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ABSTRACT: Real-time and precise evaluation of human body
temperature offers crucial insights for health monitoring and
disease diagnosis, while integration of high-performance and
miniaturized sensors remains a challenge. Inspired by the thermal
sensory pathway of skin, here we developed a new route for scalable
fabrication of rapid-response and miniaturized thermoreceptor
sensors using self-aligned in-plane silicon nanowire (SINW) arrays
as sensitive channels. These SINW arrays, with a diameter of 100 +
14 nm, were integrated into temperature sensors with a density of
445 devices/cm* without using any high-precision lithography. The
sensors exhibited an excellent temperature coefficient of resistance
of —1.8%/°C, enabling the precise spatial identification of heat

High-performance and miniaturized artificial NW temperature sensors
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sources. They achieved real-time monitoring of temperature changes during breathing and blowing activities, with a rapid response
time of ~0.2 s and recovery time of ~1 s. This study provides a robust foundation for the integration of advanced miniaturized

temperature sensors for biological monitoring applications.
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ody temperature serves as a pivotal metric for monitoring
human activities and health status, often acting as an
auxiliary diagnostic tool for conditions such as cardiovascular
disease, pulmonary diagnostics, and intestinal infections."”
Continuous and real-time monitoring of body temperature, by
comparison of patient-recorded data with standard curves, can
facilitate early disease screening and clinical diagnosis. For
instance, fever is a typical clinical symptom of both influenza
and the global Coronavirus Disease 2019 (COVID-19),** with
a slight increase in body temperature serving as a
straightforward initial indicator of potential infection. Un-
fortunately, traditional body temperature detection methods,
like mercury or infrared thermometers, are limited to single-
point measurements rather than providing long-term con-
tinuous monitoring.5
Recently, a variety of inorganic and organic heat-sensitive
materials, including carbon materials (reduced graphene
oxide,” carbon nanotubes’), NiO film,® polyaniline,” silver
nanowire films,'"™" poly(3,4-ethylenedioxythiophene):polys-
tyrene (PEDOT:PSS),""™'° and ionic conductive hydro-
gels,'” ™" have been extensively studied as core components
for real-time temperature-monitoring sensors. However, the
developed sensor devices are fairly big in size and lack high
sensitivity, presenting challenges for device integration and
achieving high spatial resolution. Consequently, recent efforts
have concentrated on developing thermoreceptors with
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miniature distributed sensors that offer excellent sensitivity,
rapid response times, and stable, precise reactions to
temperature changes.

The biological thermal sensory neural pathway present in
human skin provides a smart model for continuous, high-
resolution monitoring of body temperature. As depicted in
Figure 1la, this pathway mainly comprises spatially distributed
thermoreceptors and a signal transmission system. External
thermal stimuli are detected and converted into electrical
signals (action potentials) by thermoreceptors, which are
subsequently relayed to the brain via the nervous system.
Under the processing and instruction of the brain, the human
body perceives and responds to the external stimuli.'
Specifically, to mimic the miniaturized and distributed
architecture of biological thermoreceptors on skin, large-area
aligned ultrathin sensitive materials are required. Although the
artificial sensor has been developed using the aligned
thermosensitive V,0¢ nanowires (NWs) as the sensitive
materials,”’ their complex fabrication processes and dense
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Figure 1. (a) Schematic diagram of thermal sensing and signal transmission on human skin. (b) Artificial temperature sensors fabricated using
aligned SINW arrays. (c) Growth integration of self-positioned SINW sensor channels via the IPSLS mode. (d) Scalable and minimalized SINW
sensors for continuous temperature monitoring. (e) SEM image of the as-grown SiNW arrays. Scale bar in (e) stands for 2 ym.
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Figure 2. (a) Typical SEM image of the as-grown IPSLS SiNW. (b) HRTEM image of the cross-section of a selected SINW in (a), along with the
corresponding electron diffraction pattern shown in (c). (d) Current—voltage curve of the fabricated two-terminal sensor device, with the device
photograph included as an inset. (e) Current—voltage curves of the sensor device under various temperature conditions, with the enlarged curves
provided in (f). The inset in (e) shows the schematic diagram of the temperature detection by the SINW sensor. The scale bars in (a), (b), and (c)
are 100 nm, 1 nm, and S nm™}, respectively.

