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Abstract: We develop a nanocheater utilizing a single Si
nanowire with a porous segment that produces localized
heat. The 19-fold higher resistivity of the porous segment
compared to the solid segment in the nanowire facilitates
the substantial confinement of heat to the porous segment
by Joule heating. The heat profiles of the nanowire are
examined using scanning thermal microscopy, a direct ther-
mal imaging technique. The profiles recorded along the lon-
gitudinal and cross-sectional axes of the nanowire reveal
that heat is concentrated in the sub-micrometer region of
the porous segment, whereas it is uniformly distributed
along the whole axis of the homogeneous solid Si nanowire.
Moreover, the HfO,-passivated nanowire device exhibits
a temperature increase above 10 °C within a 0.4 X 1 pm?
area, which is advantageous compared to the 3.3 °Cincrease
observed in the hBN-passivated device. These point heaters
demonstrate considerable potential for future applications
in biomedical engineering and optoelectronics.
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1 Introduction

The rapid advancement in nanotechnology has facili-
tated the development of nanoscale devices that gener-
ate and detect electrical, optical, and thermal signals with
enhanced sensitivity and spatial resolution [1]-[11]. Specifi-
cally, in thermal management devices, localized heating was
achieved in regions smaller than micrometers [10]-[16].
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The capability to activate point heaters is crucial for var-
ious applications requiring high precision, such as tar-
geted drug delivery, biomedical therapy, and light-emitting
devices [17]-[23].

Numerous nanoheater designs have emerged in pre-
vious work, highlighting diverse materials and configura-
tions [10]-[16], [24]-[29]. The research on localized temper-
ature control using Cr nanowire (NW) arrays demonstrated
the manipulation of thermal environments in NWs with
a length of 2 pm, resulting in a temperature increase of
the NWs to between 250 and 362 °C due to Joule heating
[24]. ZnO-decorated Ag NWs also exhibited a temperature
of ~150 °C [25]. Furthermore, studies on Joule heating and
mass transport in Au NWs have revealed intricate inter-
actions between electrical currents and thermal dynamics,
using finite element method simulations that show the influ-
ence of substrates on the temperature of the NWs [26]. How-
ever, it is noted that the temperature of metal nanoheaters
tends to increase uniformly over the entire structure of the
devices.

In addition, the semiconductor nanostructures were
used as a building block for the development of nanoheaters
[27], [28]. For example, Si NWs have been examined as
nanoheaters, providing deeper insights into heat transport
in integrated devices; the heat of ~300 °C was distributed
across the entire structure of NW devices at a micrometer
scale [27]. Furthermore, the emergence of flexible and trans-
parent electrothermal film heaters using graphene signifies
a notable progress in the development of multifunctional
nanoheaters, demonstrating improved Joule heating and
localized light emission, essential for optoelectronic and
thermal management applications [11], [19], [20], [28], [29].
However, these graphene-based nanoheaters also exhib-
ited the heat transmission throughout the whole surface of
graphene. Thus, the findings of nanoheaters using diverse
materials and structures produced heat distributed across
the entire device, which is inadequate for attaining the nec-
essary performance of a point heater.

In this context, we develop a Si NW device featur-
ing a porous Si segment with high resistance, serving as
a nanoscale heat generator. The localized high-resistance
segment enhances the device’s heat generation capacity
while addressing thermal management issues at the sub-
micrometer scale. We examine the thermal characteristics
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of the NW devices employing direct imaging techniques that
visualize temperature profiles within the NW structures.
These investigations demonstrate efficient heat generation
at sub-micrometer scales, enabling the devices to function
as point heaters.

2 Results

Figure 1a illustrates a schematic of a nanoheater device
using a single Si NW including a porous segment. When
an external voltage bias is applied to the electrical contacts
on the NW, localized heat is generated within the porous
segment. We compared the equivalent circuit of a solid Si
NW and a Si NW with a porous segment to analyze local
heat generation in the NW device. The homogeneous Si
NW functions as a single resistor (top, Figure 1b). In this
case, Joule heating produces uniform thermal distribution
across the entire NW structure when applied by an external
bias voltage (bottom, Figure 1b). On the other hand, a Si
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Figure 1: Nanoheater device. (a) Schematic of the nanoheater device
utilizing a Si NW with a porous segment. Two electrical contacts are
located on the solid segments of NW. Heat is locally generated on

the porous segment. (b) Equivalent circuit of the single solid Si NW (top
panel) and illustration of the NW (bottom panel). The NW is considered
as a single low-resistance component, with the device producing heat
uniformly across the entire NW. (c) Equivalent circuit of the single Si NW
with the porous segment (top panel) and illustration of the NW heater
using it (bottom panel). The high and low resistances in the equivalent
circuit correspond to the porous and solid segments, respectively.

