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Single Nanoporous Gold Nanowire Sensors
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Chemisorption from the gas or liquid phase can result in a measurable resistance change in a metallic material
when at least one dimension is smaller than the mean free path for electrons. Here we report on the fabrication
of single nanoporous gold nanowires and demonstrate that adsorption of an alkanethiol can be monitored in

real time. Single nanowire devices were fabricatednbsitu etching of Aw 18Ago 52 alloy nanowires in dilute

nitric acid. The evolution of the porous structure was characterized by monitoring the resistance change and

comparing to cross-sectional images. The feature size of about 10 nm is less than the mean free path for
electrons in bulk gold, and hence the resistance is dominated by surface scattering. Adsorption of a monolayer
of octadecanethiol onto the nanoporous gold nanowire results in a resistance change of about 3%. The sensitivity
factor of 1.0x 10716 cn? is comparable to values reported for adsorption at ultrathin films.

Introduction in coarsening of the gold to form solid ligaments with feature
sizes ranging from nanometers to microns depending on the
initial alloy composition and the etching conditions.
In previous work we demonstrated that NPG nanowires can
fabricated by a two-step technique involving electrochemical
mplate synthesis of AAgi—x alloy nanowires followed by
emoval from the template and subsequent etching in nitric
acid??2 NPG nanowires exhibit high surface-to-volume ratios
and feature sizes that can be in the nanometer range. Further-
T ) ) ) more, NPG nanowires exhibit a small footprint and hence are
_In the fabrication of chemical sensors in metallic systems, 4ractive for sensor applications. In this paper, we use in situ
finite size effects can be exploited for transduction. In bulk etching of AuAg:_ alloy nanowires to fabricate single NPG

metals, the resistance is dominated by lattice scattering. HOW-geyices and report on the resistance change associated with the
ever, when the dimensiath of a metallic conductor is smaller adsorption of an alkanethiol.

than the mean free path of electrohsthen the resistance

becomes dominated by sca}ttering qf electrons at the suiface. Experimental Section

In this case, the electronic coupling of adsorbates to the

conduction electrons can give rise to a change in resistance.  Figure 1 shows a schematic illustration of NPG nanowire
The mean free path for most metals is on the order of a few Synthesis and device fabrication. Briefly, #g:x alloy

tens of nanometers, and hence surface scattering is significanfianowires were fabricated by electrochemical template synthe-

in films where the thickness is less thinor in wires where sis. After removal from the template and suspension in a suitable

the diameter is less thap,. Ultrathin metal films have been  solvent, the nanowires were dispersed on a substrate and

exploited as sensors for detection of adsorbates from both the€lectrical contacts were formed using conventional photolithog-

gas phase® and the liquid phas&:1¢ Resistance changes in raphy. Finally, the silver was etched from the alloy to form

ultrathin metal films have been used to monitor underpotential hanoporous gold nanowires.

depositiof12 and the adsorption of halide iohd! and An anodic alumina film (Whatman) with a nominal pore size

alkanethiolg3-16 of 200 nm was used as the template for electrodeposition of
In the fabrication of compact sensors based on surface the alloy nanowires. A 600-nm-thick Cu film evaporated onto

scattering, the challenge is to provide a high surface area with One side of the template served as the working electrode in a

a relatively small device footprint. In this paper we report on a three-electrode cell with a Pt mesh counter electrode and a Ag/

single nanoporous gold nanowire sensor that exploits surfaceAdCl (3 M NaCl) reference electrod&/fq= 0.200 V vs SHE).

scattering in the solid ligaments of the porous structure for signal Alo.18AJo.s2 Nanowires approximately*®20 um long were

transduction. The nanoporous structure is formed by chemically deposited from a solution containing 100 mM AgKCN (Alfa

etching the less noble component from a single-phase binaryAesar, 99%), 20 mM AuKCN (Alfa Aesar, 99.99%), and 0.25

alloy containing a noble metal. For example, nanoporous gold M Na:CO; (Alfa Aesar, 99%), pH 13, at-1.2 V (Ag/AgCl)#

(NPG) is formed when Ag is etched from a fg;— alloy.17-2 The average diameter was 36020 nm.

