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ABSTRACT: Niobium (Nb) is a promising refractory metal with
a wide variety of technological applications in nanoelectronics,
optoelectronics, photonics, and energy-related technologies.
However, to further advance the field of nanoelectronics and
nanophotonics, very high-quality Nb films with excellent structural
order are needed. While much progress has been made in
understanding the heteroepitaxy of Nb on oxide substrates, the
underlying fundamental mechanisms, especially to realize films
showing abrupt interfaces with the substrate and without needing
the expensive equipment and/or processing under extreme
conditions, remain a challenge. In this context, herein, we
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demonstrate an approach to stabilize the epitaxial, nanocolumnar bcc Nb films with highly ordered and abrupt interfaces on
YSZ(001) substrates using simple and industrially widely adopted sputter deposition. 90 nm Nb films deposited onto YSZ(001) at
500 °C exhibit a strained, epitaxial structure. As evidenced in X-ray diffraction and transmission electron microscopy analyses, the
structural quality of Nb films is driven by substrate-assisted selective nanocrystallization. Coupled with granular morphology and
high structural quality, the optical properties measured by spectroscopic ellipsometry and reflectivity indicate highly reflective Nb
films with enhanced optical constants. Corroborated with surface/interface quality, microstructure, and optical properties, the
epitaxial Nb films exhibit excellent mechanical characteristics. The hardness and elastic modulus of the Nb epitaxial films were 18
and 240 GPa, respectively, which are attributed primarily to the growth of a compact nanocolumnar Nb epitaxial film on YSZ.

Bl INTRODUCTION

Manipulation of the phase, structure, properties, and
phenomena at the nanoscale dimensions is critical to realize
the full potential of electronic and photonic materials in many
of today’s advanced technologies. In particular, highly ordered
or engineered heterostructured epitaxial layers are becoming
highly beneficial in many scientific/technological applications,
such as integrated sensors, thin-film solar cells, optical filters,
microelectromechanical systems, superconducting layers, elec-
trocaloric devices, and photonic devices." ™! However,
engineering such ordered structures with atomic scale
precision and containing layers a few nanometers in thickness
requires a very detailed, fundamental understanding of the
crystallography, nanostructure, surface/interface chemistry,
defect chemistry, and their evolution as a function of synthesis
pathway. Revealing the structure—property relationship would
allow for the fine-tuning of material properties for viable
electronic device applications and exploring new electronic,
magnetic, optical, and optoelectronic applications.
Continuous miniaturization of multifunctional devices
imposes severe restrictions on the role of component layers,
especially the high-quality epitaxial metal films on various
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substrate materials.'”~** The metal—substrate surface/inter-
face engineering and quality control become extremely crucial
to achieve enhanced device performance. On the other hand,
various parasitic characteristics of metal films, such as
intermixing, chemical inhomogeneity, structural deformation,
localized agglomeration of active metallic layers, diffused
interface, crystalline defects, interfacial trap states, random
orientation of nanocrystals, and so forth, deviate the overall
performance of the electronic, photonic, magnetic, and
optoelectronic devices.'””>* Therefore, epitaxial growth of
thin metal films on a wide range of semiconductor and
dielectric substrates has been the topic of intense research,
which spans both fundamental and applied perspectives.
Furthermore, such degenerative identities are not only limited
to a specific group of metals, such as refractory metals in this

