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SENSORS AND DEVICES CONTAINING
ULTRA-SMALL NANOWIRE ARRAYS
REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/391,195 entitled “HYDROGEN GAS
DETECTION WITH NETWORKS OF ULTRA-SMALL
NANOWIRES AND NANOCLUSTERS OF PURE PAL

LADIUM, PALLADIUM ALLOYS, AND PALLADIUM

10

MULTILAYERS filed 8 Oct. 2010.
FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
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This invention was made with government Support under
Department of Energy (DOE) Grant No. DE-FG02
06ER46334. The government has certain rights in the inven
tion.

films. This irreversible deformation leads to an irreversible
2O

BACKGROUND

2
and allowing for less power consumption by avoiding heat
ing to achieve elevated temperatures.
In the presence of H, the resistance of Pd will change due
to the formation of a solid solution of Pd/H (at low H.
pressure, C.-phase) or a hydride (at high H2 pressure,
B-phase). The level of dissolved hydrogen changes the
electrical resistivity of the metal and also its volume due to
the formation of metal hydride. Thus, Pd is highly selective
to H, enabling Pd to be an excellent H. sensing material. In
fact, most of the room-temperature solid-state H sensors in
a chemically variable environment use Pd metal and alloys
as sensing elements.
Several fundamental problems are associated with bulk
Pd-based hydrogen sensors. First, the diffusion of the hydro
gen into bulk Pd such as a thick Pd film can result in an
extraordinary large internal stress, leading to buckling of the
resistance change. Secondly, the hydrogen atom diffusion in
Pd is very slow at room temperature (the diffusion coeffi

cient is 3.8x107 cm/s at 298 K). Thus, the long diffusion

pathway of hydrogen into bulk Pd structures inevitably
results in a long response time.
Intensive research has been conducted in recent years to
develop a new generation of H. sensors with high speed,

Hydrogen (H2) gas has many uses. For example, it is the
main propellant in spaceships and commercial and military 25 high sensitivity, miniature size and low cost. Nanoma
launch vehicles. It is also used extensively in scientific terials' have been a major focus in the search for high
research and industry, notably in the manufacturing of glass performance H sensing elements due to their large surface
and steel as well as in the refining of petroleum products." area to volume (SA/V) ratios which could enhance the
In 2003 the U.S. Department of Energy accelerated its absorption/desorption rates of a chemical reaction and allow
hydrogen program to develop the technology needed for 30 for shorter H. diffusion paths as well as confinement induced
commercially viable hydrogen-powered fuel cells—a way to new properties. Among the various nanomaterials available,
power cars, trucks, homes, and businesses that could sig palladium (Pd) nanostructures'''''''''' have shown
nificantly reduce pollution and greenhouse gas emissions as very promising properties suitable for fast H. sensors.
well as our dependence on fossil fuels. However, H, gas is
Continuous Pd nanowires which respond to H with an
highly volatile and, when in contact with oxygen, can 35 increase in resistance have been achieved through various
become extremely flammable and highly explosive. The use nanofabrication techniques and have been systematically
of effective H sensors to accurately and quickly respond to investigated.'''''''' Both experimental and simulation
He gas leaks and to monitor manufacturing and distribution results show that their H sensing ability increases and their
will be crucial for the safe deployment of all H-based response time decreases when the sensors’ transverse
applications. For example, H gas detection in commercial 40 dimensions shrink. The results clearly demonstrate that Pd
and military launch vehicles is a great concern at both the nanowires can be excellent sensing elements for highly
propellant filling ground-support station and within the sensitive and fast acting H. sensors. The utilization of single
common booster core during ground operations. Fuel cells' palladium nanowires, however, faces challenges in nanofab
at the core of hydrogen-powered cars require two types of rication, manipulation, and achieving ultraSmall transverse
He sensors: sensors to monitor the quality of the hydrogen 45 dimensions.
Scientists have developed/utilized various approaches to
feed gas and, more importantly, sensors to detect leaks.
These H sensors must be sensitive enough to discriminate fabricate single Pd nanowires: (1) electrodepositing Pd at the
between ambient low-level traces of hydrogen and those that step-edges on graphite; (2) electrodepositing Pd into nano
are generated by a H. leak.
channels of porous membranes, for example anodic alumi
A crucial parameter of H. sensors in many applications is 50 num oxide, and (3) patterning Pd films via electron-beam
(e-beam) lithography or deposition and etching under angles
the response time. For example, the sensors that analyze H.
content in a mixed gas and monitor the reaction process (DEA) methods. The last approach is costly because nano
require extremely short response times to follow the fuel (for example e-beam lithography tool) and microfabrication
cell's power generation and to shut down the engine in the machines are expensive. It is difficult to achieve single
event of a tankrupture. Currently, commercial sensors suffer 55 nanowires with diameters smaller than 20 nm through these
from longer response times than the duty cycles likely physical patterning techniques. In the first approach, it is
needed for most applications."
inconvenient to reproducibly and massively fabricate single
Pd based H. sensors have a unique advantage in that the Pd nanowires by electrodepositing them on step-edges of
surface of palladium can act catalytically to break the H H graphite Substrates. Furthermore, the nanowires grown on
bond in diatomic hydrogen, allowing monatomic hydrogen 60 conducting graphite need to be relocated to an insulating
to diffuse into the material. Furthermore, palladium can Substrate. Electrodepositing Pd into nanochannels of porous
dissolve more than 600 times its own volume of hydrogen, membranes is a convenient way to obtain large quantities of
but dissolves little of the other common gases such as Pd nanowires. However, the problem with this method is
nitrogen, oxygen, nitrogen monoxide, carbon dioxide, and making electrical contacts to individual nanowires, which
carbon monoxide. This allows Pd to be the most selective H 65 typically requires the use of photo- or e-beam lithography
sensing material. Finally, the Pd hydrogenation process is and Subsequent film deposition, resulting in a tedious fab
reversible at room temperature, enabling simpler designs rication process. Moreover, the Surfaces of these nanowires
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pores. In contrast, the arrays of pores illustrated in FIGS. 1a,
1b and 1c of the present application are disordered arrays of

3
can be contaminated during the process of dissolving the
porous membranes to release the nanowires, degrading their
gas sensing performance.

pores.

The term nanowire is occasionally used for nanoclusters
when describing experiments, however, all pure palladium
nanowires formed on anodic aluminum oxide (AAO) having

SUMMARY

In a first aspect, the present invention is a network of

a thickness of 6.0 nm or less are nanoclusters. Furthermore,
when a collection of structures is referred to as nanowires or

nanowires. The nanowires are metallic, each nanowire has a
thickness of at most 20 nm, and each nanowire has a width
of at most 20 nm.

nanoclusters, such as a network of nanowires, it means that

10

In a second aspect, the present invention is a network of
nanowires. The nanowires comprises Pd, each nanowire has

A network of nanowires means a collection of nanowires

a thickness of at most 20 nm, and each nanowire has a width
of at most 20 nm.

In a third aspect, the present invention is a method of
forming the network of nanowires, comprising forming a
metallic layer on a substrate. The substrate may be, for
example, an anodic aluminum oxide membrane filter.
In a fourth aspect, the present invention is a sensor,
comprising the network of nanowires. The sensor may
include nanowires comprising Pd, and the sensor may sense
a change in hydrogen concentration from 0 to 100%. The
sensor may include nanowires comprising Pd, and the
nanowires may not form B-phase palladium hydride when
exposed to hydrogen at room temperature.
In a fifth aspect, the present invention is a method of
Suppressing formation of B-phase palladium hydride, by
forming a structure comprising palladium having a thickness

the electrical conductivity properties of the structures col
lectively are dominated by those portions which are
nanowires or nanoclusters, respectively.

15

interconnect at multiple points. The collection of nanowires
includes at least 3 nanowires, preferably at least 10
nanowires, more preferably at least 100 nanowires, even
more preferably at least 1000 nanowires, including 10 to

10' nanowires, 100 to 10 nanowires, and/or 1000 to 10°

nanowires. The network of nanowires includes at least 3

interconnections, preferably at least 10 interconnections,
more preferably at least 100 interconnections, even more
preferably at least 1000 interconnections, including 10 to

10" interconnections, 100 to 10 interconnections, and/or

1000 to 10° interconnections. Each interconnection between
25

nanowires may, independently of other interconnections,
have a thickness, width and/or depth which is much greater
than any of the nanowires in the network, including a
thickness, width and/or depth which is great than 100 nm.

30

BRIEF DESCRIPTION OF THE DRAWINGS

of at most 4 nm.

In a sixth aspect, the present invention is an O-phase
palladium hydrogen Solid solution which is not a mixed
phase of C-phase and B-phase palladium hydride, and which
is not in the form of nanoclusters having an average particle
diameter of 4 nm or less, wherein the hydrogen content of
the solid solution is more than 0.015 atomic percent.
In a seventh aspect, the present invention is an electronic
device comprising the network of nanowire. Example of the
electronic device include a computer, a mobile phone, a
vehicles, a fuel cell, a hydrogen storage tank, a facility for
manufacturing steel, or a facility for refining petroleum
products.