Surface diffusion of the gold during the etching process results ~ After deposition, the Cu film was stripped by etching in a

solution of 0.3 M Cud] (Alfa Aefar, 99%) and 0.1 M HCI

* Author to whom correspondence should be addressed. E-mail: searson@(Fisher Scientific, ACS grade). The alumina template was then
jhu.edu. dissolved n 2 M NaOH for more tha 2 h at 56-70 °C. After
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The quasi-one-dimensional geometry of nanowires makes
them ideal for device applications based on the transport of
charge, such as field effect transistors (FETSs). Single nanowire be
FETs have been fabricated using semiconductor nanowires or.
carbon nanotubes as the channel with the contacts to each en
of the wire serving as source and drain electrodes. Adsorption
of charged species on the surface of the nanowire gives rise to
a change in conductivity that can been exploited for sensing.
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The alloy nanowires were etched in situ to form the
/template nanoporous structure. After assembling a single #0gdo g2
nanowire into a chip carrier, a drop of dilute (25 vol %) HNO
(EMD, ACS grade) was placed on the device. Etching was
stopped by adding MilliQ water. The nanowire resistance was
monitored during the etching process.

Resistance measurements were performed by scanning the
current from —100 nA to 100 nA using a current source
(Keithley 236) and measuring the corresponding voltage change
(Keithley 2182 nanovoltmeter).The sensitivity of the resistance
measurement was about 0.Q1

/ conducting film

electrodeposition of A, B, , alloy
nanowires into template

l strip nanowires from Cross sections of the NPG nanowires were prepared and
template imaged using a dual-beam focused ion beam (FIB) system (FEI
NOVA dual-beam FIB). Cross sections were cut using a Ga
A solid A,B, , alloy ion beam current of 10 pA with a constant milling time of 30
-~ nanowire S.
/'\ Experiments on thiol adsorption were performed in the
s - following way. Approximately 5 mL of ethanol (Pharmca, ACS
disperse on substrate and grade) was placed on the nanowire in the chip carrier. After it
l pattern contact electrodes was ensured that there was no change in the resistance,
\ octadecanethiol (ODT, CHICH,)17SH, Sigma-Aldrich) was

injected into the ethanol.

l etch component B from alloy Results and Discussion

T Fabrication of NPG Nanowires by In Situ Etching.
nanoporous nanowire Nanoporous gold nanowires are relatively brittle, and processing
of component A steps such as washing and centrifugation can lead to fracture

Figure 1. Schematic illustration of the fabrication of a single NPG and hence short \{Vlre.segments. In this W,Ork the NPG nanowires
nanowire device. were formed by in situ etching of the silver from the Ag
Adgo.szalloy nanowires in dilute nitric acid, resulting in a device
yield that was much higher than that obtained from first forming
the NPG nanowires by etching in suspension.

The measured resistance of singteSum long Aw 16Ado.s2
nanowire devices was 50 Q. The measured resistance is
larger than the expected resistance ef21Q based on the
physical dimensions and the resistivity for Au and Ag, indicating
a contact resistance of about35 Q.

When the Ay 16Ago s2alloy nanowires were exposed to dilute
nitric acid, the resistance increased with the etching time, as
shown in Figure 3a. All resistaned¢ime curves exhibited two
characteristic regimes. On introduction of the dilute nitric acid,
the resistance increased by a few ohms within the first minute.
Fi . . . . N . The resistance then remained relatively constant fob 4#nin,

igure 2. (a) Optical microscope image of a chip carrier with a single : . . : .
nanowire device, (b) plan view SEM image of a single nanowire after which the resistance increased dramatically. Etching was
showing the gold contacts patterned by photolithography, and (c) plan Stopped when the resistance was in the range of-500 Q
view SEM image of a NPG nanowire. by rinsing with water. If etching was allowed to continue beyond

this point, the resistance continued to increase, and eventually
being washed in MilliQ water and centrifuged several times, the wires broke, resulting in an open circuit. Figure 3b shows
the Auw.16Ado.s2 alloy nanowires were suspended in 2-propanol a control experiment where a pure Au nanowire was exposed
(Sigma Aldrich, ACS grade). to dilute nitric acid, illustrating that there is no change in

Single nanowire devices were fabricated on Si wafers with resistance.

