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Abstract

A simple process for the deposition of up to six different polymers in selected areas to be used as sensitive layers in
chemical sensor arrays is presented. The process is based on photolithographic processes and takes advantage of the bal-
ance between UV exposure dose, material tone and developers used. The sensing properties of the deposited films in the
array were characterized by the in situ monitoring of volume expansion upon exposure to analytes using white light reflec-
tance sspectroscopy. The swelling properties of processed films are compared to the unprocessed ones for the purpose of
examining the variation induced by the processing steps (exposure and development circles). Additionally, the repeatability
of the processes as well as the effect of analyte sequence is examined. This process offers good control of the lateral dimen-
sions and the thickness of the polymeric films and allows for the parallel fabrication of sensors based on different trans-

duction mechanisms including mass sensitive and stress induced bending chemical sensors.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the most important problems in chemical
sensor fabrication is the deposition of the chemi-
cally sensitive materials on the transducer [1]. This
problem becomes even more serious in the case of
deposition of different sensitive materials in the
form of sensor arrays. Arrays of chemical sensors
with partially overlapping selectivity can be utilized

" Corresponding author. Tel.: +30 210 650 3265; fax: +30 210
651 1723.
E-mail address: raptis@imel.demokritos.gr (I. Raptis).

as an electronic signature to characterize a wide
range of odors and other volatile compounds by
pattern-recognition means [2].

For example, in the fabrication of conductive
polymer array sensors, thin polymer films of either
specialized conductive polymers [3] or composites
based on ordinary polymers and conductive fillers
need to be deposited in stripe form on the same sub-
strate. In these sensors, the resistance of each poly-
mer stripe changes in accordance to the volatile
compound concentration in their ambient [4,5].
Other chemically sensitive devices requiring the
selective deposition of polymer films include capac-
itive type chemical sensors where polymer films have
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to be selectively placed between electrodes in order
to form an array of capacitors whose capacitance
changes in accordance to analyte concentration
[6]. Another example is offered by silicon/polymer
bimorph chemical sensing arrays operating either
in resonance or static bending. These devices require
the selective deposition and patterning of different
sensitive polymer films on to a flexible member part
of silicon [7] or silicon nitride [8]. In these devices
the stress induced on the flexible member as the
overlying polymer swells in the presence of analyte
molecules results in the change of resonance fre-
quency [9] and/or bending [10,11].

Polymeric materials are usually applied to sensor
devices through solution-based methods such as
spin coating, spray coating, dip coating, drop cast-
ing and ink-jet printing [12,13]. Electrochemical
deposition is a technique used mainly for the forma-
tion of conducting polymer films [14]. Langmuir—
Blodgett (LB) film deposition method leads to sens-
ing layers made of lipids, polymers or lipid-polymer
blends [15], while a related method is that of the
deposition of self-assembled monolayers (SAMs)
[16]. Vacuum deposition techniques are also possi-
ble methods of obtaining thin polymer films includ-
ing mostly sputtering [17], plasma polymerization
[18], physical vapor deposition [19], and a recent
technique named matrix-assisted pulsed laser evapo-
ration [20]. Among the aforementioned methods: (a)
those making use of solutions based methods lack in
pattern precision and repeatability, and the prob-
lems become more severe as the demand for smaller,
more complex sensors increases, (b) those from elec-
trochemical deposition to the end are severely lim-
ited as regards the selection of deposited materials.

In the present work a new approach allowing for
the application of more than one sensitive polymer
layers using conventional lithographic techniques
only is proposed. Photolithography has already
proved its usefulness in the fabrication of chemical
sensors where carbosiloxane polymeric layers are
patterned on defined areas of surfaces using photo-
activated catalyst and hydrosilylation chemistry
[21]. Here the deposition of six photosensitive poly-
meric materials on the same substrate by applying
exclusively photolithographic techniques is demon-
strated. The process is a delicate balance between
exposure dose for each exposure step, material tone
(negative/positive) and developers used. The use of
lithographic processes allows for the definition of
polymeric films at the desired layout and for a wide
film thickness range. Also, it is a parallel, at the

wafer level, process, compatible with microelec-
tronic processes and, as a result, a low-cost one.