Heat is mostly generated in the porous segment.
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NW including a short porous segment positioned between
two long solid segments is equivalent to a series connec-
tion of three resistors (top, Figure 1c). The solid and porous
segments exhibit low and high resistance, respectively; the
rough surface of the porous segment yields relatively higher
resistance than the solid segment [30], [31]. Based on this
model, we demonstrate nanoscale heat generation using a
single Si NW with a porous segment.

Figure 2a presents a schematic illustration of the solid
Si NW, which features a uniform solid Si structure through-
out its longitudinal axis. The NWs were dispersed on
the Si;N,/SiO,/Si substrate and electrical contacts were
fabricated on both ends of NWs. The scanning electron
microscope (SEM) image of the solid Si NW device shows
two electrical contacts on the NW, with a diameter of
250 nm and a channel length of 12 pm (Figure 2d). On the
other hand, a Si NW with a porous segment, depicted in
Figure 2b, was fabricated using a two-step metal assisted
chemical etching (MaCE) (see Section 3) [32]. In the first
step, the targeted regions of PMMA-coated Si NWs were
opened using electron-beam (e-beam) lithography and sub-
sequently immersed in a mixed solution of HF, AgNO,, and
H,0 to facilitate the formation of Ag nanoparticles (NPs)
on the exposed NW surface. In the second step, a porous
surface was formed by immersion in a mixed solution of
HF, H,0,, and H,0 with Ag NPs serving as an etching cat-
alyst. The Ag NPs were removed using HNO,, remaining
the porous segment in the NW. The porosity of the porous
segment was optimized to generate an effective electrical
current by controlling etching time (see Section 3). Figure 2c
shows the SEM image of the porous segment, presenting
the area of the NW that was exposed during the etch-
ing process, while the other surface was protected by an
e-beam resist. The rough surface of the porous segment in
NW was clearly observable after the second step of MaCE,
with the porous segment spanning approximately 800 nm in
length. The nanoheater was fabricated using these porous-
segment embedded NWs by forming two electrical con-
tacts. Figure 2e shows the SEM image of a porous-segment
embedded NW device, featuring a diameter of 250 nm and
a channel length of 12 pm. The porous Si segment, indicated
by the white arrow in Figure 2e, was located between two
electrical contacts.

To investigate the resistivity of the solid and porous
segments in the Si NW, we measured their current-voltage
(I-V) curves and converted them into resistance versus volt-
age plots (Figure 2f and g). Solid NWs exhibited linear char-
acteristics, indicating that they operated as linear resistors
(Figure 2f). The resistivity of the solid segment in the NW
was determined to be 0.024 Q cm, based on the diameter
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Figure 2: Si NWs without and with the porous segment. (a) Schematic of the solid single Si NW. (b) Schematic of the single Si NW with the porous
segment between two solid segments. (c) SEM image of a porous segment of the Si NW. The scale bar is 100 nm. (d) SEM image of the solid Si NW
device. The surface was passivated using hBN. The scale bar is 3 pm. (e) SEM image of the Si NW device with the porous segment. The surface was
passivated using hBN. The position of the porous segment is indicated by a white arrow. The scale bar is 5 pm. (f-g) Measured I-V curves of the solid Si
NW (f) and the Si NW with the porous segment (g). The insets show the resistance derived from the I-V curves as a function of voltage.

of 250 nm and the length of 12 pm of the solid Si NW. In
contrast, the nonlinear I-V characteristics observed in the
porous segment-embedded NW indicated a reduction in
resistance within the 0—2 V region, maintaining nearly con-
stant above 2 V (Figure 2g). The resistivity of the porous seg-
ment was estimated to be 0.442 Q cm, taking into account
the length fraction of the porous segment in the NW (see
Section 3). In a series circuit with a constant electrical cur-
rent, increased heat generation occurs in a higher resistance
segment, as power is directly proportional to resistance.
Consequently, localized heat can be primarily produced in
the porous segment with a 19-fold increase in resistivity.
We note that the nonlinear I-V characteristic of the
porous segment-embedded NW originates from its porous
structure [30]. The porous segment is composed of micro-
scopic networks of Si nanocrystal grains. At low voltages,
the electron hopping process in the nanograin networks
dominates the electrical current flow, leading to relatively
high resistivity. On the other hand, at higher voltages, the
space-charge limited current is formed by percolation

paths in the nanograin networks, showing relatively low
resistivity.

