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In this paper, we report a new approach for humidity sensing. The sensor is based on ordered macroporous
silicon with a Ta2O5 thin film coating. The ordered macroporous silicon array has perfectly aligned pores
and uniform pore size (4 �m). The 95 nm Ta2O5 thin film is uniformly deposited on the pore surface by
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atomic layer deposition (ALD), which acts as an adsorption enhancement layer. The sensor’s capacitance
is measured to RH changes. The sensor shows very high sensitivity and small hysteresis, especially at
high RH levels. It also shows very good repeatability and long term stability.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

The growing awareness of global environmental and energy
roblems has promoted the intensive research in hydrogen fuel
ells—a high efficiency and virtually pollution free energy source.
owever, there are technical challenges preventing the miniatur-

zation of fuel cells and their application in vehicles and other forms
f transportations [1]. Water management is one of the crucial
roblems of maximizing the performance of fuel cells, especially
or proton-exchange membrane fuel cells (PEMFC) [2]. The PEMFC’s
fficiency is highly dependent on the operating conditions, includ-
ng temperature, humidity and air flow rate. To obtain an optimal
erformance by minimizing the energy losses, the identification,
onitoring, and controlling of the operating conditions play an

mportant role in the design and operation of fuel cell systems.
owever, commercially available humidity sensors (mostly poly-
er sensors) are incapable of working in constantly high humidity

nvironments and under high temperatures [3]. Therefore, they are
ot suitable for PEMFC applications. The development of micro-

nd nano-technology provides the opportunity to integrate micro-
ensing system into the fuel cell stack for real-time monitoring
nd controlling of the system—thereby improving the performance
f the overall system. The motivation of our work is to design

∗ Corresponding author.
E-mail address: jyeow@engmail.uwaterloo.ca (J.T.W. Yeow).

925-4005/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2010.06.010
and fabricate a micro humidity sensor that is capable of working
in high relative humidity (RH) conditions with long term stabil-
ity.

In this paper, we introduce a new approach for humidity sensing.
Ordered macroporous silicon with a uniform metal oxide coating is
used as the gas sensing material. Both porous silicon (PS) and metal
oxides, especially nanostructured metal oxides, are commonly used
gas sensing materials due to their high surface-to-volume ratio
[4–8]. When compared to polymers, they have shown relatively
good thermal and chemical stability. However, the difficulty of
fabricating these materials reliably and consistently is one of the
biggest challenges in their real life application. In the conventional
application of PS in gas sensors, PS has a random aligned and inter-
connected structure. These features induce capillary condensation
and a long recovery time. Ordered macroporous silicon, on the other
hand, has uniform pore size, shape and distribution. All pores are
aligned vertically and are open to the ambient environment, which
significantly increases the adsorption efficiency of gas molecules
onto the porous structure. In addition, the surface area and porosity
of ordered macroporous silicon can be precisely controlled. There-
fore, a better gas sensing property can be achieved by adjusting the
etching parameters. Furthermore, uniform deposition or growth of

surface coating on this pore array is easier and more controllable.

To improve the adsorption of water molecules on the sensing
surface, a thin film layer of Ta2O5 is deposited on top of the porous
structure uniformly. Ta2O5 is a semiconducting metal oxide with a
high dielectric constant. It has been used as chemical sensing mate-

dx.doi.org/10.1016/j.snb.2010.06.010
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jyeow@engmail.uwaterloo.ca
dx.doi.org/10.1016/j.snb.2010.06.010
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shows the sensor’s capacitance response to RH. Fig. 3(a) shows the
ig. 1. (a) Profile SEM image of a 3D ordered macroporous silicon with square pores
1 �m in diameter); (b) a microscope image of the Al electrodes on top of the PS;
he inset is a view of the interdigitated electrodes of the sensor.

ial or a promoter for other metal oxides in gas sensors [9–12]. In
his ordered macroporous silicon humidity sensor, it acts as the
ater adsorption enhancing layer due to its very small water con-

act angle.

