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Three approaches confer chemical selectivity upon a
sensor-based system.1 The “traditional” approach uses
a single sensor functionalized with a chemically sensitive
material selective for the analyte. This works well when
interferences are few, or chemically unlike the analyte, or
when highly specific materialsse.g., suitable biological or

molecular-recognition complexessare available. Even
with exquisite selectivity, the transducer platform often
must include a physical selectivity mechanism as well, so
that nonspecific adsorption does not defeat a carefully
crafted interface. An example is wavelength-specific
optical detection that can differentiate between analytes
physisorbed on the surfaces of a molecular cage and those
residing inside. In contrast, a “nonspecific” transducer
such as the mass-sensitive surface acoustic wave (SAW)
device cannot differentiate between physisorbed and
molecularly complexed mass on the surface of a device,
unless a secondary perturbation such as a change in
mechanical or electrical properties accompanies the mass
change.2

Recent advances in both miniaturized and “micro”
versions of traditional analytical techniques drive a second
approach to chemical selectivity, that of separating ana-
lytes in time, space, or the spectral domain.3-5 Typified
by electrophoretic separations in microfabricated channels
on glass chips, the micro-total-analytical system (µ-TAS)
approach can diminish the role of the sensor to that of a
nonspecific detector that responds to any impinging
compound. The elapsed time from sample introduction
to detection, rather than detector selectivity, identifies the
analyte.

We focus in this Account on chemical sensor arrays as
a means to obviate the difficult, costly process of develop-
ing a new material with high chemical specificity for each
analyte: one array can provide distinct responses for tens
of chemicals and mixtures. We emphasize that many of
the subsections of this Account are, to varying degree,
“platform independent”, so that arrays of optical fibers,
electrochemical sensors, chemiresistors, metal oxides, or
thermal devices can be conceptually substituted for the
SAW platforms that we discuss in detail. The moderate
selectivity requirements for arrays allow consideration of
a much wider range of materialsseverything from com-
mon organic polymers to porous ceramicssthan for
molecularly specific sensors. Furthermore, arrays retain
some of the “passive sampling” features of discrete sensors
that µ-TAS must relinquish due to its reliance upon
addition of reagents, pumping, mixing, and the like.

Selecting Interface Materials: Chemical
Independence
When the goal is to produce a chemical sensor array that
responds uniquely to each of many analytes, chemical
diversity is key to the selection of interfacial materials. The
fundamental research and preliminary development of
acoustic wave chemical sensors has included an encour-
agingly diverse collection of chemically sensitive interface
materials (see ref 2, Chapter 5, and references therein):
metal films; ceramics; organic, organometallic, and inor-
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ganic semiconductors; organometallic compounds and
coordination complexes; organic oils and waxes; and a
vast collection of organic polymers. Pioneering work on
the effective combination of SAW arrays with organic
polymer films began in the mid-1980s at the Naval
Research Laboratory.6,7 Designing a sensor array for a
particular application should include the evaluation of
coatings from many categories, rather than being re-
stricted to a single class of material. We present results
below to support the claim that materials diversity leads
to more effective arrays. Assuming a range of thin films
is available, two difficult questions remain: How many
sensors should comprise the array, and which films should
be selected? The answers depend critically upon the
application, but there are important general consider-
ations.

For any sensor array, chemical independence of inter-
face materials is critical: no film’s response should be
predictable from those of the other films in the array. For
example, consider an array composed of two thin-film-
coated sensors (films 1 and 2) for the detection of analytes
A and B (discrete compounds or chemical mixtures). If
some concentrations of A and B elicit a very similar
response from both films, mistakes are bound to be made
in identifying the analytes.8 This situation, represented
graphically in the top panel of Figure 1, motivates a search

for some film 3, whose response is chemically indepen-
dent of films 1 and 2, and which eliminates response
overlap.

The bottom panel of Figure 2 shows the results of
choosing an appropriate film 3. In the critical region
where analytes A and B’s responses overlap in the top
panel, the new film has added an axis which effectively
separates analytes A and B; film 3 is chemically indepen-
dent of films 1 and 2.

