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Figure 34
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Figure 42
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Figure 45
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Figure 52
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Figure 53

.
H

Current 4

e Sut S W NI WP TS TR WV P W .
{3 i) S BOR B WHMY 12 1EC 800 B0

Timne {5}

Figure 54




U.S. Patent Jan. 1,2019 Sheet 44 of 47 US 10,168,309 B2

Figure 55
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Figure 56
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Figure 58
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1
METHOD FOR MANUFACTURING AN
ARRAY OF SENSORS ON A SINGLE CHIP

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. No. 15/297,693 (filed Oct. 19, 2016), which is a
Continuation-in-part of U.S. patent application Ser. No.
13/861,962 (filed Apr. 12, 2013), now U.S. Pat. No. 9,476,
862, which is based on U.S. Provisional Patent Application
Ser. No. 61/623,957 (filed Apr. 13, 2012), Application Ser.
No. 61/625,511 (filed Apr. 17, 2012), Application Ser. No.
61/730,865 (filed Nov. 28, 2012), and Application Ser. No.
61/775,305 (filed Mar. 8, 2013), which applications are all
incorporated herein by reference in their entireties and to
which priority is claimed.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This work was supported by the National Science Foun-
dation (NSF) under ECCS-0901712 grant, by the Defense
Threat Reduction Agency (DTRA) under
HDTRA11010107, and by the National Institute of Stan-
dards and Technology (NIST) under SB134110SE0579 and
SB1341 I 1SE0814. The US government has certain rights
in this invention.

FIELD OF THE INVENTION

The present invention relates to a sensing device includ-
ing a semiconductor nanostructure and at least one of metal
or metal-oxide nanoparticles functionalizing the nanostruc-
ture and forming a hybrid sensor that enables light-assisted
sensing of a target analyte.

BACKGROUND OF THE INVENTION

Detection of chemical species in air, such as industrial
pollutants, poisonous gases, chemical fumes, and volatile
organic compounds (VOCs), is vital for the health and safety
of communities around the world (see Watson J and Thokura
K (1999) Special issue on Gas-Sensing Materials, Mater.
Res. Soc. Bull. 24:14). The development of reliable, portable
gas sensors that can detect harmful gases in real-time with
high sensitivity and selectivity is therefore extremely impor-
tant (Wilson D M et al. (2001) “Chemical Sensors for
Portable, Handheld Field Instruments,” IEEE Sensors Jour-
nal 1:256-274; Eranna G et al. (2004) “Oxide Materials for
Development of Integrated Gas Sensors—A Comprehensive
Review/Integrated  Gas  Sensors—A  Comprehensive
Review,” Critical Reviews in Solid State and Material Sci-
ences 29:111-188).

Due to their small size, ease of deployment, and low-
power operation, solid-state thin film sensors are favored
over analytical techniques such as optical and mass spec-
troscopy, and gas chromatography for real-time environ-
mental monitoring (Wilson D M et al. (2001), supra, IEEE
Sensor Journal 1:256-274; Shimizu Y and Egashira M
(1999) “Basic aspects and Challenges of Semiconductor
Gas Sensors,” Mater. Res. Soc. Bull. 24:18; Sze S M (1994)
Semiconductor Sensors 1% ed, Willey; New York). Selectiv-
ity, which is a sensor’s ability to discriminate between the
components of a gas mixture and provide detection signal
for the component of interest, is an important consideration
for the sensor’s real-life applicability. Conventional metal-
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oxide based thin film sensors, despite decades of research
and development (Brattain ] B W H (1952) “Surface prop-
erties of germanium,” Bell. Syst. Tech. Journal 32:1; Azad
A M et al. (1992) “Solid-State Sensors: A Review,” .
Electrochem. Soc. 139(12):3690-3704), still lack selectivity
for different species and typically require high working
temperatures (Meixner H and Lampe U (1996) “Metal oxide
sensors,” Sens. and Actuators B 33:198-202; Nicoletti S et
al. (2003) “Use of Different Sensing Materials and Deposi-
tion Techniques for Thin-Film Sensors to Increase Sensitiv-
ity and Selectivity,” IEEE Sensors Journal 3:454-459;
Demarne V and Sanjines R (1992) Gas Sensors-Principles,
Operation and Developments ed. G. Sberveglieri, Kluwer
Academic, Netherlands). As such, the usability of such
conventional sensors is severely limited and poses long-term
reliability problems.

For a chemical sensor, the active surface area is an
important factor for determining its detection limits or
sensitivity. It is known that the electrical properties of
nanowires (NWs) change significantly in response to their
environments due to their high surface to volume ratio (Cui
Y et al. (2001), supra, Science 293:1289-1292; Zhang D et
al. (2004) “Detection of NO, down to ppb levels using
individual and multiple In,O; nanowire devices,” Nano.
Lett. 4:1919-1924; Kong J et al. (2000) “Nanotube Molecu-
lar Wires as Chemical Sensors,” Science 287:622-625;
Comini E et al. (2002) “Stable and highly sensitive gas
sensors based on semiconducting oxide nanobelts,” Appl.
Phys. Lett. 81:1869). NWs are therefore well suited for
direct measurement of changes in their electrical properties
(e.g. conductance/resistance, impedance) when exposed to
various analytes. Substantial research has demonstrated the
enhanced sensitivity, reactivity, and catalytic efficiency of
the nanoscale structures (Cui Y et al. (2001), supra, Science
293:1289; Li C et al. (2003) “In,0; nanowires as chemical
sensors,” Appl. Phys. Lett. 8:1613; Wan Q et al. (2004)
“Fabrication and ethanol sensing characteristics of ZnO
nanowire gas sensors,” Appl. Phys. Lett. 84:3654; Wang C
et al. (2005) “Detection of H,S down to ppb levels at room
temperature using sensors based on ZnO nanorods,” Sens.
and Actuators B 113:320-323; Wang H T et al. (2005)
“Hydrogen-selective sensing at room temperature with ZnQO
nanorods,” Appl. Phys. Lett. 86:243503; Raible 1 et al.
(2005) “V,05 nanofibers: novel gas sensors with extremely
high sensitivity and selectivity to amines,” Sens. and Actua-
tors B 106:730-735; McAlpine M C et al. (2007) “Highly
ordered nanowire arrays on plastic substrates for ultrasen-
sitive flexible chemical sensors,” Nat Mater 6:379-384).

There have been attempts to demonstrate sensors based on
nanotube/nanowire decorated with nanoparticles of metal
and metal-oxides. For example, Leghrib et al. reported gas
sensors based on multiwall carbon nanotubes (CNTs) deco-
rated with tin-oxide (SnO,) nanoclusters for detection of NO
and CO (see Leghrib R et al. (2010) “Gas sensors based on
multiwall carbon nanotubes decorated with tin oxide nano-
clusters,” Sens. and Actuators B: Chemical 145:411-416).
Using mixed SnO,/TiO, included with CNTs, Duy et al.
demonstrated ethanol sensing at a temperature of 250° C.
(Duy N V et al. (2008) “Mixed SnO,/TiO, Included with
Carbon Nanotubes for Gas-Sensing Application,” . Physica
E 41:258-263). Balazsi et al. fabricated hybrid composites of
hexagonal WO, powder with metal decorated CNTs for
sensing NO, (Balazsi C et al. (2008) “Novel hexagonal WO,
nanopowder with metal decorated carbon nanotubes as
NO2 gas sensor,” Sensors and Actuators B: Chemical 133:
151-155). Kuang et al. demonstrated an increase in the
sensitivity of SnO, nanowire sensors to H,S, CO, and CH,
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by surface functionalization with ZnO or NiO nanoparticles
(Kuang Q et al. (2008) “Enhancing the photon-and gas-
sensing properties of a single SnO2 nanowire based nan-
odevice by nanoparticle surface functionalization,” J. Phys.
Chem. C 112:11539-11544). ZnO NWs decorated with Pt
nanoparticles were utilized by Zhang et al., showing that the
response of Pt nanoparticles decorated ZnO NWs to ethanol
is three times higher than that of bare ZnO NWs (Zhang Y
et al. (2010) “Decoration of ZnO nanowires with Pt nano-
particles and their improved gas sensing and photocatalytic
performance,” Nanotechnology 21:285501). Chang et al.
showed that by adsorption of Au nanoparticles on ZnO
NWs, the sensor sensitivity to CO gas could be enhanced
significantly (Chang S-J et al. (2008) “Highly sensitive ZnO
nanowire CO sensors with the adsorption of Au nanopar-
ticles,” Nanotechnology 19:175502). Dobrokhotov et al.
constructed a chemical sensor from mats of GaN NWs
decorated with Au nanoparticles and tested their sensitivity
to N, and CH, (Dobrokhotov V et al. (2006) “Principles and
mechanisms of gas sensing by GaN nanowires functional-
ized with gold nanoparticles,” J. Appl. Phys 99:104302).
GaN NWs coated with Pd nanoparticles were employed for
the detection of H, in N, at 300K by Lim et al. (Lim W et
al. (2008) “Room temperature hydrogen detection using
Pd-coated GaN nanowires,” Appl. Phys. Lett. 93:072109).