500 nm oxide layers (Siliconquest) using photolithography and  In Figure 3a, the resistance rapidly increases by(2i the
then assembled into a chip carrier by wire bonding. A drop of first 20 s. The Ag16Ago.s2alloy nanowire was 6.am in length
the nanowire suspension was dispersed on the wafer followedand 360 nm in diameter. Taking an average resistivity of2
by drying in Nb. Photoresist (S1827, Microchem) was spin- cm (oag = 1.6 42 cm andpa, = 2.2 42 cm), the resistance of
coated on the substrate at 3000 rpm and baked at@1Bfter the solid alloy nanowires is determined to be aboutC2. \fter
the wafers were exposed using a mask with the lead pattern20 s etching, the resistance increases by .20 3.5 Q,
and developed, a 26800 nm gold layer was evaporated onto equivalent to the resistance of a solid nanowire of the same
the wafer. The photoresist was then removed, leaving the endslength with a diameter of 217 nm (i.e. a cross-section of 0.36
of the nanowires covered by the gold leads. The gold leads wereof the original nanowire). In the absence of coarsening, complete
then connected to a chip carrier (PLCC 28, Spectrum) by 25 etching of the silver would result in a cross-sectional area 0.18
um in diameter gold wire. The length of the nanowires between of the original nanowire. Thus we can infer that about 78% of
the contacts was typically-58 um. Figure 2 shows the chip  the silver is removed in the first 20 s. The extent of the plateau
carrier, the lead pattern, and a single nanowire. region where the resistance remains essentially constant is
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Figure 3. (a) Resistance change during in situ etching of a singlgiAu . . . . . L
Ado.s2 Nnanowire in dilute HN@with an initial resistance of 1. The Figure 5. (a)_ Nanowire diameter versus et_chlng time durl_ng in situ
inset shows an expanded plot of the resistance during the initial stagesgtCh'ng. in d‘:"“te HNIQ _amdf (ﬁ) the porosity vseg\;ljs_ etching time
of etching. (b) Resistance versus time plot for a pure Au nanowire in d€termined from analysis of the cross-section Images.

dilute HNG;.

20 min, respectively. After 1 min of etching, Figure 4c, the
cross-section image shows that the nitric acid has penetrated to
the center of the nanowire and that the morphology is relatively
uniform. From Figures 4d and 4e, it is evident that the porosity
continues to increase with etching time, indicating that Ag is
still being removed from the nanowire.

Figure 5a shows the wire diameter plotted versus etching time,
100nm illustrating that etching and coarsening continue for the first 10
min of etching. After 20 min of etching, energy dispersive
spectroscopy in the transmission electron microscope revealed
that almost no Ag remained in the nanowire, indicating that
the etching process is complete. The continued coarsening
eventually results in fracture since both ends of the nanowire
are constrained by the contact electrodes.

Figure 4. (a) SEM cross-section image of (a) a pure gold nanowire  Figure 5b shows the porosity of the nanowires estimated from
and (b) a NPG nanowire. Cross-section SEM images af 1440052 analysis of the cross-section images. The boundaries of the solid
nanowires after in situ etching in HNGor (c) 1 min, (d) 5 min, and  regions were first identified by thresholding the images and the
() 20 min. porosity and then determined from the fractional area. This
figure shows that the porosity increases dramatically during the

dependent on the nitric acid concentration. In concentrated nitric first minute as a large amount of silver is etched from the alloy.

acid, the resistance increases very rapidly to the break point,BOth etching and coarsening occur during the first 10 min. This
and hence the etching process is difficult to control. Thus by is also evident from the fact that coarsening alone would result

performance of the etching process in situ it is possible to control IN & decrease in porosity. After 10 min of etching, both the
the morphology and resistance of the NPG nanowires diameter and the porosity exhibit a relatively small change,
Characterization of the Porous Structure. Figure 4a shows indicating that most of the Ag has been etched and that the rate

a cross-section image of a AwAdos alloy nanowire, illustrat- of coarsening is significantly reduced.
ing that the nanowires are solid with a diameter of about 360 We can compare the porosity at long times with the value
nm. Figure 4b shows a cross-section image of an NPG nanowire€stimated from the wire diameter in Figure 5a. After 20 min of
after etching, illustrating the characteristic structure of nanopo- etching the wire diameter is 230 nm. Assuming that all of the
rous gold. During the etching process the silver atoms are silver is etched from the alloy, then we estimate an average
removed, leaving gold-rich regions. Diffusion of the gold atoms porosity of 0.56, which is good agreement with the value, 0.65
at the surface is relatively fast, resulting in coarsening of the = 0.08, obtained from analysis of the image in Figure 4e.
structure. The coarsening of the remaining gold results in a We can now compare the resistance change during etching
significant decrease in the wire diameter, as can be seen fromwith the wire diameter and porosity. The SEM images show
the scanning electron microscope (SEM) images. that during the first minute the nitric acid has penetrated to the
Figures 4e-e show cross-section images of the porous center of the wires, producing a uniform morphology with a
structure after in situ etching in dilute nitric acid for 1, 5, and porosity of 0.53+ 0.04. As described above the resistance
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Figure 6. (a) Intensity versus plot obtained from transformation of 298
the cross-section SEM images. The etching time is indicated in the