NW clusters require further optimization for the integration of sensory neural pathways in the skin, fabricated by self-aligned
high-density, miniaturized sensor electronics. silicon nanowire (SINW) arrays grown via an in-plane solid—
In this work, we have developed a large-area, high- liquid—solid (IPSLS) strategy established in our previous
performance artificial thermoreceptor inspired by the thermal works.”' 7> Unlike the conventional vapor—liquid—solid
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Nano Lett. 2025, 25, 4196—4203


https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05235?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a)

3x10° ool 3x10° 10000 -
ontro —Contr?l = ¢f Annealing B
2x108{ —200C = 1000 L |@8s0C
s s 370 C [3 2.
__2x10 - —A450 C $ 100 *\ .
-8 2 g2
< < 107 650 C S . @ £af
- - — 850 C <6
g 0 g o 2 P ELERUAL
= = = 1 Voltage (V)
S 8 -1x10°® b Y Schottky
-2x10° 9 %11 @& ohmic ‘G/*
-2x10® 14 0.01 O’O
-3x10% -3x10°® 0.001
-4 2 0 2 4 -4 2 0 2 4 0 150 300 450 600 750 900
Voltage (V) Voltage (V) Annealing Temperature (C)
(d) (e) ()
6x107° 0.3
~a— Control N (o) B m
4x107° o 0.25 e ;
- > 0.18 aCrriid
< 2x10°® 9 o2
- []]
c c
E o = 0.12
E 5
-2x107% = 04
(&) E hﬂ 1
-4x107° S
< 0.08
-6x107% 0.0
=10 =5 Volt a% e (V) 10 Control 450C 650 C 850 C
H escapes from Siand leave Defects produced by H, etching The out-diffusion of In atoms
the conductive surface defects were passivated by H from SiNW core to SiO, layer
H Plasma to H
F\H & /' i remove a-Si \t‘ & /H
.0 q. H) (H) (H H) (H) (H
* *
Annealing Annealing
. - .
@450 °C a-Si a-Si  @>600°C sl N

SiO, buffer layer

Si substrate

Si0, buffer layer

Si substrate

Si0, buffer layer

Si substrate

Figure 3. (a) Current—voltage curves of devices fabricated by SINW channels annealed at various temperatures; the enlarged curves are shown in
(b). (c) Calculated resistivity of the SINWs as a function of typical annealing temperature. (d) Current—voltage curves of the SINW device
measured at a set temperature of 30 °C after annealing at different temperatures. (e) Activating energy calculated for the SiNWs following
annealing treatment. (f) TEM elemental mapping image of the cross-section of the SINW channel after annealing at 450 °C. (g) Schematic
representation of the surface states of the SINWs at different annealing temperatures.

(VLS) growth method, which uses gaseous precursors and
tends to produce vertically aligned SINW bundles, the IPSLS
approach employs an amorphous silicon (2-Si) film to supply
solid precursors for SINW growth on the substrate surface.
Indium (In) catalyst droplets were used to absorb the a-Si layer
and move along predefined edges to create well-aligned planar
crystalline SINW arrays, which facilitates the scalable
integration of electronic devices.”*™*° The SiNW channels
used here are the most mature and stable semiconductors,
which possess high temperature sensitivity, making them ideal
candidates for constructing high-performance sensors. Similar
to bulk silicon, the temperature sensing capability of SINWs
stems from changes in carrier concentration and mobility with
temperature.so_32 As shown in Figure 1b, the artificial
temperature sensors consist of two parts: the self-aligned
IPSLS SiNWs serve as the heat-sensitive thermoreceptor layer,
while the two metal electrodes prepared by photolithography
and metal deposition were used as interconnectors for signal
transmission. Upon receiving a thermal stimulus, the
thermoreceptors perceive and convert it into an electrical
signal, which is then transmitted to the detection device.
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The aligned SiNW array was grown on a SiO,/silicon wafer
substrate via an IPSLS guided growth strategy, led by the In
catalyst droplets, as illustrated in Figure lc. The detailed
process is presented in the Experimental Section in the
Supporting Information (SI). The typical SEM image of the as-
grown 7-layer SINW array along the guiding edges is shown in
Figure le, with an average diameter of Dy, = 100 + 14 nm, as
witnessed in Figure S1. Thanks to the guiding growth of the
self-aligned in-plane SiNW array, large-area and high-density
SiNW sensors (445/cm”) were readily mass-produced using a
conventional photolithography technology, as shown in the left
panel in Figure 1d. Note that the integration density of the
sensor devices can be further increased by reducing the sizes of
metal electrodes. These SINW sensors can find applications in
biology, such as continuously monitoring temperature
variations during body breathing activity (right panel in Figure
1d).