A variety of polymers have been examined as
candidates for deposition and the selection of the
six final deposited was based on criteria to be
described in the Section 3.1. The response of the
deposited polymer array is characterized through
swelling measurements for each polymer film in
the presence of selected analytes (methanol, ethanol,
toluene vapors and humidity) by White Light
Reflectance Spectroscopy (WLRS), also described
as multi wavelength interferometry [22]. The effect
of each layer deposition on the swelling properties
of the previous layers is also studied, as it is prefer-
able that the properties of already deposited poly-
mer films do not change appreciably after the
addition of each new layer.

2. Experimental
2.1. Materials

For the fabrication of the polymeric array, six
photosensitive materials are deposited. All selected
materials are sensitive to irradiation in the DUV
spectrum and are either homopolymers or photore-
sists (commercial and experimental ones). The pho-
tosensitive materials to be used are prepared in
appropriate solutions as following:

(a) EPR: Consisting of epoxy polymer from Shell
[23] (8% w/w in ethyl-(S)-lactate, from Sigma—
Aldrich) and 1% w/w UVI16974 (Union Car-
bide) photoacid generator.

(b) PDMS: Siloxane from UCT (PS264) [24] and
chemical composition 94.5% PDMS, copoly-
mer 5% diphenyl siloxane, copolymer 0.5%
methyl-vinyl-siloxane and My =990 K (3%
w/w in methyl iso butyl ketone, MIBK from
Merck).

(c) PMMA with M,, =120 K [25] from Du Pont,
(5% w/w in propylene glycol methyl ether ace-
tate, PGMEA, from Sigma-Aldrich).

(d) PHEMA negative: It is based on PHEMA
polymer M, =300K [26], from Sigma-—
Aldrich (4% w/w in ethyl-(S)-lactate) and 2%
TPS-SbFs (General Electric) photoacid
generator.

(e) SAL-601 [27] from Shipley (diluted in MIBK
in a 1:2 ratio),

(f) UVIII [28] from Shipley (diluted in ethyl-(.S)-
lactate in a 1:1 ratio).
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The chemical types of the main polymers of the
photosensitive materials are illustrated in Fig. 1.
Using the above solutions and appropriate spin
coating conditions the film thicknesses obtained fall
in the 110-150 nm range; it has been demonstrated
that the fractional swelling is independent for this
film thickness range [29]. For the DUV exposures,
a broadband Hg—Xe lamp (Oriel) was used. In the
case of PHEMA negative, a filter at 248.9 nm was
used.

2.2. Measurement set-up

For the measurement of the polymeric film thick-
ness changes due to absorption and desorption of
analytes an experimental set-up (Fig. 2) combining
a WLRS setup, a delivering subsystem for con-
trolled concentrations of analyte and the measuring
chamber was used. In the analyte-delivering unit ini-
tially dry nitrogen flux is split in a carrier and a
diluting part with the help of two mass flow control-
lers. The carrier is bubbled through the volatile
compound of interest and subsequently mixed with
the diluting part to achieve the desired concentra-
tion level in the measuring chamber. The current
set-up offers four bubblers and four valves and the
user can select the analyte of interest. The chamber
volume is ~150 ml and the gas flow is 1000 ml/min;
thus saturation within the chamber is reached
quickly. The temperature in the gas delivering sub-
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Fig. 1. Chemical types of the polymeric materials of the array: (a)
epoxydised novolac of EPR, (b) PDMS, (c) PMMA, (d)
PHEMA, (e) novolac of SAL-601, and (f) UVIIIL.

system and in the measuring chamber is kept con-
stant at 30 £ 0.5 °C.

In the WLRS subsystem, a splitter optical fiber is
connected to a VIS-NIR light source (AvaLight-
HAL Tungsten Halogen) (>500 nm) and is equally
split into two beams: one is directed to the slave
channel of a PC driven double spectrophotometer
(Ocean Optics USB SD2000) and the other is con-
nected to a bifurcated optical fiber. The bifurcated
optical fiber then guides the white light onto an
appropriate reflective substrate spin coated with a
thin polymer layer. At the same time the optical
fiber collects the reflected beam, directing it to the
master channel of the spectrophotometer. Each
channel of the spectrophotometer is sensitive in
the VIS-NIR spectrum with a resolution of 0.4 nm
approximately.