figure. (b) Characteristic feature size associated with the solid ligaments

in the NPG nanowires plotted versus etching time. 0 %0 100 1%0

Time (min)
change that occurs in the first 20 s corresponds to etching of Figure 8. Resistance versus time for a single NPG nanowire device.
about 78% of the silver. Taking into account that the diameter The arrows indicate the injection of aliquots 051071 mol ODT.
has decreased to 350 nm, the reduction in area corresponds to
a porosity of 0.61, in reasonable agreement with the value than the mean free path of electrons. We note that the resistance
obtained from the SEM image. After the initial increase, the of the NPG nanowires is typically 186600 Q, significantly
resistance remains essentially constant for the nex& #in. larger than the contact resistance, and hence the resistance
During this time coarsening is relatively fast, resulting in a change is dominated by the change in surface scattering.
significant decrease in the diameter of the nanowires. The The change in resistance is related to the increase in diffusive
remaining silver is also etched during this time so that there is scattering at the surface due to the presence of adsorbates. At
little change in the porosity. At longer times coarsening an ideal surface, all electrons are specularly reflected (elastically
continues, ultimately resulting in fracture of the solid ligaments scattered with no change in momentum in the direction of the
in the porous structure and hence a rapid increase in theelectric field). The presence of adsorbates or other defects can
resistance. lead to diffusive (inelastic) scattering of electrons that is
Analysis of the cross-section images can be used to obtainassociated with a change in momentum. Thus at a real surface,
the average ligament size in the porous structure. Fast fourieras long as the fraction of specularly reflected electrons is
transforms (FFTs) of the cross-section images can be used tosufficiently large, then adsorption will introduce scattering
obtain the ligament size of the porous structure. Figure 6 showscenters that will increase the fraction of diffusively scattered
intensity versugy plots obtained from two-dimensional FFTs  electrons. If the dimensions of the solid are smaller than the
of the cross-section images after thresholding. The peaks in theelectron mean free path such that the resistance is dominated
plots indicate the characteristic feature size in the nanoporouspy surface scattering, then adsorption can lead to a measurable
structure as a function of etching time. The mean free path for change in resistance.
electrons in gold is about 50 nffsignificantly larger than the Figure 8 shows an experiment where small aliquots<(5
average ligament size of around 10 nm, as can be seen in Figure) g-11 mol) were sequentially injected into the ethanol on the
6b. These dimensions are in good agreement with feature sizeghip carrier. The initial resistance of the nanowire is 236
seen in transmission electron microscope images (not shown).ang each aliquot results in a@ increase in the resistance.
__ Single NPG Nanowire Deviceskigure 7 shows the normal-  pigyre 9 shows the resistance change plotted versus the ODT
ized resistance change for a single NPG nanowire on introducingsrface concentration. The surface concentration was determined

104L of 1 mM ODT. This concentration of ODT is in €xCess  from the amount of ODT at the onset of saturation of the
of the amount needed to form a self-assembled monolayer ategjstance and taking monolayer coverage asc41614 cm-2.24

the surface. The resistance increases by 3% over a period of
about 1 min, corresponding to the time for the formation of a resistance increases linearly with coverage and then either

mo_nolayer at a planar surfate.The response time and ._saturates or reaches a maximum that is dependent on the film
resistance change are comparable to values reported for th'O'thickness, the electron mean free path, and the binding energy

; ; ] —16 _
a::is?rgtlr(]) non ultrat_hm gtold f||rr;t§3. th.Althﬁggfq nothdemorr: of the adsorbate on the metal surfé@edt the low coverage,
strated here, experiments on ultrathin gold films have s ownethe linear relationship can be expressed as

that the initial resistance can be recovered by exposure to ozon

In experiments in the gas phase with ultrathin films, the

and ethanot?
This result demonstrates that the NPG nanowire consists of M = A_Im (1)
an interconnected network of ligaments with dimensions less ddn) Jno d
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3 T v sensors for adsorption of octadecanethiol resulted in a sensitivity
of 1.0 x 10716 cn?, comparable to values reported for adsorption
at ultrathin films.
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