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Abstract This work describes a porous, silicon-based humidity sensor operating
under the capacitive transduction principle. One of the aims of this work is to deter-
mine the main parameters such as sensitivity, linearity, hysteresis, and time response
to step humidity changes of four samples via measurements of their capacitance. The
parameters gauged by capacitance measurements were used to explain the dynam-
ics of its operation. The most sensitive sample caused changes in relative humidity of
74 nF-%rh~!. Hysteresis of at least 3.6 % to 4.6 % was found to occur. Humidity sensor
samples synthesized from nanoporous silicon were also analyzed by scanning elec-
tron microscopy, image processing, and Raman spectra red shifts. As a result of these
measurement and analysis of this work, the best synthesis conditions and nanopore
surface and sub-surface diameters for producing high performing humidity sensors
were identified. Another aim of this work is to find the optimal pore size from the
analysis of image processing and Raman spectra. The optimal porous sizes in relation
to the analyzed sensor’s characteristics were found to be between 4 nm and 26 nm.
The novelty of this work is to establish the relationship between the capacitance mea-
surements with image processing of SEM images and Raman spectral measurements.
The mechanical stability of the samples was also gauged over 3 months utilizing both
capacitance and Raman spectral measurements.
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1 Introduction

Humidity metrology is a critical requirement in science: hydrology, environmental
studies, meteorology, and forecasting for climate studies. In addition, it has a wide
range of applications in society: the food processing industry, air-conditioning, and
horticulture to name a few. Primary humidity metrology service requires mainte-
nance, realization, and dissemination of humidity parameters which must be closely
monitored along with temperature [1-4]. For industrial applications, humidity mea-
surements are made mostly with sensors made from porous ceramic and polymer
materials. Porous silicon is a good alternative to these materials since the sensor ele-
ment and electronics can easily be integrated on the same chip.

The porous silicon structure was first discovered at Bell Laboratory by Uhlirs in
the mid-1950s [5]. It was not studied in detail until the discovery of room-temperature
photoluminescence by Canham [6,7] in 1990. Porous silicon (PSi) structures have
been extensively studied since then. Although, as a result of room-temperature pho-
toluminescence, silicon was thought to be mainly useful for optoelectronic processes,
it found application areas including biotechnology, energy storage, solar technology,
optics, sensing of humidity, methanol, and other gases. Porous silicon is utilized as a
sensor material due to its immense surface-to-volume ratio for gas or humidity sensing
[8-13].

Nanoporous silicon (NPS) can be formed from a silicon wafer substrate by anodiza-
tion with hydrofluoric acid (HF) in an anodization cell for up to a few hours. Variations
in the substrate parameters and variations in the forming parameters of the anodization
process provide an opportunity to obtain a variety of internal nanostructures in a myriad
of shapes, spherical, column, fractal, or sponge-like within a silicon substrate. Silicon
wafer substrate parameters include doping concentration, resistivity, and orientation.
Formation parameters of NPS include anodization current density, anodization time,
concentration of HF, and temperature [14—-19].

The current state of the art of humidity sensors based on sensing materials includes
electrolytes, polymers, and ceramics. These types of humidity sensors are character-
ized in terms of their resistive (impedance) or capacitance responses. Most humidity
or relative humidity (RH) sensors rely on capacitance sensing, since humidity changes
the permittivity of the sensing dielectric across electrodes deposited at opposite faces
of the sensor.

Nanoporous sensors based on silicon can be a good candidate for a humidity sensing
material due to their tunability during fabrication. The samples possessed various pore
diameters, with longer anodization times during sample preparation giving rise to
larger diameter nanocrystals. On the other hand, the main feature that must be resolved
is structural degradation. Structural degradation was improved by implementing a new
drying procedure to the NPS samples. Otherwise, the whole structure was collapsed
just after the anodization process.
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Capacitance measurements are the main characterization technique to be conducted
to determine the main characteristics of humidity sensors, which requires a rather com-
plicated measurement setup compared with spectroscopic measurements. In this work,
capacitance measurements were performed in order to determine the sensitivity, linear-
ity, hysteresis, and time response to step humidity changes of porous silicon samples.
The novelty of this work is to establish the relationship between the capacitance mea-
surements with image processing of SEM images and Raman spectral measurements,
and to find the optimal pore size from the analysis of image processing and Raman
spectra.

