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1. Introduction

A need for materials with simultaneously large optical nonlinear-
ities and robustness to extreme environments has been growing
in league with the growth of optical technology sectors related to
communications, defense, and metrology. Transition metal
mononitrides (TMNs) is an exciting platform of emerging alter-
natives to Au and Ag in the realm of extreme, refractory materials
for plasmonics and nonlinear optics[1–5] because they can have
large nonlinearities[6,7] and Au-like optical properties in the visi-
ble range,[8,9] while simultaneously circumventing many draw-
backs of noble metals, which include low melting

temperatures, thermally induced recrystal-
lization, high self-diffusion, percola-
tion,[10,11] and low hardness (as well as
oxidation in cases like Ag).

Effective tunability of the optical, elec-
tronic, and structural properties of some
TMNs may be controlled by exploiting their
sensitive dependence on chemistry,[12–14]

enabling a platform of tunable plasmonic
materials. Mixing of metal species in
TMNs is another means of parameter tun-
ing. These intermediate alloys of transition
metal nitrides, known as ternary
nitrides,[15] extend the mononitrides and
offer a compelling platform for the optimi-
zation of tunable plasmonic conductors,[16]

making them popular in plasmonics appli-
cations[17–20] over a variety of spectral
ranges. Ternary nitrides can be grown with
cosputtering[21] and are formed to some
extent from sputtering with impure alloy

targets. It is important to note that ternary nitrides have proper-
ties distinct frommononitrides, a trait which may be more or less
desirable depending on the particular application.

The range of TMNs are broadly applicable in plasmonics[22]

and present a useful platform for the application of metasurfa-
ces.[23] In addition, some show high bioinertness, which drives
interest in nitride biomaterials,[24,25] and they can withstand the
extreme optical fields necessary to excite large nonlinear optical
effects.[6,7] In the range of TMNs, TiN and ZrN have emerged as
frontrunners. However, even though ZrN is shown to have lower
dielectric losses, higher microhardness,[26] and higher chemical
tunability than TiN, the development of ZrN in experimentally
realized devices is evidently less extensive than that of TiN.[1]

Part of this seemingly paradoxical asymmetry of application is
attributed here to the sensitive chemistry dependence of ZrN act-
ing as a double-edged sword as the purity of precursor materials
is a deciding factor in the quality of synthesized materials. The
isolation of Zr from mixtures of Zr and Hf with a high separa-
tion factor is expensive and time-consuming due to the nearly
identical chemical properties and similar ionic radii of Zr and
Hf.[27] Most commercially available Zr is separated into grades,
governed by ASTM-B495, which allows a maximum Hf content
of 4.5%. Of these, the most commonly used is the so-called
“grade 702” Zr alloy which is sold frequently as a > 99% metals
basis purity. However, the metals basis designation means that
this material is a> 99% combination of Zr and Hf, where the Hf
content will frequently be �> 4.5%; this Hf content is most fre-
quently not advertised. Purity of Zr above the ASTM regulations,
in the best cases, is reported with ppm concentrations of Hf and

S. E. Bopp, Z. Liu
Materials Science and Engineering Program
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093, USA
E-mail: zhaowei@ucsd.edu

H. Qian, Z. Liu
Department of Electrical and Computer Engineering
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093, USA

