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Abstract

Mesoporous silica (MPS) thin films were characterized by X-ray analysis and electrical measurements to investigate possible correlation
between structural order and best response of this kind of sensing material toward RH and alcohols vapours. Both energy dispersive X-
ray diffraction and X-ray reflectometry results have been discussed to describe the ordered porosity distribution in the amorphous film. A
phenomenological trend of the resistive-type sensors response changing calcination has been found and related to the change in the porosit
order of MPS thin film.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction porous silica thin film as sensing membrane have been devel-
oped to detect both humidity and alcohol vapours in environ-
Sol—gel self-assembly procefH is a simple chemical = ment[7]. The performance of the sensors has been found
route to control the dimensions of mesophases in metalto be dependent on the film preparation method, especially
oxide powders and thin films. In particular, highly ordered on the calcination temperature and its lasting. Indeed, ther-
mesostructured thin films with cationic surfactg@{sor non- mal treatments modify both the silica and the pore structure,
ionic block copolymerg$3] can be deposited by dip-coating therefore the sensing material structural changes could jus-
on substrates. Cubic, hexagonal or lamellar mesophases catify the electrical sensor response modifications observed
be obtained controlling the effective concentration in the in testing experiments. Aim of this work is the exami-
precursor solutiofd]. Non-ionic block copolymers are com- nation and a better understating of this supposed correla-
mercially available, not expensive and can be easier removedion.
than ionic templating agents from the host matrix. Chemical
extraction, therma]5] or photo-calcinatiorj6] are suitable
treatments to remove the organic mesophase and to obtair2. Experimental
mesoporous metal oxide thin films with highly ordered poros-
ity and large specific area. Electrical sensor devices has been made by a mesoporous
Mesostructured materials, because of their properties,silica thin film deposed by dip-coating on Si/SiGubstrates
have potential applications for sensing, electrochemical andwhere chromium interdigitated electrodes have been previ-
optical devices. Resistive sensor devices based on mesoeusly evaporated and photo-lithographically defined. Elec-
trodes geometry is 2000 thick, 20pum wide and distance
between fingers is 20m. Films have been deposited in
* Corresponding author. Tel.: +39 06 4993 4537; fax: +39 06 20660066. controlled humidity and temperature conditions and finally
E-mail addressa.bearzotti@psm.rm.cnr.it (A. Bearzotti). calcined. Sensor device testing has been obtained introducing
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it into a chamber of 40 chworking volume. Using a MKS ~ average thickness), respectively. Furthermore, if the sam-
mass flow controller in the range from 0 to 200 standard Ple consists of a thin film deposited on a thick substrate,
cubic centimetre per minute (SCCM) dry and wet nitrogen the signal exhibits oscillations produced by the interference
stream with a constant 200 SCCM total flow rate has been of the two waves reflected at the surface and interface: the
introduced into the cell to obtain relative humidity variation frequency of the oscillations is roughly proportional to the
from 5 to 90%. The electrical response of the resistive-type film thickness, while their damping is related to the interface
sensors has been evaluated measuring the current intensitjoughness.
values towards RH% variation. All measurements were per-  TocollectanX-ray reflection spectrum, thatis the reflected
formed in dark condition to prevent possible undesirable intensity as a function af, two ways can be used. In fact, the
photo-assisted phenomena. The current was detected using Scan can be accomplished either by utilizing a monochro-
aKeithley 595 Quasistatic CV meter, which assures a resolu-matic beam and an carrying out an angular scan (angular
tion of +5 x 10~15A. Currentvariations were measured with ~ dispersive mode) or using a polychromatic X-ray beam at
a fixed applied voltage (1V) using the two points method. fixed angle and carrying out an energy scan [energy disper-
Temperature was recorded and maintained at a constant valugive (ED) mode], no movement being requifed].
of 25+ 1°C. The advantages of the ED technique on the angular dis-
X-ray diffraction experiments were carried out by using Persive counterpart, mainly related to the immobility of the
an EDXD apparatus elsewhere descii®®]. The intensity experimental setup, are particularly remarkable when reflec-
distribution scattered by mesoporous material is function of tometry measurements are concerrjgd,13} Indeed, in
the module of the momentum transtpexpressed as afunc-  the ED mode, a single spectrum cg)llgcted at fixed angle
tion of the wavelength of the incident radiatianand the ~ Which covers a range of some T0A~2, is made of a col-
scattering anglé by relation:q= (27 sin6)/x. lection of severql hundred points so that theesolution
The X-ray reflectometry is a technique sensitive to surface approaches _Idl AL Suchg-resolution would be hardly
and interface morphology at tengstrom resolution and is ~ achieved using a conventional laboratory angular disper-
commonly utilized to probe the properties of surfaces and Sive reflectometer. Moreover, the stiat|0nar|ty.of the exper-
interfaces of layered samples (films deposited on substratesimental setup reduces the systematic errors induced by the
multilayers, superlattices, etc.). angular scan (misalignments and aberrations) and guar-
The method makes use of the optical properties of X-rays ante_es the reproducibility of the experimental conditions
briefly outlined in the following and fully reported elsewhere (particularly critical at small angles) when many consecu-