Although such results demonstrate the potentials of the
nanowire-nanocluster based hybrid sensors, fundamental
challenges and deficiencies in such prior attempts remain.
Most of the results provide for mats of nanowires. Although
such mats may increase sensitivity, the complex nature of
inter-wire conduction makes interpreting the results difficult.
Also, room-temperature operation of such previous sensors
has not been demonstrated, and the selectivity is shown for
only a very limited number of chemicals. Conventional
sensor devices require high operating temperatures (250° C.)
and large response times (more than 5 minutes). Indeed,
such temperature-assisted sensors typically provide for an
integrated heater for the device. Further, the reported sen-
sitivities of such conventional devices were quite low even
with long response times. Further, such conventional
devices typically do not provide for air as the carrier gas.
However, the ability of a sensor to detect chemicals in air is
what ultimately determines its usability in real-life.

Thus, such demonstrations have resulted in poor selec-
tivity of known chemical sensors, and therefore have not
resulted in commercially viable gas sensors. For real-world
applications, selectivity between different classes of com-
pounds (such as between aromatic compounds and alcohols)
is highly desirable. For example, the threat of terrorism and
the need for homeland security call for advanced technolo-
gies to detect concealed explosives safely and efficiently.
Detecting traces of explosives is challenging, however,
because of the low vapor pressures of most explosives
(Moore, D S (2004) “Instrumentation for trace detection of
high explosives,” Review of Scientific Instruments 75(8):
2499-2512; Yinon I (2002) “Field detection and monitoring
of explosives,” TrAC Trends in Analytical Chemistry 21(4):
292-301; Senesac L. and Thundat T G (2008) “Nanosensors
for trace explosive detection,” Materials Today 11(3):28-36.
Moreover, the difficulty of explosive detection is aggravated
by the noisy environment which masks the signal from the
explosive, the potential for high false alarms, and the need
to determine a threat quickly. As such, trained canine teams
remain the most reliable means of detecting explosive
vapors to date; however, dogs are expensive to train and tire
easily.
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An ideal chemical sensor would be able to distinguish
between the individual analytes belonging to a particular
class of compounds, e.g. detection of the presence of ben-
zene or toluene in the presence of other aromatic com-
pounds, detection of a particular explosive compound,
detection of a particular alcohol, etc. This is extremely
challenging as most semiconductor-based sensors use metal-
oxides (such as SnO,, In,0;, ZnO) as the active elements,
which are limited due to the non-selective nature of the
surface adsorption sites. The surface/adsorbate interactions
of conventional sensor structures are limited and non-spe-
cific. Thus, conventional sensor devices lack the same
selectivity as their bulk-counterpart devices.

Accordingly, there is a need for a nanostructure sensor
device that solves one or more of the deficiencies of con-
ventional devices.

SUMMARY OF THE INVENTION

The present invention is directed to highly selective and
sensitive sensor devices including semiconductor nanostruc-
tures decorated with metal and/or metal-oxide nanoclusters
or particles. The disclosed sensors provide numerous advan-
tages over conventional sensors including: 1) light-induced
room-temperature sensing as opposed to thermally induced
sensing, providing for reliable operation at low-power, lon-
ger lifetime, and fast response/recovery time; 2) excellent
selectivity of sensing of selected compounds (e.g., sensors
able to distinguish toluene from other aromatic compounds);
3) wide sensing range (50 ppb-1%); 4) fast response and
recovery; and 5) reliable and repeatable operation.

According to implementations of the present invention,
hybrid chemiresistive architectures utilizing nanoengineered
wide-bandgap semiconductor backbone functionalized with
multicomponent photocatalytic nanoclusters of metal-ox-
ides and/or metals are provided. Such implementations, e.g.
providing for chip scale hybrid sensor architecture back-
bones, are particularly suitable for mass production employ-
ing industry standard fabrication techniques, such as for
commercial applications. The sensors operate at room-tem-
perature via photoenabled sensing, and utilize standard
microfabrication techniques. Thus, economical, multiana-
lyte single-chip sensors are achieved.

According to embodiments of the present invention, the
disclosed semiconductor nanostructures exhibit relatively
inactive surface properties (i.e., with little or no chemire-
sistive sensitivity to different classes of organic vapors). The
nanostructures are functionalized with analyte-dependent
active metal-oxides and/or metals. Photoconductive metal-
oxide-semiconductors may be utilized as a functionalizing
material due to their active surface properties and light-
assisted sensing operation. Unlike most metal-oxide-based
sensors that operate at high temperatures, the photoconduc-
tive hybrid sensor devices of the present invention enable
rapid light-assisted sensing at temperatures well below 100°
C., and in particular at temperatures between about 10° C.
and 100° C., including at room temperature (e.g., between
about 18° C. and about 24° C.). Thus, the disclosed sensors
operate at temperatures well below that required by conven-
tional oxide sensors (e.g., requiring sensing temperatures
higher than 100° C.), thereby providing rapid sensing capa-
bilities at room temperature assisted by UV light illumina-
tion.

According to one embodiment, a multi-analyte sensor
comprises a substrate having an upper surface, a semicon-
ductor nanostructure having an outer surface and disposed
on the upper surface of the substrate, first metal-oxide
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nanoparticles functionalizing the outer surface of the semi-
conductor nanostructure and enabling detection of a target
analyte in the presence of light, the first metal-oxide nano-
particles have a first adsorption profile, and second metal
nanoparticles functionalizing the outer surface of the semi-
conductor structure. The second metal nanoparticles have a
second adsorption profile. The target analyte preferentially
adsorbs on the first metal-oxide, and an interfering analyte
preferentially adsorbs on the second metal nanoparticles.
The sensor exhibits a change in output upon detection of the
target analyte, the output selected from the group consisting
of current, voltage and resistance.

The disclosed sensors enable detection of the target ana-
lyte within various carrier gases, including air, nitrogen or
argon. The semiconductor nanostructure may comprise gal-
lium nitride (GaN), indium nitride (InN), aluminum gallium
nitride (ALGaN), zinc oxide (ZnO), Indium arsenide (InAs).
The metal-oxide nanoparticles may comprise one or more
nanoparticles selected from the group consisting of titanium
dioxide (TiO,) nanoparticles, tin oxide (SnO,) nanopar-
ticles, zinc oxide (ZnO) nanoparticles, nickel oxide (NiO)
nanoparticles, copper oxide (Cu,O,) nanoparticles, cobalt
oxide (Co,0,) nanoparticles, iron oxide (Fe, O,) nanopar-
ticles, zinc magnesium oxide (Zn, Mg O) nanoparticles,
magnesium oxide (MgO) nanoparticles, vanadium oxide
(V,0,) nanoparticles, lanthanum oxide (La,0;) nanopar-
ticles, zirconium oxide (ZrO,) nanoparticles, aluminum
oxide (Al,O,) nanoparticles, strontium oxide (SrO) nano-
particles, lanthanum oxide (L.a,O;) nanoparticles, cerium
oxide (Ce,O,) nanoparticles, praseodymium oxide (Pr,O,)
nanoparticles, promethium oxide (Pm,0O;) nanoparticles,
samarium oxide (Sm,O;) nanoparticles, europium oxide
(Eu,0;) nanoparticles, gadolinium oxide (Gd,O,) nanopar-
ticles, terbium oxide (Tb,O,) nanoparticles, dysprosium
oxide (Dy,0;) nanoparticles, holmium oxide (Ho,O,) nano-
particles, erbium oxide (Er,0;) nanoparticles, thulium oxide
(Tm,O;) nanoparticles, ytterbium oxide (Yb,O;) nanopar-
ticles, and lutetium oxide (Lu,0O;) nanoparticles.

The metal nanoparticles may comprise one or more
nanoparticles selected from the group consisting of lithium
nanoparticles, sodium nanoparticles, potassium nanopar-
ticles, rubidium nanoparticles, cesium nanoparticles, fran-
cium nanoparticles, beryllium nanoparticles, magnesium
nanoparticles, calcium nanoparticles, strontium nanopar-
ticles, barium nanoparticles, radium nanoparticles, alumi-
num nanoparticles, gallium nanoparticles, indium nanopar-
ticles, tin nanoparticles, thallium nanoparticles, lead
nanoparticles, bismuth nanoparticles, scandium nanopar-
ticles, titanium nanoparticles, vanadium nanoparticles, chro-
mium nanoparticles, manganese nanoparticles, iron nano-
particles, cobalt nanoparticles, nickel nanoparticles, copper
nanoparticles, zinc nanoparticles, yttrium nanoparticles, zir-
conium nanoparticles, niobium nanoparticles, molybdenum
nanoparticles, technetium nanoparticles, ruthenium nano-
particles, rhodium nanoparticles, palladium nanoparticles,
silver nanoparticles, cadmium nanoparticles, lanthanum
nanoparticles, hafnium nanoparticles, tantalum nanopar-
ticles, tungsten nanoparticles, rhenium nanoparticles,
osmium nanoparticles, iridium nanoparticles, platinum
nanoparticles, gold nanoparticles, mercury nanoparticles,
and combinations or alloys thereof.