35
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FIG. 1a and FIG. 1b are scanning electron microscopy
(SEM) micrographs of networks of Pd nanowires. The
nominal thickness of the deposited Pd is 7 nm (a) and 30 nm
(b), respectively. Inset to (a) is a cross section SEM micro
graph of an Anodisc 13 membrane with filtration pore
diameter of 20 nm. The part between the two dashed lines is
the effective filtration layer. The black scale bar in the inset
is 400 nm. Inset to (b) presents an optical image of a sample
cut out from the Pd-coated membrane mounted on a sample
holder.

FIG. 1c is a scanning electron microscopy (SEM) image
of a 2 nm Pd/2 nm Cr nanowire network (Sample S1) coated

DEFINITIONS

on an Anodisc(R.13 alumina membrane with a nominal

The term “nano' means 100 nm or less. For example, a
nanofilm is a film with a thickness of at most 100 nmi; a

filtration pore diameter of 20 nm. The thicknesses of the
deposited Pd and Cr layers are 2 nm each. The scale bar is

nanowire means a wire with a thickness of at most 100 nm.

200 nm.

and a width of at most 100 nm, and a nanocluster means a

FIG.2a and FIG.2b show H response of a 7 nm thick Pd
nanowire network: (a) resistance changes AR/R with time at
various concentrations, resistance data of 10 seconds prior to
He entering the testing chamber were taken as the baseline,
and (b) concentration dependences of the maximal resis
tance change AR/Ro and response time. Ro is the resistance
in the absence of hydrogen gas and AR is defined as the
absolute resistance change R(t)-Ro and AR is the maximal
resistance change at a specific concentration, the response

cluster having a thickness of at most 100 nm, a width of at
most 100 nm, and a depth of at most 100 nm. A nano-porous
array or nano-porous network array is an array of pores, with
each pore having a radius of at most 100 nm (that is, a
diameter of at most 200 nm). In the case of pores which are
not circular, the radius or diameter of the pore is the radius
or diameter of a circle have the same area as the opening of
the pore.

45
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The term “Ultra-small' means 20 nm or less. Ultra small
nanowires refer to nanowires with diameters less than 20

time is defined as the rise time to reach 90% of its maximal

nm. In the case of the nanowires which are not circular, the

diameter of the nanowire is the diameter of a circle having

60

the same area as the cross-section of the nanowire.

An ordered array of pores means an array of pores
showing order over a distance of at least 1 micrometer (1 um
or 1000 nm), in two dimensions. Any array of pores which
is not ordered is a disordered array of pores. For example,
the anodic aluminum oxide substrates illustrated in FIGS.

1a, 1b and 1c in Xiao et al. (ref. 45) are ordered arrays of

65

change, i.e. AR/AR 0.9, and the Solid line is a power-law
fit with an exponent of 0.58.
FIG. 3a and FIG. 3b show comparisons of the hydrogen
responses of Pd nanowire networks (NW) and their refer
ence films: (a) resistance changes AR/Ro with time at H.
concentrations of 0.1% and 1%, and (b) Concentration
dependences of the response times, the nominal thicknesses
of the deposited Pd are given in the figures.
FIG. 4a and FIG. 4b show comparisons of the hydrogen
responses of Pd nanowire networks with various nominal

US 9,618,494 B2
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FIG. 15 presents the concentration dependences of the
maximal resistance change and the response time of a 5 nm
thick Pd/Ni alloy nanowire network (the nominal Ni content
is 6%).
FIG. 16 illustrates H responses of a network of 4x(1
nmPd/1 nm Au) multilayer nanowires. The inset presents the
real time resistance evolution at 2% H.

5
thicknesses of the deposited Pd: (a) and (b) present H.
concentration dependences of the resistance changes AR/
Ro and response times, respectively, the Solid lines to fit the
data of the 7 nm and 30 nm thick Pd nanowire networks

represent a power-law exponents of 0.58 and 0.46, respec
tively.
FIG. 5a and FIG.5b show H, response of a 4 nm thick Pd
nanowire network: resistance change AR/Ro with time at H.
concentration of 8%, inset shows data with more cycles for
a sample made from different part of the same membrane,
and concentration dependences of the maximal resistance
change AR/Ro and response time.
FIG. 6 shows H response of a 4.5 nm thick Pd nanowire
network: (a) resistance changes AR/R with time at various
concentrations. (b) Concentration dependences of the maxi
mal resistance change AR/Ro and response time. The
response times of the 7 nm thick sample at various concen
trations were also replotted in (b) for comparison.
FIG. 7 shows responses of 2 nm Pd/3 nm Cr nanowire
networks to hydrogen gas of various concentrations. AR is
defined as the absolute resistance change R(t)-Ro where Ro
is the baseline resistance in the absence of hydrogen gas. The
data presented in the main panel and in the inset are from
Samples S2 and S3, respectively.
FIG. 8 shows comparisons of the hydrogen responses of
a bare 4 nm Pd (Sample C5) and a 2 nm Pd/2 nm Cr (Sample
S1) nanowire network which have the same total thick
nesses: (a) and (b) are the evolution of the resistance with
time at a fixed concentration of 60% and (c) gives the
maximal resistance change AR/R at various concentra
tions. Ro is the baseline resistance in the absence of hydro
gen gas and AR is defined as the maximal resistance
change AR R(t)-Ro at the steady state for a specific con

DETAILED DESCRIPTION
10

The present invention makes use of the discovery of a new
fabrication method that allows for the formation nanowires

and nanowire networks, by forming one or more layers on
nano-porous arrays, such as anodic aluminum oxide Sub
15

of 10 nm or less when formed on commercially available
Substrates.

The present invention also makes use of the discovery of
nanowire networks formed of nanowires having a thickness
of at most 20 nm and a width of at most 20 nm, and which

25

30

preferably contain palladium (Pd). These networks of
nanowires can be used to form hydrogen sensors, by elec
trically coupling them to a device Suitable for measuring
changes in resistance, such as an ohmmeter or an integrated
circuit. More specifically, when the nanowires have a thick
ness of at most 4 nm, Such as palladium nanowires formed
on nanowires of chromium, preferably having a thickness of
1, 2, 3 or 4 nm, Suppression of the O-phase of palladium
hydride occurs, and Such sensor can sense changes in
hydrogen concentrations above 3%, for example from, or
between, 0.01%, 100%, including 0.1% to 1%. 3%. 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%.

Particularly interesting are hydrogen concentration ranging

centration.

FIG. 9 shows concentration dependences of the response
times and the maximal resistance changes AR/Ro for a 2
nm Pd/3 nm Cr nanowire network (Sample S3) (a) and 2 nm
Pd/1 nm Cr (Sample S5), 2 nm Pd/2 nm Cr (Sample S1) and
2 nm Pd/3 nm Cr (Sample S3) (panel (b) and its inset). The
response time is defined as the rise time to reach 90% of its
maximal change, i.e. AR/AR 0.9. The dashed lines in (a)
and in the inset of (b) represent a power-law relation with
exponents of n=0.26 and 0.33, respectively.
FIG. 10 shows concentration dependences of the maximal
resistance change AR/Ro (a) and the response times (b) for
2 nm Pd/2 nm Cr (Sample S1), 3 nm Pd/2 nm Cr (Sample
S6), 4 nm Pd/2 nm Cr (Sample 87), and 6 nm Pd/2 nm Cr
(Sample S8) nanowire networks. The dashed and dotted
lines in (a) represent a power-law relation with exponents of
n=0.28 and 0.68, respectively.
FIG. 11 shows comparison of the response times of a 2 nm
Pd/2 nm Cr network (Sample S1) with a bare 7 nm Pd
nanowire network (Sample C6) at various concentrations.
FIG. 12 shows comparison of the responses of a bare 7 nm
Pd (Sample C6) (a) and a 7 nm Pd/2 nm Cr (Sample S9) (b)
nanowire networks to 8% H.
FIG. 13 shows comparison of the response times of a 2 nm
Pd/2 nm Cr network (Sample S1) with its reference film
(Sample C7) at various concentrations.
FIG. 14 illustrates data on the reversibility and durability:
(a) Responses of a 2 nm Pd/2 nm Cr nanowire network
(Sample S1) to 5% hydrogen for 20 cycles. (b) Hydrogen
concentration dependences of the response times and the
maximal resistance changes AR/R of a 2 nm Pd/3 nm Cr
nanowire network (Sample S3) obtained shortly (within
hours) after fabrication and stored in air for 20, 75 and 90
days.

strates. These substrates are well known''' and are

commercially availble'. The nanowires formed have widths

35
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from, or between, 3%. 5%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90% and 100%.

