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ABSTRACT: Harnessing solar energy by employing concentrated solar
power (CSP) systems requires materials with high electrical conductivity
and optical reflectivity. Silver, with its excellent optical reflectance, is
traditionally used as a reflective layer in solar mirrors for CSP technologies.
However, silver is soft and expensive, quickly tarnishes, and requires a
protective layer of glass for practical applications. Moreover, supply-side
constraints and high-temperature instability of silver have led to the search
for alternative materials that exhibit high solar and infrared reflectance.
Transition metal nitrides, such as titanium nitride, have emerged as
alternative plasmonic materials to gold starting from a spectral range of
∼500 nm. However, to achieve high solar reflection (∼320−2500 nm),
materials with epsilon-near-zero starting from the near-ultraviolet (UV)
spectral region are required. Here, we show the development of refractory
epitaxial hafnium nitride (HfN) and zirconium nitride (ZrN) thin films as excellent mirrors with a solar reflectivity of ∼90.3% and an
infrared reflectivity of ∼95%. Low-loss and high-quality epsilon-near-zero resonance at near-UV (∼340−380 nm) spectral regions
are achieved in HfN and ZrN by carefully controlling the stoichiometry, leading to a sharp increase in the reflection edge that is on
par with silver. Temperature-dependent reflectivity and dielectric constants are further measured to demonstrate their high-
temperature suitability. The development of refractory epitaxial HfN and ZrN thin films with high solar and infrared reflectance
makes them excellent alternative plasmonic materials to silver and would pave their applications in CSP, daytime radiative cooling,
and others.
KEYWORDS: concentrated solar power, solar mirror, transition metal nitrides, alternative plasmonic materials,
ultrahigh vacuum deposition, refractory nanophotonics

■ INTRODUCTION
Solar technologies are an essential component of sustainable
renewable energy that is harnessed by converting light into
other forms of energy. Photovoltaics (PV) aims to convert
sunlight directly into electricity, whereas concentrated solar
power (CSP) uses heat or thermal energy from sunlight as an
intermediate to generate electricity.1 Solar technologies have a
substantial positive impact on the energy demand of the
modern world by providing low-cost, pollution-free, low-
carbon-emission energy.2 One of the main components of CSP
technology is a solar mirror or reflector, which is used to focus
a large area of sunlight onto a small area of the collector.3 The
concentrated light is then used as heat to generate electricity
via a turbine. An ideal solar reflector should have very high
solar reflectance, specularity, low maintenance cost, and a long
lifetime.4

Silver (Ag) is widely used in solar mirrors due to its very
high optical reflectance of ∼96%, which is the highest for any
metal, and its low surface roughness and smoothness at the
atomic level.5,6 However, silver’s softness, low melting
temperature (∼960 °C), and corrosive nature prevent its

application in harsh conditions and at high temperatures.
Additionally, an extra layer of transparent glass made of SiO2
or TiO2 is always used to protect silver films.7 Due to such
constraints and the limited reserves of silver, efforts are
underway to search for alternative materials to replace silver.
As a potential candidate, aluminum (Al) exhibits reflectivity in
the range of 85−90% in the visible to near-ultraviolet (UV)
spectral region.8 However, Al shows a reflectance drop
between 800 and 900 nm, which limits its utility. Similarly,
gold (Au), nickel (Ni), chromium (Cr), platinum (Pt), and
copper (Cu) can be utilized in the solar mirror due to their
moderately high solar reflectance, but they also suffer from
various atmospheric conditions. Dielectric mirrors based on
one or more transparent dielectric materials can reflect up to
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99.99% of light at a single wavelength.9 Still, their efficiency is
limited to a narrow bandwidth of the solar spectrum.
Therefore, it is crucial to develop solar mirrors with very
high specular reflectance materials that are also hard, less
expensive, corrosion-resistant, and stable at high temperatures.