In disclosed embodiments, the sensors are capable of
detecting a target analyte within a wide temperature range
and/or within a wide humidity range. In addition, the dis-
closed sensors are capable of detecting a target analyte at a
temperature of less than about 100° C. In some implemen-
tations, the sensors are capable of detecting a target analyte
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at room temperature (e.g., between about 18° C. and about
24° C.). In some implementations, the target analyte com-
prises a gas (e.g., NO,, H,, CH,, CO,, CO, NH;, O,, SO,,
H,S, Cl,, HCI and/or HCN). In some implementations, the
target analyte is an alcohol vapor (e.g., methanol, ethanol,
n-propanol, isopropanol, n-butanol, and isobutanol). In other
embodiments, the target analyte is a volatile organic com-
pound (VOC) (e.g., benzene, toluene, ethylbenzene, xylene,
chlorobenzene, formaldehyde benzene, formaldehyde,
methanol, ethanol, isopropanol, hexane, acetone, tetrachlo-
roethylene (TCE), MTBE, methylene chloride, d-limonene,
methylene chloride, an alkane (e.g., propane, butane), a
ketone, a silane, a siloxane, and mixtures such as diesel/
gasoline vapor). In other embodiments, the target analyte
comprises a chemical warfare agent (CWA) (e.g., tabun
(GA), sarin (GB), soman (GD), cyclosarin (GF), sulfur
mustard (HD), nitrogen mustard (HN)), or another simulant
chemical (e.g., Dimethyl methylphosphonate (DMMP), Tri-
ethyl phosphonate (TEP)).

The disclosed sensors are capable of detecting the target
analyte at a concentration of less than about 1%. In some
implementations, the concentration of the target analyte
detected is between about 1 parts per million and about 50
parts per billion. In addition, the disclosed sensors are
capable of detecting humidity from between about 0% to
about 100% relative humidity (RH). In disclosed embodi-
ments, the sensing device has a response and recovery time
of'less than about 180 seconds, preferably less than about 75
seconds.

The present invention is also directed to a nanostructure
sensing device comprising a semiconductor nanostructure
having an outer surface, and at least one of metal or
metal-oxide nanoparticle clusters functionalizing the outer
surface of the nanostructure. The dimensions and overall
length of the sensing device may vary (e.g., from nanometer
to centimeter scale). In some embodiments, the sensing
device comprises a chip-scale package having dimensions of
less than about 10 mm by 10 mm, e.g., about 4 mm by 4 mm
or smaller. Thus, the sensor devices of the present invention
are suitable for wearables and/or compact applications, and
also reliable and robust and thus suitable for industrial
applications and/or extreme conditions. The architecture
may provide for a single sensing device or multiple sensing
devices, e.g. connected in series or parallel. The resulting
structure forms a photoconductive nanostructure/nanoclus-
ter hybrid sensor enabling light-assisted sensing of a target
analyte.

In disclosed embodiments, the sensing device exhibits a
change in current, resistivity and/or voltage upon exposure
to a target analyte in the presence of UV light and/or visible
light, with the magnitude of such change dependent on the
configuration of the device. The architecture may provide
for a single sensor, dual sensors or multiple sensors on a
single chip (e.g., comprising nano-, micro-, or millimeter
size wide-band gap oxide semiconductors) which are func-
tionalized with metal oxide and/or metal nanoparticles and/
or with their alloys. The architecture is thus capable of
simultaneously detecting one, two, or multiple (e.g., 8 or
more) analytes independently. The target analyte(s) interacts
with the functionalized material in the presence of various
carrier gases (e.g., air, oxygen, nitrogen, argon) that results
in a change in current, resistance and/or voltage in the
semiconductor backbone. For comparison, a chip consisting
of a non-functionalized, passivated element mimicking the
design architecture of the sensor element which is buried
under an oxide acts as a baseline, and does not respond to
any of the target analytes.
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The semiconductor backbone may comprise etched/pat-
terned ultra-thin nano-clustered metal oxide, e.g. comprised
of zinc oxide (ZnO), titanium dioxide (TiO,), tin oxide
(Sn0,), nickel oxide (NiO), copper oxide, cobalt oxide, iron
oxide, zinc magnesium oxide, magnesium oxide, vanadium
oxide, lanthanum oxide, and/or zirconium oxide. The second
metal oxide functionalization consists of another metal
oxide, e.g. comprised of zinc oxide (ZnO), titanium dioxide
(Ti0,), tin oxide (SnO,), nickel oxide (NiO), copper oxide,
cobalt oxide, iron oxide, zinc magnesium oxide, magnesium
oxide, vanadium oxide, lanthanum oxide, and/or zirconium
oxide.

Third metal nanoparticles may also be provided, e.g.
comprised of lithium, sodium, potassium, rubidium, cesium,
francium, beryllium, magnesium, calcium, strontium,
barium, radium, aluminum, gallium, indium, tin, thallium,
lead, bismuth, scandium, titanium, vanadium, chromium,
manganese, iron, cobalt, nickel, copper, zinc, yttrium, zir-
conium, niobium, molybdenum, technetium, ruthenium,
rhodium, palladium, silver, cadmium, lanthanum, hafnium,
tantalum, tungsten, rhenium, osmium, iridium, platinum,
gold, mercury, and combinations and alloys thereof.

In some implementations, the nanoparticle clusters are
multicomponent clusters comprising first metal-oxide nano-
particles and second metal nanoparticles. The nanostructure
has a first bandgap, and the nanoparticle clusters have a
second bandgap equal to or less than said first bandgap. In
disclosed embodiments, the devices exhibit increased con-
ductivity upon exposure to the target analyte in the presence
of radiation, including UV light and/or visible light.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one draw-
ing/photograph executed in color. Copies of this patent or
patent application publication with color drawing(s) will be
provided by the Office upon request and payment of the
necessary fee.

FIG. 1, plates (a) and (b), are schematic representations of
a GaN (Nanowire)-TiO, (Nanocluster) hybrid sensor
according to the present invention. FIG. 1, plate (a) shows
the sensor in the dark showing surface depletion of the GaN
nanowire, and FIG. 1, plate (b) shows the sensor under UV
excitation with photodesorption of O, due to hole capture.

FIG. 2, plate (a), illustrates graphically the photoresponse
of a hybrid device (diameter 300 nm) to 1000 ppm of
benzene and toluene mixed in air and nitrogen. FIG. 2, plate
(b) illustrates the response of a hybrid device (diameter 500
nm) to different concentrations of water in air.

FIG. 3 is a schematic representation of depletion in the
TiO, NC in the presence of oxygen and water, and its effect
on the photogenerated charge carrier separation in GaN NW.
Circles in valence band indicate holes and circles in con-
duction band indicate electrons.

FIG. 4 illustrates graphically the photo-response of the
GaN/(TiO,—Pt) device to 1000 pmol/mol of ethanol in air
and nitrogen, and to 1000 umol/mol of water in air. The
devices did not respond to water in nitrogen. The air-gas
mixture was turned on at 0 s and turned off at 100 s.

FIG. 5, plate (a) illustrates graphically UV photo-response
of the GaN/(TiO,—Pt) hybrid device to 1000 pmol/mol
(ppm) of methanol, ethanol, and water in air, and hydrogen
in nitrogen. The air-gas mixture was turned on at 0 s and
turned off at 100 s. FIG. 5, plate (b) illustrates the cyclic
response of the GaN/(TiO,—Pt) hybrid device when
exposed to 2500 umol/mol (ppm) of hydrogen in nitrogen.
The bias voltage for all the devices was 5 V.
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FIG. 6, plate (a) is a scanning electron microscope (SEM)
image of the NW bridge structure according to the present
invention. FIG. 6, plate (b) shows ZnO nanoparticles on the
facets of GaN NW. FIG. 6, plate (c) illustrates graphically
current-voltage (I-V) characteristics of the device before and
after rapid thermal anneal (RTA). FIG. 6, plate (d) is an x-ray
diffraction (XRD) Q—20 scan of a 300-nm-thick ZnO film.

FIG. 7 illustrates graphically device response to 500-
umol/mol (ppm) of methanol. The inset graph at the bottom
left shows the sensitivity of two devices toward 500 umol/
mol (ppm) of each isomer of butanol (with Device 1 shown
as the right bar above each isomer, and Device 2 shown as
the left bar above each isomer). The inset graph at the
bottom right shows the response to ethanol, acetone, ben-
zene, and hexane. Sensitivity (S) is given by (I,—1,,)x100/1,,
where I, is the device current in the presence of an analyte
in breathing air and I, is the current in pure breathing air,
both measured 300 s after the flow is turned on. Percentage
standard deviation of the device sensitivity is 3.2% based on
the five data points collected over a period of 3 days in
response to the breathing air.