Received: October §, 2021
Revised:  December 3, 2021
Published: January 20, 2022

https://doi.org/10.1021/acs.jpcc.1c08738
J. Phys. Chem. C 2022, 126, 2098—2107


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+V.+Ramana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nanthakishore+Makeswaran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishal+Zade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debabrata+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susheng+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuozhi+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irene+J.+Beyerlein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irene+J.+Beyerlein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c08738&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/4?ref=pdf
https://pubs.acs.org/toc/jpccck/126/4?ref=pdf
https://pubs.acs.org/toc/jpccck/126/4?ref=pdf
https://pubs.acs.org/toc/jpccck/126/4?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

case, but noted for a wide range of metals for advanced
magnetic, electronic, photonic, and optoelectronic device
applications.' "> 71#?1?%2% Regearchers have tried various
strategies to overcome these detrimental effects. Using
interlayers, surface functionalization, diffusion barriers, kinetic
barriers, and interface energy minimization are some of the
approaches that exist in the literature.">'’~>> For instance,
Uekubo et al. used an ultrathin WN,, diffusion barrier layer to
improve Cu connections on Si-based VLSI circuits.'” Ramana
et al. proposed and demonstrated using few monolayers of Ti
as an interlayer to promote epitaxial growth of magnetic Fe
films on nonmagnetic metals.'” Ishibe et al. used precisely
controlled growth of the Fe;0,/GeO,/Ge nanocrystalline
interface to demonstrate a novel synaptic memory device on
the Si platform.”* Although the aforementioned growth
processes are cost-effective, there are reports using highly
sophisticated epitaxial growth of metallic films, both at low and
high substrate temperature, for electronic, optoelectronic, and
plasmonic applications. Researchers have also demonstrated
epitaxial quality metallic films using the van der Waal growth
technique.”” Although it is very challenging to grow epitaxial
metallic films, with superior structural, chemical, and functional
quality, on various platforms, scientists and technologists have
successfully demonstrated the same exploiting various novel
strategies.

Niobium (Nb), a refractory metal, exhibits many mechan-
ical, thermal, thermochemical, and electrical properties useful
for a number of modern technological applications.”*~>”° Nb
and Nb-based alloys currently dominate several aerospace,
defense, electronics, and energy sectors.”” *' Due to its high
melting point of 2477 °C, Nb is used in many engineering
systems exposed to thermal and mechanical loadings. Nb also
exhibits excellent physical and mechanical qualities. Its
relatively low density, high Young’s modulus, and high yield
strength, which are 8.6 g cm™3, 103 GPa, and 240—550 N
mm™?, respectively, combined with its electronic properties,
make Nb and Nb-based alloys suitable for applications, where
materials and devices are often subjected to extreme
environments, especially, elevated temperature or pressure or
radiation or combination of these.'””’™*° Unlike other
refractory metals, Nb finds widespread applications in
nanoelectronics and nanophotonics. Nb thin films and
nanomaterials are popular for their utilization in nano-
SQUID circuits for switches operating at high frequency
under cryogenic conditions, superconductivity, single photon
detectors, and high-temperature plasmonic applications.”> In
addition to traditional structural and electronic device
applications, recently, Nb-based multicomponent alloys have
the focus of intense research in the field of design and
development of advanced, refractory high-entropy alloys
(RHEAs) for utilization in energy and aerospace applica-
tions.”' While the field of RHEASs is relatively young, Nb-based
RHEAs are expected to fulfil the requirements of next-
generation high-temperature structural materials for operation
in extreme environments. Thus, the nanostructuring of Nb and
further understanding of the Nb-oxide heterostructures® >
are important to design materials for the current and emerging
technological applications.