We conducted scanning thermal microscopy (SThM) to
examine heat generation and heat dispersion around the
prepared NW devices while electrical current was applied
(Figure 3a). The SThM, utilizing the contact mode of AFM,
measures an output potential change of a Wheatstone
bridge connected to an AFM tip, with temperature changes
inferred from variable resistance changes. Thus, it is essen-
tial to passivate the surfaces of devices with insulators. We
transferred thin hexagonal boron nitride (hBN) layers onto
the fabricated devices by the wet transfer method. hBN has
the advantages of being a good insulator and exhibiting a
high flexibility, making it one of the ideal materials for pas-
sivating the surfaces with considerable height undulation in
devices by a simple manner.

First, we mapped the temperature distribution of
the solid NW device while controlling the electrical cur-
rent from 0.0 to 1.0 mA. The spatial resolution is 200 nm.
At 0.0 mA, the uniform room temperature was recorded
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Figure 3: Measurement of heat generation in the solid Si NW. (a) Schematic illustration of SThM. The illuminating laser is reflected by the AFM tip and
detected by the sensor to map the topography of the NW. The variable resistance in the Wheatstone bridge, connected to the tip, is adjusted under the
bridge potential, and the temperature change is estimated by the potential change. (b-f) SThM images (left panels) and temperature profiles (right
panels) of the solid Si NW device. The current was applied to the device at 0.0 mA (b), 0.7 mA (c), 0.8 mA (d), 0.9 mA (e), and 1.0 mA (f). The colored scale
bar indicates the measured temperature. The scale bars are 3 pm in each left panel. The temperature profile was obtained from the white dashed lines
in each SThM image. (g) Temperature curve as a function of the current. The temperature was obtained at the peak of the measured temperature

profiles.

over the entire area (left, Figure 3b). The temperature
profile across the NW device also indicates a consistent
25.6 °C (right, Figure 3b). A slight temperature increase
was observed from the NW device within the range of
0.1-0.6 mA. Starting at 0.7 mA, a bright vertical bar shape
was seen in the temperature map, corresponding to the
NW configuration (left, Figure 3c). The temperature profile
indicated 26.8 °C in the NW, exceeding the 0.0 mA case by
1.2 °C (right, Figure 3c). The temperature decreased gradu-
ally from the top of the NW to the outside, and eventually
reaching 25.9 °C at a distance of approximately 5 pm from

the NW. At 0.8 mA, the bright bar shape exhibited increased
contrast, with a maximum temperature measured at 27.1 °C
(Figure 3d). At 0.9 and 1.0 mA, temperature maxima were
observed in the temperature map when the NW was present
(left, Figure 3e and f). The highest temperatures recorded
were 27.5°C at 0.9 mA and 28.0 °C at 1.0 mA, respectively
(right, Figure 3e and f).

A uniform temperature distribution was observed
along the NW axis. On the other hand, the temperature
profile across the NW cross-section reveals pronounced
high temperature peaks that correlate to the NW structure,
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which are around 0.2-0.3°C higher than the surround-
ing region. Consequently, the extensive high temperature
distribution is dominated by the longitudinal axis and diam-
eter of the NW, which is spatially defined at the microscale.
Furthermore, to examine the temperature variations in
relation to the applied current, we plotted the peak temper-
ature as a function of the current. As the current increased
from 0.0 to 1.0 mA, the temperature increased from 25.6 to
28.0 °C in a quadratic parabola, corroborating that the heat
was generated via Joule heating (Figure 3g).

We utilized the porous segment-embedded Si NW to
achieve geometric confinement of heat generation along the
longitudinal and cross-sectional axes of the NW. We selected
hBN for surface passivation; during the wet transfer of hBN
onto the NW, an air gap may develop between the sub-
strate and the suspended hBN, as illustrated in Figure 4a.
Figure 4b presents the AFM topographical image of the NW,
revealing a device structure with well-adhered hBN. The
surface of the hBN-coated substrate was smooth, although
a wrinkle caused by the transfer process was observed near
the NW, as indicated by the white arrow in Figure 4b.

