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Table 2/1
Hard Borderline Soft
Acids H', Li", Na", K Fe™, Co™', Ni”" Cu', Au’
Ag', TI', Hg'
Bez+’ M§Z+’ Ca2+ Cu2+, an+p Pb2+ P d2+
Pt2+, H + Cd2+
Cr,Cr Al BBr3;, Sn'*, NO, BH;, NO
SO;, BF;, Sn™*, Ti *
Bases F', OH', H,O, NH; NO,, SO;*, Br’ H,R,CN
Co, 1
C0O:™, NOy, OF Ny, N3, HsS, SO, SCN
CeHs R;P
S04, PO, ClO4 C¢HsN, SCN R,S, NO
Table 2/2
Sn0, NiO Cu, O Au 0
PH; 2 25 4 5
NO 7-10 35 1 1.52
NH; 1.5 1.5-2 2-25 ~3
SO, 4 ) 1+ 2
Table 2/3
TiO, Sn0, NiO Cu O  AuO
NO  -127 2" 4 1.2 1.5-2
NO, 0.75 05 (09-1) 1 1527
NH:* (3.5-4) 25 L5 2 3

FIG. 2.25
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GAS SENSORS AND METHODS OF
PREPARATION THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

This application is the 35 U.S.C. §371 national stage of
PCT Application No. PCT/US2012/051721, entitled “Gas
Sensors and Methods of Preparation Thereof” and filed Aug.
21, 2012, which is herein incorporated by reference in its
entirety and which also claims priority to, and the benefit of,
U.S. patent application No. 61/527,294, filed Aug. 25, 2011,
which is herein incorporated by reference in its entirety.

BACKGROUND

Porous silicon (PS) has drawn considerable attention for
sensor applications. Its luminescence properties, large sur-
face area, and compatibility with silicon based technologies
have been the driving force for this technology develop-
ment. However, there exists a need in the industry to
advance sensor technologies.

SUMMARY

Embodiments of the present disclosure include sensors,
arrays of conductometric sensors, devices including conduc-
tometric sensors, methods of making conductometric sen-
sors, methods of using conductometric gas sensors, and the
like.

One exemplary embodiment of a device, among others,
includes: a conductometric gas sensor including a n-type
substrate having a porous layer, wherein a plurality of
nanostructures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional coverage on
the porous layer, wherein the conductometric gas sensor is
operative to transduce the presence of a gas into an imped-
ance change, wherein the impedance change correlates to the
gas concentration.

One exemplary embodiment of a device, among others,
includes: a conductometric porous silicon gas sensor includ-
ing a n-type silicon substrate having a porous silicon layer,
wherein a plurality of nanostructures are disposed on a
portion of the porous silicon layer, wherein the conducto-
metric porous silicon gas sensor is operative to transduce the
presence of a gas into an impedance change, wherein the
impedance change correlates to the gas concentration.

One exemplary embodiment of a method of detecting a
concentration of a gas, among others, includes: providing a
conductometric porous silicon gas sensor including a n-type
silicon substrate having a porous silicon layer, wherein a
plurality of nanostructures are disposed on a portion of the
porous silicon layer, wherein the conductometric porous
silicon gas sensor is operative to transduce the presence of
a gas into an impedance change, wherein the impedance
change correlates to the gas concentration; introducing the
gas to the sensor; and measuring an impedance change in the
sensor at room temperature.

Other devices, systems, methods, features, and advan-
tages of the present disclosure will be or become apparent to
one with skill in the art upon examination of the following
detailed description. It is intended that all such additional
devices, systems, methods, features, and advantages be
included within this description, be within the scope of the
present disclosure, and be protected by the accompanying
claims.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components
in the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1.1 illustrates variations of the position of the Fermi
Level with temperature for n-type semiconductors.

FIG. 1.2(a) illustrates a schematic view of apparatus used
to generate the micro/nanoporous structure in n-type silicon.
FIG. 1.2B illustrates the top and FIG. 1.2C illustrates a side
view of the pores.

FIGS. 1.3(a-g) illustrates graphs of a comparison of
responses to 1, 2, 3, 4, 5, and 10 ppm NO, for (a), (c), and
(e) PS interfaces having an untreated n-type surface with
those treated with (b) SnO, (d) Cu,O, and (f,g) Au O
fractional nanostructured island depositions. The green saw-
teeth boxes indicate the anaylte concentration and the range
over which this concentration is exposed to the sensor
interface. The numbers inside the graphs denote the ppm
concentration of these exposures. See text for discussion.

FIGS. 1.4(a) and (b) illustrates a comparison of NO,
response to (a) an untreated and (b) a TiO, nanostructure
deposited PS interfaces for low TiO, deposition. The green
saw-teeth boxes indicate the anaylte concentration and the
range over which this concentration is exposed to the sensor
interface. The numbers inside the graphs denote the ppm
concentration of these exposures. See text for discussion.

FIG. 1.5(a) to (¢) illustrates a comparison of responses to
1,2,3,4,5, and 10 ppm NO, for (a) a PS interface having
an untreated n-type surface with (b) that treated with TiO,
fractional nanostructured island depositions. The figure (c)
corresponds to the overlap of the response observed for the
untreated PS interface (blue) to that modified with TiO,
(green). The arrows point to the measured peaks for the TiO,
island system. The green saw-teeth boxes indicate the anay-
Ite concentration and the range over which this concentra-
tion is exposed to the sensor interface. The numbers inside
the graphs denote the ppm concentration of these exposures.
See text for discussion.

FIGS. 1.6(a) and (b) illustrates a comparison of NO,
response to (a) an untreated and (b) a TiO, nanostructure
deposited PS interface for TiO, depositions notably higher
than those associated with FIGS. 1.4 and 1.5. The response
curve for the untreated n-type interface corresponds to an
increase in resistance with NO, concentration, the TiO,
decorated surface displays a decrease in resistance (increase
in conductance) as TiO, facilitates electron extraction from
NO,. Here, the signal begins to saturate between 3 and 4
ppm*. The green saw-teeth boxes indicate the anaylte con-
centration and the range over which this concentration is
exposed to the sensor interface. The numbers inside the
graphs denote the ppm concentration of these exposures. See
text for discussion.

FIGS. 1.7(a) and (b) illustrates a comparison of NO,
response to (a) an untreated and (b) a TiO, N_ treated PS
interface. The green saw-teeth boxes indicate the anaylte
concentration and the range over which this concentration is
exposed to the sensor interface. The numbers inside the
graphs denote the ppm concentration of these exposures. See
text for discussion.

FIG. 1.8(a) to (¢) illustrates a comparison of responses to
1, 2,3, 4,5, and 10 ppm of analyte gas. FIG. 1.8(a) NO,
interacting with a SnO_ treated n-type PS surface 24 hours
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after an initial exposure produced the response in FIG.
1.3(). FIGS. 1.8 (b and ¢) corresponds to the response of
Au, O treated (10 and 30 s exposures) PS surfaces for the
surfaces generating the responses in FIGS. 1.3 (fand g) 24
hours earlier. FIG. 1.8(d) corresponds to the response (two
cycles) to NH; of an SnO, treated n-type PS surface also
used in FIG. 1.8(a). Note that the time scale for this figure
is compressed relative to FIGS. 1.8 (a, b, ¢). The green
saw-teeth boxes indicate the anaylte concentration and the
range over which this concentration is exposed to the sensor
interface. The numbers inside the graphs denote the ppm
concentration of these exposures.

FIG. 1.9 illustrates a comparison of responses for NO,
and NO in the concentration range 10-80 ppm. FIGS. 1.9(a)
and (b) for NO and FIGS. 1.9(c) and (d) for NO, depict the
response to 10, 20, 30, 40, 50, and 80 ppm of these gases.
FIGS. 1.9(b) and (d) represent higher resolution time scales.
The change in resistance for NO, is a substantial 10,000
Ohms whereas that for NO approaches 800 Ohms. The green
saw-teeth boxes indicate the anaylte concentration and the
range over which this concentration is exposed to the sensor
interface. The numbers inside the graphs denote the ppm
concentration of these exposures.

FIG. 1.10 illustrates a response of NO, to a p-type PS
sensor. Note that upon the introduction of NO, the resistance
of the system “bottoms-out” as conductance is maximized?’.
The green saw-teeth boxes indicate the anaylte concentra-
tion and the range over which this concentration is exposed
to the sensor interface. The numbers inside the graphs
denote the ppm concentration of these exposures.

FIG. 1.11 illustrates Tables 1/1 to 1/II1, where: Table 1/1,
Hard and soft acids and bases; Table 1/I1, Relative increase
or decrease in resistance (decrease or increase in conduc-
tance) of TiO,, SnO,, NiO, Cu,0, and gold clustered oxide,
Au, O (x>>1) treated “n-type” PS interfaces. The table
constitutes a response matrix for NO,. (1) The competition
between TiO, and NO, is a factor. (2) Chemisorption is a
factor See text for discussion; and Table 1/III, Observed
dynamic interplay resulting from the depletion of donor
levels and subsequent reversing electron exchange associ-
ated with the interaction of NO, and a TiO, treated PS
interface (FIG. 1.5). The elapsed time follows a linear
inverse with concentration. See text for discussion.

FIG. 2.1 illustrates a schematic representation of PS
sensor interface structure.

FIG. 2.2(a) illustrates a close up side view of hybrid
porous silicon film. FIG. 2.2(5) illustrates nanoparticle tin-
oxide coating on porous silicon micropores. FIG. 2.2(c)
illustrates 10 to 30 nm Au,O nanostructures on porous
silicon.

FIG. 2.3 illustrates a porous Si gas sensor schematic. The
resistance change is measured via precision microprobes
when the porous silicon interface is exposed to a test gas. A
SiC layer also serves as an insulation layer as the resistance
response of the porous layer is measured through gold
contacts.

FIG. 2.4(a) illustrates a configuration for gas sensor
testing and FIG. 2.4(b) illustrates a top view of sensor
showing the PS surface between gold pads for electrical
connection.

FIG. 2.5 illustrates a variation of the position of the Fermi
level with temperature.

FIG. 2.6 illustrates a comparison of responses for sensors
consisting of an untreated PS interface with those treated
with gold or tin to form the SnO, (x=1, 2) and gold clustered
oxide AuxO nanostructured island deposits (FIG. 2.2). Note
that the three bases, NH;, NO, and CO introduced to the
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treated “p-type” silicon result in a positive resistance change
and that the relative responses to the strong (hard) base NH,
and the weak (soft) bases NO and CO are distinct. The
significant differences in relative response are maintained
with improved interfaces whose S/N is up to two orders of
magnitude greater (Seals et al. 2002; Lewis et al. 2005;
Ozdemir and Gole 2008b). This represents earlier data
whose resistance response (sensitivity) has been greatly
improved whereas the ratios of resistance have remained the
same.

FIG. 2.7 illustrates a PH, response to an electroless Au, O
coating. Here, 1, 2, 3, 4, 5 ppm of PH; is pulsed onto the
sensor surface every 300 s. For the first 1800 s an N, purge
is applied for resistance stabilization.

FIG. 2.8 illustrates a response of NO, to a p-type PS
sensor. Note that upon the introduction of NO, the resistance
of the system “bottoms-out” as conductance is maximized.

FIG. 2.9 illustrates XPS spectra of metal-based nanostruc-
ture deposited PS sensors and fitting curves (in red) to the
spectra. FIG. 2.9 (a) illustrates a XPS stectrum of a domi-
nantly SnO_ deposited sensor. SnO (Sn**) has peaks in the
range of 485.6-87.0 €V, SnO2 (Sn**) has peaks in the range
of 486.1-487.1 eV. FIG. 2.9 (b) illustrates a XPS spectrum
of a dominantly NiO, deposited sensor. Nickel has an
oxidation peak (2p1/2) located ~871.8 eV for NiO (Ni**)
and has peaks (2p3/2) in the range of 853.6-857.2 eV. Ni203
(Ni**) shows peaks from 855.8 eV to 856.5 eV. FIG. 2.9 (¢)
illustrates a XPS spectrum for a dominantly Cu,O deposited
PS surface. CuO (Cu**) has peaks (2p1/2) in the range of
952.5-952.7 eV and has peaks (2p3/2) in the range of
933.3-934.3 eV. Cu,0 (Cu'*) has peaks in the range of
932.0-932.8 eV. FIG. 2.9 (d) illustrates a XPS spectrum of
Au 415/2 and Au 417/2 doublets (NIST 2003) which dem-
onstrate minimal oxidation.

FIG. 2.10 illustrates estimated hard and soft acidities and
basicities based on resistance changes relative to a p-type
porous silicon interface.

FIGS. 2.11(a-c) illustrates the response of n-type PS
micro/nanostructured interface to 1, 2, 3, 4, 5 and 10 ppm
NO, (a) and NH; (c) and 1-5 ppm NO (b). These gases were
pulsed onto the PS interface with a 300 s half-cycle followed
by a 300 s half-cycle UHP cleaning. The system was purged
with UHP nitrogen 1800 s before operation. See text for
discussion.

FIG. 2.12(a-g) illustrates the comparison of responses for
1,2,3,4,5, and 10 ppm NO for (a), (e), (g) sensors having
of an untreated n-type PS interface with those treated with
(b) TiO,, (¢) SnO,, (d) NiO, (f) Cu,O, and (h) AuxO
fractional nanostructured island depositions. The untreated
PS interface in (a) is that treated with TiO, in (b). The
response for the untreated PS interface in (a) is duplicated
precisely for the untreated PS interfaces to which we com-
pare in (c¢) for SnO, and (d) for NiO. The untreated PS
responses in (e) and (g) correlate with the CuxO (f) and
AuxO responses in (h) respectively. NO was pulsed onto
these interfaces with a 300 s half-cycle followed by a 300 s
half-cycle UHP cleaning. The system was purged with UHP
nitrogen for 1800 s before operation.

FIG. 2.13(a) illustrates a TEM image and FIG. 2.13(b)
illustrates a EDS (inset) of Pd nanoparticles on SnO,
nanowires.

FIG. 2.14(a) illustrates a low magnification TEM image
of an 800° C.-annealed, core-shell nanowire. FIG. 2.14(b)
illustrates a corresponding XRD Spectrum.

FIG. 2.15(a) illustrates a schematic view of the formation
of electron depleted regions beneath and in the immediate
vicinity of two Pd nanoparticles. FIG. 2.15 illustrates a
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response of a pristine (dashed line) and Pd-functionalized
(solid line) nanostructure to sequential oxygen and hydrogen
pulses at 473° K (top pane) and 543° K (bottom).

FIG. 2.16 illustrates a gas sensor response to pulsing of
ammonia between 0 and 5 ppm in research grade N,.

FIG. 217 illustrates a FFT analysis of a gas pulsing
experiment performed on a sensor (right) is compared to the
signal of a device responding to the same external noise in
the absence of no gas pulsing (left). The raw signal of each
sensor is shown (top) as well as the filtered FFT of the sensor
(bottom). Separate peaks are generated at a pulsing fre-
quency (0.0167 Hz) and the heating frequency (0.0042)
(Lewis et al. 2007).

FIG. 2.18 illustrates a FFT of PS gas response (top) before
filtering and (bottom) after filtering.

FIG. 2.19 illustrates a response to NH; after a sensor is
subjected to a rejuvenation process. The contaminated sen-
sor response is in blue, the rejuvenated sensor response is in
black.

FIG. 2.20 illustrates a comparison of photocatalytic deg-
redation of methylene blue for TiO, N, nanoparticles and
nitrided Degussa P25. White column indicates Degussa P25;
black center column indicates nitrided Degussa; grey col-
umn indicates TiO, N, nanocolloid (Chen et al. 2005; Gole
et al. 2004).

FIG. 2.21 illustrates the selectivity of a PS device to NH,
in 20 ppm NO,. The response time (<10 seconds) of the gas
sensor is also demonstrated.

FIG. 2.22 illustrates a comparison of a metal oxide
(usually SnO, or WO,) elevated temperature (150-500° C.)
heat controlled sensors separated from their electronics by a
channel with a heat sunk PS sensor operating at room
temperature and capable of operation to temperatures of at
least 80° C.

FIG. 2.23 illustrates SEM micrographs of a porous silicon
filter. In the top images, the tips of the pores can be seen
before (left) and after (right) they begin to spread out in their
face directions. The second row of images show the front
(left) and back (right) of a filter. Note that pore spreading is
significant in the filter back. The final image represents the
direct Lift-off of PS-based film-filter (~20 microns) from the
surface of an etched PS film. Pore diameter is approximately
one micron.

FIGS. 2.24(a) and (b) illustrate a comparison of responses
t0 1,2, 3,4, 5, and 10 ppm NO, for (a) a particular untreated
n-type PS interface and (b) an interface treated with a
fractional deposition of nanostructured SnO,, NO, was
pulsed onto the interfaces with a 300 s half cycle followed
by a 300 s half cycle UHP nitrogen cleaning. FIG. 2.24(b)
is suggested to result, at least in part, from the chemisorptive
SnO_—NO,— interaction.

FIG. 2.25 illustrates Tables 2/1, 2/2, and 2/3. Table 2/1
describes hard and soft acids and bases. Table 2/2 describes
the relative increase in response (increase in resistance) of
SnO,, NiO, Cu, O, and gold clustered oxide, Au,O treated
“p-type” PS interfaces relative to the untreated interface.
Table 2/2 constitutes a response matrix to the gases PHj,
NO, NH;, and SO,. Table 2/3 describes the relative increase
or decrease in resistance (decrease or increase in conduc-
tance) of TiO,, SnO,, NiO, Cu,0, and gold clustered oxide,
Au, O treated “n-type” PS interfaces. The table constitutes a
response matrix for the gases NO, NO,, and NH;. * indi-
cates decrease in resistance with analyte exposure ** indi-
cates initial response.

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail,
it is to be understood that this disclosure is not limited to
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particular embodiments described, and as such may, of
course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting, since
the scope of the present disclosure will be limited only by
the appended claims.

Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated
or intervening value in that stated range, is encompassed
within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller
ranges and are also encompassed within the disclosure,
subject to any specifically excluded limit in the stated range.
Where the stated range includes one or both of the limits,
ranges excluding either or both of those included limits are
also included in the disclosure.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present disclosure, the
preferred methods and materials are now described.

All publications and patents cited in this specification are
herein incorporated by reference as if each individual pub-
lication or patent were specifically and individually indi-
cated to be incorporated by reference and are incorporated
herein by reference to disclose and describe the methods
and/or materials in connection with which the publications
are cited. The citation of any publication is for its disclosure
prior to the filing date and should not be construed as an
admission that the present disclosure is not entitled to
antedate such publication by virtue of prior disclosure.
Further, the dates of publication provided could be different
from the actual publication dates that may need to be
independently confirmed.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the
order of events recited or in any other order that is logically
possible.

Embodiments of the present disclosure will employ,
unless otherwise indicated, techniques of chemistry, mate-
rial sceince, and the like, which are within the skill of the art.
Such techniques are explained fully in the literature.

The following examples are put forth so as to provide
those of ordinary skill in the art with a complete disclosure
and description of how to perform the methods and use the
probes disclosed and claimed herein. Efforts have been made
to ensure accuracy with respect to numbers (e.g., amounts,
temperature, etc.), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in ° C., and pressure is at or near
atmospheric. Standard temperature and pressure are defined
as 20° C. and 1 atmosphere.

Before the embodiments of the present disclosure are
described in detail, it is to be understood that, unless
otherwise indicated, the present disclosure is not limited to
particular materials, reagents, reaction materials, manufac-
turing processes, or the like, as such can vary. It is also to be
understood that the terminology used herein is for purposes
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of describing particular embodiments only, and is not
intended to be limiting. It is also possible in the present
disclosure that steps can be executed in different sequence
where this is logically possible.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a compound”
includes a plurality of compounds. In this specification and
in the claims that follow, reference will be made to a number
of terms that shall be defined to have the following meanings
unless a contrary intention is apparent.

DEFINITIONS

The term “detectable” refers to the ability to detect a
signal over the background signal.