Z. Liu
Center for Memory and Recording Research
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssr.202100372.

DOI: 10.1002/pssr.202100372

Recently, the application of transition metal mononitrides (TMNs) to plasmonics
and nonlinear optics has grown at an astounding rate. TiN and ZrN have
emerged as the dominating materials in this direction. However, even though
ZrN is reported to have lower dielectric losses and enhanced tunability in
plasmonic applications when compared with TiN, the body of work regarding TiN
is much more mature than that of ZrN. This imbalance of work regarding ZrN
may be in part an effect of pollution in precursor materials for the fabrication of
ZrN, leading to an increased imaginary part of permittivity and frustration in
reproduction of ZrN with literature-like properties. Herein, the effects of Hf
defects (a common pollutant in Zr) on the optical properties of nitride films grown
with radio frequency (RF) magnetron sputtering are reported. Hf defects are
introduced into nitride films with a sputtering target made of the Hf-polluted
“grade 702” Zr alloy. Hf defects are found in all analyzed films with concentrations
at around �0.5�1 at %. Chemical, structural, and optical properties of RF
magnetron-sputtered Hfx:ZryNz films (x� y,z) are characterized and discussed.
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other impurities. However, standardization is lacking and Zr is
widely still reported on a metals basis: even cases advertising
99.95% of pure Zr precursor material frequently have �0.5 at%
or more Hf present; extensive searching may be needed to find
Zr with few (�< 500 ppm) Hf impurities.

Radio frequency (RF) sputtering is a technique commonly
used to grow ZrN because of its convenient ability to control
N-fraction in TMN films. Like other growth techniques, an
important caveat is that film purity and properties have sensitive
dependence on sputter target purity. Experimental studies of
ZrN in the literature report fabrication with high-purity
(�>99% pure) Zr targets[28,29] but, as discussed, it is not clear
the extent to which this purity may be reported on a metals basis
and reflect a combination of Zr and Hf.

The role of Hf impurities in sputtered ZrN films has been
explored to some extent regarding its hardness and oxidation
resistance at high temperature,[30] but the effects of these Hf
defects on permittivity of the Hfx:ZryNz system are unreported
and of large value to reducing the barrier to entry of studies rely-
ing on the optical properties of sputtered ZrN and attainment of
low-loss plasmonic materials. To explore the effects on permit-
tivity of this nontrivial Hf concentration and determine whether
impurities play a significant role in ZrN optical properties, our
approach is to measure the structural, chemical, and optical prop-
erties of ZrN films grown on Si and c-sapphire substrates with
reactive RF magnetron sputtering from a Kurt Lesker-grade 702
Zr target (having Hf impurities) over a broad Zr and N stoichi-
ometry range.

Impurities in Zr sputtering targets used in RF sputtering
result in the formation of unintentional ternary nitride products,
specifically Hfx:ZryNz where x� y,z. As Zr precursor materials
can often be mistaken for being of ultrahigh purity by the
reported metals basis purity, the attainment of pure, stoichiomet-
ric ZrN with attractive properties similar to those reported in the
literature can be significantly frustrated. The aim of this work is
to remove ambiguity in the relationship between Zr precursor
purity and optical and structural properties of ZrN films grown
from a known grade 702 sputtering target with RF sputtering and
thereby reduce the barrier to entry to which ambiguity in precur-
sor material purity has given rise.

Using Rutherford backscattering spectrometry (RBS), films of
ZrN sputtered from the same grade 702 target are found here to
have Hf concentrations at the �0.5�1 at% level. RBS was
selected to determine atomic concentrations in films for their
high sensitivity, which can detect heavy elements on the order
of 10 ppm[31–33] in combination with its ability to simultaneously
detect light elements like N.

X-ray diffraction (XRD) is used to characterize structural
parameters, and X-ray reflectometry (XRR) is used to character-
ize thickness and roughness of films. Reflection and transmis-
sion (RT) spectroscopy is used with in-house developed code
(see Experimental Section for details) to extract the real and imag-
inary parts of the permittivity of these films.[34] To understand
the extent of tunability in this Hf-defected ZrN system (referred
to as Hfx:ZryNz throughout this work) and the effects that growth
parameters have on a given film’s optical properties, these meas-
urements were carried out over a range of N concentrations for
thick (Thick-A�Thick-E) and thin (Thin-A�Thin-E) film regimes

which are, respectively, relevant to industrial decorative and hard
coatings for tools and to thin-film optical and electronic devices.