The concepts of chemical and linear independence
should not be confused. To illustrate, we postulate the
physical mixture of two sensor materials (films 1 and 2)
to create a new material (film 4) whose response is found
not to be a linear combination of the two components,
due to a cross-term:

Here Ri,A and Ri,B are functions that designate the respec-
tive concentration-dependent responses of film i to ana-
lytes A and B; ai and bi are scalar coefficients. Clearly,
the response of film 4 is linearly independent of films 1
and 2. However, in the event that ai ) bi for all i, film 4
is not chemically independent of films 1 and 2, and film
4 will give equal responses to analytes A and B whenever
films 1 and 2 do, e.g., in an overlap region like that in the
top panel of Figure 1. Therefore, film 4 provides no
additional chemical information. The need for inequality
of the ai and bi should be considered qualitatively: the
more disparate the response of film 4 to analytes A and
B, in light of the known responses of films 1 and 2, the
more new information is provided by film 4.

Case Study: Self-Assembled Monolayers and
Plasma-Processed Films
Consistent with the goal of chemical diversity, we have
examined a range of materials from which sensor coatings
might be formed, including alkanethiol-based self-as-
sembled monolayers (SAMs),9,10 plasma-polymerized films
(PPFs) and plasma-grafted films (PGFs),1,11 custom-
synthesized conventional polymers,12 thin films based on
dendrimeric polymers,13 metal thin films,14 organometallic

FIGURE 1. Hypothetical response of a sensor array to two analytes,
represented by open circles and filled triangles. At the top, the
responses of films 1 and 2 clearly show a number of concentrations
where responses to the two analytes overlap and errors in
identification are inevitable. At the bottom, the response of film 3
separates the two sets of responses in the overlap region. Film 3 is
chemically independent of films 1 and 2.

FIGURE 2. Surface acoustic wave (SAW) delay line with a
chemically sensitive interface layer and basic oscillator circuit.

R4,A ) a1R1,A + a2R2,A + a3R1,AR2,A (1)

R4,B ) b1R1,B + b2R2,B + b3R1,BR2,B (2)
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semiconductors,15 and porous oxides.16 Our long-term
goal is to assemble of a “library” of chemically sensitive
interfaces whose responses to a range of vapors and gases
are characterized, allowing selection of the best subset of
materials for a particular application scenario. The
examples presented below rely primarily upon data
obtained from SAMs, PGFs, and PPFs.

Self-assembled monolayers show promise for a diverse
set of thin-film applications ranging from chemical sen-
sors to model biological membranes.9 The 1-alkanethiol-
based SAMs, described and characterized elsewhere in
detail,17 provide a simple, reproducible, relatively well-
ordered materials platform to support a chemically diverse
collection of tail groups. We have studied SAMs formed
from HS(CH2)15CH3, HS(CH2)2SO3H, HS(CH2)10COOH
(MUA), HS(CH2)10COO- coordinated to Cu2+, Ni2+, Fe2+,
and Zr2+, HS(CH2)9CN, and HS(CH2)9NH2. SAM formation
on SAW devices is reported elsewhere.1

We examine two types of plasma-processed films.
PGFs are a promising new class of polymeric materials
with the potential to incorporate a wide range of func-
tional groups in an open and permeable polymer matrix.11

A brief exposure of the substrate to a gas-phase plasma
of the appropriate monomer produces a thin cross-linked
polymer “base layer” with a relatively stable population
of free radicals; with the plasma switched off, an (unsatur-
ated) molecule to be grafted is introduced and undergoes
free-radical polymerization, resulting in a “kelp-forest-
like” grafted layer with few cross-links.1 Polymerization
ceases as free radicals are removed via radical recombina-
tion of two adjacent chains or by a quencher (impurity
O2 or H2O). We have utilized isobutylene and acrylic acid
to form base layers, with acrylic acid used for grafts. Such
films do not have the ordered nature of SAMs: there is
no epitaxy, and as the chains grow, they can fold and
connect to one another. Their advantage is a high density
of the desired functional group in a relatively permeable
thin film, complementing the well-packed, relatively
impermeable alkanethiol-based SAMs, where interactions
are primarily with the tail groups.