The term “detectable signal” is a signal derived from an
impedance change upon the interaction of a gas with a
porous silicon layer or a porous silicon layer having a
nanostructured deposit on the porous silicon layer. The
detectable signal is detectable and distinguishable from
other background acoustic signals that are generated from
the host. In other words, there is a measurable and statisti-
cally significant difference (e.g., a statistically significant
difference is enough of a difference to distinguish among the
detectable signal and the background, such as about 0.1%,
1%, 3%, 5%, 10%, 15%, 20%, 25%, 30%, 40% or more
difference between the detectable signal and the back-
ground) between detectable signal and the background.
Standards and/or calibration curves and/or arrays of porous
silicon sensors can be used to determine the relative inten-
sity of the detectable signal and/or the background.
Discussion

Embodiments of the present disclosure include sensors,
arrays of conductometric sensors, devices including conduc-
tometric sensors, methods of making conductometric sen-
sors, methods of using conductometric gas sensors, and the
like. In an embodiment, the present disclosure includes
porous silicon (PS) sensors, arrays of conductometric PS
sensors, devices including conductometric PS sensors,
methods of making conductometric PS sensors, methods of
using conductometric PS gas sensors, and the like.

Embodiments of the present disclosure can be understood
based on the Inverse Hard/Soft Acid/Base (IHSAB) prin-
ciple/approach. The Inverse Hard/Soft Acid/Base (IHSAB)
principle/approach, as it correlates with a basis in physisorp-
tion (electron transduction), complements the HSAB prin-
ciple for hard/soft acid/base interactions and can be corre-
lated with a basis in density functional theory (DFT). The
basis for correlation follows the principle that soft-soft
acid/base interactions produce significant covalent bonding
and hard-hard combinations produce significant ionic bond-
ing. The HSAB principle states that hard acids prefer to
coordinate to hard bases and soft acids prefer to coordinate
to soft bases. In contrast, the driving principle to promote
physisorption (electron transduction) represents the inverse
of that necessary to form strong chemical bonds. This
principle is manifest through the interactions of metal oxide
nanostructures as they influence the nature of the majority
carriers in a p- or n-type semiconductor. In an embodiment,
nanoporous silicon layers positioned on porous silicon (PS)
micropores facilitate the deposition of nanostructured metal/
metal oxides which provide distinctly higher variable sen-
sitivities and selectivity for a given extrinsic semiconductor
interface. In an embodiment, the PS surface is treated with
fractional depositions (e.g., islands of nanostructures), much
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less than a monolayer to insure that the nanostructures do not
begin to cross talk and, in so doing diminish signal to noise.
This deposition can be made to produce a dominant phy-
sisorptive (sensors) or chemisorptive (micro-reactors) char-
acter at the semiconductor interface as the deposited nano-
structures act to focus the nature of the surface interaction.
However, the nature of the extrinsic semiconductor, the
manner in which its donor and/or acceptor levels can be
manipulated, and its transformation to intrinsic character
also represent important variables.

An embodiment of the present disclosure describes a
conductometric gas sensor that is operative to measure an
impedance change that corresponds to a gas concentration
(e.g., a gas concentration can be determined based on the
impedance change or the magnitude of the impedance
change and this concentration can be independently evalu-
ated for calibration). More particularly, the conductometric
sensor transduces the presence of a gas into an impedance
signal, which is measured by another device in communi-
cation with the conductometric sensor. Therefore, the term
“measure” used in reference to the conductometric sensor
can include the conductometric sensor in combination with
another circuit or device (e.g., impedance analyzer, sensor
and shunt circuit, and the like) to measure the impedance
(e.g., the detectable signal). The conductometric can be used
to detect gases or liquids. In particular, conductometric
sensors, in accordance with the present disclosure, have a
rapid and reversible response to analyte gases at room
temperature.

In an embodiment, the n-type semiconductor is PS, so the
sensor can be referred to as a conductometric PS gas sensor
(also referred to as a “PS gas sensor” or “conductometric PS
sensor”). Although some embodiments of the present dis-
closure are described as PS, other n-type semiconductor
materials can be used and include a porous layer. There is
not intention to limit embodiments of the present disclosure
to PS.

In an embodiment, the conductometric PS gas sensor can
be made from an n-type PS substrate. In an embodiment, a
conductometric PS gas sensor made from an n-type PS can
operate at a lower concentration than p-type PS based
conductometric PS gas sensors to extend down to the lowest
parts per billion (ppb) (e.g., less than 100 ppb, less than
about 75 ppb, less than about 50 ppb, less than about 25 ppb,
about 1 to 100 ppb, about 1 to 75 ppb, about 1 to 50 ppb,
about 1 to 25 ppb), while p-type PS based conductometric
PS gas sensors operate in a linear fashion at pressures higher
(greater than 5 ppm) than n-type PS based conductometric
PS gas sensors. Thus, an embodiment of the present disclo-
sure can include both p-type and n-type PS based conduc-
tometric PS gas sensors that can be used in a wide dynamic
range of pressures. In general, these detection levels could
be obtained where a different n-type semiconductor is being
used. Detection abilities for some specific gases are given in
the Examples.

Embodiments of the present disclosure provide for a
concept that is predictive of significant and predictable
changes in conductometric sensor (e.g., conductometric PS
sensor) sensitivity for a variety of gases. Rapidly respond-
ing, reversible, sensitive, and selective conductometric PS
sensors can be formed (1) with a highly efficient electrical
contact to a porous silicon layer (e.g., a nanopore covered
microporous layer) and (2) including deposited nanostruc-
tures (e.g., nanostructures as nanostructured fractional
deposits), interacting with, and/or modifying of the porous
silicon layer, using embodiments of the present disclosure.
The nanostructures can be deposited as distinctly variable
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nanostructures that can be chosen to be deposited on a
portion (e.g, distinct islands) of the porous silicon layer,
where the resulting conductometric PS sensors provide a
range of sensitivities for a given analyte using a concept
complementary to that of hard and soft acid-base interac-
tions (HSAB) and commensurate with a basis in dominant
physisorption. Physisorption interaction involves intermo-
lecular forces (e.g., a van der Waals or comparable attrac-
tion) between the gas and nanostructured deposit. Physisorp-
tion interaction does not involve a significant change in the
electronic orbital patterns of the nanostructured deposit and
the gas. A physisorption interaction is a reversible interac-
tion of the nanostructured deposit with the gas. A physisorp-
tion interaction is not a chemisorption reaction that involves
a chemical reaction that may not be reversible. The concept,
based on the reversible interaction of hard acids and bases
with soft bases and acids corresponds (1) to the inverse of
the HSAB concept and (2) to the selection of a conducto-
metric PS sensor and a porous silicon surface (e.g., nano-
structures islands) and analyte materials, which do not
undergo strong covalent or ionic bonding but rather repre-
sent a much weaker mixed orbital interaction where a
significant HOMO-LUMO and additional orbital mis-
matches dominate the interaction as a reversible physisorp-
tion interaction (electon transduction). Embodiments of the
present disclosure provide for notably higher sensitivities
and selectivity based on impedance changes.

An embodiment of the present disclosure can be advan-
tageous for one or more of the following reasons: (1) its
sensitivity and short recovery time (e.g., lower concentra-
tions of a particular gas relative to p-type PS based sensors),
(2) its operation at room temperature as well as at a single,
readily accessible, temperature with an insensitivity to tem-
perature drift, (3) its potential operation in a heat-sunk
configuration allowing operation to a surface temperature of
80° C. even in highly elevated temperature environments (in
sharp contrast to metal oxide sensors), (4) its ease of coating
with diversity of gas-selective materials to form sensor
arrays, (5) its low cost of fabrication, (6) its low cost and
ease of rejuvenation after contamination, (7) its low cost of
operation, and (8) its ability to rapidly assess false positives
by operating the sensor in a pulsed gas mode.

It should be noted that the time frame for measuring the
gas concentration depends, in part, on the particular appli-
cation and gas being measured, where the presence of the
gas can be measured in a time frame as short as 2 seconds
in some embodiments, while in other embodiments, the time
frame for a precise concentration measurement may be
longer. It should be noted that impedance includes contri-
butions from one or more of resistance, capacitance, and
inductance, and measurement of impedance includes the
measurement of one or more of resistance, capacitance, and
inductance. In an embodiment, the impedance analyzer
measures the resistance and capacitance only.

Embodiments of the present disclosure can be used to
measure the concentration of a gas or a mixture of gases
when the gas or the gas mixture is known or substantially
known. For example, if the environment that the conducto-
metric PS sensor is to be used in is known to include
ammonia, the conductometric PS sensor can be used to
measure the concentration of ammonia. In another example,
if the environment that the conductometric PS sensor is to be
used is known to include ammonia and H,S, then an array
matrix of conductometric PS sensors (e.g., 2, 3, 4, 6, 8, or
more) can be used to measure the concentration of each gas
or the relative concentration of each gas. In an embodiment,
the array of conductometric PS sensors can be designed so
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that each of the conductometric PS sensors has a greater
sensitivity for detection of a specific gas. In addition, the
array of conductometric PS sensors allows the concentration
of'the gases to be compared to one another on relative terms.

In an embodiment, the conductometric PS sensor includes
a silicon substrate (n-type), a protective layer on a portion of
the silicon substrate, an n-type porous silicon (PS) layer (or
region) on a portion of the silicon substrate that is not
covered by the protective layer, and two or more distinct
gold contacts disposed onto a portion of the PS region and
the protective layer. A plurality of nanostructures (some-
times referred to as a “nanostructured deposit”) can be
disposed in a fractional manner (e.g., non-contiguous
islands) on and/or within the n-type PS layer that are not
covered by the contacts, which enables the conductometric
PS sensor to respond more strongly to certain gases relative
to others depending on the nanostructures used.

In an embodiment, the protective layer can include, but is
not limited to, a silicon carbide layer, a silicon nitride layer,
a silicon oxynitride (SiO,N,) layer, an insulating dielectric
film, a ceramic layer, and combinations thereof. In an effort
to be clear, the protective layer may be referred to as the
silicon carbide layer hereinafter, but the protective layer
could be any one of the layers described above in other
embodiments.

In an embodiment, the n-type PS layer can include a
macroporous/nanoporous hybrid framework. The nanopores
are superimposed on the walls of the macropores. In an
embodiment, the macropores can be about 0.5 to 20 um deep
and about 1 to 3 pm in diameter. In an embodiment, the
nanopores can be about 1 to 20 nanometers in diameter.

In an embodiment, the contact can be disposed on and
within the macroporous and nanoporous hybrid framework
as well as extend above the n-type PS layer and onto the
protective layer (e.g., silicon carbide layer). In other words,
the material fills in a portion of the n-type PS layer and then
forms a layer on top of the n-type PS layer. The contacts are
distinct and separated from one another by a space or area
(e.g., aportion of the PS layer and a portion of the protective
layer). In an embodiment, the contact can include one or
more contact portions. In other words, one portion can be
disposed on the n-type PS layer and one portion disposed on
the protective layer, but the two portions are contiguous in
that a single metal layer extends from the n-type PS layer
onto the top of the n-type PS layer and onto the protective
layer. The contacts can be made of a metal or a combination
of metals such as, for example, gold. In an embodiment, the
contact includes a pre-coating layer usually titanium, and a
metal layer usually gold, disposed onto the pre-coating layer.
The pre-coating layer can be used to improve the electrical
connection of the contact to the n-type PS layer.

As mentioned above, the exposed portion of the n-type PS
layer not covered by the contacts can have a plurality of
nanostructures deposited (e.g., nanostructure islands) on
and/or within the n-type PS layer (e.g., a combined mac-
roporous/nanoporous hybrid framework). The nanostruc-
tures can include, but is not limited to, a metal material, a
metal oxide material, a metal oxynitride material, and com-
binations thereof. In an embodiment, the nanostructures can
be discrete and/or clustered nanostructures and/or nanoma-
terials on and/or with the n-type PS layer. In another
embodiment, the nanostructures can be deposited onto and/
or within discrete areas of the n-type PS layer.

In an embodiment, the nanostructures can include nano-
particles such as a nanosphere, a nanowire, a nanodisk, and
a nanobelt, where the nanoparticles can be uncoated or
coated. For example, the nanostructure can be made of
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metals and metal oxides such as silicon (Si), tin (Sn),
chromium (Cr), iron (Fe), nickel (Ni), silver (Ag), titanium
(Ti), cobalt (Co), zinc (Zn), platinum (Pt), palladium (Pd),
osmium (Os), gold (Au), lead (Pb), iridium (Ir), rhodium
(Rh), ruthenium (Ru), molybdenum (Mo), vanadium (V),
aluminum (Al), aluminum oxide (Al,0;, AlO,, x is 1 to 2),
silicon oxide (Si0O,, x is 1 to 4), tin oxide (SnO,, x is 2 to 4),
chromia (Cr,0;), iron oxide (Fe,0,, Fe,O,, or FeO), nickel
oxide (NiO), silver oxide (AgO), titanium oxide (TiO,),
cobalt oxide (Co,0;, Co;0,, or Co0), zinc oxide (Zn0O),
platinum oxide (PtO), palladium oxide (PdO), vanadium
oxide (VO,), molybdenum oxide (MoQO,), lead oxide (PbO),
titanium oxide (TiO,), titanium nitride (TiN,), titanium
oxynitride (TiO, N)), clustered oxides of each of these,
other metal oxides, and a combination thereof. In this regard,
by using a variety of metal and metal oxide materials, the
conductometric PS sensor can be designed to provide selec-
tivity for a particular gas.

In an embodiment, each nanostructure, a group of nano-
structures, or a cluster of nanostructures, form an island on
the n-type PS layer. In an embodiment, the islands are
spaced apart so there is no cross talk between the islands that
would impede, substantially impede, or substantially inter-
fere with the detection of the gas(es) of interest.

Embodiments of the conductometric PS sensor having a
plurality of nanostructures on the n-type PS layer can
provide enhanced sensitivity (e.g., CO in the presence of
SnO, nanostructures, NH; in the presence of gold clustered
oxide nanostructures) and selectivity to certain gases (e.g.,
NHj; in the presence of NO,,). In particular, concentrations of
select gases can be measured in the presence with one or
more additional gases, where selected gases are more
strongly sensed (e.g., impedance change detected). In an
embodiment, the selectivity to one gas over one or more
others can be controlled by selection of the type or combi-
nation of types of nanoparticles.

As briefly mentioned above, the conductometric PS sen-
sor responds and is operative to measure an impedance
change (e.g., an impedance magnitude change) across a first
contact and a second contact that corresponds to a concen-
tration of a gas in contact with the PS surface. The sensitivity
of the conductometric PS sensor is defined as the relative
increase or decrease in impedance over a time frame fol-
lowing exposure to a concentration of a gas of interest. It
should also be noted that the sensitivity is, in part, a function
of the analyte gas of interest, the nature of the nanostructure
deposites, and whether the extrinsic semiconductor is n- or
p-type. In particular, relative to p-type conductometric PS
sensors, the n-type conductometric PS sensors operate at
lower relative pressures for a particular analyte gas.

The operating parameters of the conductometric PS sen-
sor include, but are not limited to, a bias voltage, an AC
voltage frequency, an AC voltage amplitude and combina-
tions thereof. The conductometric PS sensors operate at a
bias voltage between about 10 and 3000 millivolts DC. Also
one can use an AC voltage frequency between 100 and
100,000 Hz, and an AC voltage amplitude between 1 and
1000 millivolts, or a combination thereof.

As mentioned briefly above, the impedance change can be
measured with an impedance analyzer, a sensor and shunt
circuit, or other impedance measurement devices. An
embodiment of the sensor and shunt circuit uses a high
impedance resistor in parallel with the sensor (conducto-
metric PS sensor or components thereof). The resistor shunts
the stray capacitance (removes high frequency noise), result-
ing in a resistive measurement.
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The conductometric PS sensor can be used in a variety of
ways including, but not limited to, a stand-alone detector, or
a device including an array of stand-alone detectors (e.g.,
one or more types of n-type conductometric PS sensors and
one or more typs of p-type conductometric PS sensors). The
conductometric PS sensor can be used to detect gases (e.g.,
combustion generated gases such as carbon monoxide, car-
bon dioxide, sulfur dioxides, nitrogen oxides, and hydrogen
sulfide). In particular, conductometric PS sensors, in accor-
dance with the present disclosure, can provide a rapid and
reversible response to analyte gases (e.g., including hydro-
gen chloride (HCl), ammonia (NH;), phosphine (PH;),
carbon monoxide (CO), sulfur dioxide (SO,), hydrogen
sulfide (H,S) nitric oxide (NO,), and toluene) at room
temperature. Additional details regarding analyte gases are
described in the Examples.

In addition, the conductometric PS sensor can be used as
an array, where multiple conductometric PS sensors (e.g.,
one or more types of n-type conductometric PS sensors and
one or more types of p-type conductometric PS sensors) are
uniquely sensitive to different gases of interest thereby
enabling an array to measure the concentration of multiple
gases simultaneously (e.g., an appropriately treated conduc-
tometric PS sensor can be made to respond more strongly to
one gas over a second gas). In addition, an array of con-
ductometric PS sensors can be used to enhance sensing
selectivity as the array of conductometric PS sensors provide
multiple data points per tested sample which can be ana-
lyzed in a matrix format to provide selectivity for one gas
over another based on the individual conductometric PS
sensors within the conductometric PS sensor array. Thus, an
array of conductometric PS sensors includes conductometric
PS sensors sensitive to one gas over another and, in this
sense, to select gases. In this regard, the array of conduc-
tometric PS sensors can be used to detect multiple analytes
simultaneously.

Embodiments of the present disclosure also include meth-
ods of making conductometric PS sensors. In general, the
conductometric PS sensor can be fabricated by first provid-
ing an n-type silicon substrate (or other appropriate sub-
strate) having a protective layer, such as a silicon carbide
layer, disposed on a first portion of the silicon substrate.
Then, a first area on the silicon substrate is converted into a
n-type PS layer, where the first area does not have a silicon
carbide layer disposed thereon. Next, a first contact (e.g., a
first contact pre-coating (e.g., Ti or Cr) and the first contact
(e.g., Au)) is formed onto a first portion of the n-type PS
layer and onto a first portion of the silicon carbide layer. The
first portion of the silicon carbide layer is contiguous with
the first portion of the n-type PS layer as described above.
A second contact (e.g., a second contact pre-coating (e.g., Ti
or Cr) and the second contact (e.g., Auw)) is formed onto a
second portion of the n-type PS layer and onto a second
portion of the silicon carbide layer. The second portion of the
silicon carbide layer is contiguous with the second portion of
the n-type PS layer as described above. A third portion of the
n-type PS layer is between the contacted first portion and the
second portion of the n-type PS layer. The first and second
contacts can be formed at the same time. Specifically, the
first and the second contact pre-coatings are formed and then
the first and second contacts are formed on the first and
second contact pre-coatings, respectively. The first and sec-
ond contact pre-coatings are advantageous in that the first
and second contacts enable a superior electrical connection
to be formed. In addition, the first and second contacts can
be formed using a shadow mask technique. One or more
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types of nanostructures can be fractionally disposed on the
n-type PS layer, where the nanostructure(s) form islands on
the n-type PS layer.

Additional fabrication steps can be conducted. For
example, an additional fabrication step includes cleaning the
n-type PS layer with a mixture of one part hydrochloric acid
(e.g., about 44%) in about five parts methanol for about four
hours. In addition, a fabrication step for forming a nano-
structured deposit on the porous silicon layer can be per-
formed.

In an embodiment, the silicon substrate can be replaced
with any extrinsic n-type semiconductor (e.g., GaP, InP,
CdTe, and the like) onto which a porous microstructure can
be generated. In an embodiment, the silicon substrate can
include wafers, such as, but not limited to, n- or n*-type
doped wafers, n- or n*-type phosphorous doped wafers. In
an embodiment, the silicon substrate can include wafers,
such as, but not limited to, n- or n*-type doped silicon
wafers, n- or n*-type phosphorous doped silicon wafers.

In an embodiment, other materials can be used in place of
the silicon carbide layer such as, but not limited to, a silicon
nitride layer, a SiO,N,, layer, an insulating dielectric film,
and a ceramic layer.

In an embodiment, the n-type PS layer can be prepared by
electrochemically etching a portion of the silicon substrate
with acetonitrile, hydrofluoric acid, tetrabutylammonium-
perchlorate (TBAP), and water, for example. Additional
details regarding the preparation of the n-type PS layer are
presented in more detail herein.