2. Results and Discussion

To explore the thick film regime and develop a recipe for
Hfx:ZryNz (where y� z) from a grade 702 target, an initial set
of five films (a thick film sample set with samples referred to as
Thick-A�Thick-E) all having varied N concentrations were grown
with reactive RF sputtering (growth recipes given in
Experimental Section). Thick-A�Thick-E were grown in the
thick-film regime from �60 to 400 nm (determined from
XRR and RBS). Using SIMNRA,[35] elemental compositions
(in at%) of the thick sample set (shown in Table 1 and
Figure 1) were determined from the RBSmeasurements. Hf con-
centrations increase with decreasing chamber pressure (the pres-
sure controller had a resolution of �0.24mTorr).

ZrN without the incorporation of Hf defects has a well-known
bright, whitish gold appearance. In the Zr-rich case, films are
known to become increasingly silvery, and, in the N-rich case,
film colors progress to a pale (reflective) yellow�green as stoi-
chiometries approach Zr3N4; in the highly N-rich and amor-
phous case, a film’s appearance becomes bluish.[2,36]

Photographs of the thick Hfx:ZryNz films sputtered on c-sapphire
substrates are included on the right-hand side of Figure 1 (the
images were white balanced to the clean room wiper on which
they were photographed). Here, the Zr-rich (y> z) films
Thick-D�Thick-E are metallic, reflective, and opaque; nearly stoi-
chiometric films like Thick-C (y� z) are metallic and transmis-
sive in the �450 nm range and, in the N-rich case (y< z), like
films Thick-A�Thick-B, films appear dark and absorptive. Hfx:
ZryNz appearances can be understood more intuitively when
considering that increasing N-fraction partially depletes the
conduction band of electrons, causing semiconducting proper-
ties and a blueshift in the bandgap energy.[1]

XRD was used to characterize structural parameters of the
thick-film samples. Results are shown in Figure 2a. The degree
of ordering in the thick-film sample set increases as N concen-
tration approaches a 1:1 ratio with Zr. Film hardness and texture
are correlated in TiN and ZrN with (111) being the hardest pre-
ferred orientation[37] for durable optical films. In this thick-film
regime, (111) textures are favorable at lower N fractions, and
(200) textures are favorable at higher N fractions. Formation
of (220) peaks increases with increasing N-fraction as well.

To determine a defect accommodation mechanism in the lat-
tice, the lattice parameter a0 as a function of atomic percentage of
N was computed from the XRD measurements in Figure 2a

Table 1. Composition parameters (in atomic percent) of the thick film
samples fit from RBS data with the SIMNRA software.

Sample Hf [at%] Zr [at%] N [at%]

Thick-A 0.436� 0.001 32.682� 0.066 66.882� 0.136

Thick-B 0.490� 0.002 40.865� 0.156 58.645� 0.224

Thick-C 0.685� 0.001 50.395� 0.062 48.920� 0.079

Thick-D 0.645� 0.001 57.042� 0.090 42.312� 0.066

Thick-E 1.064� 0.021 58.819� 1.143 40.117� 0.001
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using Bragg’s law. A monotonic decrease in a0 was found with
increasing N in composition<�55% (Figure 2b). Amodest slope
and a lattice parameter maintained in the �0.456�0.460 nm
range correspond well with the vacancy mechanism of nonstoi-
chiometry accommodation in the lattice.[38,39]

The thick-film regime demonstrates that Hfx:ZryNz with a
metallic appearance and ZrN-like structure can be attained.
Texture in films and the degree of ordering are dependent on
the N-fraction, showing a regime shift from (111) to (200) as
N concentrates. In addition, a vacancy mechanism (instead of
a less energetically favorable antisite or interstitial mechanism)
of defect accommodation in the lattices is identified, which
agrees with intuition from measurements. Finally, a wide range
of Hfx:ZryNz visual appearances similar to those in stoichiomet-
ric ZrN hard, decorative coatings for manufacturing are achiev-
able with lower-cost precursor materials than Zr with very low
ppm Hf impurities.

The thin-film regime and its applicability to optics were stud-
ied next. A set of thin-film samples (Thin-A�Thin-E) was grown
for the measurement of optical properties based on variations of
the recipe for Thick-C. Thick-C was chosen as a prototype plas-
monic Hfx:ZryNz chemistry and as a recipe starting point
because of its Hf�0.01:Zr�0.49N�0.50 stoichiometry, its visual opti-
cal properties, and low strain (as determined by calculations from
the XRD measurements) to the literature value of stoichiometric
ZrN. Sputtering powers were reduced from 200 W (used in the
thick-film sample set growth) to 150W to facilitate smoother
films with more controllable and slower growth rates for fabri-
cation of optical quality thin films.