FIG. 8 illustrates graphically device response to different
flow rates of breathing air (plate (a)) and nitrogen gas (plate
(b)). The flow rates of the gas are denoted as a=20 sccm,
b=40 sccm, ¢=60 sccm, d=80 sccm, and e=100 sccm.

FIG. 9, plate (a) is a schematic illustration of a nanostruc-
tured semiconductor-nanocluster hybrid gas sensor accord-
ing to an embodiment of the present invention. The sensor
works with low-intensity light from an LED. The emission
wavelength is determined by the semiconductor and metal-
oxide bandgaps. FIG. 9, plate (b) illustrates schematically an
exemplary thin-film device including a semiconductor back-
bone functionalized with TiO, on a sapphire substrate. The
smoothness of the substrate and film after thermal process-
ing is shown in FIG. 9, plates (c) and (d).

FIG. 10 is a schematic illustration of the mechanism of
sensing using the disclosed nanocluster-functionalized semi-
conductor devices. The sensing is due to the effective
separation of photogenerated charge carriers in the semi-
conductor backbone caused by surface potential modifica-
tion of the backbone by the nanocluster upon adsorption of
chemicals. The light produces electron-hole pairs in the
semiconductor, and also surface defects on the cluster due to
photo desorption of oxygen and water.

FIG. 11 illustrates schematically the epitaxial layer struc-
ture utilized in sensor device fabrication according to an
embodiment of the invention.

FIG. 12 illustrates schematically sensor designs according
to the present invention, including a sensor having serial
architecture (plate (a)), and a sensor having parallel archi-
tecture (plate (b)).

FIG. 13 are schematic illustrations of a series architecture
design of a sensor with four segments, including a top view
(plate (a)) and a cross-section view taken along the dashed
line (plate (b)). The sensor output is the voltage between the
+V 50 and ground pads. The V_,; are the real-time cali-
bration probes for baseline and temperature drift compen-
sating.

FIG. 14 illustrates graphically a generic sensor calibration
curve. Sensitivity S is defined as the slope of the sensor
output response vs. analyte concentration plot. The sensor
output may be a change in current, voltage, or resistance.

FIG. 15 is a schematic illustration of photoexcitation of
both the metal-oxide cluster and the GaN backbone using
365 nm light.
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FIG. 16 is a schematic illustration showing selectivity
tuning using a multicomponent design of nanoclusters. As
shown, the target analyte is NO, and the interfering chemical
is CO,.

FIG. 17 illustrates graphically depletion depth induced by
Pt nanoclusters on GaN and TiO, (as calculated by Equation
(12) below).

FIG. 18 is a schematic illustration of an integration
scheme for standalone system, showing components at
roughly their actual size.

FIG. 19 is a schematic illustration of a hybrid sensor
fabrication process according to the present invention.

FIG. 20, plates (a-c), are field-emission scanning electron
microscopy (FESEM) images of three different sputtered
thickness of TiO, coatings: including 2 nm (plate (a)), 5 nm
(plate (b)), and 8 nm (plate (c)) of TiO, sputtered on GaN
nanowires.

FIG. 21 illustrates graphically an XRD Q-20 scan of 150
nm thick TiO, film deposited on SiO,/Si substrate at 300° C.
and annealed at 650° C. for 45 s in RTA. All indices
correspond to the anatase phase [PDF#84-1285].

FIG. 22 illustrates typical morphologies of a 20 nm thick
TiO, film sputtered on n-GaN nanowires and annealed at
700° C. for 30 s. FIG. 22, plate (a) is a TEM image showing
non-uniformly distributed 2 nm to 10 nm diameter indi-
vidual TiO, particles, with some of the particles marked by
white circles. FIG. 22, plate (b) is a high-resolution trans-
mission electron microscopy (HRTEM) image of an edge of
the GaN nanowire with the sputtered TiO, film. The FFT
pattern from the boxed area is shown in exploded view in the
upper left inset, indicating 0.35 nm lattice fringes which are
consistent with a (101) reflecting plane of anatase.

FIG. 23, plate (a) is a BF-STEM image with 5 nm to 10
nm TiO, nanoparticles barely visible near an edge of a GaN
nanowire, with some of the nanoparticles marked by circles.
FIG. 23, plate (b) is an ADF-STEM image of a TiO,-
containing aggregate on the edge of a GaN nanowire. FIG.
23, plate (c) is an X-ray spectrum of an individual 5 nm TiO,
particle shown by circled portion ‘A’ in plate (a). FIG. 23,
plate (d) is an EEL spectra recorded on position 1 (tip of the
aggregate) and position 2 (edge of the GaN nanowire), as
identified in plate (b), respectively.

FIG. 24 illustrates I-V characteristics of a GaN NW
two-terminal device in the dark at different stages of pro-
cessing. The inset shows the nanowire device with length
5.35 um and diameter 380 nm. The scale bar is 4 um. The
thickness of sputtered TiO, film was 8 nm.

FIG. 25, plate (a) illustrates graphically the dynamic
photocurrent of a bare GaN NW. FIG. 25, plate (b) illustrates
the dynamic photocurrent of a TiO, coated (8 nm deposit)
GaN NW. The diameters of both nanowires were about 200
nm. The applied bias is 5 V in both cases.

FIG. 26 illustrates graphically the dynamic response of a
single GaN—TiO, hybrid device to 1000 ppm of toluene.
For each cycle, the gas exposure time was 100 s. The inset
shows the nanowire device with 8.0 pm length and diameter
500 nm. The scale bar is 5 um.

FIG. 27, plate (a) illustrates the response of a single
nanowire-nanocluster hybrid sensor (inset shows nanowire
with diameter 500 nm) to 1000 ppm benzene, toluene,
ethylbenzene, chlorobenzene, and xylene in presence of UV
excitation. FIG. 27, plate (b) illustrates the response of a
different sensor (inset shows nanowire with diameter 300
nm) to 200 ppb toluene, benzene, ethylbenzene, and xylene
with UV excitation. The total flow in to the chamber was
kept constant at 20 sccm. The response to air is also shown.
The scale bars are 5 um.
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FIG. 28 illustrates graphically a hybrid sensor’s photore-
sponse characteristics: FIG. 28, plate (a) shows the charac-
teristics of the device shown in FIG. 27, plate (a) for 100 to
10000 ppm concentration range of toluene; FIG. 28, plate
(b) shows the characteristics of the device shown in FIG. 27,
plate (b) for 50 ppb to 1 ppm concentration range of toluene.

FIG. 29 illustrates sensitivity plots of a GaN—TiO,
nanowire-nanocluster hybrid device (diameter 300 nm) for
benzene, toluene, ethylbenzene, chlorobenzene, and xylene.
The plot identifies the sensor’s ability to measure wide range
of concentration of the indicated chemicals.

FIG. 30 is an HRTEM image of a GaN NW with TiO,
sputtered on them, with plate (a) showing the GaN NW
before Pt and plate (b) showing after Pt deposition. Circled
areas in plate (a) indicate partially aggregated polycrystal-
line TiO, particles on the NW surface and on the supporting
carbon film. Arrows in plate (b) in the inset at the upper left
mark Pt clusters decorating a 6 nm diameter particle of
titanium. The TiO, particle exhibits 0.35 nm fringes corre-
sponding to (101) lattice spacing of anatase polymorph. 2
nm to 5 nm thick amorphized surface film are indicated by
black arrows.

FIG. 31 illustrate an HAADF-STEM of a GaN NW coated
with TiO, and Pt., with plate (a) showing 1 nm to 5 nm bright
Pt nanoparticles (shown by arrows) decorating surfaces of a
polycrystalline TiO, island-like film and of a GaN nanowire.
Medium grey aggregated TiO, particles (outlined by dashed
line in plate (a)) are barely visible on a thin carbon support
near the edge of the nanowire. Plate (b) is a high magnifi-
cation image of the supporting film near the edge of the
nanowire exhibiting 0.23 nm to 0.25 nm (111) and 0.20 nm
to 0.22 nm (200) fcc lattice fringes belonging to Pt nanoc-
rystallites, with arrows indicating amorphous-like Pt clusters
of 1 nm and less in diameter.

FIG. 32 illustrates I-V characteristics of the hybrid sensor
device at different stages of processing. FIG. 32, plate (a)
shows GaN/(TiO,—Pt) hybrids; FIG. 32, plate (b) shows
GaN/Pt hybrids. The inset image in plate (b) shows the
plan-view SEM image of a typical GaN NWNC hybrid
sensor. The scale bar in the inset is 4 pm.

FIG. 33 illustrates graphically depletion depth induced by
Pt NCs on GaN and TiO, as calculated by equation 12.