Transition metal nitrides (TMNs), such as titanium nitride
(TiN), have recently emerged as alternative plasmonic
materials to noble metals in the visible to near-infrared (IR)
spectral region.10−14 Apart from the excellent tunable optical
properties, TiN possesses high hardness, excellent thermal
stability, and complementary metal−oxide−semiconductor
(CMOS) compatibility. In addition, the high corrosion
resistance of TiN makes it a suitable plasmonic material in
extremely harsh conditions. Therefore, TiN has been a material
of choice for many practical applications such as durable
optical coatings,15 solar absorbers,16 solar cell contacts,17 and
refractive index sensors.18 Recently, it was reported that MBE-
deposited TiN exhibits a very high reflectance of more than
90% at near-infrared spectral ranges, similar to gold.19

However, TiN reflects solar irradiation starting from ∼500
nm to longer wavelengths due to its epsilon-near-zero (ENZ)
wavelength (positive-to-negative crossover of the real part of
dielectric permittivity) of ∼500 nm. As a result, the reflection
of the entire solar spectrum is not possible with TiN, which
precludes its applicability in solar mirrors.

Similar to TiN, TMNs like hafnium nitride (HfN) and
zirconium nitride (ZrN) are also refractory, mechanically hard
(hardness of ∼22−24 GPa), and thermally stable and possess
high electrical conductivity and high optical reflectivity.20−22

Both HfN and ZrN exhibit large melting temperatures of
∼3305 and 2980 °C, respectively, which are higher than that of
TiN. As a result, HfN and ZrN are also emerging as promising
candidates for applications in hot carrier solar cells,23

metamaterial absorbers,24 solar-driven water evaporation,25

and thermal imprinting of plasmonic hotspots.26 HfN and ZrN
films exhibit ENZ at ∼340−380 nm, similar to Ag. Utilizing
HfN and ZrN as metallic components, HfN/ScN and ZrN/
ScN metal/semiconductor superlattices are also developed that
exhibit both type-I and type-II hyperbolic photonic dispersion
starting from the near-UV to near-IR spectral ranges.27

However, despite their ENZ at ∼340 to ∼380 nm, which is
close to the edge of the solar spectrum at short wavelengths,
the measured reflectivity values of HfN and ZrN are relatively
small (68 and 75% in the 320−900 nm range, respec-
tively).28,29 Such a lower reflection coefficient results from a
somewhat tapered rise in the reflection edge from its plasma
frequency or ENZ point due to higher optical losses. As a
result, neither of these two materials has been considered for
solar mirror applications. Since a high solar reflection
coefficient of more than ∼90% is necessary for solar mirrors,
efforts must be made to increase their reflectivity.

Fortunately, unlike noble metals, the optical properties of
TMNs can be tuned by changing the growth conditions.
Previous work has shown that high substrate temperature gives
rise to better crystal quality with the high reflectance of HfN
films.28 Under low deposition pressure, highly crystalline films
are formed as incident particles encounter fewer collision
events.30 HfNx films are also prepared by varying the
stoichiometry with changing nitrogen concentration.31 In
near-stoichiometric films, a significant increase in the electron
mean free path leads to higher reflectivity. Negative substrate
bias also improves optical reflectivity due to reduced nitrogen
and hafnium vacancies in the film.32,33 Similarly, the optical

properties of ZrN are also improved by tuning the growth
parameters.34−36 However, simultaneous tuning of all of the
growth parameters to achieve the highest optical reflectivity
achievable in HfN and ZrN films remains unexplored. In this
work, we demonstrate record-high solar and infrared
reflectance of epitaxial stoichiometric HfN and ZrN thin
films by optimizing all of the growth parameters. Temperature-
dependent reflectivity and dielectric constants of the films are
measured, firmly establishing the utility of HfN and ZrN as a
replacement for Ag for solar mirror applications.