The present invention takes advantage of single palladium
nanowires high speed and sensitivity while eliminating the
nanofabrication obstacles; high performance H gas sensors
are achieved by depositing pure palladium onto commer
cially available and inexpensive filtration membranes, or
depositing a first layer of another material. Such as chro
mium prior to deposition the palladium. This nanomanufac
turing approach allows for the formation of Pd-nanowires
based H. sensors for industrial applications.
There are several types of palladium compositions that
can be used for the ultra Small nanowires and nanoclusters.

50

55

60

The palladium compositions can include, pure palladium
(Pd), palladium alloy (for example, palladium-nickel
(Pd Ni), palladium-cerium (Pd Ce)), palladium—other
metals bilayers (for example, chromium/palladium (Cr/Pd),
titanium/palladium (Ti/Pd) and molybedium germanium/
palladium (MoGe/Pd)), palladium/other metal multilayers
(more than two-layers) (for example: gold/palladium (Auf
Pd), nickel/palladium (Ni/Pd)), palladium/oxide bilayers
and multilayers (for example, titania/palladium (TiO/Pd),
Zinc oxide?palladium (ZnO/Pd)), and palladium/metal
hydride bilayers or multilayers (for example, gadolinium/
palladium (GdHX/Pd), magnesium hydride/palladium
(MgHx/Pd)).
One, 2, 3, 4, 5, 6, 7, 8 or more layers may be formed, with
each layer preferably comprising a metal, for example Mg,
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co,

Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd, Al. Ga, In, Si, Ge. Sn,
65

Pb, Sb, Bi, a Lanthanide series metal, an actinide series

metal, alloys thereof and compounds thereof. Preferably the
top layer which is exposed to ambient atmosphere contains

US 9,618,494 B2
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palladium. However, for sensing gases other than hydrogen,
a different metal or metallic material could be used as the top
layer. For example hydrogen sulfide (H2S) could be sensed
using a layer or top layer of silver (Ag) or oxygen could be
sensed using a layer or top layer of aluminum (Al). If the
thickness of the layer is 20, 19, 18, 17, 16, 15, 14, 13, 12,
11, 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 nm, then reaction with such

gases would affect the conductivity of the layer. In the case
of palladium having a thickness of 20, 19, 18, 17, 16, 15, 14,
13, 12, 11, 10,9,8,7,6, 5, 4, 3, 2 or 1 nm, the reaction with

hydrogen is reversible, allowing for reuse of the sensors. As
long as the nanowires or nanoclusters are metallic, then
changes in resistivity may be measured, either an increase,
decrease or more complex combinations of increases and
decreases. Calibration may be carried by using a test sensor
and know concentrations of analyte. In the case of nano
clusters, a change in size may be sufficient to provide a
change in resistivity as the contact or tunneling of electrons
between clusters change as they swell or contract from
chemical reaction, alloying, or the formation of Solid solu

10

15

tions.

The nanowires can be used as-prepared or annealed at
high temperatures up to 800 degrees Celsius in various gas
environments. The thickness and width of the ultra-small

25

palladium-based nanowires and nanoclusters are preferably
from 1 to 20 nanometers. The response times of the Pd
nanowire networks decrease with shrinking thickness and
width and are much shorter than those of continuous films of

the same thickness. The hydrogen responses of these sensing

30

networks are from the continuous nanowires and discon
tinuous nanocluster chains at thicknesses above and below

4.5 nm or 6 nm, respectively. These networks have the
advantages of individual nanowires and nanocluster chains
but reduce the fabrication cost. At room temperature the
hydrogen response time of these networks can be as low as

35

hundreds of milliseconds.

sensor. The sensor is more reliable because it consists of

Furthermore, in the case of continuous Pd nanowires

having a thickness below 4.5 nm, the Suppression of the
B-phase of palladium hydride occurs, extending the range of
the sensor beyond 3% hydrogen all the way to 100%
hydrogen.
In one aspect, the present invention provides for a method
of making the hydrogen sensors by depositing desired
palladium compositions on porous Substrates with widths of
the sections between holes less than 20 nm, and creating
nanowire networks. These porous Substrates can preferably
be commercially available filtration membranes, or the
porous Substrates can be manufactured as desired.
Porous ANODISC(R) inorganic membranes from What
man have been widely used as filters in chemistry. The
straight nanochannels in the bulk of the membranes have
also been utilized as templates to grow nanowires and
nanotubes. Though the available nominal effective filtration
pore diameters are 20 nm, 50 nm, 100 nm, and 200 nm, on

8
further etched with appropriate acid (for example, phos
phoric acid) to shrink the width of the section between
neighboring pores.
The deposition of the palladium composition can be
performed with anythin-film deposition technique known in
the art, for example, sputtering, thermal evaporation, or
electron-beam evaporation.
In another aspect, the present invention further provides
for a method of detecting hydrogen, by exposing the hydro
gen sensor as described above to an environment, changing
the resistivity of the hydrogen sensor, and detecting the
presence of hydrogen. If the environment includes hydro
gen, the hydrogen sensor will detect it. As described above,
the resistivity of the palladium nanowire hydrogen sensor
changes based on the presence of hydrogen in the environ
ment. The hydrogen sensor can transmit the amount of
hydrogen detected to a display if desired to a user, this
information can be stored in a computer processor, or
transmitted to a computer to perform a certain operation
upon the detection of hydrogen. The hydrogen sensor has a
response time as short as hundreds of milliseconds, a great
improvement over the response time of the previous sensors.
The hydrogen sensor of the present invention can be used
in applications such as, safety sensors in hydrogen powered
cars, Lead (Pb) acid batteries, personnel monitors and other
places where hydrogen is present and requires detection.
The hydrogen sensor of the present invention has several
advantages over the prior sensors. The ultra-small (20 nm or
less) thicknesses and widths of the nanowires which form
the network reduce the hydrogen diffusion time and increase
the Surface area to Volume ratio, resulting in a short response
time of the sensor. Anythin-film deposition technique can be
used to deposit the Pd and other desired Pd compositions for
forming the nanowire networks which have the advantage of
single nanowires, leading to cost-effective fabrication of the

40
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many conducting paths in parallel. Thus, the hydrogen
sensor of the present invention is a high speed sensor that is
able to work at room temperature, is inexpensive and also
can be small size and low power consumption.
After formation, the substrate may be removed to form
free-standing films. In the case of aluminum oxide Sub
strates, the Substrate may be dissolved using acids Such as
phosphoric acid, or alkaline materials such as aqueous
Sodium hydroxide. A polymer may be polymerized on the
top of the films to provide Support during a dissolution
process.

50
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Preferably, anodic aluminum oxide substrates are used.
The substrates may have ordered or disordered arrays of
nanopores; the anodic aluminum oxide Substrates illustrated
in FIGS. 1a, 1b and 1c in Xiao et al. (ref. 45) are ordered
arrays of pores (which, however, have an oxide width of 50
to 60 nm between each pore). Commercially available
nominal effective filtration pore diameters of 20 nm, 50 nm,

the surface, the diameter of the nanochannels in the bulk of

100 nm, and 200 nm are available. Furthermore, Xiao et al.

the membrane is unchanged (that is, 200 nm). The effective
filtration is determined by the pore diameters of a very thin
(~100-200 nm) layer of a nano-porous network array Sup
ported on top of a 60 um thick membrane containing vertical
nanochannels of 200 nm in diameter (shown in FIGS. 1a, 1b
and 1c). For example, for a nominal effective filtration pore
diameter of 20 nm, the material sections between neighbor
ing pores is less than 10 nm wide. These sections are utilized
as a template to form a wire network array of Pd by
depositing Pd onto it. The commercial ANODISCR) can be

(ref. 41) and Xiao et al. (ref. 45) describe how to form
further variations on the commercially available structures.
The network of nanowires of the present invention may be
incorporated into a semiconductor device Such as an inte
grated circuit, a programmable logic device, a data commu
nications device; etc. where is may act as a sensor for
hydrogen or other gases. Furthermore, a network of
nanowires or any of these semiconductor devices may be
incorporated in an electronic device, for example a com
puter, mobile phone, a vehicles such as an airplane or an

60
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automobile, a fuel cell, a hydrogen storage tank or facility,
a facility for manufacturing glass or steel, or a facility for
refining petroleum products.
EXAMPLES

Example 1
Palladium Nanowires, Nanowire Networks and
Nanoclusters Formed Directly on Substrates, and

