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Recently, there have been great interest and active research
on small-scale localized heating, especially in temperature-

mediated biology and chemistry. Individually controllable micro-
heater array devices have been developed for local temperature
control without crosstalk between each heater1�3 in microscale
space. By use of these microheater array devices, programmed
manipulation of proteins1 and target-specific biological treatment
such as cell lysis2 and protein synthesis3 have been demonstrated.
These devices provide novel platforms for studying local biolo-
gical and chemical phenomena. Furthermore, study of chemical
kinetics or control of a fast chemical reaction is potentially pos-
sible due to the small heat capacity of microheaters. Microheaters
have also been used for the selective synthesis of nanomaterials
and their facile integration on the functional electronic devices
such as sensors4 and optoelectronic components.5

Recently, efforts on temperature localization went further
from microscale to nanoscale spatial resolution. With the local
temperature controllability at the nanoscale, cancer cell lysis
without attacking surrounding normal cells was achieved.6 Also,
nanoscale heating was used to generate nanopatterns for ultra-
high-density optical information recording7,8 and light-emitting
diodes (LEDs) with improved light extraction efficiency.9 In
addition, ultrafast switching of the phase-changematerials between
amorphous or crystalline states for a high-speed memory storage
device was achieved through nanoscale localized heating.10,11,26

Other researchers have studied the Joule heating of a single metal
nanowire during the fabrication of nanogaps for single molecule
electronic devices through enhanced electromigration at elevated
temperatures.12 Furthermore, in sensor applications, it was found
that the response and recovery time of nanowire-based gas sensors

could be improved by self-heating of the nanowires.13,14 Although
various novel applications of nanoscale temperature control have
been demonstrated, either expensive laser systems6�9 or labor-
ious assembly processes of individual nanowires (nanotubes)10,11,26

were required. Furthermore, in the case of nanowire (nanotube)
heaters,10�12 spatial controllability of the local temperature field
was limited since only a single nanowire was used instead of
highly aligned arrays of multiple nanowires (nanotubes).

In this Letter, we introduce a well-aligned nanowire array
fabricated by a top-down nanofabrication process,15�18 which
allows electrical addressing of individual nanowires for selective
and localized heating with nanoscale spatial resolution and its
applicability for nanoscale chemical reaction control. Figure 1
shows the working principle of localized heating and selective
chemical reaction control in nanoscale space by utilizing the
nanowire Joule heaters. When an electrical bias is applied across
the nanowire, highly localized Joule heating along the nanowire
results in local temperature increase in the close vicinity of the
heated nanowire. Consequently, thermally activated chemical
reactions (i.e., endothermic reactions) are induced only around
the heated nanowires.

Figure 2a shows a schematic diagram of the nanowire heater
array device. Material selection and geometry design for each
component of the device are important factors for heat localiza-
tion. Chrome (Cr) and chrome/gold (Cr/Au) were chosen
as the materials for nanowire and electrical interconnection,
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ABSTRACT: We introduce a novel method for chemical
reaction control with nanoscale spatial resolution based on
localized heating by using a well-aligned nanowire array. Nu-
merical and experimental analysis shows that each individual
nanowire could be selectively and rapidly Joule heated for local
and ultrafast temperature modulation in nanoscale space (e.g.,
maximum temperature gradient 2.2 K/nm at the nanowire
edge; heating/cooling time < 2 μs). By taking advantage of this
capability, several nanoscale chemical reactions such as polymer
decomposition/cross-linking and direct and localized hydrothermal synthesis of metal oxide nanowires were demonstrated.
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respectively. Since the electrical resistivity of Cr is ∼6 times
bigger (at room temperature, for bulk phase) than that of Au and
the aspect ratio (length to width) of nanowires is much larger
than other interconnection parts in the circuit, most of the
voltage drop and power consumption occur across the nanowires
when electrical bias is applied. Power consumption concentrated
in extremely small volume of nanowire (ex. thermal power con-
sumption of 1.89� 1017 J/m3 at an electrical bias of 1 V) results
in highly localized and selective heating in nanoscale space. The
Cr nanowires and electrical interconnection circuit were fabri-
cated on Si/SiO2 substrate by a top-down fabrication method
(e-beam/UV lithography, e-beam evaporation of metal layer, and
lift-off processes). The scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images of the fabricated Cr
nanowire array with line width of∼110 nm are shown in Figure 2b.