■ EXPERIMENTAL DETAILS
Stoichiometric and epitaxial HfN and ZrN thin films are deposited on
(001) MgO substrates with ultrahigh vacuum reactive direct current
(DC) magnetron sputtering with a base pressure of 1 × 10−9 Torr at a
substrate temperature of 900 °C. The thicknesses of HfN and ZrN
thin films are ∼400 and ∼200 nm, respectively, which are more than
their optical decay lengths (∼45−50 nm). Details about the growth
method are presented in the Supporting Information Section.
Optimized conditions for achieving epitaxial and stoichiometric
HfN and ZrN thin films are presented in Table 1:.

To compare the optical properties, a 150 nm thick Ag film is
further deposited with electron beam evaporation at a base pressure of
10−6 Torr. Structural and microscopic properties of the films are
measured with high-resolution X-ray diffraction (HRXRD), field-
emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), and high-resolution (scanning) transmission
electron microscopy (HR(S)/TEM) techniques. X-ray photoelectron
spectroscopy (XPS) of optimized HfN films is performed to check
chemical composition and to find the stoichiometric ratio. Reflectivity
and dielectric constants (wavelength range from 210 to 2500 nm) are
measured using J.A. Woollam RC2 spectroscopic ellipsometer
attached to a cryostat operating at a temperature range from 100 to
700 K. The infrared reflection is measured with Bruker Fourier
transform infrared spectroscopy (FTIR) measurements. Details about
the characterization methods are presented in the Supporting
Information Section.

■ RESULTS AND DISCUSSION
Structural Characterization. HRXRD measurement (see

Figure 1a) shows that sputter-deposited HfN (Figure 1b) and
ZrN thin films (Figure S1a) grow with (002) orientations on
(001) MgO substrates. Corresponding to the 002 diffraction
peak located at 39.45 and 39.15°, HfN and ZrN exhibit out-of-
plane (c-axis) lattice constants of 4.54 and 4.59 Å, respectively,
that are consistent with previous literature reports.20,37 The full
width at half-maximum (FWHM) of the rocking curve (ω-
scan) for HfN (inset of Figure 1a) exhibits a value of 1.9°,
which indicates its mosaic spread and epitaxial growth. As the
substrate (MgO) exhibits the same rock salt crystal structure,
HfN grows with the [001] (001) HfN || [001] (001) MgO
epitaxial relationship. Four equally spaced (90° apart)
asymmetric φ-peaks (see Figure S1b) confirm epitaxial growth
of the HfN and ZrN films on MgO substrates. The AFM
micrograph of a HfN film exhibits a smooth surface with a
root-mean-square (RMS) roughness of 0.55 nm (Figure 1c),
whereas ZrN film shows an RMS roughness of 0.7 nm (see

Table 1:. Deposition Parameters Used to Grow Epitaxial
HfN and ZrN Thin Films

target
power
(W)

deposition
pressure (mTorr)

deposition
temperature (°C)

Ar/N2
(sccm)

substrate
bias (W)

75 3 900 15:1 15

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c09852
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09852/suppl_file/am2c09852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09852/suppl_file/am2c09852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09852/suppl_file/am2c09852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09852/suppl_file/am2c09852_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09852/suppl_file/am2c09852_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure S1c in the Supporting Information). The slightly
smaller RMS surface roughness of HfN could be related to its
slightly higher melting temperature of ∼3305 °C compared to
the melting temperature of 2980 °C in ZrN as well as a lesser
amount of lattice mismatch with the substrate MgO. The
surface smoothness of the HfN film is also confirmed with
plan-view FESEM images (see Figure 1d), which corroborates
the AFM results. Small square-shaped, densely packed features
observed on HfN films arise due to the formation of mound
structures that exhibit 4-folds symmetry for rock salt crystals.
These mound structures were also observed previously in
sputter-deposited TiN and ScN.38,39 For the ZrN film, these
square-shaped features are absent, and a more smooth surface
can be seen in the FESEM image of the film presented in
Figure S1d. X-ray photoelectron spectroscopy (XPS) measure-
ments of the HfN film show Hf 4f and N 1s peaks (see Figure
S4) with their binding energies that correspond to the Hf−N
bond formation. From the area of the photoelectron spectrum,
a Hf-to-N atomic ratio of 1.05 is calculated, which confirms the
stoichiometric nature of the film.