Next, SThM measurements were conducted on the
NW device with an electrical current of 1.0 mA. Figure 4c
shows the heat mapping image of the NW device. The
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porous segment has significantly brighter contrast than the
surrounding region. To quantitatively examine the heat
dispersion, temperature profiles were plotted along the lon-
gitudinal axis of the NW (Figure 4d) and across two cross-
sectional axes of the solid and porous segments (Figure 4e).
The temperature profile along the NW axis (green dashed
line, Figure 4c) reveals a distinct peak of 36.1°C at the
porous segment, whereas the temperature in the solid seg-
ment remains rather constant ranging from 32.0 to 33.0 °C
(Figure 4d). The cross-sectional temperature profiles con-
trasted the solid (white dashed line, Figure 4c) and the
porous segments (red dashed line, Figure 4c). A tempera-
ture peak of 36.0 °C was recorded in the porous segment,
whereas the solid segment has a peak of 32.7 °C (Figure 4e).
Taken together, the porous segment of the NW generated
approximately 3.3 °C more heat than the solid segment. Fur-
thermore, according to the measured temperature profiles,
the heat was localized not only along the cross-sectional axis
but also along the longitudinal axis of the NW at a distance
of less than 1 pm.

To minimize the lack of full conformality of the hBN
layer and investigate the influence of a more conformal
passivation layer on the NW device, we repeated the exper-
iment by applying an alternative insulating material [33].
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Figure 4: Heat generation in the hBN-passivated NW. (a) Cross-sectional illustration of the hBN-covered Si NW on the substrate. (b) AFM image

of the Si NW device. The surface was passivated using hBN. The white arrow denotes the wrinkle of the hBN layer. The colored scale bar indicates the
measured height. The scale bar is 4 pm. (c) SThM image of the Si NW device with the porous segment in b. A current of 1.0 mA was applied to the NW
device. The colored scale bar indicates the measured temperature. The scale bar is 2 pm. (d) Temperature profile along the longitudinal axis of the NW
device (green dashed line in c). The temperature maximum was recorded at ~5 pm, which is the location of the porous segment. (e) Temperature
profiles along the cross-sectional axes of the NW device in the solid (black) and porous (red) segments. The black and red curves were measured along
the white and red dashed lines in ¢, respectively. The temperature maxima were observed at ~2 um, which is the location of the NW. The higher

temperature peak was recorded at the porous segment.
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Figure 5: Heat generation in the HfO,-passivated NW. (a) Cross-sectional illustration of the HfO,-passivated Si NW on the substrate. The HfO, layer is
conformally coated on the NW. (b) AFM image of the Si NW device with the porous segment. The surface was passivated using HfO,. The colored scale
bar denotes the height of surface. The scale bar is 5 um. (c) SThM image of the Si NW device in b. A current of 1.0 mA was applied to the NW device.
The bright contrast was concentrated in the porous segment. The colored scale bar indicates the measured temperature. The scale bar is 5 um.

(d) Temperature profile along the axis of the NW device indicated by the green dashed line in c. The temperature maximum was observed at ~2 um,
which is the location of the porous segment. (e) Temperature profiles along the cross-sectional axes of the NW device at the solid (black) and porous
(red) segments. The black and red curves were measured along the black and red dashed lines in c, respectively. The temperature maxima were
observed at ~2 pm. The higher temperature peak was recorded at the porous segment.

Instead of using hBN as a passivation layer, the NW heater
was fabricated with a passivation layer of 30 nm thick HfO,
which was deposited using atomic layer deposition (ALD).
We note that the length and diameter of the porous segment
were 800 nm and 250 nm, respectively, consistent with those
in Figure 4. The ALD process ensures conformal passivation
across an extended area, effectively eliminating any air gaps
between the HfO, layer and the NW on the substrate, as
depicted in Figure 5a.

Figure 5b shows the AFM image of the device. The con-
formal surface was observed without any wrinkles. The
topological profile indicates minimal surface roughness of a
few nanometers. We assessed the SThM of the device coated
with HfO, at an applied current of 1.0 mA, demonstrating
the concentration of heat dispersion in the porous segment
(Figure 5c¢). To quantitatively analyze the temperature, the
temperature profiles were displayed along the longitudinal
and cross-sectional axes (Figure 5d and e). The heat was
localized within 1 pm along the longitudinal axis of the NW,
exceeding the surrounding substrate temperature by more
than 12.0 °C (Figure 5d). A rapid temperature drop occurs
from 40.0 °C to ~28.0 °C within 2 pm distance of the porous

segment of the device. Along the cross-sectional axis of the
NW, the temperature reaches 40.0 °C in the NW (red line,
Figure 5e), exceeding the surrounding substrate tempera-
ture of ~30.0 °C by more than 10.0 °C within a distance of
only 400 nm. The temperature profile approximately 2 pm
from the porous segment exhibits uniformity, ranging from
26.0t027.0 °C (blackline, Figure 5e). Consequently, the HfO,-
passivated device demonstrated superior heat localization
compared to that coated with hBN. This enhancement can
be attributed to the uniform adherence of the passivation
layer to the NW device.