Hydrogen Sensors Formed from Palladium

5

10
tions up to 3%. This indicates that the interaction of H and
Pd in this concentration range follows Sievert’s law. That is,
the ratio of the dissolved atomic hydrogen to Pd atoms can
be described to a good approximation with a power-law
dependence of the hydrogen partial pressure (that is, H gas
concentrations in the experiments) and the change of this
ratio leads to a proportional AR/Ro response. The exponent
of 0.58 is slightly larger than those (-0.4-0.50) reported in

the literature for Pd films. However, as shown in FIG.3a, the
10 exponent decreases when the transverse dimensions (thick

ness, width or both) of the Pd nanowires are increased. For
example, an exponent of 0.46 is obtained for the 30 nm thick
Formed Directly on Substrates
Pd nanowire network. Since a larger power-law exponent
corresponds
to a faster change in resistance with changing
ANODISCR 13 membranes with nominal filtration pore 15
He
concentration,
this shows that sensors with Smaller trans
diameter of 20 nm were purchased from Whatman Com verse dimensions have
better resolutions. This is reasonable
pany. They were cleaned with acetone in an ultrasonic bath
for 10 minutes and rinsed with de-ionized water followed by because the surface to volume ratio is larger in Pd nanowires
ethanol and dried with high purity nitrogen gas. With the with Smaller transverse dimensions and the Surface can have
filtration layer facing the Pd target, Pd was deposited onto 20 denser atomic hydrogen sites than the bulk.
the membrane using an AJA ATC-2400 Sputtering system
The AR/R saturation at a H. concentration of 3% is
with a base vacuum of ~1x107 Torr. Argon was used as the related to the transition from C.-phase to B-phase of the Pd/H
working gas at a pressure of 3 mTorr. The deposition rate system. The resistance in the mixed phase of the C-phase
was 1.3 A/s. To check the morphology of the deposited Pd, and B-phase is not sensitive to the change in H concentra
the final product was imaged with a high-resolution field 25 tion. This transition has also significant effect on the
emission scanning electron microscope (SEM) (Hitachi response time. As presented in FIG.2b for the 7 nm thick Pd
S-4700 II). A home-made hydrogen sensor testing system nanowire network, the response time at low H. concentra
using a series of ultrafast Solenoid valves and a minimized tions becomes shorter when more H is present. However,
dead volume of the gas passages was used to accurately the sample needs longer time to reach its steady state at H.
characterize these sensors with response times down to tens 30 concentrations of 1-3% than that at 0.5%, resulting in a
of milliseconds.
bump in the response time versus concentration curve. Both
FIGS. 1a and 1b present top-view SEM micrographs of the response time and its concentration dependence are
ANODISCR 13 membranes with pore diameter of 20 nm. quantitatively comparable to those of the smallest electrode
after deposited Pd with nominal thicknesses of 7 nm and 30 posited single Pd nanowire where the small bump was
nm, respectively. The morphology of the membrane does not 35 attributed to the O.- to B-phase transition. This bump evolves
change significantly after coating with 7 nm thick Pd (FIG. into a peak with increasing transverse dimensions, as shown
1a). With increasing thickness of the deposited Pd, however, in FIG. 3b for the Pd nanowire networks with nominal
the pores shrink and the widths of the Pd sections between thickness of 17 nm and 30 nm for the deposited Pd. As
neighboring pores become larger, as can be seen from the expected, FIG. 3b also shows that the response time
micrograph presented in FIG. 1b. Quantitatively, the widths 40 becomes longer at all H. concentrations for samples with
of the Pd nanowires (that is, sections between the pores) in thicker Pd nanowires.
Lee et al. found that the buckling and hysteresis behaviors
FIGS. 1a and 1b are 7-9 nm and 12-15 nm, respectively.
Though detailed investigations were not carried out on the observed in thick (d-20 nm) Pd films do not appear in
relationship between the width of the Pd nanowires and the continuous ultra-thin films (d=5 nm). Since a thickness of a
nominal thickness of the deposited Pd, it is reasonable to 45 few nanometers is so Small, one might think the response
estimate that their widths are close to the widths of the
time of such a ultra-thin Pd film to H gas could be very short
sections between pores in the bare templates and their and it might be close to that of a ultra-thin nanowire. If this
thickness is that of the deposited Pd if its nominal thickness were the case, H. sensors based on ultra-thin Pd films would
is less than 10 nm. This relation is more complicated with be preferable since it is more convenient to fabricate ultra
thicker deposited Pd. It was found that wire networks with 50 thin films than ultra-thin nanowires. Thus, it is necessary to
deposited Pd less than 10 nm are more desirable as sensors. compare the H responses of ultra-thin Pd films and our
Those with thicker deposited Pd were also studied for network of ultra-thin Pd nanowires. In experiments, a Si
comparison.
substrate (with a SiO layer of 100 nm thick) was placed
A plot of the time dependence of the relative resistance near the ANODISCR 13 membrane and Pd was deposited
change AR/Ro for a 7 nm thick Pd nanowire network at 55 onto them simultaneously, ensuring the same thickness for
various H concentrations is shown in FIG. 2a. In the both the Si substrate reference film sample and the ANO
presence of hydrogen gas, the resistance of the sample DISCR) substrate sample. FIG. 4a presents the evolution of
increases with time and saturates at a value that depends on the resistance change for the 7 nm thick network of Pd
the gas concentration. FIG. 2b demonstrates the concentra nanowires and its reference film at H concentrations of
tion dependence of the maximal resistance change AR/R 60 0.1% and 1%. It is evident that the reference film requires a
and the response time. The results are similar to those much longer time to reach its steady state. As shown in FIG.
reported for electrodeposited nanowires where AR/R first 4b and in its inset, for the 7 nm and 12 nm thick samples, the
increases with H concentration up to about 3% and then response times of the reference films were almost one order
remains constant at higher concentrations. Furthermore, of magnitude longer than those of the nanowire networks at
quantitative analysis demonstrates that the concentration 65 He concentrations below 1%, though the difference becomes
dependence of the maximal resistance change follows a Smaller at high H concentrations, that is, in the B-phase. The
power-law relation with an exponent of 0.58 for concentra results clearly demonstrate that even for a Pd object with
Nanowires, Nanowire Networks and Nanoclusters
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dimensions down to a few nanometers. He diffusion from the
sides and the surface to volume ratio still plays a critical role
on the H response time.
The above results directly show that networks of Pd

12
that the transition or a crossover from a network without a

significant number of broken nanowires to that consisting of
mainly broken nanowires should be second order. The data
in FIG. 2 show that the number of broken Pd nanowires in

nanowires with even Smaller transverse dimensions need to

be pursued. Since the width of the Pd nanowires is close to
that of the template (the width of the sections between
neighboring pores in the ANODISCR 13 membrane) which
is fixed, their thickness was reduced by depositing less Pd.
Experimentally, samples were examined with Pd thickness

10

down to 2 nm with a thickness interval of 0.5 nm. The

samples with thickness less that 3.5 nm have resistance >100
MS2) over the input impedance of our electronic circuit. A
typical time dependence of the resistance for a 4 nm thick
network of Pd nanowires in the presence of hydrogen gas is
presented in FIG. 5a. Differing from the data shown in
FIGS. 2a, 3a and 4a, this sample became more conductive
upon H exposure. This behavior is very similar to that
observed in fractured single Pd nanowires where the
decrease of resistance is attributed to the disappearance of
gaps due to the dilation of the Pd after absorbing hydrogen.
This means that when the thickness of the coated Pd layer is
extremely thin (for example, 4 nm or less), the Pd nanowires
forming the network become discontinuous. As shown by
the concentration dependence of the resistance change AR/
Ro presented in FIG. 5b, however, the sample can detect
hydrogen at concentration levels down to 0.01% while the
resistance of the fractured electrodeposited Pd nanowires
changes only at a H2 concentration of 1% or higher.
This difference can be understood in terms of physical gap
sizes: the gaps in electrodeposited nanowires are tens of
nanometers or larger. The significant volume increase of the
f-phase that occurs at H concentrations of 1% or higher is
needed to make them closed. On the other hand, the gaps in
the sample are very small and electrons can tunnel through
them. Any slight Volume change due to the hydrogen
induced palladium lattice expansion can make the gap
Smaller, leading to better electron tunneling and hence to a
resistance decrease. In fact, both the capability to detect H.
at low concentrations and the resistance change AR/R of
this 4 nm thick network of Pd nanowires are comparable to
those of the two-dimensional (20) Pd nanocluster array
formed on a glass substrate covered with a self-assembled
monolayer (SAM). The latter has gaps of a few nanometers
between neighboring nanoclusters and electron tunneling
dominates the electric properties at low H2 concentrations.
As shown by the response time at various H concentrations
given in FIG. 5b, however, the 4 nm thick network of Pd
nanowires is much slower than the SAM promoted 20 Pd
nanocluser array in response to H exposure. This highlights
the importance of SAM induced reduction of the stiction
between the palladium and the substrate to the response time
of the sensor. The strong adhesion of Pd on the substrate may
also prevent some of the Pd atoms to return to their original
locations, resulting in an decrease of the amplitude of the
resistance change with increasing cycles as that shown in the
inset of FIG.5a. Though siloxane was successfully used to
achieve SAMs on glass substrates, efforts are needed to find
appropriate molecules to form SAMs on the AnodiscR)
filtration membranes.