A representative low-magnification STEM image of the
HfN/MgO film (see Figure 2a) demonstrates the formation of
a sharp interface between the HfN film and the MgO substrate.
The atomic-resolution STEM image of the HfN/MgO
interface (Figure 2b) highlights the cubic epitaxial growth of
HfN on the MgO substrate with an orientation relationship of
[001] (001) HfN || [001] (001) MgO. As Hf atoms are heavier
than Mg atoms, the HfN layer appears brighter than the MgO
substrate in the STEM image. Misfit dislocations are observed
at the HfN/MgO interface due to a ∼6% lattice mismatch
between the HfN and MgO layers. Elemental energy-dispersive
X-ray spectroscopy (EDS) maps of Hf and N presented in
Figure 2c,d, respectively, demonstrate uniform distributions of
atoms in the HfN thin film. EDS spectra also show the

presence of oxygen in the films, a common unwanted impurity
in transition metal nitrides.

Optical Characterization. Variable-angle spectroscopic
ellipsometry (VASE) is used to determine the ambient
temperature dielectric permittivity of HfN, ZrN, and Ag by
fitting the experimental (ψ, Δ) spectra with a combination of
the Drude−Lorentz model at three different angles of
incidence (55, 65, and 75°). Results show that the real
component of dielectric permittivity (ε’) exhibits positive-to-
negative crossover at 325, 350, and 380 nm for Ag, HfN, and
ZrN, respectively (see Figure 3a), which represents the onset

of their metallic (plasmonic) characteristics. As the wavelength
increases, ε’ becomes more negative and displays a minimum
of −305, −224, and −234 at 2500 nm for Ag, HfN, and ZrN,
respectively. Ag exhibits the highest negative value of ε’ due to
its higher free-electron concentration and carrier relaxation
times. The optical loss represented by the imaginary part of
dielectric permittivity (ε″) is lowest for Ag, followed by ZrN
and HfN (see Figure 3b). In the visible spectral range, ε″ of
the three films remains small. However, ε″ increases
monotonically with the wavelength in the near-infrared region
due to free carrier absorption. Although the optical loss in HfN
and ZrN is greater than Ag in the near-infrared region due to
lower free-electron relaxation times (τ, see Figure 5a), the

Figure 1. (a) High-resolution X-ray diffraction pattern of the HfN
thin film deposited on the (001) MgO substrate showing 002 oriented
growth. The rocking curve is shown in the inset. (b) Optical image of
a HfN thin film (thickness ∼400 nm) showing laguna yellow color.
(c) Atomic force micrograph (AFM) of the HfN film exhibits an RMS
roughness of 0.55 nm, and (d) scanning electron microscopy (SEM)
image of the HfN film shows the formation of square-shaped mound
structures.

Figure 2. (a) Low-magnification STEM micrograph of a HfN film
deposited on the (001) MgO substrate shows a uniform HfN layer
and a sharp interface with the MgO substrate. (b) High-resolution
STEM image of the HfN/MgO interface exhibits epitaxial cubic
crystal growth. STEM-EDS elemental maps of (c) Hf and (d) N show
uniform distribution within the film.

Figure 3. (a) Real and (b) imaginary components of dielectric
permittivity (measured with spectroscopic ellipsometry from 210 to
2500 nm) of Ag, HfN, and ZrN films. The inset in (a) zooms into the
wavelength range of 300−400 nm showing ε’ positive-to-negative
crossover of the films. The inset in (b) indicates the low optical loss of
these films in the visible spectral range (400−700 nm).
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relatively low loss in the near-UV wavelength (inset of Figure
3b) would make HfN and ZrN attractive for various exotic
near-zero-index (NZI) properties, such as light tunneling,40

time refraction,41 and diverging velocity.42

To behave as a solar mirror, materials must specularly reflect
the entire solar spectrum (320−2500 nm). Therefore, angle-
dependent specular reflection of HfN and ZrN films is
measured along with Ag with a spectroscopic ellipsometer (see
Figure 4a,b). Results show that HfN and ZrN exhibit

