
a planar WG by means of a prism coupler [18-20], as
done in the m-line technique, which widely used for
the characterization of thin films [21,22]. As the EW
associated with the guided mode interacts with the
nearby medium, any change in its RI has a major
influence on the propagation conditions of the WG.
Since the coupled light reflects back to the prism cou-
pler after propagating a small distance along the
WG, the analysis of this reflected light provides
information about changes in the sample RI. For
the m-line technique, the high-index WG is deposited
on top of a lower-index substrate, which is pushed
against a high-index prism, usually made of rutile.
Although this procedure enables control of the air
gap thickness, and thus the coupling efficiency, it
is quite sensitive to the surface flatness and to any
dirt between the two surfaces. Besides, the sample
to be measured has to flow through the gap, which
is on order of the WG.

The present work studied a low-loss dielectric thin
film WG device for the measurement of RH.
Although optical fiber WGs coated with humidity-
sensing thin films were already used in RH measure-
ments, the present sensor is the first that employs a
planar WG without using an extra humidity-sensing
film. This configuration yields a high sensitivity to
low RH values, in contrast to the vast majority of
sensors presented in the literature, whose sensitivity
has an exponential type behavior at low RH values.
The device consists of two dielectric layers deposited
on the base of a high RI semi-cylindrical glass lens
(coupler), which acts as a focusing lens, providing
simultaneous access to many different incident
angles. The high RI WG layer has its outer surface
in contact with the sample to be measured and is
separated from the coupler by a low RI layer. This
buffer layer produces an EW that leaks into the
WG via optical tunneling, and its thickness defines
how much light is coupled into the WG. The basic
principle responsible for the RH sensing is the
dependence of the coupling angle on the humidity.
This angle can be determined by a simple inspection
of the light pattern reflected by the system. The
sensor has no moving parts, and it is rugged, in-
expensive, user-friendly, and compact. The device
was applied to the measurement of RH, presenting
a good sensitivity level and fast response time.
The advantage of this technique over the usual
m-line setup is the replacement of the air gap by a
solid layer that avoids the problem of dirt between
the two surfaces and allows an easier gas flow. This
circumvents the need of tuning the air gap to opti-
mize the coupling to the WG. When compared to
the SPR sensor [15], the dielectric WG circumvents
the use of an extra humidity-sensing film, making
the sensor more reliable. Since it is made with a
low-loss material, it presents resonance lines that
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are sharper than the plasmon resonance lines, which
makes the device more accurate.

2. Experiment

In the setup shown in Fig. 1(a), a semi-cylindrical
coupler lens replaces the equilateral prism employed
in the m-line technique, saving one focusing lens and
making the system more compact. Regardless of how
well the incoming beam is collimated, the semi-
cylindrical lens automatically gives simultaneous ac-
cess to many different angles incident on the prism
base. This geometry, recently used to measure the
critical angle in internal reflection [23], produces a
lateral magnification of the laser beam, which is a
positive feature of the setup because it increases
the sensitivity. The semi-cylindrical coupler has a
typical radius on the order of 10 mm, and is made
of flint glass with an RI around 1.7. The first layer
evaporated on the coupler has a low RI and produces
an EW that leaks into the high-index WG layer via
optical tunneling. It plays the role of the input cou-
pler in a FP étalon, defining the input transmittance.
Increasing the layer thickness amounts to decreas-
ing the coupling coefficient exponentially. The second
layer is the high-index WG corresponding to the éta-
lon itself, with the surface in contact with the sample
working as a mirror with unit reflectivity. Thus, we
have a WG separated from the prism by a solid di-
electric gap in contrast to the usual prism coupler

CCD

Low-index layer

High-index layer
— Sample

Webcam

Fig. 1. (a)Diagram showing the semi-cylindrical coupler, the low-
index coupling layer, the WG layer, and the sample. (b) Optical
setup using a 532 nm laser pointer and web camera.



where an air gap separates them. A similar arrange-
ment, with an equilateral prism, was already used as
an atomic mirror, owing to the large electric field
enhancement [17]. The build-up of the electric field
inside the WG is determined by the coupling coeffi-
cient and the losses. The optimum is reached when
the coupling matches the losses in the cavity; the
smaller the losses, the larger the optimum buildup
coefficient.