The primary properties of interest for measurement in the
thin-film regime are the real and imaginary parts of permittivity.
Precise knowledge of a film’s thickness is a prerequisite for the
extraction of permittivity from reflectivity R and transmissivity T
of a thin film. In the range of�5�80 nm, XRR can reliably deter-
mine a film’s thickness. The set of thin-film samples (thicknesses
in the range �10�60 nm) is suited well to XRR and allows facile
measurement of R and T when grown on transparent c-sapphire
substrates. Growth recipes, as well as thicknesses measured with
XRR for the set of thin-film samples, are given in the
Experimental Section.

For confirmation of stoichiometries as compared with that of
Thick-C, chemical compositions of the set of thin-film samples
were measured using RBS. Just as before with the set of

Figure 1. Normalized RBS measurements (counts per channel) and
appearance of the thick film samples as well as corresponding
SIMNRA fits (black dashed curves) on Si (111) substrates. Films having
peaks with wider breadth are thicker than those with peaks of thinner
breadth. Approximate channel locations of element signal onset are
denoted with vertical dotted and dashed lines. Photographs (reflections
can be seen on the surfaces of Thick-B and Thick-E) are included of
the as-grown films on c-sapphire substrates. Transparent, triangular bare
sections at the bottom-left corners of the thick-film samples (result of a
sputter shadow from substrate clips on sample stage) show film opacity
relative to sapphire.

Figure 2. XRD measurements on the set of thick-film samples for deter-
mination of phase. a) XRD 2θ–ω scans for Hfx:ZryNz Thick-A�Thick-E as
grown on c-sapphire substrates, showing a range of structures from
ordered to disordered. Vertical dotted lines correspond to ideal ZrN peak
positions as labeled, vertical dotted, and dashed lines correspond to sub-
strate peaks. b) Computed lattice parameters from XRD measurements of
samples Thick-A�Thick-E show a monotonic decrease with increasing N
fraction up to �55% N with error bars. The outlier point at 66.88 at% N
corresponds to a different regime and is not included in the linear fitting
shown for the ZrN B-type lattice.
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thick-film samples, elemental compositions were determined for
Thin-A�Thin-E (see Table 2). RBS analysis in the thin-film regime
was conducted with greater resolution per channel (advantageous
for thinner films at the cost of more specialized hardware) com-
pared with the thick-film sample set (see Figure 3a).

Photographs (white balanced in the same way as the thick-film
samples) of the thin-film sample set are included on the right
side of Figure 3a. In the Hfx:ZryNz thin-film regime, the Zr-rich
(y> z) film Thin-C appears bright and noticeably whitish golden
similar to Thick-C with specular reflection and deep blue trans-
mission. In the stoichiometric case (y� z), Thin-B appears
golden but slightly darker and more transmissive with specular
reflection and deep blue transmission, a deviation from the stoi-
chiometric cases in the set of thick film samples. Finally, in the
N-rich case (y<z), and similar to the N-rich case in the set of
thick-film samples, films Thin-A and Thin-E appear darker
and more transmissive with Thin-D, looking noticeably golden
but still darker than the highly stoichiometric cases. All films
from the set of thin-film samples are smooth (roughness fit
by GenX[40] σ ¼ 20.1� 1.1 Å, 5.1� 0.4 Å, 4.3� 0.5 Å,
4.6� 0.6 Å, and 8.3� 0.7 Å from Thin-A to Thin-E, respectively)
and continuous, as measured with XRR over a spot size of
�4mm2 (see Figure 3b). In comparison with wavelengths used
in UV�vis�NIR spectroscopy, these roughness values corre-
spond approximately to λ/40 for Thin-A and λ/50 for Thin-
B�Thin-E. Films Thin-C�Thin-E are fabricated with decreasing
thickness but otherwise identical growth parameters.