integrated specular reflectance values (ratio of the area under
the specular reflection curve and the ideal reflection curve at
one particular angle of incidence) of 93.2 and 94.2%,
respectively, at an angle of incidence of 64°, resembling the
same of 96.8% for Ag (see Figure 4a). Away from the ENZ
wavelength, i.e., from ∼800 to 2500 nm, all three films are
highly reflective (with reflectivity close to unity, see Figure 4c
also). The reflection decreases near the ENZ region and
exhibits a minimum at 317, 342, and 320 nm for HfN, ZrN,
and Ag, respectively, consistent with their plasmonic nature.
The sharpness of the reflection edge is determined by the
Drude relaxation time (τ) of free electrons in metals.45 As τ is
smaller for HfN and ZrN compared to that for Ag (τHfN ∼3.2
fs, τZrN ∼4 fs, and τAg ∼23.5 fs), their reflection edge is less
sharp than Ag. As the optimized stoichiometric and epitaxial
HfN and ZrN films exhibit lesser defect and impurity densities,
their τ values are much larger than those containing a higher
concentration of defects (see the Supporting Information). A
comparison of the reflectivity spectra of HfN and ZrN in this
work and previously reported studies (see Figure S7 in
Supporting Information) also highlights the improvements in
this work. Nevertheless, further improvement of film quality is
expected to result in a sharper rise in the reflectivity edge and,
therefore, would increase the solar reflectivity. The effect of
surface morphology on the optical properties of HfN is studied
and confirms that the film grown with optimized conditions
exhibits lesser surface defects and RMS roughness (see

Supporting Information). Angle-dependent reflectivity shows
high reflection over the entire angles of incidence for both HfN
(see Figure 4b) and ZrN (see Figure S10d), which further
highlights the usefulness of these materials as solar mirrors. It is
important to note that HfN and ZrN films deposited on Si and
quartz substrates also with optimized deposition conditions
exhibit very high reflectivity (see the Supporting Information),
making them attractive for practical applications.

The solar reflectance of the films is further evaluated using

the relation =R
R I

IS
( ) ( )d

( )d
320nm

2500nm

320nm

2500nm , where R(λ) and I(λ) are the

reflection spectrum and solar spectrum, respectively.8 The
calculated solar reflectance values at an angle of incidence of
64° are 90.2 and 90.3% for HfN and ZrN films, respectively,
indicating that these films are proficiently reflecting the entire
solar spectrum. Further, the solar reflectance is measured by
integrating sphere-based UV−visible spectroscopy over the
entire hemisphere, showing that HfN and ZrN films exhibit
reflectance values of ∼88 and 89%, respectively, compared to
95% in Ag (see Supporting Information). Though the solar
reflectivity values of the HfN and ZrN films are lower than that
of Ag (96%), they are still higher than those of most metallic
films under investigation for solar mirrors and are comparable
to that of Al. While Al is considered a replacement for Ag,
along with the softness, low melting temperature, and stability
issues, Al also shows a decrease in reflectivity between 800 and
900 nm, a significant bottleneck for its applications. A
comparative plot of specular reflectance and melting point
(see Figure 4d) highlights the superiority of HfN and ZrN over
noble and transition metals used in solar mirrors.44 Therefore,
given the excellent material properties, HfN and ZrN thin films
could serve as an alternative to Ag not only for applications
where Ag cannot work due to material constraints but also for
applications where the high reflectivity criterion is relaxed to an
extent. High solar reflection in HfN and ZrN thin films will be
useful not only for CSP technologies but also for selective
absorbers in solar thermal applications. Since the nitride films
reflect more than 90% of the incident solar radiation, several
solar thermal techniques such as water heaters, solar fuels, and
furnace technologies would benefit from these materials.