FIG. 34 illustrates comparative sensing behavior of the
three hybrids for 1000 umol/mol (ppm) of analyte in air:
light gray bar graphs (benzene, toluene, ethylbenzene,
xylene, chlorobenzene) represent GaN/TiO, hybrids, pat-
terned bar graphs (ethanol, methanol, and hydrogen) repre-
sent GaN/(TiO,—Pt) hybrids, and white bar graph (hydro-
gen) represents GaN/Pt hybrids. Other chemicals which did
not produce any response in any one of the hybrids are not
included in the plot. The zero line is the baseline response to
20 sccm of air and N,. For this plot the magnitude of the
sensitivity is used. The error bars represent the standard
deviation of the mean sensitivity values for every chemical
computed for 5 devices with diameters in the range of 200
nm-300 nm.

FIG. 35, plate (a) illustrates graphically the photo-re-
sponse of GaN/(TiO,—Pt) hybrid device to different con-
centrations of methanol in air. FIG. 35, plate (b) shows
photo-response of the same device to different concentra-
tions of hydrogen in nitrogen. The air-gas mixture was
turned on at 0 s and turned off at 100 s.

FIG. 36, plate (a) is a sensitivity plot of the GaN/(TiO,—
Pt) hybrid device to ethanol, methanol, and water in air and
to hydrogen in nitrogen ambient. FIG. 36, plate (b) shows
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graphically a comparison of the sensitivity of GaN/(TiO,—
Pt) and GaN/Pt devices to different concentrations of hydro-
gen in nitrogen.

FIG. 37 illustrates schematically an exemplary fabrication
flow chart for semiconductor-nanocluster based gas sensors
according to the present invention.

FIG. 38, plate (a) is an image of large area etched
nanostructures of GaN on silicon and sapphire substrate
formed according to disclosed processes such as shown in
FIG. 37. FIG. 38, plate (b) shows an image of a nanostruc-
ture of GaN on silicon and sapphire using ICP etching and
post-etching surface treatment. This nanostructure forms the
backbone of the disclosed sensors in disclosed embodi-
ments.

FIG. 39 is an RTEM image of a GaN NW with TiO,
sputtered on them. Circled portions indicate partially aggre-
gated polycrystalline TiO, particles on the NW surface and
on the supporting carbon film.

FIG. 40 illustrates graphically I-V characteristics of a
GaN NW two-terminal device at different stages of process-
ing.

FIG. 41, plate (a) illustrates graphically response of a
single, nanowire-nanocluster hybrid sensor to 100 ppb of
benzene, toluene, nitrobenzene, nitrotoluene, dinitroben-
zene, dinitrotoluene and trinitrotoluene in the presence of
UV excitation. FIG. 41, plate (b) shows the response of the
device to different concentrations of trinitrotoluene.

FIG. 42 is a sensitivity plot of a GaN—TiO, nanowire-
nanocluster hybrid device for benzene, toluene, nitrotoluene,
nitrobenzene, DNT, DNB and TNT.

FIG. 43 illustrates sensitivity of two different nanowire-
nanocluster hybrid sensors to 100 ppb of the different
aromatic compounds.

FIG. 44, plate (a), illustrates the dynamic responses of a
TiO, based sensor exposed to 250 ppm NO, mixed with
breathing air under UV illumination and dark at room
temperature. Plate (b) illustrates the response under UV at
mixture of 100 ppm, 250 ppm, and 500 ppm with breathing
air. The inset in plate (b) shows the measured responses
under UV as a function of NO, concentrations with uncer-
tainty. Sensitivity S is presented by (I,-I,)x100/1,, wherein
L, is the device current in the presence of an analyte in
breathing air and 1, is the current in pure breathing air, both
measured 300 s after the flow is turned on.

FIG. 45 illustrates schematically an NO, gas sensing
mechanism of the TiO, sensor under UV illumination: plate
(a) shows the mechanism in a dark environment with
breathing air in; plate (b) shows the mechanism under UV
illumination in breathing air; and plate (c) shows the mecha-
nism under UV illumination with mixture of NO, and
breathing air (all at room temperature).

FIG. 46 illustrates graphically the dynamic response of
the TiO, based sensor exposed to 500 ppm NO, under UV
illumination and under dark at room temperature.

FIG. 47, plate (a) illustrates a GIXRD scan of thermally
processed ultrathin TiO, film, and plate (b) illustrates optical
properties (bandgap).

FIG. 48, plate (a) illustrates schematically a SnO,—Cu
nanocluster CO, sensor. Plates (b) and (c) are AFM images
of the SnO,—Cu nanocluster CO, sensor.

FIG. 49 illustrates the dynamic responses of the SnO,—
Cu based sensor exposed to CO, at room temperature at
concentrations of 1000 ppm and 5000 ppm. For each cycle,
the gas exposure time was 300 s.

FIG. 50 illustrates graphically the response of the SnO,
based sensor at different relative humidity (RH) concentra-
tions at room temperature.
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FIG. 51, plate (a) illustrates the dynamic response of a
TiO, based sensor exposed to methanol at room temperature
and at a concentration of 500 ppm. Plate (b) illustrates the
dynamic response of a ZnO based sensor exposed to ben-
zene at room temperature and a concentration of 500 ppm.
Plate (c) illustrates the dynamic response of the ZnO based
sensor exposed to hexane at room temperature and a con-
centration of 100 ppm.

FIG. 52 illustrates graphically the dynamic responses of a
ZnO—Pd—Ag based sensor exposed to H, at room tem-
perature.

FIG. 53 illustrates schematically an exemplary layout of
on chip elements of a sensor device in accordance with the
present invention.

FIG. 54 illustrates schematically a micro-heater embed-
ded into a sensor device in accordance with disclosed
embodiments of the present invention.

FIG. 55 illustrates the temperature profile of 50 pm
microheater made from a Ti/Ni metal stack MH recorded at
5V bias voltage (plate (a)) and 10 V bias voltage (plate (b)).

FIG. 56 illustrates graphically the dynamic response of a
functionalized GaN sensor device for sensing H,S (concen-
tration 50 ppm) in dry air.

FIG. 57 illustrates graphically the dynamic response of a
functionalized GaN sensor device for sensing NO, (concen-
tration 500 ppm) in dry air (22° C., relative humidity 0-5%).

FIG. 58 illustrates graphically the dynamic response of a
functionalized GaN sensor device for sensing SO, (concen-
tration 10 ppm) in dry air (22° C., relative humidity 0-5%).

FIG. 59 illustrates graphically the dynamic response of a
functionalized GaN sensor device for sensing CO, (concen-
tration 5000 ppm) in dry air (22° C., relative humidity
0-5%).

FIG. 60 illustrates an exemplary sensor module in accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is directed to sensor devices includ-
ing a semiconductor nanostructure, such as a micro or
nanodevice, or nanowire (NW), having a surface function-
alized or decorated with metal or metal-oxide nanoparticles
or nanoclusters. When metal/metal-oxide nanoparticles
selected according to the disclosed methods are placed on
the surface of a nanostructure, significant changes result in
the physical properties of the system. The nanoparticles
increase the adsorption of chemical species by introducing
additional adsorption sites, thereby increasing the sensitivity
of the resulting system.

The metal or metal-oxide nanoparticles may be selected to
act as catalysts designed to lower the activation energy of a
specific reaction, which produces active radicals by disso-
ciating the adsorbed species. These radicals can then spill-
over to a semiconductor structure (see Sermon P A and Bond
G C (1973) “Hydrogen Spillover,”” Catal. Rev. 8(2):211-239;
Conner W C et al. (1986) “Spillover of sorbed species,” Adv.
Catal. 34:1), where they are more effective in charge carrier
transfer. Further, the selected nanoparticles modulate the
current through the nanowire through formation of nano-
sized depletion regions, which is in turn a function of the
adsorption on the nanoparticles. Nanoparticles or nanoclus-
ters suitable for the present invention include virtually any
metal-oxide and/or metal. Thus, it should be understood that
the present invention is not limited to the particular exem-
plary metal-oxides and/or metals disclosed in the various
embodiments and examples herein.
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According to one embodiment, nanowire-nanocluster
hybrid chemical sensors were realized by functionalizing
n-type (Si doped) gallium nitride (GaN) NWs with TiO,
nanoclusters. The sensors selectively sense benzene and
related aromatic environmental pollutants, such as toluene,
ethylbenzene, and xylene (sometimes referred to as BTEX).
GaN is a wide-bandgap semiconductor (3.4 eV), with unique
properties (Morkog H (1999) Nitride Semiconductors and
Devices, Springer series in Materials Science, Vol. 32,
Springer, Berlin). Its chemical inertness and capability of
operating in extreme environments (high-temperatures,
presence of radiation, extreme pH levels) is thus suitable for
the disclosed sensor design. TiO, is a photocatalytic semi-
conductor with a bandgap energy of 3.2 eV (anatase phase).
Photocatalytic oxidation of various organic contaminants
over titanium dioxide (TiO,) has been previously studied
(see Mills A and Hunte S L (1997) “dn overview of of
semiconductor photocatalysis,” J. Photochem. Photobiol. A
108:1-35; Luo Y and Ollis D F (1996) “Heterogeneous
photocatalytic oxidation of trichlovoethylene and toluene
mixtures in air: Kinetic promotion and inhibition, time-
dependent catalyst activity,” J. Catal. 163:1-11). The TiO,
nanoclusters were thus selected to act as nanocatalysts to
increase the sensitivity, lower the detection time, and enable
the selectivity of the structures to be tailored to organic
analytes.