In an embodiment, the first contact pre-coating layer and
the second contact pre-coating layer can be made from
titanium or chromium, for example, and can be about 100 to
300 angstroms thick or about 200 angstroms thick. The first
contact pre-coating and the second contact pre-coating can
be disposed onto the two portions of the PS substrate via
techniques such as, but not limited to, electron-beam evapo-
ration, sputtering, electroless plating, and electroplating.

In an embodiment, the first and second contacts and can
be made of metals, such as, but not limited to, gold (Au), and
can be about 1000 to 4000 angstroms thick or about 3000 to
5000 angstroms thick to facilitate wire bonding. The first
contact and the second contact can be disposed onto the two
portions of the PS substrate via techniques such as, but not
limited to, electron-beam evaporation, sputtering, electro-
less plating, and electroplating.

In an embodiment, the nanostructures can be can be
disposed using techniques such, but not limited to, electron-
beam evaporation, sputtering, silk-screen printing, electro-
less plating, and electroplating.

After the conductometric PS sensor is formed, the con-
ductometric PS sensor can be validated. In this regard,
embodiments of this disclosure include methods of selecting
a conductometric PS sensor having certain performance
characteristics, methods of analyzing the data measured
using the conductometric PS sensor, and methods of mea-
suring the concentration of a gas. In addition, the method of
validating includes detecting false positives (e.g., determin-
ing that an impedance change is from the gas of interest and
not a response caused by another source). Furthermore, the
present disclosure provides methods of analyzing data for
the conductometric PS sensor as well as for other devices
and sensors.

EXAMPLES

Now having described the embodiments of the present
disclosure, in general, the following examples describe some
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additional embodiments of the present disclosure. While
embodiments of the present disclosure are described in
connection with the examples and the corresponding text
and figures, there is no intent to limit embodiments of the
present disclosure to this description. On the contrary, the
intent is to cover all alternatives, modifications, and equiva-
lents included within the spirit and scope of the embodi-
ments of the present disclosure.

Example 1
Brief Introduction

We describe a reversible response matrix and the dynamic
interplay, as a moderately acidic NO, analyte interacts at
room temperature with a TiO,, SnO_, Cu,O (x=1, 2), and
AxO (x>>1) metal oxide nanostructure deposited n-type
nanopore coated microporous porous silicon (PS) interface.
A significant variable response matrix is measured and the
dynamic nature of analyte-interface processes characterizing
the semiconductor-analyte interaction as NO, couples to the
decorated semiconductor majority charge carriers. The com-
petition for electrons between NO, and the TiO, decorated
PS interface leads to distinct variations in sensor response as
a function of increased TiO, concentration and displays a
time variance as the extraction of electrons by NO, reaches
a limiting charge carrier depletion and the decorated PS
surface becomes electron withdrawing. This dynamic rever-
sal is also demonstrated by distinct time-dependent PS
interface responses to NO, and NO where the degree of
electron extraction reaches a maximum and is again coun-
tered by the depleted n-type PS. Electron depleted SnOx and
AuxO treated PS interfaces display a significant remnant
effect as the decorated surface can become electron with-
drawing for extended periods, forming a stronger acid and
extracting electrons from NO,. Exposure to NH3 also dem-
onstrates the remnant effects of depletion.

Introduction:

We have outlined' an approach to “nanostructure directed
electron transduction vs. chemisorption” on a sensor/micro-
reactor interface. The fractional deposition of nanostruc-
tured metal oxide islands is used to modify sensitive surface
layers created utilizing a hybrid nanopore covered micropo-
rous matrix formed on “p- or n-type” silicon. The core of this
approach is the Inverse Hard/Soft acid/base (Table 1/I)
interaction model (IHSAB). This model provides a general
approach to optimally design sensors with improved and
variable sensitivity and conversion efficiency for a variety of
gases, in an array-based format®, by correlating the tenants
of acid/base interaction and the properties of extrinsic semi-
conductors’™. In the present study, we demonstrate not only
the variable surface sensitivities that are introduced by the
playoff between the untreated extrinsic semiconductor inter-
face and the matrix of fractionally deposited nanostructured
islands, but also the dynamic time-dependent response that
exemplifies the manner in which these nanostructure deco-
rated interfaces interact with the analyte NO,, striking at the
heart of the competitive electron dynamics that characterizes
these systems.

The IHSAB principle correlates with a basis in directed
electron transduction with minimized chemisorption, and is
in complement to the HSAB principle for hard/soft acid/base
interactions first put forth by Pearson et al.® and later
correlated with density functional theory (DFT)”® and
Chemical Reaction Theory” by Pearson, Parr”®, Cohen et
al.® and others'®. In contrast to the HSAB principle which
outlines a means to form strong ionic or covalent bonds via
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hard/hard and soft/soft acid/base interactions, the driving
principle to promote directed reversible interaction and
efficient electron transduction to and from a semiconductor
interface represents the inverse of that necessary to form
strong chemical bonds’. The driving force of the IHSAB
principle manifests through the interactions of the deposited
metal oxide nanostructures as they influence the nature of
analyte interaction with majority carriers in an n or p-type
extrinsic semiconductor.

The THSAB concept facilitates designed, highly variable,
surface interactions using an available diversity of nano-
structured “fractional” oxide depositions that act as gate-
ways to focus the nature of the surface-interface interactions
while minimizing the chemical interaction of an acidic or
basic analyte with the semiconductor interface. These inter-
actions are understood in terms of electron transfer to (base)
or from (acid) the surface of an extrinsic semiconductor?
which is controlled both by the nature of the extrinsic
semiconductor and by the nanostructured metal oxides
which are placed on its surface. Here, we exemplify and
examine this interplay as we study the interaction of the
created interfaces with the moderate acid NO,. We demon-
strate both the variable nanostructure sensitivity matrix and
the intriguing competitive electron dynamics that occurs as
a result of the interaction of NO, with the decorated PS
interface. Here, the importance of the significant electron
affinity of NO, becomes apparent in the interaction with n-
and p-type porous silicon and is further emphasized by
comparison with the time-dependent response to the ampho-
teric free radical NO with its extremely small electron
affinity. The present study not only complements that of NO
on p-type silicon” but also demonstrates the time-dependent
behavior associated with the dynamic response associated
with these two analytes.

We will emphasize the important roles played by (1) the
electron affinity of the NO, analyte and (2) surface modifi-
cation, with a fractional nanostructured island deposition, of
an n-type extrinsic porous silicon surface. Measurements of
the relative sensitivity of the decorated PS gas sensor
interfaces at various NO, concentrations demonstrate not
only a significant variance in response but also the dynamic
nature of those processes that characterize the semiconduc-
tor-analyte interaction as NO, couples to the majority charge
carriers of the decorated extrinsic semiconductor. The com-
petition for electrons between NO, and a TiO, nanostructure
decorated PS interface is found to lead to distinct variations
in sensor response as a function of increased. TiO, deposi-
tion concentration as the time-dependent extraction of elec-
trons by NO, reaches a limit in the depletion of the majority
charge carriers as electron transduction is reversed and the
decorated PS surface, now dominating NO,, becomes elec-
tron withdrawing. This dynamic reversal is further demon-
strated by comparing the distinct time-dependent responses
of an extrinsic PS interface to NO, and the amphoteric NO
radical where the degree of electron extraction reaches a
maximum and is then countered by the depleted n-type PS
interface. The electron depletion of SnO, and Au,O treated
extrinsic semiconductor donor level population by NO, is
found to display a significant remnant effect as the decorated
n-type PS surface can become electron withdrawing for
extended periods, forming a stronger acid and subsequently
extracting electrons from NO,. Experiments with NH; con-
firm the remnant effects of depletion. These dynamic effects
form a backbone for the development of the sensitivity
matrix.

It is to be noted that NO, detection is important since it
contributes to vehicle exhaust emissions™''"'® and disease
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detection """, providing a non-invasive highly desirable
clinical probe. The large quantities of NO produced in an
asthmatic attack can combine with O, in breadth to produce
NO,. A simply constructed portable sensor capable of mea-
suring significant NO (and NO,) concentration changes in
breath might be used on a regular basis to provide early
detection for the onset of asthma attacks. NO, also repre-
sents a toxic air pollutant emitted by combustion engines
and has been the focus of several research efforts in sensor
technology®''-** where levels as low as 12 ppb in dry air
and 50 ppb in humid air have been reported for a p*
substrate-based porous silicon sensor.
The Extrinsic Semiconductor Framework

FIG. 1.1 describes the variation in the position of the
Fermi level with temperature for an n-type semiconductor®?.
This temperature dependence forms a basis for our consid-
erations of electron transfer to and from the extrinsic semi-
conductor, the influence of electron transduction on the
interaction with majority carriers in that semiconductor, and
the corresponding effect which this transfer has on the
semiconductor conductance. For an n-type semiconductor,
donor electron levels lie just below the conduction band
(FIG. 1.1). At moderate temperatures, the vast majority of
the donor level electrons have been excited into the con-
duction band as eventually the semiconductor practically
reverts to the behavior of an intrinsic material at tempera-
tures above 300° C. Here, the Fermi level has shifted to the
energy Ep~E_/2 where E_ is the intrinsic semiconductor
bandgap energy. From the temperature dependent behavior
depicted in FIG. 1.1, it is apparent that population of donor
level sites decreases with temperature. At OK, the Fermi
level lies at an energy E, (=0.025 eV.)/2 below the conduc-
tion band. Here E, corresponds to the donor level ionization
energy for an n-type system. An acidic analyte withdraws
electrons from an n-type extrinsic semiconductor. From the
temperature dependent behavior depicted in FIG. 1.1, it is
apparent that the removal of electrons from an “n-type”
system should lead to an increase in resistance as majority
charge carriers are removed, very much analogous to the
effect of rising temperature. These effects, resulting from
analyte interface interactions, have now been clearly
observed. If, however, the extrinsic semiconductor interface
is now modified by introducing additional metal oxide
“island” sites to the micro/nanoporous PS interface in frac-
tional deposition, these nanostructures act as gateways to
influence the transit of electrons to and from the n-type
semiconductor interface on which they are deposited.

20,21

EXPERIMENTAL

To create the framework to develop highly efficient nano-
structure modified interfaces on either p- or n-type PS, the
micro/nanoporous interface outlined in FIG. 1.1 must be
generated’. Here a hybrid etch procedure is used to generate
nanopore covered micropores. Schematic diagrams of the
complete working sensor platform have already been pre-
sented**>. The PS interface is generated by electrochemi-
cal anodization of 1-20 ohm-cm, n-type (phosphorous
doped) (100) silicon wafers (Wafer World) or 7-13 ohm-cm,
p-type (boron doped) (100) silicon wafers (Siltronix). The
anodization of the n-type wafers®*>* is done under topside
illumination using a Blak-Ray mercury lamp. The wafer is
etched in a 1:1 solution of HF and ethanol at a current
between 8-15 mA/em® (FIG. 1.2(a))***°. The prepared
n-type anodized sample is placed in methanol for a short
period and then transferred to a dilute HF solution for a 30
minute period. This process creates a porous structure with
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pore diameters of order 0.5-0.7 um (FIGS. 2(5) and (¢)) and
pore depths varying from 50 to 75 um. These mircopores
provide a medium for Fickian diffusion to the surface
nanoporous layer.

Before the anodizations, an insulation layer of SiC (=1000
angstroms) is coated onto the c-Si substrate by PEVCD
methods and windows of 2x5 mm are opened in this layer
by Reactive lon Etching (RIE). The SiC layer serves two
purposes. SiC makes it possible to form the hybrid micro/
nanoporous PS structure in the specified windows during
electrochemical anodization because of its resistance to HF.
The SiC also aids the placement of gold contacts exclusively
on the porous layer for resistance measurements and acts as
an electrical insulator on the doped silicon. We continue to
employ low resistance gold contacts whose formation has
been discussed in detail previously. The PS hybrid arrays of
nanopore covered micropores are tested at room temperature
for their individual sensor response. In the present study,
selected fractional nanostructure deposition is used to create
an improved sensor response. The nature of this response is
based on the application of the IHSAB acid/base principle.
The selection of the nanostructures and the variable surface
sensitivities that are produced as they form in-situ metal
oxide deposits, introduces a distinct systematics of design,
which can be predictably formatted. The approach is unique
in that the nanostructures are deposited fractionally to the PS
micropores and this fractional deposition does not require
any time consuming self-assembly within the pores. This is
not a coating technique or one that requires an exacting
structural film arrangement but is, in fact, a much simpler
process. The nanostructure deposition must be maintained at
a sufficiently low level to avoid cross-talk between the
nanostructures that, as it increases, leads to a noisy device
and the eventual loss of functionality. Selected nanostruc-
tured metals, metal oxides, and nanoparticle catalysts can be
deposited to the nanopore covered micropores to provide for
distinct and variable sensitivities. In combination, these can
be used as a basis to develop selectivity. In this study,
nanostructured deposits generated from electroless gold, tin,
and copper, as well as nanotitania provide for the detection
of NO,.

With the exception of the gold depositions, all of the
nanostructured metals deposited to the PS surface are readily
oxidized to SnO, (x=2, 4) and Cu,O (x=1, 2) as demon-
strated by XPS measurements®. The initially introduced
titania (anatase) may be crystalline, however, we cannot be
certain of this crystallinity after deposition to the PS inter-
face. The untreated PS hybrid structures are exposed to the
electroless solutions for 10 to 30 seconds and are placed in
DI H,O and MeOH for consecutive 120 second periods. The
oxidized electroless metal depositions when characterized
before deposition correspond to amorphous structures dis-
playing no diffraction patterns. Therefore, it is difficult to
envision their crystallization during the short deposition and
subsequent surface cleaning process. After deposition the
decorated surfaces are cleaned for 120 s in DI and 120 s in
methanol.

In all cases, the analyte gas being sensed is brought to the
hybrid surface after entrainment at room temperature in
UHP nitrogen (Matheson 99.999+%). The system is purged
with UHP nitrogen for a minimum of 30 minutes before use.
The typical resistances for the base PS structures range
between 300 and 10,000 ohms at room temperature. The gas
flow for the analyte and the entraining UHP nitrogen is
controlled by MKS type 1179A mass flow controllers. The
mass flow controllers used to control the anaylte gas and the
entraining nitrogen flow responsed in less than 2 seconds.
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The diffusion time of the analyte gas to the sensors, which
provides the longest system time constant, varies from four
to five seconds for the lowest anaylte concentrations to of
order 1 to 2 seconds for concentrations greater than 2 ppm.
These are the delay times for the observation of a signal due
to the analyte in the supply line. The sensors respond to the
analyte gas on a time scale much less than two seconds. The
change in resistance is measured in one-second intervals
using a DC current. This voltage bias used in these experi-
ments is 3 volts to obtain an optimum signal to noise ratio.
A NI DAQPad-6015 is used for gathering data and supply-
ing the DC current. Labview software is used to control the
experiment and record the results. MATLAB is used in the
analysis of the data.

Results

NO, represents a moderately strong acid?®. The interac-
tion of this acid with an n-type PS interface, leads to a
corresponding increase in resistance with analyte concen-
tration, as NO, extracts electrons from the PS interface and
removes majority carriers. Note, however, that the substan-
tial electron affinity of NO, leads to a significantly different
behavior with an n-type verses p-type* PS interface. For a
p-type interface the extraction of electrons leads to an
increase in the majority carriers (holes) and a decrease in
resistance. We summarize the response changes for a par-
ticularly prepared and untreated n-type PS interface to NO,
in FIG. 1.3(a). Since there can be OH groups and hydro-
carbons, originating from the air, deposited to the interface,
we treat the system with UHP N, before use to insure that
water is flushed from the surface. An N, flow onto the sensor
is kept constant at 200 sccm at all times during the experi-
ment The NO, is mixed (separately) with the N, flow which
acts as an entrainment gas and diluent, as we test the system
response for reversible sensitivity. In virtually all experi-
ments, the deluted NO, was pulsed onto the interfaces with
a 300 s half cycle followed by a 300 s half cycle UHP
nitrogen cleaning. In addition, the sensors and system were
purged with UHP nitrogen for 1800 s before operation.

In all of the experiments, an untreated sensor is prepared
and measured for its response. The identical sensor is then
treated and the relative sensor response is measured after the
nanoparticle metal oxides are deposited to the PS interface.
For the presently treated n-type systems, the positive resis-
tance changes for NO, are found to vary linearly to at least
3 ppm and in some cases to 5 ppm. This behavior is in
agreement with a simple 1D diffusion model simulation of
the system which we have previously used to obtain a first
order characterization of the naked PS gas sensor’’ This
simple model solves the 1D diffusion equation numerically
by comparing with the experimental sensitivity. We have
evaluated the order of magnitude dimensions of the diffusion
into the hybrid PS porous layer, and the relative time scales
of both Fickian and Knudsen diffusion. For the saturated
case we have calculate the gauge parameter D/L? and varied
this parameter to get the best fit from the combination of
experiment and simulation. The order of magnitude gauge
parameters for Fickian diffusion into the mircopores and
Knudsen diffusion into the nanopores are found to differ by
approximately three orders of magnitude with an estimated
Fickian to Knudsen diffusion coefficient of 107/1077 m?/s.
Further improvements of this numerical model can be
accomplished by working in higher dimensions and with a
more diverse pore structure. It is possible to improve the
response equation through addition of other variables
including the sticking coefficient, temperature, and humidity
parameters. The results obtained demonstrate the dominant
effect of diffusion at the lowest concentations depicted in
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FIGS. 1.3-1.9. At concentrations in excess of 3 ppm, the
response from the nanostructure deposited sensors begins to
quench, as the depletion of the donor level population begins
to saturate (bottom out) and the interface can subsequently
become electron withdrawing. This clearly affects the dif-
fusion dominated response.

The data in FIG. 1.3 corresponds to exposures of 1, 2, 3,
4, 5, and 10 ppm of test gas. This is denoted by the green
saw-teeth in the figures which also indicate the range over
which the analyte the gas is turned on and off. The untreated
sensor interface in FIG. 1.3(a) and the Cu,O treated inter-
face in FIG. 1.3(d) for which the NO, signal varies linearly
to 3 ppm are distinct from those for the untreated sensors in
FIGS. 1.3(c) and 1.3(e) which are somewhat less responsive
but display a linear response to 5 ppm. This less than linear
increase in signal with concentration in FIGS. 1.3(¢) and
1.3(d) indicates a more rapid approach to the limit of
electron depletion which is reached at lower concentrations
for the somewhat more sensitive devises. At concentrations
in excess of 5 ppm all of the systems begin to display a
quenching of the resistance response.

The results obtained for the PS interface treated with
nanostructures of TiO, and SnO,, both strong acids, with the
moderate to weak acid Cu,O, and with the very weak acid
Au, O, exemplify the dynamic interplay for these systems as
the nanostructured oxides couple to the PS interface. The
influence of this coupling is dictated by the IHSAB principle
and the acid/base character of theses metal oxides. The
results obtained with TiO, vividly demonstrate the important
dynamic interplay induced by this strongly acidic nanostruc-
ture as it competes with NO, for electrons. The manifesta-
tion of the electron dynamics associated with these systems
and donor level electron depletion are further characterized
by remnant effects for the SnO, and Au,O systems and, at
elevated pressure, by the time dependent interaction of NO,
and NO with an untreated PS surface.

As FIGS. 1.3(a-g) demonstrate, the effect which SnO,,
Cu, O, and Au, O fractional nanostructured depositions have
on the response of an n-type PS interface for each nano-
structure deposited surface, the responses are distinct and do
not have the same magnitude for the same concentration of
the tested gas. This feature allows us to begin to develop a
selectivity matrix for PS-NO, interaction and gas detection.
For a 1 ppm exposure, the resistance change per base
resistance for a nanostructure deposited vs. untreated sensor,
Equation 1, is summarized in Table 1/I1.

