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Emissivity and Optical Properties of Thin-Film Metallic

Glass in the Thermal Infrared Region

Chia-Chien Lai, Tzu-Chieh Hsiao, Wei-Han Wang, Sih-Wei Chang, and Hsuen-Li Chen*

This study displays the emissivities and optical properties of thin-film metallic
glasses in the thermal infrared (IR) region. It is found that the amorphous
structure of the metallic glass hinders the movement of electrons, leading to
unique optical properties in the thermal IR region. Measurements of the
optical constants of NiNb thin-film metallic glasses reveal that a high
processing pressure and sputtering power yield high optical conductivity and
a low damping constant. Adjusting the parameters of the sputtering
processes allows the fabrication of thin-film metallic glasses with a range of
damping constants and also the change in the reflectance and emissivity.
Applying optical thin film theory, the emissivity of thin-film metallic glass in
the thermal IR region can be modulated. The measured emissivity of the
thin-film metallic glass (45.35%) is significantly enhanced when compared
with that of a Si substrate or metal film. Furthermore, the cooling ability of the
optimal metallic glass is much higher than that of Si and metal films. These
findings reveal that metallic glass films can display thermal radiative
properties superior to those of metals and semiconductors, making them

and Cr50C029Nb7B14 bulk metallic glasses
in hydrochloric acid. These metallic glasses,
with high chromium content, devel-
oped a dense passivation layer on their
surfaces.># Accordingly, metallic glasses
show promising potential for diverse appli-
cations in biomedicine, the semiconductor
industry, and microelectromechanical
systems (MEMS).’! In addition, metallic
glasses can assist in the fabrication of
porous metals, displaying good electrical
and thermal conductivities. For example, J.
Yu et al. prepared nano-porous palladium
through the electrochemical dealloying of
Pd,,Ni,, P,, metallic glass.[®]

Developing thin-film metallic
glasses has recently become a topic of
investigation.’1% Yiu et al. found that
thin-film metallic glass can weaken the

promising materials for use in electronic devices with excellent mechanical

characteristics and heat dissipation properties.

1. Introduction

Recent research into metallic glasses has focused mainly on their
mechanical and chemical properties. The disordered structures
within metallic glasses can make atomic slipping more diffi-
cult, such that they do not deform as readily as crystal metals
and display excellent mechanical properties.['?] Because the in-
ternal atoms of metallic glass are disordered, the corrosion re-
sistance is also better than that of metals. Metallic glass has
no crystal defects, so it can rapidly generate a uniform passiva-
tion layer on its surface to achieve good corrosion resistance. Si
et al. investigated the corrosion behavior of Cr40Co39Nb7B14
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brittleness of bulk metallic glass while
maintaining its excellent mechanical
strength. For example, Crg,Co,oNb,B,,
thin-film metallic glass possessed low
surface energy, high strength, and, due to
its high content of chromium and the presence of niobium,
excellent corrosion resistance.['!! Moreover, thin-film metallic
glass can be coated on various substrates for surface modifica-
tion of the underlying materials. It can also be applied in vari-
ous fields. For example, Stefanov et al. found that AI-Ni-Y and
Zr-based metallic glasses have elastic limits and corrosion re-
sistances superior to those of crystalline metal alloys. Further-
more, the average reflectance of Al-Ni-Y-Zr metallic glasses in the
wavelength region from 250 to 2000 nm is ~70%, making them
possible replacement materials for the mirrors in astronomical
telescopes.['?] Moreover, Lu et al. fabricated wafer-scale metal-
lic nanotube arrays for the detection of crystal violet through
surface-enhance Raman spectroscopy (SERS)."3] Yeh et al. used
Zr,,Cu,,Al;; Ni; metallic glass to prepare reproducible and bio-
compatible SERS substrates.[1*]

