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An embodiment relates a method comprising creating a 
reversible change in an electrical property by adsorption of a 
gas by a composition, wherein the composition comprises a 
noble metal-containing nanoparticle and a single walled car 
bon nanotube. Another embodiment relates to a method com 
prising forming a composition comprising a noble metal 
containing nanoparticle and a single walled carbon nanotube 
and forming a device containing the said composition. Yet 
another method relates to a device comprising a composition 
comprising a noble metal-containing nanoparticle and a 
single walled carbon nanotube on a silicon wafer, wherein the 
composition exhibits a reversible change in an electrical 
property by adsorption of a gas by the composition. 
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METHOD AND APPARATUS FORTUNABLE 
ELECTRICAL CONDUCTIVITY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims the benefit of Indian Patent 
Application No. 2053/CHF/2009, filed Aug. 26, 2009, which 
is hereby incorporated by reference in its entirety. 

BACKGROUND 

Carbon nanotubes (CNTs) have been envisaged to have 
tremendous applications in the fields of sensors, medical 
diagnostics and therapeutics, chemical process control indus 
try, nano-electronics, and nanoscale devices. In general, 
single-walled nanotubes (SWNTs) have been classified into 
metallic (m) and semiconducting (s) types, based on their 
chirality and n, m indices. Present methods of synthesis pro 
duce a mixture of metallic single walled carbon nanotubes 
(mSWNTs) and semiconducting single walled carbon nano 
tubes (sSWNTs), which in their native state self organize to 
form bundles of nanotubes of native SWNTs. However, for 
fabrication of a nanoelectronics device, it is essential to have 
only one type of SWNTs-either metallic or semiconducting 
type. From the native SWNTs (which always contain a mix 
ture of mSWNTs and sSWNTs), it is impossible to make a 
semiconducting bundle of nanotubes. Selective destruction of 
mSWNTs in bundles of nanotubes makes fabrication of field 
effect transistors (FETs) with remaining sSWNTs possible. 

Subramaniam C, et al. (2007), in “Visible fluorescence 
induced by the metal semiconductor transition in composites 
of carbon nanotubes with noble metal nanoparticles.” Phys. 
Rev. Lett. 99:167404-167407, states, “We show that single 
walled carbon nanotube (SWNT) bundles emit fluorescence 
in the presence of noble metal nanoparticles and nanorods in 
the solid state. Conductivity measurements with metallic 
nanotubes, isolated from pristine SWNTs, show that they 
become semiconducting in the presence of metal nanopar 
ticles.” It is, however, desirable to create a mSWNT-noble 
metal nanoparticle composite that exhibits semiconducting 
properties such that the composite reverts to metallic State 
reversibly. 

SUMMARY 

The embodiments relate to the field of nanoelectronics, 
particularly to tuning the electrical conductivity of single 
walled carbon nanotube bundles and the fabrication of 
switching devices. The embodiments herein relate to a 
method comprising creating a reversible change in an elec 
trical property by adsorption of a gas by a composition, 
wherein the composition comprises a noble metal-containing 
nanoparticle and a single walled carbon nanotube. Preferably, 
the single walled carbon nanotube comprises a pristine single 
walled carbon nanotube and/or a metallic single walled car 
bon nanotube. Preferably, the noble metal-containing nano 
particle comprises silver and/or gold. Preferably, the compo 
sition comprises interstitial channels that permit the gas to 
pass in and out of the composition. Preferably, creating the 
reversible change in an electrical property by adsorption of a 
gas by the composition occurs at a single nanotube level Such 
that the reversible change can be measured by a change in 
conductivity, fluorescence or Raman spectra of a bundle of 
the single walled carbon nanotubes. Preferably, the electrical 
property of the composition is tunable such that the electrical 
property is alterable in a controlled manner. Preferably, the 
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2 
reversible change in the electrical property occurs from a 
semiconducting property to a metallic conducting property. 

Another embodiment relates to a method comprising form 
ing a composition comprising a noble metal-containing nano 
particle and a single walled carbon nanotube and forming a 
device containing said composition. The composition exhib 
its a reversible change in an electrical property by adsorption 
of a gas by the composition. The method could further com 
prise of single walled carbon nanotube with the noble metal 
containing nanoparticle at a liquid-liquid interface. Prefer 
ably, prior to combining the single walled carbon nanotube 
with the noble metal-containing nanoparticle at the liquid 
liquid interface, a majority of the single walled carbon nano 
tube resides on one side the liquid-liquid interface and a 
majority of the noble metal-containing nanoparticle resides 
on another side of the liquid-liquid interface. The method 
could further comprise fabricating a device comprising the 
composition. Preferably, the fabricating method comprises 
placing the composition on a silicon wafer and vapor depos 
iting a metal on the silicon wafer. The method could further 
comprise placing the device in a sealed chamber, creating a 
vacuum in the sealed chamber, and introducing a gas in the 
sealed chamber. 