Some species, despite vinyl functionalities or other
unsaturations, do not readily graft onto the base layers.
For these, PPFs can be formed18 from a wide range of
monomers that include many different functional groups.
PPFs are relatively highly cross-linked due to the prolifera-
tion of free radicals in a plasma discharge, so film
thickness must be minimized if analyte permeation is to

be rapid. We have characterized the response of SAW
devices coated with plasma-polymerized eugenol (2-
methoxy-4-(2-propenyl)phenol) and vinylphosphonic acid
films.18

The SAW Transducer Platform2

Any change in a physical property of a thin film on the
SAW device surface that affects SAW velocity or attenu-
ation is the basis for a chemical sensor; changes in
pressure, temperature, mass, film mechanical properties,
electrical conductivity, and dielectric coefficient can all
affect the SAW. In practice, most SAW-based chemical
sensors rely upon their superior mass sensitivity to surface
mass changes: a resolution of 100 pg/cm2, corresponding
to about 10-3 monolayer of C7H15SH, is not uncommon.

To monitor changes in SAW propagation characteris-
tics, an oscillator loop is often utilized, as depicted in
Figure 2.2 In this circuit, the SAW device is the frequency-
control element, frequency changes being proportional to
velocity shifts:

in which f0 is the unperturbed oscillation frequency, v0 is
the unperturbed SAW velocity, κ is the fraction of the
center-to-center distance between transducers being per-
turbed, cm is the coefficient of mass sensitivity, and ∆(m/
A) is the change in mass/area on the surface. The 97-
MHz, ST-cut, X-propagating quartz SAW delay lines used
in this work cause loop oscillation at 97 MHz; frequency
stability (over several seconds) of better than 1 Hz is
typical.14 Thus, a frequency change of 1 part in 108, and
a similarly small velocity change, is measurable. This
measurement accuracy, combined with the distribution
of the SAW energy within one acoustic wavelength of the
surface,2 provides the SAW’s exquisite sensitivity to surface
perturbations.

Analytes and SAW Array Responses
The present study focuses on the vapors of organic
analytes representing various environmental pollutants,
common industrial solvents, and chemical weapons simu-
lants and precursors, as well as relative humidity. The
analytes are grouped according to categories in Table 1.
We have also characterized the responses from binary
mixtures of seven of these compounds.

Table 1. Analytes Arranged by Chemical Class

compounds studiedchemical class

aliphatic hydrocarbon cyclohexane isooctaneb keroseneaaromatic hydrocarbon benzene tolueneb
chlorinated hydrocarbon carbon tetrachloride trichloroethyleneb (TCE)
alcohol methanol 1-propanolb pinacolyl alcohol (2,2-dimethyl-3-butanol)
ketone acetoneb methyl isobutyl ketone (MIBK)
organophosphorus
compound

dimethylmethylphosphonate
(DMMP)

diisopropylmethylphosphonateb
(DIMP)

tributyl phosphate
(TBP)

waterb

a Kerosene is typically a mixture of n-dodecane, several alkyl derivatives of benzene, naphthalene, and a pair of tetrahydronaphthalenes
(Windholz, M., Ed., The Merck Index, 10th ed.; Merck & Co.: Rahway, NJ, 1983). b These compounds were used to form binary mixtures.

∆f
f0

) κ
∆ν
ν0

) -κcmf0∆(m/A) (3)
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Because SAW devices respond to many perturbations,
it is unwise to assume a linear relationship between
analyte concentration and frequency shift. In addition,
pattern-recognition (PR) results are generally valid when
the number of data points for each chemical is several
times the number of elements in the array.19 We therefore
measured wide-concentration-range isotherms20 (includ-
ing sorption and desorption branches), consisting of
several hundred data points vs vapor-phase concentration,
for every analyte and every film. A pair of mass-flow
controllers provided N2 to entrain the organic vapors,
producing concentrations over the 0.05-50% of saturation
vapor pressure (psat) range.

Figure 3 shows the adsorption branch of a typical
“wide-range isotherm”, in which the concentration of
diisopropylmethylphosphonate (DIMP) is smoothly swept
over the course of 2 h from 0.05% to 50% of its psat (0.7
Torr21). The chemically sensitive interface for this mea-
surement is a SAM based upon HS(CH2)10COO- coordi-
nated to Cu2+, which is selective for organophospho-
nates.10,21 The response is not linear, so a many-point
isotherm is necessary.