Characterization of porous silicon using Raman spectroscopy has been studied
extensively dating back to 1979 [20-24]. More recently, Raman analysis has been
employed to determine the dimensions of silicon nanocrystals (SNC) in NPS [25-
35]. In this work, structural characterization of NPS samples was conducted using
both, Raman spectroscopy, and scanning electron microscopy (SEM) techniques. SEM
images provide information about the nanopore pattern features; dendrite type, channel
formations, and side branches [14,15,36,37]. The purpose of this work is to determine
the optimal pore size and the size distribution of the nanopore diameters in each sample
using both Raman spectra and SEM processed images of the samples. This information
will then be compared with the characteristics of each sample (linearity, sensitivity,
response time, and hysteresis) determined from capacitance measurements over the
relative humidity range from 20 %rh to 95 %rh.

Raman spectroscopy and SEM analysis in terms of structural parameters such as
diameters of granular silicon islands and holes which are in the nanometer range
were performed. Comparison of spectroscopic parameter analysis with capacitance
measurements was also conducted and found to be in good correlation. Therefore, it
can be stated that Raman spectroscopy together with SEM techniques is an alternative
to the capacitance characterization technique. The main aim of this paper is to present
that the spectroscopic characterization techniques implemented to NPS samples were
found to be less expensive and uncomplicated than the capacitance characterization
technique.

Derived from Knudson diffusion, the Kelvin equation gives the basis for calculation
of optimum pore size as a function of relative humidity. According to the Kelvin
equation, the ideal pore sizes required for sensing of relative humidity values from
20 %orh to 95 %rh range from 0.8 nm to 40 nm, respectively. Utilizing SEM and Raman
analyses, it was determined that the pore dimensions produced in the anodization of
the silicon wafer were within this range.

2 Theory

2.1 Capacitance

Porous silicon humidity sensor was designed as a capacitive sensor; thus, a humidity
sensitive porous silicon material is placed between two metallic plates which are

vacuum-coated with aluminum. The top structure is designed as an interdigitated
electrode; the bottom surface is fully covered by aluminum. This structure resembles
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the typical capacitor device which consists of two conducting plates separated by a
dielectric medium.

The top electrode must have an interdigitated structure (constructed of separate
metal lines of gap ~0.25 mm) to allow water through the empty spaces between.
Since the composition of the NPS dielectric depends on water concentration, the
electrical permittivity varies, causing the sensed capacitance to change with percent
relative humidity. In essence, the sensor with deposited electrodes acts as a parallel-
plate capacitor with a variable dielectric constant, &, due to water molecules adsorbing
onto the NPS surface from the ambient air.

The parallel-plate capacitance of a material is

C =¢cA/d (1

A series combination of capacitors C; which causes an equivalent capacitance is

Cseries = l/zi(l/ci-) 2

A parallel combination of capacitors which causes an equivalent capacitance is

Crarallel = Zi C;. (3)

The equivalent capacitance of the sensors is considered to be a combination of these
networks since the porous silicon layer can be regarded as a complicated dielectric
material generally [38].

Three layers are present in the NPS samples: a very thin surface NPS layer into
which water diffuses, a thin sub-surface NPS layer free of water, and a much thicker
bottom crystalline silicon wafer layer. The latter has no observable NPS in Fig. la,
so it is assumed that the etching solution did not penetrate the bottom of the wafer.
Images from Fig. 1areveal the depth of NPS to range from dnps = 2.7 pmto 13.9 pm,
increasing with anodization time.