For the sake of comparison, the dielectric layers
were evaporated in two ways—either by a conven-
tional electron beam-physical vapor deposition
(EB-PVD) process in a Balzers BAK600 evaporator,
or by ion-beam-assisted deposition (IBAD) in a Ley-
bold CCS Pro evaporator, with the semi-cylindrical
coupler maintained at 200°C and the oxygen pres-
sure in the chamber kept around 2 x 10™* mbar, in
both cases. During evaporation, the thicknesses were
monitored with a quartz oscillator thickness gauge.
An 800 nm-thick SiOy coupling layer (ng;os = 1.46)
was evaporated onto the semi-cylindrical coupler
base, followed by a 65 nm-thick ZrO, WG layer
(nz02 = 2.06) in the case of EB-PVD, or, in the case
of IBAD, 60 nm of Dralo (np,,, = 2.2), which is basi-
cally TiO, with a given amount of Al,O3; added to
reduce the index of refraction to enable wider AR
bandwidth in eyeglasses. The target materials for
evaporation were purchased from Umicore and used
as received. The values of the thicknesses were
initially calculated with the Essential Macleod thin
film coatings software and confirmed afterward by
measuring the reflectance spectrum.

As a light source, we used a low-cost 532 nm laser
pointer, whose position is chosen such that the beam
forms an angle that allows light to be coupled into the
WG, as discussed below. This angle is about 56 deg.
Thelaserlight was s-polarized by alow-cost plasticlin-
ear polarizer. With the purpose of visualizing the pro-
file of the light reflected by the coupler, we used a
low-cost web camera and image software with com-
puter. However, in order to make the system cheaper
and more compact, a CCD monochrome linear sensor
(Sony ILX554B) and microcontroller were employed
in manufacturing of the actual sensor. The CCD is
positioned symmetrically to the laser pointer, and
its distance to the focal point, shown in Fig. 1(a),
can be adjusted as a way to change the responsivity
of the sensor by covering a different number of
pixels in the CCD. As we will discuss later, the Dralo
WG is less sensitive to RH variations, and the CCD is
placed farther such the system has the same overall
response as the one with the ZrO, WG. Although
not essential, thisis an interesting procedure because
it allows the laser beam to cover more pixels of the
CCD. As seen in Fig. 1(b), both the laser and CCD
are fixed on a metal baseplate, and the coupleris glued
perpendicularly to a steel baseplate with a central
opening to allow contact with the moist air. The only
moving part is the laser holder that is used to center
the reflected profile in the CCD linear array. After
such tuning, the assembly should not be readjusted.

The light impinges normally to the cylindrical sur-
face to minimize astigmatism. When the incidence
angle is greater than the critical angle, the light is
totally reflected. However, for some angles called
synchronous angles, a part of the light is coupled into
the WG before being totally reflected [21]. According
to Tien and Ulrich [18], these angles can be obtained
when the phase matching conditions for light propa-
gating inside in the WG are satisfied. A typical angle-
dependent m-line profile observed in the far field is
made of dips related to each mode guided by the
guide. To obtain precise results, a goniometer with
good accuracy is needed for the measurement of syn-
chronous angles. On the other hand, a differential de-
vice relies only on the knowledge of angle variations
and not on their absolute values. The synchronous
angle is very sensitive to the parameters of the sys-
tem, but if all of them are kept constant, except for
the RH of the sample, it is possible to determine its
variation by measuring small deviations of the syn-
chronous angle. This allows for the development of a
differential sensor, where the synchronous angle has
to be calibrated against the RH prior to use.