Temperature distribution of the nanowire-array-based heater
was numerically analyzed by COMSOL Multiphysics software
and then experimentally verified by scanning thermal microscopy
(SThM). For the numerical analysis, a three-dimensional model
was used as shown in Figure 3a. An array of four Cr nanowires
(width = 100 nm, length = 4 μm (nanowire #1 and #4 from left)

and 5 μm (nanowire #2 and #3), thickness = 50 nm, and pitch =
1 μm) is located on a SiO2 thin film (area = 60 μm� 60 μm) that
is thermally grown on a p-type Si wafer (area = 60 μm� 60 μm;
thickness = 500 μm). In order to investigate the thickness effect
of a thermal insulation layer (SiO2) on the heat localization, the
analysis was performed for two different thicknesses of SiO2

layers (tSiO2
= 0.33 and 2 μm). The electrical conductivities for

Cr, Au, SiO2, and Si are 7.54� 10�5, 4.42� 10�6, 0, and 10 S/m,
respectively. The thermal conductivities for Cr, Au, SiO2, and Si
are 93.7, 317, 1.4, and 163 W/(m 3K), respectively. Heat
generated by Cr nanowire is dissipated by thermal conduction
to Si/SiO2 substrate and Cr/Au interconnections and by thermal
convection to surrounding environment (stationary air at atmo-
spheric pressure). Since all boundaries are far away from the
nanowire array and heat generated by the nanowires is very small,
the temperature of all the boundaries was fixed at 293.15 K. From
the simulation results in Figure 3b, it is observed that a highly
localized temperature distribution is created by Joule heating of
individual nanowires. For example, the maximum temperature at
the center of nanowire is raised up to 744.4 K while it drops down
to 442.9 K at a distance of 200 nm from the center of heated

Figure 1. Working principle of nanoscale local chemical reaction control by using an individually addressable nanowire heater array: (a) temperature
profile across the nanowires when nanowires #1 and #3 (from left) are Joule-heated and (b) chemical reaction occurring only along the Joule-heated
nanowires.

Figure 2. Nanowire heater array device: (a) design schematic and (b) SEM/AFM images of the fabricated device.
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nanowire in the case of tSiO2
= 0.33 μm under an electrical bias of

3 V (Figure 3b1). The local temperature gradient in the lateral
direction is 2.2 K/nm at the edge of the heated nanowire. From
this high temperature gradient and sharp temperature profile, it
can be concluded that the nanowire heater provides a highly
localized temperature field with nanoscale resolution. Another
notable observation is the thickness effect of the thermal insula-
tion layer (SiO2). Temperature of the nanowire on a 0.33 μm
thick SiO2 layer (tSiO2

= 0.33 μm, V = 3 V, Figure 3b1) raised
(744.4 K) less than that on a 2 μm thick SiO2 layer (tSiO2

= 2 μm,

V = 3 V, Figure 3b2) (969.8 K) under the same electrical bias of
3 V. In order to achieve the same maximum temperature, lower
voltage (2.43 V) is required to heat the nanowire on a 2 μm thick
SiO2 layer. However, temperature gradient is higher for tSiO2

= 0.33
μm (2.2 K/nm at the edge of nanowire; ΔTNW1:ΔTNW2 = 2.5;
TNW1� TNW2 = 445.5 K) than for tSiO2

= 2 μm (1.5 K/nm at the
edge of nanowire;ΔTNW1:ΔTNW2 = 2.0;TNW1�TNW2 = 367.8 K)
as shown in Figure 3b1 and 3. These results are caused by
lower thermal conductivity of the SiO2 layer than those of Si
and Cr. A thick SiO2 layer prevents heat dissipation from the