The substrate should be totally reflective, at the
spectrum used. Therefore standard silicon wafers
constitute a reasonable choice. The accuracy of
the method depends on the number of interference
fringes in the recorded spectrum, as the existence
of these extrema allows accurate fitting of the
recorded spectrum and thus accurate calculation
of the polymeric film thickness. In the case of thin
polymeric films (e.g. 100 nm) on bare Si substrate
no extrema appear on the reflectance spectrum. In
order to obtain an adequate number of fringes
within the reflectance spectrum, a thick transparent
layer should be added in the film stack. With the Si
processing it is easy either to grow a SiO, layer or
deposit a Si3Ny film. In our study, the film stack
includes thermally grown SiO, (wet oxidation at
1100 °C for 200 min, final SiO, thickness 1060 nm)
on the Si substrate, prior to spin coating of the poly-
meric film.

By fitting the reflectance spectra to the interfer-
ence equation, with known refractive indices of the
layers employed, the film thickness can be calculated
accurately. Under certain conditions this methodol-
ogy could be also applied for the measurement of
the refractive index [29]. However, the application
of the WLRS methodology under the assumption
of fixed refractive index (that of the polymeric
matrix) constitutes an approximation, which under
the conditions employed here is a satisfactory one.
Indeed, the refractive index changes due to absorp-
tion/desorption of analytes at the concentration
range studied here are very small (typically affecting
values at the third decimal place). Such a small
change in the refractive index does not affect the cal-
culated film thickness and since we are interested in
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Fig. 2. Schematic representation of the measurement set-up.

real time monitoring of swelling/deswelling behav-
ior, the refractive index of the polymeric film is con-
sidered constant throughout the measurement. The
refractive index of the polymeric film for the spec-
trum of interest is calculated only once at the begin-
ning of the experiment and the value obtained is
used for all absorption/desorption steps with this
polymer. Application of this method for every mea-
sured spectrum yields the temporal evolution of film
thickness. At the same time, the spectrum of the
light source recorded at the slave channel of the
spectrophotometer, is used as a reference (multiplier
in the interference equation) to adapt the theoretical
approximation to the experimental data.

3. Results and discussion
3.1. Fabrication of the polymeric array

The polymers deposited with the proposed meth-
odology should fulfil three criteria: (a) patterning
capability, (b) complementary solubility parameters
in order to form a polymer array covering a rela-
tively wide solubility parameter range and (c) pat-
terning compatibility i.e. the deposition of a
polymeric area does not affect polymer areas
already defined. As a result, a wide range of candi-
date polymers was considered experimentally and
several of them, i.e. poly(hydroxyl ethyl methacry-

late), hydroxyl terminated poly(dimethyl siloxane),
AZ5214 positive conventional resist, poly(hydroxy-
propyl methacrylate), poly(butyl methacrylate) and
poly(n-propyl methacrylate), were excluded from
further study, because they did not fulfil the com-
plete set of the aforementioned criteria.

The process for the deposition of the six films
(Fig. 3) on the same substrate consists of the follow-
ing sequence of steps:

(a) EPR spin coating on a silicon wafer, followed
by a post apply bake step (PAB) for the evap-
oration of spin casting solvent, DUV exposure
with the desired layout and post exposure
bake (PEB) for cross-linking of the exposed
areas. Removal of the unexposed regions with
development follows; at the end of this step
the EPR material has been lithographed in
place.

(b) PDMS spin coating, post apply bake, expo-
sure to DUV irradiation with the desired lay-
out and new bake (PEB) for cross-linking of
the exposed areas and removal of the unex-
posed regions.

(c) PMMA spin coating followed by DUV expo-
sure and development.

(d) PHEMA negative, SAL-601 and UVIII are
chemically amplified resists, so they are pat-
terned in the same manner as EPR, PDMS.
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Fig. 3. Process flow for the fabrication of the polymeric array.

As regards to PHEMA, SAL-601 and UVIII the
following should be noted: SAL-601 (a negative
tone resist) and UVIII (a positive tone resist) are
developed in aqueous base solutions, so we use a
chemically amplified negative tone PHEMA instead
of positive tone, pure PHEMA, as the first is more
resistant during post-lithographic processing due
to the formation of crosslinks. The lithographic
steps of PHEMA negative, involve spin coating,
baking, exposure, second baking and, finally, devel-
opment in organic solvent contrary to pure
PHEMA.

The details of the processing conditions applied
for the fabrication of the array are listed in Table
1. At the end of the processing procedure, the struc-
ture obtained consists of six regions with six sensi-
tive films on the same wafer. It must be noted that

the material application sequence was engineered
on the basis of the lithographic behavior of poly-
mers employed and one cannot alter at will this
sequence. The layout of each polymer area could
be of any shape and resolution (at least in the range
of several micrometers); however due to the size of
the reflectance probe of the WLRS setup, in the
present study each polymeric area is a rectangular
area with larger dimensions 6 x 10 mm”.