Another embodiment relates to a device comprising a com 
position comprising a noble metal-containing nanoparticle 
and a single walled carbon nanotube on a silicon wafer, 
wherein the composition exhibits a reversible change in an 
electrical property by adsorption of a gas by the composition. 
The device could further comprise electrodes on which the 
composition is placed. The device could be a sensor, a medi 
cal diagnostics device, a medical therapeutics device, a 
chemical process control device, a nano-electronics device, a 
nano-electromechanical device and combinations thereof. 
The device could be tunable such that the electrical property 
of the composition is alterable in a controlled manner. 
The foregoing Summary is illustrative only and is not 

intended to be in any way limiting. In addition to the illustra 
tive aspects, embodiments, and features described above, fur 
ther aspects, embodiments, and features will become appar 
ent by reference to the drawings and the following detailed 
description. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 (A) shows different adsorption sites in a carbon 
nanotube bundle of a SWNT composite. (B) A schematic 
diagram of a microRaman setup used for gas-exposure stud 
ies. (C) Atomic force microscopy (AFM) topographic images 
of Au-mSWNT composite. Several points on various bundles 
marked B1 to B4 were analyzed though PCI-AFM. The gold 
electrode and the bundles are marked with guide lines. 

FIG. 2 (A) The Raman spectral variation with increasing 
pressure of H for a few experiments at which specific pres 
sures were exposed. Dotted black trace is in vacuum. Dotted 
grey trace shows the recovery spectrum upon immediate 
pumping. Complete recovery is obtained upon pumping for 
15 minutes. Inset: Plot of normalised fluorescence intensity 
versus P* for Au-mSWNT. The two regions having different 
slopes are circled in black and marked as 1 (interstitial 
adsorption) and 2Cexternal adsorption). (B) Plot of conduc 
tance versus bias Voltage constructed from various points of 
the bundle labeled B1 in FIG. 1B, under an atmosphere of 
nitrogen (gray traces) and hydrogen (black traces). (C) 
Raman spectra of (a) purified mSWNTs, (b) Au-mSWNT 
composite, (c) Alu-mSWNTupon exposure to 500 torr Hand 
(d) Au-mSWNT composite after pumping out H exposed in 
(c). Spectra (a) to (d) are recorded at the same point on the 
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composite sample. (D) Variation of fluorescence intensity 
upon exposing mixture of gases. Regions Ato Dare explained 
in the text. Pressures are in torr. 

FIG. 3 (A) Photograph of an example device setup with a 
cartoon representation of the microelectrode. The shaded 
circle in the cartoon is used to represent the sample with the 
white regions representing the gold electrode. (B) A plot of 
variation of current for a bias voltage of 5 V for Au-mSWNT 
composite in presence of H. (500 torr, dotted black line) and 
N. (500 torr, black line). The ON and OFF states pertainto the 
presence and absence of gases, respectively. While the current 
for the ON state is constant, that due to the OFF state increases 
slowly with increase in cycles as hydrogen exposed during 
the previous cycle is not removed completely, consistent with 
the fluorescence data (FIG. 3A inset). Current measurements 
appear to be sensitive to tiny quantities of adsorbed gases. 

DETAILED DESCRIPTION 

The term nanoparticle refers to a particle for which one of 
the structural parameters is within 1-100 nm. It can be a 
sphere, rod, wire, triangle or any other shape. One of the 
components of the nanoparticle could be a noble metal. 
The term tunable means that the conductivity can change 

continuously. For example, as seen from the fluorescence 
traces (in FIG.2A), the intensity is varying continuously upon 
exposure of gases. It may be inferred from other measure 
ments that reversible change offluorescence means reversible 
change of conductivity. 
An embodiment relates to a mSWNT-noble metal nano 

particle composite, exhibiting semiconducting properties, 
that reverts to metallic state reversibly by adsorption of spe 
cific gases in the interstitial channels (ICs). The embodiments 
relate to a tunable and reversible electrically conducting 
SWNT-noble metal composite that behaves both as a metal 
and as a semiconductor. Precise measurements using confo 
cal Raman microscopy and point-contact current-imaging 
atomic force microscopy (PCI-AFM) confirm this reversible 
transformation. Yet another embodiment relates to a nanom 
eter scale Switching device having tunable and reversible 
electrically conducting SWNT-noble metal composite. Such 
a Switching device could be used in nanoelectronics. The 
property of the reversible electrical conductivity of the 
SWNT composite was used for fabricating the switching 
device functioning at nanometer scale. 