Figures 4 and 5 show 1-propanol and toluene adsorp-
tion isotherms for six SAW devices monitored in parallel;
three are coated with SAMs, two with PGFs, and one with
a PPF, as specified in the figure caption. Again, the
isotherms are not generally linear. The nonmonotonic
behavior in one of the toluene isotherms between 30%
and 50% of psat is likely an acoustic relaxation (resonance)
effect in this film.2,22

Using the six films from Figures 4 and 5, plus three
more (a second HS(CH2)15CH3 SAM, a 15-min acrylic acid
PGF on a 1-min poly(isobutylene) base layer, a 15-min
acrylic acid PGF on a 5-min acrylic acid base), similar
isotherms were obtained for all analytes listed in Table 1,
apart from kerosene, TBP, and MIBK. With sorption
isotherms from 9 different film-coated SAW devices for
13 analytes in hand, we sought the optimal combinations
of films to form sensor arrays.

Array Optimization
Given a set of chemically independent materials, the next
step is to find the smallest subset (array) that unambigu-
ously identifies the expected analytes over the anticipated
concentration ranges with anticipated levels of noise and
drift. The most objective means of selection is to examine
every combination having n or more elements, where n
is the minimum desired array size, choosing the array that
makes the fewest errors. This approach is practical when
the number of available films, N, is not large (e.g., N <
20); for large N, an optimization-search technique is
needed to find probable best combinations without evalu-
ation of all possibilities.

FIGURE 3. SAW-measured adsorption branch of a wide-concentra-
tion-range DIMP isotherm from 0.05 to 50% of psat (460 ppb to 460
ppm by volume). The SAW frequency shift is reported in parts per
million (1 ppm of frequency shift ) 97 Hz).

FIGURE 4. Sorption isotherms for 1-propanol on six SAW devices
bearing chemically sensitive films as indicated in the legend.
Eugenol-30 is a 30-min PPF of eugenol, PIB-PGAA 5-15 is a 15-
min PGF of acrylic acid on a 5-min PPF isobutylene base layer, and
PGAA 5-30 is a 30-min PGF of acrylic acid upon a 5-min PPF acrylic
acid base layer. The response was measured only above p/psat )
3%.

FIGURE 5. Sorption isotherms for toluene on six SAW devices,
bearing the same chemically sensitive films described in Figure 4.
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Results from our arrays of chemically modified SAW
devices were analyzed using visually empirical region-of-
influence (VERI) PR algorithms developed at Sandia
National Laboratories (SNL).23 Objective array optimiza-
tion is a key strength of the VERI PR algorithms. Figure 6
summarizes the results. The heights of the bars in the
histograms show the number of arrays producing a given
percentage of correct classifications, i.e., unambiguous
identification of a chemical species. The goal is to find
one or more arrays that produce 100% correct results. To
the right of the histograms, the number of SAW devices
comprising each hypothetical array is indicated, along
with the number of such arrays that can be constructed
from every possible combination of the nine sensitive
films. As detailed in refs 23 and 25, optimization relies
on the objective, “brute-force” approach of examining all
possible film combinations for all concentrations of all
analytes. To learn whether a misidentification will occur,
each data point is temporarily omitted from the training
data and then presented to the algorithm as an unknown
test point.

For the three-SAW arrays, none of the combinations
of nine films yields a “perfect score”; the best outcome is
a correct identification rate of 84%, provided by only 1 of
the 84 possible combinations. When the size of the array
is expanded to four, 1 of the 126 possible arrays correctly
identifies 95.8% of the concentration-dependent data for
the 13 analytes. The accuracy of the best arrays increases
marginally thereafter, with one of the five-film arrays
giving 97.9% and two of the six-film arrays yielding 98.3%
accuracy. Note that the less-than-100% accuracy of the
four-, five-, and six-element arrays is not due to misiden-
tification; rather, a few points are classified as “outliers”

by the PR algorithm because they lie far from the main
clusters for their chemical class.

Figure 7 shows the results from one of the best three-
film combinations of Figure 6. The axes represent the
responses from three films identified in the caption. Each
point in a given cluster represents a different concentra-
tion. The clusters do not approach the origin, even at low
concentrations, because the data were equalized so that
only directional information was retained, all points being
equidistant from the origin. The 16% error rate associated
with this three-film set is not apparent in Figure 7 because
overlapping chemicals were omitted for clarity; the error
rate is 0% for those analytes depicted. We point out that
if the responses from the three films of Figure 7 were
linear, the cluster for each chemical would collapse to a
single point. VERI PR, like the human visual recognition
upon which it is based, however, works as well with
unusually shaped, nonlinear clusters as with linear
data.23-25 Notably, of the three materials categories (SAM,
PGF, and PPF), the best-performing three-dimensional
array contains one film from each category. This dem-
onstrates that thin-film diversity leads to the most effective
arrays.