Most previous studies of the optical properties of metallic glass
have been made in the visible region. Yang et al. utilized the mag-
netron sputtering technique to fabricate ZrCuFeAlAg thin-film
metallic glasses (TFMGs). By altering the nitrogen-doping con-
tent and adjusting the thickness of the TFMGs, they achieved
a diverse color palette ranging from yellow to aqua to pink to
purple.’] Yao et al. studied Nig,Nb,, thin-film metallic glass
while gradually heating the substrate to a temperature close to
the glass transition temperature (T,); they found that increasing
the temperature during the sputtering process gave a smoother
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sample surface while also enhancing the plastic deformation sta-
bility, thermal stability, and reflectivity in the visible region.'¢!
Hao et al. prepared a metallic glass-based broadband opti-
cal absorber; from an investigation of the optical properties
of amorphous Aug;Cu,sSi,,, they achieved an average absorp-
tion of ~#95% for wavelengths in the region between 500 and
1500 nm.["”] Moreover, in the study of the optical properties
of metallic glass, Tarigan et al. used the Drude model to fit
the refractive index and extinction coefficient in the wavelength
range from 250 to 2500 nm of a smooth-surface sample of bulk
Pty sCuy, ;Nis 3 P,, s metallic glass.'®1 The internal lattice-free
structure of metallic glass implies that the arrangement of its
atoms is in a chaotic state, causing the electrons to collide more
frequently when they move in metallic glass films. Electromag-
netic waves can cause the free electrons within the metal to vi-
brate and reflect waves with the same amplitude but with oppo-
site phases, such that the reflection of the metal is high.["®! Elec-
tromagnetic waves propagating in a metallic glass would be sig-
nificantly different from those in a crystalline metal. To the best
of our knowledge, no previous reports have described the optical
properties and thermal emissivity of thin-film metallic glasses in
the thermal IR region.

It is widely realized that X-ray diffraction (XRD) is capable of
determining the periodic atomic structure of metallic glasses.
However, the limitation of XRD is primarily related to the crys-
talline phase on a nanometer scale.l?”! In order to solve this prob-
lem, the transmission electron microscope (TEM) is the main in-
strument used to detect nanocrystals in the local area.?!l How-
ever, preparing a TEM sample is complex, and it is also a destruc-
tive detection method. With the goal of developing a rapid and
non-destructive tool for identifying the degrees of crystallinity of
metallic glass films, we began by investigating the optical prop-
erties of metallic glass in the thermal IR region.

The number of transistors in integrated circuits (IC) contin-
ues to increase annually, improving the efficiency of electronic
devices. With the enhanced computing power of chips, such elec-
tronic devices will generate large amounts of heat that could de-
grade their performance and lifetime. Effectively dissipating heat
from chips will be a critical challenge for next-generation elec-
tronic devices.[??-2* The heat dissipation of electronic devices and
systems relies mainly on conduction and convection routes. Met-
als of high thermal conductivity have been designed with specific
structures (e.g., hydrofoil-based pin fins!?’! or triangular fins!2®)
to increase the thermal conduction, convection, and heat dis-
sipation efficiency. As the sizes of electronic devices gradually
shrink and the structures of chips lead toward the third dimen-
sion, conduction- and convection-based heat dissipation meth-
ods will become more complicated, such that heat dissipation
through thermal radiation might become more likely.””] Mate-
rials or structures with high emissivity in the thermal IR region
are superior for heat dissipation through thermal radiation. Al-
though metals are good candidates for heat dissipation through
thermal conduction, their emissivity in the thermal IR region
is extremely low due to the motion of the free electrons when
they interact with the electric field. The surfaces of metals fea-
ture many free electrons that can move and cancel the electric
field at the metal surface; therefore, the electromagnetic waves
of thermal radiation cannot be emitted efficiently from metal
surfaces.!?®]
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Because of their disordered and amorphous structures, thin-
film metallic glasses have mechanical properties and thermal
emissivity properties superior to those of metals. When the
atomic arrangement within a material is chaotic, the transport
of electrons to and from a surface is hindered. In this study, we
found that the damping constant is critical in changing the op-
tical properties of thin-film metallic glasses. The distinct optical
properties of metallic glasses in the thermal IR region can lead to
higher degrees of thermal radiation than those in metals, thereby
improving the heat dissipation capability of the substrates. There-
fore, we applied the Drude-Lorentz model to examine the influ-
ence that disordered atomic structures have on the optical param-
eters. Furthermore, we found a correlation between the process-
ing conditions and the optical properties, allowing us to improve
the emissivity of metallic glass in the thermal IR region. We ex-
pect a future expansion of the applications of metallic glasses in
the field of thermal management of devices and systems.