Phases present in films from the set of thin-film samples were
characterized with XRD, as shown in Figure 4a. For films in this
thickness range, (111) orientation is found to be generally favor-
able for all tested stoichiometries. Unlike the rest, Thin-B shows
a (200) peak accompanying the (111) peak, which may be a con-
sequence of its larger Hf concentration relative to the other films.
A slightly expanded lattice parameter is measured for films of N-
deficient (y>z) Hfx:ZryNz, whereas a slightly shrunken lattice
parameter is measured for N-rich (y<z) Hfx:ZryNz. Tilt of crys-
tallites in the first film grown from the set of thin-film samples
(Thin-A) is characterized with a series of XRD 2θ–ω scans
(see Experimental Section for details of ψ-angle tilt XRD) aligned
to the film’s (111) peak over a range of ψ-angle tilts with respect
to the c-axis of its sapphire substrate (Figure 4b). Increasing tilt
from 0 to 4� shows a marked cutoff in diffracted beam intensity
which approaches 0� at 8� from the normal. Because of the steep
intensity cutoff with small increases of ψ-angle, we can conclude
that most crystallites are arranged with the (111) direction nor-
mal to the c-axis of the sapphire substrate.

Real and imaginary parts of permittivity, with precise knowl-
edge of film thickness from XRR, were extracted using code
developed in-house (see Experimental Section for a description
and testing information of the permittivity extraction code) for
the determination of the refractive index n and the extinction
coefficient k from the reflection coefficient R and the transmis-
sion coefficient T measurements. Wavelength-dependent R and
T coefficients measured for the set of thin-film samples are
shown in Figure 5a,b respectively. Real and imaginary parts of
the extracted permittivity spectra of the set of thin-film samples
are shown in Figure 5c,d, respectively. Permittivity spectra are
plotted in comparison with the reported permittivity of

Table 2. Composition parameters (in at%) of the thin-film samples fit
from RBS data with the SIMNRA software.

Sample Hf [at%] Zr [at%] N [at%]

Thin-A 0.515� 0.001 45.684� 0.087 53.801� 0.063

Thin-B 1.003� 0.001 48.812� 0.001 50.185� 0.003

Thin-C 0.546� 0.001 47.921� 0.076 51.533� 0.082

Thin-D 0.495� 0.001 47.579� 0.129 51.926� 0.141

Thin-E 0.485� 0.175 43.064� 15.513 56.451� 0.927

Figure 3. a) Normalized RBS measurements (counts per channel) and
appearance of the set of thin-film samples as well as corresponding
SIMNRA fits (black dashed curves) on Si (111) substrates for Thin-A,
Thin-C�Thin-E, and c-sapphire for Thin-B. Approximate channel locations
of element signal onset denoted with vertical dashed lines. Photographs
(reflections can be seen on Thin-C and Thin-E) are included in same order
of Thin-A�Thin-E as grown on c-sapphire substrates. b) Normalized XRR
measurements of the set of thin-film samples as well as corresponding
GenX fits (black dashed curves) where 2θ distance between oscillations
is inversely proportional to film thickness d and 2θ breadth of oscillations
is correlated with roughness σ.
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ZrN,[41] where Thin-C�Thin-D shows the most similar real part
but has a larger imaginary part.

Unlike all other samples, which were grown at 300 �C, Thin-A
was grown at room temperature (�17 �C to test and see if a plas-
monic Hfx:ZryNz can be grown at low temperature) and shows a
small real part of permittivity. Even though Thin-A has approxi-
mately stoichiometric composition, the real part of its permittiv-
ity is significantly more positive than that of literature ZrN.
Sample Thin-B was grown with pressure intermediate between
Thin-A and Thin-C�Thin-E at 300 �C; it shows optically interme-
diate properties between those of Thin-A and Thin-C�Thin-E.
Growth temperature has a strong effect on R and T with their
maxima redshifting.