3.2. Physical-chemical characterization of deposited
polymers

The absorption/desorption for every polymeric
film/analyte system is studied through film thickness
changes during exposure of the polymeric film in the
environment of the pre-selected analyte’s concentra-

Table 1
Optimized lithographic conditions
Materials Steps
PAB Exposure time (s) PEB Development
EPR 100 °C, 5 min 7 3 min, 100 °C PGMEA, 3 min
PDMS 120 °C, 5 min 450 120 °C, 4 min MIBK, 9 min
PMMA 150 °C, 20 min 2500 - MIBK-IPA 2:3, 5 min
PHEMA negative 120 °C, 15 min 500 120 °C, 5 min MeOH, | min
SAL-601 105 °C, 10 min 70 105 °C, 2 min TMAH, 8 min
UVIII 150 °C, 2 min 30 150 °C, 1 min TMAH-H,O 2:1, 1 min
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tion (Fig. 4). In order to probe the sorption mecha-
nism for each analyte/polymer pair, the measured
equilibrium swelling dL/Ly of polymeric films of
the array exposed to five different activities of the
four analytes was used to determine the sorption
isotherm of each system (24 systems). L is the ini-
tial polymer film thickness and JL is the increase
in polymer film thickness after swelling due to the
presence of analytes. Activities, a, (=p/psa;, Where
Psat 18 the saturation pressure of the vapor at
30 °C), were determined from experimental data,
as in Ref. [30]. The maximum activities probed for
the analytes methanol, ethanol, water and toluene

Analyte Atmosphere Nitrogen purging
(swelling) (deswelling)
Polymer

Sioz\‘ —> -
N
Si

Fig. 4. Film thickness increase/decrease due to the absorption/
desorption of analytes.
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Activity,a

are 0.1852, 0.3873, 0.4777 and 0.4143 corresponding
to concentrations of 40,000, 40,000, 20,000 and
20,000 ppm respectively. The estimation of polymer
swelling at very low analyte activities or concentra-
tions is possible through sorption isotherms. The
resulting isotherms of the systems analytes-polymers
are shown in Figs. 5a-d. We have recorded iso-
therms for all 24 polymer-analyte combinations,
except for the system humidity-PDMS, as the swell-
ing of the hydrophobic PDMS in the presence of
humidity is negligible.

Among polymers deposited, PDMS is an elasto-
mer while the remaining ones are glassy polymers.
For PDMS and the methanol, ethanol and water
analytes the level of sorption is low and a Henry
law type of behavior is exhibited. For the highly
absorbed toluene analyte and high activities (>0.2)
there is a tendency for a Flory-Huggins type behav-
ior (upward curvature). In the case of glassy poly-
mers the additional feature exhibited is an early
downwards curvature that might reflect absorption
in pre-existing cavities that constitute the excess free
volume of a glassy polymer matrix [31].

0.18

——EPR
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—A—PMMA
—v— PHEMA
0.121_o—sAL 601
- —>—UV Il
0.09 -

(b) Ethanol
0.15
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Activity, a,
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1—2—PMMA
—v— PHEMA
0.124 —>—sAL 601
) ——Uuvii

(d) Toluene

—

0.0 0.1 02 0.3 0.4
Activity,a_

Fig. 5. Sorption isotherms of the four vapours in the polymers of the array.
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The shape of the sorption isotherms of Fig. 5 is in
line with those found in literature, by gravimetric
methods, for free-standing bulk films [31-34]. On
a quantitative basis, the analyte uptakes tend to be
lower for the supported films case studied here,
especially at higher activities and higher degrees of
swelling, apparently because of partial suppression
of volume swelling resulting from film attachment
to the substrate.

Fabrication of chemical sensing arrays requires
that a number of polymers with different solubility
properties can be deposited on the substrate [35].
Such a choice aims at the enhancement of the selec-
tivity and sensitivity of the array as the performance
of each sensitive layer in the presence of analytes
relates to the solubility parameters of the layer
and respective compound [36]. In particular, a poly-
mer is miscible with a low molecular weight solvent
at room temperature, when, typically [37]:

|Gpotymer — Osotvent| < 1.2 (cal/em?)'/? (1)

where 0 is the solubility parameter.