2. Results and Discussion

2.1. Thermal Emissivity Properties of NiNb Metallic Glass Film

All objects with temperatures above absolute zero emit thermal
radiation. According to Kirchhoff’s law, thermal emissivity (¢) can
be described as follows:

€(4,0,T)=1-R(4,6,T) 1)

where 6 is the angle of incidence of the IR light and A is its wave-
length. Metals always display high reflectance (R) in the IR re-
gion because the free electrons of the metal oscillate with the in-
cident IR wave and re-emit the energy back. As a result, the emis-
sivity would be extremely low for crystalline metals, as demon-
strated in Figure 1a. On the other hand, the amorphous struc-
ture of metallic glass hinders the movement of free electrons,
increasing the opportunity for collision between the electrons
and atoms and, thereby, increasing the absorption of the metal-
lic glass (Figure 1b). Therefore, the emissivity of metallic glass is
higher than that of crystal metals.

2.2. Lorentz—Drude Parameters and Optical Conductivity of
NiNb Metallic Glass

To investigate the optical properties of metallic glass, we exam-
ined Ni;,-Nbs, metallic glass at wavelengths in the vis—IR range.
We used the Lorentz—Drude model to fit its optical constants. The
Lorentz—Drude model is a model of electron conduction that de-
scribes the dielectric and electrical properties of materials; it is
based on the following equation:

2 N 2
@ @3
& (@) =1- - + Z
(@* + iyw) p (w(z) -0’ —iyo)
w? w0’y
=1-——4i—F 2
@*+yr o +7?) @

where o, is the plasma frequency; y is the damping constant; f;
is the oscillator strength; w, is the resonance frequency of the
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Double polished silicon

Figure 1. Schematic representation of thermal radiation and electron
movement in a) a NiNb crystal metal alloy and b) a NiNb thin-film metallic
glass.

oscillator; and w is the angular frequency. The plasma frequency
is the frequency above which the real part of the dielectric func-
tion becomes positive, where the metal starts to behave like a di-
electric. Itis proportional to the square root of the number of free
electrons, as given by Equation (3):

/ Ne?
N 3
@p me, )

where N is the charge carrier density, ¢ is the charge of the elec-
tron, m is the effective mass of the material, and ¢, is the permit-
tivity in a vacuum.

The damping constant describes how often electrons in a ma-
terial collide with one another. In this study, we found that the
damping constant of the metallic glass was much larger than
that of the metal. Because metallic glass is an amorphous mate-
rial, there is no lattice inside the material within which electrons
can move freely, thereby decreasing the mean free path of the
electrons. Accordingly, the electron mobility will decrease in the
metallic glass. Figure 2a,b presents the fitted refractive indices (n)
and extinction coefficient (k), respectively, of Nis,-Nbs, metallic
glass samples in the IR region. The optical constants of the Ni,-
Nbg, metallic glasses varied depending on the deposition condi-
tions. Table 1 lists the processing parameters of the samples.

The optical spectra of the samples recorded with wavelengths
in the region from 250 nm to 20 um are provided in Figures S1
and S2 (Supporting Information). Figure 2a,b reveals that the
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Figure 2. a) Refractive indices and b) extinction coefficients of thin-film
metallic glass samples. c) Imaginary part of the dielectric constants of the
samples, determined for IR wavelengths from 2.5 to 20 um.
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Table 1. Experimental processing conditions and optical properties of sam-
ples of thin-film metallic glass.

Sample  Process pressure [Pa]  DC Power [W] wlz)/y Sputtering time [min]

1 0.17 80 7.93 6
2 0.17 90 8.39 6
3 0.17 250 14.94 6
3(Q) 0.17 250 74.64 6
4 035 250 35.46 6
5 031 80 13.96 6
6 0.15 250 13.37 6

optical constants of the samples all increased upon increasing
the wavelength. The imaginary part of the dielectric constants
of the samples also increased upon increasing the wavelength
(Figure 2c¢). Figure S3 (Supporting Information) provides the op-
tical constants of nickel (Ni) and niobium (Nb). When analyzing
the optical parameters of metallic glass samples we found a rela-
tionship between the optical parameters and the material proper-
ties. Although the optical constants of the different samples were
similar, the plasma frequency (w,) and damping constant (y) var-
ied depending on the deposition processes.