2.2 Raman Spectra of Nanocrystals

In crystalline solids, the Raman effect is caused by phonons. There is an incident
photon—electron interaction followed by an electron—lattice interaction. An incoming
photon excites an electron, causing an excited electron—hole pair. The latter is scattered
at the lattice, inducing a phonon in the solid and causing the electron—hole pair to return
to the original state by emitting a photon. The latter is reduced in energy compared to
the incident photon by the amount lost in the scattering event.

For every crystal symmetry class, it is possible to calculate which phonons
are Raman active, and in which measurement geometry, i.e., for which direction
of polarization of the incident and scattered light, relative to the crystallographic
axis. In nanocrystalline materials, the phonons are of similar dimensions to the
nanostructures, and so are confined. As a result, Raman spectra display the macro-
size crystalline Raman features broadened and shifted by phonon confinement.
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Fig. 1 (a) Cross-section SEM images obtained from samples Al, A2, A3, A4, and A5 and (b) a typical
humidity NPS sensing sample structure modeled on Fig. 2a
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Nanometer-sized silicon structures are known to exhibit red-shifted Raman spectra
[23,24,28,29,35,39,40]. By using an adequate model, it is possible to estimate the
size of the nanocrystals [23,28,29,41,42].

3 Experimental Apparatus and Procedures
3.1 Specimens and Formation Parameters

A drawing of the electrochemical anodization setup used to produce porous silicon
structures on p-type silicon wafers having a resistivity of 1 -cm to 20 2-cm and (1
0 0) orientation is shown in Fig. 2. The anodization setup was composed of a Teflon
anodization cell, a platinum electrode, an anodization solution having hydrofluoric acid
and ethanol, and a current source meter. The wafer was cleaned with a standard wafer
cleaning method (RCA method) which was discovered by Kern while working for
RCA, the Radio Corporation of America. The unpolished side of the wafer was coated
with aluminum by the vacuum evaporation technique. The samples were then annealed
in an oven at 400 °C for 30min to make ohmic contacts. The silicon substrate was
then diced into equal pieces and placed in the homemade Teflon anodization cell. The
silicon was mounted as an anode on the bottom of the anodization cell and completes
the electrical circuit by putting a spiral-shaped platinum wire as a cathode in a parallel
way to achieve a homogeneous structure throughout the porous silicon.

The porosity, i.e., the void fraction in the porous layer, is determined by the current
density (about 10 mA-cm~2 to 100 mA-cm™2), composition of electrolyte, resistance,
and the doping density of the silicon substrate.
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10 ml hydrofluoric (HF) acid of 48 % in concentration and 10 ml ethanol were mixed
and poured into the homemade anodization cell. A current density of 5 mA-cm™2 was
passed through the wafer for time durations of 15min, 30 min, 45 min, 60 min, and
75 min. The samples were labeled Al, A2, A3, A4, and AS, respectively. Pentane
drying was applied to all of the samples to prevent cracking of the porous structure
due to evaporation of water from nanopores. A detailed description of the experimental
procedure for the formation of porous silicon samples using a homemade anodization

system is presented elsewhere [43].

3.2 Characterization Techniques
3.2.1 Scanning Electron Microscopy (SEM) and Processing of SEM Images

SEM is a non-destructive method, which probes the surface area of the material; it has
a 10nm resolution for porous silicon samples.

A JEOL 6335F scanning electron microscope (SEM) was used to obtain the surface
and cross-sectional images of the porous silicon samples. The SEM images of the
porous samples were obtained with a magnification of 75 000 throughout this work.

Cross-sectional SEM images of the five sample wafers (presented in Fig. 2a) reveal
the structure shown in Fig. 2b. The porous silicon structure depths within the samples
range from 2.7 wm to 13.9 pwm out of the total wafer thickness of 500 wm.