Once an analyte is correctly identified, concentration
is the next concern. This is accomplished separately from
identification, by “looking up” the original training data
from all of the sensors in the array. We believe a voting/
averaging scheme, whereby the one or two responses

FIGURE 6. Sets of histograms showing the accuracy of VERI PR
for different combinations of nine chemically sensitive films for which
sorption isotherms were obtained on SAW devices. All analytes in
Table 1, apart from kerosene, TBP, and MIBK, were examined. The
front row is for three-film SAW arrays, the next row for four-film
arrays, and so forth; at the right of each histogram, the number of
possible combinations of the nine films is indicated. The heights of
the bars represent the number of arrays that yield a particular
percentage of correct identifications from all measured concentra-
tions of 13 different analytes. The best performance, 98.3% correct
identification, is provided by only 2 of the 84 possible six-film arrays.

FIGURE 7. Graphic representation of clusters of points associated
with several analytes for one of the best three-film arrays from Figure
6. The three axes represent the frequency shifts from SAW devices
coated with HS(CH2)10COO-/(Cu2+)1/2, a 15-min acrylic acid PGF (on
a 5-min poly(isobutylene) base layer), and a 30-min PPF of eugenol.
Each point in the cluster for a given chemical represents a different
concentration. Data are equalized, retaining only the directional
information (all points are equidistant from the origin). This chemically
diverse set of three films effectively separates the responses from
the seven analytes shown. Addition of the remaining six analytes
(from the group in Figure 6) results in noticeable overlap of some
clusters, leading to uncertainties in identifying some concentrations
of some analytes.
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furthest from the mean are discarded and the remaining
concentrations averaged, will be most effective.

Chemical Mixtures
Seven chemicals identified in Table 1 (one from each
category) were selected to form 21 binary mixtures. A
“double isotherm” was obtained for each mixture: the
concentration of one analyte started at 0.3% and the
second at 50% of psat, and then the concentrations were
smoothly swept over the course of 2 h in opposite
directions until the first analyte reached 50% and the
second 0.3%; the concentrations were then swept back
to the starting values. While they do not cover all possible
concentration combinations, these data include the ex-
trema where the concentration of one analyte is high and
the other low, as well as the situation where the concen-
trations are comparable. The data included isotherms
also for the 7 individual chemicals, for a total of 28 distinct
chemical classes. Rather than repeating the array-
optimization process, one of the best six-sensor arrays
from the optimization of Figure 6 was selected; it included
the three films of Figure 7, two additional SAMs (HS-
(CH2)15CH3 and MUA), and a 30-min PGF of acrylic acid
(with 5-min acrylic acid base layer). Approximately 98%-
accurate identification of the various concentrations of all
28 mixtures and compounds was achieved with this array.

Reproducibility, Noise, and Drift
Two important considerations when sensor array systems
are applied outside the laboratory are the gradual change
with time in the chemical sensitivity of a film as it ages,
and increased noise levels due to inadequate control of
temperature, pressure, humidity, etc. Ideally, only films
exhibiting negligible aging would be selected for use in a
practical system, but the ability of chemical identification
algorithms to adapt to moderate changes in film sensitivity
increases the number of candidate materials, in addition
to enhancing the robustness of the sensor system to
unexpected conditions. We therefore studied the effect
of variations in film sensitivities on the accuracy of VERI
PR.23-25 The aging of sensing films was studied experi-
mentally as well, with isotherms obtained for a given film/
analyte combination periodically over the course of several
months; in the intervening periods, films were exposed
to many other analytes, as well as the laboratory ambient,
so reproducibility data include the effects of exposure to
a range of chemicals.

Figure 8 shows a series of isotherms, obtained monthly,
for the adsorption of DIMP on a MUA SAM. The maxi-
mum deviation is roughly 25% of the signal at p/psat )
5%, diminishing to about 12% at p/psat ) 50%. Assuming
(modified) BET-type adsorption (stronger adsorption of
the first monolayer, followed by multilayer condensation
governed by the heat of vaporization of the bulk liquid26),
we expect the most severe “aging” to occur at low surface
coverage: contamination of the SAM and/or gradual
changes in the details of its ordering10 should most affect
the energy of adsorption of the first monolayer or two.