The hybrid sensor devices may be developed by fabricat-
ing two-terminal devices using individual GaN NWs fol-
lowed by the deposition of TiO, nanoclusters using radio
frequency (RF) magnetron sputtering. The sensor fabrica-
tion process employed standard micro-fabrication tech-
niques. X-ray diffraction (XRD) and high-resolution ana-
Iytical transmission electron microscopy using energy-
dispersive X-ray and electron energy-loss spectroscopies
confirmed the presence of anatase phase in TiO, clusters
after post-deposition anneal at 700° C.

A change of current was observed for these hybrid sensors
when exposed to the vapors of aromatic compounds (e.g.,
benzene, toluene, ethylbenzene, xylene, and chlorobenzene
mixed with air) under UV excitation, while they had mini-
mal or no response to non-aromatic organic compounds such
as methanol, ethanol, isopropanol, chloroform, acetone, and
1, 3-hexadiene. The sensitivity range for the noted aromatic
compounds, except chlorobenzene, were from about 1%
down to about 50 parts per billion (ppb) at room-tempera-
ture. By combining the enhanced catalytic properties of the
TiO, nanoclusters with the sensitive transduction capability
of the nanowires, an ultra-sensitive and selective chemical
sensing architecture is achieved.

As discussed in further detail in Example 1 below, GaN—
TiO, (nanowire-nanocluster) hybrid sensors demonstrated a
response to specific volatile organic compounds mixed with
air at ambient temperature and humidity. In the presence of
UV light (e.g., having a wavelength in the range of about 10
nm to about 400 nm), these hybrid sensor devices exhibited
change in the photocurrent when exposed to benzene, tolu-
ene, ethylbenzene, xylene, and chlorobenzene mixed in air.
However, gases like methanol, ethanol, isopropanol, chlo-
roform, acetone, and 1, 3-hexadiene exhibited little or no
change in the electrical characteristics of the devices, thus
demonstrating the selective response of these sensors to the
aromatic compounds. Benzene, toluene, ethylbenzene, and
xylene were detected by the disclosed sensors at a concen-
tration level as low as 50 ppb in air. In addition, the disclosed
sensor devices are highly stable and able to sense aromatic
compounds in air reliably for a wide range of concentrations
(e.g., 50 ppb to 1%).
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In addition, the disclosed sensors demonstrated highly
sensitive and selective detection of traces of nitro-aromatic
explosive compounds. As discussed in further detail in
Example 5 below, GaN/TiO, nanowire-nanocluster hybrid
sensors detected different aromatic and nitroaromatic com-
pounds at room temperature. For example, the GaN/TiO,
hybrids were able to detect trinitrotoluene (INT) concen-
trations as low as 500 pmol/mol (ppt) in air and dinitroben-
zene concentrations as low as 10 nmol/mol (ppb) in air in
approximately 30 seconds. The noted sensitivity range of the
devices for TNT was from 8 ppm down to as low as 500 ppt.
The detection limit of dinitrotoluene, nitrobenzene, nitro-
toluene, toluene and benzene in air is about 100 ppb with a
response time of =75 seconds. Devices according to the
present invention exhibited sensitive and selective response
to TNT when compared to interfering compounds like
toluene. Thus, the disclosed sensors are suitable for use as
highly sensitive, selective, low-power and smart explosive
detectors, which are relatively inexpensive to manufacture
in larger quantities.

Based on structural analysis, an exemplary mechanism
that qualitatively explains the hybrid sensor’s response to
different analytes is shown in FIG. 1. With regard to the
photocatalytic processes on the TiO, surface, the oxygen
vacancy defects (Ti** sites) on the surface of TiO, are the
active sites responsible for adsorption of species like oxy-
gen, water, and organic molecules (see Yates Jr J T (2009)
“Photochemistry on TiO2: mechanisms behind the surface
chemistry,” Surf. Sci. 603:1605-1612). Interestingly, a rela-
tively defect free TiO, surface, generated by annealing in
high-oxygen flux, is chemically inactive (Li M et al. (1999)
“Oxygen-induced restructuring of rutile TiO,(110): forma-
tion mechanism, atomic models, and influence on surface
chemistry,” Faraday Discuss. 114:245). Experimental stud-
ies and simulations reveal that molecular oxygen is
chemisorbed on the surface vacancies (Ti* sites), acquiring
a negative charge as shown in FIG. 1, plate (a) (Anpo M et
al. (1999) “Generation of superoxide ions at oxide surfaces,”
Top. Catal. 8:189-198; de Lara-Castells M P and Krause J L.
(2003) “Theoretical study of the UV-induced desorption of
molecular oxygen from the reduced 1710, (110) surface,” J.
Chem. Phys. 118:5098). This is due to the presence of the
localized electron density at or near exposed Ti** atoms on
the TiO, surface (Henderson M A et al. (1999) “Interaction
of Molecular Oxygen with the Vacuum-Annealed Ti02(110)
Surface: Molecular and Dissociative Channels,” J. Phys.
Chem. B 103:5328-5337). Water may also be present on the
TiO, cluster surface via molecular or dissociative adsorp-
tion, producing OH™ species on the defect sites (Lee F K et
al. (2007) “Role of water adsorption in photoinduced supe-
rhydrophilicity on TiO, thin films,” Appl. Phys. Lett.
90:181928; Bikondoa O et al. (2006) “Direct visualization of
defect-mediated dissociation of water on 110, (110),” Nat.
Mater. 5:189-192).

Although most of the theoretical and experimental studies
on oxygen and water adsorption are done for the (110)
surface of rutile phase, there are studies that suggest that
similar adsorption behavior is also expected for the anatase
surface (Wahab H S et al. (2008) “Computational investi-
gation of water and oxygen adsorption on the anatase TiO,
(100) surface,” J. Mol. Chem. Struct. 868:101-108). The
GaN NW has a surface depletion region as shown in FIG. 1,
plate (a), which determines its dark conductivity (Sanford N
Aetal. (2010) “Steady-state and transient photoconductivity
in c-axis GaN nanowires grown by nitrogen-plasma-assisted
molecular beam epitaxy,” I. Appl. Phy. 107:034318).
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In the presence of UV excitation with an energy above the
bandgap energy of anatase TiO, (3.2 eV) and GaN (3.4 eV),
electron-hole pairs are generated both in the GaN NW and
in the TiO, cluster, as shown in FIG. 1, plate (b). Photo-
generated holes in the nanowire tend to diffuse towards the
surface due to the surface band bending. This effect of
separation of photogenerated charge carriers results in a
longer lifetime of photogenerated electrons, which in turn
enhances the photoresponse of the nanowire devices. On the
TiO, cluster surface, however, the photogenerated charge
carriers lead to a different phenomenon. In n-type semicon-
ductor oxides such as TiO,, the surface adsorption produces
upward band-bending, which drives the photogenerated
holes towards the surface. The chemisorbed oxygen mol-
ecule (O,7) and hydroxide ions (OH") can readily capture a
hole and desorb as shown in FIG. 1, plate (b) (Perkins C L
and Henderson M A (2001) “Photodesorption and Trapping
of Molecular Oxygen at the TiO,(110)—Water Ice Inter-
face,” J. Phys. Chem. B. 105:3856-3863; Thompson T L. and
Yates J T Jr. (2006) “Control of a surface photochemical
process by fractal electron transport across the surface:
O(2) photodesorption from Ti10(2)(110),” J. Phys. Chem. B
110:7431-7435). The decrease of photocurrent through these
hybrid sensors when exposed to 20 sscm of air may be due
to the increase in oxygen concentration at the surface of
TiO, clusters, leading to an increase in trapping of photo-
generated holes at the surface. This process results in
increased lifetime of photogenerated electrons. As these
nanowires are n-type, excess negative charge on the surface
of the wire (on the TiO, clusters) reduces the nanowire
current, thus providing a local-gating effect due to net
negative charge accumulation in the TiO, clusters. Thus, the
photoinduced oxygen desorption and subsequent capture of
holes by organic adsorbate molecules on the surface of TiO,
clusters produces the local-gating effect, which is respon-
sible for the sensing action of the disclosed sensor devices.
The adsorbed hydroxyl ions may also trap a hole forming
OH. species. Other effects such as diffusion of carriers
between the clusters and the nanowire may also have a role
in the sensing properties of the sensors.

Although some embodiments are described in term of
excitation in the presence of UV light, it should be under-
stood that excitation by radiation of other wavelengths may
be more suitable for devices having other types of metal-
oxide and/or metal nanoparticles. For example, excitation in
the presence of visible light (i.e., having a wavelength of
between about 380 nm and about 740 nm) is suitable for
some embodiments.