We calculated the dielectric constants (¢, (w)) of all of the metal-
lic glass samples, where ¢, (w) and €,;(w) represent the real and
imaginary parts, respectively, of the dielectric constant. We ob-
tained the optical parameters through simplification, as demon-
strated in Equations (4, 5, and 6):

% o Lo
erlo)=eloo) - oy = e () - s i oy @)
>
SEy (@) = € (o0) — e -57/2 ©)
e
& (@) = W (6)

where @, is the plasma frequency; y is the damping constant;
and o is the angular frequency. We found, however, that if we
examined the IR region using Equation (6), all of our samples
were consistent in terms of @ < <y and ® < <w,. Simplifying

the formula provided e, (w) and the correlation &, (w) wf) Joy.
The value of a)}z’ /v of the sample could be adjusted by varying the
processing conditions, as demonstrated in Figure 3a. To be more
explicit about the physical meaning of the optical parameters fit-
ted for each sample, we took the optical conductivity or frequency-
dependent conductivity o(w) into account and compared it with
the values of , and y using Equation (7), the derivation of which
is provided in Figure S5 (Supporting Information). Because we
were examining our samples in the IR region where & < <w,
and y < <w,, we could simplify the real and imaginary parts of
Equation (7).

~ w;y ~ a)lzp(o
o, () = ¢ 7+ o; () = ¢ 7+ a? (7)
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Figure 3. a) Values of w?/y and b) real and c) imaginary parts of the optical
conductivities of samples of thin-film metallic glass.
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Table 2. Plasma frequency, damping constant, and optical conductivities
of samples of thin-film metallic glass and Ni and Nb metals.

Sample  w,[eV] y[eV] 0,at05eV[Q'mT] o at0.1eV[Q ' mT]

1 10.28 14.06 1.607 x 10* 1.608 x 10*
1(T) 13.40 2.53 1.462 x 10° 1.516 x 10°
2 11.00 14.42 1.794 x 10* 1.796 x 10*
3 12.33 10.17 3.191 x 10* 3.199 x 10*
3(Q) 12.43 2.07 1.510 x 10° 1.593 x 10°
4 16.21 7.41 7.555 x 10* 7.588 x 10*
5 13.39 12.84 2.984 x 10* 2.988 x 10*
6 12.80 12.25 2.857 x 10* 2.862 x 10*
Ni 7.70 0.59 1.252 x 10° 2.090 x 10*
Nb 19.56 0.94 6.889E x 10* 8.612 x 10°

Figure 3b,c reveals that the real part of o(w) had no correlation
with w. Because @ was much smaller than y, the equation for
o ,(w) could be simplified as Equation (8). Thus, the value of ¢, ()
remained constant upon increasing the value of w (Figure 3b).
The imaginary part of o(w) displayed a different trend from that
of the real part. When o increased, the imaginary part also in-
creased because o was much smaller than y, leading to the imagi-
nary part of o(w) in Equation (7) being simplified as Equation (9).
Hence, the value of ¢;(w) will be proportional to the value of w,
as displayed in Figure 3c. For example, Sample 4 had the high-
est value of wf) /v in Figure 3a. Therefore, using Equation (8), we
know that the value of o, (w) was the highest, and it remained
unchanged upon changing the value of w. Furthermore, Sample
4 had the lowest value of y among these samples; therefore, it
had the highest value of a)lzJ /72, leading to the slope of o;(w) in
Figure 3c being the largest. As a result, as long as we could ob-
tain the values of @, and y of the samples through optical fitting,
we could determine the trends in the values of ¢, () and o, (®) in
the thermal IR region. Therefore, as displayed in Figure 3b,c, we
would determine that when the value of w?/y value of the sam-
ple was large, the value of o(w) would also be high. Moreover, we
found that the value of @? /y of the amorphous metallic glass was
much smaller than that of the crystalline metal. Table 2 lists the
parameters of the samples.