The crystallinity of the selected SiNWs (Figure 2a) was
examined using high-resolution transmission electron micros-
copy (HRTEM). The cross-sectional slice of the SINW was
prepared by focused ion beam milling. The coherent crystalline
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Figure 4. (a) Current—voltage curves of the sensors fabricated using the SINW channels after being annealed at 450 °C, measured at different
heating temperatures. (b) Corresponding AI/I, versus temperature curve under a 2 V bias. (c) Calculated resistance curve varying with
temperature, with the TCR of —1.8%/°C. (d) Continuous sensing performance of the device over a temperature range of 25 to 100 °C, with
increments of S °C. (e) Schematic diagram illustrating the spatially resolved application of the sensor using heated gas at different positions; (f) the

corresponding response curves.

lattice exhibits a clear fringe spacing of d = 0.19 nm (Figure
2b), corresponding to Si (220) planes. According to the
electron diffraction pattern shown in Figure 2c, a preferential
growth orientation of Si (112) can be observed.

In the fabrication of standard two-terminal SINW sensors,
platinum/gold (Pt/Au) electrodes were patterned and
deposited at the two ends of the SiINWs. Subsequently, silver
(Ag) paste was employed to bond these electrodes to external
testing equipment using copper (Cu) wires, as depicted in the
inset photo in Figure 2d. The current—voltage curve of the
fabricated sensor device indicates that the as-grown SiNWs
formed a pair of typical back-to-back Schottky barrier (SB)
junctions when contacted with the Pt/Au electrode, which is
consistent with our previous findings.”” This was attributed to
the fact that the dissolution of In atoms into the SINWS results
in p-type doping, equivalent to a boron doping concentration
of 5 X 10" cm™3.**

To evaluate the temperature sensing capability of the SINW
sensors, we established a series of temperatures ranging from
20 to 100 °C using an electrically controlled heater. When the
sensor was placed on the heater, heat was transferred to the
sensor, and the current—voltage (I—V) curves at different
temperature states were measured by using a source meter
(inset in Figure 2e). Figures 2e and 2f demonstrate that the
detected current flowing through the SINW channels increased
with rising temperature. This phenomenon can be explained by
the changes in carrier concentration and mobility with
temperature.”® Unfortunately, the SB junction and the
resultant discordant signals from the sensors lead to nonlinear
responses to temperature variations, making them challenging
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and complex for high-precision temperature sensing applica-
tions.