Figure 3. Numerical simulation of nanowire heater array: (a) simulation model; (b) temperature distribution in nanowire array when electrical bias was
applied to nanowire #1; and (c) transient thermal analysis when electrical bias was applied to nanowire #1 (i, normalized temperature of center point of
nanowire #1; ii and iii, change of normalized temperature distribution in nanowire array along time).
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nanowires to the Si substrate and facilitates temperature rise of
the heated nanowires and their surrounding areas in the lateral
direction. On the contrary, a thinner SiO2 layer drives more
vertical heat dissipation toward the Si substrate and thus results
in lower maximum temperature of the nanowire heater and less
heat dissipation in the lateral direction. In summary, proper
thickness of thermal insulation layer should be selected for a
compromise between sharper temperature profile and maximum
heating temperature. In order to evaluate the heating and cooling
speeds of the nanowire heater array, transient thermal analysis
was also carried out as shown in Figure 3c. At t < 0, no electrical
voltage was applied and all the locations including nanowires and
surroundings had uniform temperature (T = 293.15 K).When an
electrical voltage of 3 Vwas applied at t = 0μs, 95% of steady state
temperature (ΔT/ΔTss = 0.95; ΔT = temperature increase at
time t,ΔTss = temperature increase at steady state) was achieved
only after 2 μs. Also, when electrical voltage was turned off again,
only 2 μs of elapse time was required for cooling by 95%. This
simulation result reveals that ultrafast local heating and cooling is
possible by using the nanowire heater array due to extremely
small heat capacity of the nanowire (3.9 � 10�19 J/K).

Localized heating by the nanowire array was experimentally
verified by scanning thermal microscopy (SThM). An electrical
voltage of 2.5 V was applied in the circuit, and local heating was
measured by the output voltage signal from a resistive tempera-
ture detector (RTD)-based SThM system (XE-100, Park Sys-
tems, Korea). The output voltage is measured across a Wheat-
stone bridge circuit in which one leg is a platinum (Pt) based
SThM probe. When the local surface temperature on the SThM
probe is increased, its electrical resistance is linearly increased
and the output voltage from the Wheatstone bridge is altered.
Therefore, higher output voltage from SThM measurement
indicates higher local surface temperature. In Figure 4, local
temperature increase was observed in cases of single nanowire
heating (nanowire #1) and three nanowire heating (nanowires
#1, #3, and #4). For example, ΔV = 62 mV at the center of
nanowire #1 vs ΔV = 26 mV at the center of nanowire #2 can
be measured in the case of single nanowire heating. Another
arbitrary heating profile can be generated in microscale spaces
with nanoscale resolution by using multiple nanowire heating
as shown in Figure 4b-2. Although accurate measurement of
absolute temperatures could not be made due to the complexity
and uncertainty of temperature calibration of SThM in nanoscale

space, local temperature increase along heated nanowires could
be qualitatively verified from the SThM measurement. More
precise temperature calibration and quantification will be con-
ducted as a future work by employing a multimode heat transfer
model in nanoscale.

The applicability of the nanowire heater array for selective and
localized chemical reaction control with nanoscale spatial resolu-
tion was experimentally verified first by thermal decomposition
and cross-linking of polymer molecules. For the thermal decom-
position experiment,∼150 nm thick film of PMMA(poly(methyl
methacrylate)) known to thermally decompose at ∼523�
635 K19 was spin-coated on the nanowire array device (line
width = 110 nm, length = 19 μm (nanowires #1 and #4 from left)
and 20μm(nanowires #2 and #3), thickness = 50 nm, and pitch =
1 μm). Then an electrical bias of 6 V was applied selectively
across the nanowire #1 and #4 circuits for Joule heating, and
subsequent thermal decomposition reaction of PMMA occurred.
According to the numerical analysis, an electrical bias of 6 V heats
the nanowires up to 469 K, which is close to the thermal
decomposition temperature of PMMA. As shown in Figure 5a,
the AFM image at the center of nanowire array clearly indicates
that the decomposition of PMMA occurred locally and selec-
tively along the Joule-heated nanowires (#1 and #4). The cross-
sectional profile shows nanowire #4 before and after coating
with PMMA thin film and after thermal decomposition by Joule
heating. From this figure, it can be observed that the top surface
profiles of the nanowire before PMMA coating and after PMMA
thermal decomposition match well with each other, indicating a
complete local ablation of PMMA layer by Joule heating of the
nanowire. One application of localized polymer decomposition
is a selective surface modification of the nanowires for enhanced
selectivity and sensitivity in chemical sensing. In an array of nano-
wires, individual nanowires can be selectively functionalized with
different molecules or nanoparticles by a series of polymer decom-
position and functionalization processes. We have demonstrated
selective surfacemodification of a nanowirewith zinc oxide (ZnO)
nanoparticles. Here, thermally exposed Cr nanowires were selec-
tively modified with ZnO nanoparticles, which were subsequently
used as seeds for selective hydrothermal growth of ZnOnanowires,
a popular material for versatile applications in optics, optoelectro-
nics, sensors, and actuators.20�22 First, the PMMA layer was ablated
by selective thermal decomposition along the heated nanowires.
Then selective surface modification with ZnO nanoparticles was