In one embodiment, the SWNT composite could adsorb 
gases depending on the size of the gas and the strengths of the 
adsorbate-adsorbate, adsorbent-adsorbent and adsorbate-ad 
sorbent interactions. Adsorbate is the species which adsorbs. 
The material on which adsorbate adsorbs is called the adsor 
bent. The strength of the interaction between the adsorbate 
and the adsorbent decides whetheran adsorbate would adsorb 
Or not. 

The gas can be a vapor such as hexane or acetone or 
ethanol. Exposure can be high or low pressures. The device 
can work in air or in any other ambience, not necessarily in 
vacuum. Electrical change can be reflected in a signal Such as 
light emission, Raman spectrum, or any other spectroscopic 
or microscopic property. The substrate for device fabrication 
can be glass, conducting glass, plastic, polymer, or any other 
suitable substrate on which the composite can be created. 

Different adsorption sites in a carbon nanotube bundle of 
the SWNT composite are shown schematically in FIG. 1A. 
For example, hydrogen and helium get adsorbed in both the 
interstitial (IC) and the endohedral (interiorpores of the nano 
tube) spaces in the bundles of nanotubes, while nitrogen is 
generally adsorbed in the endohedral spaces. Argon can gen 
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4 
erally be adsorbed on the exterior surface of the bundles of 
nanotubes, through weak van der Waals (vdW) interactions. 

In one embodiment, the interstitial gases, like hydrogen, 
tend to screen the interaction between two adjacent SWNTs 
in a bundle of nanotubes, leading to the Suppression of the 
defect states in the nanotube-nanoparticle composite. 
Another embodiment relates to verification by point contact 
current imaging-atomic force microscopy (PCI-AFM) mea 
surements that the elimination of the defect states enable 
manipulation of the electrical conductivity of the SWNT 
composite by exposing the composite to specific gases. For 
example, a semiconducting Au-mSWNT composite returns 
reversibly to the original metallic state. Thus, one embodi 
ment relates to a methodology that enables one to have 
bundles of nanotubes with uniform and tunable electrical 
property. In particular, the mSWNTs of the parent mixed 
bundle of nanotubes could be reversibly converted to 
sSWNTs. The tunable electrical property could be used to 
create an electrical Switch operating at nanometer scales. 

Without being restricted to any specific phenomenon for 
the tunable electrical property of the SWNT composite, the 
inventors provide a model to show how the interaction 
between two nanotubes could be mediated via the interstitial 
gas atoms. If the interstitial particle (-a few angstroms) is 
much smaller than the nanotube diameter (several nanom 
eters), the system can be approximated by particles confined 
between two infinite graphene sheets, the effect due to cur 
Vature being insignificant. Let the interaction between the 
carbonatoms in the graphene sheet and a particle in its vicin 
ity be of the VdW type. The interaction between an infinite 
graphene sheet and the particle at a distance Z, on integration 
over the lateral dimensions due to symmetry, is given by 

V(x) = 8te (of z)" - (of 3) 

where e is the interaction strength, and O the length scale of 
interaction. The interaction has a minimum energy 

V = -12teo / 10 

at Z=O distance away from the wall where the interstitial gas 
particles would prefer to be located. However, the gas par 
ticles may fluctuate in position around the minimum. In the 
gaseous phase of the interstitial particles, the equilibrium 
density profile of the adsorbed particles 

where V" is the curvature at the minimum, His the position of 
the wall and B is defined as: 

p3 = 1 / kBT, 

where kB being the Boltzmann constant and T the absolute 
temperature. The force between the walls mediated by the 
adsorbed particles, given by 
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-) frH. W.' 2 H ((-H + C) (c), 
is predominantly repulsive -e'exp(-v67tfe(H-2O). Thus 
the adsorbed particles would tend to repel the wall, the repul 
sion being damped with a length scale of 

If two walls are separated by a distance comparable to 1, with 
the adsorbed particles between them, the direct vaW interac 
tion between the walls would be screened due to the repulsion 
mediated via the adsorbed particles. Similarly, for the inter 
action between the nanoparticle and nanotube surface, 
namely, the nanoparticle-nanotube interactions would get 
reduced due to the gas particles in the wedge between the two 
surfaces. Thus the overall effect of the nanoparticle binding 
on the exterior surface of a bundle of nanotubes would be 
reduced due to the presence of interstitial gas particles. 