Repeatability of the sort shown in Figure 8 is not obtained
from every film, but a substantial percentage of the
materials examined performed similarly.

An important measure of the robustness of a PR
method is the accuracy of recognition in the face of such
signal degradation; this is examined in Figures 9 and 10.
Figure 9 shows results for a three-film array, the best
subset from six tested films: two SAMs, based on SH-
(CH2)15CH3 and HS(CH2)10COO-/(Cu2+)1/2; two custom-
synthesized fluorinated polyimides12,27 (ca. 400 nm thick);
a 47-nm-thick film of poly(N-vinylpyrrolidone);27 and an
unfunctionalized Au thin film. The analytes here included
one or two representatives from each of the seven chemi-
cal categories in Table 1, as indicated by labels on the
figure (unlike Figure 7, these data are not equalized, so
the isotherms approach the origin as analyte concentra-
tions diminish). Note that the best-performing array of
Figure 9 includes the maximum film diversity: one metal,
one fluorinated polymer, and one SAM.

In Figure 10, each of the original isotherms of Figure 9
is replaced by an expanded “band” of data, bounded
above by the original data and below by the original data
diminished in magnitude (in all three dimensions) by 25%.
To include any amount of signal degradation from zero
to 25%, the expanded band of data is filled with randomly
selected points. Remarkably, these signal-degraded clus-
ters provide 92%-accurate recognition of all concentra-
tions of the analytes shown.

When the sort of array optimization depicted in Figure
6 is carried out on data that have been “degraded” as in
Figure 10, another intuitive result is obtained: small arrays
such as those represented by Figures 7 and 9 must be
made larger (increasing to four, five, or six elements) to
maintain high accuracy. We do not find, however, that

FIGURE 8. Adsorption isotherms, obtained at the indicated number
of days after the initial experiment, for DIMP vapor in contact with
a MUA SAM. The coated device was exposed to a wide range of
other organic vapors and the laboratory ambient atmosphere
between measurements. The maximum deviation is roughly 25% of
the signal at p/psat ) 5%, diminishing to about 12% at p/psat )
50% (the data are unreliable below p/psat ) 4% in this case).
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accuracy invariably improves as array size continues to
grow:23 there seems to be an optimum size, around five

to seven films, beyond which recognition performance
diminishes, particularly in the presence of degraded
accuracy. Beyond a certain number, additional films do
not add significant new chemical information, the con-
sequence of their addition being instead the dispersal of
the same information content over a larger number of
dimensions. We qualify this conclusion by noting that the
optimal upper limit on array size almost certainly depends
on the degree of chemical diversity in the array: we have
yet to examine a combination of films that draws, for
example, simultaneously upon metals, ceramics, organic
polymers, plasma-processed films, conducting polymers,
molecularly organized films, and coordination complexes
in a single array. Our expectation is that such increased
diversity will increase the maximum optimal array size.

Conclusions and Outlook
To develop an effective chemical sensor array system of
maximum performance with minimum size, weight, and
cost, proper selection of chemically sensitive interfaces is
critical. Accomplishing this task hinges on (1) the avail-
ability of a diverse set of chemically independent materials
and (2) objective selection of the best film set for a
particular problem. We believe the former problem is the
more daunting, and progress in chemical sensors will
continue to be paced by the development and character-
ization of suitable materials.

Our results confirm several intuitive hypotheses: (1)
maximum chemical independence is often provided by
films from very different materials families; (2) as sensor
signal fidelity diminishes, array elements must be chosen
carefully, in some cases increasing array size to minimize
identification errors; (3) a relatively small array (three or
four films), if the materials are sufficiently diverse and the
responses stable, can reliably identify a large number of
chemicals and mixtures. These conclusions are generally
independent of the type of sensor platform.

The next generation of chemical sensor systems is likely
to increase discrimination capabilities while maintaining
or shrinking the number of sensor elements by (1) the use
of heterogeneous arrays (different platform types and
transduction techniques often provide the most chemi-
cally independent responses), (2) measurement of mul-
tiple physical parameters, e.g., mass and conductivity, for
each chemically sensitive interface, (3) measurement of
response kinetics, and (4) measurement of controlled
extrinsic perturbation-dependent responses, for example,
temperature or wavelength dependence. Clever use of
such means to enhance array information content will
lead to versatile, powerful sensor systems.
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