2.3. Relationship between the Deposition Parameters and the
Optical Property of NiNb Metallic Glass

To examine the relationship between the processing conditions
and the optical properties of the samples, we investigated the
effects of the sputtering power and the processing pressure.
Upon increasing the sputtering power, the value of a)f) /v also
increased. We suspected that the film became denser upon in-
creasing the sputtering power. Therefore, the atomic arrange-
ment within the film might have featured short-range order, re-
sulting in increased optical conductivity. For Samples 1-3, keep-
ing the processing pressure constant and increasing the sputter-
ing power caused the values of a)é /v and the optical conductivi-
ties increase, with the optical properties of the metallic glass films
becoming closer to those of the crystalline metals.
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On the other hand, under the same sputtering power, increas-
ing the processing pressure by increasing the Ar flow increased
the number of Ar ions. Argon ions with higher energy would re-
sult in greater bombardment of the target and more digging of
target atoms. When the metallic glass clusters reached the sur-
face of the sample, there would be sufficient energy for migra-
tion, such that the atoms could be arranged in short-range order.
The moving electrons would be less hindered in the drift process
under an electric field with a frequency w of IR light. We found
that the values of o(w) and a); /v increased for the metallic glass
films deposited at a higher Ar flow rate.

In addition, we examined the optical properties of the metallic
glass films that had been subjected to long periods of sputter-
ing. Here, we deposited metallic glass films at the same sputter-
ing power and pressure but with different sputtering times. As
displayed in Figure 4a, Sample 1(T) was deposited for 100 min;
the refractive index of Sample 1(T) was slightly smaller than the
extinction coefficient k. Both the refractive index and extinction
coefficient of Sample 1(T) were significantly larger than those of
Sample 1. Moreover, the value of colzJ /v increased from 7.93 for
Sample 1 to 70.98 for Sample 1(T) (Table 3). To explain this be-
havior, we speculate that some micro-nanocrystals had formed in
the samples after long-term sputtering.

To determine the nanocrystalline phases in the metallic glass
samples, we used grazing-incidence X-ray diffraction (GIXRD)
and TEM to measure the crystallinities of the metallic glass films.
We compared the GIXRD data for Sample 1 with those of the
samples prepared with different sputtering times. Figure 4b re-
veals that the GIXRD intensity of Sample 1(T) was stronger than
that of Sample 1, although both samples remained amorphous,
as evidenced by their broad peaks. From this GIXRD result, we
speculate that a slightly ordered structure had formed during the
long-term sputtering process, such that the fitted optical parame-
ters would be close to those of the metals. Figure S4 (Supporting
Information) presents the GIXRD data measured for the other
samples. Because GIXRD could not provide information about
the crystalline structure of the films on the nanoscale, we used
TEM to examine the short-range arrangement in Sample 1(T).
Figure 4c,d displays the HRTEM images of Sample 1(T). While
the specimen was primarily amorphous, some areas featured lo-
cal atomic short-range ordering. The fast Fourier transform (FFT)
pattern taken from the red region in Figure 4c reveals the local
atomic arrangement, with the bright spots on the halo indicating
the presence of nanocrystals.

Furthermore, we heated Sample 3 and investigated the opti-
cal properties of the resulting Sample 3(C). The XRD pattern
(Figure 5a) revealed that Sample 3 changed from an amorphous
state to a crystalline state after being annealed at 900 °C for 1
h. After fitting the optical parameters of Samples 3 and 3(C), we
found that the plasma frequency remained almost unchanged af-
ter crystallization, but the damping constant had decreased sig-
nificantly (from 12.43 to 2.07 eV). This behavior indicated that the
electrons could migrate freely, because an orderly crystalline ar-
rangement had formed in the structure. Figure 5b reveals that the
refractive index of Sample 3(C) was slightly smaller than its ex-
tinction coefficient, but both were significantly larger than those
of Sample 3. In addition, Table 1 reveals that the value of wfj 44
value of Sample 3(C) was much larger than that of Sample 3.

© 2023 Wiley-VCH GmbH

95UB017 SUOWIWIOD BA11e81D) 3|qeoljdde ay) Aq peuenob ae sl VO ‘85N J0 Sa|n. 1oy AfeldTaUIIUQ AB]IM UO (SUONIPUOD-pUe-SWe)LI0Y"AB| 1M Afe.d | jpulUoy/:sdiy) SUORIpUOD pue swie 1 8y} 88S *[#202/10/82] Uo AriqiTauluo A(IM ‘AiseAIUN Ueme ] feuolieN Ad ZTSTOEZ0Z WOPe/Z00T 0T/10p/Loo 48] im Ake.d 1 jpul|uoy/sdny Wwolj pepeojumod ‘vz ‘€202 ‘T.0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

d

40

Refractive index- Sample 1

— — Extinction coefficient- Sample 1
Refractive index- Sample 1(T)
Extinction coefficient- Sample 1(T)

W
(=

Optical constants
[
(=]

ot
(=]

0 L L L L
2500 6000 9500 13000 16500

C

Wavelength (nm)

Figure 4. a) Optical constants and b) GIXRD patterns of Samples 1 and 1
from the red-boxed region in (c).