. Sensor fabrication and measurement setup

The ordered macroporous silicon is prepared by electrochemical
tching of (1 0 0)-oriented n-type Si in hydrofluoric acid (HF) with
ackside illumination. The Si wafer is initially pre-patterned by
hotolithography and then etched in KOH to define the nucleation
pots of the pores. To fit into the etch cell, the wafer is then cleaved
nto 23 mm × 23 mm pieces. The detailed etching parameters were
eported previously [13]. The porous area is 20 mm in diameter.
he ordered structure can have a pore diameter of 1–4 �m, and
ore-to-pore distance of to 6 �m. The length of the pores can be
ontrolled by the etch time and reach 200 �m without any degra-
ation of the order and sidewall uniformity. Fig. 1 shows a 3D view
f the ordered porous structure with perfectly aligned pores and
igh aspect ratio.

The porous structured used in this sensor has a pore size of
�m and pore depth of 97 �m. The 23 mm × 23 mm sample is
leaved into half. The Ta2O5 thin film is then deposited uniformly on
he macroporous silicon surface by atomic layer deposition (ALD)
nd has a thickness of 95 nm. The interdigitated electrodes are

abricated on top of the sensor by lift-off process. Due to the macro-
orous structure, the commonly used thin photoresist (PR) is not
ufficient to cover the pores. Therefore, AZP4330 is used for the
ithography. The PR is spun onto the sample with a rotational rate
Fig. 2. Experiment setup; inset (up-left) the testing chamber and (lower right) a
picture of the as fabricated humidity sensor.

of 1000 rpm for 60 s. The thickness of the PR on top of the porous
area is 1–2 �m while it is 7–10 �m on the smooth edge area. MF322
is used as the developer. After photolithography, 250 nm Al is evap-
orated onto the sample. The sensor is then assembled into a chip
carrier and wirebonded by soldering.

The sensor is placed in a sealed chamber with controllable RH
and temperature. The chamber has two gas inlets and one outlet.
One inlet connects to extra dry air. The other inlet is connected to a
humidification chamber where the extra dry air becomes saturated
with water vapor. Two mass flow controllers are implemented to
control the flow rate of the dry and saturated air respectively. As a
result, the RH in the chamber can change continuously from 0% to
100% (with 2–3% error). A commercial humidity sensor is placed in
the chamber as a reference indictor of the RH level. Real-time mea-
surement is performed with a LRC/ESR meter (PK PRECISION 889A).
A LabVIEW program is used for device controlling and data acqui-
sition. Fig. 2 shows the measurement setup. The inset is an image
of the as fabricated humidity sensor. The sensor is 23 mm × 11 mm
and the chip carrier is 33 mm × 20 mm. All the measurements in
this paper are performed under room temperature.

3. Results

3.1. Sensitivity

Capacitance measurement is performed to evaluate the sensor’s
behavior to humidity changes. The measurement voltage is 1 V.
The measurement frequency ranges from 100 Hz to 200 kHz. In this
report, we define the percentage capacitance variation (PCV) at a
certain RH level as,

PCV@RH% = (Cp@RH% − Cp0) × 100%
Cp0

(1)

We define the sensor’s sensitivity (S) as,

S = �Cp

�RH
(2)

Where Cp@RH% is the capacitance of the sensor at a certain RH level
and Cp0 is the original capacitance reading of the sensor at 0% RH.

The sensor’s capacitance is measured by changing RH from 0%
to 100% in incremental steps. Each step is maintained at a con-
stant value till the capacitance reading reaches a steady value. Fig. 3
PCV response to RH changes, while Fig. 3(b) shows the actual capac-
itance variations to RH changes. As observed in Fig. 3, the sensor’s
capacitance increases significantly with increasing RH at all mea-
suring frequencies, especially at high RH. When RH increases from
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ig. 3. (a) PCV–RH curve and (b) Cp–RH curve at different measurement frequencies.

% to 64%, the PCV is within the same range (17–23%) for all fre-
uencies. As the RH continues to increase, the sensor shows larger
CV under lower operation frequency. The sensor shows the high-
st overall PCV at 1 kHz, which is 297.5% from 0% to 100% RH. The
owest overall PCV is 59.6% at 200 kHz. The reason for the PCV dif-
erences at different operation frequencies will be discussed in the
ext section.

