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Nanowire thermometers

Peng Peng,a Zhihua Su,a Zhihong Liu,a Qingkai Yu,*b Zhengdong Cheng*c

and Jiming Bao*a
We report the design and demonstration of nanowire temperature

reporters. Metal alloys with tunable melting points were used to

create nanowires in nanopores of anodic aluminum oxide using

mechanical pressure injection. When exposed to temperature above

their melting points, nanowires began to break up into disconnected

shorter nanorods due to Rayleigh instability. A wide range of

temperature can be probed conveniently by measuring electrical

resistance of nanowires.
There have been considerable efforts devoted to the develop-
ment of nanometer scale thermometers.1 A nanoscale temper-
ature reporter is a special nanothermometer which can act as a
stand-alone sensor and be deployed in circumstances with
limited or no access for in situ temperature monitoring. Several
such nanothermometers have recently been demonstrated.2–4

Silver nanoparticle nanothermometers exploit the dependence
of particle size on the exposed temperature.2 Ga-lled carbon
nanotube (CNT) thermometers rely on the oxide mark created
by a thermally expanded gallium column in the CNT at the
highest temperature.3 The unique thermal dewetting properties
of ultrathin Au lms can also be used to provide a temperature
ngerprint.4,5 These temperature reporters utilize temperature-
dependent irreversible morphological changes that can later be
interrogated to provide temperature information and they
function differently from other nanothermometers that utilize
the reversible temperature-dependent physical properties such
as uorescence,6–8 thermal expansion,9,10 blackbody radiation11

and electrical resistivity.12,13
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In this communication, we demonstrate a new type of
temperature reporters that utilize Rayleigh instability to create
irreversible morphological changes to nanowires.14 A straight-
forward fabrication technique was adopted to prepare and
protect metallic nanowires in porous anodic aluminum oxide
(AAO).15 An important characteristic of nanowire temperature
reporters is the melting point, above which nanowires become
fragmented due to Rayleigh instability. Based on morphological
or electrical changes of the nanowires, we can learn whether or
not the nanowire sensors have been exposed to the predened
characteristic temperatures. Reporters with different charac-
teristic temperatures can be fabricated using alloys with
different melting points. Such alloys are commercially available
and their melting points can be nearly continuously tuned from
42 to�700 �C.16 To demonstrate the concept, we choose indium
(In) and one of its alloys as the material for nanowires.

Fig. 1(a) shows the method that we used to create In or In
alloy nanowires inside AAO nanopores.15 An indium (or indium
alloy) foil is rst placed on an AAO membrane surface; it is then
pressed against the AAO membrane with a high mechanical
pressure. A proper pressure and an elevated temperature
(�20 �C below the melting point of indium or indium alloy) are
applied in order to push indium to the other side of the AAO
membrane, as shown in Fig. 1(b). Fig. 1(c) shows a scanning
electron microscopy (SEM) image of long and continuous In
nanowires aer KOH dissolving of AAO.

The nanowires become fragmented when exposed to a
temperature higher than their melting point, which can be
clearly seen in Fig. 2. Because nanowires are encapsulated in the
nanopores of the AAO membrane, SEM pictures are taken from
the cross-section of the AAO membrane. Fig. 2(a) shows In
nanowires located on the cleaved surface just behind AAO walls.
More nanowires can be seen in Fig. 2(b) aer the removal of
AAO walls by KOH etching. In order to get a picture of the
evolution of nanowire fragmentation, nanowires are imaged
aer exposure to different temperatures for 30 minutes. As can
be seen in Fig. 3, In nanowires do not become fragmented until
they are exposed to a temperature above the melting point. The
Nanoscale
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Fig. 1 Fabrication of indium (In) nanowires using porous anodic aluminum oxide (AAO). (a) Schematic of a mechanical device that is used to inject In into AAO
nanopores from one side of AAOmembrane surfaces. (b) Scanning electron microscopy (SEM) image of the backside of the AAOmembrane showing the emergence of
In nanowires through AAO nanopores. (c) SEM picture of indium nanowires after AAO is dissolved by KOH chemical etching.

Fig. 2 SEM images of fragmented In nanowires after annealing at 305 �C for 30
minutes. The melting point of In is 156 �C. (a) From a cleaved surface parallel to
the nanowires. (b) After dissolving of AAO by KOH.
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fragments become shorter at higher annealing temperatures. A
similar result is observed with lower melting point InSn alloy
nanowires, as shown in Fig. 4.

Nanowire resistance measurement was employed in order to
investigate the fragmentation of nanowires without breaking
the AAO membrane and nanowires, as well as to obtain a more
quantitative indication of fragmentation near the nanowire
melting points. Fig. 5(a) shows the schematic of the experi-
mental setup where two probes were put in contact with the
Fig. 3 Fragmentation of In nanowires after 30 minutes of annealing at different t

Nanoscale
opposite sides of the AAOmembrane. Fig. 5(b) shows the results
aer annealing nanowires for 30 minutes at different temper-
atures. It can be seen that the initial resistance at room
temperature was very small and that it stayed nearly the same
when the annealing temperatures were kept below the nanowire
melting points. But the resistance jumped abruptly once the
annealing temperature rose above the melting points. The
resistance rose sharply with increasing temperature until it
began to saturate at about 30 degrees higher than the melting
points. We also observed that the resistance increased with
longer annealing time if the annealing temperature was xed.