For samples Thin-C and Thin-E, only the film thicknesses
were varied, and all other growth conditions (see Table 1 in
Experimental Section) were kept identical between the three.
The thinnest of these samples, Thin-E, shows a substantially
smaller real part of permittivity and larger imaginary part com-
pared with the thicker samples Thin-C�Thin-D. Chemistry of
Hfx:ZryNz films shows thickness dependence, which leads to
changes in the dielectric function as films become thin when
all other growth conditions are held constant. With the recipe
for Thin-C�Thin-E held constant for all parameters other than
thickness/growth time, decreasing thickness yields a corre-
sponding decrease in Zr fraction. Correspondingly, the real part
of permittivity becomes increasingly positive with decreasing
thickness. The same trend follows for the imaginary part of per-
mittivity, and samples become increasingly lossy with decreasing
thickness (and increasing N-fraction).

The thin-film regime demonstrates that Hfx:ZryNz with highly
ZrN-like permittivity is difficult to attain, even when y�z.
Second, sputtering growth rate and film thickness are inversely
correlated, for example, sputtering rate accelerates as films grow.
Chemistry also depends on the thickness, with films usually
being N rich for a given recipe when it is in a very thin film com-
pared with a thick film grown with the same recipe. This thick-
ness dependence of film chemistry strongly impacts optical
properties and leads to larger dielectric losses in a thin Hfx:
ZryNz film compared with a thick film prepared with the same
growth conditions with only the growth time being varied. Hfx:
ZryNz thin films can be sputtered with low roughness suitable
for optical applications. The most favored crystallite orientation
is (111) with only a small (200) peak visible in Thin-B. Crystallites
are strongly oriented normal to the c-axis of the sapphire
substrates. Finally, growth at low temperature redshifts transmis-
sion and reflection maxima with respect to high-temperature
growth and incurs a substantially larger real part of permittivity.

3. Conclusion

The role of Hf contamination in impure ZrN precursor materials
and how it influences the optical properties of ZrN films were
explored in thick- and thin-film regimes. Hf contamination is
present in most Zr precursor materials to the point of being dif-
ficult to avoid. Truly ultrahigh-pure Zr (and not just high metals
basis, e.g., Zr þ Hf purity) is a much more expensive specialty
product than the commonly available ASTM-standardized Zr
grades. These Hf impurities are demonstrated to contribute
an increased imaginary part of permittivity to the optical proper-
ties of ZrN grown with contaminated precursor materials.

Changes in the optical properties of the Hfx:ZryNz system can
be understood intuitively as coming partially from the incorpo-
ration of intrinsically more lossy HfN[41] in the ZrN host material
as well as the addition of local inhomogeneity (the Hf atoms
themselves), which introduces enhanced electron scattering.
HfN has a greater absorptivity[41] and a greater heat capacity[42]

than ZrN. Impurity-induced modifications to the optical and
thermal properties of real devices fabricated from ZrN may be
made by controlling the concentration of Hf defects. In addition
to enhancing the imaginary part of permittivity, the ability for
ZrN to generate heat and thermal radiation can be modified with

Figure 4. XRD measurements from the set of thin-film samples.
a) Logscale XRD 2θ–ω scans for Hfx:ZryNz grown on c-sapphire substrates
of Thin-A–Thin-E (from bottom to top, respectively, with Thin-A in indigo
and Thin-E in green), showing mostly (111) texture. Vertical dotted lines
correspond to ideal ZrN peak positions as labeled, vertical dotted, and
dashed lines correspond to substrate peaks. b) XRD measurements on
sample Thin-A with varying ψ-tilt (from top to bottom, ψ¼ 0, 1, 2, 3,
4, 6, 8, 10�) on a Panalytical multipurpose stage to characterize sharpness
of crystallite alignment with respect to the surface normal of a
c-sapphire substrate in the vicinity of the ideal ZrN (111) peak.
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the incorporation of Hf defects. In addition, changes to the per-
mittivity resulting from Hf incorporation and the sensitive
dependence on chemistry of ZrN (especially in cases where pre-
cursor materials have been misleadingly labeled or sold) may
result in frustration in the attainment of ideal ZrN with
literature-like properties and may describe why there is such a
greater quantity of TiN development with respect to ZrN in
the literature.

