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ABSTRACT

Materials with high photo-thermal efficiency are essential in a wide variety of applications from medicine to renewable energy.
Photo-thermal materials effectively absorb and convert light into heat. Nanostructures have proven to enhance absorption and
heat retention owing to their large surface areas and restricted heat pathways. Here, we demonstrate that the optical absorption
and heat conversion in near-infrared can be enhanced by using metallic glass nanowires whose geometry can be readily tailored
through thermoplastic molding. Infrared thermography measurements and heat transport simulations reveal that the photoin-
duced temperature rise can be amplified by increasing the length of nanowires and decreasing the thickness of the supporting
substrate. A temperature above 500 °C can be rapidly achieved to induce a controlled phase transformation from amorphous to
crystalline state in metallic glass nanowires, while maintaining their geometrical integrity. Photoinduced temperature rise can be
used in optical ignition applications as demonstrated by an example of thermite powder.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5059423

I. INTRODUCTION

High photo-thermal conversion efficiency is important
in a number of applications including photo-thermal therapy,
drug delivery, solar power collection, and thermoelectric
conversion.1–5 These applications typically involve highly
absorbing nanostructured materials which effectively convert
light into heat at desirable excitation wavelengths. Advances
in fabrication of high aspect-ratio (length/diameter) nano-
wires and nanotubes have enabled the realization of artificial
structures with unique thermal and optical properties.6–8

Vertically aligned single-walled and multi-walled carbon
nanotube (CNT) arrays have been extensively studied for
photo-thermal-electric conversion applications due to their
enhanced thermal conductivity,9 light trapping efficiency,10,11

and heat localization effects.12 Photo-thermal energy con-
version has also been demonstrated using semiconducting
nanowire arrays (NWAs) of Si and GaAs.13,14 High optical

absorption and thermal conductivity of metallic (e.g., Bi and
Cu) NWAs have been utilized for thermo-electric power gen-
eration applications.15,16 Although different fabrication tech-
niques such as electrospinning,17 vapor-liquid-solid (VLS),18

and catalytic growth19 have been developed to synthesize
nanowires of diverse materials, the inability to produce large
NWAs and limited control over nanowire dimensions remain
challenging. These manufacturing issues can be mitigated by
using thermoplastic materials which can be directly embossed
into nanostructures over wafer-scale areas. Polymeric mate-
rials are not suitable for photo-thermal applications because
of poor optical absorption and low melting temperature.
In contrast, metallic glasses (MGs) are ideal candidates for
photo-thermal applications because of their metal-like optical
and thermal properties and polymer-like shaping capability.
Like thermoplastics, MGs can be molded into nanostructures
above their glass transition temperature which is comparable
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to plastics for some MGs.20 The ability to easily reshape
MGs into various profiles such as vertically aligned or
bundled, smooth or rough, amorphous or crystalline, and
convex or concave tip shaped nanowires is attractive for
photo-thermal applications.21,22 Previously, we showed that
low optical reflectance (<2%) can be achieved at visible
frequencies using MG NWAs.23 Recently, we demonstrated
a large photo-thermal heating response and strong heat
localization effects using MG NWAs at moderate laser exci-
tation powers.24 However, quantitative correlation between
the MG nanowire dimensions and photoinduced heating
has not been established. In particular, theoretical analysis
based on coupling of absorption, thermal conversion, and heat
transport phenomena is required to understand the photo-
thermal behavior of MG nanostructures. To achieve this,
we combine simulations and direct temperature measurements
in this study.

Here, we investigate the effects of MG nanowire char-
acteristics such as the diameter, the length, and the effect
of thickness of underlying substrate on the photo-thermal
response in the near-infrared (NIR) region. Infrared (IR)
thermography measurements revealed the significance of
the substrate thickness and the nanowire aspect-ratio
(length/diameter) in achieving high temperature during
optical illumination. Temperature values measured using
thermography of the photo-excited MG nanowires were
verified by finite element simulations using COMSOL®

Multiphysics software. Furthermore, we show that it is possi-
ble to induce a phase transformation in MG nanowires from
amorphous to crystalline state and yet preserve their geome-
try. This allows the use of MG nanowires above the glass

transition temperature as demonstrated by the ignition of
thermite powder comprising aluminum (Al) and copper oxide
(CuO) above 500 °C using Pt-based MG with a glass transition
temperature of 230 °C.

