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METAL OXIDE-BASED CHEMICAL SENSORS
FIELD OF THE INVENTION
[0001] The present invention generally relates to metal oxide-based sensors and platforms and
integrated chemical sensors incorporating the same, methods of making the same, and methods

of using the same.

BACKGROUND OF THE INVENTION:

[0002] Chemiresistors (conductometric sensors) are traditionally used as building blocks for
integrated chemical sensors (artificial olfactory systems, electronic noses). A chemiresistor is a
device whose electrical resistance is modulated by molecular adsorption on its surface. The
changes in resistance are proportional to the partial vapor pressure. Hence a chemiresistor
converts the concentration of chemicals in the ambient air into a corresponding measurable
electrical signal. A chemiresistor is constructed from a vapor-sensitive material placed between
conducting leads. One of the best chemically sensitive materials ever discovered is nanoscale tin
oxide (SnO,). The sensing mechanism of metal oxides is primarily based on the activation of
atmospheric oxygen on the semiconductor surface. Consequently, catalytic reactions of gaseous
species with oxygen sites on the surface induce charge transfer from the surface to the bulk, i.e.,
subsurface, which changes the electrical resistance of the device.

[0003] Most conventional chemical sensors are based on recognition of particular analytes, e.g.,
methane, carbon monoxide, hydrogen sulfide, etc. For complex mixtures, however, this approach
is not the most reliable, since it causes frequent false alarms due to cross-sensitivity of sensors to
different analytes. The advantage of using integrated sensory systems (electronic noses) is in

their ability to learn the chemical signatures of interest, similar to training of canines. Unlike
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many other analytical techniques, an integrated sensor does not try to separate all the chemical
components within a sample, but it perceives a sample as a whole, creating a global fingerprint.
For example, the smell that emanates from coffee has hundreds of different chemical
components, but our biological olfactory system (and the integrated sensor) simply identifies the
total chemical composition as coffee. In an integrated sensor, the headspace from a sample (i.e.,
the gases emanating from a sample) is delivered to an array of chemical sensors. As each sensor
is different in some way (usually broadly tuned to a different chemical group), each sensor’s
response to a sample is different. These responses can then be used to form a chemical
fingerprint of a sample. The response is seen as a change in electrical properties (normally
resistance) of the sensor. Specialized software then identifies the sample from this fingerprint.
[0004] These sensors usually suffer more or less from cross sensitivity, i.e., apart from their
response to a particular target gas they do (to a certain extent) respond to other gases as well. For
instance, a methane sensor is also responsive to propane, butane, and natural gas in general. In
this respect, a single output sensor cannot be sufficient, even if only one target gas is to be
detected. However, a combination of several gas sensors, each providing a different sensitivity
spectrum, a so-called sensor array, delivers signal patterns characteristic for the gases to which
the array is exposed. These signal patterns enable the distinction between individual gases or gas
ensembles. Which gases can or cannot be detected or distinguished depends on the sensor type
and the extent of the difference in selectivity between the sensors. Now, the cross sensitivity of
the individual sensors, due to a low selectivity even turns out to be an advantage. A low
selectivity (in the case of a single sensor a disadvantage for detecting a particular gas), now

allows the array to respond to a wide range of gases. A combination of several chemiresistors,
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each providing a different sensitivity spectrum, a so-called sensor array, delivers signal patterns
characteristic for the gases to which the array is exposed.

[0005] For more than two decades now, small and simple gas sensors, which provide one output
signal only, have been commercially available. Typically, they are manufactured by the sol-gel
method, in which metal oxide layers are deposited in the form of a viscous paste and then baked
in an inert environment, creating thick films. Metal oxide sensors from Figaro (TGS sensors) and
Henan Hanwei Electronics Co., Itd. (MQ sensors) are manufactured by this method. The first
integrated sensory systems equipped with arrays assembled from separate sensors were
manufactures in the early 90s.

[0006] Individually manufactured sensors equipped with sockets are placed in plugs on a carrier
plate of several centimeters in size. There are multiple drawbacks associated with this
conventional design:

1. The sol-gel process utilized for manufacturing of individual sensors does not provide
precise control over the oxide layer thickness. Because of that, variations from sensor
to sensor in this manufacturing process are unavoidable. As a consequence, even if
the datasheet provides a calibration curve, every sensor manufactured by the sol-gel
method requires a calibration and verification by the consumer, using costly specially
prepared gaseous mixtures.

2. Individual sensors in a sensor array evolve over time. This phenomenon is known as a
long-term drift. For a conventional integrated system, individual elements evolve

differently, causing failures of pattern recognition algorithms.
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3. Short-term drift due to the fluctuations in the environment also has different effects
on individual elements in a conventional integrated system and causes failures of
pattern recognition algorithms.

4. Frequently, individual sensors in a conventional integrated system have variances in
response time. This means that some of them respond to analyte exposure faster than
the others. Upon exposure to analyte but before reaching a stationary state, sensors of
integrated system go through the transient phase. If they are not well-synchronized,
during the transient phase, the conventional integrated system typically reports
several false results. Synchronization of individual elements of a conventional
integrated system is another time consuming process, and has to be implemented for
each unit after the assembly.

5. 1If one of the sensors in a conventional integrated system fails and needs to be
replaced, the entire system will need to undergo synchronization and calibration.

6. The thickness of the metal oxide layer is a key parameter that determines sensor
sensitivity. The thinner the layer—the higher the sensitivity. Since only the thick films
can be produced by the sol-gel method, sensors formed with this method have limited
sensitivity. For most chemical compounds, the sensitivity of a sol-gel sensor is unable
to go below 1 ppm.

7. Sol-gel films, which are thick, have relatively long time of recovery after exposure,
which can be up to 1 min for exposure to high concentrations.

8. Conventional integrated sensory systems are typically large in size. Discrimination
power of an integrated sensor depends on the number of individual basic sensing

elements with different chemiresistive properties. However, an increase in the number
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of sensors inevitably leads to an increase in size, which causes makes a non-uniform
distribution of chemicals over the sensor array upon exposure to gaseous analyte.

9. As aconsequence of their size, conventional integrated systems often require
sophisticated gas sampling systems, splitting the analyte gas into identical fractions
for each sensor.

10. Conventional integrated sensory systems typically have high power consumption
(hundreds of watts).

11. Conventional integrated sensory systems typically have high manufacturing costs,
especially in the case of an advanced sampling system. Synchronization and
calibration also makes the manufacturing process time-consuming.

[0007] In view of the above, it would be advantageous to develop new chemiresistors and
integrated chemical sensors and methods of making and using the same, which overcome at least

some of the above-noted drawbacks with conventional integrated sensory systems.

SUMMARY OF THE INVENTION

[0008] In an aspect, the present invention provides novel, metal oxide-based chemical sensors.
[0009] In an aspect, the present invention provides novel, metal oxide-based chemical sensor
platforms.

[0010] In an aspect, the present invention provides novel, metal oxide-based integrated chemical
Sensors.

[0011] In another aspect, the present invention provides a novel method of making

metal oxide-based chemical sensors, platforms and/or integrated chemical sensors.
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[0012] In another aspect, the present invention provides use of novel, metal oxide-based
chemical sensors, platforms, and/or integrated chemical sensors.

[0013] These and other aspects, which will become apparent during the following detailed
description, have been achieved by the inventors’ discovery of new metal oxide-based chemical
sensors, metal oxide-based chemical sensor platforms, and metal oxide-based integrated

chemical sensors.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figure 1 shows 624 integrated sensors manufactured on 4” silicon wafer in a single
manufacturing run.

[0015] Figure 2 shows a heating element (white area surrounding the green “T” in the middle)
and electrical leads (interdigitated terminals)(remaining white area) deposited on a wafer (green).
[0016] Figure 3 shows a wafer (green) after trenching (black areas, etched silicon) and removal
of the photomask.

[0017] Figures 4(a)-(c): Figure 4(a) shows a sensing element before metal oxide deposition.
Figure 4(b) shows a sensing element after SnO» (36 nm) deposition. Figure 4(c) shows a sensor
platform after metal oxide layer deposition.

[0018] Figure 5 shows an example of a “floating sensor” (which can also be referred to as a
membrane with Si0,/Si1/Si0, connectors).

[0019] Figures 6(a)-(c): Figure 6(a) shows an integrated sensor platform attached to a package.
Figure 6(b) shows a platform after the wire bonding. Figure 6(c) shows a ball wire bonding

geometry.
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[0020] Figures 7(a)-(c): Figure (a) shows the modified TO package for an H,S sensor; Figure
(b) shows the platform and the package with electrical contacts between them; and, Figure (c)
shows a passive H,S sensor ready for annealing, calibration, and testing.

[0021] Figure 8 shows a gas delivery and data collection system for prototype testing and
development.

[0022] Figure 9 shows the sensitivity vs. concentration of SnO,/TiO, sensor (black) and MQ136
commercial H,S sensor (red, bottom line).

[0023] Figure 10 shows the sensitivity vs. time response of the SnO,/Ti0; sensor to 50 ppm of
HaS.

[0024] Figures 11(a) and (b): Figure 11(a) shows the selectivity of commercial H,S sensor
MQ136. Figure 11(b) shows the selectivity of the present SnO,/Ti0O, sensor.

[0025] Figure 12 shows the sensor stability over 12 hours with one test/hour and exposure to 4
ppm H,S.

[0026] Figures 13(a)-(¢): Figure 13(a) shows a platform temperature simulation with cylinder
supported structure 1 (ss1). Figure 13(b) shows a platform temperature simulation with cone
supported structure 2 (ss2). Figure 13(c) shows the overall temperature distribution and
insulation for TO package design.

[0027] Figures 14(a)-(b): Figure 14(a) shows a thermal camera image of the sensor’s platform
(V=3V, I=0.06951A, T=263.85C) with QFI system. Figure 14(b) shows the temperature vs.
power dissipation for ss1 (red), ss2 (black), and real life device temperature with QFI thermal

camera (green).
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[0028] Figures 15(a)-(¢): Figure 15(a) shows a voltage divider circuit diagram. Figure 15(b)
shows an electronic circuit board with passive delivery sensor. Figure 15(c) shows an electronic
circuit board with active delivery system.

[0029] Figure 16 shows a schematic of data processing and hardware communication.

[0030] Figure 17 shows an Illustration of Linear Discriminant Analysis. The coordinate system
is rotated in order to minimize the scattering within a single class and maximize inter-class
scattering.

[0031] Figure 18 shows an active sample delivery system.

[0032] Figure 19 shows a refrigerator sensor.

[0033] Figures 20(a)-(e): Figure 20(a) shows a simulated temperature distribution over the
microplatform attached to a TO package. Figure 20(b) shows optical images of the sensor
platform attached to a modified TO package. Figure 20(c) shows a single sensing element area.
Figure 20(d) shows a simulated and experimental temperature distribution across the sensing
area under 70 mW heating power. Figure 20(e) shows a simulated and experimental data of the
sensor average temperature over different power dissipation 8-120 mW.

[0034] Figure 21 shows the schematics of a single-layer (a), a bilayer (b) and a multilayer (c)
Sensor.

[0035] Figure 22 shows a gas delivery and data collection system.

[0036] Figures 23(a)-(¢) show the XRD spectroscopy of (a) samples SO0-S3 and S7, (b) samples
S4-S6, and (c) a zoom in on the major peaks of the samples S4-S6.

[0037] Figures 24(a)-(h) show the SEM images of the crystalline structure (a) SnO, (S0), (b)
Sn0O,/Ti0O; bilayer structure 30nm+5nm (S1), (c) SnO,/TiO, bilayer structure 30nm+10nm (S2),

(d) SnO,/Ti0; bilayer structure 30nm+20nm (S3), (e) SnO,/TiO, multilayer 5% of TiO; (S4), (f)
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SnO,/Ti0, multilayer 20% of TiO; (S35), (g) SnO,/TiO, multilayer 50% of TiO, (S6), and (h)
TiO, (S7).

[0038] Figures 25(a)-(c¢): Figure 25(a) shows the sensors resistance in air under different
temperature conditions 100-350 C. Figure 25(b) shows the resistance of the sensors in the
presence of 10 ppm of H,S as a function of temperature. Figure 25(c) shows the various
responses of sensors toward 10 ppm of H,S over the temperature range.

[0039] Figures 26(a)-(c¢): Figures 26(a)-(b) show the sensor response of a S5 multilayer
structure (a) and S2 bilayer structure (b) to different concentrations of H,S (from 2 ppm to 20
ppm). Figure 26(c) shows the calibration curves (Response vs. Concentration) for sensors SO-
S6.

[0040] Figures 27(a)-(b) show the response amplitudes of sensors S5 (multilayer structure) and
S2 (bilayer structure) to various gases (a) and the response of sensor S5 to sub-ppm

concentrations of H,S diluted in pure methane (b).

DETAILED DESCRIPTION OF THE INVENTION

[0041] In order to overcome the typical limitations of conventional integrated sensory systems, a
new highly-integrated multisensory system and manufacturing technique was created. The newly
developed manufacturing technique is simple, straight-forward, inexpensive, controllable, and
repeatable.

[0042] In order to miniaturize the sensor and minimize power consumption, a design was
developed that allows one to place multiple sensing elements on a single silicon chip. This "lab-
on-a-chip” design utilizes an array of metal leads (e.g., platinum and gold), deposited on a silicon

walfer using the stencil (shadow mask) method. Deposition of electrodes is followed by the
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deposition of catalytic metal oxide layers (islands). Finally, each of the islands is individually
treated with different catalytic dopants. The multisensory system is wire-bonded to a multi-pin
packaging platform for further integration in an electronic device.

[0043] For efficient recognition of analytes, each sensor of the integrated sensory system can be
tuned to a certain chemical group (selective); hence each sensor’s response to a gaseous species
can be different. These responses can then be used to form a chemical fingerprint of an analyte.
The discrimination power of the artificial olfactory system comes from the integrated signal from
the entire array of sensors. Selectivity of each sensor in the array is defined as the ability to
promote only the rate of desired chemical reaction and also retard the undesired reactions.
[0044] In an aspect, the present invention relates to a novel manufacturing technique that allows
for tuning the catalytic selectivity of the sensors in the desired manner. This aspect of the
invention is based on doping of a metal oxide (e.g., SnO,) with a metallic dopant (e.g., TiO»),
using a sputtering technique (or other technique that provides fine control of layer thickness and
repeatability). By adsorbing and ionizing molecular oxygen, catalytic metals experience a
transition from a metallic state to a metastable quasi-oxidized state, where the oxygen ions are
weekly bound to the surfaces of nanoparticles.

[0045] There are several physical and chemical mechanisms that can be attributed to the
improvement of the chemiresistor sensitivity and selectivity upon nanoparticles deposition.
These differences are determined by the two primary mechanisms associated with the surface
doping of oxides with metal nanoparticles.