Films of Hfx:ZryNz were grown using RF magnetron sputter-
ing using an impure but ubiquitously available grade 702 Zr tar-
get to determine effects of purity on permittivity. Primary
controlled parameters were mTorr pressure of N2 gas in the vac-
uum chamber, growth temperature, and growth time. N2 gas
pressure in the chamber during reactive sputtering allows for
manipulation of final chemistry in sputtered films and correlates
positively with increased N-fraction. Hf concentration increases
with increasing chamber pressure. Room-temperature growth
redshifted RT maxima, resulting in more lossy permittivity than
films grown at 300 �C. Texture and composition are strongly
thickness dependent, and (111) texture dominates the thin-film
regime. For a given recipe, sputtering rates accelerate as films

grow thicker, even with all other parameters held constant.
Differences in single-recipe N-content at different thicknesses
can complicate recipe development.

Large deviations from literature-like ZrN permittivity resulted
fromHf contamination, even while films maintained roughly 1:1
Zr:N stoichiometry, high-quality crystallization, and low mis-
alignment of crystallites. We conclude that Hf contamination,
as well as differences in single-recipe N-content at different thick-
nesses, contribute significant frustration in attaining low-loss
plasmonic Hfx:ZryNz (where x� y,z) and partially account for
the overabundance of studies regarding TiN compared with
ZrN. Therefore, truly ultrahigh-pure Zr sputter targets (those
with <500 ppm of Hf ) and ultrahigh-pure precursor materials
in general are critical for attainment of ZrN and TMN films with
ideal properties, especially in optical and plasmonic applications.
Researchers may be inadvertently adding Hf or other defects into
their films even when they think they may have an ultrahigh-pure
precursor material, complicating optical properties with less
expensive but chemically dubious targets. This presents an inter-
esting tradeoff: the incorporation of small quantities of Hf atoms
may increase microhardness in ZrN films[30] (additionally a more

Figure 5. Optical properties of Hfx:ZryNz films from the set of thin film samples. a) Reflection coefficient of Thin-A–Thin-E (percent reflectance per
nanometer wavelength). b) Transmission coefficient of Thin-A–Thin-E (percent transmission per nanometer wavelength). c) Real part of the permittivity
and d) imaginary part of permittivity for Thin-A–Thin-E compared with literature values of ZrN (shown with the black dotted and dashed line).
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economical alternative compared with the use of highly pure Zr
precursors), which is relevant to industrial applications in hard,
durable, and decorative coatings for extreme environments, but
this may also lead to a larger imaginary part of permittivity aris-
ing from incorporation of the inherently more lossy HfN in the
ZrN host material and a decrease in the damage threshold of a
ZrN film, limiting its value in extreme environments.

4. Experimental Section

RF Magnetron Sputtering: Thin films of Hfx:ZryNz were grown in an AJA
ATC Orion 8 RF sputtering system (vacuum pumped before growth to
�10�8 Torr) from ultrahigh-pure N2 gas and a grade 702 Zr target pur-
chased from the Kurt J. Lesker corporation. Two series of samples were
grown: the first (a set of thick-film samples) were grown intentionally thick
and on c-sapphire as well as Si(100) and Si(111) substrates (Si(111) was
selected specifically for ease of measurement with RBS); the second (the
set of thin-film samples) series of samples were grown thinner so that the
thickness (a necessary parameter for the extraction of n and k from RT
coefficients) could be accurately determined with XRR, a similar range
of substrates were used. The set of thick-film samples was grown with
consistent parameters of 300 �C, 200 W, 10 sccm Ar flow rate, 0.5 sccm
N2 flow rate, and 180min except for the second sample Thick-B, which was
grown for 45min to test compatibility of thinner films in RBS. For the set of
thick-film samples, pressure in the chamber was varied between 10, 5, 3, 2,
and 1 mTorr for decreasing N fraction in the films Thick-A, Thick-B, Thick-
C, Thick-D, and Thick-E, respectively. The set of thin-film samples con-
sisted of five samples (Thin-A�Thin-E) grown as variations of the recipe
for Thick-C. Ar and N2 flow rates for the set of thin-film samples were con-
sistent with the set of thick-film samples; varied parameters as well as
thicknesses extracted from XRR measurements are shown in Table 3.