Although the Cp–RH curves are not linear in the full RH range
rom 0% to 100%, the curves can be divided into two regions: 0–75%
H and 80–100% RH. In both regions, the sensor exhibits very good

inearity. In Fig. 3(b), it shows the linear fit curves of the experiment
ata measured at 1 kHz in these two regions. To perform the linear
t, we set the confidence interval to be 95%. The results show that
he correlation coefficient (R) is 0.921 and 0.998 for region 0–75%
nd region 80–100% respectively. The p-value (probability that R is
ero) is 4.2E−4 and 0.04 respectively, indicating very good linearity
f the data. The sensor’s sensitivity at 1 kHz is 3.3 pf/RH in the 0–75%
egion and 83.2 pf/RH in the 80–100% region.

.2. Response time

One important parameter to assess humidity sensors or any
ther chemical sensors is the response time. Fig. 4(a) demonstrates

he sensor’s dynamic responses to cycle changes of RH between
xtra dry air and saturated air at different measuring frequencies.
o compare the performance of the sensor at different frequen-
ies, each step is kept for a 20 min duration. The sensor shows very
ood repeatability from cycle to cycle at all frequencies. An imme-
Fig. 4. (a) Dynamic capacitance response between extra dry and saturated air at
different test frequencies; (b) normalized dynamic capacitance response between
extra dry and saturated air at different test frequencies.

diate change of the capacitance is observed on both increasing and
decreasing RH cycles. We observe that the sensor shows differ-
ent response time under different frequencies. Compare Figs. 4(a)
and 3(a), at measuring frequency of 100 Hz, 100 kHz and 200 kHz,
the sensor reaches its maximum PCV within the 20 min after the
RH level increases from 0% to 100%. However, when operating at
1 kHz, the sensor’s PCV reaches 153.5% in 20 min while its maxi-
mum PCV at 100% RH is 297.5%. This means the sensor has much
longer response time when operating at 1 kHz.

It has been demonstrated that, capacitance/impedance mea-
surement can truly reflect and monitor the actual state of ad- or
desorption process in a porous sorbent [14]. To compare the ad-
/desorption process at different measuring frequency more clearly,
Fig. 4(b) shows the normalized dynamic response of one of the
cycles in Fig. 4(a). It can be seen that, while the desorption processes
follow very similar path at different frequencies, the adsorption
processes vary significantly. The adsorption slows down much
earlier at 1 kHz. This observation has been confirmed by repeat-
able results. To better understand this phenomenon, the dynamic
impedance response of the sensor is also measured with the same
LRC meter at different frequencies. Fig. 5 shows the normalized
dynamic impedance response at different frequencies when RH
increases from 0% to 100%. While the capacitance of the sensor
increases with increasing RH level, its impedance decreases [15].

However, the sensor shows very similar adsorption path with the
capacitance response at each frequency. The sensor always shows
the fastest response time (the time that the sensor takes to achieve
90% of the total change) at 200 kHz.
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ig. 5. Normalized dynamic impedance response between extra dry and saturated
ir at different measuring frequencies.

At this moment, the mechanism behind this response time-
requency dependence observation is not clear yet. It has been
roven that external electric field can affect the molecule’s (both
olar and non-polar) adsorption on the sorbent surface [16,17].
unishima et al. [18] found that Cl2 adsorption on SnO2 film is

uch faster under negative bias voltage than that under positive

ias or no bias voltage. We believe that the alternating electric field
as effect on both the interactions between the water molecules
nd sorbent surface and the interactions between the adsorbed

ig. 6. (a) Dynamic capacitive response to RH changes between 0% and 38%; (b)
ynamic capacitive response to RH changes between 0% and 73%.
Fig. 7. (a) Dynamic response of the sensor to different RH% levels under 200 kHz;
(b) the relationship of the response time from 0% to certain RH level to PCV under
200 kHz.

molecules themselves. As a result, the sensor shows different
adsorption paths at different frequencies. Fig. 6(a) and (b) shows the
sensor’s normalized capacitance response to RH changes between
0% and 38%, and between 0% and 73% at three different frequen-
cies. It can be seen that the differences in the adsorption paths are
much smaller at low RH level. Since the differences in adsorption
path are more pronounced at high RH level, where multilayer of
water molecules is formed, the effect on the interactions between
adsorbed water molecules seems to be more dominating. More
investigation is undergoing to fully understand this phenomenon.
It is noticeable that the dynamic curves to the changes between
0% RH and 73% RH in Fig. 6(b) is slightly different from the other
dynamic curves. The change of the capacitance slows down in the
middle and then accelerates again. We believe that this is where
the surface is fully covered with water molecules and multilayer
of molecules starts to form. This also results in the increase of the
sensor’s sensitivity at high RH level.

