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ABSTRACT: We experimentally investigate the photothermal
conversion in disordered silicon nanowires (SiNWs) grown on a
glass substrate by plasma-enhanced chemical vapor deposition. The
temporal and spatial response under illumination of a 532 nm laser
has been measured by means of an infrared (IR) thermocamera.
Fast heat generation and adjustable temperature increase from a
few tens up to ≈600 °C have been observed in a confined small
region around the laser spot. The performing photothermal
conversion is related to the efficient light trapping in SiNWs,
providing enhanced absorption in the visible spectrum, and
nonradiative recombination of the photogenerated carriers,
typically occurring in Si. These findings combined with a low-
cost, low-temperature, and large-area fabrication technology promote the disordered SiNWs as a flexible heat source well suited for
applications in multiple fields including biology, precision medicine, gas detection, and nanometallurgy.

■ INTRODUCTION

Nanostructures have found remarkable interest since they
represent a bridge between a macroscopic and an atomic
structure, with fascinating and tailorable properties, suitable for
a wide range of applications in the fields of energy, lighting,
molecular medicine, and life science, to name a few.1−5

Recently, the fine control of the heat generation in photo-
thermal nanomaterials is gaining much attention6−15 due to
their promising applications in cancer treatment16 and in the
direct collection, conversion, and storage of solar radiation as
thermal energy.17 In fact, under the action of a laser beam or
sunlight, a photothermal nanostructure, consisting generally of
metal or semiconductor nanoparticles, exhibits a high
absorption of light, effectively transforming itself into an
ideal nanosource of heat remotely controllable by light. The
control of temperature on the nano−microscale using
nanomaterials, with photothermal peculiar properties, have a
much broader application range since several temperature-
mediated processes in biology and chemistry can be
opportunely tuned and controlled. For example, different
biochemical reactions occurring in individual cells, like an ion
channel function,18−20 cellular stimulation,21−23 and heat
shock protein expression,24 are extremely sensitive to temper-
ature variations. Therefore, delivering a thermal stimulus in the
range of 35−45 °C directly and precisely to a region of micron
and submicron dimensions will allow investigating cellular
processes mediated by temperature with almost single-cell
resolution or to realize novel therapeutic applications requiring

a selective thermal stimulation.25 Another interesting field of
application is the detection of gases using conductive metal
oxide sensors, which are one of the most relevant classes of gas
sensors. The gas sensing process is strongly related to surface
reactions, influenced by several factors including the working
temperature,26 which typically ranges between 200 °C and 400
°C. Thus, coupling a micro−nanoheater to metal oxide sensing
materials could offer the remarkable advantage of fabricating a
large array of chemically different sensing elements, which can
be operated independently, having fast response and remote
control (i.e., programmable in the order of milliseconds)
supported by the implementation of thermal schedules.27

These features are particularly convenient when the sensor
array is conceived as an “electronic nose” since the individual
sensing elements possess unique temperature programs and
material coatings due to variations in surface processes. The
above mentioned examples indicate that diverse applications
require specific ranges of operation temperature that can differ
by a few orders of magnitude. However, a single nanostructure
meeting the requirements of multiple photothermal applica-
tions is still a challenge. Here, we report on the extraordinary
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photothermal properties of randomly arranged and oriented
silicon nanowires (SiNWs), which can rapidly deliver a laser-
controlled thermal stimulus in a very wide operation range
ranging from a few to ≈600 °C. In particular, we investigate
the photothermal conversion capability of SiNWs, 2−3 μm
long with an average diameter of 40−60 nm, grown by plasma-
enhanced chemical vapor deposition (PECVD) on a glass
substrate. These materials have been recently demonstrated to
be very versatile since they can promote interaction with
micro/nanoscale features of mammalian cells28,29 and allow a
facile detection of biomolecules30−33 and gases.34 By leveraging
efficient light trapping35,36 with nonradiative carrier recombi-
nation,37 a SiNW forest generates in a few seconds a
photothermal response to a green continuous-wave (CW)
laser irradiation as recorded by an infrared (IR) thermocamera.
In particular, the photothermal heat released from the SiNWs
can be controlled continuously between room temperature and
≈600 °C, depending on the laser power, with high spatial
confinement. To characterize the transient temperature
change, the intensity of the laser beam was modulated using
a chopper at frequencies of 1, 5, and 10 Hz. The local
temperature of the SiNWs changes differently depending on
the modulation frequency, and the measured increments are in
all cases lower with respect to the static condition due to the
limited time available to reach the maximum temperature.
However, it is possible to reach a significant ΔT of 150 °C in a
period. These findings suggest that SiNWs can effectively
deliver a temporally and spatially modulated thermal stimulus
controlled by a laser signal. By considering that the disordered
arrangement of SiNWs offers the key technological benefit of