II. SAMPLE FABRICATION

Pt57.5Cu14.7Ni5.3P22.5 metallic glass (Pt-MG) was prepared
by water quenching and thermoplastically patterned using
nanoporous alumina templates. Details about the synthe-
sis and the patterning of Pt-MG have been reported else-
where.23 Unpatterned and nanopatterned Pt-MG discs of
about 8 mm diameter and different thicknesses were fab-
ricated. All nanopatterned samples consisted of vertical
nanowires with diameter d ∼ 100 nm, arranged in a nearly
hexagonal lattice with period p ∼ 250 nm, and attached to
the Pt-MG substrate. Nanowires of other diameters were
also studied, but for the purpose of theoretical analysis, we
focus only on 100 nm diameter NWs. The length (l) of nano-
wires and the thickness (t) of supporting substrate were
independently varied to study their effects on photoinduced
heating. For convenience, a sample labeling scheme (Table I)
is used based on the surface pattern (nanowires) and the
substrate thickness. In order to demonstrate the effects of
topography and substrate thickness on the photoinduced
temperature rise, the samples with nanowires of varying
aspect-ratios and two substrate thicknesses (see Table I)
were investigated.

Figure 1 shows the schematic and two representative
scanning electron microscopy (SEM) images of samples with
low and high aspect-ratio nanowires. There is a ±20 nm varia-
tion in diameter of nanowires due to pore size distribution in
alumina templates. In addition to the amorphous control
samples F-t1, LAR-t1, HAR-t1, F-t2, LAR-t2, and HAR-t2, two
Pt-MG discs with very long nanowires (l/d > 15) in amorphous
and crystalline states (VHR-t) were prepared to analyze the
effect of photoinduced heating on the phase transformation
(crystallization, melting, and ignition).

III. RESULTS AND DISCUSSION

The photoinduced temperature rise on nanopatterned
and flat MG surfaces strongly depends on the absorption (A),
heat localization, and thermal conductivity of nanowires and

FIG. 1. Schematic illustration of sample geometry (not to scale) and SEM images of two Pt-MG samples patterned with nanowires of different lengths.

TABLE I. Labeling scheme and description of Pt-MG samples used in this study.

Label
Nanowire

aspect-ratio, l/d
Substrate

thickness, t (μm) Description

F-t1 … 50 Flat-thin
LAR-t1 5 50 Low aspect ratio nanowires-thin
HAR-t1 10 50 High aspect ratio nanowires-thin
F-t2 … 100 Flat-thick
LAR-t2 5 100 Low aspect ratio nanowires-thick
HAR-t2 10 100 High aspect ratio nanowires-thick
VHR-t >15 100 Very high aspect ratio nanowires
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the substrate.24 In order to determine the absorption charac-
teristics of patterned MGs, we measured their integrated
diffuse reflectance (R) at different incident angles (θi) at
λ = 980 nm wavelength using the procedures described in our
previous work.23 In short, samples were mounted over a holder
that was attached to a computer-controlled rotation stage at
the center of an integrating sphere. Samples were illuminated
by a continuous-wave laser emitting at λ = 980 nm, and the
intensity of the scattered light was measured by a calibrated
photodetector that was placed in one of the ports of the inte-
grating sphere. Figure 2 shows measured angular dependence
of absorption (A = 1− R) for both nanopatterned (HAR-t1,
LAR-t1, HAR-t2, and LAR-t2) and flat (F-t1 and F-t2) samples.
Absorption as high as ∼94.5% over a wide range of incident
angles (for |θi| < 30°) was determined for patterned samples
with high aspect-ratio nanowires (l/d∼ 10). The absorption
decreases to ∼84.5% and ∼50% for lower aspect-ratio (l/d∼ 5)
nanowire and flat samples, respectively. The large absorp-
tion observed for high aspect-ratio nanowires is attributed
to the efficient light trapping mechanism due to multiple
reflections of incident light.23 As expected, changes in
the substrate thickness do not play any significant role
in the optical absorption of the investigated samples. The
observed peaks in the absorption near θi = 0° (especially
for samples F-t1 and F-t2) are experimental artifacts arising
from the loss of scattered light back to the incident port
aperture of the integrating sphere as a result of the specular
reflection from the samples.