15

resistance decrease. On the other hand, the resistance
25
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increase at the second peak when H is turned off is due to
the gap re-opening in the previous broken nanowires while
the decay is due to the release of H from the continuous Pd
nanowires. FIG. 6a also indicates that high H concentra
tions are needed to observe both of the sensing mechanisms
in the same sample. This is because newly formed electron
flow-pathways from the broken nanowires due to the H.
induced gap closure are in parallel to those of the existing
continuous nanowires. Furthermore, there are gaps of vari
ous sizes in broken nanowires and one gap can destroy an
electron flow-pathway. Higher H. concentration can induce
larger expansion of the Pd lattice thus decreasing the density
of gaps so that more new flow-pathways can be formed. At
low H. concentration, the resistance change induced by the
gap-closure in some broken nanowires cannot change the
total resistance significantly. Thus the sample can reach a
steady state, as shown by the curve obtained at H concen
tration of 3%. By comparing the responses of the 7 nm and
4.5 nm networks to 3% H as given in FIG.2a and FIG. 6a,
it was found that the resistance change AR/Ro in the latter
is a factor of ~4 smaller. In fact, as shown in FIG. 6b, the

AR/R of the 4.5 nm thick networks are Smaller than those
of the 7 nm thick network at all the measured H. concen
trations. This is simply because that the latter has more
parallel through-pathways of the continuous nanowires that
contribute to the total resistance change upon H exposure.
A comparison of the H response times given in FIG. 2b
and FIG. 6b reveals that the speed of the 4.5 nm thick
network is double that of the 7 nm one. This indicates that

the response time can be further shortened if even thinner
55

60

Theoretically, one gap in a single nanowire causes it to be
discontinuous and non conductive. For a network of

nanowires, however, gaps in Some of the nanowires can only
increase the resistance of the network rather than make it

non-conductive because electrons can always flow through
the conducting pathways as long as the number of the broken
nanowires is below the percolation threshold. This implies

the 7 nm thick network is negligible and that its H sensing
mechanism is based on the resistance change of the
nanowires upon H exposure. Meanwhile, FIG. 5 indicates
that broken Pd nanowires dominate the electric transport of
the 4 nm thick network and its H sensing mechanism is
based on a resistance decrease due to the Hinduced closure
of gaps. Networks with thicknesses between 4 nm and 7 nm
may have a large number of broken Pd nanowires while
there are also many flow pathways for electrons through
continuous nanowires. That is, the mentioned two sensing
mechanisms may compete in some networks where the
thicknesses range from 4 nm to 7 nm. In fact, such a
behavior does occur in a 4.5 nm thick network. As presented
in FIG. 6a, the resistance versus time curves for H. concen
trations of 20% and 50% have two peaks just after the H is
turned on and off. The first peak corresponds to the fast
resistance increase from the through-pathways of continu
ous Pd nanowires upon H exposure, followed by the closure
of gaps in the broken nanowires which leads to an opposite

65

continuous nanowires can be fabricated. However, a Pd film

fabricated with convenient deposition methods such as sput
tering and thermal evaporation will have a percolation
threshold of 3.5-5.0 nm. Thus, the values presented in FIG.
6b may be not far away from the shortest response times that
can experimentally be achieved in continuous Pd nanowires,
unless other more advanced deposition methods, for
example, molecular beam epitaxy (MBE) is used to grow
even smaller nanowires. Similar to that observed in single
pure Pd nanowires and thin films, the resistance change
AR/R of our networks of Pd nanowires Saturates at H.
concentrations higher than 3%. This can seriously hinder the
applications of sensors based on Such networks. As demon
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strated by the disappearance of the AR/Ro Saturation in the 90°. In this case the supported particle will tend to have a
H response of Pd/Ni alloy films, however, such a limitation half-dome shape or even spread over to have a raft-like
in our Pd nanowire networks could be eliminated by replac morphology. If Y is smaller than Y, then 0 will be greater
ing the pure Pd with Pd alloys. In fact, pure Pd was chosen than 90°, and the particles tend to appear spherical or
to fabricate the networks simply because data on single Pd 5 polyhedral. In the latter case, the layer of metal must reach
nanowires are available for comparisons.
a 0 dependent critical thickness to form a continuous film on
In Summary, a new type of hydrogen sensor was achieved the Substrate. A crossover from continuous to discontinuous
based on networks of ultra-small (<20 nm) palladium behavior was observed in Pd films on SiN. and SiO,
nanowires formed on commercially available filtration substrates at thicknesses of 4 nm and 5 nm, respectively.'"
membranes. The sensors have high sensitivity and short 10 Porous Anodisc(R) filtration membranes from What
response times. The approach of the present invention can man(R)—the substrates used to form Pd nanowire net
also provide a general way to utilize the improved perfor works—are made of anodic aluminum oxide.' It is well
mance or new properties of single nanowires of pure Pd, Pd known that Pd/Al2O system has weak metal-substrate inter
alloy and other hydrogen sensing materials while eliminates action.'" Thus, a Pd layer on an alumina substrate may be
15
the nanofabrication obstacles.
continuous only when it achieves critical thickness. Indeed,
the
H response of this newly developed pure Pd nanowire
Example 2
network sensor depends strongly on the thickness of the Pd

layer at 7 nm and thicker, the network consisting of

Palladium/Chromium Nanowires, and Nanowire

continuous Pd nanowires has a shorter response time when
its thickness is reduced. At 4 nm and below, the majority of
the Pd nanowires become discontinuous and the Hinduced
resistance changes of the network are dominated by broken
Pd nanowires, leading to a retarded H response. We also

Networks, and Hydrogen Sensors Formed from
Palladium/Chromium Nanowires, and Nanowire
Networks

Previous results have shown that the response of the Pd
nanowire network sensors become faster when the thickness

found coexistence of continuous and broken Pd nanowires at
25

contributed from broken and continuous Pd nanowires com

of the network is reduced. However, a crossover from
continuous to broken nanowire networks occurs at a certain

critical thickness, similarly to what has been observed in

ultra-thin Pd films,'' limiting the potential for further

decreasing the response time through reduction of the net
work thickness. These newly developed Pd nanowire net
work sensors also inherit the drawback of the single Pd
nanowire: an inability to distinguish H concentrations
above 3%. This deficiency of the sensor definitely hinders its
potential applications, for example, in a fuel processor and
as a safety monitor in a vehicle which require the device to
be sensitive to hydrogen in the range 1-100% and 0.1-10%.

30

pete, which is consistent with observations on ultrathin Pd
films on polymer (SU8) substrates.’
Crispin et al. found that the contact angle between Ni and
alumina can be significantly reduced by adding a small
amount of chromium (Cr). For example, the contact angle is
close to 90° on both sapphire and polycrystalline alumina

with 10% Cr in Ni and is -75° with 20% Cr'': Here we
35

respectively. Here we report experiments aiming to further

improve the performance of this type of H. sensor by
reducing the thickness of the network while enabling the Pd
nanowires to be continuous. By first depositing a layer of
chromium (Cr) with thickness of 1 nm-3 nm onto the

thicknesses of 4 nmsds7 nm where resistance changes

40

demonstrate that an addition of a Cr buffer layer as thin as
1 nm between Pd and alumina substrates (Anodisc) filtration
membranes) can modify the Pd-substrate interaction and
reduce the critical thickness of the Pd layer required to form
a continuous Pd layer. We were able to achieve networks of
continuous Pd nanowires with thicknesses down to 2 nm on
Anodisc(R) filtration membranes.

FIG. 1c presents a typical top-view scanning electron
microscopy (SEM) micrograph of a Pd/Cr nanowire network
(Sample Si) deposited onto an AnodiscR13 membrane with
filtration membrane substrate, we create networks of Pd/Cr
an
effective filtration pore diameter of 20 nm. The image was
nanowires with the thickness of the continuous palladium taken
of a Pd/Cr sample with a nominal thickness of 2 nm
layer as low as 2 nm. These Pd/Cr nanowire networks are 45 for both
deposited Pd and Cr. As listed in Table I, we
faster than the pure palladium counterparts in responding to conductedtheexperiments
on Pd/Cr nanowire network samples
H. gas. The excellent adhesion of Cr to the substrate also (Sample S1-S9) with thickness ranging from 1 nm to 3 nm
helps to significantly improve the durability of the sensor. for the Cr layer and from 2 nm to 7 nm for the Pd layer with
Even more importantly, the Pd/Cr sensors are able to dis a thickness step of 1 nm. Since the deposited Pd/Cr layer is
tinguish H2 concentrations up to 100%, eliminating a crucial 50 thin (<10 nm), the morphology of the network simply
drawback of its pure palladium counterparts. Since this duplicates that of the bare filtration membrane.' The
change can be attributed to the confinement-induced Sup widths of the Pd/Cr nanowires (i.e. sections between the
pression of a phase transition in the Pd/H system, our results pores) in FIG. 1c are 7-9 nm. A cross-section SEM imaging
demonstrate that the performance of H. sensors based on Pd finds no metal inside the pores, consistent with those
nanostructures can indeed go beyond the benefits expected 55 reported in networks of pure Pd nanowires on filtration
from the increased SA/V ratios and shorter diffusion dis
tances.

membranes and in other perforated films sputter-deposited
on nanoporous alumina substrates.'"