using bottom-up fabrication technologies at low growth
temperatures, compatible with some polymeric film such as
polyimide and glassy supports,30,38,39 these photoabsorbing
structures can be readily combined with high spatio-temporal
resolution projection systems, including commercial spatial
light modulators (SLMs) for generating computer-controlled
holographic patterns. This will pave the way toward new tools
suited for holographically controlled photothermal excitation
by allowing parallel stimulation of multiple points at tunable
local light intensities with time modulation. We envision that
the proposed platform will stimulate novel temperature-
controlled applications ranging from a new technology for
computer-controlled thermal stimulation of neuronal tissue24

and minimally invasive surgical laser-guided tools for photo-
thermal treatment of tumors40 to microheaters or micro-
hotplates whose working principle will be based on photo-
thermal conversion instead of the Joule heating effect.

■ METHODS

Nanofabrication. Au-catalyzed SiNWs were produced by
plasma-enhanced chemical vapor deposition (PECVD) on
microscope glass slides. To induce the NW growth, a 2 nm
thick Au film was evaporated on a substrate. The SiNW growth
was performed with SiH4 and H2 as precursors, at a total
pressure of 1 Torr and the flow ratio SiH4/(H2 + SiH4) fixed to
1:10. The substrate temperature was kept at 350 °C. A 13.6
MHz radiofrequency with power fixed at 5 W was used to
ignite the plasma.

Scanning Electron Microscope (SEM). The morphology
of the SNWs was verified by scanning electron microscopy

Figure 1. Scanning electron microscope (SEM) micrographs of the fabricated silicon nanowires (SiNWs) before (a) and after (b) exposure to the
532 nm CW laser at an intensity of 142 mW/mm2 for 60 s; scale bar 1 μm. (c) Optical absorbance spectrum of SiNWs on a microscope glass;
image is shown in the inset.
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(SEM). A ZEISS EVO MA10 SEM was used at an accelerating
voltage of 5 kV. The size of the NWs was determined by
combined measurements from top and cross-sectional views
and using line tools of the image analysis program ImageJ
Thermal Measurement. For macroscopic thermal meas-

urement, a COHERENT Verdi λ = 532 nm CW laser was used
as a source. A pinhole with a diameter of 3 mm was used to
reduce the beam spot. The macroscopic thermal measurement
was acquired using an IR camera FLIR E40 having an IR
resolution of 160 × 120 pixel, a spatial resolution (IFOV) of
2.72 mrad/pixel, and maximum acquired temperature of 650
°C. The emissivity, experimentally retrieved, was fixed at 0.97.
The measurement was started 3 s prior the beam impinged on
the sample for 60 s. Then, the beam was shut off and the
temperature decay was measured for 40 s. For dynamic
thermal measurement, a chopper, with an adjustable frequency,
was interposed between the laser source and the sample.

■ RESULTS AND DISCUSSION
Morphological and Optical Characterization of the

SiNWs. Figure 1a shows the scanning electron microscopy
(SEM) image of the SiNWs grown on a microscope glass; a
representative image of the full-scale sample is instead reported
in the inset of Figure 1c. The structure consists of a forest of
disordered and randomly oriented SiNWs, around 2−3 μm