[0046] The first mechanism is determined by the differences in catalytic activity of nanoscale
metals, which is known as the “spillover effect”. The presence of dopants (e.g., TiO»

nanoparticles) lowers the electronic work function and decreases the activation energy of the

10
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catalytic reaction occurring on the surface of the metal oxide nanograins. The products of
catalysis occurring on the metal nanoparticles diffuse onto the metal oxide support (e.g., SnO,),
which acts as a reagent delivery system for the metal nanoparticle, amplifying the chemical
processes occurring at the metal oxide surface (e.g., SnO,), and dramatically modifying the oxide
electronic behavior. The binding energy of the ionized oxygen species in the steady state, the
catalytic reaction rate upon exposure to a vapor pulse, and the charge transfer rate from the
surface to the bulk of the metal oxide (e.g., SnO,) is strongly dependent on the electronic work
function of the nanoparticles (e.g., TiO») and metal oxide support (e.g., SnO,). Hence, the same
analyte will generate different conductivity changes in chemiresistors functionalized with
different nanoparticles (e.g., TiO; vs. Pt).

[0047] The second mechanism has a primarily physical nature, but also strongly depends on the
work function of the vapor-sensitive materials. The deposition of nanoparticles (e.g., TiO»
nanoparticles) on the semiconductor layer (e.g., SnO, nanograins) leads to the formation of a
large amount of nanoscale metal-semiconductor Schottky contacts (Schottky barriers) over the
metal oxide layer. The energy barrier height of the Schottky contacts is determined by the
difference between the work functions W of the metal and the semiconductor AE=W,,-W,. For
example, the coating of SnO, with catalytic nanoparticles such as Pt (W=5.12-5.93 V), Pd
(W=5.22-5.6 eV), Au (W=5.1-5.47 ¢V), N1 (W=5.04-5.35 e¢V), and Cu (W=4.53-5.1 e¢V) leads to
a formation of Schottky contacts with different barrier heights.

[0048] In the SnOs,-nanoparticle chemiresistor, the external electrostatic potential is induced on
nanoparticles by the adsorbed oxygen species. Exposure of the chemiresistor to a vapor pulse
temporarily removes the adsorbed oxygen and causes a drop in the electrostatic potential induced

on nanoparticle causing charge transfer from the nanoparticle to the semiconductor support. This

11
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mechanism of current modulation is similar to the field effect transistor, where the nanoparticle

acts as a gate and the adsorbed oxygen molecules work as a source of electrostatic potential.

Since the depletion depth and the amount of transferred charge are both determined by the value

of AE, the physical discrimination mechanism is also determined by the work functions of the

nanoparticles and SnO, support.

[0049] In the present invention, the catalytic reaction activation energy is tuned in a desired

manner. It now has been found that certain surface modifications make catalytic properties of

sensors highly-preferential toward a particular analyte. In this way, the surface is able to trigger

only the reactions with particular activation energy. The sensors of the present invention can be

separated into five groups:

1.

Sensors of gases acidic in nature: these sensors are SnO;-based and tuned toward
acidic sensitivity by surface doping with Cu nanoparticles forming basic oxide CuO. The
basic nature of CuO makes the interactive layer very selective to acidic gases like H,S
and mercaptans.

Sensors of gases basic in nature: these sensors are SnO;-based and tuned toward basic
sensitivity by surface doping with Mo nanoparticles forming acidic oxide MoOs. These
sensors have preferential sensitivity towards NH3 and amines.

Sensors of oxidizing gases (e.g., Oz and NO3): these sensors are SnO;-based and tuned
toward oxidizing sensitivity by surface doping with Ni nanoparticles forming oxide NiO.
Sensors of reducing gases without well-pronounced acidic/basic properties (e.g., CO,
H, and CHy): these sensors are SnO»-based and tuned toward reducing gases by surface
doping with nanoparticles of noble metals forming quasi-stable clusters, e.g., Pd,On, and

Ptnom
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5. Sensors of organic vapors (e.g,, ethanol, benzene, toluene, ethylbenzene, xylene etc.):
These sensors are SnO,-based and tuned toward acidic sensitivity by doping with Fe

nanoparticles forming basic oxide Fe,0s.

[0050] Deposition of Gas-Sensitive Layers:

[0051] In an aspect of the present invention the metal oxide and dopant layers are applied by
sputtering. Conventional sensors are prepared by the standard sol-gel technique, which is based
on deposition of small droplets of metal oxide paste. The present sputtering technique is superior
to sol-gel method for the following reasons.

[0052] The first major drawback of sol-gel method is the large layer thickness, and hence limited
sensitivity. Second, the deposition of microdroplets does not provide a complete control over the
layer geometry and thickness. As a consequence of that, variations from sensor to sensor in this
manufacturing process are unavoidable. Third, sensor response and recovery time for thick films
is much longer than the thin films obtainable with sputtering, especially for large concentrations
of analytes (gases). Because of the lack of control over sol-gel deposition, sensor voltage output
cannot be predicted. Therefore, each sensor requires independent calibration using special gas
mixes, which adds manufacturing cost and time. Oxide powder, used for paste preparation in sol-
gel method, consists of micrograins, obtained by milling of bulk metal oxide. This technology is
also known as top-down approach. Multiple studies indicate that microstructures obtained by
top-down approach have relatively low chemical reactivity and sensitivity, compared to self-
assembled nanograins, obtained by bottom-up approach (e.g., sputtering).

[0053] In contrast to the sol-gel method, the present sputtering method creates an ultra-thin layer
of a precisely controlled geometrical shape. This provides: ultra-high sensitivity, ultra-fast

response and recovery time, and elimination of variations from sensor to sensor. Sensor behavior
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becomes predicable, because the manufacturing process is fully controllable. Sensors formed this
way can be implemented immediately and independent calibration of every device is no longer
necessary for relatively high concentrations (50 ppm and higher). Of course, for ultra-precise
sub-ppm measurements, calibration is still useful. Finally, the present manufacturing technique is
based on self-assembly of metal-oxide nanograins and functionalization with metal
nanoparticles, also known as a bottom-up approach.

[0054] Integrated System Design, Manufacturing and Maintenance

[0055] The present manufacturing technique allows for fast manufacturing of large quantities of
sensors. Figure 1 demonstrates the simultaneous manufacturing of 624 chemical sensor platforms
on a single wafer. For conventional sol-gel systems it would be equivalent to precise targeting
and deposition of 2496 droplets, which is extremely expensive and time consuming.

[0056] Conventional integrated sensory systems are typically large in size. Discrimination power
of an integrated sensor depends on the number of individual basic sensing elements with
different catalytic properties. However, an increase in the number of sensors inevitably leads to
an increase in size, which causes a non-uniform distribution of chemicals over the sensor array
upon exposure to gaseous analyte leading to false recognition. In contrast to a conventional
system, the disclosed highly-integrated system provides a physical placement of all the sensors at
the same point (or nearly) in space. This design assures a uniform exposure of all the sensors to
chemicals and, hence, an accurate recognition and concentration measurements.

[0057] Because of the large size, conventional integrated systems require sophisticated gas
sampling systems, splitting the analyte gas into identical fractions for each sensor. Conventional
integrated sensory systems typically have high manufacturing costs, especially in case of an

advanced sampling system. Synchronization and calibration makes the manufacturing process
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time-consuming. Conventional integrated sensory systems typically have high power
consumption (hundreds of watts). In contrast, the disclosed integrated system performs
accurately even with a very primitive sampling system, can consume about tens of mV of power
and has a manufacturing cost lower than that for a simple single-gas conventional sensor.

[0058] Operational Characteristics of Integrated Systems:

[0059] Individual sensors in the array evolve over time. This phenomenon is known as a long-
term drift. For a conventional integrated system, individual elements evolve differently, causing
failures of pattern recognition algorithms. Short-term drift due to the fluctuations in the
environment also has different effect on individual elements and also causes instabilities in
pattern recognition algorithms.

[0060] Frequently, individual sensors of a conventional integrated system have variances in time
constant, response, and recovery time. This means that some of them respond to exposures faster
than the others. Upon exposure to analyte, before reaching the stationary state, sensors of an
integrated system go through a transient phase. If they are not well-synchronized, during the
transient phase, the integrated system typically reports several false results. Synchronization of
individual elements of a conventional integrated system is another time consuming process, and
has to be implemented for each unit after the assembly.

[0061] An advantage of the present invention is that all the elements of the highly integrated
array have the same dynamics for the long-term and short-term drift. Also, the time constant,
response and recovery time is the same for all of them, meaning that the sensors are perfectly
synchronized. Thanks to that the robust recognition is preserved even during the transient

response.
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[0062] In an aspect, the present invention provides a novel chemical sensor, comprising:

(a) an oxidized silicon wafer, comprising: a silicon layer sandwiched between a top
(1*") silicon oxide (Si0») layer and a bottom (2nd) Si0; layer, the top Si0O; layer,
comprising: a sensor area;

(b) a heating element in contact with the 1% SiO, layer and located near at least one
edge of the sensor area;

(c) a pair of electrical leads in contact with the 1% SiO, layer and at least partly located
on the sensor area;

(d) a metal oxide layer located on the sensor area and in contact with at least a part of
the pair of electrical leads and the 1% Si0, layer; and,

(e) adopant layer in contact with the metal oxide layer.

[0063] In an aspect, the present invention provides a novel chemical sensor, comprising:

(a) an oxidized silicon membrane, comprising a silicon (S1) layer and a silicon oxide
(S10,) layer, wherein the Si0O; layer is located on top of the silicon layer and,
comprises: a Sensor area;

(b) a heating element in contact with the Si0; layer and located near at least one edge of
the sensor area;

(c) a pair of electrical leads in contact with the SiO, layer and at least partly located on
the sensor area; and,

(d) a metal oxide layer located on the sensor area and in contact with at least a part of the
pair of electrical leads and the SiO, layer; and,

(e) adopant layer in contact with the metal oxide layer.
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[0064] Membrane (sometimes referred to as a “floating” sensor) refers to a Si0,/Si wafer that is
typically formed from an oxidized silicon wafer (e.g., a wafer having Si0,/S1/S10; layers). The
membrane is formed by removing one of the SiO; layers (e.g., the bottom layer) and a substantial
portion of the Si layer. Typically part of the original wafer (S10,/51/510,) is left to serve as
connectors for the membrane (e.g., leaving the 4 corner pieces of the original wafer as the
“connectors” to the membrane).

[0065] In another aspect, the present invention provides a novel chemical sensor platform,
comprising:

(a) an oxidized silicon wafer, comprising: a silicon layer sandwiched between a top (1*)
silicon oxide (Si0;,) layer and a bottom (2nd) Si0; layer, the 1% Si0, layer,
comprising: a plurality of separate sensor areas;

(b) at least one heating element in contact with the 1* SiO, layer and located near at least
one edge of a sensor area;

(c) a plurality of electrical leads, each in contact with the 1% SiO, layer, wherein 1 pair of
electrical leads is at least partly located on each of the separate sensor areas;

(d) a plurality of metal oxide layers, wherein 1 metal oxide layer is located on each of the
plurality of sensor areas and in contact with at least a part of the pair of electrical
leads located on the same area; and,

(e) a plurality of dopant layers, wherein 1 dopant layer is located on each of the plurality

of sensor areas and in contact with the metal oxide layer in the same area.
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[0066] In another aspect, the present invention provides a novel chemical sensor platform,
comprising:
(a) an oxidized silicon membrane, comprising a silicon (Si) layer and a silicon oxide
(S10,) layer, wherein the Si0O; layer is located on top of the silicon layer and,
comprises: a plurality of separate sensor areas;
(b) at least one heating element in contact with the SiO; layer and located near at least
one edge of each sensor area;
(c) aplurality of pairs of electrical leads, each in contact with the SiO; layer, wherein 1
pair of electrical leads is at least partly located on each of the separate sensor areas;
(d) a plurality of metal oxide layers, wherein 1 metal oxide layer is located on each of the
plurality of sensor areas and is in contact with at least a part of the pair of electrical
leads located on the same area; and,
(e) a plurality of dopant layers, wherein 1 dopant layer is located on each of the plurality
of sensor areas and in contact with the metal oxide layer in the same area.
[0067] The number of sensor areas in the chemical sensor platform varies. Examples include 2,
3,4,5,6,7,8,9, 10, or more. The number of sensor areas determines the number of pairs of
electrical leads, metal oxide layers, and dopant layers. The number of heating elements is
independent of the number of sensor areas. One heating element can service more than one
sensor area. Examples of the number of heating elements includes 1, 2, 3, 4, 5, or more.
[0068] In another aspect, the plurality is 4. In another aspect, the number of sensor areas is 4.
[0069] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1

heating element, 4 pairs of electrical leads, 4 metal oxide layers, and 4 dopant layers.
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[0070] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1 Pt
heating element, 4 pairs of Pt electrical leads, 4 SnO, (metal oxide) layers, and 4 dopant layers.
[0071] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1 Pt
heating element, 4 pairs of Pt electrical leads, 4 SnO, (metal oxide) layers, 4 dopant layers, and 4
Si/S10; connectors.

[0072] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1 Pt
heating element, 4 pairs of Pt electrical leads, 4 SnO, (metal oxide) layers, 4 dopant layers, and 4
S10,/S1/5105 connectors.

[0073] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1
Pt/Ti (Ti being the 2"¢ material) heating element, 4 pairs of Pt/Ti (Ti being the 2" material)
electrical leads, 4 SnO, (metal oxide) layers, and 4 dopant layers.

[0074] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1
Pt/Ti (Ti being the 2"¢ material) heating element, 4 pairs of Pt/Ti (Ti being the 2" material)
electrical leads, 4 SnO, (metal oxide) layers, 4 dopant layers, and 4 Si/Si0; connectors.

[0075] In another aspect, in the chemical sensor platform there are 4 separate sensor areas, 1
Pt/Ti (Ti being the 2"¢ material) heating element, 4 pairs of Pt/Ti (Ti being the 2" material)
electrical leads, 4 SnO, (metal oxide) layers, 4 dopant layers, and 4 Si0,/Si/Si0, connectors.
[0076] Nanocrystals are the building blocks of nanograins/nanoparticles. Nanocrystals
agglomerate into nanograins/nanoparticles (metal oxide/dopant)(nanograins being larger than
nanoparticles). The size of nanograins/nanoparticles vary in a range from about 5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, to about 100 nm, depending on the type of
material and its ability to agglomerate into bigger particles.

[0077] The description herein applies to both sensors and platforms, where ever appropriate.
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[0078] In the chemical sensor (or platform), the 1% SiO, layer is typically polished. The sensor
area 1s where at least part of a pair of electrical leads is located as well as the metal oxide and
dopant layers. The heating element is not in contact with the electrical leads, the metal oxide
layer, or the dopant layer but is located close enough to be able to heat the metal oxide and
dopant layers. The dopant layer substantially if not entirely covers the exposed or top side of the
metal oxide layer.

[0079] In another aspect, the oxidized silicon wafer is about 100, 150, 200, 250, 300, 350, 400,
450, to 500 pm thick. In another aspect, the oxidized silicon wafer is about 200 pum thick.

[0080] In another aspect, the part of the 2" Si0, layer located beneath the plurality of sensor
areas (or sensor area, if only 1 is present) is absent and a substantial portion of the corresponding
silicon layer is absent. In this aspect, part of the bottom of the wafer is absent, including all of the
2" Si0, layer and some of the bottom of the silicon layer.

[0081] In another aspect, the corresponding part of the silicon layer located beneath the plurality
of sensor areas (or sensor area, if only 1 is present) is about 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95, to 100 pum thick. This is measured from the bottom of the 1™
S10; layer to the bottom of the wafer (no 2" Si0, layer is present on this part of the silicon
layer). In another aspect, the corresponding part of the silicon layer located beneath plurality of
sensor areas (or sensor area, if only 1 is present)is about 50 pm thick.