As shown by the web camera image depicted in
Fig. 2(a), oscillations appear in the reflected light
profile at the Fresnel zone, as already discussed in
[24]. They can be regarded as the interference be-
tween the part of the beam that is directly reflected
from the coupler base and that reflected after being
guided inside the high-index film. These oscillations,
which are more accentuated when a low-loss WG is
employed, follow the synchronous angle and can
be used to probe the medium surrounding the WG.

Amplitude
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pixel
Fig. 2. (a)Image obtained with a web camera for attenuated laser
power. (b) Intensity profile measured by the CCD linear array at
lower and (c) higher laser powers.
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As the sample conditions change, the fringe profile
moves left or right. In Fig. 2(a), the laser beam was
attenuated to show the real profile, but under this
condition, the borders of the pattern may be irregular
and introduce noise to the intensity profile. This can
be seen in Fig. 2(b) where the web camera was re-
placed by the CCD linear array. To circumvent this
problem, one can work with a higher laser power
(~1 mW) to saturate the image, as in Fig. 2(c), and
measure the minimum, as recently done in [23].
Therefore, the operating principle of this RH sensor
relies on determining the position of the minimum of
Fig. 2(c) as the humidity changes.

To verify the performance of this RH WG sensor,
we used a homemade humidity chamber, kept at
atmospheric pressure and constant temperature.
RH within the chamber was changed by controlling
the flux ratio between dry nitrogen gas and moist ni-
trogen gas. The moist gas was obtained by bubbling
nitrogen gas inside water contained in an intercon-
nected vessel. The RH calibration was achieved by
taking the average value read with two commercial
probes, with an average accuracy of about 1.5% below
90% RH, located at different positions inside the
container. This setup was used to calibrate the pixel
number by measuring the position of the minimum
shown in Fig. 2(c) as a function of RH. However, since
this humidity chamber requires a few minutes to
adjust the RH, the sensor’s response time was
characterized by blowing moist gas directly onto
the WG for one minute and then letting the system
evolve to ambient RH for another minute. This
procedure brings some limitation to the fastest time
that can be measured, which is estimated to be of a
few seconds, because the valve controlling the flux of
moist gas has to be open manually.

3. Results and Discussion

Figure 3 depicts the pixel number corresponding to
the position of the minimum as a function of the
RH for both the ZrO, and Dralo WGs. In these mea-
surements, the temperature was kept at 22°C, and
the atmospheric pressure was 900 mbar. The results
cover a wide range of RH, and in order to better visu-
alize the behavior at a small RH, a logarithmic scale
was used. First, we note that the positions of the min-
imums of the interference pattern have the same re-
sponse against RH regardless if the high-index film
is ZrOy or Dralo. This is only true because the CCD is
farther from the coupler when the WG is made with
Dralo, which was evaporated with the IBAD tech-
nique. In fact, as demonstrated by Martin et al.
[25], the packing densities of SiOy, TiOy, and ZrO,
films increase substantially when they are produced
under ion bombardment, as measured by the reduc-
tion in the adsorption of moisture when the films are
exposed to a humid atmosphere. In a ZrO,-SiO, mul-
tilayer interference filter, changes in the wavelength
of the peak transmittance on exposure to the atmos-
phere have been reduced by a factor of eight for IBAD
films when compared to the conventional EB-PVD
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process. Therefore, IBAD films are more compact,
and this reduced porosity makes them less sensitive
to moisture. These facts were corroborated by struc-
tural and textural characterization, including SEM
micrographs [25]. However, this difference can be cir-
cumvented by changing the position of the CCD, as
described earlier, such that the response of the WG
sensor does not depend significantly on the dielectric
material. Actually, the sensitivity of the WG itself de-
pends on the porosity and thickness of the WG, as
observed in [4 and 25], but the response of the com-
plete sensor can be adjusted to compensate it by
changing the CCD position. With this procedure,
both sensors have the same behavior, as shown in
Fig. 3. The small difference between ZrO, and Dralo
data is related to uncertainties of the commercial
sensors, which are responsible for the error bars in
the abscissa of Fig. 3. In addition, we found no
observable hysteresis in the adsorption/desorption
cycle for times on the order of a few seconds.