We also measured the emissivity of the two samples. Because of
the crystallization of Sample 3(C), its emissivity decreased signif-
icantly in the thermal IR region (Figure 5c).

2.4. Thermal radiation properties of NiNb metallic glass films

After determining the optical properties of the thin-film NiNb
samples, we suspected that thin films of metallic glass would
have great potential in indoor heat dissipation systems, owing to
their emissivity being high when compared with those of crys-
talline metals. Therefore, we performed optical simulations to
determine the highest emissivity possible for metallic glass thin
films deposited on a Si substrate. As an illustrative example,

Table 3. Plasma frequency, damping constant, elemental composition, and
values of @} /y of Samples 1and 1(T).

Sample w,[eV] y[eV] Ni[at%] Nb[at%] a)f)/y Sputtering time [min]
1 10.28 14.06 53.24 46.66 7.93 6
HU) 13.40 2.53 48.53 51.46 70.98 100
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Figure 6a presents the simulated emissivity of Sample 2 with
thicknesses ranging from 5 to 120 nm. The simulation suggested
that a broadband emissivity of ~40% could be achieved in the
thermal IR region when the thickness of Sample 2 was in the
range from 30 to 60 nm. The comparatively higher emissivity at
wavelengths of 9 and 13.5 pm corresponds to the intrinsic ab-
sorptions of the Si substrate.

Having identified the optimal thickness window to obtain the
highest emissivity, we used different sputtering processes to de-
posit metallic glass thin films onto a Si substrate at thicknesses
of 53 nm (Samples 2 and 6, respectively). We then measured
the emissivity of the Si substrate and the metallic glass thin films
on the Si substrate. We also compared the emissivity of an Al
film coated on a Si substrate (Figure 6b). The average emissiv-
ity at wavelengths from 4.5 to 15 um for the Si substrate was
16.06%. For the thin-film metallic glass Sample 2 on a Si sub-
strate, however, the average emissivity increased dramatically to
44.46%. The measured emissivity was consistent with the simu-
lation data.

Moreover, for the thin-film metallic glass Sample 6 deposited
on a Si substrate, the average emissivity was 40.12%. The slightly
lower emissivity for Sample 6, relative to Sample 2, arose because
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Figure 5. a) GIXRD profiles, b) optical constants, and c) emissivity spectra
of Samples 3 and 3(C).

the thickness of the film (53 nm) did not lie in the optimized
thickness range (from 20 to 40 nm). On the other hand, the av-
erage emissivity of the Al film coated on the Si substrate was
only 1.3%, significantly lower than that of thin-film metallic glass
samples. Thus, the thermal radiation properties of the thin-film
metallic glasses were extraordinary when compared with those of
the crystalline metals.

To demonstrate the heat dissipation ability of a thin-film metal-
lic glass, we calculated the radiative cooling power based on the
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Figure 6. a) Calculated emissivity spectra of Samples 2 prepared with var-
ious thicknesses. b) Emissivity spectra of Sample 2 and 6, a 53 nm thick
film of Al on a Si substrate, and a bare Si substrate. c) Net radiative power
of Sample 2, a Si substrate, and a 53 nm thick film of Al on a Si substrate,
measured at various temperatures.

optical spectrum in the thermal IR region. Because we were con-
sidering the thermal radiation properties of metallic glass films
in indoor conditions (e.g., in semiconductor packaging), we could
neglect the radiation of direct sunlight absorption. In addition,
we concentrated only on the radiative heat transfer of the metallic
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glass film. Therefore, the net radiative power could be simplified,
as follows:
Pnet (T) = Prad (T) - Patm (Tamb) (10)
where P, 4(T) is the power radiated out from the metallic glass
film at a specific temperature and P, (T,.,;) is the power ab-
sorbed by the metallic glass film from atmospheric radiation at
the temperature of the surroundings.