Size distributions, including the diameter of nanometer-sized silicon crystalline
islands or granules, were determined from an algorithm developed in the MATLAB
Image Processing Toolbox. The algorithm was based on the use of the ‘Granulometry’
function, which determines the size distribution of objects in an image. Dimensions of
image details were determined by sifting them through a circular structuring element
of increasing size [44]. Images of the SNC obtained are presented in Fig. 3a. In all SEM
images, it was observed that the SNC dimensions were similar to the SNP dimensions.
This assumption was used throughout this work, and is also evident from the images
of Figs. 2a and 3a. The size distributions of each image from Fig. 3a were determined
from the algorithm described; they are presented in Fig. 3b.

3.2.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive method that has a probing volume which
depends on the laser wavelength, laser spot size, and the beam penetration depth. It
probes a volume of the material with a resolution of 1 nm [25-35]. A Raman micro-
scope (Renishaw inVia) was used to obtain Raman spectra of all the samples. The
laser power was set to 5 mW during Raman spectra measurements in order to avoid
heating the samples. Raman spectroscopy measurements were carried out with a laser
having an excitation wavelength of 514 nm which has a penetration depth of approxi-
mately 500 nm in silicon, together with a 2 jum laser spot diameter resulted in a probing
volume of approximately 1 jum?>.

Dimensions for silicon spheres, calculated by Lu et al. [35], range from 1.4nm to
4.9 nm. It is assumed that the calculation of the size of the spheres can be extended up
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Fig. 3 (a) SEM surface images at magnifications of 75000 and (b) size distribution of SNC diameters
obtained from Fig. 3a images using MATLAB. Diameter versus ratio of objects in image
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to 16 nm according to the results obtained from Faraci et al. [23]. The Richter equation
was also used to show an asymmetric Raman spectrum line shape and wavenumber
downshifts with decreasing nanowire diameter from 20 nm to 3 nm [42]. The Richter
equation, which is assumed to approximate well up to 20 nm, is used throughout this
paper.

Aw = wpsj — wesi = —A - (a/L)” 4)

wpsi (cm™!) and wes; (521 cm™!) are the characteristic Raman band positions of
porous silicon nanocrystallites and c-Si, respectively. For spherical Si nanocrystal-
lite, A = 47.41 cm™!, y = 1.44 [24]. “a” is the lattice constant of silicon and is equal
to 0.543nm, and L is the trap dimension, i.e., the diameter of the SNC.

3.2.3 Capacitance Measurements

Capacitance measurements were carried out with an LCR meter (7600 from QuadTech)
at a frequency of 1 kHz in a thermally isolated chamber of a humidity generator from
Thunder Scientific. The humidity generator is a primary standard which possesses an
annual drift of 0.3 %rh.

Relative humidity sensors are characterized mostly in terms of their sensitivity,
linearity, and capacitance change [45,46]. NPS relative humidity sensors are char-
acterized in terms of the normalized percentage capacitance change (NPCC) in the
range from 20 %rh to 95 %rh [45]. The normalized percentage capacitance change
was calculated using Eq. 5 below, and listed in Table 1. Two of the sensor samples,
A2 and A4, were broken during measurements, so only the three remaining samples
(A1, A3, and A5) were used for final measurements at a temperature of 23 °C.

NPCCyru = ((Crenigh — Crtiow) / Criilow) - (1/ARH) - 100, (5)

where NPCC is the normalized percentage capacitance change, ARH is the relative
humidity change, ARH = R Hhpigh — R How, RHigh is the highest relative humidity
value, RH\oy is the lowest relative humidity value, Crunign is the capacitance at the
highest relative humidity value, and Crpjow is the capacitance at the lowest relative
humidity value.

Sensitivity values of sensors were calculated using Eq. 6 as given below and from
the measured capacitance values in the above specified relative humidity range. The
calculated sensitivity values are listed in Table 1.

S = (CrHhigh — CRhigh) - (1/ARH) - 100, (6)

where S is the sensitivity.