An interesting aspect of the responsivity plot of
Fig. 3 is the fast variation of the interference mini-
mum for RH values below 10%. We attribute this
behavior to the increase in the surface coverage by
water molecules when the first monolayer is formed.
Attenuated total reflection (ATR) infrared spectros-
copy of water adsorbed on a silicon oxide surface
shows that up to three monolayers are formed when
the RH reaches 30% [26], implying that the first
monolayer builds up below 10% RH. These conclu-
sions were reached by monitoring the O-H stretching
vibration peak positions, which enabled us to observe
ice-like water (H,O interacting with the surface) and
liquid water, as a function of humidity. To under-
stand the origin of the rapid increase of the interfer-
ence minimum for small RH values, we consider the
resonance condition for the modes of the WG [18]:

w
2sznW cos Oy = gws + pwc + 2mar, (1)

where m = 0, 1, 2,.... gives the order of the mode;
nw and dw are the RI and thickness of the WG,

180 - _/
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>—"=—-:$<_‘
.
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S 90 - .
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£ 60 A = Dralo .
° Zr02
30 4 4 b
0 T T
1 10 100

Relative humidity (%)

Fig. 3. Position of the minimum of the reflected profile as a
function of RH for ZrO, (solid circles) and Dralo (solid squares)
at 22°C. The error bars are given by the uncertainty of the
commercial sensor.



respectively; Oy is the angle of refraction in the WG
layer; ¢ws and ¢wc are the phase changes at total
internal reflection on the WG sample boundary
and WG coupler layer boundary, respectively. For our
system, with dy ~ 60 nm, the only allowed resonance
corresponds to the TE mode with m = 0. In addition,
since gy is constant, Oy depends only on @ws. Oy is
related to the synchronous angle according to:
nw sin Oy = np sin 0p, where np is the RI of the
semi-cylindrical coupler lens, and 0p is the synchro-
nous angle. Therefore, the synchronous angle
depends only on the phase change of the total inter-
nal reflection at the WG sample boundary, which is
expected to be much more sensitive to the formation
of the first monolayer, because in this process the RI
at the surface of the WG jumps from 1 to about 1.334.

Although the behavior of this WG sensor at low RH
is interesting because it demonstrates the formation
of the first monolayer of water molecules, measure-
ments below 20% RH are not of practical interest.
Most products manufactured and processed in clean-
room environments demand RH ranging from 35%-—
65%. Below 30% RH, there is very little moisture in
the air to dissipate static charges, which are capable
of doing physical damage to sensitive electronic
parts. On the other hand, the presence of fungi for
RH above 70% may become a problem. However,
the WG sensor presented here also has good perfor-
mance in the range of interest, as seen in Fig. 4. After
the first monolayer is formed, there is an approxi-
mately homogeneous water film on top of the WG.
Supposing that the water layer thickness is propor-
tional to the RH, the thin film coatings software pre-
dicts a linear behavior for the responsivity, as shown
by the solid line in Fig. 4. This feature is interesting
because it simplifies the calibration of the sensor
once two known values of RH are necessary. In addi-
tion, the vapor not adsorbed does not contribute sig-
nificantly to the results because its RI increases only

175 T T

e Dralo
————— Simulation

170

165

Pixel number

160

155 T T
20 40 60 80

Relative humidity (%)

Fig. 4. Position of the minimum of the reflected profile as a func-
tion of RH for and Dralo at 22°C. The error bars are given by the
uncertainty of the commercial sensor. The solid line represents a
simulation carried out with the Essential Macleod thin film
coatings software, assuming that the water layer thickness is
proportional to the RH.