With continuous miniaturization of electronic, optoelec-
tronic, photonic, and spintronic devices, the low-dimensional
superconducting interconnects have become the center of
interest for various overlapping multidimensional research
activities. Moreover, understanding and tailoring the phase
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formation, chemical stability, nanomechanical behavior, and
optical properties of such refractory metal and the correspond-
ing oxides are immensely important to demonstrate state-of-
the-art technologies for futuristic applications.** *® An abrupt
heteroepitaxial interface with the lowest possible defect
formation, absence of anisotropic conductivity through differ-
ent crystal orientation, less surface scattering, and lower value
of bulk resistivity-mean free path product (pyd) has already
proven to be the most desired characteristics of Nb as a
superior superconducting material.>***’ The journey of Nb as
a superconducting charge carrier is relatively short. Highly
sophisticated layer-by-layer epitaxial growth processes have
demonstrated the existence of a sharp Nb—semiconductor
junction.”*'~** In addition, a low-cost sputtering technique
has also been certified as a potential deposition technique with
a similar outcome.’”***> However, optimization of growth
conditions on various crystalline substrates is still considered as
an open problem for further improvement. Moreover, ultrahigh
vacuum reactors, such as molecular beam epitaxy, vapor phase
epitaxy, and so forth, are extremely energy-intensive and
exceptionally costly. Multiple predeposition heat treatment and
relatively higher substrate temperature (T, > 600 °C) have
been used to demonstrate good-quality epitaxial Nb growth on
various substrates. This increases the thermal budget of the
whole process flow. As a result, realization and optimization of
cost-effective epitaxially grown Nb thin films and nanostruc-
tures on various substrates are an open problem for the
scientific and engineering research community.

Kurter et al. successfully tailored the Nb nanostructure-
based superconducting metamaterial to its plasmonic limit.’
The third order of tunability through temperature, electric
field, and magnetic field makes these Nb-based nanostructures
more versatile and an intense research topic for the scientific
community. In addition, durability of Nb at much elevated
temperature introduces it into a refractory plasmonic metasur-
face. 2757 Compared with Au, the most common plasmonic
material, Nb can better survive harsh environments. Combin-
ing this emerging aspect with a suitable substrate material can
open up new avenues and new dimension of research for the
design and development of nanoscale devices for harsh
environment applications.46 In this context, the present work
was performed on Nb epitaxial structures on yttria-stabilized
zirconia (YSZ) substrates. The choice of YSZ to realize high-
quality, epitaxial, nanostructured Nb films is due to the
following reasons. YSZ is a well-known material for a thermal
barrier coating for combustion engines and similar extreme
applications.”” Evidently, direct integration of various elec-
trical—optical sensors, actuators, transducers, controllers, and
so forth, on YSZ is always being a virtue for the technological
improvement.*®*®*’ Therefore, coupling Nb with such a
widely used material for various energy and power devices has
the potential for further advancements in energy and defense
applications. With this motivation, we have demonstrated a
low substrate temperature (S00 °C) epitaxial growth of Nb on
YSZ. Detailed characterization using X-ray diffraction (XRD),
transmission electron microscopy (TEM), and atomic force
microscopy (AFM) analyses allowed us to probe and
understand the structural, interfacial, and morphological
characteristics of the heteroepitaxial Nb thin film on the YSZ
substrate. Furthermore, theoretical calculation has been
employed to understand the strain formation at the
heterointerface between Nb and YSZ. Finally, optical
reflectance combined with spectroscopic ellipsometry measure-
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ments allowed us to establish the optical quality of Nb films in
addition to present the variation of optical constants (n, k)
throughout a wide wavelength range (ultraviolet to near-
infrared regions).

B EXPERIMENTAL DETAILS

Fabrication. Nb films were deposited onto YSZ(001)
substrates through the use of radio-frequency sputtering. The
wafers were cleaned with acetone, ethyl alcohol, and DI water,
respectively, and dried with nitrogen before placement in a
vacuum chamber. The chamber was then evacuated to a base
pressure of ~1077 Torr. A 2 in. diameter Nb target of 99.95%
purity (Plasmaterials, Inc.) was used in conjunction with a 2 in.
diameter sputter gun placed 7 cm from the substrate. A
sputtering power of 40 W was initially applied to the target,
while argon (40 sccm) was introduced into the chamber to
ignite the plasma, with the gas flow being controlled with a
mass flow meter. Once ignition was achieved, the power was
increased to 100 W for the actual deposition, while the final
deposition pressure was tuned to S mTorr. Presputtering was
performed for 15 min with a shutter closed above the gun.
During deposition, the temperature was fixed at 500 °C. The
deposition time was set under optimum conditions, resulting in
a Nb film thickness of ~90 nm. The substrates were subjected
to a constant rotation at 3—4 rpm to ensure lateral isotropy.
The average measured thickness of the deposited Nb films was
~90 nm.