Capacitance measurements also gauge the quality of the mechanical structure of the
NPS layers. This is critically important, since it determines the time period over which
the sensor can be reliably utilized. Thus, after the measurements were completed on
each sample, they were kept at ambient conditions for 3 months and their performance
over the humidity range was again determined to gauge their mechanical stability over
time as depicted in Fig. 4.
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Fig. 5 Mechanical degradation gauged via percentage change in capacitance over 3 months

Hystereses of the samples were calculated using the experimental results which
include two consecutive measurements starting from 20 %rh to 95 %rh as depicted in
Fig. 5. The maximum value of the differences calculated at each relative humidity
value was considered as hysteresis of the sample.

4 Results
4.1 SEM Images

The average SNC diameters of each sample in Fig. 3b were plotted on the left-hand axis
against anodization time in Fig. 6; these also indirectly describe the average nanopore
diameters.

Using the Raman spectral shifts, the diameters of SNC were calculated from Eq. 4
and are displayed on the right-hand axis of Fig. 6. Although the determined values
were almost fivefold disparate in comparison with the left-hand axis results of SEM,
the trend in the diameters was well correlated, as evident in Fig. 6. This dimensional
disparity is caused by the different resolutions of the two methods: 10 nm for SEM and
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Fig. 6 Diameter values of samples produced at different anodization times obtained from MATLAB image
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1 nm for Raman spectroscopy. In addition, the image processing can only determine
spherical shapes with well-defined edges on the sample surface. Raman spectroscopy
can probe much deeper below the surface. In the SEM images of Fig. 7, 25nm to
40nm diameter granular islands are composed of tiny islands having much smaller
diameters. Except for A1, they show that the SNC diameters are smaller at the bottom,
but larger at the top of the samples; this is likely to also be the case for the nanopores.
This is usual in NPS structures, since there are basically two independent formation
mechanisms which may coexist simultaneously. This results in a superposition of
structures of nanometer-to-micrometer-sized pores [42,47]. This explains why Raman
spectroscopy, a sub-surface technique, determined smaller average SNC diameters,
implying smaller nanopores.

Figure 6 shows that SNC diameters increase linearly with anodization time, since
the other parameters were kept constant: anodization current density (5 mA-cm™2)
and concentration of anodization solution) (1:1 volume per volume (v/v) mixture of
hydrofluoric acid 48 mass% in water and ethanol).

In Fig. 6, although SNC diameters are observed to increase with time, for both SEM
and Raman determinations, they suddenly decrease on samples treated for more than
60 min. This can be explained by the characteristics of electrochemical anodization,
where a longer permeance time of silicon in HF solution results in a higher mass of
chemically dissolved silicon. Thus, as dnps increases, diffusion of HF acid may start
to limit the growth rate as it carries the dissolved silicon away from the surface layer.

Anodization times for each sample and their corresponding NPS layer thicknesses
are shown in Fig. 8. Here sample A5 has a structure in which d,p penetrates all the
way into the sub-surface region, completely occupying dnps. This is related to a more
open structure, where more of the silicon has been dissolved and removed, perhaps
by diffusion with HF away from the sensing layer, leaving a percolation region with a
smaller SNC and a larger average nanopores [48]. Evidently as the anodization time
increases, so does the thickness of the NPS; this is also the case in the literature.
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4.2 Raman Spectra

Raman spectra of each sample A1—AS5, at the same current density (5 mA-cm™2), but
at varying anodization times (from 15min to 75min) are given in Fig. 9 for all five

samples. Raman spectra are given with respect to the spectrum of crystalline silicon
(c-Si) 521 cm~! [23], shown as a green curve in the graphs. Here red (down) shifts in
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the optical phonon mode occur after porous silicon formation due to phonon confine-
ment; this was used to calculate the SNC diameters. Figure 9 also shows enhancement
of the Raman peak intensity, further evidence of nanocrystal formation [49-51].

4.3 Capacitance Measurements

Capacitance versus relative humidity measurements from 20 %rh to 95 %rh were
performed in the chamber of a humidity generator from Thunder Scientific. A dry con-
dition was accomplished in a desiccator fed by laboratory-grade nitrogen gas stream
with relative humidity ranges from 3 %rh to 5 %rh.