The photoinduced temperature rise on the surface of
patterned and flat MG samples was determined using the IR
thermography setup described in our previous work.24

Briefly, it consists of a continuous wave λ = 980 nm semicon-
ductor laser diode, collimating and focusing lenses, and a

480 × 640-pixel resolution thermal camera. The edges of the
MG sample were attached to two glass strips (∼250 μm thick)
forming a rectangular channel on a solid aluminum block
holder. As a result, both the top and the bottom of the MG
samples were exposed to air during the measurements, min-
imizing the heat loss due to the aluminum holder. The
samples were illuminated by a laser with a ∼350 μm diameter
spot-size. The maximum temperatures of the illuminated
areas were determined for laser power densities varying
from 0.5 to 11.5W/mm2 using the thermal camera. All data
acquisitions were performed at ∼30 s after thermal equilib-
rium was reached on the sample surface. In this section, we
focus on temperature rise up to the glass transition temper-
ature (Tg) of Pt-MG (∼230 °C)21,25 to avoid potential changes
in shape and structural state due to crystallization.

Representative thermal images of a nanopatterned
(HAR-t1) and a flat (F-t1) Pt-MG sample of the same thickness
obtained at an incident laser power density of ∼2.8W/mm2

are shown in Figs. 3(a) and 3(b), respectively. Strong heat
localization at the illuminated area with a maximum tempera-
ture rise of about 185 °C was determined for the nanopat-
terned sample [Fig. 3(a)]. The heat localization is due to
significantly lower heat flow in the lateral direction in nano-
wires due to boundary scattering.26 In contrast, a diffuse hot
spot is observed for the flat sample [Fig. 3(b)] and the
maximum temperature rise from the room temperature was
merely ΔT∼ 90 °C. Lower temperature rise on the flat sample
is a combined effect of less optical absorption and higher
lateral heat loss in the substrate.

Figure 4 shows the maximum temperature values achieved
for nanopatterned (HAR-t1, LAR-t1, HAR-t2, and LAR-t2) and flat
(F-t1 and F-t2) MG samples illuminated at increasing laser
power densities. Photoinduced temperature rise measure-
ments revealed a strong thickness dependence in flat and
patterned MGs. For flat samples, the maximum temperatures
were measured as ∼138 °C and ∼197 °C for thicknesses of
100 μm and 50 μm, respectively (at 6.2W/mm2). This is attrib-
uted to changes in the thermal resistance with the substrate
thickness. A longer conduction path in the thicker substrate
results in higher heat loss, and, therefore, lower equilibrium
temperature. Similar but less pronounced effect of substrate
thickness is observed in the nanopatterned samples (Fig. 4).

FIG. 3. Thermal images of (a) HAR-t1 and (b) F-t1 Pt-MG samples obtained at
an identical laser power density of ∼2.8 W/mm2.

FIG. 2. Measured absorption angular dependence of patterned (HAR-t1, LAR-t1,
HAR-t2, and LAR-t2) and flat (F-t1 and F-t2) Pt-MG samples at λ = 980 nm.
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This is because the heat transport in the nanopatterned
samples is predominantly governed by the conduction through
nanowires. Although the samples with similar aspect-ratio
nanowires exhibit comparable absorption (see Fig. 2), the
thinner specimens heat to higher temperatures (Fig. 4). About
52% increase in temperature at 2.8W/mm2 was measured
when the substrate thickness was decreased by half for high
aspect-ratio (∼10) nanowires. A similar trend was observed for
the low aspect-ratio nanowires but with only 31% increase in
temperature for the thinner substrate. The difference in
maximum temperature in thin and thick samples grows with
increasing incident laser power density (Fig. 4). Heat conver-
sion is the limiting factor at low laser power density, whereas
the thermal losses control the temperature at high laser power
density.