AR(deposited) / Ry (deposited)
~ AR(untreated) / Ry (untreated)

M

Dynamic Acid/Base Interactions and Competitive Electron
Dynamics

In applying the ISHAB principle, we induce a “physisorp-
tive” electron transduction by forcing the interaction of a
moderate acid with a weakly basic metal oxide.'*® The
opposite effect, the interaction of a strong acid with a strong
base creates a chemisorptive interaction. FIG. 1.3(5) dem-
onstrates the effect, which the strong acid SnO, nanostruc-
ture deposit has on the NO, interaction with the PS interface.
Here, both an acidic analyte and the nanostructure modified
PS surface compete for electrons. If NO, and SnO, compete
effectively for electrons, the competition might be expected
to diminish the sensitivity of the interface, influencing
directed electron transduction as measured by a significantly
diminished resistance change. We do observe a muted
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response. However, the weak and diffuse nature of the
observed response after SnO treatment suggests that it is
equally likely to be strongly influenced by chemisorption.
While NO, is a moderate acid, NO,~, which can be formed
as NO, extracts an electron from the n-type PS interface,
corresponds to a moderate to strong base. Table 1/1 suggests
that an n-type PS surface corresponds to a borderline acidic
surface. For this reason, we expect its chemical interaction
(chemisorption) with NO, and NO,™ as dictated by the
THSAB/HSAB principle to be of only moderate effect. If,
however, the PS surface is treated with nanostructured SnO,,
we expect a strong chemical interaction between this mod-
erately strong acid and NO,~ **®. We suggest that the muted
and diffuse response with concentration in FIG. 1.3(4)
signals this chemisorption. It is to be emphasized that the
base strength of NO," and the acid strength of SnO, are
much more closely matched than those of either the much
stronger acid, TiO,, or the weaker acids Cu, O and Au, O. For
this reason'*® we expect a chemisorptive interaction.

In contrast to SnO,, the nanostructured deposition of
Au, 0, a weak acid (Table 1/I) is observed to significantly
enhance the rate of electron transfer to NO,. However, in
comparing FIG. 1.3(f), where the Au O nanostructures are
deposited in a ten second exposure, and FIG. 1.3(g), where
the PS interface is deposited for a 30 second exposure, with
the data for the untreated PS interfaces in FIGS. 1.3(e), we
observe a significant relative enhancement at 10 s which is
considerably diminished on exposure for 30 s. The decrease
in sensitivity at higher Au, O concentrations results as this
exposure over-deposits the PS interface with electroless
gold. Cross talk between the deposited nanostructures
decreases the efficiency of electron transduction and leads to
a notable decrease in response'>>. This emphasizes the
requirement for careful fractional deposition to the PS
interface. For the optimally deposited Au O system, the
response verses the untreated PS surface is multiplied by a
factor of approximately 5.

We find that the deposition of Cu,O nanostructures in
fractional deposition to the prepared n-type interface of FIG.
1.3(c) (deposited surface 1.3(d)) increases the system
response by in excess of a factor of 2. The response of the
Cu,O treated interface rises linearly to 3 ppm, but much
more rapidly than that of the untreated interface to. This
response corresponds to an increase in the rate of electron
removal which begins to quench at 4 ppm in contrast to the
untreated PS interface. Further at 10 ppm we observe
directly the effect of the dynamic behavior of the electron
transduction. The resistance first increases sharply as NO, is
extracting electrons. However, this extraction is soon coun-
tered as the donor level population is depleted to the extent
that the decorated Cu, O—PS interface begins to act as a
stronger acid than NO,. This effect is even more apparent in
the TiO,-based systems discussed below. Similar effects
have been observed with the amphoteric NO radical®®.

FIGS. 1.4-1.7 demonstrate the effect that TiO, fractional
nanostructured depositions have on the response of an
n-type PS interface to NO,. FIG. 1.4(b) corresponds to the
results obtained for low TiO, deposition times (<10 s) or
under conditions that do not produce sufficient concentra-
tions of the strongly acidic TiO, to facilitate its ability to
compete with NO,, and attract electrons that are transferred
to the PS interface. Here, the response to NO,, which
extracts electrons, leads to a resistance increase (conduc-
tance decrease). The TiO, treated system has a similar but
weaker response than the untreated interface.

FIGS. 1.5(a-c) demonstrate the effect that an intermediate
TiO, fractional nanostructured deposition (20 s) has on the
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response of an n-type PS interface to NO,. FIG. 1.5(a)
corresponds to the response of the prepared untreated PS
interface while FIG. 1.5(b) demonstrates the response after
TiO, is introduced. The results, demonstrated also in the
overlapped response data of FIG. 1.5(c), are striking. Here
at the fractional concentrations deposited, the strong acid,
TiO,™?®, competes quite effectively with the moderately
strong acid, NO,, for the available electrons in this system.
The untreated PS interface (FIG. 1.5(a)) displays a signifi-
cant increase in resistance as NO, attracts electrons and
depletes majority carriers. However, at the higher NO,
concentrations, we observe a peaking in the resistance
followed by a near exponential decay of the resistance to the
point where the interface is no longer exposed to the NO,.
The rate of exponential decay observed in FIG. 1.5(a) is seen
to increase in magnitude with increasing NO, concentration
in the range 4-10 ppm. The intensity is seen to maximize at
~3 ppm and the initial intensity maxima are similar for 3, 4,
5, and 10 ppm. We suggest that the effects of electron
depletion and subsequent repopulation are manifest by the
peak to a very similar maximum resistance and the subse-
quent exponential decay at the higher concentrations.

FIG. 1.5(b) demonstrates striking results obtained after an
intermediate TiO, nanostructure deposition. For those NO,
analyte concentrations in excess of 2 ppm, as the response
begins to increase with the introduction of NO,, it is
suddenly and rapidly quenched. This behavior is more
pronounced at higher analyte concentrations. The spike-like
response is also illustrated in FIG. 1.5(c). As NO, is intro-
duced to the decorated PS interface and attempts to extract
electrons, the resistance rises rapidly to a point when the
electron depletion reaches a limiting value. Here, the nano-
structured TiO, islands coupled to the PS interface interact,
preventing further electron withdrawal, and reversing flow
of electrons so as to increase the donor and conduction level
electron concentrations. This is manifest by a sharp decrease
in the resistance. The affect clearly onsets at 2 ppm and
increases in a manner proportional to concentration. The
dynamic nature of this interplay is further evident as the
resistance drops to a minimum value and then begins to
again increase while the NO, is removed. As NO, is intro-
duced in a new cycle the spike-like increase in resistance is
again observed followed by a sharp drop in resistance. This
behavior is explained as TiO, competes with and counteracts
the extraction of electrons by NO,, insures the flow of
electrons to the decorated n-type PS interface, and increases
the majority carrier concentration, leading to a significant
decrease in resistance. The process of interaction is a
dynamic one as TiO, and NO, vie for the available electrons.
As a result the observed increase in resistance decreases by
~25% relative to the untreated PS interface.

The spike like features depicted in FIGS. 1.5(5) and 1.5(c)
show a clear dependence on the NO, analyte concentration
as the elapsed time to their appearance displays an inverse
linear proportionality to the concentration. In addition, as the
concentration of analyte increases the peak width of these
features decreases and displays a sharp exponential decay.
The dependent behavior of these features that are observed
is distinct from that associated with analyte diffusion. FIGS.
1.5(a) and 1.9 would suggest that the desorption kinetics
associated with NO, is reasonably efficient. However, FIGS.
1.3-1.9 suggest that the efficiency of the adsorption process
well exceeds that for desorption. While adsorption to the PS
interface influences the observed processes we attribute to
the nature of electron exchange, this observed behavior is
difficult to relate to the adsorption/desorption process as it is
more closely related to the interplay associated with electron
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transduction. As opposed to response of these systems to
adsorption and desorption kinetics (associated in part with
gaseous diffusion) the observed behavior in FIGS. 1.5(54)
and 1.5(c¢) as a function of analyte concentration is more
easily associated that expected as analyte and interface
compete for electrons.

FIG. 1.6(b) demonstrates results at higher TiO, fractional
deposition (30 s deposition time) Here, the TiO, coupled to
the PS interface creates a surface which can overcome the
electron withdrawing power of NO,. Now, the response is
that of a system which attracts electrons to the PS interface
leading to a decrease in resistance (increase in conductance).
By comparison, the data in FIG. 1.7 is intriguing in that it
represents a variation of response as a function of NO,
concentration. Here, we have converted the TiO, nanostruc-
tures deposited as in FIG. 6 to their corresponding oxyni-
tride, TiO, N *°. This creates a more basic interface and
thus diminishes the ability of the deposited nanostructures to
attract electrons. At NO, concentrations <5 ppm, the system
again responds to the analyte by removing electrons from
NO,. This corresponds to a decrease in resistance although
the decrease is notably less than that for the TiO, decorated
system. However, an NO, concentration of 10 ppm is now
sufficient to reverse this response, leading to a positive
resistance change which results from a dominant electron
extraction by NO,.

For all of the systems studied, the electron affinity of NO,
enhances its ability to withdraw electrons, eventually deplet-
ing the donor level electron population (FIG. 1.1). The
extent of this process and the dynamics of its time dependent
reversal is pronounced as the interface, once depleted,
becomes more electron withdrawing than NO,. In compli-
ment to the time-dependent behavior of the electron trans-
duction in TiO,, we find that the depletion process can lead
to significant remnant effects. FIGS. 1.8(a-d) demonstrates
this remnant effect as we observe a response for both the
SnO, and Au O nanostructure modified and depleted sur-
faces which mimics that observed for interaction with an
electron donating analyte. FIG. 1.8(a) depicts the response
of the SnO_ treated PS interface 24 hours after the initial
experiments as described in FIGS. 1.3(a) and 1.3(). The
observed response is that which would be expected of an
analyte that is contributing electrons to the SnO,/n-type PS
interface. The SnO, decorated PS sample is now extracting
electrons from NO,. A similar behavior is observed for the
Au, O decorated PS (initially FIGS. 1.3(f) and 1.3(g)), which
now extracts electrons from NO,. FIG. 1.8(5) demonstrates
a resistance decrease for the 10 s exposed interface and FIG.
1.8(c) indicates a slightly smaller decrease for the 30 s Au, O
exposed interface consistent with the nature of their initial
depositions ~24 hours earlier. Even more compelling are the
results obtained in FIG. 1.8(d) when the system, treated for
10 s with Au, O, is subsequently treated with NH;, again 24
hours after the experiments depicted in FIG. 1.3. FIG. 1.8(d)
indicates a significant resistance decrease and minimal
quenching even at concentrations of 10 ppm. We suggest
that NH;, as a strong base, contributes electrons which
provide the repopulation of a strongly depleted donor level
population.

The THSAB principle which we describe briefly above
and elsewhere'” dictates the means to obtain an initial
dominant directed electron transduction and minimal
chemisorption with respect to the acidic analyte NO,.
Because of the potential for the chemisorbed interaction-
reaction of SnO, with surface generated NO,, the interac-
tion leading to directed electron transduction enhanced via
coupled gold clustered oxide Au, O (x>>1) nanostructure
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deposits provides a more efficient means for the initial
“reversible” extraction of donor level electrons (FIG. 1.3).
However, FIG. 1.8 demonstrates that this previously treated
and apparently depleted tin oxide surface now appears to the
depleted Au, O surfaces capturing electrons to populate the
donor levels and subsequently decreasing the system resis-
tance (increasing conductance).

The dynamic nature of electron depletion and exchange is
also demonstrated at elevated concentrations of NO, and NO
interact with an untreated PS interface. FIG. 1.9 depicts
observed responses for an untreated PS interface to NO,,
and NO at concentrations in excess of 10 ppm. The data for
NO, and NO in FIGS. 1.9(a)-(d) reflect a clear dynamic
interplay. The data for NO at 10 ppm display a rise to a
maximum resistance as electrons are attracted by this ana-
lyte. A similar rise is observed for NO, although the change
in resistance is considerably greater. At 20 ppm and again at
higher concentrations, the NO response at first peaks and
then decays. On the time resolution of FIGS. 1.9(a) and
1.9(c) these features appears as a sharp initial resistance
increase, which at higher time resolution, are seen to decay
as a slow, near exponential tail to a subsequent limiting
value. The NO, responses at 20 and 30 ppm again display a
rise to a maximum resistance during exposure, although the
rise appears muted at 30 ppm. At 40 and 50 ppm, NO, also
displays a signal which first peaks and then decays at a much
faster rate than that observed at lower concentrations. An
indication of this slow near exponential decay at higher time
resolution and analyte gas concentrations of 80 ppm is
presented in FIGS. 1.9(4) and 1.9(d). The onset of this
behavior at lower concentrations for the NO system would
suggest an origin for this phenomenon. The substantial
electron affinity for NO,¢ versus NO*° dictates that NO,
withdraws electrons considerably more efficiently than does
the amphoteric NO radical, which has a small if not negli-
gible electron affinity°. As NO, and NO withdraw donor
level electrons, the n-type PS interface is depleted to the
point where it begins to compete for available electrons.
Because of its much more substantial electron affinity, NO,
competes more favorably for these available electrons than
does the amphoteric NO radical. Hence the dynamic signal
decay onsets at higher concentrations. We suggest that the
near exponential decays depicted in FIGS. 1.9() and 1.9(d)
correspond to the process whereby the degree of electron
extraction reaches a maximum and is then counteracted by
the depleted n-type PS interface which now acts as a
stronger acid than either NO, or NO.

Discussion

The results presented in FIGS. 1.3-1.9 for the transduction
of NO, with both untreated and fractional nanostructure
treated n-type porous silicon clearly indicate a very much
more dynamic reversible interaction for acids and bases with
majority electron carriers than with holes’***”. Further, the
influence of the nanostructured metal oxides, fractionally
deposited to the PS interface, appears to be notably more
pronounced for n-type systems than it is for p-type systems.
This is at least in part due to the effective masses.

The materials selected for the nanostructured islands
serve the role of guiding antennas that can force a dominant
directed electron transduction or a chemisorbtive interaction
at the decorated extrinsic semiconductor interface. The data
in FIGS. 1.4-1.7 and 1.9 now displays an important dynamic
interplay which influences the electron transduction as it
results from the dynamics of electron exchange. The nano-
porous coating provides a phase match for the unique
fractional deposition of select nanostructures. The selection
of these nanostructures for sensor applications with both
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p-type and n-type PS is well predicted by the hard and soft
nature of the interacting constituents and the IHSAB model
(Table 1/1) as this model dictates the coupling of analyte/
interface acid-base interactions with the properties of the
majority carriers in an extrinsic semiconductor. The results
obtained for TiO, decoration in FIGS. 1.4-1.7 and the results
obtained for the interaction of NO, and NO with an
untreated PS interface at elevated pressure (FIG. 1.9) now
demonstrate the dynamic nature of the electron transduction
process.

We suggest that the data presented in FIGS. 1.3-1.9
demonstrate important correlations with the schematic tem-
perature dependence of an extrinsic semiconductor pre-
sented in FIG. 1.1. First the temperature dependence for both
p and n-type semiconductors is such that one can expect
vacant donor levels for an n-type system and available holes
for a p-type system at room temperature®>. If an analyte acts
to add electrons to the vacant donor electron levels of an
n-type extrinsic semiconductor, we anticipate that the popu-
lation of these levels will “top-out” as the resistance will
reach a limiting lower value. An analogous decrease to a
minimum resistance is observed for a p-type PS system.
Here, NO, extracts electrons, augmenting the population of
holes and enhancing conductance. FIG. 10 demonstrates the
previously seen bottoming-out of the resistance as NO,
interacts with an untreated p-type PS interface maximizing
the removal of electrons.

At elevated analyte concentrations, NO, and NO are
found to reach a limit in the degree of electron extraction
from an untreated n-type PS interface®® followed by the
reversal of the electron exchange process. The data in FIGS.
1.3-1.9 now begin to provide a wider window to the dynamic
process of electron withdrawal and exchange. At lower
concentrations, it is apparent that the nature of the nano-
structure deposition can have a strong and variable impact
on the control of analyte electron extraction. This is dem-
onstrated by the variations in the TiO, decorated PS inter-
faces in FIGS. 1.4-1.7. The possibility exists to reverse the
process of electron extraction whenever an acid is countered
by an interface modified by a strongly acidic nanostructured
deposition (FIGS. 1.3-1.9). In all these cases the extrinsic
semiconductor is depleted to the extent that it, in effect,
becomes a stronger acid than NO,. We suggest that the
plateau resistance observed for the NO and NO, systems at
elevated concentration (FIG. 1.9) corresponds to the equili-
bration of the Fermi levels for the analyte-semiconductor
interface to a position intermediate to that above the donor
levels and the limit of energy corresponding to the Fermi
level for the intrinsic semiconductor (FIG. 1.1).
Conclusion

The interaction of NO,, a moderately strong acid, with a
nanostructure modified n-type PS interface demonstrates a
diverse analyte-extrinsic semiconductor electon dynamics.
Most intriguing are (1) the competition between NO, and
strongly acidic TiO, nanostructures for the available elec-
trons on the n-type PS interface and (2) the remnant effects
which are observed subsequent to the depletion on and SnO,.
and Au, O treated PS interface. The observed initial behavior
of these surfaces is dictated in large part by the IHSAB**7
principle. This model combines the basic tenants of acid/
base chemistry (the ability of bases to donate electrons and
acids to extract electrons) and with the physics of extrinsic
semiconductors and their majority charge carriers to form
devices sensitive to the ppb level. The nanoporous coating of
microchannels’’ provides a unique phase match for the
subsequent fractional deposition of select nanostructure
islands that decorate the microchannel. The materials
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selected in this study for the nanostructured islands to force
a dominantly directed electron transduction (vs. chemisorb-
tion) at the decorated extrinsic semiconductor interface,
insuring that the IHSAB principle dominates. The ITHSAB
principle and the intriguing electron dynamics which accom-
panies its application should be the subject of future study.
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Example 2
Brief Introduction

A unique new approach to sensor design and construction
has been conceptualized and initially validated. Imple-
mented in basic science and technology, the Inverse Hard/
Soft Acid/Base (IHSAB) model links chemical selectivity to
the mechanism of sensor response for both doped semicon-
ductor and nanowire sensors. This IHSAB model provides a
simple-to-use prescription for design, which relates ratio-
nally and generally the physics and chemistry of specific
nanostructure interfaces. The model combines the basic
tenants of acid/base chemistry and semiconductor physics so
as to form a road map for the implementation of readily
constructed, cost effective, rapidly responding, deployable
devices, sensitive to the ppb level. The mechanism of
selectivity relies on the use of a nanopore coated micro-
channel array, which combines optimized analyte diffusion
with maximum interface interaction. The nanoporous coat-
ing of the microchannel provides a unique phase match for
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the subsequent fractional deposition of select nanostructure
islands that decorate the microchannel. The materials
selected for the nanostructured islands serve the role of
guiding antennas to force a dominantly physisorbtive (vs.
chemisorbtive) interaction at the decorated extrinsic semi-
conductor interface. The process can be reversed for micro-
reactor applications. The selection of these nanostructures
and the variable and controllable physisorbed (reversible)
interaction they introduce for sensor applications, is well
predicted by the IHSAB model. The IHSAB model the
coupling of analyte/interface acid-base interactions with the
properties of the majority carriers in an extrinsic semicon-
ductor. The approach is unique in that the nanostructures are
deposited fractionally to semiconductor micropores; this
fractional deposition DOES NOT require any time consum-
ing self-assembly within the pores and is far simpler to
implement than traditional thin film or alternate coating
techniques. The selection of the nanostructures that are
deposited to the nanopore covered microchannels and the
variable surface sensitivities that are produced, as they form
in-situ metal/metal oxide deposits, can now be predicted not
in a random fashion or based on limited previous observa-
tions, but in a clearly designed procedure based on estab-
lished molecular properties.

Introduction—the IHSAB Model for Porous Silicon Sensors
and Microreactors

Despite significant effort, much of the basic science and
technology that can provide a general means to link sensor
and micro-reactor design, in a framework applicable to
detect and transform gas phase analytes and analytes in
aqueous solution, has not yet been developed. In this chapter
we will outline a novel, rational, and general approach to
generate efficient interfaces which are being designed to
detect, sequester, and destroy harmful analytes. At the heart
of the conceptual approach is the combination of the basic
tenants of acid/base chemistry and semiconductor physics
This structured approach can be demonstrated to be rela-
tively simple to follow and implement, leading to the future
likelihood of cost effective, deployable devices sensitive to
the ppb level. This can provide systems operating in an
unsaturated mode over a wide temperature and pressure
range, complemented by pulsed mode operation, which
ensures low energy consumption and high analyte selectiv-
ity. The defining constraints offered by the combination of
acid/base and semiconductor theory can enable the selection
of device materials which target specific gas analytes. The
degree to which this combination allows the tailoring of
interfaces, through an understanding of their physics and
chemistry, offers the means to construct a framework for
analyte sensing and transformation. Further, the extension of
this concept for sensor and microreactor development, on
appropriate extrinsic semiconductor interfaces, might be
coupled with solar energy conversion to enhance the poten-
tial for combining conductometric sensor suites and active
photocatalysts, with application to the development of solar
pumped sensing.