moderately with the RH [27]. However, the fact that
the present sensor needs a calibration with some
commercially available device limits the accuracy
to that of the sensor used for the calibration pro-
cedure. In our setup, for instance, we used a device
whose accuracy was about 1.5% below 90% RH, and
therefore, we end up with the same accuracy. On the
other hand, the sensitivity is determined by the ac-
curacy that the pixel corresponding to the minimum
of Fig. 2(d) is found. If LabVIEW software is used, its
peak-detector VI can provide an accuracy of 0.1 for
the pixel position. On the other hand, if a microcon-
troller is employed, the centroid method [28] also
provides the same type of accuracy. An analysis of
Figs. 3 and 4 leads to the following conclusions. In
the range 20%-80% RH (Fig. 4), the total peak varia-
tion is about 17, meaning 3.5% RH per pixel, which
results in a sensitivity of 0.35% RH. In the range of
smaller RH values, the sensitivity is better than 0.1%
RH, as seen in Fig. 3.

As we mentioned earlier, the synchronous angle, or
alternatively, the position of the minimum of the in-
terference pattern, has to be calibrated for the RH,
which can be done by considering just two points
in measurements, as those depicted in Fig. 4. The cal-
ibration is carried out just once since the position of
the CCD is fixed for the subsequent measurements.
Using this fixed geometry and the procedure de-
scribed in Section 2, we characterized the response
times of both sensors. The results, shown in Fig. 5,
indicate a good reproducibility. The maximum values
of the square-like curve for the ZrO; WG are constant
because of the well-defined RH of moist gas. How-
ever, we observe some fluctuations in the lower part

Ay por~ex prm= ros
80

60

RH (%)

40 A (a) .

W///[
60-___'\\\

40 4

RH (%)

0 100 200 300 400
Time (s)

Fig. 5. Transient response curve for (a) ZrOy and (b) Dralo WGs
between 45% and 90% RH.
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of the curve because, in this case, the humidity is
defined by the ambient, which can fluctuate along
the measurement. We found that the 90% response
and 45% recovery times were about 2 and 3 s, respec-
tively, for the ZrO, WG. The actual times are ex-
pected to be shorter because, as we mentioned
earlier, the valve that controls the moist gas flux is
operated manually. On the other hand, the Dralo
WG has long response (~15 s) and recovery (~18s)
times. It is known that the response time of dielectric
films are dependent on their morphology and poros-
ity [3,4]. The ZrO, WG was evaporated by EB-PVD
and is more porous than the Dralo WG, which was
evaporated by IBAD [25]. According to [4] and [7],
the increase in porosity amounts to decreasing the
response time, which is in agreement with our find-
ings. Because the films we used are fairly compact,
we measured response times that are one order-
of-magnitude longer than those recently reported
for state-of-art sensors (see Table in [3]), even for
our fast ZrO, WG sensor. However, it is possible that
the times obtained could be significantly faster if
nanostructured films achieved by glancing angle
deposition were used during the evaporation of the
WG. However, in this case, the performance of the
sensor has to be tested against losses that may arise
owing to the fairly large optical scattering that such
films produce.

4. Conclusions

Optical humidity sensors based on planar dielectric
WGs were fabricated. They were shown to have a
high sensitivity, especially in the region of low RH,
where the vast majority of sensors are not efficient.
We have explained this behavior by assuming that
the enhanced sensitivity at lower RH values is re-
lated to the surface coverage factor as the first mono-
layer is building up. For RH above 30%, the sensor
presents a linear response without any observable
hysteresis in the time scale of a few seconds. We
obtained a sensitivity of 0.35% RH in the range
20%—-80% RH, and an even better value in the range
of smaller RH. The accuracy of the device is limited
by the accuracy of the commercial sensor used for
calibration. Furthermore, we have used this sensor
for over one year without any performance degrada-
tion, as one should expect from a compactly evapo-
rated thin film.

Regarding the response time of a few seconds,
although this can be considered as a fast detector,
this time could be shortened if nanostructured films
were evaporated with the glancing angle deposition
technique. However, tests have to be carried out in
order to verify is optical scattering will be deleterious
to the sensor’s performance.

The present study was supported by Fundacdo de
Amparo a Pesquisa do Estado de S&o Paulo
(FAPESP) and Conselho Nacional de Desenvolvi-
mento Cientifico e Tecnolégico (CNPq).
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