[10]. tive measurements have to be performed, as in the present
In optics, referring to the film surface, the Snell law can case. This allows to perform in situ investigations with an
be expressed a5 cosh1 =ny coF2 (91 andn; being the inci- extremely hlgh level of confidence. On the other hand, the

dence angle of the primary beam and the refractive index of main drawback of the ED mode, i.e. the decrease ingthe
the first medium, and, andny being the reflection angle  resolution due to the uncertainties on both the angle and the
and the refractive index of the second medium). If the first energy, does not affect a reflectivity measurement since the
medium is vacuum (or airjy; = 1 and the previous equation, EDXR pattern of a thin film is characterized by long period
at the critical anglé., takes the form: co% =n,, sincewhen  oscillations.

61=0¢, 62 =0. The energy dispersive X-ray reflectometer used is a non-
In the X-ray energy range, the refractive index can be commercial machingl4]. The instrument is provided with
expressed as: two benches, one carrying the X-ray tube, the other the energy
sensitive detector, pivoting around a single central axis. The
22 o X X-ray optical path is defined by four variable slits mounted
n=1- <2n) proZ” +1i () s on the arms. The arms are moved by two linear actuators

driven by step motors and the tangent of the angle is read
wherel being the incident wavelengththe material density, by two linear encoders. Both the minimum step movement

ro the classical electron radiug,the atomic number and and the resolution are of the encoders ajent, that, in
is the linear absorption coefficient, typically 10to 107, our case, guarantees a reproducible minimum angle incre-
thus negligible. ment of 0.004. The white incident beam is produced by

Therefore, the total reflection conditions are fulfilled when a standard 2 kW tungsten anode X-ray tube and the detec-
cosfe) = 1 — (A%/27) proZ? that, at the second-order approx- tion is accomplished by an EG&G high purity germanium
imation, can be summarizedgs=6./A = constant, wherg. solid-state detector. The detector is connected to a PC via
is the critical scattering parameter (momentum transfer). The ADCAM hardware and the signal is processed by a Maestro
g range of interest, containing all the morphological infor- software, which performs the necessary analogue to digi-
mation, is around this critical value. tal conversions. The energy resolutiodie/E is ca. 1.5% in

Indeed, the position of the critical edgec) and the the energy range of interest (20-50 keV). Neither monochro-
slope of the reflectivity profile are determined by the mate- mator nor goniometer is required in the energy dispersive
rial density and the surface roughness (variance from the mode.



J. Mio Bertolo et al. / Sensors and Actuators B 111-112 (2005) 145-149 147

3. Results and discussion
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The steady-state current response of the mesoporous sil-
ica films as a function of RH changes in the measurement : .
chamber show different curves due to samples calcined at
different temperatures. Each curve was recorded in a cycle
of increasing and decreasing RH to evaluate the electrical
response changes and the memory effects in the material. Two
almost overlapped curves were observed in all the samples,
indicating a very little hysteresis loop. The current intensity
change was up to 5 orders of magnitude, in films calcined at L <, .
550°C, for instance, the current increased from 502 A .
(9% RH) up to 8x 10~7A (92% RH). A good electrical 0] @+ @ e ..... ]
response should be correlated to the formation of the “ice o w00 ' ' ' '
like” layers and the presence of water molecules with higher
hydrogen bonding.

The curves of sensitivitjl 5] (first derivative of the current  Fig. 2. The electrical behaviours of devices at fixed RH% values make pos-
intensity versus RH) are shownkig. L The sensors exhib-  sible an intensity responses comparison.
ited an enhanced sensitivity with the increase of the RH, with ) _ o
a steady peaking around 70% RH. After this RH value the RH. it shows a better performance at higher humidity
sensitivity quickly decreased and at RH larger than 85% the Values. _ _ .
curves showed the tendency to saturate. The’B5alcined All samples calcinated at various temperatures in the range

samples showed, however, a quite different behaviour, with 150-1050C were tested. Ifrig. 3, the EDXD spectra of the
a low sensitivity up to around 50% of RH and a constant samples treated between 150 and 96@how an increase of