EXAMPLES 

The materials were synthesized as follows. A nanoparticle 
nanotube composite was prepared at a liquid-liquid interface. 
Gold and silver spherical nanoparticles (15 and 60 nm diam 
eter, respectively) were prepared using citrate reduction. 
Smaller gold nanoparticles of 4 nm mean diameter were 
prepared by reducing auric (AuC1-4) ions using sodium boro 
hydride at 0°C. Photochemically and chemically synthesized 
gold nanorods (AuNRS) of aspect ratios 2.8 and 3.1, respec 
tively (15 and 12 nm diameter, respectively), could also be 
used. AuNRs, preserved in a saturated solution of cetyltrim 
ethylammonium bromide (CTAB), were cleaned by repeated 
sonication and centrifugation at 12,000 g. The final disper 
sion did not contain the protecting agent CTAB and was 
found to aggregate and precipitate within 10 minutes of redis 
persion. The as-prepared nanoparticles or the purified nano 
rods were used in the composite preparation. 
SWNTs from various sources, namely, Sigma Aldrich, 

Carbon Nanotechnologies, Inc., and those synthesized from 
alcohols were used to verify the reproducibility of the results. 
Their average length was approximately 20um as reported by 
the Suppliers, although Smaller lengths were detected in 
microscopy. SWNTs were dispersed in N: N-dimethyl for 
mamide (DMF). Repeated sonication and centrifugation (at 
50,000 g) for prolonged periods ensured that only SWNTs 
were present. Purified dispersion, without any Surfactant, was 
stable for extended periods. No metallic impurities or nano 
particles were detected in the purified material. SWNTs pre 
pared via high-pressure CO (HiPCo) disproportionation 
route, purchased from Carbon Nanotechnologies, Inc. were 
used for all measurements with metallic SWNTs (mSWNTs). 

Equal Volumes of aqueous metal nanoparticles or nanorods 
(concentration, CNP-10-4 M) and diethyl ether were mixed 
to create an aqueous-organic interface. Purified SWNT dis 
persion in DMF (concentration, CSWNT-1.7 mg/ml) was 
added to this biphasic system, resulting in spontaneous for 
mation of a composite film at the aqueous-organic liquid 
interface. This composite was transferred to a desired sub 
strate, after evaporation of the organic layer, for further inves 
tigations. 

Metallic nanotubes were extracted from the HiPCo synthe 
sized SWNTs. The purity of mSWNTs in the extracted 
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6 
sample was estimated to be ~88%. Composites of pristine 
SWNTs and mSWNTs were formed with gold (Au-SWNT 
and Au-mSWNT, respectively) and silver (Ag-SWNT and 
Ag-mSWNT, respectively) nanoparticles at the liquid-liquid 
interface. 
A schematic diagram of the microRaman setup used for 

these studies is shown in FIG. 1B. The set-up consisted of a 
gas line connected to the sample stage of the WiTec confocal 
Raman microscope, which used 514.5 nm Ar ion laser for 
excitation. Confocal Raman measurements were done with a 
WiTec GmbH, Alpha-SNOM CRM 200 having 514.5 nm. 
argon ion laser with a 100x objective. The signal was col 
lected in a backscattering geometry. A Peltier-cooled charge 
coupled device was used as the detector. 
The gas line was connected to a mercury manometer using 

which the pressure was monitored and controlled. The 
desired gas cylinder(s) was connected to the gas line through 
valves 1 or 2 and a known amount of gas was admitted inside 
the sample stage through a trijunction valve 3. The stage was 
a part of the confocal Raman microscope. Yet another valve 4 
connected the gas line to the rotary pump so that the gases 
could be removed. The sample stage was also connected to a 
separate rotary pump in order to take the composite to a 
vacuum of 10-2 torr. The Raman spectrum from the compos 
ite was recorded after evacuating the sample compartment. 
The laser intensities were kept constant throughout the 
experiment. A shutter was used to cut-off the laser falling on 
the sample while data were not collected, to avoid possible 
laser-induced transformations to the sample. In an experi 
ment, first valves 3 and 4 were closed. The desired gas was 
then leaked into the gas line by opening valve 1 or 2. The 
amount of gas leaked into the gas line was monitored using 
the mercury manometer. After admitting the gas, valve 1 was 
closed. Valve 3 was then opened carefully with simultaneous 
monitoring of the pressure inside the gas line using the mer 
cury manometer. Thus a controlled amount of gas was leaked 
into the sample compartment. The Raman spectrum from the 
sample was measured after exposing the gas to the composite 
for 5 minutes so that the response of the system equilibrated. 
The gas pressure inside the sample compartment was varied 
systematically from 10 to 500 torr with its fluorescence being 
monitored simultaneously. The experimental geometry in the 
present set-up did not allow us to go beyond atmospheric 
pressure. 
The Au-mSWNT sample was taken in the glass housing of 