Figure 4. (a) Topography of a Cr nanowire array. (b) Scanning thermal microscopy (SThM) results of local nanoscale heating by individual nanowires
(b-1, only nanowire #1 was heated; b-2, nanowires #1, #3, and #4 were heated simultaneously).
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achieved by coating with nanoparticle solution, lift-off, and anneal-
ing process.23 Finally, the chip was submerged in a ZnO precursor
solution (zinc nitrate (25 mM), HMTA (25 mM), and PEI
(6 mM)) and heated for 45 min at 90 �C for ZnO nanowire
synthesis. As Figure 5b shows, ZnO nanowires were selectively
synthesized on the Cr nanowires (#1 and #4) that were exposed
by thermal decomposition of PMMA via localized Joule heating
and subsequently coated with ZnO nanoparticles which served as
seeds for the ZnO nanowire synthesis.

In addition to polymer thermal decomposition, the nanowire
heaters could also be utilized for selective and localized thermal
cross-linking of polymer. On an array of nanowires having the
same dimension used for the polymer decomposition experi-
ment, a thin film of azide-terminated polystyrene (PS-b-PSN3)
known to thermally cross-link at a temperature of ∼473 K was

formed by spin coating. Then electrical bias of 6 V was applied
selectively across the nanowires #1 and #4 for Joule heating and
thermal cross-linking of the polystyrene molecules. Un-cross-
linked polystyrene was removed by dissolving in toluene solvent,
whereas cross-linked polystyrene molecules remained on the
heated nanowires. As the experimental result in Figure 6 shows,
the polystyrene layer around the Joule-heated nanowires was
selectively cross-linked and remained, completely covering the
nanowires with thicknesses of ∼190 and ∼140 nm on top and
side surfaces, respectively. This technique of selective and loca-
lized capping of nanowires will be very useful formaking reference
electrodes that are inert to the surrounding chemical environment
in nanowire-array-based chemical sensor applications.

In addition to its usability in a dry air environment, feasibility
of the nanowire array heater for localized chemical reaction control

Figure 5. Experimental results of localized thermal decomposition of PMMA, selective surface modification with ZnO nanoparticles, and ZnO
nanowire synthesis: (a) AFM images of Cr nanowire array before PMMA coating, after PMMA coating, and after thermal decomposition of PMMA by
Joule heating of Cr nanowires #1 and 4 (from left) and cross-sectional profiles of Cr nanowire #4 before and after thermal decomposition of PMMA. (b)
SEM image of ZnO nanowires selectively and locally synthesized on the Cr nanowires #1 and 4 (from top) that were exposed by thermal decomposition
of PMMA and selectively functionalized by ZnO nanoparticles.
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in a liquid environment was verified via temperature-controlled
hydrothermal synthesis of ZnO nanowires. The experiment was
accomplished by the following three steps: first, a∼300 nm thick
silicon nitride film was deposited by plasma enhanced chemical
vapor deposition (PECVD) on the nanowire array device. Com-
pared to the dry air environment, a liquid environment requires

higher operation voltages to achieve the same heating tempera-
ture because of stronger convective heat dissipation through the
liquid media. Therefore, it is necessary to protect the metal nano-
wire electrodes with a passivation layer in order to prevent
electrode failure during direct heating of metal nanowires in an
aqueous ZnO precursor solution. Second, a ZnO nanoparticle

Figure 6. AFM images after localized thermal cross-linking of polystyrene through Joule heating of Cr nanowires #1 and 4 (from left) and cross-
sectional profiles of Cr nanowire #4 before and after thermal cross-linking of polystyrene.