In order to cover a wide range of analytes, the
polymers to be used should cover a substantial
range of solubility parameter values; of course, the

Table 2
Solubility parameter (Hoy model) values of polymeric materials

M. Kitsara et al. | European Polymer Journal 43 (2007) 4602—4612

remaining two selection criteria mentioned in Sec-
tion 3.1 (criteria (a) and (c)) should also be satisfied.
The solubility parameters for the polymers
employed in the sensor array have been estimated
through the Hoy model [38], except for PDMS for
which calculation is not possible (Hoy data for Si-
O bond are not available), and its Hildebrand ¢
value (= 7.5 (cal/cm® )1/ %) is taken from general liter-
ature. The Hansen three-solubility parameters esti-
mated by Hoy model and the experimental data
from Hansen [37] are presented in Table 2. The sol-
ubility parameters of the analytes, from Hansen
experimental data [37], appear in Table 3. The three
solubility parameters are related to Hildebrand total
parameter by the equation;

8 = 0p + 0p + 0 (2)

where dp, dp, oy are contributions from the non-po-
lar interaction, polar interaction and hydrogen
bonding respectively. Therefore, the polymer array
used covers the [7.5-11.8 (cal/cm3)1/2] solubility
range. This range combined with Eq. (1) suggests
a capacity for detectable swelling for analytes in
the [6.3-13.0 (cal/cm?)'/?] solubility range; actually
the range on the high 0 side is wider (see below).
In Fig. 6, an axis of the solubility parameters of
the polymer materials and analytes used during
measurements is depicted.

Fig. 7 shows the response of the full polymer
array to all analytes at 5000 ppm; the equilibrium
time is small (typically, ca. 2 min), as a result of
the low polymer film thickness. Putting aside the
case of water (for which § based approaches are
known to fail for polymers), we find that our 1D
o-value approach (Fig. 6) is qualitatively compatible
for a satisfactory portion of our absorption data.
Yet, substantial deviations are observed for some
of the analytes and the EPR, PMMA, SAL-601
and UVIII polymers. Major deviation cases are
the following:

(a) PMMA shows limited response to toluene, a
known solvent of the polymer (|dpmma—
Stotuene| = 0.6 (cal/cm?)'/?).

in (cal/cmB)l/ 2 units
Polymeric materials oH op op Stotal
PMMA 5.1 4.5 6.6 9,5
UVIIIL 3.6 5.0 7.5 9.7
SAL-601 2.4 5.8 8.5 10.6
EPR 5.4 4.5 8.9 114
PHEMA 7.2 6.4 6.9 11.8
Table 3
Solubility parameter values of analytes in (cal/cm?)"/? units
Analytes S op Op Stotal
Toluene 1 0.7 8.8 8.9
Methanol 10.9 6.0 7.4 14.5
Ethanol 9.5 4.3 7.7 13.0
Water 20.7 7.8 7.6 234
PDMS PMMA UVIIl SAL 601 EPR PHEMA

7.50 9.49 9.72 10.55 11.40 11.84
< f i i f — >
| ] I I | 1 ] ] /
8.91 12.9 14.2 235
Toluene Ethanol Methanol Water

Fig. 6. Solubility parameters of polymeric materials and analytes.
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Fig. 7. Swelling response at equilibrium of the six-polymer array
to methanol, ethanol, toluene vapors and humidity at 5000 ppm.

(b) SAL-601 absorbs similarly to PHEMA, except
for water, in spite of their different d-values.

(c) UVIII responds more strongly to ethanol than
to toluene though
0.8 (cal/cm?)'?,  while
3.3 (cal/cm?)'/%.

(d) The swelling capacity of EPR is limited com-
pared to that of PHEMA despite the similar
o-values of the two polymers; yet this might
be partly due to the different levels of
crosslinking.