long, with a tapered shape and an average diameter at the
bottom of about 40−60 nm. Since the photothermal response
was investigated by exposing the sample to a green CW laser
with λ = 532 nm, at different laser intensities, in the range 14−
142 mW/mm2, we studied the effect of laser irradiation on the
morphology of the SiNWs. Figure 1b shows the SEM image of
the SiNWs after exposure to the maximum laser intensity of
142 mW/mm2 for 60 s. By comparing the SEM images in
Figure 1, no evident change in the morphology of the NWs is
noticeable after laser irradiation, confirming their high
mechanical and thermal resistance. Before performing the
photothermal experiments, the optical behavior of the SiNWs
was investigated in terms of reflectivity, R, and transmissivity,
T, in the spectral range between 200 and 1100 nm. The
calculated absorbance, A = 100 − R − T, plotted in Figure 1c,
shows a strong light absorption in the whole UV−vis spectral
range. This is due to the multiple scattering events that the
light undergoes by interacting with NWs while passing through
structures like those in Figure 1a or b. The multiple scattering
folds the light path many times in a random walk within the
forest, thus causing an enhancement of light absorption at the
frequencies absorbed by the NW material, i.e., light
trapping.35,36 It is worth noting that the increase of the
absorption starts at 1100 nm, which corresponds to the band
gap (1.12 eV) of crystalline Si (c-Si), and increases its slope for

Figure 2. (a) Experimental macroscopic temperature variation (ΔT) at different laser intensities (λ = 532 nm) for the proposed SiNWs, (b)
maximum temperature variation (ΔT) as a function of the laser intensity, (c) rise (10−90) and decay (90−10) time for SiNWs as a function of the
laser intensity, and (d) experimental macroscopic temperature where every 10 s the intensity is changed from 28 to 142 mW/mm2.
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wavelengths shorter than 900 nm, which corresponds to the
absorption edge of amorphous-Si (1.5 eV). In fact, the
fabricated SiNWs possess a crystalline core coated by an
amorphous shell, as demonstrated in past study.39

We finally observe that the light-trapping mechanisms,
depending on scattering events, are strongly sensitive to
structural parameters (size, size distribution, orientation, and
periodicity) of the NW array and have been tailored for several
different applications including photovoltaics,41 surface-
enhanced Raman spectroscopy,30,31,42,43 and photothermal
therapy.27 Here, the randomness in the orientation and size
distribution causes a broadening of the frequency range of the
scattered light and randomization of the incident light more
efficient than in an ordered array of vertical nanowires.44,45

These features provide further benefits in the light absorption
enhancement and conversion in thermal energy.
Photothermal Characterization. The investigation of the

thermal response of the SiNW platform was performed
utilizing an IR thermocamera (FLIR E60) and a continuous-
wave laser source (Coherent, Verdi 5W) with λ = 532 nm at
different intensities in the range of 14−142 mW/mm2. Further
details are reported in the Methods section. After switching on
the laser, the SiNW temperature rapidly increases (ΔT) as a
result of the photothermal conversion, until reaching a stable
temperature maximum. The temperature profiles measured for
different laser intensities are shown in Figure 2a. ΔT registered
for the lowest laser intensity is about 85 °C, while the
extremely high value of 595 °C is obtained at a laser intensity
of 142 mW/mm2 (see Figure 2a). As illustrated in Figure 2b,
ΔT is quite linearly proportional to the laser power within the
considered range. The response time as a function of the laser
intensity is reported in Figure 2c. SiNWs exhibit a very fast
response, with a rise time (calculated as the time required to
reach 90% of the stable ΔT value when the laser is on) of less
than 10 s, for the lowest intensity, and about 5 s in the case of
142 mW/mm2 with a ΔT > 550 °C, as shown by black squares
in Figure 2c. It is worth noting that in this case, a remarkable
ΔT = 330 °C is reached in only 1 s, further validating the
impressive thermal behavior of the proposed nanostructures.
The decay time (calculated as the time required to recover
within 10% of the initial value when the laser is off) is, instead,
independent from the beam intensity, and it lasts for about 10
s, as shown by red circles in Figure 2c. Furthermore, the