When a metal is deposited onto a non-metallic substrate,
it initially tends to nucleate into fine particles. The morphol
ogy of the particles is governed by the minimization of the 60

TABLE I

Baseline Resistances (Ra) of the Pd/Cr Nanowire Network Sensors
Samples

surface free energy." Using the equilibrium of surface
tension, one can write: Y. Y,+y, cos 0, where 0 is the

contact angle between the particle and the Substrate, Y is the
Surface or interfacial energy, and the Subscripts s, m, and g
stand for Substrate, metal particle, and gas, respectively. If 65
the metal-substrate interfacial energy Y is Smaller than the

surface energy of the substrate Y, 0 will be smaller than

dc.

2

3

3

2

1

2

2

2

2
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TABLE I-continued
Baseline Resistances (Ra) of the Pd/Cr Nanowire Network Sensors

Samples
S1

dpa

2

S2

2

S3

2

S4

4

5

SS

2

S6

3

S7

4

S8

6

process. These results were attributed to the strong chemi
cal interaction between Cr and the alumina Surface, and to
the 3D nucleation on defect sites. The extremely high

S9

7

(nm)
Ro (k2) 5.941 3.038 2.235 1.290 7.806 3.800 1.284 0.826 0.381
10

do and dP are the nominal thicknesses of the deposited Cr and Pd layers, respectively

The resistance of a network of pure Pd nanowires was
found to decrease (or decrease after an initial positive Surge)
in the presence of H2 when its thickness was reduced to less

than 7 nm. That is, its H, responses are dominated (or

15

clusters should spread over a lager area than the Pd clusters
for the same nominal layer thickness. Since the Pd on top of

tion of Pd grains.'" However, in our Pd/Cr nanowire

Cr will be continuous and it will be easier to fill the small

25

gaps between neighboring Cr clusters with Pd, this can lead
to a decrease of the total thickness required to form con
tinuous Pd nanowires. That is, a Cr layer of 2 nm or less in
the Pd/Cr nanowires on the filtration membrane promotes
the formation of a continuous Pd layer with a thickness less
than that required in pure Pd nanowires, even though the Cr
layer itself may be discontinuous. Furthermore, the Pd and
Cr (or parts of them) may also form an alloy, similar to that

observed in the Ni/Cr alloy,'" which can have improved

30

resistance increase of the Pd/Cr nanowire networks should

originate from the formation of Pd/H solid solution (at low

H, concentrations) or Pd hydride (at high concentrations).

resistances of our control samples with a Cr thickness of 2
nm or less on filtration membranes (Samples C1 and C2 in
Table II) indicate that broken Cr nanowires dominate their
electrical properties. This implies that the Cr layer on
alumina filtration membrane probably grows via a 3D nucle
ation process and may not be continuous when its thickness
is 2 nm or less. Due to the strong chemical interaction

between Cr and the alumina surface." however, the Cr

affected) by broken Pd nanowires which can become con
tinuous and more conductive due to hydrogen-induced dila

networks, which consist of a Pd layer thinner than 7 nm, the
resistance increases when exposed to various concentrations
of H, as indicated by the data presented in FIG. 7 for
Samples S2 and S3 based on a 2 nmPd/3 nmCr network. It
is evident that the resistance of the sample initially increases
with time and then Saturates at a value that depends on the
He concentration. Experimentally we did not observe hydro
gen induced resistance changes in the control samples
(Samples C1-C4) with only Cr deposited on both filtration
membranes and Si Substrates. Furthermore, a gap closing
between neighboring Pd clusters or Pd and Cr clusters due
to the dilation of Pd clusters in the presence of hydrogen will
decrease the resistance of the nanowires. Thus, the observed

16
adhesion layer were continuous, resulting in a continuous Pd
layer on top of it due to the complete wettability between
two metals. Although a layer by layer growth of Cr films on
alumina Substrates with perfect Surfaces was observed, a
reduced surface promotes a three-dimensional (3D) growth

wettability on the filtration membrane than pure Pd, leading
to a reduction in the critical thickness requirement for
forming continuous Pd/Cr nanowires. It is clear that more
research is needed to reveal the mechanism responsible for
the reduction of the critical thickness induced by the Cr
adhesion layer for forming continuous Pd and Pd/Cr layers.

35

26.27.37 This also implies that the Pd nanowire networks are

TABLE II

continuous.

The dramatic effect of the Cr buffer layer on the perfor
mance of the Pd-based network sensors can be clearly seen
in FIG.8 which present a comparison of the H responses for
a 4 nm thick Pd nanowire network (Sample C5) with a 2
nmPd/2 nmCr network (Sample S1). Although the total
thicknesses of these two networks are identical, their base

line resistances in the absence of H differ by a factor of
more that three orders of magnitudes: the resistance of the 4
nm Pd sample is as high as 10 MS2 while the replacement of
2 nm thick Pd with a 2 nm thick Cr layer reduces the
resistance to a few kS2, as shown by the data presented in
FIGS. 8a and 8b and Tables I and II. Since Cr has higher

electrical resistivity than Pd,'' such an enormous reduc

tion of the sample resistance by the Cr layer implies a
change in the morphology of the Pd/Cr nanowires from that
of the pure Pd ones. That is, the 4 nm thick pure Pd network
probably consists of broken nanowires while the 2 nmPd/2
nmCr networks should be continuous. Such a change in
morphology is reflected in the H responses: the resistance
of the 2 nmPd/2 nmCr sample (Sample S1) increases when
exposed to H, in contrast to that of the 4 nm thick pure Pd
sample (Sample C5) for the same H2 concentration, as
indicated by the data presented in FIG. 8a and FIG. 8b. The
same behavior was observed for all tested H concentrations,
as demonstrated by the concentration dependences of the
maximal resistance change AR/R given in FIG. 8c for
these two samples.
The above results clearly indicate that the Pd layer with a
nominal thickness of only 2 nm is electrically connected in
the Pd/Cr nanowires. This could be understandable if the Cr

Baseline Resistances (Ra) of the Comparison Samples

Samples
40

Substrates
dc (nm)
dp (nm)
45 Ro (k2)

C1

C2

C3

C4

C5

C6

C7

Filter
1
O
8500

Filter
2
O
2600

Filter
3
O
28.10

Si
1
O
2.401

Filter
O
4
14290

Filter
O
7
2.089

Si
2
2
O.123

dc and dP are the nominal thicknesses of the deposited Cr and Pd layers, respectively

When bulk Pd is exposed to hydrogen, it forms a Pd/H

50

55

60

solid solution (O-phase) and a Pd hydride (B-phase) at
hydrogen contents (atomic ratios of H:Pd) less than C. and
higher than B, respectively. At room temperature the values
of C and B, are 0.015 and 0.61, respectively. A mixed
phase (C+B phase) exists at intermediate hydrogen content.
The hydrogen induced resistance change, which is the core
of a Pd based resistive H. sensor, is very sensitive to the
hydrogen content in the C. phase and shows only a small
increase from C. up to B, composition. In the B phase
region, the resistance first increases abruptly, reaching a
value of 87% larger at -0=0.76 and then stays nearly
constant at higher hydrogen contents. The H concentration
dependence of the resistance change in thick Pd films
follows a similar trend with the appearance of the pure B
phase at concentrations of 1-1.5%, depending on the thick

ness of the film. Since the resistance of Pd in majority

65

portion of the pure f3 phase does not change with H
concentration, a pure Pd based sensor loses its sensitivity
and thus, is inapplicable at high H concentrations (>2%).