The enhanced activity of nanoscale structures can have a
profound effect on the development and mediation of
MEMS/NEMS sensing/microreactor technology, providing
new inroads to create hybrid devices with greatly enhanced
sensitivity, electivity, and chemical transformation effi-
ciency. Within this framework, we consider a new approach
to the formation of optimal sensor interfaces and arrays and
transducing interfaces that can function across a broad
temperature and pressure range (Seals et al. 2002; Lewis et
al. 2005, 2007; Gole and Ozdemir 2010). The method of
sensor design shows the potential to replace traditional metal
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oxide sensor systems (usually SnO,-based), especially in
elevated temperature environments. Also inherent to this
approach is the developing general concept of nanostructure
directed physisorption (electron transduction) versus
chemisorption at a doped semiconductor interface. Coupling
the trends in the acid/base character of an analyte and an
extrinsic semiconductor interface with the inherent nature of
majority charge carriers in p and n-type semiconductors
affords the potential to design a sensitive and controllable
means of transferring electrons to build distinct sensor
matrix arrays or modify in a controlled manner chemical
transformations at an interface. In complement, the modifi-
cation of this approach to sensor design to produce strong
chemical interactions and dominant chemisorptions, has
potential broader implications for microreactor technology
including the sequestering and destruction of contaminants.
The coupling of acid/base and semiconductor technology
facilitates analyte-semiconductor interactions. This pro-
motes enhanced sensor and microreactor capability and an
enhanced combined microstructure-directed nanostructure
conversion capability via the action of modifying nanostruc-
tures as they are introduced to a nanopore covered micropo-
rous semiconductor interface (Gole and Ozdemir 2010; Gole
et al. 2011).

The Inverse Hard/Soft Acid/Base (IHSAB) principle/
approach, as it correlates with a basis in physisorption
(electron transduction), complements the HSAB principle
for hard/soft acid/base interactions first put forth by Pearson
(1963, 1990, 1997, 2005) and later correlated with density
functional theory (DFT) (Parr et al. 1978; Yang et al. 1984;
Yang and Parr 1985; Parr and Yang 1989; Geerlings et al.
2003) and Chemical Reaction Theory by Parr and Pearson
(1983), Cohen and Wasserman (2007), and others (Zhan et
al. 2003). The basis for correlation follows the principle that
soft-soft acid/base interactions produce significant covalent
bonding and hard-hard combinations produce significant
ionic bonding. The HSAB principle states that hard acids
prefer to coordinate to hard bases and soft acids prefer to
coordinate to soft bases. In contrast, the driving principle to
promote physisorption (electron transduction) represents the
inverse of that necessary to form strong chemical bonds
(Gole et al. 2011; Gole and Ozdemir 2010). This principle is
manifest through the interactions of metal oxide nanostruc-
tures as they influence the nature of the majority carriers in
a p- or n-type semiconductor. Nanoporous silicon layers
positioned on porous silicon (PS) micropores facilitate the
deposition of nanostructured metal/metal oxides which pro-
vide distinctly higher variable sensitivities and selectivity
for a given extrinsic semiconductor interface. It is necessary
that one treat the PS surface with fractional depositions,
much less than a monolayer to insure that the nanostructures
do not begin to cross talk and, in so doing diminish signal
to noise. This deposition can be made to produce a dominant
physisorptive (sensors) or chemisorptive (micro-reactors)
character at the semiconductor interface as the deposited
nanostructures act to focus the nature of the surface inter-
action. However, the nature of the extrinsic semiconductor,
the manner in which its donor and/or acceptor levels can be
manipulated, and its transformation to intrinsic character
also represent important variables.

The dynamic natures of “n” and “p-type” silicon extrinsic
semiconductors must be evaluated and compared, focusing
on the controlled manipulation of these semiconductors as
they are modified with nanostructures and interact with
gaseous or aqueous analytes. The observed semiconductor
responses correlate well with the temperature dependence of
an extrinsic semiconductor as it is manipulated in the
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transformation to intrinsic character. This is intimately tied
to the population of donor or acceptor levels, and the
inherent mobilities of electrons. When considering the inher-
ent mobilities of electrons and holes, it is not surprising that
the response of modified n-type semiconductors is found to
exceed that of comparable p-type systems. The IHSAB
concept can be extended to address the properties of several
additional semiconductor interfaces including nanowires.
The results obtained not only pertain to sensor and micro-
reactor array design but also suggest the importance of the
dynamic changes created as the majority charge carrier
concentrations of the interacting extrinsic semiconductors
are manipulated and their Fermi energies are modified
through chemical and light interaction.

The Interface on Extrinsic Semiconductors

The widespread use of interfaces for chemical sensors and
reactive transduction, including that introduced by catalysis,
is a function of stability, speed, ease of manufacture, ease of
calibration, and ease of use. Recently Korotchenkov and
Chou (2010) have discussed these requirements and the
advantages of porous silicon (PS). It is a crystalline material
of large interfacial surface area, which is microelectronics
(CMOS) compatible and can be simply fabricated with
inexpensive equipment. However, with this simple mode of
fabrication, it has been necessary to overcome problems of
stability and reproducibility by applying several new fabri-
cation and testing methods (Kottke et al. 2009; Ozdemir and
Gole 2010a; Korotcenkov and Cho 2010). When this is
done, it is possible to generate devices with continued
improvements in sensitivity, which can operate for several
months and be readily rejuvenated.

Porous silicon (PS) nano/microporous interfaces, illus-
trated in FIGS. 2.1 and 2.2, are produced by a simple hybrid
etch procedure described in detail elsewhere (Levy-Clement
et al. 1994; Foell et al. 2002; Ozdemir and Gole 2008a)
creating the desired interfacial support structure. The format
for design and fabrication is applicable to virtually any
extrinsic semiconductor into which a nanopore coated
microporous framework can be generated.

The silicon structure or layers and the porous silicon (PS)
structures, devices, and methods, can be replaced with any
alternate extrinsic semiconductor (e.g., GaP, InP, CdTe) onto
which a porous microstructure can be generated. Further, the
configuration in FIG. 2.1 can be adapted to form a pass-
through microporous membrane (Campbell et al. 2008; Gole
et al. 2009). This greatly broadens the range of nanostruc-
ture-interface combinations that can be potentially
exploited, as the alternate extrinsic semiconductors can be a
p-type, a p*-type, a n-type, or a n*-type substrate.

A nanoporous (shown in green) coated micropore array
(FIG. 2.1) with micropores ideally 1-1.5 microns in diam-
eter. The arrays from p, n, p*, and n* extrinsic semiconductor
substrates are fabricated using a variety of anodization
techniques discussed in detail elsewhere (Levy-Clement et
al. 1994; Foell et al. 2002; Ozdemir and Gole 2008a). Before
anodization, a silicon wafer is cleaned in HF (49%) and a
SiC layer 1000 angstroms in thickness is coated onto the
polished surface of the silicon wafer by Plasma Enhanced
Chemical Vapor Deposition (PECVD). SiC is used since this
layer is highly durable in HF-based solutions (Nassiopoulos
1997). 2 mmx5 mm windows were opened in the SiC layer
by Reactive lon Etching (RIE). After the anodization pro-
cess, a gold layer (3500-5000° A) is coated onto the sensor
by an e-beam evaporation method. These processes create
the overall sensor depicted in FIG. 2.3. The conductometric
PS gas sensors typically operate in the 1-5 V range, but it is
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possible to use the sensors with a 100 mV or smaller bias
voltage (Seals et al. 2002; Lewis et al. 2005).

The nanoporous coating process (FIG. 2.1) provides a
phase matching for the subsequent deposition of selected
nanostructured islands (FIG. 2.1, FIG. 2.2). These surface-
attached nanoparticles possess unique size dependent and
electronic structural properties that form a basis for extrinsic
silicon, measured by circuitry (ex: microprobes as in FIGS.
2.3 and 2.4) attached to the electrodes shown in FIGS. 2.1
and 2.3 as gold contacts (Ozdemir and Gole 2010a). The
nanopore covered microporous structure of the interface has
been created specifically to facilitate highly efficient gaseous
diffusion (Fickian) to the highly active nanostructure (FIG.
2.1) modified nanoporous (FIG. 2.1) coating (Ozdemir and
Gole 2010b). While the room temperature operation of this
interface serves many applications, the appropriate installa-
tion on heat sinks can allow operation at several hundred
degrees C. This provides a key element whereby the devel-
oped interface can operate under conditions which are not
amenable to typical metal oxide systems. Further, when
coated with nanoparticle photo-catalysts, the interface can
operate as a nanostructure-modified microreactor for effi-
cient chemical transformations.

The approach to interface development in PS sensors also
follows a basic concept that is elucidated in a distinct
systematics of design. The selection of the nanostructures
and the variable surface sensitivities that are produced as
they form in-situ metal oxide deposits are predictable (Gole
etal. 2011; Gole and Ozdemir 2010). The chemical concepts
of acids and bases are coupled with the extrinsic properties
of a semiconductor support structure to provide an ordered
approach to the generation of an activity matrix for a given
analyte gas. The nanopore coated micropores can be treated
with a wide array of selective nanostructures (metals, metal
oxides, or catalysts-FIG. 2.1) deposited into the microporous
channels. This process can be made to create a selective
environment for either the physisorption (electron transduc-
tion) or the chemisorption of an analyte by correctly corre-
lating the acidic or basic character of the nanostructure
modified interface with the acid/base characteristics of the
analyte of interest. Further, the degree of physisorption
(electron transduction) vs. chemisorption can be varied to
create a matrix (array) of responses for a sensor (physisorp-
tion (electron transduction) dominated) or a variable degree
of chemical activity to produce chemical transformation
(chemisorption dominated). Acidic analytes act to withdraw
electrons from the nanostructure modified semiconductor
interface whereas basic analytes act to donate electrons. As
the nanostructure islands are chosen to force degrees of
physisorption (electron transduction) they also act as anten-
nas, to increase the sensor sensitivity. The nano-size of these
deposits provides for high sensitivities that vary as a func-
tion of nanostructure, creating the framework for selectivity.
In the physisorption (electron transduction) dominated
mode, amenable to the formation of a reversible sensor
response, the transfer to or removal of an electron from the
semiconductor surface produces an interaction with the
majority charge carriers of the semiconductor which greatly
increases or decreases the resistance of a nanostructure
modified PS interface (Gole et al. 2011; Gole and Ozdemir
2010). The response will depend both on whether the analyte
is an acid or a base and whether the semiconductor is
“p-type” or “n-type.

The ITHSAB Concept as the Basis for Nanostructure-Di-
rected Physisorption (Electron Transduction) at Sensor
Interfaces
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The concept of chemical hardness/softness first developed
by Pearson (Gole et al. 2011) is based on the nature of metal
ion complexation in aqueous solution and is a generalization
of the Lewis acid/base concept. The HSAB concept, as it is
correlated with chemical reactivity theory (CRT), was given
a deep foundation in terms of density function theory by Parr
and coworkers (Parr et al. 1978; Yang et al. 1984; Yang and
Parr 1985; Parr and Yang 1989; Geerlings et al. 2003),
following an initial correlation with molecular properties
established by Pearson (1963, 1988, 1990, 1997, 2005).
More recently, conflicts underlying the correlation of the
DFT and CRT theories have been largely resolved by Cohen
and Wasserman (2007) to obtain a further refinement of the
concepts of electronegativity and hardness.

The properties of acids and bases can be described as hard
and soft based upon the correlation of several atomic/
molecular properties which include the ionization potential,
1, the electron affinity, A, and the chemical potential, u, in
connection with the HOMO-LUMO gap concept from
molecular orbital (MO) theory as the Kohn-Sham orbitals
replace the MOs (Parr and Yang 1989; Geerlings et al. 2003;
Yang et al. 1984; Parr et al. 1978; Yang and Parr 1985).

Examples in terms of the groups of hard, borderline, and
soft acids and bases are given in Table 2/1 (Pearson 1988).
For a soft acid, the acceptor atom is of low positive charge,
large size, and has easily polarizable outer electrons. The
acceptor atom of a hard acid is of small size and not easily
polarized. In a soft base, in precise contrast to a hard base,
the donor atom is of low electronegativity, easily oxidized
and highly polarizable with low-lying empty molecular
orbitals. The HSAB principle was initially based on empiri-
cal observations. However, as it groups acids and bases, the
HSAB basis has been developed in terms of DFT. The basis
follows the principle that soft-soft combinations depend
mainly on covalent bonding and hard-hard combinations
depend mainly on ionic bonding. Further the HSAB prin-
ciple states that hard acids prefer to coordinate to hard basis
whereas soft acids prefer to coordinate to soft bases (Gole et
al. 2011).

Within the HSAB-DFT framework, the electronic chemi-
cal potential (Pearson 1963, 1990, 1997, 2005; Parr and
Yang 1989; Geerlings et al. 2003; Yang et al. 1984; Parr et
al. 1978; Yang and Parr 1985; Zhan et al. 2003) given by
Equation (3.1),

-

Ve

is a global quantity. Here E(N) is the ground state energy of
a system of N electrons in the electrostatic potential energy,
v, due to its nuclei (fixed) and E is a functional (Eq. (3.1))
of the electron density, p. The three point finite difference
approximation for JE(N)/GN gives p=~(I1+A)/2 with I the
ionization potential and A the electronegativity so that p is
the negative of the Mulliken electronegativity y,, (Equation

@

3.2)

The absolute hardness of a species,  (Pearson 1963,
1988, 1990, 1997, 2005; Parr et al. 1978; Yang et al. 1984;
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Yang and Parr 1985; Parr and Yang 1989; Geerlings et al.
2003; Zhan et al. 2003), is defined by Eq. (3.3):

(3.3)

B En) du
n=( T ) :(W]vg ~(-A)

and the absolute softness (Yang and Parr 1985) is the inverse
of the hardness (Eq. (3.4)):

3.4
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The approximation in Eq. (3.3) arises from the use of the
finite difference formula.

Unlike the chemical potential, the hardness is not con-
strained to be constant everywhere throughout a system,
having local values for which 1 is simply a global average.
Parr and coworkers (Parr and Yang 1989; Geerlings et al.
2003; Yang et al. 1984; Parr et al. 1978; Yang and Parr 1985)
have defined a local hardness that corresponds to the change
in chemical potential with electron density in different parts
of a molecule, complex or simply a system. Cohen and
Wasserman (2007), in their formulation of CRT, define a
generalization to include a hardness matrix that incorporates
both the self-hardness of individual species and the mutual
hardness for pairs of species combining in a system. They
also provide a description of local softness as they demon-
strate how the reactivity of a species depends on its chemical
context. Within this context, as interacting constituents
separate, the hardness matrix becomes diagonal in the self-
hardness. It is possible to establish a more general descrip-
tion of electronegativity (Eq. 2) equalization. Cohen and
Wasserman’s (2007) generalization realizes that reactivity
indices are chemical-content dependent, not unique proper-
ties of an isolated system as an electron can move on and off
of a species, interacting with its chemical environment. The
electron need be associated with that species only part of the
time as, for example, when a Lewis acid/Lewis base inter-
action takes place. Of equal importance are the correlations
which define the connection between CRT and DFT theories
as they can be used to provide a description of those
molecular orbitals (MO’s) involved in the process of elec-
tron transfer from an acid to a base.

Within the context outlined, if two systems B and C are
brought together, electrons will flow from the system of
lower % (Eq. (3.2)) to that of higher y to equilibrate the
chemical potentials. If we consider that in solid-solid inter-
actions, the equilibration of the Fermi levels is the analog of
the chemical potential, it is not difficult to envision the
extrapolation of these concepts to the interaction of a
molecule with an interface.

Within the context of interacting molecular systems B and
C, as a first approximation to an acid-base interaction, the
fractional number of electrons transferred can be defined by
Gole et al. (2011)

Xc—-Xp
" 2nc +ns)

(3.5)

where the difference in electronegativity drives the electron
transfer and the sum of the hardness parameters acts as a
resistance. This expression, while approximate, is useful



US 9,557,285 B2

33

because it expresses the nature of the initial interaction
between B and C using properties of the isolated systems
providing the backdrop for the first order categorizations
given in Table 2/1. Whereas the absolute chemical potential
and hardness are molecular parameters, the flow of electrons
is from a specific occupied molecular orbital of B to a
specific empty orbital in C so that the overlap between the
exchanging orbitals will be critical in determining energy
change and the nature of chemical interaction.

The correlation of hardness and softness with molecular
orbital theory follows readily from the Frontier orbital
concept of chemical reactivity theory (Fukui et al. 1952).
Within the context of Koopman’s theorem, the frontier
orbital energies can be correlated with the expressions for
chemical potential (Egs. (3.1) and (3.2)), hardness (Eq.
(3.3)), and softness (Eq. (3.4)) as

-Cnomo=1-€rumo=4 (3.6)

where now the concept of hardness reduces to the statement:
hard molecules have a large HOMO-LUMO gap and soft
molecules have a small HOMO-LUMO gap (Pearson 1988).
This concept must be carefully applied. In formal DFT, the
location to which the electron transits corresponding to the
electron affinity is not the LUMO but actually the first
excited state. In practice, the application of the concept in
this manner usually applies, but it is not formally rigorous
(Dixon 2010). A further issue in MO theory is that for an
infinite basis set, if the EA is negative, the HOMO-LUMO
gap is equal to the IP. This means that the outlined concept
must be applied carefully to systems that do not have a
positive EA and bind an electron (Dixon 2010). The criteria
that hard acids prefer to coordinate to hard bases and soft
acids to soft bases is, in one sense, a HOMO-LUMO
matching criteria. Politzer (1987) has shown that the soft-
ness of atoms correlates with their polarizability whereas
Huheey (1978) has shown that softness is the ability to
accept charge. Within this framework, we promote a
HOMO-LUMO mismatch to induce physisorption (electron
transduction).

The foundation of the HSAB concept can be used in
complement to create a framework for chemisorptive inter-
actions and the formation of a micro-reactor interface. In
contrast, to create sensitive, rapidly responding, and revers-
ible PS gas sensors, processes that lead to strong ionic or
covalent bonding must be avoided. The following sections
of this monograph emphasize that a general approach to
conductometric chemical sensor development should follow
the inverse of the HSAB concept of acid-base chemical
interaction. The changes in response to nanoparticle modi-
fied PS interfaces outlined in the following discussion can be
correlated with this inverse (IHSAB) behavior.

The Extrinsic Semiconductor Framework

The position of the Fermi level varies with temperature
for n-type and p-type semiconductors as shown in FIG. 2.5
(Rudden and Wilson 1993). This temperature dependence
forms a basis for our considerations of electron transfer to
and from an extrinsic semiconductor the nature of the
interaction with majority carriers in that semiconductor, and
the corresponding influence that this transfer has on the
semiconductor conductance and transduction (Gole et al.
2011). For an n-type semiconductor, donor electron levels
lie just below the conduction band (FIG. 2.5a). At 0° K, the
Fermi level lies at an energy E, (=0.025 eV.)/2 below the
conduction band. Here E; corresponds to the donor level
ionization energy for an n-type system. At moderate tem-
peratures, the vast majority of donor level electrons have
been excited into the conduction band as eventually the

10

15

20

25

30

35

40

45

50

55

60

65

34

semiconductor almost reverts to that of an intrinsic material
at temperatures above 600 K. At this point, the Fermi level
has shifted to the energy E.~E, /2 where B, is the intrinsic
semiconductor bandgap energy. A similar situation holds for
ap-type semiconductor (FIG. 2.5(b)) as electrons are excited
to acceptor levels (holes are excited into the valence band)
at an energy E_~0.036 eV (Rudden and Wilson 1993) above
the valence band. At 0° K, the Fermi level lies at an energy
E_/2 above the valence band, however, FIG. 2.55 depicts the
corresponding shift of B, as it transcends with temperature
to the value E.~B,/2 for the corresponding intrinsic semi-
conductor.