XRD and XRR Measurements: To characterize structural parameters,
XRD and XRR were used in a Panalytical X’Pert X-ray diffractometer in
the point-source configuration using Cu Kα radiation and a Ni Cu Kβ filter
generated at 45 kV and 40mA. Samples were interrogated on a multipur-
pose stage. The Z-axis height of samples was set carefully using a mechan-
ical depth stop to ensure repeated optimal positioning of the sample’s top
surface with respect to the X-ray beam. 1 and 4mm perpendicular masks
on the source were used to shape the X-ray beam. XRD: through a 1� inci-
dent beam slit, samples were scanned over 2θ¼ 25��90� in the 2θ–ω
geometry. Machine offsets were calculated by comparing substrate peak
positions in the 2θ–ω and ω-scan geometries. Resultant diffractograms
were analyzed with code developed in-house. ψ-tilts of the multipurpose
stage were controlled in the X’Pert control software with sample Thin-A
adhered via substrate corners to the stage with JVCC PPT-36G silicone
splicing tape to minimize residues; 2θ–ω scans were measured as
described before. XRR: in the same point-source configuration but through
a 1/32� incident beam slit and in a diffracted beam slit, samples were
scanned in the 2θ–ω geometry from 2θ¼ 0� to 4�. Resultant reflectograms
were analyzed with GenX.[40]

RT Measurement: RT coefficients were measured through an inverted
Zeiss microscope porting light into an Andor Shamrock spectrograph out-
fitted with an iDus CCD camera. A Thor PF10-03-P01-protected Ag mirror
was used to calibrate the reflection coefficient by separate measurement
with a Perkin-Elmer Lambda 1050 system. From the R, T, and A
(absorption) parameters, n and k were extracted and used to calculate
the real and imaginary parts of permittivity using the code developed
in-house. This code used the transfer matrix method (TMM) to iteratively
calculate R and T coefficients until the calculated R and T coefficients
matched the experimental R and T coefficients. In practical use, the code
showed good agreement between extracted permittivity values and actual
permittivity values.[34] Films were of high quality and showed low surface
roughness—as measured with XRR—over the �4 mm2 X-ray beam spot
size. All films studied here were thicker than the regime where thickness
dependence (e.g., number of atomic layers in the film) played a significant
role in the optical properties.[43]

RBS Measurements: To characterize the atomic composition of films in
the set of thick-film samples, RBS was selected, as it can measure concen-
trations of light elements like N with high sensitivity. For the set of thick-
film samples, 2MeV 4Heþþ ions were incident on the samples at an 8�

angle α with a spot size of �1mm2 in a General Ionex 4117HC 1.7MV
tandetron accelerator operating in the Cornell geometry. The set of
thick-film samples was measured in a 2024 MeV 4Heþþ ion accelerator
with a 22.50� incident angle α, 52.50� exit angle β, and 150� scattering
angle θ with a spot size of �1mm2. SIMNRA was used to analyze the
RBS measurement data.
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Table 3. Varied growth parameters for Thin-A–Thin-B with thickness
calculated from XRR data.

Sample Power
[W]

Pressure
[mTorr]

Time
[min]

Temp
[�C]

Thickness
[Å]

Rate
[Å s�1]

Thin-A 150 3� 0.24 10.0 17 541.4� 7.6 �0.9

Thin-B 150 2� 0.24 35.0 300 362.6� 3.0 �0.2

Thin-C 150 1� 0.24 35.0 300 591.7� 3.4 �0.3

Thin-D 150 1� 0.24 11.3 300 288.1� 1.4 �0.4

Thin-E 150 1� 0.24 3.9 300 117.9� 1.2 �0.5
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