[0082] In another aspect, part of the 1% SiO, layer at the edges of the plurality of sensor areas (or
sensor area, if only 1 is present) is absent, thereby forming a discontinuous trench around the
plurality of sensor areas (or sensor area, if only 1 is present). The 1% SiO, layer that is in contact
with the electrical leads remains. The absence of the 1% SiO, layer at the edges of the sensor

area, but not including the 1* Si0, layer that is in contact with the electrical leads, creates a
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trench that partially isolates the 1% SiO, layer in the sensor area from the 1% SiO, layer outside of
the sensor area. This trench can be deepened by removal of the silicon at the bottom of the
trench. Finally, when the 2" $i0, under the sensor area is removed and part of the
corresponding part of the silicon layer is removed, the trench becomes an actual opening. The
remaining 1% SiO, layer in the sensor area and the corresponding silicon layer underneath are
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[0083] In another aspect, part of the 1% SiO, layer at the edges of the plurality of sensor areas (or
sensor area, if only 1 is present) and part of the corresponding silicon layer is absent, thereby
forming a discontinuous trench around the plurality of sensor areas (or sensor area, if only 1 is
present).

[0084] In another aspect, in the chemical platform (or chemical sensor):

1. the part of the 2" Si0, layer located beneath the plurality of sensor areas (or
sensor area, if only 1 is present) is absent and a substantial portion of the
corresponding part of silicon layer is absent; and,

ii.  the part of the 1¥ SiO, layer at the edges of the plurality of sensor areas (or sensor
area, if only 1 is present) and the silicon layer directly beneath is absent, thereby
forming a discontinuous opening around the plurality of sensor areas (or sensor
area, if only 1 is present).

[0085] In another aspect, the corresponding part of the silicon layer is about 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, to 100 pum thick. This is measured from the
bottom of the 1¥ SiO, layer to the bottom of the wafer (no 2" Si0, layer is present on this part of

the silicon layer). In another example, the corresponding part of the silicon layer is about 50 um

thick.
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[0086] In another aspect, the metal oxide of the plurality of metal oxide layers is the same. In
another aspect, the metal oxide of the plurality of metal oxide layers is different. In another
aspect, the metal oxide layers are the same thickness. In another aspect, all of the metal oxide
layers are of different thicknesses.

[0087] In another aspect, the dopant of the plurality of dopant layers is the same. In another
aspect, the dopant of the plurality of dopant layers is different. In another aspect, all dopant
layers are the same thickness. In another aspect, all of the dopant layers are of different
thicknesses.

[0088] In another aspect, the 1% and 2" Si0, layers (in the sensor or platform) are independently
about 200 to 400 nm thick. In another aspect, the 1¥ and 2" Si0, layers are independently about
300 nm thick.

[0089] In another aspect, the at least one heating element (or heating element for the chemical
sensor), independently comprises: a 1% material selected from Pt, Au, and poly-silicon. In
another aspect, the at least one heating element, comprises: Pt.

[0090] In another aspect, the heating element is about 50, 100, 150, 200, 250, 300, 350, 400,
450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950 to 1,000 nm thick. In another aspect, the
heating element is about 300 nm thick.

[0091] In another aspect, the heating element, further comprises: a 2" material layer
sandwiched between the 1* SiO, layer and the 1* material layer. In another aspect, the 2
material layer, comprises: a metal selected from Ti and Cr. In another aspect, the 2" material
layer, comprises: Ti. In another aspect, the 2™ material layeris about 1,2, 3,4,5,6,7, 8,9, to
10 nm thick. In another aspect, the 2" material layer is about 2 nm thick. In another aspect, the

2"¢ material layer is about 5 nm thick.
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[0092] In another aspect, the plurality of electrical leads (or electrical lead in the chemical
sensor), comprise: a 1% metal layer independently selected from Pt and Au. In another aspect,
the plurality of electrical leads, comprise: Pt. In another aspect, the plurality of electrical leads
are about 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850,
900, 950 to 1,000 nm thick. In another aspect, the plurality of electrical leads (or lead in the
chemical sensor) are about 300 nm thick.

[0093] In another aspect, the plurality of electrical leads (or electrical lead in the chemical
sensor), each further comprise: a 2" metal, layer sandwiched between the 1% SiO, layer and the
1* metal layer. In another aspect, each 2" metal layer, comprises: a metal independently
selected from Ti and Cr. In another aspect, each 2" metal layer, comprises: Ti. In another
aspect, each 2™ metal layer is independently about 1, 2,3, 4,5, 6,7, 8,9, to 10 nm thick. In
another aspect, each 2" metal layer is independently about 2 nm thick. In another aspect, each
2" metal layer is independently about 5 nm thick.

[0094] In another aspect, the metal oxide layer or plurality of metal oxide layers is deposited via
sputtering.

[0095] In another aspect, the dopant layer or the plurality of dopant layers is deposited via
sputtering.

[0096] In another aspect, each metal oxide is independently selected from: SnO,, ZnO, V,0s,
WO;, TiO,, Al,O3, and Fe,0s. In another aspect, each metal oxide is SnO,.

[0097] In another aspect, each metal oxide layer is independently about 5, 6, 7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,

39, to 40 nm thick.
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[0098] The dopant layer being in contact with the metal oxide layer “dopes” the metal oxide
layer. Dopes or dopant refers to the surface modification of the metal oxide layer (e.g., SnO,) by
the dopant layer.

[0099] In another aspect, each dopant is independently selected from: Ti, TiO,, Au, Cu, CuO,
Cu,0, Mo, Mo0O,, MoOs3, Ni, NiO, Ni,0s, Pt, Pd, Ag, AgO, Ru, RuO,, Rh, Rh,03, Os, OsO,,
Os0y, Ir, and IrO,. In another aspect, the dopant is TiO,.

[00100] In another aspect, each dopant layer is independently about 2, 2.5, 3, 3.5, 4, 4.5, 5,
55,6,65,7,75,8,8.5,9,95, 10, 10.5, 11, 11.5, 12, 12.5, 13, 13.5, 14, 14.5, to 15 nm thick.
[00101] In another aspect, the portions (or portion for the chemical sensor) of the oud Si0,
layer under the corresponding plurality of sensor areas (or area for the chemical sensor) is absent
and the thickness of the plurality of sensor areas (or area), as measured from the top of the
corresponding dopant layers to the bottom of the corresponding silicon layers (or layer)(i.e., the
thickness of the plurality of sensor membranes (or sensor membrane)), is from 50, 100, 150, 200,
250, 300, 350, 400, 450 to 500 um. In another aspect, the thickness of the plurality of
membranes (or membrane) is 200 um. In another aspect, the thickness of the plurality of
membranes (or membrane) is 100 um. In another aspect, the thickness of the plurality of

membranes (or membrane) is 50 pm.
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[00102] In another aspect, the present invention provides a novel method of forming a
chemical sensor platform, comprising:

(a) depositing at least one heating element and a plurality of pairs of electrical leads
(e.g., 4 pairs)onto an oxidized silicon wafer, wherein:

1. the oxidized silicon wafer, comprises: a silicon layer sandwiched between a
top (1*) silicon oxide (SiO,) layer and a bottom 2" Si0, layer;
ii.  the 1" SiO, layer, comprises: a plurality of separate sensor areas (e.g., 4);
iii.  the at least one heating element and plurality of pairs of electrical leads are
deposited onto the 1* SiO, layer;
iv.  the at least one heating element is located near at least one edge of at least one
sensor area; and,
v. 1 pair of electrical leads is at least partly located on each of the separate
sensor areas (e.g., 4 pairs);

(b) depositing a metal oxide layer onto each of the plurality of sensor areas and the 1 pair
of electrical leads located thereon;

(c) depositing a dopant layer over each of the plurality of metal oxide layers (e.g., 4
metal oxide layers); and,

(d) annealing the resulting platform at a sufficient temperature and for a sufficient time to
cause at least a portion of each metal oxide layer (e.g., 4 metal oxide layers) to form
nanograins and at least a portion of each dopant layer (e.g., 4 dopant layers) to form
nanoparticles.

[00103] In the method, each metal oxide layer is in contact with at least a part of 1 pair of

electrical leads and part of the sensor area not covered by the electrical leads. It is noted that
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neither the electrical leads nor the metal oxide layer is typically in contact with the heater. Tthe
dopant layer is substantially the same dimensions as the metal oxide layer and substantially
covers the top side of the metal oxide layer.

[00104] In another aspect, the method, further comprises:

(e) etching away part of the 1* SiO, layer at the edges of the plurality of sensor areas and
part of the corresponding silicon layer to form a discontinuous trench around the
plurality of sensor areas.

[00105] In another aspect, the method, further comprises:

(f) etching away the part of the 2" Si0, layer located beneath the plurality of sensor
areas and part of the corresponding silicon layer, wherein enough of the silicon layer
is removed to convert the discontinuous trench into a discontinuous opening in the

silicon wafer.

[00106] In another aspect, plurality is 4.
[00107] In another aspect, etching (f) is completed prior to annealing (e).
[00108] In another aspect, the method, further comprises:

(g) prior to depositing (a), applying a 1* photomask to the 1* SiO, layer; and,
(h) after depositing (a), removing the 1* photomask.

[00109] In another aspect, the method, further comprises:
(i) prior to etching (e), applying a o photomask to the 1* SiO, layer; and,
(j) after etching (e), removing the o photomask.

[00110] In another aspect, the method, further comprises:
(k) prior to depositing (b), applying a 31 photomask to the 1* SiO, layer; and,

(1) after depositing (c), removing the 31 photomask.

26



WO 2017/165567 PCT/US2017/023672

[00111] In another aspect, the method, further comprises:

(m)prior to etching (f), applying a 4t photomask to the 2" Si0, layer; and,

(n) after etching (), removing the 4™ photomask.
[00112] In another aspect, the method, further comprises:

(o) prior to depositing (a), depositing an adhesive metal layer
[00113] The adhesive metal layer is the 2" material layer sandwiched between the 1 Si0,
layer and the 1* material layer.
[00114] A multilayer structure or sensing layer is a thin film is obtained by multiple
consecutive depositions of a metal oxide and a dopant (e.g., SnO,, then TiO,, then Si0O,, then
TiO,, etc.).
[00115] In another aspect, the present invention provides a novel multilayer chemical
sensor, comprising:

(a) an oxidized silicon wafer, comprising: a silicon layer sandwiched between a top (1*)
silicon oxide (Si0;,) layer and a bottom (2nd) Si0; layer, the top SiO; layer,
comprising: a sensor area;

(b) a heating element in contact with the 1% SiO, layer and located near at least one edge
of the sensor area;

(c) a pair of electrical leads in contact with the 1** SiO, layer and at least partly located
on the sensor area;

(d) a sensing layer, comprising: alternating layers of metal oxide and dopant, wherein
the sensing layer is located on the sensor area and the first metal oxide layer is in

contact with at least a part of the pair of electrical leads and the 1% SiO, layer.
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[00116] In another aspect, the sensing layer, comprises: from4, 5, 6,7, 8,9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, to 20 layers (though typically there are an even number of layers with
the dopant being the outermost layer). In another aspect, the sensing layer, comprises: 6 layers.
[00117] In another aspect, from 5-50% by volume of the sensing layer is the dopant. In
another aspect, 5% by volume of the sensing layer is the dopant. In another aspect, 10% by
volume of the sensing layer is the dopant. In another aspect, 15% by volume of the sensing layer
is the dopant. In another aspect, 20% by volume of the sensing layer is the dopant.
[00118] In another aspect, the present invention provides a novel method of forming a
chemical sensor platform, comprising:
(a) depositing at least one heating element and a plurality of pairs of electrical leads onto
an oxidized silicon wafer, wherein:
1. the oxidized silicon wafer, comprises: a silicon layer sandwiched between a
top (1*) silicon oxide (SiO,) layer and a bottom 2" Si0, layer;
ii.  the 1" SiO, layer, comprises: a plurality of separate sensor areas;
iii.  the at least one heating element and plurality of pairs of electrical leads are
deposited onto the 1* SiO, layer;
iv.  the at least one heating element is located near at least one edge of at least one
sensor area; and,
v. 1 pair of electrical leads is at least partly located on each of the separate
sensor areas;
(b) depositing a plurality of sensing layers, each sensing layer, comprising: alternating

layers of metal oxide and dopant, wherein 1 sensing layer is located on each sensor
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area and each first metal oxide layer is in contact with at least a part of the pair of
electrical leads and the 1st Si0; layer; and,

(c) annealing the resulting platform at a sufficient temperature and for a sufficient time to
cause at least a portion of each metal oxide layer to form nanograins and at least a
portion of each dopant layer to form nanoparticles.

[00119] In another aspect, the method, further comprises:

(d) etching away part of the 1* SiO, layer at the edges of the plurality of sensor areas and
part of the corresponding silicon layer to form a discontinuous trench around the
plurality of sensor areas.

[00120] In another aspect, the method, further comprises:

(e) etching away the part of the 2" Si0, layer located beneath the plurality of sensor
areas and part of the corresponding silicon layer, wherein enough of the silicon layer
is removed to convert the discontinuous trench into a discontinuous opening in the

silicon wafer.

[00121] In another aspect, the plurality is 4.
[00122] In another aspect, the etching (e) is completed prior to annealing (c).
[00123] In another aspect, the method, further comprises:

(f) prior to depositing (a), applying a 1* photomask to the 1* SiO, layer; and,
(g) after depositing (a), removing the 1* photomask.

[00124] In another aspect, the method, further comprises:
(h) prior to etching (d), applying a o photomask to the 1* SiO, layer; and,
(1) after etching (d), removing the o photomask.

[00125] In another aspect, the method, further comprises:
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(j) prior to depositing (b), applying a 31 photomask to the 1* SiO, layer; and,

(k) after depositing (b), removing the 31 photomask.

[00126]

In another aspect, the method, further comprises:

(1) prior to etching (e), applying a 4™ photomask to the 2" Si0, layer; and,

(m)after etching (e), removing the 4t photomask.

[00127]

In another aspect, the method, further comprises:

(n) prior to depositing (a), depositing an adhesive metal layer.

[00128]

In another aspect, the present invention provides a novel, integrated chemical

sensor that can be used in the following applications:

[00129]
[00130]
[00131]

[00132]

a.

Sensor components for confined space gas monitors, leak detectors and analytical
instruments. The present sensor can replace traditional metal oxide sensors in
their standard applications for gas detection. The application determines the type
of sampling system (active or passive).

Alcohol monitors inside vehicles for prevention of drunk driving.

Sensors utilized in cooking processes for prevention of overcooking and burning.
Built-in sensors for cell phones and microphones.

Built-in sensors for food freshness and safety monitoring for refrigerators.

Examples
The following examples are meant to illustrate, not limit, the present invention.
Example 1

A general description of the novel manufacturing process for making sensors and

the highly-integrated sensors of the present invention is as follows:
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[00133] Starting Substrate:

[00134] An oxidized silicon wafer is used as the substrate for the sensors and platforms of
the present invention. A platform of the present invention is a unit that comprises multiple
sensors and pairs of electrical leads and at least one heating element. The present manufacturing
process allows for numerous platforms to be formed simultaneously on one oxidized silicon
wafer. As will be described below, each platform may contain only one type of sensor (e.g., all
sensors have the same metal oxide/dopant layers) or each sensor on the platform may have a
variety of different sensor types (e.g., 2, 3, 4, or more).