The sensor’s response time also depends on the change of RH
level Fig. 7(a) shows the dynamic capacitance response of the sen-
sor between 0% RH and different RH levels at 200 KHz. When the
RH increases from 0% to 22%, the sensor reaches 90% of the total
change in 18 s. When RH increases from 0% to a higher RH, the

response time slightly increases accordingly. This can be explained
by the nature of the diffusion and adsorption process. When the RH
changes to a higher level, there are more water molecules to diffuse
into the structure and adsorb onto the sensing surface. This results
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ig. 8. The capacitance–RH curve with step up and step down RH changes at
00 kHz.

n longer response time and higher capacitance change. Fig. 7(b)
roves this interpretation by showing the linear relationship of the
ensor’s response time to the PCV corresponding to the RH level
n Fig. 7(a). Since the RH in the environmental chamber is changed
y flowing dry or wet air, the RH does not reach the desired level

mmediately. This can contribute to part of the response time as
ell.

.3. Stability and hysteresis

The sensor was stored in air at room temperature for several
onths before the electrode fabrication and soldering. The sen-

or is tested repeatedly under different RH levels for more than
hree months. The sensor is predominately tested at high RH lev-
ls. During the test, the sensor shows very good stability and
epeatability. Fig. 8 shows the Cp–RH curves at 200 kHz for two
ound tests which are performed on two different days. The data
how very good consistency. This is also observed for the other
requencies.

Hysteresis is another common issue with gas sensors. The sensor

s tested with increasing and decreasing RH steps and shows very
mall hysteresis, especially at high RH. The hysteresis is 0.3–3.3%
ver the whole RH range. Since the target application of this sensor
s for high humidity environment, the sensor’s behavior is tested

Fig. 9. The Cp–RH curve between 80% and 100% RH at 200 kHz.
Fig. 10. the structure of ordered PS with metal oxides thin film coating on the
surface.

with finer RH steps. Fig. 9 shows the Cp–RH curve between 80%
and 100% RH with 6 steps at 200 kHz. The sensor shows perfect
linearity over this range. The sensitivity is in this range is 3.2 pf/RH.

4. Discussions

The capacitance response of porous structures is often
attributed to the replacement of air with adsorbed water molecules
in the pores [19]. For conventional random aligned PS, it is hard
to build an exact model to represent the structure. Rittersma and
Benecke [20] used a simple model that considers random PS layers
as a uniform network of partly oxidized Si nanowires and voids, as
shown in Fig. 10. This is very similar with the order macroporous
structure that is used in this experiment, except for that the pores
are not connected with each other.

When the PS is exposed to water vapor, water molecules will
be adsorbed on the metal oxide surface. For most metal oxides,
both chemisorption and physical adsorption occur upon exposure
to moisture [21]. At low RH, a monolayer of water molecules is
initially chemisorbed due to the electron vacancies on the surface.
As the RH increases, layers of physical adsorbed water molecule
continue to build up on the chemisorbed layer. Since the pore size of
the PS in this experiment is much larger than the Kelvin radius [13],
no capillary condensation will occur at high RH levels. Therefore,
when RH decreases, desorption of water molecules does not require
much extra energy. This explains the sensor’s very small hysteresis
and fast recovery time.

Applying generalized effective medium approximation (GEMA)
to the order macroporous silicon dielectric layer as shown in Fig. 10,
its effective dielectric constant (εPS) with adsorbed water layers can
be expressed as [18,22]

1 − p

1 − r

ε1/t
Si − ε1/t

PS

ε1/t
Si + (ϕP/(1 − ϕP))ε1/t

PS

+ r(1 − P)
1 + r

ε1/t
MOw − ε1/t

PS

ε1/t
MOw + (ϕP/(1 − ϕP))ε1/t

PS

+ ϕwP
ε1/t

w − ε1/t
PS

ε1/t
w + (ϕP/(1 − ϕP))ε1/t

PS

+ (1 − ϕw)P
ε1/t

A − ε1/t
PSw

ε1/t
A + (ϕP/(1 − ϕP))ε1/t

PS

= 0 (3)