The measured capacitances of the five samples versus humidity in the range from
20 %rh to 95 %rh are presented in Fig. 10.

Clearly, sample A1 has a sensor structure and pore dimension which allows diop
to decrease gradually enough to produce a linear capacitance response to relative
humidity change; this is expected from a structure with smaller pore dimensions,
since it would be harder for the water droplets to move during diffusion.
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Table 2 Sensor time responses to 63 % increase and decrease in step relative humidity changes

Sample Step increase Response Step decrease Response
number (%orh) (s-%rh™1) (%orh) (s-%rh~1)
Al 5-95 5.9 95-50 333
A3 5-95 3.6 95-50 6.7
A4 5-95 4.4 95-50 8.9
AS 5-95 3.1 95-50 4.5

Table 1 shows sample A3 to be the most sensitive to changes in relative humidity
(74 nF-%rh~"), followed closely by sample A 1. Figure 10 shows sample A1 to display
the most linear capacitance response over the relative humidity range; the other sensor
characteristics were then investigated.

The response time of sensor samples (Al, A3, A4, and AS) to humidity changes
from dry conditions within a sealed desiccator to 95 %rh and then 50 %rh is shown in
Fig. 11. The response times for reaching 63 % of the step humidity function are shown
in Table 2. The fastest response is displayed by sample A5 at 3.1 s-%rh ™!, the slowest
response is displayed by sample A 1; degrading sixfold for step decreases. Degradation
in response time of the other samples to a step decrease in humidity was between one-
and twofold. This occurs because nitrogen gas must reach the inner smaller dimension
nanopores (4.5 nm on average) to desorb the water droplets [48]. Since sample Al
has the smallest pore diameters, this process will be more difficult to achieve. The
diameter of SNP of Sample A5 suddenly decreases, with anodization time as shown
in Fig. 6. This corresponds with an increase in the nanopore diameter, as the material
is dissolved in HF acid. Thus, larger pores would allow nitrogen gas to enter more
easily for drying purposes and give rise to the greater response time observed for both
step increase and decrease in relative humidity.
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Table 3 Mechanical degradation gauged via decrease in capacitance of samples

Sample Anodization Capacitance values of samples after 3 months at 23 °C?
number time (min)

At 20 %rh (nF) At 50 %rh (nF) At 95 %rh (nF)
Al 15 9.89 (—26.5) 33.26 (—11.3) 56.36 (—10.8)
A3 45 7.83 (—=25.4) 19.86 (—17.3) 62.92 (—5.1)
AS 75 0.02 (—95.9) 3.17 (—41.6) 29.63 (—13.4)

4 % decrease in capacitance is in parentheses

Since relative humidity calibration starts from the lowest relative humidity to the
highest relative humidity value, hysteresis was also determined from the consecutive
measurements of relative humidity values as given (20-40-50-60-80-95-95-80-60-50-
40-20) %rh. Hystereses of all three samples were investigated, and the results are
shown in Fig. 4. Sample A1 had the lowest hysteresis of ~3.3 % compared to samples
A3 and AS with hysteresis of about 4.6 %; all of these were worst cases occurring at
95 %rh.

In order to gauge the mechanical stability over time, each sensor was carefully
stored at room temperature around 23 °C and room relative humidity around 45 %rh
for 3 months, and they then had their capacitance determined once again. The results
are presented in Table 3. Mechanical degradation of porous silicon relative humidity
sensors in percentage was calculated from this capacitance change over 3 months, as
shown in Fig. 5.

Considering all the factors, Al performed the best for linearity and also had the
least hysteresis. Both A1 and A3 had the best mechanical stability, although A3 was
about 11 % more sensitive.