the PCI-AFM chamber, which was evacuated using a rotary 
pump. The desired gas (H2 or N2) was then leaked into the 
sample compartment and equilibrated for 15 minutes before 
the measurement. A suitable area for the PCI-AFM measure 
ment was selected by performing a large area Scan and then 
narrowing down to the desired region. FIG. 1C shows the 
topographic AFM image of the sample obtained in the PCI 
AFM setup showing an Au-mSWNT composite with several 
bundles of nanotubes marked B1, B2, B3 and B4. A bias 
voltage was applied between the conductive Ti-Pt cantilever 
and the gold electrode with the I-V characteristics measured 
at various points along the long axis of the nanotube compos 
ite. Separate PCI-AFM measurements were conducted with 
the composite in the presence of nitrogen and hydrogen, 
respectively. It is to be noted that the PCI-AFM mapping of 
the same area of the composite was carried out in the presence 
of the gases. This allows for direct comparison of the I-V 
characteristics and tracking the associated transformations. 
Repeated measurements on various bundles of nanotubes 
seen in an AFM image (marked in FIG. 1C) have been per 
formed. 
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The variation of the fluorescence intensity of Au-mSWNT 
composite on exposure to hydrogen at different pressures is 
shown in FIG. 2A. The fluorescence intensity without hydro 
gen (0 torr) is shown by the topmost spectrum. However, 
consider the lowermost spectrum, measured at a pressure of 
500 torr of hydrogen. The spectrum resembles that of pristine 
mSWNTs, due to complete quenching of the fluorescence. 
The positions of the Raman bands (radial breathing mode or 
RBM, D, G and G' bands), were not shifted during gas adsorp 
tion, but their intensities were reduced. In particular, the 
reduction in the D-band intensity indicates that the defect 
states in the original Au-mSWNT composite were reduced on 
admitting hydrogen in the bundle of nanotubes, which is 
expected according to our theoretical analysis. RBM, D, G 
and G' are specific Raman modes observable in SWNTs. 
RBM corresponds to a vibration in which the tube vibrates 
perpendicular to the long axis. D is called the defect mode, 
which occurs when the tube/planar structure of graphene has 
defects. G is the tangential mode, the most intense feature of 
the material involving C-C vibration. G' is the second order of 
D. Interestingly, recovery of the fluorescence and spectral 
signatures was observed after pumping of the gas from the 
sample compartment (dotted grey trace, FIG. 2A). 
The changes in D band intensity could be associated to the 

changes in conductance. Plots of conductance versus applied 
bias are constructed (FIG. 2B) from the I-V characteristics at 
various points of a semiconducting Au-mSWNT bundle 
labeled B1, shown in FIG. 1C. Such plots show a non-zero 
conductance at Zero bias Voltage upon exposure to hydrogen. 
This, along with the increased magnitude of the current indi 
cates a transformation from semiconducting to metallic states 
of Au-mSWNT upon exposure to hydrogen (black traces in 
FIG. 2B). Several samples, besides all the other bundles of 
nanotubes (labeled B2-B4) shown in FIG. 1C, were investi 
gated to confirm this effect. The conversion of the semicon 
ducting Au-mSWNT composite to a metallic state in the 
presence of hydrogen was further confirmed by the G-band 
variation in the Raman spectra shown in FIG. 2C. The spectra 
were recorded at a resolution (2 cm-1) by dispersing the 
signal over an 1800 grooves/mm grating. This enabled track 
ing of the changes in the G-band of Au-mSWNT at the desired 
stages of the experiment. The G-band for pristine mSWNTs 
showed a FWHM of 54 cm-1 with an asymmetric line shape 
(FIG. 2C, trace (a)). This transformed to a Gband line shape 
resembling semiconducting SWNTs for Au-mSWNT com 
posite (FIG. 2C, trace (b), FWHM-21 cm-1). Upon exposure 
of 500 torr of H2 gas, an increase in the FWHM was observed 
and the spectrum resembled that of mSWNTs (FIG. 2C, trace 
(c), FWHM-54 cm-1). Note that the change in the electrical 
conductivity of the composite was completely reversible. On 
removing hydrogen from the sample compartment, the 
G-band was seen to revert to the semiconducting state (FIG. 
2C, trace (d), FWHM=20 cm-1). It is to be noted that traces 
(b) to (d) were recorded from the same point in the sample. 
The changes were further confirmed by performing similar 
experiments at several areas across the sample. 