A basic analyte can donate electrons to a “p-type” porous
silicon (PS) semiconductor surface and these electrons can
fill empty acceptor levels or combine with holes. This
reduces the number and the formation of majority charge
carriers, leading to an increased resistance. The process is
effectively reversed for an “n-type” semiconductor as the
majority charge carriers, electrons, increase within the donor
levels that are not populated at room temperature, and
therefore the conductance increases and the resistance
decreases. The opposite effect should be observed for an
acidic analyte as it withdraws electrons. From the tempera-
ture dependent behavior depicted in FIG. 2.5, it is apparent
that vacant donor level sites and valence band hole sites
increase with temperature. It is also apparent that the addi-
tion of electrons to an n-type system should contribute to and
eventually “top-out” the donor level population, whereas the
removal of electrons and increase in resistance is very much
analogous to the effect of temperature rise. In contrast, the
removal of electrons from a p-type system can potentially
maximize conductance (decrease resistance to a minimum
value), whereas an influx of electrons is very much analo-
gous to the effect of temperature rise. These effects, resulting
from analyte interface interactions, the preparation of the
interface, and the population of donor and/or acceptor levels,
have now been clearly observed for several of the sensor
systems we consider. Further, the Fermi level shifts that
accompany these dynamic interactions are significant. They
must also be considered if one is to correctly evaluate solar
pumping experiments.

If the extrinsic semiconductor interface is now modified
by introducing additional metal oxide “island” sites (FIG.
2.1) in fractional deposition, these nanostructures form a
superstructure on the semiconductor interface. These nano-
structures act as antennas to influence the transit of electrons
to and from the semiconductor interface on which they are
deposited and the available donor and acceptor levels.

In a p-type porous silicon (PS), semiconductor surface
electrons are being excited from a valence band either into
acceptor levels or the conduction band as holes. These
represent the majority charge carriers that are created in the
valence band. If an analyte donates electrons to a p-type
semiconductor, these electrons can combine with holes, thus
reducing the number of majority charge carriers, leading to
an increased resistance. To first order, the process should be
reversed for an n-type semiconductor as the majority charge
carriers, electrons, increase the population of the donor
levels. If an analyte donates electrons the conductance
increases, and the resistance, is expected to decrease. How-
ever, the process is more complex, in part, because the
majority charge carriers, now electrons, have higher mobili-
ties. The dynamics of these charge carriers can be influenced
by the fractional nanostructure coverage of the semiconduc-
tor interface. While the increase or decrease in resistance
(decrease or increase in conductance) associated with the
response to a given analyte is determined predominantly by
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the p or n-type character of the selectively nanostructure
modified semiconductor interface, the dynamics of conduc-
tion (Laminack et al. 2012) can be modified as a result of the
acid/base strength of the fractionally deposited nanostruc-
tures.

Following the framework of the IHSAB concept (Gole
and Ozdemir 2010; Gole et al. 2011), selected nanostruc-
tured islands (FIG. 2.1), are placed on the semiconductor to
act as antennas to promote physisorption (electron transduc-
tion). The HSAB principle manifest at surfaces (Parr and
Yang 1989; Geerlings et al. 2003; Gole and Ozdemir 2010;
Yang et al. 1984; Parr et al. 1978; Yang and Parr 1985
Pearson 1963, 1990, 1997, 2005; Gole et al. 2011), promotes
chemisorption. These two principles can be applied in
complement to the behavior of an extrinsic semiconductor to
provide a range of responses. Thus, a matrix of signatures
for a given analyte in a physisorption (electron transduction)
dominated sensor mode or, with appropriate modification, a
range of reactions in a microreactor configuration might be
developed.

Physisorption (Flectron Transduction) and the Response of
a Nanostructure Modified Sensor Platform

The introduction of nanostructures to the nanopore coated
microporous framework can selectively modify the resis-
tance response of the PS interface. The selection of the
nanostructures that are deposited to the nanopore covered
microchannels and the variable surface sensitivities that are
produced, as they form in-situ metal/metal oxide deposits,
can be predicted in a clearly designed implementation of the
outlined concepts above. These predictions are based on
established molecular properties, as the chemical concepts
of acids and bases are coupled with the extrinsic properties
of a semiconductor support structure. As the nanopore
coated micropores of a p- or n-type PS surface (hybrid PS)
are treated with a wide array of selective nanostructures
deposited into the microporous channels, they create a
selective environment for either the physisorption (electron
transduction) or the chemisorption of an analyte by correctly
correlating the acidic or basic character of the nanostructure
modified interface with the acid/base characteristics of the
analyte of interest. Physisorption (electron transduction) can
be made to dominate chemisorption by applying the IHSAB
principle and can be varied to create a matrix (array) of
sensing responses. Alternatively, the HSAB concept applied
to a semiconductor surface might be used to create a variable
degree of chemical activity (chemisorption dominated).

Basic analytes contribute electrons whereas acidic elec-
trolytes act to withdraw electrons from the nanostructure
modified semiconductor interface. When chosen to force
degrees of physisorption (electron transduction), the nano-
structured metal oxide islands also act as antennas to
increase the sensor sensitivity. In this physisorption (elec-
tron transduction) dominated mode, amenable to the forma-
tion of a reversible sensor response, the transfer to or
removal of an electron from the semiconductor surface
results in a modification of the semiconductor majority
charge carriers, which greatly increases or decreases the
resistance response of the modified PS interface. As we have
noted, this will depend both on whether the analyte is an acid
or a base and whether the semiconductor is p-type or n-type.

Lewis acids accept electrons and Lewis bases donate
electrons. They can be classified in a range from hard to soft
where these categorizations are a function of several prop-
erties including the electron affinity and ionization potential
(Gole, et al. 2011). Hard acids react with hard bases to form
strong ionic bonds and soft acids react with soft bases to
form strong covalent bonds (HSAB concept (Pearson 1963,
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1990, 1997, 2005; Parr and Yang 1989; Geerlings et al.
2003; Yang et al. 1984; Parr et al. 1978; Yang and Parr 1985;
Zhan et al. 2003; Cohen and Wasserman 2007; Parr and
Pearson 1983)) accompanied by a strong matchup of
molecular orbitals (MO’s). In a gas-surface interaction this
produces strong chemisorption. The IHSAB concept is
based on the reversible interaction of hard-acid surfaces with
analytes that represent soft bases or hard-base surfaces with
analytes that represent soft acids. It requires the combination
of'a modified semiconductor interface and analyte materials
which can be used to direct a strongly dominant electron
transduction (vs. chemisorption) interaction (avoiding the
formation of a strong bond which inhibits reversibility). For
example, as demonstrated in FIG. 2.6, the fractional in-situ
nanostructure deposition of SnO,, a strong acid, to a p-type
PS interface leads to a maximum impedance increase for the
weak base NO. In contrast, a weak acid, Au, O (x>>1),
nanostructure deposition leads to a maximum impedance
increase for the strong bases NH; and PH; (FIG. 2.7). The
corresponding impedance change for an acidic analyte on
the modified p-type PS interface decreases, exemplified for
the moderate acid NO, in FIG. 2.8. These impedance
changes are easily measured, show significant variation and
are reproducible. Importantly, the increase or decrease in
impedance is dictated predominantly by the nature of the
semiconductor interface, especially for p-type systems. The
data for the gas phase bases in Table 2/2 correspond to
comparisons of the positive resistance change produced as
SnO,, NiO, Cu, 0O, and Au, O (x>>1) fractional nanostructure
deposits are used to modify an untreated PS interface. FIG.
2/9 demonstrates that the nature of these deposits have been
verified by XPS spectroscopy. Here, the magnitude of the
response changes observed relative to an untreated PS
interface forms the basis for the materials positioning dia-
gram in FIG. 2/10.

To first order, the interactions are reversed for an “n-type”
semiconductor where the majority charge carriers, electrons,
can be made to increase upon “physisorbed” interaction with
a basic analyte (conductivity increases as resistance
decreases) and decrease upon interaction with an acidic
analyte. However, the increased mobility of donor level
electrons, in contrast to holes, is also manifest as is the effect
of the fractionally deposited nanostructured oxides. Table
2/3 compares and contrasts the details of analyte interaction
on primarily n-type PS for the strong base NH;, the ampho-
teric NO radical, and the moderate acid NO,. The n-type PS
interface is treated with fractional nanostructured deposi-
tions of nanostructured oxides including TiO,, SnO,, NiO,
Cu, O, and Au, O (Gole et al. 2011). The data in Table 2/3
should be compared with the results obtained for the frac-
tional deposition of nanostructures on a p-type PS interface
(Table 2/2). This comparison indicates that there are clear
and significant differences between the n- and p-type sys-
tems. However, at the same time, there is an underlying
complementary structure created by the nanostructure
deposits.

The concentration of SnO, and Au,O nanostructures
deposited to the PS interface to produce the enhanced
sensitivities relative to PS indicated in FIG. 2.6, is notably
less than the nanostructure deposition illustrated in FIG. 2.2.
It is necessary that the deposited nanostructures be sparsely
interspersed onto the micro/nanoporous framework to avoid
crosstalk. Table 2/2 as it summarizes the results for several
nanostructure modified p-type PS surfaces for the gases
NH;, PH;, and NO at one ppm level, indicates significant
differences for the ratios of resistance change given for the
various nanostructure deposited interfaces relative to an
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untreated PS structure. In addition, the data (FIG. 2.6)
obtained for CO, a weak base, demonstrates a significant
response increase upon exposure of this gas to an SnO, (hard
acid, Table 2/1) nanostructure coated surface whereas the
data obtained for H,S (Gole et al. 2004) (an intermediate
base, Table 2/1) indicates a significant increase in response
(1.5-2) for an Au, O nanostructured oxide (weak acid) depos-
ited interface. The SnO, deposited sensors, in particular,
allow the room temperature detection of CO at the sub-ppm
level notably below the sensitivity of other PS sensors
(Foucaran et al. 1997; Moseley 1997; Schechter et al. 1995).
This SnO, deposited sensor can be compared with PS-based
sensors whose resistances exceed hundreds of kQ operating
ona 2 V bias (Foucaran et al. 1997), SnO, sensors operating
at 300° C.-500° C. (Moseley 1997) and similar gas sensors
operating at 2-5 V (Schechter et al. 1995). The data obtained
for SO, (Table 2/2) demonstrate that this radical acts like a
moderate base in the absence of a hydrating environment.

The basic hybrid PS sensor micro/nanoporous surface has
been considerably improved through the refinement of etch
techniques. With this improvement, electroless gold treat-
ments of the improved PS interface have led to a substantial
increase in sensitivity (signal/noise) for ammonia (Ozdemir
and Gole 2008b) so that responses in the several hundred
ohm/ppm range are possible. This forms the basis for low
ppb concentration detection at sensitivity ratios relative to
untreated PS as indicated in Table 2/2. The relative sensi-
tivity ratios in Table 2/2 and 2/3 are maintained quite closely
over time and as detection sensitivity is improved. The
results obtained for phosphine, exemplified in FIG. 2.7 and
summarized in Table 2/2, are difficult to obtain as PHj; is
known to display an even greater degree of interaction with
a nanostructured surface and have a higher sticking coeffi-
cient than NH; (Lewis et al. 2005; Ozdemir and Gole
2010a). The tendency toward the equilibration of adsorption
and desorption, also manifest in ammonia, can produce a
gradual increase in the sensor baseline. Although we operate
the sensors in an unsaturated mode (Lewis et al. 2005;
Ozdemir and Gole 2010a), the sensor response and recovery
time scales are distinctly different. The observed drift can
also result from weak chemisorptions of PH; superimposed
on a dominant physisorption (electron transduction) (Oz-
demir and Gole 2010a). Purging the sensor surface with
ultrahigh purity (UHP) nitrogen for longer durations, fol-
lowing exposure to the 300 s PH; gas pulse (FIG. 2.7),
enhances the return to the initial baseline (Gole and Ozdemir
2010; Lewis et al. 2005; Ozdemir and Gole 2010a). This
return to baseline can be further improved by more tightly
constraining the gas flow path to the sensor surface from its
current design for operation at atmospheric pressure. In
addition, the application of FFT pulsing techniques, consid-
ered in a following section, can be used to average out the
effects of this baseline drift (Lewis et al. 2007).

FIGS. 2.6 and 2.7 and Table 2/2 suggest that the proper
combination of nanocoating techniques could be used to
produce combinations of array-based multiple sensor
devices of varying sensitivity to a variety of basic gases. The
matrix of array responses could be correlated to selectively
analyze gas mixtures. For example, a sensor array consisting
of an untreated SnO, nanostructure coated and gold clus-
tered oxide nanostructure coated sensor can be used to
sensitively test for the presence and relative concentrations
of ammonia and nitric oxide (current limits NO<500 ppb,
NH;<50 ppb). A nanostructured PS/SnO,/Au, O sensor com-
bination could provide the basis for developing a sensitive
room temperature detector that could be installed as a simple
sensor system for asthmatics (Lewis et al. 2005; Gole and
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Ozdemir 2010) where one requires the ability to simultane-
ously monitor the increase in NO, NH;, and NO,.

Table 2/3 has summarized data for several nanostructure
modified n-type PS interfaces. NO, represents a moderate
acid (Ervin et al. 1988) whereas NH; corresponds to a strong
base (Grant et al. 2009). We expect these analytes to induce
the opposite response from an n-type and p-type semicon-
ductor interface. NO, however, is an amphoteric free radical
(Travers et al. 1989) and, for this reason, its interactions are
far less straightforward. In FIG. 2.11, we summarize the
response changes for an untreated n-type PS interface to
NO,, NO, and NH;. Here, the surfaces are carefully purged
of hydroxyl and hydrocarbon contamination before they are
characterized. The positive resistance changes for NO, and
NO vary linearly and correspond to an exposure to 1, 2, 3,
4, 5 ppm (10 for NO,) of test gas. The recorded signal for
NO, on n-type PS is that of an acid which has a significant
electron affinity (Ervin et al. 1988) and withdraws electrons
from the PS interface. In contrast, as NO, withdraws elec-
trons from p-type PS (FIG. 2.8), we observe a decrease in
resistance. The recorded signal for NO on n-type PS corre-
sponds to 100 Ohms/ppm which considerably exceeds the 2
Ohm/ppm signal recorded for p-type PS (Ozdemir et al.
2011). For both n- and p-type PS, the observed change in
response corresponds to an increased resistance. Thus, with
n-type PS, the amphoteric NO radical acts like an acid
withdrawing electrons whereas with p-type PS, the NO
radical (Travers et al. 1989) acts like a weak base, contrib-
uting electrons but at a much lower rate. The response for the
moderately strong base, NH; (FIG. 2.11a) (Grant et al.
2009), corresponds to a significant drop in resistance. This
response, which corresponds to an increase in conductance
as NH; contributes electrons to the majority carriers (donor
level electrons) is linear to 4 ppm, begins to saturate at
pressures in excess of 5 ppm and is partially quenched at 10
ppm.

With the outlined data, it is possible to consider whether
the underlying IHSAB principle described above dictates the
response observed for several sensor, basic and acidic gas,
interactions. The principle can then be extended to the
detection of additional gases with the development of a
selective nanostructure deposition approach that facilitates
physisorption/electron transduction. By monitoring the
trends in hard and soft acid and base behavior, first order
selections can be made for the appropriate modification of
the PS hybrid interface with nanostructured metal/metal
oxide coatings to create a range of selectivities as is apparent
from Tables 2/2 and 2/3 for a number of gases (Ozdemir and
Gole 2008b, 2010a; Wang et al. 2011). The development of
selective nanostructured coatings that reversibly complex
with a gas can be based in an IHSAB concept which relies,
counter to that of Pearson et al. (Pearson 1963, 1990, 1997,
2005; Parr and Pearson 1983) on the combination of hard
Lewis acids with soft Lewis bases or soft Lewis acids with
hard Lewis bases (counter to that of Pearson et al. (Parr and
Pearson 1983; Pearson 1963, 1990, 1997, 2005). To estab-
lish this combination, we follow the trends established for
the classification of the hard and soft nature of acids and
bases (Pearson 1963, 1990, 1997, 2005; Parr and Yang 1989;
Geerlings et al. 2003; Yang et al. 1984; Parr et al. 1978; Yang
and Parr 1985; Zhan et al. 2003; Cohen and Wasserman
2007; Parr and Pearson 1983).

A first order comparison of the response data in Table 2/2
with the exemplary list of hard, borderline and soft acids and
bases in Table 2/1 clearly demonstrates that hard bases such
as ammonia (and ~ phosphine) respond most strongly (resis-
tance change) when exposed to a nanostructured Au O
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surface corresponding to the soft acid (Au®*'). The data
outlined in Table 2/2 corresponds to a rise in resistance
(decrease in conductance) as NH; contributes electrons to a
p-type PS interface, canceling the majority carriers which
are holes. This is most easily done for Au,O. In contrast, as
NH; contributes electrons to an n-type PS interface, we
observe a decrease in resistance (increase in conductance) as
NHj; contributes to the majority carriers which are electrons.
However, if we compare the data for NH; in Tables 2/2 and
2/3, we see that they follow a very similar trend. This trend
correlates with the mismatch of analyte and nanostructure
modified PS interface MO’s and the mismatch in hard and
soft acid/base character. In contrast to the strong bases NH;
and PH;, the soft bases CO and NO display a maximum
response (change in resistance) upon interaction with the
borderline to hard acid SnO, (Sn*>**). Note also the mini-
mum response of the untreated PS surface to CO and the
subsequent decrease for the Au O nanostructure treated
surface displayed in FIG. 2.6. These properties have not
changed over an extended period as we observe no clearly
measureable response with an untreated and gold nanostruc-
ture treated PS surface. For CO, the decrease in an already
small, almost negligible, resistance response versus hybrid
PS is consistent with the expected effect of chemisorption
for the interaction of a weak acid with a weak base to create
a covalent chemical bond that does not facilitate electron
transfer.

The responses outlined in Table 2/2, in concert with FIGS.
4 and 5 and Table 2/1, can be correlated further as one
generates the materials positioning depicted in FIG. 2.10.
This positioning diagram is generated based on the relative
responses to the analytes studied as they are exposed to
several nanostructured deposits. The results obtained remain
constant over an extended period. We position the five bases
NH,;, PH;, H,S, NO, and CO relative to the porous silicon
(Si*'  **)(Wang et al. 2011) and the PS modified acidic
interfaces generated with a nanostructured TiO,(Ti**), SnO,
(Sn*™>*h), ALO, (AI™), NiO (Ni*?), Cu,O (Cu™*?), and
Au, O (Au®*") deposit. The rationale for the positioning of
H,S in FIG. 2.3 is the correlation of the relative responses
for one ppm H,5 with an Au, O deposited surface compared
to an untreated PS surface (Ozdemir and Gole 2010b) and to
the data for NH;, PH;, and NO in Table 2/2. Based on
ionization potential as well as proton affinity data, H,S lies
close to the soft acid side of PH;. The basis for the
positioning of CO is its virtually non-existent response to
Au, O and its substantial response to SnO, summarized in
FIG. 2.6. Data for Al,O; deposits has been generated only
for phosphine for which the response is found to be virtually
identical to the hybrid PS interface. Thus, the acid strength
of the alumina modified PS surface as well as the untreated
PS surface and the base strength of PH; are closely aligned.