Thermal measurements on the MG samples with similar
thickness revealed the importance of surface texture in
achieving high photoinduced heat generation. The nanopat-
terned samples of any thickness generate significantly higher
temperatures than the flat counterparts. At an incident laser
flux of 4.9W/mm2, the thick patterned samples reach 60%
and 82% higher temperatures with nanowires of aspect-ratios
of 5 (LAR-t2) and 10 (HAR-t2), respectively. Similarly, about
40% (86%) increase in photoinduced temperature was
observed with nanowires in thin samples LAR-t1 (HAR-t1) at
2.8W/mm2. As shown in Fig. 4, due to combined effects of
surface patterning and substrate thickness, maximum tem-
perature as high as 205 °C can be achieved in Pt-MG under a
moderate laser excitation power of ∼2.8W/mm2. The flat
samples require significantly higher laser power density to
reach comparable temperatures because of weak absorption.
The effective thermal conductivity of nanopatterned samples
(nanowires + substrate) is expected to be lower than the flat
samples because of enhanced boundary scattering in nano-
wires. This attribute, combined with the large absorption of

nanowires, results in a significant temperature rise in nano-
patterned MGs. Therefore, despite the thermal loss through
the thick metallic substrate, the amount of heat converted is
significantly larger than the heat dissipated by the sample and
the temperature rises rapidly as the incident laser power is
increased.

To further understand the photo-thermal behavior of
MGs, we performed numerical simulations using COMSOL
Multiphysics software with Heat Transfer in Solids module.
Vertically aligned cylindrical nanowires with dimensions
approximated from the SEM images were used in simulations
to mimic the experimental conditions. A unit cell structure
comprising a Pt-MG nanowire embedded in air was placed
over a thick square Pt-MG substrate [Fig. 5(a)]. Appropriate
periodic boundary conditions were used in all simulations to
emulate the periodic NWAs in experimental samples. A two-
dimensional Gaussian heat source profile was used to mimic
the laser heating on the top of patterned (and flat) surfaces.
Convective heat flux was also taken into consideration due to
the presence of air between the nanowires. The emissivity
used in the simulations was obtained by normalizing the
absorption values to unity from the measured integrated
diffuse reflectance of our samples (see Fig. 2). In our simula-
tions, we used the MG thermal conductivity of 10W/mK.25

Representative simulated temperature distributions on the
top and the bottom of a single nanowire unit cell with l/d = 10
and t = 50 μm (HAR-t1) at a power density of ∼2.8W/mm2 are
shown in Figs. 5(b) and 5(c), respectively. Most of the heat is
transferred from the top to the bottom of the nanowire due
to a large thermal conductivity of MG with a corresponding
temperature drop of ∼10%. Simulated temperature curves for
nanopatterned (HAR-t1, LAR-t1, HAR-t2, and LAR-t2) and flat
(F-t1 and F-t2) MG samples at different laser power densities
are also shown in Fig. 4 for comparison with experimental
data. A good agreement between the simulations and the

FIG. 4. Measured and simulated maximum photoinduced temperature rise for
patterned (HAR-t1, LAR-t1, HAR-t2, and LAR-t2) and unpatterned (F-t1 and F-t2)
Pt-MG samples at different laser excitation power densities.

FIG. 5. (a) Schematic illustration of single nanowire unit cell geometry (not to
scale) used in the simulations. Simulated temperature distribution of a single
nanowire unit cell with l/d = 10 and t = 50 μm (HAR-t1) at a power density of
∼2.8 W/mm2 (b) from the top view and (c) from the bottom view.
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experiments is evident for flat and patterned samples. This
indicates that the numerical analysis can be used to ade-
quately describe the heat transport in patterned MGs and
also to predict the optimal texture and substrate thickness
required for maximum temperature in photo-thermal heating.