Without limiting this invention to any particular phenom 
enon, it could be postulated that hydrogen runs into both the 
endohedral and the interstitial spaces of the bundles of nano 
tubes. However, nitrogen can occupy the endohedral spaces 
of the nanotubes. No significant changes in the intensities of 
the D-band or the G-band, or transformations in the conduc 
tance (FIG. 2B) were observed with nitrogen. The bundles of 
nanotubes were exposed to nitrogen at a pressure of 100 torr. 
In region I of FIG. 2D (dotted line, triangles), the intensity did 
not change upon exposure to nitrogen. Hydrogen was then 
leaked into the sample compartment so that it was at a partial 
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pressure of 100 torr. The fluorescence intensity decreased 
(region II, triangles), showing that the interstitial H2 reduces 
the fluorescence intensity. In region III (triangles), 100 torr of 
the gas mixture was pumped away from the samples compart 
ment, but there was no change in fluorescence intensity. 
Finally, the sample compartment was evacuated to a pressure 
of 10-2 torr, thereby removing the mixture of adsorbed gases. 
The fluorescence intensity was seen to regain to the original 
value (region IV, triangles). Additional experiments were also 
carried out reversing the order of exposure, i.e. hydrogen 
followed by nitrogen (dashed lines, squares in FIG. 2D). The 
fluorescence intensity decreased during hydrogen exposure 
(region I). This was in accordance with the earlier observation 
that interstitial hydrogen brings about a decrease in the fluo 
rescence. Region II, where nitrogen was introduced after the 
exposure to the hydrogen, reflects no change in the fluores 
cence intensity. In region III, 100 torr of gas mixture was 
removed following which no significant change in the inten 
sity was observed, indicating that the adsorbed H2 did not 
desorb. Similar to the earlier instance, complete removal of 
adsorbed gases recovered the fluorescence intensity to the 
original value (region IV). 
The G' band, located close to the fluorescence maxima, 

normalized with respect to the baseline value is taken as a 
measure of I. The data Suggest that the fluorescence intensity 
quenches rapidly with increasing ambient hydrogen pressure. 
Inset of FIG. 2A shows two regimes of linear dependence 
between intensity, I and reduced pressure, 

P = POf kT 

(marked in the figure) with different slopes, k. The fluores 
cence intensity is proportional to the occupancy of the inter 
stitial sites, I Cp*exp (-E/kT) where p is the dimension 
less bulk gas density and E is the activation energy for 
interstitial adsorption. Since poP*, one gets a linear depen 
dence, I-kP, where the slope, kC.exp (-E/kT). Further 
measurements were carried to Verify the temperature depen 
dence of the slope. The activation energies were found to be 2 
kT and 4 kT, respectively corresponding to two different 
sites of adsorption which can affect the overall binding in the 
bundles of nanotubes according to the interstitial region and 
the outer surface of the bundles of nanotubes. The interstitial 
sites with the lower activation energy are occupied at lower 
P*. The second slope for higher pressure corresponds to 
higher activation energy due to the adsorption at the outer 
surface of the bundles of nanotubes. 
A Switching device, using the reversible change in the 

electrical conductivity of the composite upon gas adsorption, 
was fabricated on a silicon wafer by mask-assisted chemical 
vapor deposition of gold. Electrical leads were made onto 
gold pads using silver paste (SPI Supplies Inc.). The compos 
ite was placed on the electrodes so that electrical connections 
were made. The device was Suspended in a cylindrical glass 
column sealed at both ends with a provision for flowing the 
desired gas. A photograph of the set-up and a schematic 
representation of the electrode are shown in FIG. 3A. The 
column was first evacuated using a rotary pump after which 
the desired gas (H or N) was introduced into the compart 
ment. The current response before and after the introduction 
of the gas at a constant Voltage was monitored using a Kei 
thley 2700 digital data acquisition system, interfaced to a 
computer. One cycle of gas exposure consists of evacuation of 
the chamber, introduction of the desired gas at the desired 
pressure, followed by pumping out of the gas. Several Such 
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cycles were carried out, with the current being monitored 
continuously. Plots of the variation of current with exposure 
of 500 torr of H and N are shown in FIG. 3B. This clearly 
shows an enhancement in the current response in case of H 
(dotted black trace), which is not the case with N (black 
trace). The magnitude of change in current for H exposure, 
which is the signal from the device, is found to be as high as 
150%. The quick response time of the device (-3 s) coupled 
with the huge signal, high selectivity towards H and almost 
immediate recovery (~3 s) support commercial utility. Non 
specific adsorption outside the bundles of nanotubes can lead 
to minor changes in current, as seen in the case of N. How 
ever, the magnitude of the response is insignificant compared 
to that obtained in the case of adsorption of H in ICs. 

The examples thus demonstrate that semiconducting nano 
tubes in Au-mSWNT bundles of nanotubes become metallic 
in the presence of gases in the interstitial region that interrupt 
the inter-tube van der Waals contacts. The occupation of the 
interstitial sites in such bundles of nanotubes results in 
quenching of its visible fluorescence due to nonradiative 
decay path offered by the metallic nanotubes. The pressure 
dependence of the quenching shows the energetics of the 
interstitial binding. The tunability of the electrical property 
has been used to fabricate a Switch using the nanometer scale 
bundles of nanotubes. The examples further demonstrate how 
the electrical conductivity of Au-mSWNT bundle of nano 
tubes can be tuned for the fabrication of various nanoelec 
tronic devices such as sensors, medical diagnostics and thera 
pautics, chemical process control industry, nano-electronics, 
and nano devices. 