Figure 7. SEM images of locally synthesized ZnO nanowires (a) on a 300 nm thick PECVD silicon nitride film by Joule heating of Cr nanowires #1 and
#4 (from left) underneath the silicon nitride film with an electrical bias of 3 V and (b) directly on Cr nanowires #1 and #4 (from top) through Joule
heating with electrical bias of 0.8 V and background heating at 353 K by heating plate.
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seed layer was coated by drop-casting on the silicon nitride layer
followed by annealing process (at 150 �C on a hot plate for
20 min). Third, a few drops of ZnO precursor solution were
applied on the nanowire heater array by using a small PDMS-
based liquid container. Finally, an electrical bias of 3 V was
applied across the Cr nanowires #1 and #4 to heat up the
precursor and induce localized ZnO nanowire synthesis on the
heated nanowires. Although the whole surface of the device was
coated with ZnO nanoparticle seeds, ZnO nanowires were grown
only on the selective areawhere Joule-heated nanowires (#1 and #4)
were underneath, as shown in Figure 7a. This result indicates that
the ZnO precursor around the Joule-heated nanowires was
locally and selectively heated up to ∼368 K, at which hydro-
thermal synthesis of ZnO nanowires occurs. In this figure, it is
observed that silicon nitride thin film was deposited in a granular
conformation around Cr nanowires, which may be due to
preferred nucleation around the granular surfaces and rough
edges of Cr nanowires. Then ZnO nanowires were selectively
grown on the heated Cr nanowires that were passivated with sili-
con nitride films. The length of ZnO nanowires is maximal at the
centers of Cr nanowire heaters, indicating maximum local tem-
perature. On the other hand, a rapid drop of temperature at the
side edges of Cr nanowires is observed by short lengths of
synthesized ZnO nanowires.

For practical electrical device applications such as sensors,
field effect transistors, or energy harvesters, ZnO nanowires have
to be electrically connected to the metal electrodes. Therefore
direct synthesis of ZnO nanowires on the metal nanowires
without any intermediate passiviation layers (e.g., silicon nitride
as used above) is necessary. However, as explained above, direct
heating of metal nanowires in liquid environment requires a high
bias voltage, causing the breakage of metal nanowire. This was
circumvented by supplying global background heating of the
ZnO precursor solution with a heating plate and applying a lower
voltage across the Cr nanowires to achieve the same maximum
heating temperature at the local hot spot. By doing this, only
∼0.8 V of electrical voltage was required to generate a tempera-
ture of ∼368 K along Cr nanowires under the background
heating of ZnO precursor solution at ∼353 K. Even if the
precursor solution was heated at ∼353 K, this temperature was
not sufficient for the hydrothermal synthesis of ZnO nanowires.
On the other hand, the temperature around the Cr nanowire
heater was high enough for the fast synthesis of ZnO nanowires.
As a result, without any failure of Cr nanowires, ZnO nanowires
could be locally and directly synthesized on the Joule-heated Cr
nanowires as shown in Figure 7b. Short nanowires with an
average diameter of 60 nm and length in the range of 0.5�1 μm
were synthesized around the Cr nanowire heaters. This novel
method for selective and localized nanowire synthesis provides a
much simpler and faster way for the direct integration of nano-
wires onto functional devices compared to typical randomassembly
or pick-and-place techniques.24,25

In summary, we have developed a novel method for chemical
reaction control in a selected nanoscale region via localized
temperature control with an array of individually addressable
nanowire Joule heaters. Local temperature controllability of the
nanowire heater array was verified via numerical simulation and
SThM measurement. Then, by several experiments of nanoscale
chemical reactions such as thermal decomposition/cross-linking
reactions of polymer and hydrothermal synthesis of metal oxide
nanowires, we have demonstrated the applicability of nanowire
heater array for localized chemical reaction control with nanoscale

spatial resolution in both dry and wet environments. It is
conceivable that this nanowire-array-based heating device will
be very useful for diverse chemical reaction control in nanoscale
spaces. Further, due to the extremely small heat capacity of the
nanowire heaters, rapid heating/cooling switching capability will
find many applications in molecular manipulation such as DNA
hybridization/dehybridization. We believe that this novel device
will be a very useful tool for nanoscale chemistry control, top-down/
bottom-up hybrid nanofabrication, chemical sensing, and biolo-
gical studies, such as single cell thermal stimulation and molec-
ular manipulation.
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