The process noted above and shown in FIG. 1 also
explains sensor response when exposed to N, flow, as shown
in FIG. 2, plate (a). In the presence of 20 sccm of N, flow,
the photocurrent in the sensors increases significantly in
comparison with 20 sccm of air flow. In an N, environment,
oxygen is desorbed from the surface vacancy sites by
capturing photogenerated holes, but does not get re-ad-
sorbed, resulting in significant reduction of hole capture. As
such, the photogenerated electron-hole pairs recombine
effectively in the cluster. Thus, the photocurrent through the
nanowire/nanocluster hybrid sensor, which is otherwise
increased due to the local-gating effect by the TiO, clusters,
is absent in an N, environment.

In the presence of water in air, the photocurrent through
these sensors recovers towards the level without air flow, as
seen in FIG. 2, plate (b), indicating a reduction of the hole
trapping due to adsorption of water on the TiO, surface.
Water may be adsorbed as a molecule on the defect sites
replacing O, (see Herman G S et al. (2003) “Experimental
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Investigation of the Interaction of Water and Methanol with
Anatase-Ti0,(101),” J. Phys. Chem. B 107:2788-2795).
With increasing water concentration, more defects are filled
with water. If the adsorbed water dissociates and produces
OH~ species, then it is possible that it will act as hole traps
and decrease the photocurrent the same way the photodes-
orption of oxygen does. A competition between the molecu-
lar water adsorption (reducing hole capture) and dissociative
water adsorption (increasing hole capture) is possible, with
the dominant process ultimately determining the photocur-
rent level in the nanowires in the presence of water.

The presence of aromatic compounds such as benzene,
ethylbenzene, chlorobenzene, and xylene in air reduced the
photocurrent (e.g. see FIG. 2, plate (a)). Organic molecules
are known hole-trapping adsorbates (see Yamakata A et al.
(2002) “Electron-and hole-capture reactions on Pt/TiO,
photocatalyst exposed to methanol vapor studied with time-
resolved infrared absorption spectroscopy,” J. Phys. Chem.
B 106:9122-9125). Most aromatic compounds show high
affinity for electrophilic aromatic substitution. The exact
mechanism of photooxidation of adsorbed organic com-
pounds on TiO, is complex. However, it is believed that
oxidation occurs by either indirect oxidation via the surface-
bound hydroxyl radical (i.e., a trapped hole at the TiO,
surface) or directly via the valence-band hole before it is
trapped either within the particle or at the particle surface
(see Nosaka Y et al. (1998) “Factors governing the initial
process of Ti02 photocatalysis studied by means of in situ
electron spin resonance measurements,” J. Phys. Chem. B
102:10279-10283; Mao Y et al. (1991) “Identification of
organic acids and other intermediates in oxidative degra-
dation of chlorinated ethanes on titania surfaces en route to
mineralization: a combined photocatalytic and radiation
chemical study,” J. Phys. Chem. 95:10080-10089). In the
presence of air (with residual water) hydroxyl mediated hole
transfer to adsorbates such as benzene, xylene is dominant,
whereas in the N, environment direct transfer of valence
band holes to aromatic adsorbates could be possible.

Irrespective of the hole transfer mechanism, the presence
of additional hole traps reduces the sensor photocurrent, as
observed in the presence of benzene mixed with N, and air
as shown in FIG. 2, plate (a). The model disclosed herein
qualitatively explains the observed trends for compounds
tested, such as benzene, ethylbenzene, chlorobenzene, and
xylene. However, toluene exhibits a different trend, which
may be due to other second order effects other than or in
addition to the hole trapping mechanism.

The disclosed mechanism is further validated when com-
paring ionization energies of various compounds tested with
the responses generated when the sensors are exposed to
them (see Table I). The effectiveness of the process of hole
transfer to the adsorbed organic molecules relates to the
compound’s ability to donate an electron (i.e. the lower the
ionization energy of a compound, the easier for it to donate
an electron or capture a hole). The observed sensitivity trend
for benzene (lowest sensitivity), ethylbenzene, and xylene
(highest sensitivity) correlates with their ionization energies
as shown in Table I, with benzene being the highest and
xylene the lowest among the three.

TABLE 1

Physical Properties of Various Compounds Tested

Organic Compound Sensitivity ITonization Potential (eV)
Chloroform No 11.37
Ethanol No 10.62
Isopropanol No 10.16
Cyclohexane Yes 9.98
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TABLE I-continued

Physical Properties of Various Compounds Tested

Organic Compound Sensitivity ITonization Potential (eV)
Acetone No 9.69
Benzene Yes (Min) 9.25
Chlorobenzene Yes 9.07
Toluene Yes 8.82
Ethylbenzene Yes 8.77
Xylene Yes (Max) 8.52
1,3-Hexadiene No 8.50

As shown in Table I, the sensitivity trend is consistent for
aromatics, given 1,3-Hexadiene produced no response in the
sensors. Although most functional groups with either a
non-bonded lone pair or p-conjugation show oxidative reac-
tivity towards TiO, (Hoffman M R et al. (1995) “Environ-
mental Applications of Semiconductor Photocatalysis,”
Chem. Rev. 95:69-96), aromatic compounds are more easily
photocatalyzed than aliphatic ones under the same condi-
tions (Carp O et al. (2004) “Photoinduced reactivity of
titanium dioxide,” Prog. Solid St. Chem. 32:33-177).

Thus, the metal-oxide nanoclusters (TiO,) on GaN NWs
or nanostructures demonstrate the disclosed architecture for
highly selective gas sensing. The exemplary sensors are
capable of selectively sensing benzene and related aromatic
compounds at nmol/mol (ppb) level in air at room-tempera-
ture under UV excitation.

According to another embodiment, the specific selectivity
of the disclosed nanowire (or nanostructure)/nanocluster
hybrid sensors may be tailored using a multi-component
nanocluster design. For example, catalytic metals (e.g.,
platinum (Pt), palladium (Pd), and/or any other transition
metals) are deposited onto the surface of oxide photocata-
lysts in order to enhance their catalytic activity. Metal
clusters on a metal-oxide catalyst alter the behavior of the
metal-oxide catalyst by any one, or a combination of, the
following mechanisms: 1) changing the surface adsorption
behavior as metals often have very different heat of adsorp-
tion values compared to the metal-oxides; 2) enabling cata-
lytic decomposition of certain analytes on the metal surface,
which otherwise would not be possible on the oxide surface;
3) transporting active species to the metal-oxide support by
the spill-over effect from the metal cluster; 4) generating a
higher degree of interface states, thus increasing reactive
surface area reaction area; 5) changing the local electron
properties of the metal clusters, such as workfunction, due to
adsorption of gases; and 6) effectively separating photogene-
rated carriers in the underlying metal-oxide. The effect of
transition metal loading such as iron (Fe), copper (Cu), Pt,
Pd, and rhodium (Rh) onto TiO, has been evaluated for
photocatalytic decomposition of various chemicals in both
gas-solid and liquid-solid regimes.

In one implementation, the selectivity of the titanium
dioxide (TiO,) nanocluster-coated gallium nitride (GaN)
nanostructure sensor device is altered by addition of plati-
num (Pt) nanoclusters. In another implementation, the sen-
sor device includes Pt nanocluster-coated GaN nanostruc-
ture. The hybrid sensor devices may be developed by
fabricating two-terminal devices using individual GaN NWs
or nanostructures followed by the deposition of TiO, and/or
Pt nanoclusters (NCs) using a sputtering technique, as
described above.

The sensing characteristics of GaN/(TiO,—Pt) nanowire-
nanocluster (NWNC) hybrids and GaN/(Pt) NWNC hybrids
is altered as compared to GaN/TiO, sensors. The GaN/TiO,
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NWNC hybrids show remarkable selectivity to benzene and
related aromatic compounds with no measurable response
for other analytes, as discussed above. However, the addi-
tion of Pt NCs to GaN/TiO, sensors dramatically alters the
sensing behavior, making them sensitive only to methanol,
ethanol, and hydrogen, but not to other chemicals tested, as
discussed in further detail in Example 2 below.

The GaN/(TiO,—Pt) hybrid sensors were able to detect
ethanol and methanol concentrations of 100 nmol/mol (ppb)
in air in approximately 100 seconds, and hydrogen concen-
trations from 1 pmol/mol (ppm) to 1% in nitrogen in less
than 60 seconds. However, GaN/Pt hybrid sensors showed
limited sensitivity only towards hydrogen and not towards
any alcohols. All the hybrid sensors are operable at room
temperature and are photomodulated (i.e., responding to
analytes only in the presence of light, e.g., ultra violet (UV)
light). The selectivity achieved is significant from the stand-
point of numerous applications requiring room-temperature
sensing, such as hydrogen sensing and sensitive alcohol
monitoring. For example, the dynamic response of an exem-
plary TiO, based sensor exposed to methanol at room
temperature and at a concentration of 500 ppm is illustrated
in FIG. 51, plate (a). The disclosed sensors therefore dem-
onstrate tremendous potential for tailoring the selectivity of
the hybrid nanosensors for a multitude of environmental and
industrial sensing applications.