In the detailed description, reference is made to the accom 
panying drawings, which form a part hereof. In the drawings, 
similar symbols typically identify similar components, unless 
context dictates otherwise. The illustrative embodiments 
described in the detailed description, drawings, and claims 
are not meant to be limiting. Other embodiments may be 
utilized, and other changes may be made, without departing 
from the spirit or scope of the subject matter presented herein. 
It will be readily understood that the aspects of the present 
disclosure, as generally described herein, and illustrated in 
the figures, can be arranged, Substituted, combined, sepa 
rated, and designed in a wide variety of different configura 
tions, all of which are explicitly contemplated herein. The 
present disclosure is not to be limited in terms of the particular 
embodiments described in this application, which are 
intended as illustrations of various aspects. Many modifica 
tions and variations can be made without departing from its 
spirit and scope, as will be apparent to those skilled in the art. 
Functionally equivalent methods and apparatuses within the 
Scope of the disclosure, in addition to those enumerated 
herein, will be apparent to those skilled in the art from the 
foregoing descriptions. Such modifications and variations are 
intended to fall within the scope of the appended claims. The 
present disclosure is to be limited only by the terms of the 
appended claims, along with the full scope of equivalents to 
which such claims are entitled. It is to be understood that this 
disclosure is not limited to particular methods, reagents, com 
pounds compositions or biological systems, which can, of 
course, vary. It is also to be understood that the terminology 
used herein is for the purpose of describing particular 
embodiments only, and is not intended to be limiting. With 
respect to the use of Substantially any plural and/or singular 
terms herein, those having skill in the art can translate from 
the plural to the singular and/or from the singular to the plural 
as is appropriate to the context and/or application. The vari 
ous singular/plural permutations may be expressly set forth 
hereinforsake of clarity. It will be understood by those within 
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10 
the art that, in general, terms used herein, and especially in the 
appended claims (e.g., bodies of the appended claims) are 
generally intended as "open terms (e.g., the term “including 
should be interpreted as “including but not limited to the 
term “having should be interpreted as “having at least the 
term “includes should be interpreted as “includes but is not 
limited to.” etc.). It will be further understood by those within 
the art that if a specific number of an introduced claim reci 
tation is intended, such an intent will be explicitly recited in 
the claim, and in the absence of such recitation no such intent 
is present. For example, as an aid to understanding, the fol 
lowing appended claims may contain usage of the introduc 
tory phrases “at least one' and “one or more to introduce 
claim recitations. However, the use of such phrases should not 
be construed to imply that the introduction of a claim recita 
tion by the indefinite articles “a” or “an limits any particular 
claim containing such introduced claim recitation to embodi 
ments containing only one such recitation, even when the 
same claim includes the introductory phrases “one or more 
or “at least one' and indefinite articles such as 'a' or “an 
(e.g., “a” and/or “an should be interpreted to mean “at least 
one' or “one or more); the same holds true for the use of 
definite articles used to introduce claim recitations. In addi 
tion, even if a specific number of an introduced claim recita 
tion is explicitly recited, those skilled in the art will recognize 
that such recitation should be interpreted to mean at least the 
recited number (e.g., the bare recitation of “two recitations.” 
without other modifiers, means at least two recitations, or two 
or more recitations). Furthermore, in those instances where a 
convention analogous to “at least one of A, B, and C, etc. is 
used, in general Such a construction is intended in the sense 
one having skill in the art would understand the convention 
(e.g., “a system having at least one of A, B, and C would 
include but not be limited to systems that have A alone, B 
alone, C alone, A and B together, A and C together, B and C 
together, and/or A, B, and C together, etc.). In those instances 
where a convention analogous to “at least one of A, B, or C. 
etc. is used, in general Such a construction is intended in the 
sense one having skill in the art would understand the con 
vention (e.g., “a system having at least one of A, B, or C 
would include but not be limited to systems that have A alone, 
B alone, Calone, A and B together, A and C together, Band 
C together, and/or A, B, and C together, etc.). It will be further 
understood by those within the art that virtually any disjunc 
tive word and/or phrase presenting two or more alternative 
terms, whether in the description, claims, or drawings, should 
be understood to contemplate the possibilities of including 
one of the terms, either of the terms, or both terms. For 
example, the phrase “A or B will be understood to include 
the possibilities of “A” or “B” or “A and B.” In addition, 
where features or aspects of the disclosure are described in 
terms of Markush groups, those skilled in the art will recog 
nize that the disclosure is also thereby described in terms of 
any individual member or subgroup of members of the 
Markush group. As will be understood by one skilled in the 
art, for any and all purposes. Such as in terms of providing a 
written description, all ranges disclosed herein also encom 
pass any and all possible Subranges and combinations of 
Subranges thereof. Any listed range can be easily recognized 
as Sufficiently describing and enabling the same range being 
broken down into at least equal halves, thirds, quarters, fifths, 
tenths, etc. As a non-limiting example, each range discussed 
herein can be readily broken down into a lower third, middle 
third and upper third, etc. As will also be understood by one 
skilled in the art all language such as “up to.” “at least.” 
“greater than.” “less than, and the like include the number 
recited and refer to ranges which can be subsequently broken 
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down into subranges as discussed above. Finally, as will be 
understood by one skilled in the art, a range includes each 
individual member. Thus, for example, a group having 1-3 
cells refers to groups having 1, 2, or 3 cells. Similarly, a group 
having 1-5 cells refers to groups having 1, 2, 3, 4, or 5 cells, 
and so forth. While various aspects and embodiments have 
been disclosed herein, other aspects and embodiments will be 
apparent to those skilled in the art. The various aspects and 
embodiments disclosed herein are for purposes of illustration 
and are not intended to be limiting, with the true scope and 
spirit being indicated by the following claims. 
The invention claimed is: 
1. A method comprising: 
providing a semiconducting composite comprising single 