[00135] A typical wafer is 4” in diameter, but a larger wafer (e.g., 6” in diameter) can be
used in order to increase the number of devices per manufacturing cycle and decrease the
manufacturing cost per device. The orientation of the wafer can be 100. One side (the “top” side)
of the wafer is typically polished. An example of the thickness of the wafer is 200 pym. Other
examples of the thickness of the wafer include from about 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350,
360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480, 490, to 500 um thick. The
thinner the wafer (e.g., 200 um, 150 pm, or 100 pum), the lower the power consumption of the
resulting device.

[00136] A 1™ layer of oxidized silicon (SiO,) is present on the top of the wafer. A o layer
of oxidized silicon (Si0,) is present on the bottom of the wafer. Since the wafer is polished, it is
the 1% layer of SiO, that is polished. An example of the thickness of the oxide layers is about 300
nm. Other examples of the thickness of the SiO, layers include from about 200, 210, 220, 230,

240, 250, 260, 270, 280, 290, 300, 310, 320, 330, 340, 350, 360, 370, 380, 390 to 400 nm thick.
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[00137] Applying Photomask #1

[00138] Each sensor has to be thermally activated in order to act as a conductometric
sensor. Thus, a microheater (heating element) has to be deposited for each sensor or on each
platform. Also, interdigitated metal terminals (electrical leads) have to be deposited for
monitoring of signals from each of the sensor areas (change in conductance caused by a chemical
reaction). Patterns for both the microheater and terminals, for the numerous platforms that can be
simultaneously made, can be deposited on the wafer using photolithography, as follows.

[00139] A photoresist (Photomask #1) is spin coated on the front side (i.e., polished side)
of the wafer. The photoresist is chosen based on its desired thickness (thick enough to allow for
deposition of the heater and metal leads, but not too thick to make it difficult to use). For
example, photoresist 1827, a positive photoresist that is expected to produce a 2.7 pm layer @
4000 rpm spin, can be used. It is applied by spinning the wafer for 0.2 sec@ 500 rpm while the
photoresist is applied, and then for 10 sec @ 4000 rpm. Other examples of the thickness of the
photoresist to be applied include from about 2, 3,4, 5,6, 7, 8,9, to 10 pm.

[00140] After spin coating, the wafer is “soft baked” by heating at (e.g., 90°C in air for
about 70-75 sec). The “soft baked” wafer is then exposed to UV light appropriate for the
photoresist (e.g., 325W for about 22 seconds), followed by a toluene bath (60 sec), blow drying
with N, and another soft baking (e.g., 90°C in air for about 15 sec).

[00141] In order to remove the unwanted portions of the photoresist, it must be developed,
rinsed, and dried. For example, the photoresist can be developed by contacting with a developing
agent (e.g., MF-24A for 90 sec), followed by a Quick Dump Rinse (QDR) with dionized water.

Finally, the rinsed wafer can then dried via a Spin Rinse Dryer (SRD). For example, it can be
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spun for 30 sec @ 500 rpm with a deionized water spray, then 3 min @ 2000 rpm under a N, gas
flow, and finally for 3 min @ 4000 rpm in air to dry.

[00142] The quality of photolithography can be verified by optical microscopy to match
the desirable percent of defects, desired geometry, and the photoresist free area. If the photoresist
is not fully removed, the wafer can be placed in the developer bath (e.g., contacted with MF-
24 A) for an additional 10-15 sec, then cleaned via the QDR and SRD methods and then checked
again by optical microscopy.

[00143] Heater and Electrical Lead Deposition

[00144] With the photomask applied, the heater and electrical leads are then formed. One
way to achieve thin and uniform layers of heater and/or electrical leads (as well as the other
layers/components of the sensor) is via sputtering. Other techniques including atomic layer
deposition, chemical vapor deposition, and thermal evaporation can also be used for the heater
and electrical leads, as well as for the other layers/components of the sensor.

[00145] Optionally an adhesive layer (e.g., Ti or Cr) can be deposited first, followed by
the desired material for heater (e.g., Pt, Au, or poly-silicon) and/or electrical lead (Pt and Au).
The adhesive layer can be deposited by sputtering using an appropriate target (e.g., a Ti wafer).
[00146] An example of the thickness of the optional adhesive layer is about 2 nm. Another
example is about 5 nm. Other examples of the thickness of the optional adhesive layer include
from about 1, 2, 3, 4, to 5 nm. An example of the thickness of the electrical lead is about 300 nm.
Other examples of the thickness of the electrical lead include from about 100, 150, 200, 250,
300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, to 1000 nm. An example of

the thickness of the heater is about 300 nm. Other examples of the thickness of the heater include
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from about 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900,
950, to 1000 nm.

[00147] It can also be desirable to deposit alignment marks to allow for additional
photomasks to be aligned. These marks are not limited by shape (e.g., X’s, crosses, boxes, etc.)
and need only be large enough to be seen when aligning another photomask.

[00148] Removing Photomask #1:

[00149] Once the electrical leads and heater have been applied, Photomask #1 is removed
to allow for the deposition of the metal oxide layer. Photomask #1 can be removed using
standard technology. For example, the modified wafer can be placed in an acetone bath for 2
hours at 60-70°C. The wafer can then be placed in a sonicated bath for 5-10 min to remove the
remaining metal coated photoresist. An optical microscope can be used for quality control of
metal deposition. The thickness of the deposited metal layer can then be verified using a contact
profilometer.

[00150] Figure 2 shows an example of a part of a wafer (green) to which a heating element
(white area surrounding the green “T” in the middle) and electrical leads (interdigitated
terminals)(remaining white area) have been deposited and Photomask #1 has been removed. The
heater in this figure separates 4 sensor areas.

[00151] In another aspect, the heater and electrical leads are different materials, e.g., a
poly-silicon heater and Pt leads. If different materials are chosen, then an additional
photomasking step will be necessary. Either the heater or electrical leads are applied while the
location on the wafer for the other is protected. Photomask #1 is then removed and #1A is

applied to allow for the other of the heater or electrical leads to be applied. Photomask #1A is
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then removed. The structure shown in Figure 2 could also be an example wherein the heater and
electrical leads are different materials.

[00152] Applying Photomask #2:

[00153] In order to deposit the metal oxide, the heater (and optionally other parts of the
wafer) needs to be protected. Photomask #2 can be applied similarly to the Photomask #1. It is
useful to be able to align Photomask #2 with Photomask #1. For example, Photomask #1 can
have crosses on both sides of the mask and Photomask #2 can have squares.

[00154] As with Photomask #1, the quality of photolithography should be verified by
optical microscopy to match the geometry and desirable percent of defects. If the developed
photoresist is not fully removed, the wafer should be placed again in the developer (e.g.,
contacted with MF-24A for an additional 10-15 sec), then cleaned via the described QDR and
SRD methods and checked again by optical microscopy.

[00155] Trenching:

[00156] RIE etching: One way to decrease the power required to heat the metal oxide is to
substantially isolate the sensor area from the surrounding wafer. This can be achieved first by
RIE etching of the SiO, layer to form a discontinuous trench around the sensor area (see the
black lines shown in Figure 3). The trench is discontinuous as the SiO, under the electrical leads
and heater is not removed. The etched area can be inspected under an optical microscope. The
process is repeated if necessary to remove the SiO, completely in the desired areas.

[00157] One way to separate the platforms from the wafer is via etching. For example, the
Si0; from an outline around each platform can be etched as a part of the RIE etching process.

This begins the process of creating 624 separate sensor platforms from the original wafer.
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[00158] Before proceeding to etch part of the silicon layer, it is useful to measure the
thickness of the photoresist. If the photoresist thickness is less than 2 ~um after RIE, then the
photo resist can be removed and reapplied. A thicker photoresist (e.g., SPR 220-7 (provides
~7um layer at 4000 rpm)) can be chosen to protect the features from the DRIE etching that is to
follow. It can be beneficial to trench with DRIE immediately after removing the SiO, layer to
avoid new oxide formation.

[00159] DRIE etching: Prior to DRIE etching, the silicon wafer is protected by attaching
a support silicon wafer (e.g., a 500 um support silicon wafer) to the back side of the silicon
wafer. The support wafer protects the processed wafer from being broken in the DRIE chamber.
The silicon on the front side of the wafer that was exposed during RIE etching is then etched via
DRIE. The etched area is inspected under optical microscope. The process is repeated if
necessary to finish removing the unwanted silicon.

[00160] If the platforms are to be separated by etching, this process can be continued with
the DRIE. For example, the silicon in the outline around each platform formed by the above
Si0; etching can also be etched to continue the process of creating 624 separate sensor platforms

from the original wafer.

[00161] Removing Photomask #2:

[00162] Photomask #2 can then be removed using the lift-off process described for
Photomask #1.

[00163] Sensing Element Fabrication:

[00164] A third photomask (Photomask #3) can be applied similarly to the Photomask #1

and aligned similarly to Photomask #2 (e.g., squares on Photomask #3 can be aligned with

crosses from Photomask #1). As with Photomask #1, the quality of photolithography should be

36



WO 2017/165567 PCT/US2017/023672

verified by optical microscopy to match the geometry and desirable percent of defects. If the
developed photoresist is not fully removed, the wafer should be placed again in developer (e.g.,
contacted with MF-24A for an additional 10-15 sec), then cleaned via the described QDR and
SRD methods and checked again by optical microscopy.

[00165] With Photomask #3 in place, a metal oxide layer (sensing layer) can be deposited
(e.g., via sputtering).

[00166] One example of a metal oxide is SnO,. Other examples include ZnO, V,0s5, WOs,
TiO,. Al,Os, and Fe,03. A useful method of depositing the metal oxide layer is via sputtering.
This method allows one to precisely control the thickness of the layer being deposited and also
provides a consistent and repeatable process for forming the metal oxide layer (as opposed to
methods such as using a sol-gel paste). The metal oxide nanograins are formed during the
annealing process (see below).

[00167] An example of the thickness of the metal oxide layer is about 36 nm. Other
examples of the thickness of the metal oxide layer include from about 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40,41,42,43,44, 45, 46, 47, 48, 49, to 50 nm depending on desired the oxide parameters. The
thickness of the metal oxide layer can be measured by a contact profilometer.

[00168] Figure 4(a) shows a sensor before a metal oxide layer is applied. Figures 4(b) and
(c) show a sensor and platform, respectively, after a metal oxide layer is applied.

[00169] After the metal oxide layer is in place, a dopant layer can then be fabricated on
top of it. The dopant layer typically substantially covers the top or exposed side of the metal

oxide layer. The dopant nanoparticles are formed during the annealing process (see below).
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[00170] One example of a dopant is TiO; (the TiO; can be sputtered as TiO, or as Ti and
then oxidized via annealing). Other examples include Ti, TiO,, Au, Cu, CuO, Cu,0, Mo, MoO,,
MoOs, Ni, NiO, Ni,0s, Pt, Pd, Ag, AgO, Ru, RuO,, Rh, Rh;03, Os, OsO,, OsOy, Ir, and IrO,.
The dopant if sputtered as a non-oxide metal (e.g., T1) is typically, with the exception of Au, Pt,
and Pd, oxidized during annealing (see below). This oxidation process oxides part of the dopant
(typically the area exposed to oxygen), but does not necessarily oxidize all of the dopant. For
example, some of the dopant inside may still be in an unoxidized state. Au, Pt, and Pd, while not
forming oxides (e.g., TiO,) during annealing, do form quasi-oxide states on their surfaces (e.g.,
quasi-stable clusters such as Pd,O,, and Pt,Oy,).

[00171] The different combinations of metal oxide and dopant layers provide different
sensitivities to different gases. A useful method of depositing the dopant layer is via sputtering.
As with the metal oxide layer, sputtering allows one to precisely control the thickness of the
nanoparticle layer being deposited and also provides a consistent and repeatable process for
forming a nanoparticle layer.

[00172] An example of the thickness of the dopant layer is about 8.5 nm. Other examples
of the thickness of the dopant layer include from about 2, 2.5, 3, 3.5,4,4.5,5,5.5,6,6.5,7,7.5,
8,8.5,9,9.5,10,10.5, 11, 11.5, 12, 12.5, 13, 13.5, 14, 14.5, to 15 nm depending on desired the
dopant parameters. The thickness of the dopant layer can be measured by a contact profilometer.
[00173] With the metal oxide and dopant layers formed, Photomask #3 can be removed as
described for Photomask #1.

[00174] Different Sensing Elements:

[00175] If the sensor platform contains sensors with different metal oxide layers and/or

different dopant layers (i.e., different sensors), then the process of applying a photomask,
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developing it, forming the metal oxide and dopant layers, and removing the photomask is
repeated for as many times as necessary. For example, if each platform contains 4 different
sensors separated by a heater (similar to the structure shown in Figure 3), then process of
applying the metal oxide and dopant layers will be repeated three addition times (Photomasks

3A, 3B, and 3C will be used) to provide a sensor with 4 distinct metal-oxide /dopant sensing

areas.
[00176] “Floating” Sensor (Membrane) Formation:
[00177] After all the sensing elements are deposited and doped, the bottom of the wafer is

then etched to remove the SiO, layer under the sensor area (where the metal oxide and dopant
layers are located) as well as a substantial part of the bottom of the silicon layer. For example, if
the silicon layer is 200 pm thick, then about 150 um can be removed, thereby leaving only about
50 pm of silicon under the sensor and creating a “floating” sensor by removing enough silicon to
convert the trenches previously formed into openings (i.e. holes). Removal of the silicon and
forming the openings reduces the energy needed to power the sensor platform (and resulting
integrated sensor).

[00178] The features on the top of the wafer should be protected with a layer of
photoresist (e.g., photoresist 1813 can be applied). The bottom of the wafer can now be
modified.

[00179] A photoresist (Photomask #4)(e.g., photoresist SPR 220-7) can be applied onto
the backside (unmodified side) of the wafer similarly to previous photomasks. After exposure to
UV light and developed, the photomask is complete and etching can begin. Photomask #4 is

typically thicker than Photomasks #1-3 because of the amount of silicon being removed during
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the DRIE process. As a result, more time is usually required to allow the thicker photoresist
layer, e.g., 4-10 um to cure.

[00180] The bottom Si0O; layer can be removed via RIE. The etched area is then inspected
under optical microscope. The process is repeated if necessary to remove the oxide completely.
[00181] If the platforms are to be separated by etching, this process can be continued with
the RIE on the bottom of the wafer. For example, the SiO, on the bottom of the wafer that is
under the outline formed above around each platform can also be etched to continue the process
of creating 624 separate sensor platforms from the original wafer.

[00182] Next part of the silicon layer is removed via DRIE. It can be beneficial to start
DRIE right after removing the oxide to avoid new oxide formation over time.

[00183] Due to the harsh conditions of the DRIE process, the silicon wafer can first be
protected by attaching a support silicon wafer (e.g., a 500 um support silicon wafer) to the top
side of the silicon wafer. The support wafer protects the processed wafer from being broken in
the DRIE chamber. Once the top of the silicon has been protected, silicon from the bottom can
then be etched, e.g., ~150 um, via DRIE. The etched area is inspected under optical microscope.
The process is repeated if necessary to complete removal of the desired amount of silicon.
[00184] If the platforms are to be separated by etching, this process can be completed with
the DRIE on the bottom of the wafer. For example, the silicon in the outline around each
platform formed by SiO; etching on the bottom can also be etched to complete the process of
cutting all the way through the wafer and of creating 624 separate sensor platforms from the
original wafer.