In order to investigate the effects of the atomic structure
on photo-thermal heating of nanopatterned MGs, we fabri-
cated amorphous and crystalline Pt-MG samples comprising
nanowires with a similar aspect ratio l/d > 10. Laser heating
experiments with power densities up to 11.5W/mm2 were
performed to exceed the crystallization temperature of
Pt-MG.25 Figure 6(a) shows the maximum photoinduced tem-
perature rise on the surface of the amorphous and the crys-
talline (VHR-t) samples for different laser power densities.
The maximum temperature on the crystalline sample contin-
uously rises with increasing laser power density reaching a
temperature of ∼557 °C at 9.1W/mm2. In contrast, the amor-
phous sample exhibits a step-like jump in temperature above
300 °C. The temperature jump originates from the amorphous
to crystalline phase transition in Pt-MG.21,25 To verify this, we
performed a second set of temperature measurements on the
amorphous sample at the same spot after reaching 550 °C
during the first experiment. As clearly shown in Fig. 6(a)
(Exp#2), the temperature jump was no longer observed.
Amorphous to crystalline transformation (devitrification) is
irreversible, and, therefore, the second heating curve appears
smooth alike the curve for the crystalline sample. Two
heating curves measured at the same spot confirm that the
step change in temperature in amorphous nanopatterned
Pt-MG is due to photo-thermal heating induced crystalliza-
tion. The crystalline state of Pt-MG has different optical
(refractive index) and thermal (conductivity) properties than
the amorphous state. Consequently, the first (Exp#1) and the
second (Exp#2) photo-thermal temperature curves are differ-
ent. The temperature curves of two crystalline samples, i.e.,
the as-prepared (VHR-t Crystalline) and the crystallized by
laser heating (VHR-t Amorphous Exp#2) also differ due to a

slight change in geometry of nanowires upon laser exposure.
The as-prepared sample was crystallized during thermoplastic
molding where the nanowires were confined in the alumina
template. Therefore, the nanowire shape and size remained
intact during crystallization [Fig. 6(b)]. The laser-induced
heating results in slight distortion of MG nanowires above Tg

due to the action of capillary stress on an unconfined state
[Fig. 6(c)].27 The morphological disparity between two crystal-
line samples affects their optical absorption and thermal
transport, which result in a different photo-thermal response.
It is also worth noting that the as-prepared crystalline nano-
patterned sample generates significantly higher heating than
the amorphous counterpart exposed to the same laser flux
[Fig. 6(a)]. Therefore, crystallized MG nanowires are ideally
suited for high temperature photo-thermal applications.

An important photo-thermal application is laser induced
ignition of a thermite reaction. Thermite is a mixture of metal
fuel and metal oxide particles that undergo an exothermic
reaction upon heating to ignition. Large heat released in
thermite reaction is utilized in a wide range of applications in
defense, manufacturing, and metallurgy.28,29 The amount of
released heat and the ignition temperature depend on the
composition and the size of the thermite particles.30 Various
techniques such as flash,31 electrical,32 mechanical,33 and
laser stimuli34 have been used to stimulate thermite ignition.
Laser ignition has gained significant interest because of
safety, insensitivity to environmental conditions, remotely
accessible, nonintrusive, and contactless heating of ther-
mites.35 However, high power lasers such as CO2, excimer, or
Nd:YAG are required35 to attain ignition temperatures due to
poor absorption of metal particles except at the plasmon res-
onance. Crystallized MG nanowires are good candidates for
laser ignition of thermite powders due to their ability to gen-
erate high temperatures at moderate incident laser powers,
therefore enabling the use of more compact and low-cost
semiconductor diode lasers for ignition. To this end, we
experimented with a thermite mixture of stoichiometrically
balanced nano-sized Al (∼100 nm) and CuO (∼25-50 nm)
powders that ignite at 550 °C with an exothermic heat of
4.1 kJ/g.36 A homogeneous mixture was prepared by suspend-
ing the powders in isopropyl alcohol carrier fluid followed by
sonication for 1 h. The sonication process breaks up agglom-
erates and provides more homogeneous mixing between fuel
and oxidizer powders. The solution was spin coated on crys-
talline Pt-MG nanowires and dried in air to form a conformal
thermite layer. Three coats were applied to achieve a semi-
continuous thermite layer necessary for propagation of the
reaction front upon ignition. As shown in Fig. 7(a), some sec-
tions of the MG nanowires were not covered with thermite to
allow absorption of laser by the nanowires. The same contin-
uous wave NIR semiconductor laser diode (λ = 980 nm)
employed in the thermography experiments, but with a
reduced spot size (spot size diameter 50-70 μm), was used for
the ignition tests [Fig. 7(b)]. The thermite powder coated on a
glass slide was also exposed to the same laser conditions for
comparison. The thermite powder coated onto MG NWAs
ignited at ∼12 W/mm2 power density and the ignition resulted