Along with the high reflectivity in the solar spectrum, solar
mirrors must also exhibit high reflectivity in the infrared
spectral range. Fourier transform infrared spectroscopy is used
to measure reflection in the infrared region from 2.5 to 100
μm. Figure 4c shows that HfN and ZrN thin films provide 94.8
and 95.4% infrared reflectance, similar to Ag (95.5%), which
would make these films suitable for durable infrared reflective
coatings on night vision systems,46 large infrared telescopes,47

and pointing and tracking systems.46

Next, we computed various surface plasmon polariton (SPP)
parameters for HfN, ZrN, and Ag from experimental dielectric
permittivity and compared them with those for Au and TiN
(see Figure 5). The propagation length (L) and decay length
(δ) serve as performance metrics for waveguiding applications
for propagating plasmons at the metal−air interface.49,50 SPPs
propagating at the interface follow the following dispersion
relation

=
+

k
2

SPP
m a

m a (1)

where kSPP, εm, and εa denote the propagation constant in the
direction of propagation and the dielectric permittivities of

Figure 4. (a) Specular reflection of Ag, HfN, and ZrN films
(measured with spectroscopic ellipsometry) with the AM 1.5 solar
spectrum. (b) Angle-dependent reflection of the HfN film shows that
the film exhibits very high reflection over all angles of incidence. (c) A
Fourier transform infrared spectrometer measured the IR reflection of
Ag, HfN, and ZrN films. (d) Comparison of integrated reflectance
(320−2500 nm) and melting point among noble metals, transition
metals, and TMNs.19,43,44
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metal and air, respectively.49 The distance at which the energy
of the surface plasmon decays by a factor of 1/e in the
direction of propagation is defined as the propagation length,
which is denoted by50

=L
Im k

1
2 ( )SPP (2)

SPP propagation starts when HfN and ZrN become
plasmonic, i.e., after the ENZ wavelength, and the propagation
length increases as the wavelength increases, exhibiting large
values of 200 and 233 μm at 2500 nm, respectively (see Figure
5b). The electromagnetic field of the surface plasmon shows
the maximum value at the metal−air interface and decays
perpendicularly into the two media. The decay length is
defined as the distance from the interface at which the field
falls off by 1/e, which is given as follows50

=
| | +

| |2
a

m
2

(3)

Therefore, at the crossover wavelength when the real part
becomes zero, the large decay length corresponds to very low
loss. Silver having the lowest optical loss at the crossover
wavelength (ε″∼ 0.5) exhibits a very high value of decay
length. HfN and ZrN thin films possess optical losses of 2 and
1.5, respectively, at the respective crossover wavelengths, which
are similar to those for plasmonic Au (∼1.2) and TiN (∼2.5).
As expected, plasmon decay length exhibits a maximum of 45
and 52 nm at the ENZ wavelength for HfN and ZrN,
respectively, which indicates their very good plasmonic
response (Figure 5c). The quality factor for surface plasmon
polariton defined by =Q SPP

2 51 serves as a performance
figure of merit of the metal for plasmonic applications. Results
show that HfN and ZrN exhibit higher values of the quality
factor (QHfN ∼242 and QZrN ∼298 at λ = 1500 nm) from
visible to near-infrared spectral ranges (Figure 5d).

Temperature-dependent dielectric constants are measured
from 100 to 700 K at an angle of incidence of 70° using a
cryostat attached to the spectroscopic ellipsometer. During the
temperature-dependent measurement, the cryostat chamber is

kept under a high vacuum of 10−7 Torr to eliminate any
possibilities of surface oxidation. Real (Figure 6a) and

imaginary (Figure 6b) components of the dielectric
permittivity of HfN films are plotted along with the specular
reflection (Figure 6c) derived from the permittivity at different
temperatures. The dielectric permittivity depends on the
plasma frequency (ωp) and damping factor (ΓD) by the
following Drude relation