A qualitative understanding of the selective sensing
mechanism of the disclosed sensors may be developed by
considering how different molecules adsorb on the nano-
cluster surfaces, and determining the roles of intermediate
reactions in the sensitivity of the sensors. While some of the
embodiments, examples and explanation describe the inven-
tion in terms of N'Ws, it should be understood that other
nanostructures or microstructures may be utilized. Accord-
ingly, the present invention is not limited to sensors includ-
ing NWs.

The Photocurrent in GaN/(TiO,—Pt) Hybrid Sensors in
the Presence of Air, Nitrogen, and Water:

The oxygen vacancy defects (Ti** sites) on the surface of
TiO, are the “active sites” for the adsorption of species like
oxygen, water, and organic molecules (Yates Jr J T (2009)
“Photochemistry on TiO2: mechanisms behind the surface
chemistry,” Surf. Sci. 603:1605-1612; Bikondoa O et al.
(2006) “Direct visualization of defect-mediated dissociation
of water on Ti0,(110),” Nat. Mater. 5:189-192). It has been
observed that oxygen adsorption on photocatalyst powders
such as TiO, and ZnO quenches the photoluminescence (PL)
intensity, while adsorption of water produces an enhance-
ment of the PL. Electron-trapping adsorbates, such as oxy-
gen, increase the band-bending of TiO,, which facilitates the
separation of photogenerated electron hole pairs in the
oxide. Subsequently, the PL intensity is decreased as the
photogenerated charge carries cannot recombine efficiently.
Conversely, in the case of water, the band bending is
reduced, resulting in an increase in the PL intensity. In
explaining the observed behavior of the hybrid sensors, the
depletion effect induced by the TiO, clusters on GaN NW is
considered. Considering an inverse relationship, i.e.,
increase in depletion of the TiO, cluster leads to a decrease
in the depletion width in the GaN NW and vice versa, some
of the observed sensing behavior is explained.

As shown in FIG. 3, when oxygen is adsorbed on the TiO,
NC surface, the depletion width in the NC increases, leading
to a decrease in the depletion width in the NW. Adsorption
of water, nitrogen, and alcohol produce the reverse effect:
they decrease the depletion width of the TiO, NC, leading to
an increase in the band-bending on the GaN N'W. Increased
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band-bending in the GaN NW results in an effective sepa-
ration of charge carriers, leading to an increase in photo-
current through the NW. This qualitatively explains the
increase in the photocurrent when the hybrid sensor is
exposed to water mixed with air or with pure nitrogen (see
FIG. 4). However, the increase in the photocurrent when
exposed to 20 sccm of air flow is not fully explained. Under
air flow, more oxygen should adsorb on the NCs, causing an
increase in the depletion width of the cluster. This should
have resulted in a decrease in the photocurrent based on our
assumption; however, an increase in the photocurrent is
exhibited (FIG. 4) when 20 sccm of air is passed through the
chamber.

In the absence of UV light, the absorption or desorption
of chemicals from the cluster surfaces cannot modulate the
dark current through the nanowire. In the dark, the surface
depletion layer of the GaN NW is thicker compared to under
UV excitation (see Mansfield L. M et al. (2009) “GaN
nanowire carrier concentration calculated from light and
dark resistance measurements,” Journal of Electronic Mate-
rials 38:495-504). The minority carrier (hole) concentration
is also significantly lower. Thus the NCs are ineffective in
modulating the dark current through the NW.

Mechanism of Sensing of Alcohols and Hydrogen by
GaN/(TiO,—Pt) NWNC Sensors

Adsorption of alcohols (RCH,—OH) on the TiO, surface
leads to their oxidation (Kim K S and Barteau M A (1989)
“Reaction of Methanol on TiO,,” Surface Science 223:13-
32). Although there are various mechanisms of oxidation of
adsorbed alcohols on TiO, surface, focus is on the oxidation
of alcohols by photogenerated holes. The process is
described by the following reactions:

RCH,—OH(g) = RCH,—OH(ads) (Equation 1)

RCH,—OH(ads)+#"(photogenerated hole)<sRCH,—

OH*(ads) (Equation 2)

RCH,—OH"(ads) = RCH—OH.(ads)+H"(ads) (Equation 3)

RCH—OH. (ads) = RCHO(ads)+H*(ads)+e™ (Equation 4)

where (ads) and (g) represent adsorbed and gas phase
species, respectively. For Equation 4 to proceed in the
forward directions, the H* species should be removed effec-
tively. It is possible that from TiO, NCs the H* species can
spill-over on to Pt clusters nearby, where they can be
reduced to form H,:

2H*(ads)+2e” = H,(g) (Equation 5)

As H* reduction and hydrogen-hydrogen recombination
is weak on the bare TiO, surface (Fujishima A et al. (2008)
“Ti0O, photocatalysis and related surface phenomena,” Surf.
Sci. Rep. 63:515-582), the rate of alcohol oxidation to
aldehyde might be affected by the H* reduction and hydro-
gen-hydrogen recombination on the Pt NCs. Adsorption of
alcohols and their subsequent oxidation due to trapping of
photogenerated holes leads to a decrease in the band bending
of TiO, NCs. As shown in FIG. 3, this leads to an increase
in the NW photocurrent, which is observed for the GaN/
(TiO,—Pt) sensors when exposed to methanol and ethanol
(FIG. 4). It is likely that the production of H.sub.2 on Pt is
the key for sensing alcohols by GaN/(TiO,—Pt) sensors.
Additionally, H, on Pt surface can dissociate and diffuse to
the Pt/TiO, interface. Atomic hydrogen is shown to produce
an interface dipole layer, which reduces the effective work-
function of Pt (Du X et al. (2002) “A New Highly Selective
H2 Sensor Based on TiO2/PtO—Pt Dual-Layer Films,”
Chem. Mater. 14:3953-3957). Effective reduction of Pt
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workfunction also reduces the depletion width in TiO,,
which according to the model in FIG. 4, also leads to an
increase in the photocurrent when these sensors are exposed
to alcohols. In the presence of hydrogen in nitrogen, the
workfunction change of Pt NCs due to hydrogen adsorption
is the likely cause for the sensing behavior of these sensor
hybrids.

Selectivity of GaN/(TiO,—Pt), GaN/Pt, and GaN/
TiO,NWNC Hybrid Sensors

A significant finding of the present invention is the change
in the selectivity of GaN/TiO, hybrid sensors due to the
addition of Pt NCs. The observed selectivity behavior of the
three hybrids can be qualitatively explained if the heat of
adsorption of the analytes on TiO, and Pt surfaces is con-
sidered as shown in Table II and their ionization energies
presented in Table II1.

TABLE 1I
Heat of Adsorption for Methanol, Benzene, and Hydrogen on Pt and
TiO, (Anatase™)
Hydrogen Benzene
Surface (kJ/mol) Methanol (kJ/mol) (kJ/mol)
TiO, Negligible 92 64
Pt 100 48 117

*The heat of absorption values for TiO2 rutile surfaces are comparable

TABLE III

Tonization Energy of the Analytes (CRC Handbook of Chemistry
and Physics, 84th ed.; CRC Press: Boca Raton, FL., 2003):

Organic Compound Ionization Energy (eV)

Methanol 10.85
Hydrogen 13.5
Benzene 9.25

Referring to Table II, benzene has a higher heat of
adsorption on Pt than on TiO,. Therefore, benzene will
preferentially adsorb on Pt in the TiO,—Pt cluster. Now, in
the absence of Pt, when the benzene is adsorbed on TiO, it
can interact with the photogenerated charge carriers result-
ing in the sensing behavior of GaN/TiO, devices. However,
if benzene is adsorbed on Pt (such as in the case of TiO,—Pt
and Pt nanoclusters on GaN) then benzene molecules cannot
interact with photogenerated charge carriers in TiO,, and
therefore are ineffective in producing any current modula-
tion in the nanowire. Thus, benzene is detected by GaN/TiO,
sensor devices, but not by GaN/(TiO,—Pt) and GaN/Pt
sensor devices.

Further, methanol is detected by GaN/(TiO,—Pt) sensors
only, and not by GaN/TiO, and GaN/Pt sensors. From Table
111, methanol (unlike benzene) effectively adsorbs on TiO,,
whether Pt is present or absent (as the heat of adsorption of
methanol is higher on TiO, than Pt). It is believed that
methanol on TiO, in the absence of Pt does not participate
in photogenerated carrier trapping as efficiently as benzene
and other aromatic compounds on the TiO, nanoclusters.
Referring to Table III, the ionization energy of methanol,
hydrogen, and benzene is shown. The effectiveness of the
process of hole transfer to the adsorbed organic molecules is
related to the compound’s ability to donate an electron (i.e.
the lower the ionization energy of a compound, the easier for
it to donate an electron or capture a hole). However, in the
presence of Pt nanoclusters nearby, methanol adsorption on
TiO, ultimately leads to formation of H* through photo-