In conclusion, we demonstrated efficient heat genera-
tion within a confined sub-micrometer area in the porous
segment-embedded Si NW device, functioning as a point
heater. Heat generation primarily occurred along the lon-
gitudinal axis of the homogeneous solid Si NW, while its
dispersion was effectively limited to the cross-sectional
axis. To enhance heat confinement along the longitudinal
axis, we incorporated a high-resistance porous segment in
the middle of the Si NW. Given that the porous section
exhibits 19 times more resistivity than the solid segment,
this design promoted predominant Joule heating within
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the porous segment of the NW. In the experiment, SThM
measurements provided clear evidence of localized heat
generation by directly visualization of heat distribution. The
hBN-passivated Si NW device with the porous segment pro-
duced a temperature increase of 3.3 °C at a sub-micrometer
scale. Furthermore, the HfO,-passivated NW device demon-
strated a temperature increase exceeding 10 °C within a
0.4 pm X 1 pm area. We believe that the porous segment-
embedded NW point heater can show considerable poten-
tial for future applications, particularly in biomedical engi-
neering such as localized cell therapy and drug delivery
systems.

3 Methods

Fabrication of nanoheaters. Si nanowires (NWs) with
diameters of 250 nm were synthesized at 480°C for
60 min via a chemical vapor deposition process under a
total pressure of 40 Torr (174 sccm H,, 2 scem SiHy, 20 scem
PH,, and 4 sccm HCL). The NWs, characterized by a high
n-type doping level, were dispersed onto a Si;N,/SiO,/Si sub-
strate. The porous segments in the Si NWs were formed
by two-step metal-assisted chemical etching process. The
region designated as a porous segment was defined by
electron-beam (e-beam) lithography. C6 PMMA e-beam resis-
tor was used. In the first etching step, the prepared sam-
ples were immersed into a solution of HF, AgNO,, and H,0
[viv:v = 1:0.015:100] for 12 s at room temperature to form
Ag nanoparticles (NPs) on the surface. In the second etch-
ing step, the Ag NPs-decorated NWs were immersed into
a solution of HF, H,0,, and H,0 [v:v:v = 1:1:20] for 10 s at
room temperature. This was the optimal etching time, con-
sidering the effective electrical current in the NW device.
Longer etching times resulted in exceedingly low currents,
measuring only a few pA for a 20-s etching time [32]. The
Ag NPs were subsequently removed using HNO; for 10 s.
After removing the PMMA by acetone for 10 m, the porous
segments were formed onto the Si NWs.

To fabricate electrical contacts at the ends of the NWs,
the contact regions were defined using e-beam lithography,
and 300 nm of gold was deposited by thermal evaporation.
hBN and HfO, were used for insulation between the NW
and the SThM tip. hBN was applied to the NWs by a PMMA-
assisted transfer method. HfO, with a thickness of 30 nm
was coated on the NWs using atomic layer deposition (ALD)
process.

Measurement of resistivity. The I-V measurements
were conducted using a source measure unit (SMU;

J. Kim et al.: Nanoscale heat generation in a single Si nanowire == 1585

2450 SourceMeter, Keithley) and a probe station. The current
was recorded while the voltage was varied from 0 to 3 V. We
obtained the resistivities of the solid and porous segments
using Ohm’s law, R = V/I, and the resistivity equation, p =
RAJl, where the R, V, I, p, A, and [ are resistance, voltage,
current, resistivity, area, and length. The resistivity of the
solid segment (p;;q) Was determined to be 0.024 € cm, from
the I-V curve (Figure 2f) along with the structural dimen-
sions of 250 nm in diameter and 12 pm in length. For the
porous segment, we considered the length fraction of the
porous segment in the NW using the equation, V/I = py4
A (11.2/12) + pyorous U/A (0.8/12), where the lengths of the
entire NW, the solid segment, and the porous segment were
12 pm, 11.2 pm, and 800 nm, respectively. Then, from the
I-V curve (Figure 2g), we determined the resistivity of the
porous segment (ppqroys) t0 be 0.442 Q cm at 3 V.

SThM measurements. We performed the scanning
thermal microscopy (SThM) measurements using Park NX-
10. The temperature calibration of the SThM tip was car-
ried out by increasing its temperature from room tem-
perature to 60 °C and contacting the tip with a thermo-
plastic polyurethane film that melts within the range of
50 and 60 °C. The contact mode was used to measure the
temperature of the nanoheater. The sample surface was
scanned at intervals of 200 nm. The SThM quantifies an out-
put voltage variation from a Wheatstone bridge connected
to an AFM tip, with temperature change inferred from
resistance variation. The electrical source/measurement
unit (Keithley 2450) was used to supply current to the
nanoheater.
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