FIG. 6. (a) Measured maximum photoinduced temperature rise on patterned
amorphous and crystalline Pt-MG (VHR-t) samples at different laser excitation
power densities. SEM image of (b) the as-prepared crystalline sample (VHR-t
Crystalline) and (c) the sample crystallized by photoinduced heating (VHR-t
Amorphous Exp #2).

Journal of
Applied Physics

ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 015102 (2019); doi: 10.1063/1.5059423 125, 015102-5

Published under license by AIP Publishing.



in the formation of a hole in the MG NWA sample due to a
large exothermic heat generated during the ignition process
[Fig. 7(a)]. As shown by the still images [Fig. 7(b)] captured from
the video streaming using a CCD camera, the ignition started
at about 8ms after laser exposure. The reaction products that
were reclaimed, analyzed using energy-dispersive X-ray (EDX),
and composed of aluminum oxide (Al2O3) and copper (Cu)
were consistent with the balanced chemical reaction:

2Alþ 3CuO ! Al2O3 þ 3Cu:

In contrast, the ignition was not observed for the
thermite mixture on the glass slide, even up to an order of
magnitude higher than laser power densities. Non-ignition is
attributed to the significantly less absorption and lower tem-
perature of the unpatterned substrate that did not provide
sufficient thermal stimuli to ignite the thermite powder com-
pared to the crystallized MG nanowires (i.e., ∼95% laser
power absorption) in the NIR. In addition to the large absorp-
tion, the MG nanowire architecture results in fast tempera-
ture rise due to minimal thermal losses through lateral heat
conduction (see Fig. 5). Thus, the ignition temperature of the
thermite can be reached at lower incident laser powers using
MG NWA, eliminating the need for bulky and costly high-
power lasers typically used for ignition.

IV. CONCLUSIONS

In this study, we investigated the influence of surface
texture, substrate thickness, and structural state of MG

samples for achieving high temperatures upon NIR laser illu-
mination. IR thermography measurements show that high
photo-thermal temperatures can be achieved by reducing the
substrate thickness and by increasing the length of surface
nanowires. The effect of thickness is attributed to change in
the thermal resistance of MG substrate. Longer nanowires
generate higher temperature as a result of enhanced optical
absorption and confinement of heat in nanoscale channels.
Experimental results were verified by the finite element anal-
ysis of the heat transport, which can be used for the optimi-
zation of surface texture for a desirable photo-thermal
outcome. We further showed that the phase transformation
of MG nanowires from amorphous to crystalline state can be
induced by optical heating. The crystallized nanowires exhibit
superior photo-thermal response compared to the glassy
ones. Therefore, the phase change in MG nanowires is not a
limiting factor for photo-thermal applications. Our results
suggest that MG nanowires can be utilized in photo-thermal
applications due to their high absorption and heat transfer
capabilities. We demonstrate one such application where a
thermite mixture was ignited at significantly lower laser flux
using MG nanowires than the bare sample.
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