[00185] With the removal of Si0; and silicon complete, Photomask #4 can be removed as

described for Photomask #1.
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[00186] The amount of silicon removed from under the sensing area depends on the
desired thickness of the “floating” sensor. One example of the thickness of silicon under the
sensing area is 50 um. Other examples include from about 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38,39,
40,41, 42,43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, to 60 um.
[00187] An example of the “floating” sensor of the present invention is shown in Figure 5.
The dark grey lines on either side of the Pt leads represents discontinuous openings (holes) in the
walfer that were created by the RIE/DRIE trenching and then RIE/DRIE removal of the bottom
side of the wafter.
[00188] The depth of the DRIE is typically such that it cuts apart the platforms without the
need for mechanical cutting. Optionally, one can reduce the depth of the DRIE etching and then
cut the platforms apart mechanically.
[00189] Sensor packaging
[00190] Bonding conditions: Gold wire diameter 25 pm, substrate temperature 130°C, tail
2, loop 2. Kulicke & Soffa Wire bonder Model 4500.

a. First bond (ball bond): force 2, power 2, time 2.

b. Second bond (wedge bond): force 3, power 2.5, time 2.
[00191] With the sensor platform complete, it is then connected to a package in order to be
incorporated into an integrated chemical sensor. The surface of each sensor’s platform has to be
leveled with the package pin holders in order to improve the bonding contacts and prevent the
wire from breaking or being stuck inside the soldering capillary. The sensors cup (see Figure 6

(a)) are attached in order to complete the integrated sensor package.
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[00192] Sensor annealing

[00193] In order to form the metal oxide into nanograins and the dopant into
nanoparticles, and if necessary to oxidize the dopant, the sensor is annealed in the presence of
oxygen (e.g., air or synthetic air). The annealing can be conducted prior to packaging. However,
a benefit of annealing after packaging is that the platform need not be touched post packaging.
[00194] Annealing temperature: 200-900°C, including 200, 250, 300, 350, 400, 450, 500,
550, 600, 650, 700, 750, 800, 850, to 900°C.

[00195] Annealing time: 1-40 hours, including 1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14,

15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, to

40 hours.
[00196] Annealing atmosphere: an oxygen-containing gas, including air and synthetic air.
[00197] The temperature chosen is dependent up on the components of the sensor and its

desired use. The size of the grains/particles and their morphology can be observed via SEM
(scanning electron microscope), AFM (atomic force microscope), and/or XRD (x-ray
diffraction).

[00198] During the annealing process metal oxide grains (nanograins) are formed from the
amorphous, sputtered structure. The size of the grains 5-20 nm impacts the sensitivity of the
Sensor.

[00199] During the annealing process the dopant, if not already oxidized (e.g., Ti sputtered
as opposed to Ti0O,), oxides and dopant nanoparticles are formed. The formation of dopant
nanoparticles causes the continuous amorphous layer (e.g., formed via sputtering) is crystallized
to form a polycrystalline structure.

[00200] In one example, the annealing temperature for SnO,is 700°C, for 4 hours.
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[00201] In one example, the annealing temperature for ZnO is 700°C, for 4 hours.
[00202] Example 2

[00203] H,S sensor

[00204] Step 1: Starting substrate

[00205] A 4” diameter oxidized silicon (100) wafer (200 pm with a 300 nm SiO, top

(polished) and bottom layers) was prepared by washing with deionized water (DI water) and then
inspected under an optical microscope.

[00206] Step 2: Top side photolithography (Photomask #1)

[00207] To provide patterns for the heater and terminals, a photomask (photomask #1)
was applied to the wafer using photolithography. Photoresist 1827 (a positive photoresist) was
applied to the polished side of the wafer. The wafer was spun (Laurell EDC-650-23B Spin
Processor) for 0.2 sec@ 500 rpm while the photoresist was applied, and then for 10 sec @ 4000
rpm.

[00208] After spin coating, the wafer was “soft baked” by heating at 90°C in air for about
70-75 sec. The “soft baked” wafer was then exposed to UV light 325W for about 22 seconds,
followed by a toluene bath (60 sec), blow drying with N», and another soft baking (this time 90°C
for about 15 sec).

[00209] The photoresist was developed by contacting with MF-24 A for 90 sec, followed
by a Quick Dump Rinse (QDR) in DI water with the DI water being changed 3 times. Finally,
the rinsed wafer was then dried via a Spin Rinse Dryer (SRD) by being spun for 30 sec @ 500

rpm with a DI water spray, then 3 min @ 2000 rpm under a N, gas flow, and finally for 3 min @
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4000 rpm in air to dry. The quality of photolithography was verified by optical microscopy to
match the geometry and desirable percent of defects.

[00210] Step 3: Terminals and heater

[00211] Ti (adhesive layer, ~2 nm). Deposition parameters: 5 mTorr (Ar), DC power

S500W, time 30 sec.

[00212] Pt (~300 nm). Deposition parameters: 5 mTorr (Ar), DC power 200W DC, time
15min.
[00213] Both the Ti and Pt targets were loaded into the sputter chamber of a Lesker PVD

75. The Ti (adhesive layer) was first applied using the above parameters. In order to avoid
oxidation of the Ti layer, Pt was deposited immediately after the Ti deposition.

[00214] Step 4: Photoresist removal

[00215] Following sputtering, the modified Si wafer (now with electrical leads and a
heater) was placed in an acetone bath for 2 hours at 60-70°C and then in an ultra-sonicated bath
for 5-10 min to remove the remaining metal coated photoresist. An optical microscope was used
for quality control of metal deposition. The thickness of the deposited metal layer was verified
using a contact profilometer.

[00216] A random analysis of Ti/Pt contacts and heaters on different places (platforms) on
the wafer revealed small thickness variation between 295-306 nm due to uneven coating.

[00217] Step 5: Top side photolithography (Photomask #2)

[00218] A second photomask (Photomask #2) was applied similarly to the first photomask
with the exception that the toluene bath and dry and soft bake steps were not performed. A Suss
MAG6 mask aligner was used to align Photomask #2 with Photomask #1. In order to align

Photomask #2 with Photomask #1, alignment marks on both masks are positioned at the same
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place. Photomask #1 left crosses on two sides of the mask. Photomask #2 had squares to be
aligned with the crosses. As with Photomask #1, the quality of photolithography was verified by

optical microscopy to match the geometry and desirable percent of defects.

[00219] Step 6: Silicon Oxide Reactive Ion Etching (RIE)

[00220] RIE etching: Hy+CHy (5+5 sccm), Pressure (500 mTorr), RF power (80 W), time
(10 min).

[00221] The silicon oxide layer was etched via RIE using the above parameters (see the

black lines shown in Figure 3). The etched area was inspected under optical microscope.
[00222] The Si0; from an outline around each platform (i.e., columns and rows on the
wafer) was also etched to begin the process of creating 624 separate sensor platforms from the
original wafer.
[00223] Step 7: Deep Reactive lon Etching (DRIE) of Silicon
[00224] DRIE of silicon parameters: passivated phase and etching phase ~ 50 cycles

a. Passivated phase: C4F8 flow rate 200 sccm for 5 sec; and,

b. Etching phase: SF6 flow rate 400 sccm for 15 sec.
[00225] The DRIE was performed following oxide removal to avoid new oxide formation.
The silicon wafer was first protected by attaching a 500 pm support silicon wafer to the bottom
of the silicon wafer being process. The support wafer protects the processed wafer from being
broken in the STS DRIE chamber. The silicon on the top side of the wafer was then etched via
DRIE using the above parameters. The etched area was inspected under optical microscope.
[00226] The silicon in the outline around each platform formed by SiO, etching was also
etched to continue the process of creating 624 separate sensor platforms from the original wafer.

[00227] Photomask #2 was removed using the lift-off process of step 4.
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[00228] Step 8: Top side photolithography (Photomask #3)

[00229] A third photomask (Photomask #3) was applied similarly to Photomask #2.
Photomask #3 was aligned with Photomask #1, similarly to Photomask #2.

[00230] The quality of photolithography was verified by optical microscopy to match the
geometry and desirable percent of defects.

[00231] Step 9: Metal oxide deposition

[00232] Parameters for deposition: RF Power 200W, time 15 min, base pressure (ultimate
pressure before the deposition): 5x10°® Torr, process pressure (Ar pressure during the
deposition): 12 mTorr, sputtering material (SnO; target) 4 inch diameter, distance between
source (SnO,) and sample holder (sensor’s platform) ~5”, sample holder rotation speed 30rpm.
[00233] A SnO, target was loaded into the sputter chamber and a 36 nm layer was SnO,
was deposited. The thickness of metal layer was controlled by an Inficon thickness sensor. The
thickness of the oxide layer was measured by contact profilometer.

[00234] Step 10: Dopant deposition

[00235] Parameters for the deposition: RF Power: 250W, time 20 min, base pressure
(ultimate pressure before the deposition) 5x10°° Torr, process pressure (Ar pressure during the
deposition) 12 mTorr, sputtering material (TiO, target) diameter 3 inch, distance between source
(Ti0,) and sample holder (sensor’s platform) ~6”, sample holder rotation speed 30 rpm.

[00236] The TiO, target was loaded into the sputter chamber and a 8.5 nm layer of TiO,
was deposited. The thickness of metal layer was controlled by an Inficon thickness sensor. The
thickness of the oxide layer was measured by contact profilometer.

[00237] The sample was placed into a room temperature acetone bath for 15 min and then

dried by a medium flow rate nitrogen gun. During this process all the PMMA (photoresist) and
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unnecessary oxide were removed. As a result, only the sensing areas were left covered with
metal oxide and dopant.

[00238] Step 11: Bottom side photolithography (Photomask #4)

[00239] After all the sensing elements were deposited and doped, a thin layer of positive
photoresist 1813 was spin coated (0.5sec @ 500 rpm, 10sec @ 4000 rpm) on the top of the wafer
to protect the now formed sensors from damage.

[00240] Photoresist SPR 220-7 (Photomask #7) was spun coated onto the bottom
(unmodified side) of the wafer. The wafer was spun for 0.2 sec@ 500 rpm while the photoresist
is applied, and then for 10 sec @ 4000 rpm. After spin coating, the wafer was “soft baked” in air
by heating at 115°C for about 90 sec, with a 30 sec temperature ramp to 115°C. The “soft baked”
wafer was then exposed to UV light 325W for 35 seconds and then allowed to sit for at least 35
minutes (post exposure time). After sitting the wafer was baked again at 115°C for about 90 sec,
with a 30 sec temperature ramp to 115°C. The photoresist was then developed by contacting with

MF-24A at 21°C for 60-80 sec, followed QDR (as described above), and SRD (as described

above).

[00241] Step 12: Bottom side RIE

[00242] RIE etching: Hy+CHy (5+5 sccm), Pressure (500 mTorr), RF power (80 W), time
(10 min).

[00243] The Si0; layer on the bottom of the wafer is etched via RIE using the above

parameters. The etched area is then inspected under optical microscope.
[00244] The SiO, on the bottom that was under the outline formed above around each
platform was also etched to continue the process of creating 624 separate sensor platforms from

the original wafer.
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[00245] Step 13: Bottom side DRIE
[00246] DRIE of silicon parameters: passivated phase and etching phase ~ 150 cycles

a. Passivated phase: C4F8 flow rate 200 sccm for 5 sec; and,

b. Etching phase: SF6 flow rate 400 sccm for 15 sec.
[00247] The silicon wafer was protected by attaching a 500 um support silicon wafer to its
top side. The silicon on the bottom side of the wafer was then etched, ~150 um, via DRIE using
the above parameters. The etched area was inspected under optical microscope.
[00248] The silicon in the outline around each platform, formed by SiO, etching on the
bottom, was also etched to complete the process of cutting all the way through the wafer and of
creating 624 separate sensor platforms from the original wafer. After etching, the 624 newly
formed sensor platforms are transferred via a 100 mm diameter one sided circle scotch tape.
[00249] Step 14: Sensor packaging
[00250] The transistor outline (TO) package was prepared for the sensing platform
attachment. The supported structure (Figure 7a) was prepared by an Othermill-Compact
Precision CNC + PCB Milling Machine. One of the previously prepared sensor platforms was
then attached to the package with die attach ultra-high temperature paste and then annealed at
170°C, 1 atm, for 15 min to cure the paste. The electrical connection between the transistor
outline package and the sensor platform was made by using S&F wire bonder with 1 mill golden
wire (Figure 7b). Finally, the cup for passive gas detection was fabricated from the cup for the
transistor outline package by using the Othermill milling machine. The cup was then attached to

the package (Figure 7c¢).
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[00251] Stepl5: Annealing

[00252] The sensor was imported into a gas calibration system (see description below).
The power for the platform heater was adjusted to match the surface temperature of the sensing
element near 250°C. The annealing process was performed for 24 hours inside the main chamber
(Figure 8). After annealing, the sensor is calibrated.

[00253] Calibration

[00254] Calibration data was obtained for 2, 3, 4, 5, 6, 8, 10, 15, 20, 25, 30 and 50 ppm
H,S using the gas delivery system and data collection system shown in Figure 8. The results are
shown in Figure 9.

[00255] Sensor Performance

[00256] Sensor characterization has been divided into several main categories, which are
usually used to evaluate the sensor performance: sensitivity, selectivity, stability, time of
response and recovery, and power consumption.

[00257] Sensitivity:

[00258] Sensitivity is defined as a normalized change in conductivity of the sensor
element due to the gas (e.g., HoS) exposure. The sensitivity of the sensor was measured over
different ranges of concentrations. The result was compared with a commercially available
sensor for hydrogen sulfide MQ136. The sensitivity of the SnO,/TiO, of the present invention
was found to be three orders of magnitude greater than MQ136 (Figure 9).

[00259] The sensitivity versus time response of the SnO,/TiO; of the present invention is
shown in Figure 10.

[00260] Selectivity:
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[00261] The sensor’s selectivity determines by the ability of the sensor respond selectively
to a specific analyte or a group analytes. During the selectivity studies several different analytes
with various concentrations were used to determine the selectivity of the SnO,/TiO, sensor of the
present invention compared to the commercial sensor MQ136. As can be seen, the present sensor
is much more selective towards H,S than MQ136 (Figures 11(a) and (b)).

[00262] Stability:

[00263] The stability of a sensor is related to its ability to detect an unknown
concentration of H,S after calibration. An error analysis was performed in order to guarantee
(99% confidence) that the actual value obtained is located within a particular interval/range (+/-
error ppm). The stability studies were performed by exposing the sensor to 4ppm H,S over 12
hours, with sampling once an hour. The results are shown in Figure 12.

[00264] Time response and recovery:

[00265] Preliminary evaluation shows that the disclosed sensor has much shorter response
and recovery time than the commercial sensor MQ136.