5 Conclusion

It was shown that the image processing of SEM images developed in this work was
successful at determining and sizing surface features. An increase in Raman spectral
intensity was reliable evidence for the development of silicon nanocrystals during
anodization. Raman spectral red shifts were found to provide data which were reliable
enough to compute sub-surface SNC dimensions. The SNC diameter within the NPS
sensor region increases with anodization time up until 60 min; at longer anodization
times, the diameter suddenly decreases. Both SEM image processing and Raman
spectral determinations exhibit the same trend with a high degree of correlation,
demonstrating that both surface and sub-surface SNC exhibit the same behavior.
The SEM images show that the SNC form as uniform spheres of similar dimen-
sions to the nanopores between them. This can only occur when the silicon crystal
is dissolved by HF and allowed to re-crystallize as nanocrystals; the permeance time
of anodization allows the nanocrystals time to grow. Thus, longer anodization times
are associated with larger diameter SNC. However, after 60 min, the SNC diameter
decrease of sample A5 corresponds to a limiting mechanism for the nanocrystal growth
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rate. This may be caused when a higher mass of chemically dissolved silicon is carried
away by diffusion of HF acid, since the sub-surface NPS layer also deepens with the
anodization time. This may start to limit the nanocrystal growth rate, but causing much
larger pores, resulting in a highly percolated structure. This seems to be borne out by
the capacitance measurements also.

Sample A3 was the most sensitive to changes in relative humidity (74 nF-%rh~!),
followed closely by sample A1. However, sample A1 displayed the most linear capac-
itance response.

It was found that a lower anodization time resulted in a more reliable mechanical
structure and smaller pore dimensions. When the surface SNC and pores are smaller,
as in the case of sample A1, the water droplets may build-up at the top layer more grad-
ually as the humidity increases, leading to better linearity, at the expense of sensitivity.
Here the water droplets remain within the top 10 % or so of dnps so that digp, < 1 um.
Sample A3 has larger pore sizes (due to larger SNC) so that water diffuses deeper into
the SNP layer (~1.2 wm), increasing djop, thus decreasing the capacitance. The water
also tends to build-up more suddenly on the top layer, causing non-linearity. Although
sample A5 has smaller SNC dimensions than sample A3, the nanopore dimensions
are much greater than those of the SNC. This would leave a larger percolated struc-
ture; here water diffuses across the whole of the NPS layer so that dxps = diop. This
decreases the capacitance, which remains lower than the other samples. Water droplets
build-up much more rapidly on the surface as the humidity increases; however, the
ease of water diffusion curtails a highly non-linear response.

The response times for reaching 63 % of the step humidity function are extended
if the nanopore sizes are too small. This effect deteriorates sixfold for step decreases,
since it is much harder for a drying gas to reach the inner nanopore structure. Samples
A5 and A3 respond fastest to a step increase in humidity at 3.1 s-%rh~!; their responses
are only slightly delayed for step decreases. This makes their structures suitable for
fast response humidity sensors.

Mechanical degradation gauged through a decrease in capacitance over 3 months
ranged from £4.0 nF from 20 %rh to 95 %rh. Samples Al and A3 exhibited the least
mechanical degradation. This shows that, after 60 min of anodization, the resulting
SNP structure of the sensor is inherently unstable, making it unsuitable as a relative
humidity sensor.

Hysteresis results showed the greatest hysteresis occurs at 95 %rh. A1 had the least
hysteresis at 3.6 % and the maximum value is calculated to be 4.2 nF (4.6 %) for sample
AS.

Thus, with the smallest average SNC size (and hence nanopore), sample A1 appears
to contain the best structure, displaying adequate sensitivity, the most linear response,
the least hysteresis, and a robust mechanical structure. The only disadvantage is that
response time for step decreases in humidity is on average four times worse than the
other structures; this may be improved by anodization procedures that slightly increase
this pore diameter to <5nm, since sample A2 has the next lowest pore diameter at
5.5nm. The average dimension of the surface SNC size is 25nm as determined by
SEM; Raman analysis shows that this corresponds to an average sub-surface pore
diameter of 4.5 nm.
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