capability to temporally modulate the thermal signal by
switching the laser intensity from 28 mW/mm2 (low power)
to 114 mW/mm2 (high power) every 10 s was investigated.
The recorded video of the photothermal measurement is
available in the Supporting information. Figure 2d shows that
the thermal signal can oscillate between two different
temperature values by just switching the power of the exciting
light between low and high levels. During the experiment, the
physical properties of NWs remain very stable as confirmed by
the maximum and minimum signals being unchanged over five
low/high laser power cycles. This remarkable photothermal
effect can be ascribed to the light-trapping phenomenon that
induces a strong enhancement of the light absorption of the
NWs (see Figure 1c) directly hit by the laser spot. On the
other hand, for indirect band-gap semiconductors, such as Si,
the nonradiative recombination of the photogenerated carriers
can occur by involving vibrational energy states via crystal
structure defects and trap sites in the band structure,37 leading
to fast photothermal heating of the material. In fact, using the
model reported in ref 46, the rate of energy supplied by the
laser light (QI) is

η= − − λQ I(1 10 )I
A

(1)

where I is the laser power, Aλ is the optical absorption in
materials, and η is the thermal conversion efficiency.
The balancing of QI with the rate of energy dissipated to an

external environment (QExt) returns

∑ = −m C
T
t

Q Q
d
di

i p i I, Ext
(2)

where mi and Cp,i are the mass and heat capacity of the
components of the system, respectively, and T and t represent
temperature and time, respectively. To visualize the temper-
ature spatial distribution in the SiNWs under laser illumina-
tion, in Figure 3a, we report the thermal map, after 30 s of
illumination with a laser intensity at 142 mW/mm2. The image
demonstrates that almost all of the photothermal effects are
confined around the laser spot. In fact, as highlighted in Figure
3b, the beam profile resembles a Gaussian in all investigated
cases, with a full-width at half-maximum (FWHM) between
8.8 and 9.2 mm, which is almost independent of the laser
intensity.

Figure 3. (a) Experimental macroscopic thermal map after 30 s of illumination with a laser intensity of 142 mW/mm2 and (b) beam profile after 30
s of illumination for the investigated laser intensity.
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Next, the dynamic thermal response of the proposed NWs
was experimentally studied by interrupting the laser beam with
a chopper operating at a frequency of 1, 5, and 10 Hz (see
Figure 4). In this configuration, the maximum ΔT achieved is
almost 40% lower with respect to the above mentioned static
case owing to the fact that rapid stopping of the impinging
light cannot permit to generate all of the heat that the system
can produce. Therefore, the intensity of the laser beam was
increased up to 212 mW/mm2 without saturating the IR
camera sensor. Now, the maximum ΔT depends not only on

the intensity but also on the chopper frequency. In particular,
at 1 Hz, it is possible to reach the extremely high-temperature
variation of 150 °C for the highest laser intensity in one period.
At a higher chopper frequency, the temperature variation is
lower because the time is not enough for the system to
generate heat before the laser is interrupted. It is worth noting
that at fixed intensity and chopper frequency, the temperature
variation is constant, indicating the high responsiveness of the
proposed nanowires. The chopper frequency, therefore,
provides a novel method to remotely control the temperature

Figure 4. (a) Experimental macroscopic temperature variation of SiNWs at different laser intensities (λ = 532 nm) and chopper frequencies of (a)
1 Hz, (b) zoom of 1 Hz, (c) 5 Hz, (d) zoom of 5 Hz, (e) 10 Hz, and (f) zoom of 10 Hz.
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variation of a photothermally heated nanosource. In fact, an
almost constant ΔT = 45 °C is achieved using 10 Hz and the
lowest laser intensity (14 mW/mm2), enabling application in
nanomedicine where low-temperature increments are neces-
sary, whereas high ΔT are more suitable in nanoengineering/
metallurgy.

■ CONCLUSIONS
This work reports on the enhanced photothermal conversion
effect observed in disordered SiNWs, arising from the
combination of the efficient light trapping in SiNWs and the
nonradiative recombination of free carriers. This induces a
stable, fast, and localized heat generation and hence an increase
in local temperature. The temperature signal is easily
controlled under continuous or pulsed laser illumination and
can be tuned in a wide range between a few tens up to ≈600
°C. These features together with a low-cost, low-temperature,
and large-area fabrication technology make the disordered
SiNWs a versatile photothermal platform well suited for
multiple applications ranging from nanomedicine, chemistry,
and micro-/nanoengineering, which need very different
energies to be delivered.
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