Figure 6¢ presents the calculated values of the net radiative
power for Sample 2, a Si substrate, and an Al film deposited on
a Si substrate, determined at various temperatures. Because of
the high emissivity of thin-film metallic glass, the radiative ca-
pability of Sample 2 was outstanding relative to that of the Si
substrate. The net radiative power of Sample 2 at 373 K reached
282.12 W m~2, whereas the net radiative power of the Si substrate
was only 98.89 W m~2. Furthermore, at 373 K, the radiative power
of the Al film deposited on the Si substrate was only 9.48 W m~2,
due to the low emissivity of the metal. Moreover, the net radiative
power increased upon increasing the temperature. The radiative
power reached 410.48 W m~2 when the temperature was 400 K,
nearly threefold the value for the Si substrate. Therefore, our find-
ings reveal that thin-film metallic glasses can display extremely
high radiative ability, making them competitive materials for ap-
plications requiring the dissipation of heat.

3. Conclusion

The amorphous structure of a thin-film metallic glass increased
the opportunity for collisions between the electrons and atoms,
thereby increasing the absorption of IR radiation. Accordingly,
the emissivity of metallic glass films is generally higher than
that of crystalline metals. From an analysis of the relationship
between the optical parameters and the material properties, we
found that increasing the sputtering power, or performing sput-
tering at a higher Ar flow rate, led to a sample with a larger value
of wf) /v value of the sample, implying an increase in optical con-
ductivity. Furthermore, with these processing conditions, the op-
tical properties of metallic glass films became closer to those of
the crystalline metals. HRTEM revealed the local atomic arrange-
ment in some thin-film metallic glass samples. Finally, optical
simulations, performed using optical thin film theory, allowed us
to elevate the broadband emissivity experimentally, by suggest-
ing the deposition of a 53 nm thick film of metallic glass on a
Si substrate. This thin-film metallic glass enhanced the full-band
emissivity at IR wavelengths from 4.5 to 15 um, with the average
emissivity increasing from 16.06% for the Si substrate to 45.35%
for the thin-film sample. Furthermore, comparing the thin-film
metallic glass to an Al film on a Si substrate, the average emissiv-
ity increased from 1.30% to 45.35%. Demonstrating the cooling
ability of metallic glass films, we found that Sample 2 coated with
metallic glass exhibited a better cooling ability (282.13 W m~2)
than a Si substrate at 373 K. We believe that the application of
metallic glasses has the potential to overcome the issue of chip
heat dissipation. Because metallic glass films have excellent me-
chanical and chemical properties, their thermal radiation prop-
erties could be applied to improve the performance of electronic
and optoelectronic devices and systems.
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4. Experimental Section

Sample Preparation: The metallic thin film was deposited using DC
magnetron sputtering. The chamber was pumped to 0.8 Pa, and then a
turbo pump was applied to give high vacuum conditions (4 x 107* Pa). The
processing pressure for thin-film deposition was controlled by varying the
Ar flow rate. The NisoNbs alloy target was purchased from Gredmann; the
substrates for deposition were B270 glass and a double-polished p-type Si
(100) wafer. The wafer resistance was 15-25 Q, and the carrier concentra-
tion was in the range from 5 x 10" to 9 x 10" m=3.

Characterization: ~ The direct-hemispherical reflectance of the thin film
was measured using a UV-vis—NIR spectrophotometer (U4150, HITACHI)
and an FTIR spectrometer (VERTEX 70, Bruker) with an integrating sphere
(A562 Integrating Sphere). The reflectance at variable angles of the thin
film was measured using a UV-vis—NIR spectrophotometer and an FTIR
spectrometer equipped with a reflection accessory (A513 variable angle
reflection accessory). The emissivity of thin film was also measured us-
ing an FTIR spectrometer with a black body furnace (Bruker). The crys-
talline properties of the films were characterized using XRD (Rigaku TTRAX
3) with monochromatic Cu-Ka radiation (A = 0.15 406 nm), operated at
50 kV. High-resolution transmission electron microscopy (HRTEM) was
performed using an FEI Tecnai G2 F20 microscope equipped with a high-
angle annular-dark-field detector (HAADF); the images were recorded at
200 kV.

Simulations:  Reflection spectra recorded at various angles of inci-
dence were used to obtain the optical constants of thin-film metallic glass
samples, applying optical thin-film theory!?’l and the Drude model. The
thicknesses of metallic glass films on Si substrates were also determined
through optical thin film theory to optimize the emissivity in the thermal
IR region.
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