In general, the annealing process has been proven to be an
effective way to improve the contact quality of semiconductors
and metals. Inspired by previous knowledge, we attempted to
anneal the as-grown SiNWs under a low-vacuum condition
(~S Pa) at different temperatures ranging from 200 to 850 °C
for 10 min in a furnace. Figure 3a shows the room temperature
(20 °C) current—voltage curves of fabricated devices using
SiNW channels annealed at these different temperatures. At a
relatively low temperature (200 °C), there was negligible
improvement in the contact characteristics (still Schottky) and
current (red line) compared to the control sample (black line,
without annealing). When the annealing temperature was
raised up to 370 °C, the SINW—metal contact transitioned to
typical Ohmic contact mode (linear current—voltage curve), as
shown in the enlarged curves in Figure 3b. The measured
current reached its maximum value at 450 °C, while the
current decreased when using the annealing temperatures of
650 and 850 °C. These results can also be demonstrated by the
results of extracted resistivity values of the annealed SINW
channels, as witnessed in Figure 3c. Compared to the
unannealed SiNWs, the resistivity of the SINW annealed at
450 °C decreased by more than 5 orders of magnitude. The
uniformity of the fabricated devices is evidenced by the
consistent current—voltage characteristics observed across 20
samples (Figure S2). Notably, despite their high conductivity,
the SiNWs retain semiconducting properties and exhibit
significant sensitivity to visible light illumination (Figure S3).
In addition, it was observed that the metal contacts to SINWs
annealed between 370 and 650 °C exhibited Ohmic behavior,
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Figure 5. (a, b) Photos of the SINW sensor integrated into a face mask, demonstrating its application in monitoring breathing and blowing

activities. (c) Continuous sensing of breathing temperature from the nose; (d) the extracted response times (.

and t,ecovexy). (e) Temperature

sensing response to blowing from the mouth; (f) extracted response times. (g, h) Continuous sensing of breathing temperature through the nose
and the corresponding extracted response times at a relatively low ambient temperature of ~18 °C. (i) SINW sensor for continuous skin

temperature monitoring.

whereas those annealed at 850 °C reverted to Schottky
behavior, similar to the control sample.

Despite high-temperature annealing at 650 and 850 °C
leading to increased resistance in Ohmic contacts or even
forming Schottky contacts with metal electrodes, the fabricated
sensors maintained their temperature-sensitive performance
across a range from 20 to 100 °C, as shown in Figure S4. We
further extracted the current—voltage curves of these sensors
upon exposure to a 30 °C environment. The results indicated
that the sensor fabricated from SiNW channels annealed at 450
°C showed the highest response current (red line) compared
to the control sample and sensors annealed at 650 and 850 °C,
as depicted in Figure 3d. To understand this interesting
observation, we calculated the activation energy (E,) of the
SiNW annealed at the aforementioned temperatures through
the equations in the SI. E, represents the minimum amount of
energy required to initiate a reaction, implying that SINW
materials with a lower E, exhibit a higher sensitivity to
temperature changes. The dependence of In(1/R) on 1/kT is
shown in Figure S5, where the slope of the line corresponds to
the E, of SiNWs. The results presented in Figure 3e show that
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the SiNWs annealed at 450 °C exhibited the lowest E, value of
0.08 eV, while the unannealed SiNWs and those annealed at
650 and 850 °C had E, values of 0.25, 0.12, and 0.18 eV,
respectively.

The elemental mapping images of a FIB etched cross-
sectional slice of SINW annealed at 450 °C were obtained by
using a field emission transmission electron microscope
(TEM), as shown in Figure 3f and Figure S6. The results
indicate that the In atoms are uniformly distributed within the
SiNW core, suggesting that the annealing process at this
temperature level has a negligible effect on the redistribution of
doped In and the Fermi level. Therefore, we suggested that the
change from the initial Schottky contact to an Ohmic contact
after annealing at 450 °C can be attributed to the modification
in the surface state, as schematically depicted in Figure 3g. At
the end of IPSLS growth, hydrogen plasma etching removes
the residual a-Si layer around the SiNWs, causing their sidewall
damage, including dangling bonds or surface defects. Mean-
while, the small hydrogen atom can also passivate these surface
defects during the etching process, resulting in an initial
Schottky contact (middle panel in Figure 3g). When the
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SiNWs were annealed at 450 °C, the hydrogen atoms escaped
from the SiNWs (left panel in Figure 3g), leaving behind the
highly conductive defects and improving the conductivity and
contact mode to metal electrodes. When the annealing
temperature reached above 600 °C, the segregation of
dissolved In atoms at the Si/SiO, interface facilitated the
extraction of In atoms from the SiNW cores into the outer
Si0o, shell,** resulting in the decrease of conductivity, as shown
in the right panel in Figure 3g. Upon further elevation of the
temperature to 850 °C, the enhanced segregation process
further reduced the In doping concentration and conductivity
of SiNWs, ultimately reverting the contact to a Schottky mode.