increase in sensitivity at larger RH. the momentum trans_feq, i.e._ a_decrea_se of th_e in_terplanar
The relationship between the current intensity and the SPacel=2z/q(inset,Fig. 3 with increasing calcination tem-
calcination temperature as a function of relative humidity Perature. The curve values iig. 3 were normalized. This
is shown inFig. 2 The curves were fitted by a Gaussian shift of the main dlffrgctlon peak' suggests that the material
function. The larger absolute current values were observedStructure suffers a shrinkage. This shrinkage is homogeneous
for samples thermally treated at 350 and 460 The films in each direction, in fact aI_I the Bragg peak pqsmons have
annealed at 550C showed the lowest current intensity (he same trend as a function of temperatureFip 4, we
response, which indicates a lower performance of the sensing©Ported theD (A) in state of momentum transfey (A
device, at least in the considered range (30-70% RH). as function of calcmat!on temperature. We suppose that the
We can note indeed that the template presence Cantemperatur'e increase |mprov'e.the copoly.mer remqval and at
enhance the current intensity at low RH value but, on the the same time modifies the silica properties, causing a clos-
other hand, it leads to promote a saturation phenomenonind ofth_e pores.AcorreIanon with SAXS data, indicates the_lt
and then to reduce the device sensitivity at higher RH the cubic phase is the most probable structure. The relative
value. Otherwise, the device calcined at 560 even if its  Peakpositions are4 andy/8, the absence of other reflection

current intensity and selectivity are lower up to 70-80% P€aks preventing to distinguish between a body-centre cubic
phase or a face-centre cubic phase. The Miller indexes for the
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Fig. 1. Sensitivity curves have been obtained from the electrical characteri- Fig. 3. The diffraction peaks in function of tllemomentum and therefore
zations vs. the relative humidity content. of the interplanar spade are clearly visible in the EDXD spectra.
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Fig. 4. Momentum transfeq (A1) from EDXD spectra as function of
calcination temperature.

three reflections are (100), (200) and (22 0). The sample at
T=1050°C have not shown any Bragg peak, because the ele-
vated temperature does not allow silica to evolve in a stable

configuration, and the structure has a collapse destroying an)F

ordered phase.
A systematic reflectivity analysis was performed in order
to achieve morphological and long range structural informa-

tion upon samples of these materials, calcinated at various

temperatures in the range 150-1080

All reflectivity patterns were collected in the same con-
ditions, at grazing incidencé € 0.125) and in a controlled
atmosphere (Mflux, 180 nmol/s). Superlattice Bragg peaks
are visible in the reflectivity spectr&ig. 5), withessing an
internal order of the thin films. Indeed, since the reflected
signal is due to the optical contrast between the scatter-

ing materials, such peaks can be attributed to the presence

of an ordered porous structure inside the films. In particu-
lar, the reflection pattern of the sample calcinated at°T60
differs from those of the others, because it exhibits an anoma-
lous (convolved) double peak. This can be attributed to the
presence in the bulk of two ordered materials with different
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Fig. 5. X-ray reflectivity spectra are plotted as a function of the scatter-
ing parameteg, comparing the profiles upon different temperatures and a
stability test upon the less ordered film is shown.
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scattering length densities, the surfactant still being present
at such low calcination temperatures. Indeed, as the temper-
ature grows, only the signal coming from the mesoporous
structure remains and the Bragg peaks get broader, indicat-
ing that the internal order is decreasing due to the thermal
treatment. Finally, at 105QC, reflections are no longer visi-
ble indicating the lack of the mesoporous structure order.
Surface roughness was calculated by the Parrat model for
reflectivity profiles. All the films exhibit a roughness value
in the range 6-8, except for the one calcinated at 105D,
whose value is as high as 13(-°2)This is another evidence
confirming the disorder characterizing such high calcination
temperature, not only in the bulk, but even on the surface.
The sample calcinated at 950 is the last one to show a
kind of internal structure, even though the reflection is now
very weak and the Bragg peak is extremely broad. This sam-
ple, being the last that retains a certain degree of order, is the
most critical and the following stability test was performed
on it. The sample was submitted to alternate conditions, i.e.
in the controlled atmosphere described above, then at room
onditions (temperature, pressure and relative humidity), and
finally under the controlled atmosphere, again. The residence
time in such conditions was 12 h each. During the overall 36 h
(Fig. 5), the sample was irradiated by an X-ray beam at graz-
ing incidence and a sequence of 15 min long X-ray reflectivity
spectra was collected. Passing from thegdds flux to room
conditions (and back), no variation was observed either in the
peak position, in its shape or in the slope of the underlying
reflectivity profile. This is an evidence that no morphologi-
cal and structural modifications occur, namely that the film
is stable even when left in air.

4. Conclusions

Humidity sensing devices based on mesoporous silica
thin film have been fabricated via dip-coating. Their cur-
rent response and sensitivity is dependent on the calcination
temperature chosen in the sensor manufacture. Sensing mate-
rial structure has been studied using energy dispersion X-ray
techniques: diffraction and reflectivity spectra has been col-
lected and examined for samples that have been treated at
temperature in the 150-105Q range. Stability of the film
structure in air has been observed. An interesting correlation
between sensing properties and porosity or structural changes
of silica has been observed.
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