walled carbon nanotubes and metal nanoparticles com 
prising a noble metal; 

adsorbing a gas to the semiconducting composite to form a 
metallic composite, wherein the gas comprises hydro 
gen gas or helium gas; 

applying a Voltage to the metallic composite such that a 
first electrical current flows in the metallic composite: 

desorbing the gas from the metallic composite to form the 
Semiconducting composite; and 

applying about the same Voltage to the semiconducting 
composite such that a second electrical current flows in 
the semiconducting composite wherein the first electri 
cal current is greater than the second electrical current. 

2. The method of claim 1, wherein the gas comprises 
hydrogen gas. 

3. The method of claim 2, wherein adsorbing the gas to the 
semiconducting composite to form the metallic composite 
comprises exposing the composite to a partial pressure of the 
hydrogen gas of at least about 100 torr. 

4. The method of claim 1, wherein the gas comprises 
helium gas. 

5. The method of claim 1, wherein the noble metal com 
prises at least one of gold or silver. 

6. The method of claim 1, wherein the metal nanoparticles 
have an average diameter from about 1 nm to about 100 nm. 

7. The method of claim 1, wherein desorbing the gas from 
the metallic composite to form the semiconducting composite 
comprises applying a vacuum to the metallic composite. 

5 

10 

15 

25 

30 

35 

40 

12 
8. The method of claim 7, wherein applying the vacuum 

comprises applying a pressure of about 10 torr. 
9. The method of claim 1, wherein the semiconducting 

composite is disposed on a silicon wafer. 
10. The method of claim 9, wherein the semiconducting 

composite is electrically coupled to a pair of conductive pads 
on opposing sides of the semiconducting composite. 

11. The method of claim 10, wherein applying the voltage 
to the metallic composite such that the first electrical current 
across the metallic composite comprises applying the voltage 
to the pair of conductive pads. 

12. The method of claim 1, wherein the semiconducting 
composite is disposed in a sealed chamber. 

13. A method comprising: 
providing a semiconducting composite comprising single 

walled carbon nanotubes and metal nanoparticles com 
prising a noble metal; 

adsorbing an amount of gas into the semiconducting com 
posite to form a metallic composite, wherein the amount 
of gas adsorbed into the composite is effective to revers 
ibly change an electrical property of the composite from 
a semiconducting property to a metallic property; 

applying a Voltage to the metallic composite; 
desorbing the gas from the metallic composite to form a 

semiconducting composite; and 
applying a Voltage to the semiconducting composite. 
14. The method of claim 13, wherein the gas is configured 

to adsorb within interstitial channels between the single 
walled carbon nanotubes in the composite. 

15. The method of claim 14, wherein the gas comprises 
hydrogen gas. 

16. The method of claim 13, wherein the semiconducting 
composite is disposed on a silicon wafer. 

17. The method of claim 13, wherein the semiconducting 
composite is electrically coupled to a pair of conductive pads 
on opposing sides of the semiconducting composite. 

18. The method of claim 13, wherein the semiconducting 
composite is disposed in a sealed chamber. 

19. The method of claim 13, wherein the noble metal is 
gold. 

20. The method of claim 13, wherein the noble metal is 
silver. 
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