[00266] Power consumption and temperature distribution:

[00267] Minimization of power consumption is extremely important for portable sensors.
The suspended Si/Si0, membrane structure of the present invention was developed for high
temperature localization and thermal insulation. In addition to that the TO package can be
modified (and was in this example) in order to decrease the power consumption and decrease the
heat transport from the sensing platform to the electronic package. Two modifications of the TO
package were simulated using Comsol 5.0 software (Figure 13) and then manufactured and

tested under a Quantum Focus Instruments (QFI) thermal imaging system, which is able to
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capture thermal images and video of the platform featuring 0.1°C temperature and 5 pim spatial
resolutions (Figure 13(a)).

[00268] By using a Comsol simulation, power consumption was significantly reduced by
using a different platform geometry. The total power can be below 20mW per sensor with a 2x2

mm and 100pm thick sensor platform.

[00269] Example 3
[00270] Integrated Chemical Sensor
[00271] An integrated chemical sensor (ICS) can be assembled using the platform

packaged into a transistor outline as its sensor. The integrated sensor, further comprises:
a. aresistor network, comprising: a load resistor electrically connected to the
sensors of the packaged sensor platform; and,
b. alogic element (e.g., transistor or a computer) electrically connected to the
resistor.
[00272] Alternatively, in addition to the platform packaged into a transistor outline as its
sensor, the ICS further comprises:
a. aresistor network, comprising: aload resistor electrically connected to the
sensors of the packaged sensor platform; and,
b. an analog-to-digital converter (ADC), the ADC being electrically connected to the
resistor network (e.g., can be attached to an explorer board);
c. alogic element (e.g., transistor or a computer) electrically connected to the ADC
(e.g., electrically connected to the explorer board, if present); and,

d. optionally a gas delivery (sampling) system (present for active gas delivery).
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[00273] The computer used for the ICS can also be called a micro-computer or
microcontroller. A microcontroller is a small computer on a single integrated circuit containing a
processor core, memory, and programmable input/output peripherals. Examples of a
microcontrollers/micro-computers include the Raspberry Pi computers (e.g., Raspberry Pi 2 or
3).

[00274] The reactivity of the sensors (observed as a change in their conductivity) to a gas
being sampled (e.g., air) can be measured by wiring the sensor platform in series with a load
resistor to create a resistor network. As the conductivity of each sensor changes, in response to
the composition of the gas being measured, the voltage at the center node of the resistor network
changes. The analog voltage signal from the resistor network can be converted to a digital signal
using an analog-to-digital converter (ADC) located on an explorer board. The explorer board is
the link between the hardware (e.g., sensor platform) and the computer (e.g., a micro-computer).
One example of a computer is the Raspberry Pi computer. This computer utilizes Linux software
to execute commands written in Python, a computer programming language. The Raspberry Pi
executes the Python code which controls the explorer board and all attached hardware.

[00275] Data Collection

[00276] The data collection process was built around a divided voltage circuit (see Figure
15(a)). The main idea of the circuit is to detect the change in current through the sensor (e.g.,
each sensor on a sensor platform) during gas (e.g., air) exposure. The change in current can be
detected by using a load resistor. In order to achieve maximum sensitivity and a wide detection
range, the load resistor should be as low as possible, since it is used for current measurements
across it in a way similar to the classical ammeter. The lowest limit of the load resistance is

determined by the A/D (analog/digital) resolution of the computer (e.g., microcontroller). Any
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signal that is lower than the A/D resolution cannot be detected by the microcontroller and will be
interpreted as zero. The sensor stability determines how close the load resistance can be to its
lowest limit in order to avoid sudden drops below A/D resolution. The higher the stability, the
closer to A/D resolution the load resistance can be. In the present invention, the value of the load
resistor is chosen in such a way that the baseline of the sensor (V) is 10 times higher than the
A/D resolution of the system. For example, if the system has a 10 bit A/D converter then the
resolution of the system with 5V bias voltage is approximately 5 mV and the baseline of the
system is 50 mV (Vo). In order to optimize the system performance, it is desirable to filter out
the white noise from the signal. White noise significantly affects the lowest detection limit of the
sensor. In order to filter out the white noise, a low-pass filter over 100 points was applied to each
of the analog channels (sampling rate is 10 Hz per channel). The low-pass filter is a signal
processing code filtering out high-frequency components and preserving low-frequency
components of the signal. A mechanical filter can also be used instead of the software filter.
[00277] For active mode sampling (see below), the explorer board controls the vacuum
pump and solenoids to collect gas samples and deliver them to the sensor platform (i.e., the gas
sensing element(s)). Once the data is collected (see above) and analyzed by the micro-computer
(see below) the resulting information can be communicated to a user via a direct display (e.g., an
LCD touchscreen panel mounted near the sensor or another type of lighted display).
Alternatively or additionally, the resulting information can be communicated via Wi-Fi,
Bluetooth and/or a network. The integrated chemical sensor can be capable of alerting users at
any location with available internet accessibility. The device can also be modified to provide

users with proximity dependent notifications on Bluetooth equipped devices.
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[00278] Wireless communication and signaling can be an important and useful part of the
integrated chemical sensor. In one example, the ICS is equipped with both USB Wi-Fi and
Bluetooth modules. The Linux software running on the Raspberry Pi can use these modules to
communicate with sensors at remote locations. The modules can also be used to push data to
nearby equipped devices using Bluetooth or Wi-Fi thus allowing remote devices and databases to
alert users of changes in the system. An XBee module can be connected to the GPIO pins to
allow the device to communicate with existing sensor networks in industrial or home kitchen
equipment.

[00279] An XBee module is a wireless communication module that communicates in the
2.4GHz band over the "Zigbee" protocol.

[00280] GPIO is a term for General Purpose Input/Output pins. These are connections on a

microcontroller or other digital device that can be used to both input and output data.

[00281] Data Analysis
[00282] The input signal for analysis and pattern recognition can be used in the following
form:

I(t) - Ibaseline _ V(t) - Vbaseline

Signal = Sensitivity =

Ipasetine Vbasetine
[00283] I(t), V(t) — current and voltage values at the moment .
[00284] Dpasetine and Vigsenine are the baseline values of current and voltage in the clean air.
[00285] For a chemical sensor, steady state response assumes that upon the exposure, the

output signal reaches an equilibrium state (plateau). In contrast to steady state response, transient
response assumes non-equilibrium state upon the exposure (rising or declining characteristics).

Extracted features for the steady state response (amplitudes) and extracted features for the
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transient response (signal derivatives, parameters of exponential curve fitting and fast Fourier
transforms) were used as input data for pattern recognition algorithm. Linear Discriminant
Analysis (LDA) was found to be a useful algorithm.

[00286] In the multidimensional hyperspace of sensor outputs, the LDA is used to find a
projection which minimizes within class variance while maximizing the distance between the
classes. In other words, the coordinate system is transformed in order to minimize the scattering
within a single class and maximize inter-class scattering. This was accomplished by finding a
coordinate transformation, which maximizes Fisher’s criteria. Responses were then projected
onto the Fisher basis vectors to obtain discrimination.

[00287] Figure 17 illustrates an example of an LDA analysis for the hypothetical system
of two sensors analyzing two substances. Odor sensors 1 and 2 respectively record amplitudes x1
and x2 for a single odor, which are graphed as coordinates (x1, x2) in a 2D plot. Shown in the
plot are 7 measurements each of two odors, A and B, which are done to improve the statistics
that are needed to provide better identification and discrimination between odors A and B. The
set of 7 measured points A(x1, x2) of odor A and the 7 measured points of B(x1, x2) of odor B
are then projected onto a straight line, where the line passes through the origin. This projection
line is then rotated about the origin to an optimal angle. At the optimal rotation angle, the
projection of the 7 points A(x1, x2) and 7 points of B(x1, x2) onto the rotated projection line,
then produces the largest separation between the group of projected points for odors A and B.
The largest separation between measured points for odors A and B are characterized by a
particular rotated projection line, where (1) the centers or means of the measured set of points of
odors A and B have the largest separation, and (2) the spread or standard deviation of the

measured set of points of odors A and B are minimum. That is, maximizing the distance between
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the mean of the project points for odors A and B, and minimizing the respective standard
deviation of the projected points of odors A and B about their respective means, thereby
increases the likelihood of successful identification and discrimination of odors A and B.
[00288] Gas Sampling
[00289] The sensors of the present invention can be used in a passive or active mode. A
passive mode assumes that the sensor is placed in the ambient air without a special sampling
system for air delivery. This method provides an accurate detection and concentration
measurement at a certain point in space (e.g., smoke alarm).
[00290] The active mode assumes the presence of a sampling system for active air
intake/delivery. Figure 18 shows an example of an active sample delivery system.
[00291] Parts for the active sample delivery system are commercially available, though
aluminum shielding box 15 will typically need to be custom made. The electronic circuit is a
divided voltage circuit for four sensors with four analog outputs, power supply inlets (0-5V), and
IR or bluetooth wireless data transmission modules are optionally included.
[00292] Examples of other parts include:

a. 1/8” plastic tube: part number TBGM101 from NResearch.

b. Three way solenoid valve: part number 161K030 from_from NResearch.

c. Moisture trap and dust filter: ABEST Stainless Steel Airbrush Mini Air Filter

Spray In-line Moisture Trap available from Amazon.
d. 1/16” nickel tube: part number TNI1140-21 from VICI.
e. Main chamber: The chamber was made out of two parts: part number
CANO00804, and part number HDR00823 from Spectrum Semiconductors, Inc.

f.  Mass flow controller: part number 3810DS11 from KOFLOC Kyoto.
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g. Power supply: AC/DC unit 110VAC to 5V and 3.3V available from AliExpress.
h. Micro pump: part number T3CP-1HE-06-1SNB available from Parker Hannifin
Precision Fluidics Division.
[00293] The active delivery system is needed to evaluate an average concentration of the
analyte of interest over a volume of interest by creating a constant air flow through the sensor
platform and then introducing a gas sample in to the main stream for a limited amount of time.
The gas sample concentration represents an average concentration over a volume of space at
which the sample was taken.
[00294] The sample collector can be mobile or stationary. For a mobile collector, the
sample inlet would travel around the volume of space collecting the sample for a known time
period. For a stationary collector, the network of many inlets has to be designed in order to

collect the sample equally from the volume of space.

[00295] Example 5
[00296] Refrigerator Sensor
[00297] The present sensors can be used to monitor gases in a refrigerator. By connecting

at least one platform of sensors to a computer and at least a system that delivers air samples from
the refrigerator or clean/filtered air, the sensor platform(s) can be used to monitor the air quality
in a refrigerator and as a result the level of spoilage in the refrigerator.

[00298] The refrigerator monitoring unit, comprises: a sensory system (comprising: at
least one sensor platform), a computer, an explorer board, and an air sampling system. The air

sampling system, comprises:
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a. atleast one air channel connected to at least one storage sections of the
refrigerator (e.g., a plurality of air channels, each one connected to a storage
section);

b. a “clean channel” for delivery of filtered air from the outside of the refrigerator;
and,

c. aflow control unit, comprising: a system of solenoid valves.

[00299] The computer (e.g., a micro-computer/micro-controller such as a Raspberry Pi
computer) sequentially opens and closes solenoid valves allowing air from the refrigerator
storage sections to flow over the sensory system (e.g., the sensor platform) for a defined period
of time (e.g., for 1 min). Each sampling cycle is typically followed by flushing the system with
air from the “clean channel” (e.g., filtered air) for a defined period of time (e.g., 1 minute),
allowing the sensory system to reset its baseline. The air flow through the sensory system will
typically remain constant at all the stages of the cycle in order to preserve the stability of
sampling conditions. Operation of the sampling system together with signal processing and
pattern recognition will be controlled by the computer. The output of the recognition algorithm
(e.g., LDA, described above) for each of the storage sections can be displayed on a screen (e.g.,
LCD screen), located on the door of the refrigerator (or elsewhere if not built into or onto the
refrigerator). Alternatively or also, the output can be accessible remotely through a mobile
application.

[00300] The sensor platform of the present invention can be wired in series with a load
resistor to create a resistor network. As the conductivity of the sensor changes, due to the
composition of measured gases, the voltage at the center node of the resistor network changes.

The analog voltage signal from the resistor network can be converted to a digital signal using an
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analog-to-digital converter (ADC) located on the explorer board. The explorer board is the link
between the hardware and the computer. A Raspberry Pi computer (if used) utilizes Linux
software to execute commands written in Python, a computer programming language. The
Raspberry Pi executes the Python code which controls the explorer board and all attached
hardware. The explorer board controls the vacuum pump and solenoids to collect gas samples
from various refrigerator storage sections and deliver them to the sensor platform. Once the data
is collected and analyzed by the computer, any indication of food spoilage and its associated
refrigerator region can then be communicated to a display. This information can be
communicated to the user via methods including: an LCD (e.g., 7” in diameter) touchscreen
panel mounted on the exterior of the refrigerator door or an internally mounted color-coded LED
indicator lighting located in the region of the refrigerator containing the spoiled food. The
computer can also be compatible with WiFi and/or Bluetooth networks and can also be capable
of alerting users at any location with available internet accessibility. The device can also be

modified to provide users with proximity dependent notifications on Bluetooth equipped devices.

[00301] Example 6
[00302] Bi-Layer and Multi-Layer Sensors
[00303] A MEMS (micro-electrical-mechanical system)-based suspended membrane with

a cross-shaped heating element and interdigitated sensor electrodes was fabricated for precise
temperature control over an interactive metal oxide layer. The microplatform contains four
identical square sensor elements in the corners and a cross-shaped heater in the center of the

platform.
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[00304] The sensor was cleanroom fabricated by a multi-step procedure (all of which are
described above):

a. photolithography,

b. sputtering deposition,

c. liftoff,

d. back side photolithography,

e. reactive ion etching,

f. deep reactive ion etching, and

g. cutting apart the sensors.
[00305] The heating element and interdigitated sensor electrodes were made out of 300
nm platinum deposited by magnetron sputtering (PVD 75 Lesker). A 5 nm buffer layer of
titanium was deposited prior to platinum deposition for better adhesion. The membrane structure
was fabricated by Deep Reactive Ion Etching (DRIE). The membrane thickness of 50 pim was
verified by surface profilometer KLA-Tencor Alpha-Step IQ. The surface temperature on the
suspended membrane was first simulated using Comsol 5.2 software and then compared with the
experimental data from Quantum Focus Instruments (QFI) thermal imaging system, which is
able to capture thermal images of the platform featuring 0.1°C temperature and 5 pwm spatial
resolutions. The microplatform temperature profiles were obtained for different values of power
dissipation across the heating element. It was found that the temperature gradient along the
sensing element area does not exceed 5°C when the average surface temperature is above 350°C.
[00306] Thin films of TiO,, SnO,, SnO,/Ti0, multilayer structure, and SnO,/Ti0, bilayer
structure were deposited by RF magnetron sputtering using SnO; and TiO; three inch targets

with purity of 99.99% and 99.998%, respectively. The sample rotation speed during the
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deposition was set up to 30 rpm for equal thickness distribution across the sample area. The
deposition was conducted at room temperature and no special bias voltage was applied to the
wafer. The schematics of a single-layer, a bilayer and a multilayer are shown in Figures 21(a),
(b) and (c), respectively. The single-oxide samples (SnO,, TiO,) were sputtered under 12 mTorr
of argon (Ar) pressure and RF power 200 W. The bilayer samples of TiO,/SnO, were fabricated
during the two step process: main layer deposition (SnO,) and surface doping layer deposition
(TiO,). The multilayer TiO»/SnO; structures were prepared by sputtering alternating layers of the
two metal oxides. Different volume contents of TiO, in SnO, were obtained by varying power of
the TiO; source during its deposition phase. The multilayer structure was constructed out of a
total of 6 layers: 3 layers of SnO, and 3 layers of TiO,. After the deposition, the total thickness
of each sample was verified by surface contact profilometer (KLA-Tencor 500 Alpha-Step 1Q).
Eight different sample structures were prepared (Table 2). After the deposition, all the samples
were annealed in a tube furnace (MKS OTF 1200x) under 500°C for 48 hours in ultra-zero grade

air (UZ300 Airgas 100sccm).