US 9,618,494 B2
17
Such saturation behavior was also reported for electrode

18
a continuous nanowire network rather than separate nano
clusters in the 2 nmPd/3 nmCr sample, the confinement
effect seems to be strong enough to Sustain the C. phase up
to H. concentrations of 100%. Since the width (7 nm-9 nm)
of the nanowires in the network is larger than the diameter
(6 mm) of the nanoclusters in which C. to B phase transition

posited single Pd nanowires’’’ and for networks of pure Pd
nanowires formed on filtration membranes

where the

sample resistance first increases with H concentration up to
about 1-2% and then remains constant at higher concentra
tions. The data shown in FIG. 7 for the 2 nmPd/3 nmCr

nanowire network, however, clearly show a difference in the
resistance change induced by hydrogen with concentrations
up to 100%. This observation is further summarized in FIG.
9a where we plot the resistance change obtained at various
He concentrations. Quantitative analysis demonstrates that
the concentration dependence of the maximal resistance
change AR/Ro follows a power-law relation with an expo
nent of 0.26 for concentrations up to 100%. This indicates
that the interaction of H and Pd in the whole concentration

was observed."7 the extension of the concentration range for

the C. phase is due to the confinement in the thickness
direction. In this case, the B-phase is expected to appear
10

15

range follows Sievert’s law. That is, the ratio of the

dissolved atomic H to Pd atoms can be described to a good
approximation with a power-law dependence of the H
partial pressure (i.e. He gas concentrations in our experi
ments) and the change of this ratio leads to a proportional

AR/R response. The exponent of n=0.26 is smaller than
pure Pd nanowire network. This difference can be partially

time, which is defined as the rise time to reach 90% of its

25
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monotonic decrease of the response time with H concen
tration up to 100%.
The survival of the C-phase at high H concentrations can
be a consequence of confinement effect. In fact, X-ray

35

face-center-cubic (fcc) Pd host lattice. Although Pd forms

and nanowire networks’’ formed

discontinuous when its thickness is reduced to less than 4
45

nm. Our Success in fabricating a continuous Pd layer as thin
as 2 nm by adding a thin buffer layer of Cr provides a new
way to achieve Pd-based sensors, which can be sensitive to
H at concentrations of up to 100%.

It has been demonstrated in both single Pd nanowires’

and Pd nanowire networks that the surface area to volume
50

(SA/V) ratio limits the response time of the sensor rather
than the proton diffusion. This is because the proton diffu
sion time in a nanostructure is far shorter than any reported

sensor response time. For example, Einstein's expression
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yields a time of ~100 us for a proton to diffuse a distance of
10 nm. FIG. 11 presents a comparison of the fastest response
times observed in a 2 nmPd/2 nmCr network and in a pure
7 nm thick Pd network. Though the 2 nm thick Pd network
is indeed faster at all tested concentrations, the difference in

60

the response times is definitely much shorter than that (by a
factor of ~12) expected from a diffusion limited process.
Furthermore, the long response times in the 7 nm thick
nanowire network at H concentrations above 1% reflect a
significant contribution from the C. to B phase transition

which causes a retarded H response.

cluster-size of Pd is reduced. Such an enhancement of the

atoms, in addition to the usual octahedral sites of the

observed in both films'

on bare substrates, however, a layer of pure Pd will become

B phase transition in 3.8 nm sized clusters. Hydrogen
solubility studies on palladium clusters with diameters of

hydrogen solubility in the C-phase of Pd nanoclusters is
attributed to the existence of subsurface sites for hydrogen

This implies that pure Pd with at least one-dimension (e.g.
thickness) of less than 4 nm could be sensitive to H at
concentrations up to 100%. Since the lattice expansion in the
C-phase is extremely small, it will be extremely challenging

to utilize the gap closing mechanism'' to detect H. As
40

diffraction measurements on Pd-nanoclusters reveal no C. to

2-5 nm also show that nanoclusters in the C. phase can absorb
5-10 times more H than bulk palladium, shifting the maxi
mum hydrogen content (C) to a higher value. Hence, the
concentration range of the C-phase is extended when the

with Pd layer thickness of 3 nm or less. When the thickness
of the Pd layer is increased to 4 nm, the power-law depen
dence of the resistance change AR/R on concentration is
valid up to a H. concentration of 8%. A bump also appears
in the response time versus concentration curve. With further
increase of the Pd thickness up to 6 nm, the deviation from
the power-law relation in the AR/Ro versus concentration
curve becomes more significant at H concentration above
5%. A clear peak also emerges in the concentration depen
dence of the response time. These features are characteristics
of the C. to 3 phase transition and reveal the existence of the
B-phase in the samples with 4 nm and 6 nm thick Pd layers.
The observation of the C. to B phase transition in these
samples indicates that the Pd layer in the Pd/Cr networks

behaves similarly to the nanoclusters, electrodeposited
single nanowires,’’ and nanowire networks of pure Pd.

maximal change, as presented in FIG. 9b for a series of
Pd/Cr nanowire networks with various Cr layer thicknesses
of 1 nm, 2 nm and 3 nm. A peak or bump in the response time
versus concentration relation was found to accompany the C.

to B phase transition in single Pd nanowires' and pure Pd
nanowire networks. However, the data in FIG.9b show a

FIG. 10 presents H responses of Pd/Cr nanowire networks
with various Pd layer thicknesses while maintaining a con
stant Cr buffer layer thickness. For samples with Pd thick
nesses of 2 nm and 3 nm, the H concentration dependence
of the resistance change AR/Ro follows a power-law rela
tion, and the response times also decrease monotonically
with concentrations up to 100%. Thus, the C. to B phase
transition should be absent in the Pd/Cr nanowire networks

the theoretical value of 0.5 and that (0.58) for a 7 nm thick

attributed to the H insensitive resistance of the shunted Cr
layer. This hypothesis is consistent with the observed expo
nent increase when the resistance contributed by the Cr layer
is smaller, as demonstrated by the data obtained by either
reducing the thickness of the Cr layer from 3 nm to 1 nm
while keeping the thickness of the Pd layer at 2 nm (inset of
FIG.9b) or increasing that of the Pd (FIG. 10a) from 2 nm
to 6 nm as the Cr layer stays at 2 nm thick. However, the
change of n (from 0.28 to 0.68) induced by increasing the
thickness of the Pd layer is much larger than that (from 0.26
to 0.33) by decreasing the thickness of the Cr layer, though
the changes in the ratios of the thicknesses of Pd and Cr
layers are the same. This indicates that the exponent n is
strongly associated with the confinement effect due to the
thickness reduction in the Pd layer.
The power-law dependence of the resistance change on
the H concentration implies that the 2 nm thick Pd nanowire
network is in the C-phase for the whole concentration range
and that the addition of a Cr buffer layer suppresses the C. to
B phase transition. The absence of the 3 phase can also be
inferred from the concentration dependence of the response

when the thickness of the nanowire network is increased.

65

The difference (a

factor of 1.08-1.21) in response times for these two samples
in the C. phase (at H concentrations less than 1%) is also
smaller than that expected due to SA/V ratio increase (a
factor of 1.82-1.98 by assuming a rectangular cross-section
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for the Pd nanowires with a width of 7-9 nm). This disparity
is probably caused by the reduction of granularity in the 2
nm thick Pd nanowire network with a Cr buffer layer. The 7
nm thick Pd sample deposited on a bare oxide substrate
should be more granular and the grain boundaries serve as
additional surfaces to interact with hydrogen. This hypoth
esis is in fact supported by the data presented in FIG. 12: at
a hydrogen concentration of 8%, the resistance of a 7 mm
thick Pd nanowire network with a 2 nm thick buffer layer of
Cr remains constant between 30 and 60 seconds, while that

10

for the sample on bare Substrate cannot reach a steady state
after more than 250 s. The decrease of the resistance with

time at a constant hydrogen concentration indicates that the
7 nm thick Pd nanowire network without a 2 nm thick buffer

layer of Cr is granular and the hydrogen-induced Pd grain
dilation enables more conducting paths when more gaps
between neighboring grains are shortened with time.
The importance of Surface area on the sensor response
time is further demonstrated in FIG. 13 where we compare
the response times of a 2 nmPd/2 nmCr nanowire network
and its reference film deposited simultaneously onto a
silicon substrate (with a 300 nm thick oxide top layer). Since
the shortest hydrogen diffusion distance of 2 nm (the thick
ness) is the same for both samples, the significant decrease
of the response times in the network sample must come from
the additional surface area of the porous substrate morphol
ogy. As discussed above, the growth mode of a Cr film can

15

25

strongly depend on the roughness of the substrate surface."

In fact, this can be the origin of the pronounced difference
in resistances of the 1 nm thick Cr samples deposited on a
filtration membrane and a Si substrate (Samples C1 and C4
in Table II, respectively). That is, the morphology of the Pd
layers on Cr coated filtration membrane and Si substrate
may not exactly be identical, resulting in different H.
absorption kinetics. This could account for the dependence
of the response times on H concentration ratios in these two
types of samples, as demonstrated by the data given in FIG.

30
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In many applications a hydrogen sensor needs to be
exposed to air or an oxygen environment. Though the Cr
layer is covered by the Pd layer on the top surface, it may
oxidize by reacting with oxygen diffused in from the sides.
Such a process in the Cr layer might have an impact on the
morphology of the Pd layer and hence on the performance
of the Pd/Cr hydrogen sensor. We addressed this issue by
examining the hydrogen responses of a 2 nmPd/3 nmCr
sensor (Sample S3) just after preparation (and stored in a
drybox for a few hours to make electrical contacts) and
exposed to air for various periods of time. The results are
presented in FIGS. 14b and 14c. Surprisingly, after storage
in air the sensor has a larger resistance change and a shorter
response time compared to those of the pristine sample. That
is, the performance of the sensor is improved by exposure to
air. This indicates that due to the oxidation of the Cr layer the
Pd layer may have more defects which can act as additional
hydrogen interaction Surfaces. The oxidation process,
however, should end after a period of time. Thus the sensor
should become stable eventually, as demonstrated by the
nearly identical resistance changes of the sensor Stored in air
after 20, 75 and 90 days (see FIG.14c). The slight difference
in the concentration dependence of the response times
obtained after 20 days or longer air exposure indicates subtle
changes in the sensor.
A5 nm thick Pd/Ni alloy nanowire network (the nominal
Ni content is 6%) was formed in the same manner as the
nanowire networks described above. FIG. 15 presents the
concentration dependences of the maximal resistance
change and the response time of this 5 nm thick Pd/Ni alloy
nanowire network.