where εSi, εMOw , εA, and εw are the dielectric constants of the silicon,
metal oxide in moisture environment, air, and water respectively;
P is the porosity of the structure, r is the volume ratio of the metal
oxide and Si, ϕw is the fractional volume of the adsorbed water
vapor layers on the surface in the pore space, ϕP is the percolation
volume fraction and t is the non-linearity correction factor.
When there are layers of adsorbed water vapor in the pore space,
ϕw will increase from 0 to 1. Since water has very high dielectric
constant at room temperature (80) compare to air (1), the effec-
tive dielectric constant of the PS will increase accordingly. It is also
shown in Eq. (3) that the dependence of capacitance on RH level
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Table 1
Comparison of the water contact angle and PCV (%) of ordered macroporous silicon
humidity sensor with different surface coatings.

Surface coating Contact angle (◦) PCV (%)

Ta2O5 27.4 300
ig. 11. Measurement of water contact angle of (a) Ta2O5 thin film coated silicon
urface; (b) bare silicon surface. The measurement is taken at non-porous area of
he sensors in a 3D micro-stage system with horizontally aligned microscope.

an be controlled by adjusting the porosity and the thickness of the
etal oxide layer.
The dependence of the capacitance variation on the measure-

ent frequency can be explained by the existence of parasitic
apacitance. The parasitic capacitance is generally from the bulk
ilicon and the interfaces between different layers. It is not affected
y the RH change. Through modeling, Das et al. [19] demonstrated
hat at very high frequencies, the measured capacitance is mainly
etermined by the parasitic capacitance. On the other hand, at

ow frequencies, the measured capacitance truly represents the
ctive capacitance for humidity sensing. Therefore, the measured
apacitance variation is higher at lower operation frequency. This
s consistent with our experiment results. The sensor showed the
ighest Cp variation at 100 Hz. It is 2563 pf at 100 Hz, while the Cp
ariation is 1815 pf, 176 pf, and 105 pf at 1 kHz, 100 kHz and 200 kHz
espectively.

The enhancement effect of the Ta2O5 thin film coating on the
ensor’s performance is mainly due to its ultra-hydrophilic prop-
rty. Fig. 11(a) and (b) shows the water contact angle of Ta2O5 thin
lm coated silicon surface compare to bare silicon surface (with
nm native SiO2). The Ta2O5 thin film coated surface shows a very

mall contact angle. Previously, we reported the sensing proper-
ies of ordered macroporous silicon with different surface coatings,

ncluding bare Si, thermally grown SiO2 (100 nm), ALD deposited
nO (100 nm) and HfO2 (100 nm) [13]. Table 1 gives the compar-
son of their water contact angle and maximum PCV (obtained
nder different measuring frequency since the difference in their
arasitic capacitance). It shows that the sensor with coatings that

[

Si 60.0 13.9
HfO2 66.5 55
ZnO 80.1 1.8
SiO2 88.6 0.36

are more hydrophilic have better sensitivities. We believe that the
interactions between the adsorbed water molecules and the Ta2O5
or HfO2 coatings also partially contribute to the higher sensitivity.
This explains the higher PCV of HfO2 coated sensor than the PCV of
bare Si sensor, although it has slightly larger contact angle.

5. Conclusions

In this paper, we demonstrated the humidity sensing charac-
teristic of a Ta2O5 thin film enhanced ordered macroporous silicon
humidity sensor. The sensor’s capacitance response to RH changes
is measured at different frequencies. When the RH increases, the
sensor’s capacitance increases with a fast response time. The sen-
sor’s Cp–RH relationship shows perfect linearity in two regions
respectively over the whole RH range. The capacitance change
upon exposure to moisture is mainly caused by the replacement
of air with adsorbed water molecules in the pore space. Due to
the existence of parasitic capacitance, the sensor exhibits a higher
capacitance variation values at low frequencies. The sensor shows
the fastest response time at 200 kHz. More investigation is needed
to explain this dependency of response time on measuring fre-
quency. To achieve a fast response and relatively high sensitivity,
a frequency of 200 kHz is chosen as the operation frequency of
the sensor. At 200 kHz, the response time is 18–40 s to small RH
changes, while it is 300 s to 100% RH changes. The sensor shows very
good linearity, repeatability and long term stability. The hysteresis
at 200 kHz is 0.3–3.3%. Overall, the sensor shows great potential for
the application in PEMFC.
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