Rayleigh instability is responsible for the observed nanowire
fragmentation, it states that liquid streams are not stable
morphologically due to surface tension.14 For example, if a
liquid stream is not conned, it will break up and eventually
becomes an array of spherical droplets that reduce surface
energy. Rayleigh instability was later extended to explain similar
morphological changes in solids,17 and has been observed in
many types of cylindrical nanostructures made of either metal
or polymer.18–24 The size and shape of fragmented nano-
structures depend on the type of connement and available
emperatures below and above the 156 �C melting point of In.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3nr03086e


Fig. 4 Fragmentation of InSn alloy nanowires after 30 minutes of annealing at different temperatures below and above the melting point of InSn at 118 �C.

Fig. 5 Nanowire fragmentation probed by resistance measurement. (a) Sche-
matic of experimental setup for measuring resistance of nanowires. Green
represents indium alloy, and grey is AAO. (b) Increases of resistance of indium
(black) and InSn (red) nanowires after annealing at different temperatures for 30
minutes. The uncertainty of temperature measurement above room temperature
is �3 �C because of thermal fluctuation of the furnace when it was trying to
stabilize to the desired points.
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space. The rate of the morphological transformation is mainly
determined by the viscosity, which depends on the temperature
of the material. Due to the reduced viscosity, a higher temper-
ature will accelerate the transformation. We believe that
different distributions of fragmented nanowires shown in
Fig. 2–5 exhibit intermediate states of morphological trans-
formation.20,23 The fragmentation becomes more complete at
higher temperatures as shown in Fig. 2 and 4.

It is to be noted that the observed Raleigh instability was
made possible by the way the nanowires were fabricated.
Because In alloy was injected below the melting temperature,
nanopores were not completely lled by the nanowires.
Furthermore, it is expected that such fabricated nanowires will
have a large density of structural defects, even large-size voids.
Due to above reasons, unlled space between fragments was
This journal is ª The Royal Society of Chemistry 2013
created once nanowires melted, providing a necessary condi-
tion for the Rayleigh instability.18,21 Although nanowire frag-
mentation has been observed at temperatures much lower than
the melting point of the bulk materials, but it will take longer
time, and it happens to nanowires with diameter less than 30
nm.20,23 The main reason why Rayleigh instability was only
observed at the temperature slightly above the melting point in
our case is the large diameter of �350 nm of our nanowires.
These nanowires have almost the same melting point as the
bulk material.24 The connement of nanowires inside AAO
nanopores can also reduce the rate of morphological trans-
formation of nanowires.21 We believe that it will take from tens
of hours to many days for the fragmentation of our nanowires to
happen if the temperature is held far below the melting
temperature (for instance, 10 �C below).

The melting point of nanowires and the onset of fragmenta-
tion provide the basis for temperature reporters. Because frag-
mentation will result in an abrupt increase in electrical resistance
of a single nanowire, the relatively gradual increase of resistance
near the melting points in Fig. 5(b) is due to the fact that the
resistance is averaged over a large number of nanowires con-
nected to the millimeter-size probes. Based on the resistance
measurement and SEM imaging, such many-nanowire ther-
mometers have a temperature resolution of 10 �C and a response
time of 30 minutes. In order to maintain such temperature
resolution, the exposure time should be limited to a few days
because of possible nanowire fragmentation below the melting
point. The temperature resolution can be improved if the ther-
mometer is made of a single or a few nanowires. Because the
diameter and length of AAO nanopores can be well controlled
during the anodic processing and the AAO membrane can be
cut into micro or nanometer size using modern lithographic
techniques,25 few-nanowire nanothermometers with improved
Nanoscale
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performance can be fabricated. Furthermore, by integrating
nanothermometers with different threshold temperatures, more
precise temperature information can be obtained. The choice of
AAO has also made it possible to deploy the device in a harsh
environment.
Conclusions

To summarize, we have shown that morphological trans-
formation of nanowires conned in nanopores can be utilized to
make nanowire temperature reporters. The nanowire morpho-
logical transformation is driven by the Rayleigh instability. The
characteristic temperature is determined by the nanowire
melting point and can be designed by choosing proper nanowire
alloys. Additional temperature information could also be
obtained from intermediate states of morphological trans-
formation. Because of the unique temperature reporting capa-
bility, the nanowire nanothermometers can allow us to obtain
temperature information from locations that cannot be accessed
by reversible nanothermometers. For example, a nanowire ther-
mometer can be injected in a pipeline and dri with the uid.
When collected, it can tell us whether or not there is a “hot spot”
along the pipeline. A nanowire temperature reporter can also
function in almost the same way as a commercial temperature
indicator WarmMark from ShockWatch except that a WarmMark
is powered and has built-in electronics that can record the
exposure time.26 A WarmMark “alerts users of exposure to
unacceptable temperature conditions”.26 Likewise, a nanowire
thermometer can be attached to or embedded in any subjects,
and it can later indicate whether the subjects have been exposed
to a temperature higher than the designed threshold.
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