There are several additional factors contributing to the
construction of FIG. 2.10. A larger resistance change asso-
ciated with SnO, suggests that ammonia lies closer to porous
silicon than to the extremely strong Sn** acid site. The
inherently hard basic character of ammonia is also consistent
with the strong resistance change observed for its interaction
with the Au O nanostructure deposited surface (Table 2/2).
The behavior of ammonia is also strongly mimicked by
phosphine, which displays an expected strong increased
resistance change relative to the p-type PS surface associ-
ated with the Cu, O and Au, O nanostructure modified inter-
faces. The results obtained with ammonia for an n-type PS
interface (Table 2/3) are quite similar. We observe a decrease
in the magnitude of the resistance response increase relative
to the untreated PS surface as a result of a (Ni*?) oxide
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nanostructure deposition. This suggests that the (Ni*?)
treated surface lies to the soft acid side of the untreated
hybrid PS interface. The remaining interactions with NO and
NH, suggest a (Ni*?) acid strength in closer proximity to
untreated PS. This defines the broader relative response for
the Ni*? and hybrid PS regions indicated in FIG. 2.10. As we
have noted for phosphine, the responses to the hybrid PS
structure and an Al,O; nanostructure treated p-type PS
surface appear virtually identical. Therefore, we anticipate
that phosphine lies equally close to Al,O; and PS with NH;,
a stronger base, on the hard base side of PH;. This also
suggests that the acid character of Sn** considerably exceeds
that of AI*>. For PH,, more recent results obtained working
with surfaces treated with TiO, nanostructures prepared
using sol-gel methods (Gole et al. 2004) show a significant
increase in resistance, 4 to 5 times that of untreated PS, for
p-type surfaces. Similarly, NH; shows a 3.5 to 4 fold
increase in resistance compared to the untreated hybrid PS
interface response to NH;. These responses, thought to be
dominated by the action of Ti**, suggest the response of a
harder acid than Sn** with the moderately strong bases, NH,
and PH;. As we will demonstrate, the extremely hard acid
strength of TiO, can play a very significant role (Gole et al.
2011).

The NO radical has a considerably different molecular
orbital makeup and electron shell structure than ammonia or
phosphine and represents a weak base. The open shell nature
of NO would suggest a very different interaction with hybrid
PS and nanostructure treated PS surfaces. In addition, NO is
in fact amphoteric as it can bind an electron, if only weakly,
which NH; and PH; cannot. The behaviour of NO with p and
n-type nanostructure treated PS is quite distinct. For the
p-type PS interface (Table 2/2), the soft base-hard acid
interaction of NO with a SnO, nanostructured coating leads
to a substantial resistance change relative top-type PS. This
is the signature of the reversible interaction of a strongly
acidic surface with a weak base. Further, the response to
gold, copper, and nickel treated surfaces, while considerably
muted relative to the tin treated surface, suggests that NO
should be positioned directly below the copper (Cu*'*?)
systems and intermediate to gold (Au®*") and nickel (Ni*?).
The interaction of NO with Ni*? suggests a greater separa-
tion from nickel than from gold. While PS and Ni*? may lie
in a similar intermediate region, the larger resistance change
observed for NO with a Ni*? surface suggests that the (Ni*?)
modified PS surface lies to the hard acid side of PS, acting
as a harder acid deposited to the PS surface. This again
suggests a broader range for the relative response of the Ni*>
and PS regions as indicated in FIG. 2.10. The results
obtained for n-type PS appear to offer a very different
picture. However, to understand the data in Table 3, the
amphoteric character of NO and the hard acid character of
both SnO, and TiO, must be considered. FIG. 2.11 demon-
strates the response of an untreated PS interface to NO, the
changes corresponding to a decrease in the semiconductor
conductance as NO extracts electrons. However, because
NO is amphoteric, the strong acidic character of TiO, and to
a lesser degree SnO, overcomes the ability of NO to extract
electrons. Instead electrons are extracted from NO and
transferred to the n-type PS interface to increase the con-
ductance. This is vividly demonstrated in FIG. 2.12.

FIG. 2.12 compares the response for a prepared n-type PS
interface with that for the same PS interface treated with
TiO,, SnO,, NiO, Cu,0, and Au,O nanostructures. In all
cases relative measurements for the treated and untreated PS
samples exposed to NO at 1, 2, 3, 4, 5, and 10 ppm are
considered. The stark changes observed for the TiO, and
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SnO, nanostructure treated PS interfaces (FIGS. 2.125 and
2.12¢) are apparent as the conductance of these systems is
reversed relative to the untreated device described below
and in FIG. 2.11. The observed responses for the untreated
samples are virtually linear to 5 ppm although a slight delay
in the gas system flow to the sensor and its response is
evident below 2 ppm. The observed response again does not
double from 5 to 10 ppm, indicating the onset of saturation
manifest as a decrease in the rate of conductance increase at
the highest NO concentrations.

The variations in response observed for the nanostructure
treated PS interfaces, while reflecting the donor level popu-
lation, demonstrate the important role played by the depos-
ited nanostructures and the nature of acid/base interaction
they direct. The observed trends also correlate well with the
relative responses observed as NO interacts with p-type PS
(Table 2/2). The acid strength of the nanostructures depos-
ited to the n-type PS interface decreases from the strongest
acid TiO, to the weakest acid Au O in the order
Ti0,>SnO >NiO>Cu, 0>Au, 0. FIGS. 2.12¢-2.12/ demon-
strate that the deposition of both Au O and Cu, O nanostruc-
tures increases the response of the PS interface (Table 2/3)
and that the increase is greater for the weaker acid Au, O. As
observed for the nanostructure modified p-type interface, the
data suggest that the acid/base strengths of NO and Cu, O are
comparable. Here, Au O and Cu,O act to enhance the
electron withdrawing power of the NO radical, which sug-
gests that they represent weaker acids on the n-type PS
interface. The effect of the enhanced rate of transfer is
apparent (FIGS. 2.12(e) and (f)) and evidenced by a decrease
in the rate of conductance increase with concentration and a
decrease in response with time at the highest concentrations.

NiO displays an intriguing intermediate acid behavior.
FIG. 2.12d demonstrates that at the lowest NO concentra-
tions the response of the n-type PS interface is enhanced as
the ratio of the responses (2 ppm/1 ppm) increases signifi-
cantly relative to that for the untreated n-type PS. However,
at an NO concentration of 3 ppm, the dynamic response at
first increases to a maximum, subsequently decreases, oscil-
lates and again increases. This dynamic behavior is even
more pronounced at 4, 5, and 10 ppm. As the NO concen-
tration increases, the transfer of electrons to NO increases to
a maximum. However, this transfer reaches a limit when the
decorated n-type PS interface is sufficiently depleted that it
acts as a stronger acid than the amphoteric NO radical. At
this point electrons are extracted from NO (acting as a base)
accompanied by a decrease in the measured dynamic resis-
tance (increase in conductance) as the semiconductor donor
levels are repopulated. Thus, at the lowest concentrations the
NiO nanostructure deposited interface mimics the dynamic
behavior of the weak acids Cu, O and Au,O and at higher
concentrations it is transmuted to a surface similar to that
treated with the stronger nanostructured acids TiO, and
SnO,. As a function of concentration, NO acts as both an
acid and a base. However, the intermediate behavior
observed for NiO also appears to correlate with the results
obtained for p-type systems as exemplified in FIG. 2.10.
Here again, NO as an analyte interacting with the p-type PS
interface was placed as a weak base (Seals et al. 2002) in a
region close to the region between Cu*? and Ni*?. This is, in
effect, the fulcrum region for the Acid/Base Diagram 10,
which is also observed for the n-type PS interface.

The Underlying IHSAB Principle

The underlying IHSAB principle, which we describe
briefly above dictates the physisorption (electron transduc-
tion) directed response observed for a number of basic,
acidic, and amphoteric analytes as they interact with nano-
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structure deposited p and n-type PS extrinsic semiconductor
interfaces. A first order comparison of the response data in
Tables 2/2 and 2/3 with the exemplary list of hard, borderline
and soft acids and bases in Table 2/1 demonstrates that hard
bases such as NH; respond most strongly when exposed to
an Au, O nanostructure treated PS surface. Within the frame-
work of the IHSAB principle, this is not surprising since
Au O is a soft acid (Au®*'). The results which we obtain for
the amphoteric NO radical demonstrate the importance of
the relative acidity (Table 2/1) of nanostructured metal oxide
deposits, which is more strongly manifest on an n-type as
opposed to a p-type PS interface. Their ability to direct
electron flow dictates whether NO acts as either a weak acid
or weak base. The responses outlined in Table 2/3, FIG. 2.11
and FIG. 2.12 for an n-type PS interface can be correlated to
demonstrate consistency with the materials positioning dia-
gram of FIG. 2.10. Because of the significant catalogue of
information on metal oxides, this principle can be extended
to the detection of additional gases with the development of
a selective nanostructure deposition approach which facili-
tates reversible physisorption (electron transduction). By
monitoring the trends in hard and soft acid and base behav-
ior, first order selections can be made for the modification of
the PS hybrid interface (or any extrinsic semiconductor
interface into which a microporous structure can be formed)
with nanostructured metal oxide deposits to create a range of
selectivities for a number of gases.

The data in Tables 2/2 and 2/3 to correlate the materials
positioning indicated in FIG. 2.10, within especially similar
molecular analogs, with a focus to sensor array develop-
ment. FIG. 2.10 is constructed within the framework of the
acid and base character outlined in Table 2/1 considering, to
first order, the hard acid strength which we associate with a
Ti** (TiO,) or Sn** (SnO,) configuration, the soft acid
strength to be associated with an Au®*! (Au O) configura-
tion, and the intermediate (borderline) acid strength we
associate with the porous silicon hybrid surface. Here, the
silicon oxidation state (Si,0,) is considered to vary from +1
to +4 (Wang et al. 2011). Superimposed relative to this
structure, we insert the results outlined in Table 2/2 for the
intermediate acid Ni*?, the soft and intermediate acids
Cu*'*2 and the comparatively strong acid state with which
we associate Al*> (Al,0,) to begin to formulate a user’s
table for the IHSAB principle.

The introduction of the nanostructured metal oxides to the
nanoporous PS surface modifies the sensing process by
transforming the surface of the chemically sensitive doped
PS nanoporous layer. The sensor resistance increases for
“basic” gases which are oxidized (NO, CO, NH;, PH;, H,S)
on p-type PS. This process is amplified through the inter-
action of a modified acidic metal oxide surface. If an
electron is donated to a p-type PS surface, this process will
act to reduce the number of majority carriers (holes) and thus
will promote an increase in resistance. In contrast, the
interaction of a gas that is reduced on p-type silicon,
exemplified by the acidic gas NO,, removes electrons from
the p-type PS surface, increases the majority charge carriers
and decreases resistance (FIG. 2.8) (Gole et al. 2011; Lami-
nack et al. 2012; Ozdemir et al. 2011). In effect, the
nanostructures act as antennas to transduce charge. The
process is reversed for n-type interfaces.

The process of physisorption (electron transduction) must
involve the interaction of high-lying occupied (low lying
unoccupied) molecular orbitals of each individual gas.
These gases are the electron donors (acceptors) with the
electron acceptor (donor), represented by the acidic (basic)
metal oxides used to modify the p or n-type PS interface.
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This process will differ from gas to gas with changes in the
nanostructured deposit. However, the nature of the interac-
tion, as it provides for increased physisorption (electron
transduction) and minimizes chemical bond formation
(chemisorption), therefore influencing the flow of electrons
from a gaseous molecule to the sensor, provides the basis for
the observed resistance changes. The presence of a fractional
nanostructured oxide coating on the PS surface promotes
further interaction with the interface. The process whereby
a gas transfers or withdraws electrons as it interacts with that
surface will be strongly influenced by the balance of chemi-
cal bonding, which greatly inhibits electron flow, and physi-
cal absorption, which can facilitate the process.

Given the limits of the system considered, we note the
considerable increase in sensitivity inherent to the n-type vs.
that observed for the p-type systems. The n-type systems,
while displaying quenching at concentrations in excess of 5
ppm, are apparently capable of operation at much lower
concentrations than the p-type systems, possibly extending
to the low ppb or ppt levels. Concomitantly, the p-type
systems appear to provide a linear response to notably
higher pressures than do the n-type systems (Gole et al.
2011; Lewis et al. 2007; Lewis et al. 2005). As the pore
structure for these systems can be further optimized, the
sensitivity ranges can be expanded.

The precise details of the mechanism for the resistance
change which appears to be characteristic of virtually all
oxidized (increased resistance) and reduced (decrease in
resistance), gases on the individually modified hybrid p-type
PS interfaces and their counterparts in an n-type system will
require further experimentation and modeling. If we, how-
ever, consider an appropriate sensor mechanism for inter-
action with oxide surface subgroups, the fractional nano-
structure coating of either a p-type or an n-type sensor is
consistent with the changes in resistance that we outline
above. Basic analytes will provide an electron to the PS
interface whereas acidic analytes will remove an electron,
leading to a decrease or increase in the number of majority
carriers. This, of course, will affect the observed conduc-
tance.

The temperature dependence shown in FIG. 2.5 for both
p- and n-type semiconductors indicates that one can expect
vacant donor levels for an n-type system and available holes
for a p-type system at room temperature (Korotcenkov and
Cho 2010). If an analyte acts to add electrons to the vacant
donor electron levels of an n-type extrinsic semiconductor,
it can be anticipated that the population of these levels will
“top-out” and the resistance will reach a limiting lower
value. This limit in resistance is likely demonstrated when
NO, acting as a base is exposed to the TiO, decorated (FIG.
2.12b) n-type PS interface. An analogous decrease to a
minimum resistance is observed for the p-type PS system.
Where NO, extracts electrons and enhances conductance.
FIG. 2.8 demonstrates the bottoming-out of the resistance
associated with the removal of electrons as would be
expected from FIG. 2.5. The outlined results obtained with
NO, allow us to position this acid in FIG. 2.10.

The outlined correlations associated with FIG. 2.3 point to
an additional aspect of the dynamic nature of these systems.
The Fermi level is dynamic and the change in the Fermi
level energy must be evaluated as we consider processes
initiated with extrinsic semiconductor interfaces. This will
have significant consequences as one attempts to employ
these prepared interfaces in transduction processes which
include any type of dynamic electron transfer and, for that
matter, solar pumping involving these systems. While many
approaches focus on the bandgap when considering inter-
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actions associated with an extrinsic semiconductor, this
focus lacks appropriate dynamic considerations. The effect
of process on energy increments in a dynamic system and
especially on the Fermi level should be strongly considered.
Application to Nanowire Configurations

The considerations we have outlined within the THSAB
framework can also be applied to semiconductor nanowire
configurations. Li et al. (2010) have recently reported
enhanced gas sensing for H,S by assembling Pd nanopar-
ticles on SnO, nanowires (FIG. 2.13). These observations
are readily explained within the IHSAB model. The inter-
action of H,S, a moderate base, gives up electrons to the
n-type SnO, nanowire. This process, which increases the
majority carrier concentration and the conductance, is made
more efficient due to the presence of the weak acid Pd
nanoparticle islands. Here, the weak acid (Pd-Table 2/1)
interacts with the moderately strong base, H,S, promoting
physisorption (electron transduction) and a more efficient
electron transfer.

Kim et al. (2010) have studied gas sensing for O, on
In,0; nanowires enhanced with Pt nanoparticle depositions.
These authors transformed continuous Pt shell layers into
cubic Pt nanoparticles deposited to In,O, (FIG. 2.14). “In an
O, sensing test, the Pt-functionalized In,O; nanowires
revealed exceptionally higher sensitivity and faster response
than did the bare In,O; nanowires. Here again the IHSAB
model explains the experimental observations. The interac-
tion of O,, a moderate base with p-type In,O, leads to a
decrease in conductance. A resultant increase in sensor
resistance is again promoted by the weak acid Pt which
promotes a “physisorbed” interaction with O,.

Recently, Kolmakov et al. (2005) studied the response of
a Pd-functionalized SnO, nanostructure to sequential hydro-
gen and oxygen pulses at 473 and 543 K (FIG. 2.15). Here,
a strong increase in resistance is noted at both temperatures
upon hydrogen introduction. No response is observed for
oxygen at 473K but a drop in resistance is monitored at
543K. These results can be readily explained within the
IHSAB model. The strong acid hydrogen interacts with
n-type SnO,, removing majority carriers and leading to an
increase in resistance. At the higher temperatures, the for-
mation of O,”, a moderate to strong base, on the SnO,
surface provides additional electrons to increase conduc-
tance, again enhanced by the presence of the weak acid Pd
nanostructured islands.

Application to Additional Semiconductors

Finally we should note that the silicon or layers and the
porous silicon (PS) structures, devices, and methods,
described in the following discussion can be replaced with
any alternate extrinsic semiconductor (e.g., GaP, InP, CdTe)
onto which a porous microstructure can be generated (Levy-
Clement et al. 1994). Further, the configuration in FIG. 2.1
can be adapted to a pass-through microporous membrane.
This greatly broadens the range of nanostructure-interface
combinations which can be potentially exploited as the
alternate extrinsic semiconductors can be a p-type substrate,
a p*-type substrate, or an n-type substrate.

Time Varying Operation and False Positives-Sensing in an
Unsaturated Mode

To further improve the sensitivity and stability of the
porous silicon sensors, we have developed the method of
pulsed system frequency analysis (PSFA). Here, methods of
acoustic theory are applied to signal analysis. The benefits of
this approach include improved measurement sensitivity,
isolation of periodic noise sources, and the ability to evalu-
ate the trade-off between the precision and duration of
measurement to aid the design of an experimental system. A
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defined gas pulsing technique is combined with FFT signal
analysis to allow a sensor gas response to be measured,
without saturation, and filtered on a drifting baseline, so as
to eliminate false positives and the effects of external noise
(as might be associated with pressure, temperature, and
humidity variation). FIG. 2.16 depicts a test in which the
concentration of ammonia (in N,) being delivered to the
sensor was pulsed between 0 and 5 ppm at a frequency of
Ysos (0.017 Hz). The baseline for the device increases during
the test as the adsorption and desorption of ammonia begin
to equilibrate, however, the magnitude of the signal at the
beginning and end of the pulsing sequence and throughout
the sequence remains virtually the same as we operate in an
unsaturated mode. The baseline can also be affected by low
frequency changes in temperature and pressure, however,
because of the pulsed mode of operation which has been
introduced to run all of the sensor systems this drift can be
both “locked out” and monitored (Lewis et al. 2007). By
introducing an FFT analysis to the reversibly, linearly,
responding, PS gas sensor, the gas response can be acquired
and filtered on a drifting baseline or in the presence of
external noise sources (FIGS. 2.17 and 2.18).

FIG. 2.17 shows an example of the raw data and the high
fidelity outputs after FFT analysis and filtering with the
PSFA technique. The benefits of this approach include
improved measurement sensitivity, and isolation of periodic
noise sources. This technique, closely aligned with the
advantages of the PS versus other sensors, does not require
stability in the baseline resistance or low thermal sensitivity.
With this method, thermal noise, random fluctuations, and
long settling times are mitigated. Additional benefits include
the ability to detect gas signals when environmental signals
are dominant, and the testing time can be greatly reduced.
The FFT data analysis method for the PS gas sensor also
offers the ability to operate below saturation and provides
several safeguards against false positives. If the false posi-
tive is associated with the delivered gas, attributes of the
“time-delay” module become unstable and the dataset is
withdrawn (Lewis et al. 2007).

Sensor Rejuvenation

If a sensor is poisoned due to contamination or extensive
exposure to a deleterious component of a gas mixture, which
might be a strong acid, it is advantageous to have available
a rejuvenation process. In most cases the rejuvenation of a
sensor is difficult, at best; however, the simple open structure
inherent to the porous silicon sensor facilitates this process.
FIG. 2.19 demonstrates the results of a straightforward and
repeatable rejuvenation process that can be applied to poi-
soned sensors (Ozdemir and Gole 2008b). This facilitates
their cycling and decreases the long-term expense of a
sensor device.

Summary of Sensor Attributes

A correctly developed porous interface sensor has several
attributes. (1) its rapid response (~2 s), sensitivity (sub-
ppm), and reversibility, (2) its operation at room temperature
as well as at stable, readily accessible elevated temperatures
with an insensitivity to temperature drift, (3) its potential
operation in a heat-sunk configuration allowing reliable
performance to a surface temperature of 80° C. even in
highly elevated temperature (combustion or flue gas) envi-
ronments (in sharp contrast to metal oxide sensors), (4) its
ease of modification with a diversity of clearly mapped
gas-selective nanostructured materials, providing a range of
sensitivities for a given gas and the format for sensor arrays,
(5) its low cost of fabrication usually with a single nano-
structure modification, (6) its ease of operation combining
micro- and nanotechnology, (7) its low power consumption
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(power requirements less than a watch battery), (8) its ease
of rejuvenation following contamination, (9) its ability to
rapidly assess false positive signals using FFT techniques,
operating the sensor in a pulsed gas mode, and (10) its
potential for use in the development of solar pumped sen-
SOIS.