(|5UVIII - 5toluene| =
(|5UVIII - 5ethanol| =

Deviations are hardly surprising as, for example,
some of the polymers employed bear polar or capa-
ble of hydrogen bonding groups while others do
not. In order to probe the nature of deviations we
now use the 3D J-value approach, which takes into
account separate groups contributions (Eq. (2)). A
typical solubility criterion is the following [37];

(Ra)2 =4(dp1 — 5D2)2 + (9p2 — 5P1)2 + (Om2 — 5H1)2
< 3.4 (cal/cm®)"/? (3)
where R, is a modified difference between the Han-
sen solubility parameter for a solvent (1) and poly-
mer (2). Yet, even this is not a fully satisfaction

criterion, as Hansen admits [37]. Upon application
of Eq. (3) we find that:

(a) Some of the deviations experienced with the
1D approach cease to occur; examples of
problems resolved are reflected in the follow-
ing (R,)* values:

(Ra)IZEPR—methanol =64 (cal/cm3)1/2,
(R'd)IZEPR—ethanol =438 (Cal/cm3)1/2 and

(Ra)ﬁMMA—toluene = 7.1 (cal/ Cms)l/z-

(b) Other deviations remain present; major exam-
ples of remaining problems are reflected in the
following (R,)* values:

2 12
(RH)SAL—ﬁol—methanol = 88 (Cal/cm3) 4 VS.
2 1/2
SAL_601 _ethanol = /-4 (cal/ Cm3) / )
2

UVIIL-methanol = /-4 (cal/ cm3)1/2) VS.
1/2)

and

(Ra)
(Ra)
2

(Ra)Uvitt-ethanot = 6.0 (cal/em?)

Situations falling into case (b) may either reflect
problems intrinsic to the d-approach or can be due
to a kinetic contribution. Yet, it might not be
without significance that major case (b) examples
correspond to commercial products for which for-

mulation is only approximately described by the
structures presented in Fig. 1.

3.3. Processing effect on the swelling properties of the
patterned areas

During the fabrication of the polymeric array each
polymeric film undergoes the processing steps of the
following layers. The areas covered with negative
tone chemically amplified resists SAL-601, PHEMA
negative, PDMS and EPR are subjected to DUV
exposure and PEB and then dipped in the developer
solution, while areas covered with the positive tone
UVIII and PMMA need not be exposed, but do
undergo development. These processing steps could
in principle affect the swelling properties of the poly-
meric films. Fig. 8 shows the relative swelling (at
5000 ppm of methanol, ethanol, toluene and water)
of two polymeric materials (PHEMA, SAL-601) of
the array, after each of the following processing
steps: (1) spin coating, (2) exposure and PEB, (3)
development. In most cases an increase in the swell-
ing response after the development step is observed.
This increase in the swelling response is not unex-
pected and could be attributed to the penetration of
the developer molecules during the development
step. The above hypothesis is supported by the PEB
results which suggest that the monitored swelling
response is the same as for unprocessed samples.

As it was described in Section 2.2, the polymeric
array is fabricated in the same substrate using litho-
graphic processes. Consequently, all polymers
except for the last (UVIII) are also subjected to
the processing steps necessary for the deposition
of the remaining materials of the array. The effect
of multiple lithographic processes is studied by
sorption measurements of the polymers deposited
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Fig. 8. Effect of lithographic steps on SAL-601 and PHEMA swelling.

in separate substrates. The resulting relative swell-
ing values compared to those of the array for three
materials (PDMS, PHEMA, UVIII) are depicted in
Fig. 9. PDMS swelling ability (Fig. 9a) does not
change although it undergoes four additional depo-
sitions. In PHEMA case (Fig. 9b), a decrease in
vapors sorption is observed in all cases except for
toluene. UVIII response is presented in Fig. 9¢ for
comparison. In general, polymers sorption exhibits
some limited variation, while the relative analyte
selectivity is not affected.

3.4. Repeatability study and effect of analytes
sequence

A crucial parameter for a sensor is its ability to
provide the same results at the measurement of
the same quantity over long time. For that purpose,

the response of the EPR polymeric material was
studied over a three-month period. The results are
depicted in Fig. 10 and show that the swelling abil-
ity of the same film of EPR changes negligibly and
its response to all vapors studied remains constant.
It should be noted that the sample was kept in
humidity-free environment during this period of
time. Consequently, the physicochemical properties
of the deposited polymer are rather stable over time.