Thanks to the low-resistance Ohmic contact between the
annealed SiNWs (at 450 °C) and the Pt/Au electrodes, the
detected current flowing through these SiNW channels
uniformly increased as the temperature rose from 20 °C to
100 °C (Figure 4a). To quantify the thermal sensitivity, we
further extracted the current values from the curves under a
voltage bias of 2 V and calculated the relative change in the
current (AI/I, = (I — I,)/1,), where I and I, are the currents at
the measured temperature and initial temperature (i.e., 20 °C),
respectively. As shown in Figure 4b, AI/I; increased linearly
with the rising temperature, achieving an R? value of 0.993,
which is indicative of the typical negative temperature
coefficient of resistance (TCR) characteristic of silicon
materials.”*> The TCR is a key metric for evaluating the
thermal response of temperature sensors, representing the rate
of resistance change per degree of temperature variation. The
TCR value of the sensor is defined as

TCR (%) = R?ART X 100%, where R, is the initial resistance

value of the SINW and AR is the change in resistance
corresponding to the temperature change AT.*® Specifically,
the TCR of the SINW temperature sensor was calculated to be
excellent, —1.8%/°C, over the temperature range of 20—35 °C
(Figure 4c), which is suitable for the biological breathing
temperature sensing applications. Although the TCR value of
these SINW array sensors was lower than that reported for
SiNW fabric sensors synthesized via the chemical vapor
deposition VLS method (TCR = 7.71%/°C),”" the unique self-
aligned in-plane structure of the SINW arrays provides a high
capability for the integration of high-performance miniaturized
and distributed sensors over a large area, which has never been
demonstrated before.

The results in Figure 4d show that the device exhibits
continuous sensing performance across a temperature range
from 25 to 100 °C, with increments of 5 °C. We further
investigated the spatially resolved temperature sensing ability
of the SiNW sensors by applying heated gas to different
positions. The heating position was controlled by moving the
tube tip, as illustrated in the three circles depicted in Figure 4e.
When the hot gas was directed to position I, the entire sensing
area (the region between the two electrodes containing the
SiNW channels) of sensor I was covered, while the other two
sensors remained unaffected. Consequently, a significant
increase in signal intensity due to the temperature increase
was observed in sensor I (green curve), as shown in Figure 4f.
All signals returned to their initial state when the hot gas was
removed. It is worth noting that the small signal intensities in
sensors II (red curve) and III (black curve) can be attributed
to the heat transfer process on the SiO,/Si substrate during the
measurement. These effects could be minimized using a
smaller heat source. Similar responses were observed when the
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hot gas was delivered to positions II and III. This real-time
temperature mapping opens up numerous advanced applica-
tions, such as artificial electronic skins and the detection of
emotional changes.