= + =
+

i
i

( ) ( ) ( ) p
2

2
D (4)

where = +’ p
2

2
D
2 and = +

p
2

D
3

D
2 .52

The Drude damping factor ΓD is related to different
scattering phenomena arising from electron−phonon and
electron−electron scattering. At very low temperatures, the
electron−phonon scattering rate is low, which results in a
smaller value of ΓD (Figure 6d).52,53 However, as the
temperature increases, electron−phonon scattering starts to
increase rapidly, which in turn makes ΓD larger. On the other
hand, the plasma frequency (ωp) depends on the effective mass

(m*) and free-electron concentration (n) as = ×
ne

mp
2 2

0
. With

increasing temperature, n usually decreases due to the volume
expansion described by the volume expansion coefficient γ as

=
+

n n

T T1 ( )
0

0
, where n0 is the electron concentration at

temperature T0.
54 As a result, ωp decreases with temperature,

and the ENZ wavelength of HfN continuously shifts toward
the long-wavelength regime with an increasing temperature
(see the inset of Figure 6a). The simultaneous reduction in
plasma frequency and increase in damping constant result in a
decrease of the magnitude of ε’ with temperature (see Figure
6a). At the same time, the imaginary part of dielectric
permittivity (ε″) increases with temperature (Figure 6b) due
to the increased scattering. Such behavior of the changes in the
optical constants with increasing temperatures was also found
in other transition metal nitrides such as TiN and noble metals

Figure 5. Comparison of (a) relaxation time (τ), (b) propagation
length, (c) decay length, and (d) quality factor (QSPP) of HfN and
ZrN films with Ag, Au, and TiN films. Optical constants of Au and
TiN are adopted from Johnson and Christy et al. and Maurya et al.,
respectively.12,48

Figure 6. Temperature-dependent optical properties: (a) real (ε’) and
(b) imaginary (ε″) parts of the dielectric permittivity of the HfN film
measured from the 100−700 K temperature range. (c) Reflection
deduced from ε’ and ε″ values at each temperature. (d) Linear
variation of the Drude damping factor (ΓD) with temperature.
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such as Ag.52−54 Temperature-dependent reflection has been
retrieved from the measured dielectric constants at each
temperature (see Figure 6c), suggesting that the high reflection
properties of HfN films prevail at high temperatures, which is
consistent with previous work on HfN-based nanodisk
arrays.55 However, a slight decrease in reflection occurs in
the near-infrared range due to a change in permittivity with
temperature (inset of Figure 6c). HfN exhibits a solar
reflectance loss of ∼7% when its temperature increases from
100 to 700 K, whereas Ag shows a decrease of ∼5% in
reflection as its temperature elevated to 840 from 90 K.56

Therefore, the overall temperature dependence of the
reflection of HfN is well comparable to that of Ag.
Temperature-dependent optical properties of ZrN films are
presented in the Supporting Information, showing similar
trends as HfN. Therefore, not only at ambient, HfN and ZrN
can serve as a replacement for Ag in high-temperature
applications as well. In addition, the excellent thermal stability
of HfN and ZrN enhances the possibility of their use in solar
probes, which require a sun shield that can withstand
temperatures of about 1370 °C and reduces sunlight
absorption by reflecting most of the solar irradiation.

■ CONCLUSIONS
In summary, we show that sputter-deposited epitaxial and
stoichiometric HfN and ZrN films can replace silver for solar
mirror applications. HfN and ZrN thin films exhibit high solar
reflection of ∼90.3% and infrared reflection of ∼95%, which
are higher than those of most of the alternative metals studied
for solar mirrors thus far. Structural characterization reveals
that HfN and ZrN grow as an epitaxial film with cube-on-cube
epitaxy on (001) MgO substrates and possess very low surface
roughness. Temperature-dependent optical properties show
that these films can preserve their high reflectivity at high
temperatures. Record-high reflectivity, large mechanical hard-
ness, structural and thermal stability, high melting temper-
atures, and CMOS compatibility make HfN and ZrN attractive
alternative materials for solar mirrors in photovoltaics,57 heat-
assisted magnetic recordings,58 high-brightness light-emitting
diode (LED) devices,59 and passive daytime radiative cooling
applications.60
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