During the sorption measurements of the array,
the four analytes are introduced to the measurement
chamber in specific sequences. In order to study the
effect of analyte sequence on polymer response,
swelling measurements were performed using the
same polymeric film (PHEMA) and five sufficiently
different analyte sequences (Table 4). The sample
was exposed to each analyte for 40 min and then
was purged with dry nitrogen for another 40 min

a [ single PDMS b [ single PHEMA neg.
0.030 g POMS - array 0.020- N PHEMA neg. - array
o 0.025- =] ]
£ s 0.015+
2 0.020- 2 ]
(] ]
o 0.015- © 0.0107
= 2
& 0.010- 3 ]
o @ 0.0054
0.005- ]
0.000 =l _—mm '_- 0.000-
Methanol Water Toluene Ethanol Methanol Water Toluene Ethanol
c [ single UV 11l
0.020- [ UV IIl - array
(@)
£
T 0.015-
=
n
2 0.010-
k]
[0}
0C 0.005
0.000-

Methanol Water Toluene Ethanol

Fig. 9. Effect of multiple lithographic depositions in swelling properties of PDMS and PHEMA negative.
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Fig. 10. Relative swelling results of the same EPR film in a
period from the first measurement (weeks); (1) 0, (2) 1, (3) 4, (4) 9,
(5) 11, and (6) 13.

before the insertion of the next analyte. Between the
different sequences, the film was purged with dry
nitrogen for 2 h.

For different sequences and a given analyte the
relative swelling values show a variation of
ca. £ 10 % around the average. On the other hand,
the reproducibility of each value (for a given
sequence and analyte) is ca. =2 %. As 2% < 10%,
we conclude that the variation seen in Fig. 11 for
a given analyte as a function of the analyte sequence
reflects true trends and not random variations. As a
general explanation, we suggest that despite the

Table 4
Combinations in the analytes sequences
Series Analytes
Ist Methanol Water Toluene Ethanol
2nd Water Ethanol Methanol Toluene
3rd Water Methanol Ethanol Toluene
4th Toluene Ethanol Methanol Water
Sth Toluene Water Methanol Ethanol
PHEMA
o.01s- N1 HEN2 [ 3
{1l 4 (5
0.015
= {
£
3 0.012-
= ]
17}
o 0.009
=
= |
‘© 0.006
I <4
0.003
0.000 -
Methanol Water Toluene Ethanol

Fig. 11. Swelling response of PHEMA at the presence of five
analytes sequences.

application of full desorption steps between the
introduction of the successive analytes of a given
sequence, the matrix exhibits a short-term memory
of the chain rearrangements resulting from the sorp-
tion and desorption processes. We will now consider
the observed trends in terms of simple parameters.

The maxima and minima of relative swelling lev-
els for each analyte are as follows:

(a) Maxima for all analytes correspond to the 1st
sequence.

(b) Minima for methanol, water, and ethanol cor-
respond to the 4th sequence. In the case of tol-
uene the same, within experimental error,
minimum value is observed for the 3rd, 4th
and 5th sequences.

We see that all maxima correspond to a single
sequence (1st sequence) while there is a strong corre-
lation between minimum values and another
sequence (4th sequence). This clustering of extreme
values strengthens our conclusion that the variation
of relative swelling value observed for each analyte is
not a random one. The 4th sequence corresponds to
increasing delta values; yet an improved insight
results upon noting that toluene is the analyte with
the least swelling capacity for the polymer tested
(PHEMA). Consequently, toluene facilitates the
least, through chain rearrangement, the hosting of
the remaining analytes by the matrix. Nevertheless,
it is to be expected that the exact sequence of the
remaining analytes plays some role as well; we note
that the 5th sequence compared to 4th sequence
(both having toluene as the Ist analyte) leads to
enhanced swelling levels. Yet, none of the values
found for the 5th sequence exceeds those found for
the remaining sequences (1st, 2nd and 3rd). Observa-
tions of that type can be generalized in the form of a
qualitative guideline: each full sequence of analytes
corresponds to a small but persistent deviation from
average response; the effect of the first analyte is
stronger than that of the remaining analytes.

The above suggest that the trends of the data pre-
sented in Fig. 11 can be understood satisfactorily in
terms of simple parameters; yet, simple parameters
need not be able to fully capture the fine details of
response patterns.

4. Conclusions

This work demonstrates a novel process which
takes advantage of photolithographic techniques
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and allows for the deposition of chemical sensor
array of six polymers with distinct sensing proper-
ties. Most analytes in the [6.3-13.0 (cal/cm3)l/ %] sol-
ubility range and beyond (high 6 side) can be
detected. The response of each polymer of the array
is in reasonable accordance with expectations based
on solubility parameters, while processing intro-
duces only a limited change to the sensing properties
of the deposited polymers. Persistent long term per-
formance is demonstrated. Finally, the sequence of
analytes was found to have a limited only and
non-random effect on the levels of sorption; main
pertinent trends can be understood on the basis of
simple physical chemical considerations.
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