To evaluate the continuous sensing capability of the SINW
sensors for detecting breathing and blowing temperatures, the
sensors were mounted on the interior surface of face masks,
positioned approximately 2 cm from the nose and mouth, as
shown in the optical images in Figures Sa and Sb. A voltage
bias was applied to the devices, and the resulting current
variations were measured via the tiny Cu wires that traversed
the masks. When exhaling hot air, the temperature around the
sensor increases, leading to a noticeable rise in the current
signal due to the decreased resistance of the sensitive SINW
materials. The current will recover to the initial value when air
is breathed in. The detected current signals were converted
into temperature values based on the current—temperature
curve shown in Figure 4b, yielding an average temperature
(Tavg) of 288 + 026 °C (Figure Sc). The measured
temperature is slightly lower than the average exhaled breath
temperature of healthy individuals (~34 °C),”” which can be
attributed to heat loss during measurement. This discrepancy
can be easily calibrated for clinical monitoring applications.
The response times for sensing temperature were further
extracted from Figure Sc, showing that the sensor rapidly
responds to temperature variations, with a rise time of 0.2 s
and a recovery time of 1 s (Figure Sd). Similarly, the sensor
responded to blowing temperature variations, with an average
detected temperature of T,,, = 30.2 & 0.28 °C (Figure Se), a
rise time of 0.2 s, and a recovery time of 2 s (Figure 5f).
Additionally, the sensing performance and response times of
the sensors at a relatively low ambient temperature (~18 °C)
yielded results similar to those in Figures Sc and Sd (ambient
temperature ~28 °C), with a detected temperature of ~19.7
°C, a rise time of 0.4 s, and a recovery time of 2 s (Figures Sg
and Sh), demonstrating their excellent environmental adapt-
ability. Compared to a commercial sensor (Figure S7), the
SiNW  sensor achieved comparable temperature detection
accuracy and exhibited significantly faster response times.
Furthermore, the sensors were tested for continuous skin
temperature monitoring by placing them on human skin. As
shown in Figure 5i, when attached to the skin, the detected
currents gradually increased and stabilized at a value
corresponding to a temperature of 30.7 °C. Interestingly,
upon detaching the sensor from the skin, the current returned
to its initial value within 6 s.

Given that breathing and blowing actions also affect airflow
and humidity conditions, we conducted a simple experiment to
study their impact on temperature sensing. The thin
poly(methyl methacrylate) (PMMA) layers were spin-coated
onto the sensors, and hot steam (~40 °C) was delivered onto
the channel area using a humidifier. The thin PMMA films
were intended to shield the sensitive area from air disturbances
and steam. The results shown in Figures S8a and S8b indicated
that the voltage signals in the sensors with and without the
PMMA film were very similar, with the AI/I, ~ 1.5%,
demonstrating that the influence of air disturbances or
humidity during breathing monitoring can be excluded.
Additionally, the SINW sensors exhibited stable temperature
sensing performance over a period of 2 weeks, as shown in
Figure S9. When placed in a normal ambient environment
without protection, the sensitivity decreased from 6.0% to
4.5%, indicating a moderate reduction but overall stability.
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Recent advancements in continuous temperature sensors
based on inorganic materials and organic materials are
summarized in Table S1. Most thermosensitive materials are
commonly used as coating or incorporated with other
materials to form sensitive films on substrates, with typical
TCR values less than 1.6%/°C. Metallic oxide films, such as
NiO and MnCoNiO, exhibit an excellent TCR value (up to
9.2%/°C), while they have a large film thickness of ~30 ym.
Therefore, compared with the sensitive film sensors and NW
sensors in previous studies, our self-aligned SINW thermor-
eceptors demonstrate an excellent TCR of 1.8%/°C and are
compatible with mature Si technology for high-density device
integration, making them potentially applicable for continuous
and rapid monitoring and mapping of temperature variations.

In summary, we developed artificial thermoreceptor sensors
using IPSLS SiNW arrays as sensitive channels for continuous
and rapid temperature monitoring. Annealing at 450 °C
significantly enhanced their conductivity and improved the
metal electrode contact, enabling the fabricated sensors to
exhibit linear thermal responses to temperature variations and
an excellent TCR of —1.8%/°C. The sensors demonstrated a
unique capability for continuous temperature monitoring and
spatial analysis of thermal sources. The superior sensing
performance of the SiNW sensors can be attributed to the
changes of conductive surface defects induced by low-
temperature annealing, while the high-temperature annealing
may lead to a significant diffuseness of the dissolved In atoms
from the SiNW cores into the outer SiO, shell. The sensors
have comparable temperature detection accuracy and excellent
environmental adaptability and stability, enabling the con-
tinuous monitoring of human breathing and blowing activities,
with a fast response time of ~0.2 s and recovery time of ~1 s.
Therefore, this work demonstrates that the self-aligned IPSLS
SiNW arrays provide solid sensitive materials for high-
performance artificial temperature sensors, suitable for
applications in human disease diagnosis and monitoring,
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