[00307] Table 2. Types of structures used in the experiments

Sensing material Composition  Total thickness Sample number

SnO, 100% 30nm S0

SnO,/Ti0; bilayer 30nm+5nm 35nm S1

SnO,/Ti0; bilayer 30nm+8nm 38nm S2

SnO,/Ti0; bilayer 30nm+20nm 50nm S3

SnO,/TiO, multilayer 5% TiO» 31.5nm S4

SnO»/TiO, multilayer 10% Ti0, 33nm S5

SnO»/TiO, multilayer 20% TiO, 36nm S6

TiO, 100% 30nm S7
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[00308] The crystal structure of samples was evaluated by X-ray diffraction method
(XRD). The XRD spectrum of samples was collected by a Thermo ARL (model XTRA) X-ray
diffraction machine (Cu Ka radiation wavelength was 0.15056 nm). A scanning electron
microscope (SEM Zeiss Supra 35) was utilized to study the surface microstructure of the
samples. The chemical composition of the samples was obtained by Energy Dispersive X-Ray
Spectroscopy (EDAX) analysis. The band gap and work function of tin oxide and titanium oxide
were evaluated by UV visible spectrometer AvaSpec-ULS2048L-EVO and Kelvin probe
measurement, respectively.

[00309] Sensor response characterization was conducted in a small (lcrn3 ) environmental
chamber. The total flow rate through the chamber was fixed at 100 sccm during the experiment.
All the data was collected under atmospheric pressure. The sensor resistance was measured with
the Keithley 3706 system switch/multimeter connected to a PC through Labview interface. The
resistance of the sensor was measured with a sample rate of 10 Hz. A system of mass flow
controllers (Omega GMA 2709 and MKS 1478A) interfaced with Labview through PCI NI 6251
and BNC21110 was utilized to produce specific concentrations of the target gas. The gas
delivery system was able to produce different concentrations of hydrogen sulfide in a range from
125 ppb to 200 ppm. The exposure time was chosen to be 4 min. During this time, the sensor
signal was able to reach the saturation point for a particular concentration. After exposure, the
chamber was flashed with 100 sccm of clean dry synthetic air until the sensor signal returned to

G Air ;
% where R™ is the sensor

its original baseline. The sensor response was defined as S=R™/R
resistance in clean dry air and R is the sensor resistance upon exposure to hydrogen sulfide.

[00310] As aresult of the above-described annealing, a nanocrystalline structure of oxides

was observed by X-ray diffraction (XRD). The XRD patterns were recorded at a scanning rate of
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1.2 times per second and a scanning step size of 0.02°. The scanning range for all the samples
was from 20° to 60°. Figure 23 shows the XRD pattern of all the samples (S0-S7). The XRD
spectrum of pure SnO; (S0) showed strong diffraction peaks at 26 = 26.92°, 34.22°, 38.22°, and
52.17° corresponding to (110), (101), (200) and (211) crystal faces of rutile structure of SnO,.
The anatase structure of TiO, was identified by the major diffraction peak at 20 = 25.43°. The
XRD analysis of the bilayer samples S1, S2 and S3 showed diffraction peaks similar to SnO,
crystal structure and additional peak at 26 = 25.4° corresponding to (101) crystal faces of anatase
structure of TiO, was detected for samples S2 and S3. The XRD analysis of the composite
SnO,/TiO; structure (S4-S6) revealed three major peaks similar to SnO, (S0). The position of the
major diffraction peak of multilayer oxides shifts slightly from 26=26.78° (S6) to 26=26.87°
(S5) and 26=26.91° (S4) with decreasing % vol of TiO,. In addition, the average crystal size of

all the samples based on the major diffraction peak was calculated by using the Scherrer formula

(D):

KA
b= B cos(6)

, (D

where D is the average size of nanocrystals, A is the X-ray wavelength (1.5056 nm), B is the line
broadening at half the maximum peak intensity (FWHM), K=0.9 is a dimensionless shape factor
and 0 is the major diffraction peak position. The average size of SnO, (SO) nanocrystals after the
annealing process was found to be d=7.87 nm. The characteristic size of nanocrystals for a
multilayer SnO,/Ti0, structure was found to be smaller, compared to pure SnO,: d=4.87nm (S54),
d=4.54nm (S5) and d=4.09nm (S6). The crystal size of the TiO, (S7) was calculated to be 4.21
nm. The smaller grain size of the composite oxides (S4-56) could be an advantage for gas
sensing properties. During the XRD analysis, samples S4-S6 showed no specific peaks correlated

to TiO; crystal structure. However, a noticeable asymmetry as well as a slight shift in the major
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peak of the multilayer structure in Figure 23(c) may be attributed to the overlap of TiO, and
SnO, peaks, caused by the small TiO, nanocrystals present in the layer.

[00311] The morphology of samples SO-S7 was also studied by SEM (Zeiss Supra 35), as
shown in Figure 24. All the samples demonstrated rough and porous polycrystalline structure
with short neck-like interconnections between the grains. It can be seen that the porosity of the
samples SO-S3 was gradually decreasing with the increasing content of TiO,. The SEM software
analysis was used to determine the average grain size of the samples SO-S7. The grain size of the
pure SnO; (S0) and SnO,/Ti0; (S1-S3) bilayer structures from SEM analysis were found to be in
arange of 10-15 nm. The SnO,/Ti0; (S4-S6) multilayer structure also showed a slight decrease
in porosity with increasing of TiO; content from 5% vol. to 20% vol. The grain size of the
multilayer SnO,/Ti0; structures (S4-S6) was in the range of 5-10 nm. It was found that sample
S4 has more uniform grain size distribution and higher porosity in comparison to the rest of the
samples. The combination of small grains with high porosity of samples S4, S5 and S6 creates
favorable conditions for catalytic reactions thanks to the large surface area and high number of
active sites.

[00312] Sensors SO-S7 performance characteristics were first investigated over a wide
temperature range of 100-350°C for exposures to 10 ppm of H,S in synthetic air (Figure 25). The
optimized temperature conditions for H,S detection were found for each sensor SO-S6 (Table 3).
The pure TiO, (S7) sample did not show any noticeable response to 10 ppm of H,S over the
temperature range 100-350°C. The bilayer SnO,/TiO; structure (S2) demonstrated a much higher
response of 1.88x10% to 10 ppm to H,S gas at lower temperature of 200°C compared to pure
Sn0, (S0) sensitivity of 1.31x10% at 225°C. The highest sensor response to 10 ppm of H,S of

1.06x10* was observed for SnO,/TiO, (S5) composite structure at an even lower temperature of
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150°C. It was demonstrated that SnO,/TiO, multilayer material has superior sensitivity toward

H,S at lower temperatures (compared to SnO,, TiO,, and the SnO,/Ti0O, bilayers). The sensor

performance characteristics of the SnO, based sensor with 10% vol. of TiO, (S5) was found to be

more efficient compared to the other results from previous reports (Table 1).

[00313]

The content of TiO; in the hybrid structure was found to be a crucial parameter

that determines sensor performance. Both types of hybrid oxide structures (bilayer and

multilayer) demonstrated decline in sensitivity for high contents of TiO; in the layer. A thick (20

nm) compact layer of TiO, deposited over the SnO; layer (S3) affected the layer porosity and

caused a decrease in sensor response due to the lack of SnO, surface exposure to ambient air

even at a higher temperature (300°C). The bilayer structure of SnO, with 20 nm of TiO, coating

demonstrated very low resistance over the temperature range 100-350C, compared to the other

bilayer samples with thinner TiO, coating. Increasing content of TiO, within the multilayer

structure (S6) from 10 to 20% decreased the sensitivity of the sensor. The sensor S6 with 20%

vol. of TiO, demonstrated low resistance over the temperature range 100-350C and lower

sensitivity compared to the other complex oxides with lower TiO, concentration.

[00314] Table 3: Optimum operational parameters of sensors SO-S6 upon exposure to 10
ppm of H,S
Sample R air (Q0) Rgas(2) Rair/Rgas Temperature (°C)

S0 1.10x10"6 8.43x10"3 1.31x1072 225

S1 2.53x1077 2.64x10M 9.55x10"2 200

S2 2.50x10"8 1.85x1075 1.88x10"3 200

S3 8.93x10M 1.17x1073 7.60x10M1 250

S4 6.90x10"6 6.99x10"2 9.87x10"3 150

S5 9.39x1076 8.82x107"2 1.06x10"4 150
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S6 3.21x1075 6.65x10"2 4.83x10"2 150

[00315] Sensors S2 (bilayer) and S5 (multilayer) demonstrated the highest sensitivity to
H>S in their groups due to the optimized content of TiO,. The bilayer sensor (S2) demonstrated
the highest resistance in ambient air among all the sensors (S0-S6), which is an indication of the
maximum depletion of carriers in the catalytic layer.

[00316] The superior response of the multilayer oxide sensors (S4 and S5), compared to
the rest of the sensors, was attributed to the optimal content of TiO; uniformly distributed
through the volume of the catalytic layers affecting the morphological, electrical and catalytic
properties of the sensor. Multilayer structures demonstrated smaller average crystal size after the
annealing, higher porosity for 5 and 10% vol. of TiO, and the highest surface roughness across
all the sensors.

[00317] Based on our studies over a wide temperature range, the pure unmodified SnO,
sensor demonstrated relatively poor H,S detection capabilities, compared to hybrid (multilayer or
bilayer) SnO,/Ti0; structures. Also, multilayer structures respond better to hydrogen sulfide
exposures, than bilayer structures. We relate this phenomenon to the balance between the
catalytic activity of the layer and conversion of this catalytic activity into a measurable signal
through the charge transfer. The catalytic activity is determined by the surface area of the
interactive layer, grain size and structure, and by the number of reaction centers (active sites) in
the individual grains. The charge transfer that converts catalytic activity into a measurable signal
is determined by the oxygen-induced depletion region underneath the oxide surface and by the
multiple heterojunctions between the grains. When these factors are balanced, they amplify each

other as observed in the multilayer oxide structures. In the bilayer structure, the surface depletion
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was remarkable (even higher than in the multilayer oxides), but the catalytic activity suffered
because of the uncontrolled growth of TiO, grains and their agglomeration, which substantially
reduced their catalytic activity.

[00318] Response and recovery times were found from the sensor response to 10 ppm of
H>S under optimal temperature conditions for each sensor (Table 4). Sensors S2 and S5
demonstrated shortest time for the sensor’s response resistance to reach 90% of its steady state
value (Figure 26).

[00319] Table 4: Response and recovery time of sensors SO-S6 to 10 ppm of H,S

Sample  Response time Recovery time Concentration Temperature

number Too (sec) Too (sec) (ppm) °O)
SO 3.7 5.6 10 225
S1 3.5 2.8 10 200
S2 3.3 2.5 10 200
S3 3.7 2.9 10 250
S4 3.0 24 10 150
S5 32 24 10 150
S6 3.9 2.7 10 150
[00320] Besides excellent sensitivity, quick response and recovery time (Table 4), hybrid

sensors also demonstrated superior selectivity to hydrogen sulfide. In our experiments, hybrid
sensors were capable of detecting hydrogen sulfide in complex gas mixtures, such as natural gas,
which is not typical for metal oxide sensors. The illustration of cross-sensitivity studies on
hybrid sensors is shown in the Figure 27. Figure 27(a) shows the response amplitudes of sensors
S5 (multilayer structure) and S2 (bilayer structure) to various gases at different concentrations.

Figure 27(b) shows the response of sensor S5 to sub-ppm concentrations of HoS diluted in pure
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methane. We attribute this remarkable selectivity of hybrid layers to high catalytic activity of
SnO,/TiO; hybrid structures relative to H,S at relatively low temperatures. Maximum sensor
response for bilayer and multilayer structures was achieved at 200°C and 150°C respectively,
which is substantially lower than the optimum activation temperature of pure tin dioxide sensor
(300°C). It is related to a lower activation temperature for oxidation of hybrid catalyst, compared
to tin dioxide. Because of that, the energy of active sites on the surface was not enough to
overcome the activation barrier of combustibles, ethanol and carbon dioxide, which provides a
natural cut-off for all the catalytic reactions except for the H,S decomposition and oxidation.
[00321] The major factor that determines chemical sensitivity of a metal oxide sensor is its
catalytic activity toward the analyte of interest. Nanoscale titanium dioxide is a very reactive
catalyst for the Clauss process and interacts with hydrogen sulfide more efficiently than tin
dioxide. Multiple reports show that materials demonstrate their maximum catalytic activity in the
nanoparticle form, which is related to maximization of the surface area and the number of active
sites (reaction centers). In our experiments, both double layer and multilayer-type sensors
demonstrated maximum sensitivity at a certain volume percentage of titanium dioxide in the tin
dioxide layer. The pure tin dioxide sensor demonstrated moderate sensitivity and no selectivity to
hydrogen sulfide. Also, a long time of recovery after the exposure is evidence of a relatively low
catalytic reaction rate. With an increase of titanium oxide content in the hybrid layer, sensitivity
increased dramatically and recovery time dropped to a few seconds. Our tests showed the highest
sensitivity and the fastest recovery at 10% vol of titanium oxide. Further increase of titanium
oxide content caused the decline of sensor performance, which is associated with agglomeration
of titanium nanoparticles into larger grains and reduction of their catalytic activity. Substantial

increase in titanium oxide content, overcoming its percolation threshold and formation of a
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continuous titanium dioxide matrix, created an inert film with no catalytic properties and poor
electrical conductivity.

[00322] Numerous modifications and variations of the present invention are possible in
light of the above teachings. It is therefore to be understood that within the scope of the

appended claims, the invention may be practiced otherwise that as specifically described herein.
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WE CLAIM:

1.

A chemical sensor, comprising:

(a) an oxidized silicon membrane, comprising a silicon (Si) layer and a silicon oxide
(S10,) layer, wherein the Si0O; layer is located on top of the silicon layer and,
comprises: a Sensor area;

(b) a heating element in contact with the Si0; layer and located near at least one edge of
the sensor area;

(c) a pair of electrical leads in contact with the SiO, layer and at least partly located on
the sensor area; and,

(d) a metal oxide layer located on the sensor area and in contact with at least a part of the
pair of electrical leads and the SiO, layer; and,

(e) adopant layer in contact with the metal oxide layer.

The sensor of Claim 1, wherein the membrane, further comprises: a plurality of Si/Si0O,

connectors.

The sensor of Claim 1, wherein the membrane, further comprises: 4 Si/SiO, connectors.

The sensor of Claim 1, wherein the metal oxide is SnO,.