Extension to Phytocatalysis-Enhanced System

Photocatalysts, formed as the nanostructured metal oxides
or their modification, can be used to further enhance the
activity of the nanopore coated microporous PS interface
(FIG. 2.1) through their interaction with solar radiation. In
such a way, the sensor array configurations that we have
been developing can be extended to behave as microreactors
in which visible light absorbing quantum dot (QD) photo-
catalysts are placed within the pores of PS microarray and
excited using PS electroluminescence or photolumines-
cence. Properly employed, these microreactors might then
be used to form “solar pumped” sensors. The quantum dots
are exemplified by the highly efficient light absorbing tita-
nia-based nanocolloids which we have produced in a
nanoscale synthesis at room temperature, (Gole et al. 2004;
Kumar et al. 2005; Chen et al. 2005; Gole et al. 2006a;
Prokes and Carlos 2005; Lewis et al. 2007; Ogden et al.
2008; Gole, et al. 2010) and that can be nitridated in seconds
to produce nitrogen doped, stable, and environmentally
benign TiO, N, photocatalysts whose optical response can
be tuned across the entire visible region. Tunability through-
out the visible is found to depend upon the degree of
nanoparticle agglomeration and upon the ready ability to
seed the nanoparticles with metals (metal ions) including Pd
and additional active dopants including the transition metals
(Chen et al. 2005). These photocatalyts are found to readily
photodegrade methylene blue and gaseous ethylene. They
can also be used to eliminate environmental contaminants.

FIG. 2.20 demonstrates the photocatalytic efficiency of
nitrided anatase TiO, N, quantum dots generated using the
sol-gel technique and Degussa P25 (Chen et al. 2005), a
well-known nanocatalyst. The photodegradation of methyl-
ene blue is not only 4 times more efficient than P25 at 390
nm, P25 at 390 nm, but also the nitrided quantum dots show
a photocatalytic efficiency in the visible (540 nm) which
virtually eclipses that of P25.

It is significant that these oxynitride (TiO,_ N.) quantum
dots can be transformed from liquids to gels, and, in addi-
tion, can be placed on the PS surface in a sensor-microre-
actor based conformation in order to produce a photocata-
Iytically enhanced “solar pumped sensor” response.

Mixed Gas Format

The sensors which we have outlined, operated for iden-
tification of a given analyte can be made to function in an
array-based format on the bases of a row matrix response to
a given analyte. They can be operated in a mixed gas format,
creating a sensor array matrix. Sensor array selectivity is
another very important sensor operating characteristic which
must be demonstrated. However, we exemplify the inherent
selectivity that a nano/microporous surface can display in a
mixed gas configuration in FIG. 2.19. Here, with an
untreated PS interface (even before treatment with Au O
nanostructures), the analysis for 1 and 3 ppm NH; can be
carried out in the presence of 20 ppm NO, (Lewis et al.
2005). We note that the introduction of an Au,O nanostruc-
tured deposit can considerably improve the relative sensi-
tivity to ammonia and that the introduction of a SnO,
nanostructured deposit leads to a substantial increase in NO
sensitivity. These three sensors, in tandem, produce three
distinct responses to an NH;+NO mixture.
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Comparison of Some Embodiments to Alternate Technolo-
gies

One can compare (Ozdemir et al. 2011) the positive
aspects of an embodiment of the sensor platform with
competing and complementary technologies that are cur-
rently available or in the process of becoming available. The
two main sensor technologies are (1) Electrochemical based,
and (2) Metal Oxide based sensors. Each of these technolo-
gies have unique advantages, however, both are also plagued
with drawbacks. For example, electrochemical sensors are
known for low power operation, rapid response, and insen-
sitivity to humidity; but they have poor sensitivity and are
inherently complex and expensive to produce and replace.

The metal oxide sensors (FIG. 2.22), when compared to
electrochemical sensors are slightly less costly to produce,
but are still significantly more complex than the technology
that we propose. However, the main drawbacks of the metal
oxide sensor include low sensitivity, poor selectivity, high
power requirements, and most importantly, the need to
operate at elevated temperatures. The latter requirement is a
major drawback for several reasons. First, a power consum-
ing heating element must be provided with the sensor
housing to precisely control the temperature of the sensor
element. This is, in large part, intimately tied to the correct
identification of the gas of interest. A formaldehyde sensor
will operate at one temperature whereas an ethanol sensor
will operate at another. Otherwise the devices are virtually
identical. Distinguishing one gas from another thus requires
that the heating element and sensor be well separated
(channel) from the remaining electronics. This in turn means
that this configuration can be greatly affected by an imping-
ing combustion or flue gas, rendering moot the correct
identification of gaseous species in the flow. In contrast the
PS sensor configuration depicted in FIG. 2.1 is far simpler
and does not require the complexity of a system separated
sensor/heater configuration. In a heat sunk environment, it is
potentially capable of operation in a high temperature gas
flow. This simplicity and capability of operation thus rep-
resents a revolutionary change. Further, the attributes of an
extrinsic semiconductor technology developed by combin-
ing array generation through the coupling of acid/base
chemistry with the properties of extrinsic semiconductors
suggests a general road map for array development, and the
importance of further understanding the nuances of this
process. We provide an important element to combine with
well-developed fabrication and CMOS technologies that
greatly simplifies device fabrication and costs relative to
optical technologies.
Chemisorption and the Analog of the HSAB Principle

As the IHSAB model applies to the general development
of'a sensor interface so to does an extrapolation of the HSAB
model apply to the development of a Microreactor model.
However, in order to develop the model it is necessary to
modify the interface of FIG. 2.1 so that it is more compatible
with microreactor design. This dictates that one attempt to
develop flow-through configurations. It is significant that the
oxynitride (TiO, N.) quantum dots which we have previ-
ously discussed can be transformed from liquids to gels, and,
in addition, can be placed on the PS surface in a sensor-
microreactor based conformation to produce a photocata-
Iytically enhanced “solar pumped sensor” response. Of
possibly greater importance to microreactor applications is a
recently developed microfilter configuration (Campbell et al.
2008; Gole et al. 2009). This technology represents the first
single step etch-liftoff procedure (one step separation) which
allows the removal of macroporous PS layers. FIG. 2.23
demonstrates that filters with pore diameters ranging from 1
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to 2 microns and thickness from 3 to 70 micrometers have
been produced. These silicon-based filters carry a polarizing
negative charge and represent an alternative to porous alu-
mina films (pore diameter not yet in the one to three micron
range) with a capability for operating at significantly
elevated temperatures as compared to polymer films. Pt and
Cu have been introduced to these filters to create an effective
reducing surface.
Physisorption (Electron Transduction) Versus Chemisorp-
tion

In developing sensor and microreactor configurations
using the IHSAB and HSAB concepts one need be continu-
ously mindful of the dynamics of interaction as the process
of electron transfer takes place. FIG. 2.24 demonstrates the
effect which the strong acid SnO, has on the NO, interaction
with the PS interface (Laminack et al. 2012). Here, both an
acidic analyte and the nanostructure modified PS interface
compete for electrons. If NO, and SnO, compete effectively
for electrons, the competition might be expected to diminish
the sensitivity of the interface and influence physisorption
(electron transduction) as measured by a significant resis-
tance change. One does observe a muted response after.
However, the weak and diffuse nature of the observed
response after SnO, treatment suggests that it is equally
likely to be the result of the strong influence of chemisorp-
tion. While NO, is a moderate acid, NO,~, which can be
formed as NO, extracts an electron from the n-type PS
interface, corresponds to a moderate to strong base. Table
2/1 suggests that an n-type PS surface corresponds to a
borderline acidic surface. For this reason, one might expect
a chemical interaction (chemisorption) with NO, and NO,~
as dictated by the IHSAB/HSAB principle to be of only
moderate effect. If, however, the PS surface is treated with
nanostructured SnO,, it is possible to obtain a strong chemi-
cal interaction between this strong acid and NO,”. The
muted and diffuse response with concentration in FIG. 2.245
may signal this chemisorption. It is to be emphasized that the
base strength of NO,™ and the acid strength of SnO, are
much more closely matched than those of either the much
stronger acid, TiO,, or the weaker acids Cu, O and Au, O.
Thus (Gole and Ozdemir 2010) one anticipates a chemisorp-
tive interaction.
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It should be noted that ratios, concentrations, amounts,
and other numerical data may be expressed herein in a range
format. It is to be understood that such a range format is used
for convenience and brevity, and thus, should be interpreted
in a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to
include all the individual numerical values or sub-ranges
encompassed within that range as if each numerical value
and sub-range is explicitly recited. To illustrate, a concen-
tration range of “about 0.1% to about 5% should be
interpreted to include not only the explicitly recited concen-
tration of about 0.1 wt % to about 5 wt %, but also include
individual concentrations (e.g., 1%, 2%, 3%, and 4%) and
the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. In an embodiment, the term
“about” can include traditional rounding based on numerical
value and the measurement techniques. In addition, the
phrase “about ‘x’ to ‘y’” includes “about ‘x’ to about ‘y’”.

It should be emphasized that the above-described embodi-
ments of the present disclosure are merely possible
examples of implementations, and are set forth only for a
clear understanding of the principles of the disclosure. Many
variations and modifications may be made to the above-
described embodiments of the disclosure without departing
substantially from the spirit and principles of the disclosure.
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All such modifications and variations are intended to be
included herein within the scope of this disclosure.

The invention claimed is:

1. A device, comprising:

a conductometric porous silicon gas sensor including a
n-type silicon substrate having a porous silicon layer,
wherein the n-type silicon substrate is an n*-type sili-
con substrate, wherein a plurality of nanostructures are
disposed on a portion of the porous silicon layer,

wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration.

2. The device of claim 1, wherein the nanostructure

provides a fractional coverage on the porous silicon layer.

3. The device of claim 2, wherein the nanostructure is a
metal oxide.

4. The device of claim 2, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

5. The device of claim 2, wherein the nanostructure is
selected from the group consisting of: aluminum oxide
(AL O;, AlO,), silicon oxide (SiO,, x is 1 to 4), tin oxide
(SnO,, x is 2 to 4), chromia (Cr,0O;), iron oxide (Fe,O;,
Fe,0,, or FeO), nickel oxide (NiO), silver oxide (AgO),
titanium oxide (TiO,), cobalt oxide (Co,0,, Co,0,, or
Co00), zinc oxide (ZnO), platinum oxide (PtO), palladium
oxide (PdO), vanadium oxide (VO,), molybdenum oxide
(Mo0O,), lead oxide (PbO), titanium oxide (TiO, , x is 1 to
2), titanium nitride (TiN,), titanium oxinitride (TiO, N,),
gold oxide (Au, O, x>>1), copper oxide (Cu,O, x is 1 to 2),
and a combination thereof.

6. The device of claim 2, wherein the nanostructure is
selected from the group consisting of: tin oxide (SnO,, X is
2 to 4), nickel oxide (NiO), titanium oxide (TiO,), titanium
oxide (TiO_, x is 1 to 2), titanium nitride (TiN,), titanium
oxinitride (TiO, N,), gold oxide (Au,O, x>>1), copper
oxide (Cu, 0O, x is 1 to 2), and a combination thereof.

7. The device of claim 6, wherein the nanostructure is a
nanoparticle.

8. The device of claim 1, wherein the porous silicon
region has a hybrid microporous/nanoporous framework,
wherein the walls of the microporous framework are super-
imposed with a nanoporous layer.

9. The device of claim 8, wherein the macroporous
framework includes pores approximately 1 to 2 pm wide and
0.5 to 20 um deep.

10. The device of claim 1, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change corresponding to a gas concentration at less
than 100 parts per billion.

11. The device of claim 1, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change at room temperature.

12. The device of claim 1, further comprising a p-type
conductometric porous silicon gas sensor.

13. The device of claim 1, further comprising an array of
n-type conductometric porous silicon gas sensors and p-type
conductometric porous silicon gas sensors.

14. A method of detecting a concentration of a gas,
comprising:

providing a conductometric porous silicon gas sensor
including a n-type silicon substrate having a porous
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silicon layer, wherein a plurality of nanostructures are
disposed on a portion of the porous silicon layer,
wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration;

introducing the gas to the sensor; and

measuring an impedance change in the sensor at room
temperature.

15. The method of claim 14, wherein measuring includes

obtaining an impedance value from an impedance analyzer.

16. The method of claim 14, wherein measuring includes
obtaining a resistive value from a sensor and shunt circuit.

17. The method of claim 14, further comprising: corre-
lating the impedance change to the concentration of the gas.

18. The method of claim 17, wherein correlating includes
computing a magnitude of the impedance change, comput-
ing the time over which the magnitude of the impedance
change occurs, and computing a slope from the ratio of the
magnitude of the impedance change and the time to deter-
mine the concentration of the gas.

19. A device, comprising:

a conductometric gas sensor including a n-type substrate
having a porous layer, wherein a plurality of nanostruc-
tures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional cover-
age on the porous layer,

wherein the conductometric gas sensor is operative to
transduce the presence of a gas into an impedance
change, wherein the impedance change correlates to the
gas concentration,

wherein the n-type substrate is selected from the group
consisting of: n- or n*-type doped wafer and n- or
n*-type phosphorous doped wafer.

20. The device of claim 19, wherein the n-type substrate

is an extrinsic n-type semiconductor.

21. The device of claim 19, wherein the n-type substrate
is selected from the group consisiting of: silicon, GaP, InP,
and CdTe.

22. The device of claim 19, wherein the nanostructure is
a metal oxide.

23. The device of claim 22, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

24. The device of claim 19, further comprising a p-type
conductometric porous silicon gas sensor.

25. The device of claim 19, further comprising an array of
n-type conductometric porous silicon gas sensors and p-type
conductometric porous silicon gas sensors.

26. A device, comprising:

a conductometric porous silicon gas sensor including a
n-type silicon substrate having a porous silicon layer,
wherein a plurality of nanostructures are disposed on a
portion of the porous silicon layer,

wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration,

wherein the porous silicon region has a hybrid micropo-
rous/nanoporous framework, wherein the walls of the
microporous framework are superimposed with a nano-
porous layer.
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27. The device of claim 26, wherein the macroporous
framework includes pores approximately 1 to 2 pm wide and
0.5 to 20 um deep.

28. The device of claim 26, wherein the nanostructure
provides a fractional coverage on the porous silicon layer.

29. The device of claim 26, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

30. The device of claim 26, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change corresponding to a gas concentration at less
than 100 parts per billion.

31. The device of claim 26, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change at room temperature.

32. A device, comprising:

a conductometric porous silicon gas sensor including a
n-type silicon substrate having a porous silicon layer,
wherein a plurality of nanostructures are disposed on a
portion of the porous silicon layer,

wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration,

wherein the conductometric porous silicon gas sensor is
operative to measure the impedance change corre-
sponding to a gas concentration at less than 100 parts
per billion.

33. The device of claim 32, wherein the porous silicon
region has a hybrid microporous/nanoporous framework,
wherein the walls of the microporous framework are super-
imposed with a nanoporous layer.

34. The device of claim 32, wherein the nanostructure
provides a fractional coverage on the porous silicon layer.

35. The device of claim 32, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

36. The device of claim 32, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change corresponding to a gas concentration at less
than 100 parts per billion.

37. The device of claim 32, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change at room temperature.

38. A device, comprising:

a conductometric porous silicon gas sensor including a
n-type silicon substrate having a porous silicon layer,
wherein a plurality of nanostructures are disposed on a
portion of the porous silicon layer,

wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration,

wherein the conductometric porous silicon gas sensor is
operative to measure the impedance change at room
temperature.

39. The device of claim 38, wherein the porous silicon

region has a hybrid microporous/nanoporous framework,
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wherein the walls of the microporous framework are super-
imposed with a nanoporous layer.

40. The device of claim 38, wherein the nanostructure
provides a fractional coverage on the porous silicon layer.

41. The device of claim 38, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

42. The device of claim 38, wherein the conductometric
porous silicon gas sensor is operative to measure the imped-
ance change corresponding to a gas concentration at less
than 100 parts per billion.

43. A device, comprising:

a conductometric gas sensor including a n-type substrate
having a porous layer, wherein a plurality of nanostruc-
tures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional cover-
age on the porous layer,

wherein the conductometric gas sensor is operative to
transduce the presence of a gas into an impedance
change, wherein the impedance change correlates to the
gas concentration,

wherein the conductometric porous silicon gas sensor is
operative to transduce the presence of a gas into an
impedance change, wherein the impedance change
correlates to the gas concentration.

44. The device of claim 43, wherein the n-type substrate

is an extrinsic n-type semiconductor.

45. The device of claim 43, wherein the n-type substrate
is selected from the group consisiting of: silicon, GaP, InP,
and CdTe.

46. The device of claim 43, wherein the n-type substrate
is selected from the group consisting of: n- or n*-type doped
wafer and n- or n*-type phosphorous doped wafer.

47. The device of claim 43, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

48. A device, comprising:

a conductometric gas sensor including a n-type substrate
having a porous layer, wherein a plurality of nanostruc-
tures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional cover-
age on the porous layer,

wherein the conductometric gas sensor is operative to
transduce the presence of a gas into an impedance
change, wherein the impedance change correlates to the
gas concentration,

wherein the porous silicon region has a hybrid micropo-
rous/nanoporous framework, wherein the walls of the
microporous framework are superimposed with a nano-
porous layer.

49. The device of claim 48, wherein the n-type substrate

is an extrinsic n-type semiconductor.

50. The device of claim 48, wherein the n-type substrate
is selected from the group consisiting of: silicon, GaP, InP,
and CdTe.

51. The device of claim 48, wherein the n-type substrate
is selected from the group consisting of: n- or n*-type doped
wafer and n- or n*-type phosphorous doped wafer.
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52. The device of claim 48, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

53. A device, comprising:

a conductometric gas sensor including a n-type substrate
having a porous layer, wherein a plurality of nanostruc-
tures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional cover-
age on the porous layer,

wherein the conductometric gas sensor is operative to
transduce the presence of a gas into an impedance
change, wherein the impedance change correlates to the
gas concentration,

wherein the conductometric porous silicon gas sensor is
operative to measure the impedance change corre-
sponding to a gas concentration at less than 100 parts
per billion.

54. The device of claim 53, wherein the n-type substrate

is an extrinsic n-type semiconductor.

55. The device of claim 53, wherein the n-type substrate
is selected from the group consisiting of: silicon, GaP, InP,
and CdTe.

56. The device of claim 53, wherein the n-type substrate
is selected from the group consisting of: n- or n*-type doped
wafer and n- or n*-type phosphorous doped wafer.

57. The device of claim 53, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
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gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.

58. A device, comprising:

a conductometric gas sensor including a n-type substrate
having a porous layer, wherein a plurality of nanostruc-
tures are disposed on a portion of the porous layer,
wherein the nanostructure provides a fractional cover-
age on the porous layer,

wherein the conductometric gas sensor is operative to
transduce the presence of a gas into an impedance
change, wherein the impedance change correlates to the
gas concentration,

wherein the conductometric porous silicon gas sensor is
operative to measure the impedance change at room
temperature.

59. The device of claim 58, wherein the n-type substrate

is an extrinsic n-type semiconductor.

60. The device of claim 58, wherein the n-type substrate
is selected from the group consisiting of: silicon, GaP, InP,
and CdTe.

61. The device of claim 58, wherein the n-type substrate
is selected from the group consisting of: n- or n*-type doped
wafer and n- or n*-type phosphorous doped wafer.

62. The device of claim 58, wherein the nanostructure is
a metal oxide.

63. The device of claim 58, wherein the nanostructure is
selected from the group consisting of: tin (Sn), chromium
(Cr), iron (Fe), nickel (Ni), silver (Ag), titanium (Ti), cobalt
(Co), zinc (Zn), platinum (Pt), palladium (Pd), osmium (Os),
gold (Au), lead (Pb), iridium (Ir), molybdenum (Mo), vana-
dium (V), aluminum (Al), an oxide of each of these, and a
combination thereof.