An 8 layer nanowire network, formed of alternating layers
of Au and Pd was also formed in the same manner as the
35

nanowire networks described above. FIG. 16 illustrates H.
responses of this network of 4x(1 nmPd/1 nm Au) multilayer
nanowires. The inset presents the real time resistance evo
lution at 2% H.

13.

Fabrication of Pd/Cr Nanowire Networks.

Ostwald ripening, in which the larger clusters take up
mobile atoms at the expense of Smaller ones in a nanocluster
ensemble is an extremely slow process at room temperature.
However, the presence of a hydrogen atom in the metal
lattice reduces the binding energy, thus increasing the prob

Commercially available Anodisc(R) 13 membranes (What

ability of detachment of palladium atoms. Recently Di
Vece et al. reported hydrogen-induced Ostwald ripening at
room temperature in a Pd nanocluster film. Such a ripening

process could also occur in our Sputter-deposited Pd
nanowire networks consisting of grains of various sizes,
leading to irreversible hydrogen responses due to a morpho
logical or structural change during a hydrogenation of the

40

20 nm were cleaned in acetone for 10 min in an ultrasonic
bath and then rinsed with deionized water followed with an

ethanol rinse. They were dried using high-purity nitrogen

reported for pure Pd nanowires.’ This robustness of the
Pd/Cr sensor may be a benefit of the strong chemical

interaction between Cr and the alumina surface."

gas. Crand Pd were sputtered sequentially onto the filtra
film deposition system under a base vacuum of ~1x107
Torr. The working gas was argon (Ar) at a pressure of 3
mTorr. The deposition rates of Crand Pd were 0.49 A/s and
1.3 A/S respectively, determined by an in-situ quartz crystal

45

tion membrane surface by employing an AJAACT-2400 thin

50

microbalance (QCM) thickness monitor (model TM-350
from Maxtek, Inc.). The sputtering time for a deposited
metal was defined by using a desired nominal thickness
divided by the deposition rate. A reference film was prepared
for each nanowire network sample by placing a silicon
substrate (with an oxide top layer of 300 nm) nearby during
Sputtering.
Scanning Electron Microscopy (SEM).
A high-resolution field emission Scanning electron micro
scope (FESEM) (Hitachi S-470011) was used to image the
morphology of the fabricated samples. The samples were

network. FIG. 14a shows a resistance versus time curve for

a 2 nmPd/2 nmCr nanowire network (Sample S1) with 20
loading/unloading cycles. It is evident that the process is
reversible: the resistance of the sample in the presence of
hydrogen stays precisely the same for all cycles while it
increases slightly when the hydrogen is replaced with nitro
gen, probably due to the slow recovery which may require
an even longer waiting time. This result, along with data
presented in the inset of FIG. 7 showing repeatable resis
tance change during hydrogen concentration Sweeping,
demonstrate that our Pd/Cr nanowire networks can respond
to hydrogen reversibly, excluding the occurrence of Ostwald
ripening. We also did not observe fracturing of the Pd/Cr
nanowires after repeated exposures to H, in contrast to that

man Company)' with a nominal filtration pore diameter of

55
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mounted on an aluminum holder with double-sided carbon
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tape. The sample's top surface coated with Pd/Cr was also
connected to the sample holder with double-sided carbon
tape to avoid charging effects.
Hydrogen Sensing.
Rectangle-shaped samples with width of 2+0.5 millime
ters were cut from the Pd/Cr coated filtration membrane and
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glued onto a sample holder with the Pd/Cr nanowire net
works facing up. Four electrical contacts were made to the
sample with silver paste and the distances between the two

22
13. Xu, T.; Zach, M. P.; Xiao, Z. L.; Rosenmann, D.; Welp,
U.: Kwok, W. K.; Grabtree, G. W., Self-Assembled

voltage leads are 3+1 millimeters. The H. sensor testing

was performed by placing the sample in a sealed flow cell
with a total dead volume of 2-3 mL. An array of ultrafast
Solenoid valves (response time of 25 ms) and minimized
dead volume of the gas passages were used to accurately
characterize these sensors with response times down to tens
of milliseconds. He gas (Airgas, ultrahigh purity or with
concentrations of 0.1%, 1% or 10% balanced with N.) was
premixed with N gas (Airgas, ultrahigh purity) to the
desired concentrations using mass flow controllers (Aalborg
GFC 17A). The purging gas is N. The total gas flow rate
was 200 sccm. The resistance of the sample was measured
in constant current mode with a current source (Keithly
6221), which can provide current from tens of nanoamperes
to a few milliamperes. The voltage was recorded with a
precision high-speed digital-to-analog (DAC) board
(NI6259, 16 bits, sampling rate up to 1 MS/s) via a voltage
preamplifier (Stanford Research Systems, SR560). All tests
were carried out at room temperature.
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10. The sensor of claim 1, wherein the second layer
comprises Cr or Ti.
11. An electronic device, comprising the sensor of claim
10, wherein the electronic device is a computer, a mobile
phone, a vehicles, a fuel cell or a hydrogen storage tank.
12. The sensor of claim 1, wherein the second layer has
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a thickness of 1 to 3 nm.

What is claimed is:

1. A sensor, comprising:
a network of nanowires, and
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an ohmmeter or an integrated circuit, electrically coupled
to the network of nanowires,

a network of nanowires, and

wherein the nanowires comprises Pd,
each nanowire has a thickness of at most 20 nm,
each nanowire has a width of at most 20 nm,

an ohmmeter or an integrated circuit, electrically coupled
15

each nanowire has a thickness of at most 20 nm,
each nanowire has a width of at most 20 nm,

2. The sensor of claim 1, wherein the sensor senses a
25

5. The sensor of claim 1, wherein the first layer has a
30

6. An electronic device, comprising the sensor of claim 1,
wherein the electronic device is a computer, a mobile phone,
a vehicles, a fuel cell or a hydrogen storage tank.
7. The electronic device of claim 6, wherein the first layer
has a thickness of 2 to 3 nm.
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8. The electronic device of claim 6, wherein the first layer
consists of Pd.

9. The electronic device of claim 6, wherein

the first layer consists of Pd,
the first layer has a thickness of 2 to 3 nm, and
the second layer comprises at least one member selected
from the group consisting of Cr, Ti, Ge. Mo, Au, Ni,
alloys thereof and compounds thereof.

the nanowires each comprise a first layer, and a second
layer in contact with the first layer,
the first layer consists of Pd,
the first layer has a thickness of 2 to 3 nm, and
the second layer comprises at least one member selected
from the group consisting of Cr, Ti, Ge. Mo, Au, Ni,
alloys thereof and compounds thereof.
15. The sensor of claim 14, wherein the sensor senses a

of Pd.
thickness of 2 to 3 nm.

to the network of nanowires,

wherein the nanowires comprises Pd,

the nanowires each comprise a first layer, and a second
layer in contact with the first layer,
the first layer has a thickness of 2 to 4 nm, and
the second layer comprises at least one member selected
from the group consisting of Cr, Ti, Ge. Mo, Au, Ni,
alloys thereof and compounds thereof.
change in hydrogen concentration from 0 to 100%.
3. An electronic device, comprising the sensor of claim 2,
wherein the electronic device is a computer, a mobile phone,
a vehicles, a fuel cell or a hydrogen storage tank.
4. The sensor of claim 1, wherein the first layer consists

13. An electronic device, comprising the sensor of claim
12, wherein the electronic device is a computer, a mobile
phone, a vehicles, a fuel cell or a hydrogen storage tank.
14. A sensor, comprising:

change in hydrogen concentration from 0 to 100%.
16. An electronic device, comprising the sensor of claim
15, wherein the electronic device is a computer, a mobile
phone, a vehicles, a fuel cell or a hydrogen storage tank.
17. The sensor of claim 14, wherein the second layer
comprises Cr or Ti.
18. An electronic device, comprising the sensor of claim
17, wherein the electronic device is a computer, a mobile
phone, a vehicles, a fuel cell or a hydrogen storage tank.
19. The sensor of claim 14, wherein the second layer has
a thickness of 1 to 3 nm.
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20. An electronic device, comprising the sensor of claim
19, wherein the electronic device is a computer, a mobile
phone, a vehicles, a fuel cell or a hydrogen storage tank.
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