The sensor of Claim 1, wherein the dopant is selected from: Ti, TiO,, Au, Cu, CuO,

Cu,0, Mo, Mo0O,, MoOs3, Ni, NiO, Ni,0s, Pt, Pd, Ag, AgO, Ru, RuO,, Rh, Rh,03, Os,

0s0,, OsOy, Ir, and IrO,.

The sensor of Claim 1, wherein the dopant is TiO,.

The sensor of Claim 1, wherein the heating element, comprises: Pt.

The sensor of Claim 7, wherein the heating element, further comprises: a Ti layer

sandwiched between the SiO; layer and the Pt layer.
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11.

12.

13.

14.

15.
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The sensor of Claim 1, wherein the electrical leads, comprise: Pt.

The sensor of Claim 9, wherein the electrical leads, further comprise: a Cr layer

sandwiched between the SiO; layer and the Pt layer.

A chemical sensor platform, comprising:

(a) an oxidized silicon membrane, comprising a silicon (S1) layer and a silicon oxide
(S10,) layer, wherein the Si0O;, layer is located on top of the silicon layer and,
comprises: a plurality of separate sensor areas;

(b) at least one heating element in contact with the SiO; layer and located near at least
one edge of each sensor area;

(c) aplurality of pairs of electrical leads, each in contact with the SiO; layer, wherein 1
pair of electrical leads is at least partly located on each of the separate sensor areas;

(d) a plurality of metal oxide layers, wherein 1 metal oxide layer is located on each of the
plurality of sensor areas and is in contact with at least a part of the pair of electrical
leads located on the same area; and,

(e) a plurality of dopant layers, wherein 1 dopant layer is located on each of the plurality
of sensor areas and in contact with the metal oxide layer in the same area.

The chemical sensor platform of Claim 11, wherein the membrane, further comprises: a

plurality of Si/SiO; connectors.

The chemical sensor platform of Claim 11, wherein the membrane, further comprises: 4

Si/S10; connectors.

The chemical sensor platform of Claim 11, wherein each metal oxide is SnO,.

The chemical sensor platform of Claim 11, wherein the each dopant is independently

selected from: TiO,, Au, Cu, Mo, Ni, Pt, Pd, and Ag.
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The chemical sensor platform of Claim 11, wherein each dopant is TiO,.

A multilayer chemical sensor, comprising:

(a) an oxidized silicon membrane, comprising a silicon (S1) layer and a silicon oxide
(S10,) layer, wherein the Si0O;, layer is located on top of the silicon layer and,
comprises: a Sensor area;

(b) a heating element in contact with the Si0; layer and located near at least one edge of
the sensor area;

(c) a pair of electrical leads in contact with the SiO, layer and at least partly located on
the sensor area; and,

(d) a sensing layer, comprising: alternating layers of metal oxide and dopant, wherein
the sensing layer is located on the sensor area and the 1% metal oxide layer is in

contact with at least a part of the pair of electrical leads and the SiO, layer.

72



WO 2017/165567 PCT/US2017/023672

127

FIG. 1

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

2727

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N

N

WW\\\\

Y27
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\&
Ty
§§§§§§§§§§§§\\\

“\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
G, 2
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
m\\\\\\\\\\\\\\\\\\\\\\\\\\\\

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ /

§\\\\\\\\\\\\§\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\&
Upnemermirrnmmenimity,
“\\\\\\\\\\\\\\\\\\\\\\\\\\\\x
Tanmmmmmig
“\\\\\\\\\\\\\\\\\\\\\\\\\\\k
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Z
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Tty

7z

\
\

7

MMM IaSsGZGa s

s
T

A\ X

A

7Z/Z

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\*

N

\

Jiiiiiii

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\i

8 %\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

.............................. %
“\\\\\\\\\\\\\\‘\\\\\\\\\\\\\&
DR,

'z

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W
x\\\\\\\\\\\\\\\\\\\\\\\\\\&
\

DS

s

_____

)

SIS,

&\

Y

N\

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

g
\\\\\\\\\\\\\\\\\\\\\\\\\\\\
§§§

- \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“
§§\\\\§§

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
§\\\\§\\\\\\\\\\§.

U

&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

HIG. 2

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

3/27

_

\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\“
\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\“
\\\\\\\\\\\\\\\\\\\\\\\\\
Gsssonssonssosioisiiosing

\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\
G,
\\\\\\\\\\\\\\\\\\\\\\\&
o
“\\\\\\\\\\\\\\\\\\\\\\\\
DA LA,
\\\\\\\\\\\\\\\\\\\\\\\\\

SN

“\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

A

w\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

\

\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\“.
E \\\\\\\\\\\\\\\\\\\\\\\\\\
DA,
\\\\\\\\\\\\\\\\\\\\\\\\\ ]
Doy
“\\\\\\\\\\\\\\\\\\\\\\\&”

Y

\\\\\\\

N

v

%

\

S\

<

\\\\\\\\\\\\\\\\\\\\\\\\\\\\

\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\.\\\\\\\\\\\\.\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N
YA ALV,
\“\\\\\\\\\\\\\\\\\\\\\\\&
Dommrmmmmnrrony
w\\\\\\\\\\\\\\\\\\\\\\s

7

v
o

Z

HIG. 3

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

4727

FIG. 4C

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

5/27

Si0, (300nm)

Pt (300nm)

Si (200um)

M Metal Oxide (30nm)
1 Noble Metals (1-2nm)

300nm

7

7

G

77

. 200um
7

7

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

6/27

FIG. 6B

FIG. 6C

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

n\\\ \mu\uv.“\ﬁ.\\ \.\M\\\\\x w,.\ \\, \\xx\ \\\\\\N\\\.\\“\\\\\\\\m\ \\M\ . \
\\\\\ >

N\\m\\%\\\\\\ \m\@

=

\
.
.

FIG. TA
FIG. 7B
FIG. 7C

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

{A) abpyjoa spig
{A) 1omod Jspay

8/27

syndu

boppun 4 Jo4

Hnoso

BunoauuodIsy|

&

synduy
bojpuy
no4

JUBA SDE) |-m

SHOSNIS

JBQUIDYY) UIDW

wddoog—addoo

abups uonDAUIIUCY

apyins uaboipdy

iBquinyo
bunuwsiyg

8 Dl

Hq gi

SUDMOS

G289 10d IN

p40oq —
0t1d ONH N -
|
uicd 210y
85 ! ROl 4

MBIAGD]

TN w0000 -0
JBJjONU0T MO}{ SSDW

vairl SHA

IN ‘wisg—0

widdoo?
wddont

wddey

afieg spying usboupdy

SIS MOl{ SSDW
6042 YN4 Dbawig

AISY!

424y QZH+48YH
1snp4 dwing 4o
9101 MOl SIGDUDA

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

9/27

ok sl
o ,\\\»m

FIG. 9

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

10/27

FIG. 10

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567

11/27

Sensiivity

0 2000 400

Time {sec)

6000

FIG. 11A

PCT/US2017/023672

w
N

Sensitivity

O o2

Ao

(;M ..... - . W

frmnk  fnmsd
< b2

0 1000 2000 3000
Time (sec)

4000

SUBSTITUTE SHEET (RULE 26)

FIG. 11B



WO 2017/165567 PCT/US2017/023672

12/27

Sensor's stability over 12 hours

Detected concentration
Actual concentration

SRR | 7

Ll

o
o i Lol gy
oo On

3 1

N
gy

Concentration {PPM)

Lo
1
~f L

k)

3.6

4 5 6 7 8 9 10 11 12
Number of Experiments

FIG.12

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

13/27

FIG. 13A

FlIG. 138

FIG. 13C

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

FIG. 14A

1400
! ,:‘:E:E: “\\\\

200
51000

)

800
600

Temperatare (

400

.
e
s
o
o

200

¢ 100 200 300 400

FIG. 148

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

15127

FIG. 15A

FIG. 158

HFIG. 15C

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

16/27

91'9ld

840108)8p SDY

QIDMPIDY S|  UB|onuod |t Jun t cowwwccu
[puolippy  ==m=| /) Ipubig === |bussaoosd vpg T Em mwm%mq
} 4 L WLDID Opny

Aojdsip |ONSIA | —oend |
UB8408 YINo| | ULID|D |DNSIA

UORDOIUNUILIGS SSajalif

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

17727

/
N
=3 §\ N N \Q\\\\\}Q\\:\%\\‘
% N Ul 3 N
& 3 %mii o ! *f\\i\“g\\\\\\\\
R /UG
o /
Bl ;
WM\\\\\K«\\\\K\\\\\\\ e )
Sensor t X, Rensor } X,
FIe A FIG17B

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

8L 'Did

oV
UONOBULOY
SB[
1900 10 aiyy Ho/uo
oo [ i f i
@mw\\ ] @
[
S
0 JUsA - uj sjdwing
Li Ol

[\

5

Nv""'\M

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

WO 2017/165567

19/27

gy
LTI

6l

Ol

suoyd “18|ao|

pIDOg JN0UY

a ~ usaog
TUINGH juoneL aon

SSB|2MA NI
4
g bojouy wo 1oubig C R
' uj bojpuy !

Moy Waos00l | SI0BUSS §| SBAIDA DIOUBIOS
winnopp | 1 Jagosuoy mopd [ Liuonnid Josusg [ | aweyshs jonuos mod ) e
w ! 2
il

duind sinssaid
WNNODA

Buiuonipuoosid
pup susqy Ay

Joynrebuiey

L=

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567 PCT/US2017/023672

227

FlG. 20A FIG. 208 FIG. 200

- Lxperimental data GF1

803 - s Shmadation Comsed 5.2
D025 A
&
¥ a
5 B4
2

L0134

RIFE

Normalized

8005 4

o

emperatare {7

FIG. 20D

~a-Experimental data QFI

848 ~aSigmiation Comsol 5.2

N

; - 166 150
Power W)

FIG. 20E

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567

21427

FIG. 21B

FIG. 21C

SUBSTITUTE SHEET (RULE 26)

PCT/US2017/023672



PCT/US2017/023672

WO 2017/165567

ping xejdiin Apjay pasy
peads ubid OCXL Ipng £Z/C Aojuey ynm
Jsjpwiynuifyoyns weyshs 90/¢ Aejypey

¢Cc ' old

22/27

JUBA SDY

:

sboyjon
I]03H

1

5

!

JUsSLURUNSDa

SOUDISISEl BiM ¥

i

SHOSNES

JBGUIDYT UIDW

R

B ZN w0800l -0

wddpoz—qddpsz
sbups uonDIUBIUOY

spiyins usboipdy

1BQUIDYD
Bunawaig

— 602 w4 obawg

pioog |

OL1Z ONE IN|
iod 1 9104
L e LA E!

¥ 91

1629 10d IN

¥

24DM}0S
MG

~=- 12)j0JJUOT MO[] SSOW
YBLFL SHN

ZN ‘WS 10
| JOJOJIUOD MOL] SSDN

widdgnz ‘wddppy ‘wddez
a0g pewiwsid apying usboipiy

usbosyiu 4o ‘uebixo
%07 DjuD} JID JieuIuAg

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/023672

23/27

<t @0 GJ
o o (a2}
o3 o3 3
) o .
= = o
o
Z O i » . ﬂm..\ ‘ H.
- E }\“\.‘ & A oy C\\\\ Y o
S35 el o 7, R S oY L
4= & I : i
7 \ >3 C o g
e 3 z \\‘ \\\\ LU ” —
Z, “ \v“\v\ \\h\\“\ﬂ \\% ) o e
2 Yy 7 - -
2 -z :
\\““H “\\\w - 7y ” Ww.w
3 “ ki C g L g
z Z f S S
: o Z % C s A )
; 2 .. 7 o " e H
; “ = \\N\ \\\\u. L B ..W s .wmu.h
3 o -’ Y \ f =
% % = 7, 7 - g )
Z % Z = Z . - & 3 <
e ! - A L oan o b
&.&w\\ \\\\\\ i, \«N\\\\o A e F
Z Z o Z \\ 2 F e -
\\\« \\\ L Y J e C
Fay - y y - .
S : oy, i, - -
\W\\u\\ \\w oy \\\\\\\\\ \\\M\“\ o -
a 1 7, 7 . -
G » - < T =
. - HEB) ARSI 08} KAPISUIINE -
(1°8) AR SN £y} Ay uapay ¥ Lppsuay

WO 2017/165567

SUBSTITUTE SHEET (RULE 26)




WO 2017/165567 PCT/US2017/023672

FIG. 24G FIG. 24H

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567

25/27

00

1E08
S 1FH0T -
=
& LEDS
PEMS
§E04

e 3
. [RCER. XRERN
\\_N\“\o\cmxm\w“\“‘\g-w-x\m\ SO W S g

g e S‘;‘

oo B Y

e § 5

Anandanass

AR 200 100 1A 0

100 25

130 200 300
Temperature (0)

(y((((|)r))1\)(ry(((¢¢()))l

33 408

LEYO?

FRESHE
& 1FH5
g
104 -

LE+03

SRR et
\ e &
S ;

\x\\

\\\\\\\\

LE04 4
w
£ 1 E03
e b Sy
‘é R N
s LEMD
&=

15 280

Tfm;mmmm g 3

w81
e B3
s B3
e $4
AN

A

SUBSTITUTE SHEET (RULE 26)

PCT/US2017/023672

FIG. 25A

 FIG. 258

- FIG. 25C



WO 2017/165567 PCT/US2017/023672

26/27

Tivage

- FIG. 26A

FIG. 268

1EMOS e 50

waliew b i

N a \\\\\::g;::gw\‘\\\\\\~\\\\\f\ ) .
= 1.E384 A s e §3
o6 \%\\.o
A .
- N S
- § & P R

\o\‘ S i §4

)

se{R air

R A

Raspon
foery
it
&
Jmma
R4

i}:‘:ﬂ}{_} | ZNat S e SR S B S R I ]

& 3 10 13 28 28

-

LN S S S S St R R ST Bk e S M §

Concentration {(ppn)

FIG. 26C

SUBSTITUTE SHEET (RULE 26)



WO 2017/165567

PCT/US2017/023672

27127

PONSE

£
Py

x4

L

LED3

1RG4

LEHS

LEA2

LEBL

FEHGO

AN AN PR

el HE oSG2 C3HE Ethanol

FIG. 27A

FIG. 278

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US17/23672

A. CLASSIFICATION OF SUBJECT MATTER
ClIPCC - GO1N 27/403, 27/04, 27/12; HO5K 1/03, 3/10;
PC -

B44C 1/17;, HO1L 21/00 (2017.01)

GO1N 27/403, 27/04, 27/127; HO5K 1/03, 3/10; B44C 1/17;, HO1L 21/00

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2014/0138259 A1 (THE REGENTS OF THE UNIVERSITY OF CALIFORNIA) 22 May 2014; |1-7, 9-16
- figure 8; table 1; paragraphs (0005], {0030], (0031], (0037], (0038], [0040], [0042], [0045], [0046], | --
Y [0050], [0052], [0062], [0063), [0080], [0124] 8,17
Y US 2003/0045019 A1 (KUBENA, R.) 6 March 2003; paragraph [0051] 8
Y US 2013/0140064 (BURBERRY, M. et af) 6 June 2013; paragraphs {0112], [0113], [0119) 17

E] Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

17 May 2017 (17.05.2017)

Date of mailing of the international search report

~09JUN 2017

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - wo-search-report