Characterization. Grazing Incidence XRD. The samples
were first characterized by grazing incidence XRD at room
temperature utilizing a Bruker D8 ADVANCE system (Cu Ka
radiation, and 4 = 1.54 A). To focus on the surface layer of the
film, a grazing incident angle of 1° was selected for the
incoming X-rays. The detector scanned between 10 and 67°
with a speed of 0.5 s/step.

Transmission Electron Microscopy. TEM characterization
was carried out on a Thermo Scientific (formerly FEI) Titan
Themis 200 G2 probe aberration-corrected system equipped
with a SuperX energy-dispersive X-ray spectrometer and
operated at 200 kV. The TEM specimens were prepared
using an FEI Scios focused ion beam (FIB) and scanning
electron microscopy (SEM) dual-beam system following a
standard protocol for TEM specimen preparation. First, using
an electron beam at S kV, 1.6 nA, a thin carbon protection
layer of 15 pm X 2 ym was deposited on the Nb film grown on
he YSZ(001) substrate; then, a 15 ym X 2 ym X 2 um Pt
protection film was deposited on top of the carbon protection
layer at 30 kV, 300 pA, followed by rough cutting, cleaning cut,
J-cut, lamellae transfer out of the substrate to a TEM grid, and
final thinning. The final thinned specimen of about 80 nm was
further FIB-cleaned at 5 kV, 48 pA and 2 kV, 27 pA,
respectively, to remove excess amorphotized and contaminated
layer. TEM data processing, if any, was carried out using the
relevant offline data processing software from Thermo
Scientific. ICDD PDF-4+ was used to verify the crystallo-
graphic structures of both YSZ substrate and Nb film. Dr.
Probe, software for high-resolution STEM image simulation,
was employed to simulate HAADF STEM images to confirm
correct structural characteristics of the YSZ substrate and Nb
film.

Atomic Force Microscopy. AFM is used for surface
topography and roughness analysis, which can complement
cross-sectional TEM, providing understanding of the grain
growth kinetics of the Nb sputtered on YSZ at 500 °C. Trax
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NaioAFM was used with standard commercial tips both in the
tapping and contact mode (ASPIRE—CT170, CCS) with
spring constants at 50 and 0.1 N/m, respectively. The data
were acquired in an ambient atmosphere with standard raster
scanning across the the thin-film surface to acquire topographic
information.

Ellipsometry. Spectroscopic ellipsometry was utilized to find
the optical properties and surface/interface characteristics of
the Nb coatings. A and y (phase difference and amplitude
component) were determined using a Semilab $3-2000 vertical
variable-angle spectroscopic ellipsometer (Semilab Semicon-
ductor Physics Laboratory Co. Ltd, Budapest, Hungary).
Measurements were carried out over a wavelength range of
300—1200 nm at 300 K in air and using 60, 65, and 70° for the
angles of incidence in measurement. Post analysis of the
ellipsometry data was performed using Semilab-provided
analysis software.

The optical properties and microstructure of the samples can
be related to the measured angles via>

p = R,/R; = tan ¥ exp(iA) (1)
where R, is the complex reflection coefficients of the light
polarized parallel to the plane of incidence and R; is
perpendicular to it. In order to minimize the mean-squared
error, the Levenberg—Marquardt regression algorithm was

used
B - W)
MSE = 1 Z exp calc
IN - M~ oo®
i=1 i
2
n (Aexp - Acalc)
oF
‘ (2)
where W, Wi and A, A, are the measured and

calculated ellipsometry functions. M represents the number of
fitted parameters in the optical model, while N is the number
of measured (W, A) pairs. o represents the standard deviation
in the data. In order to factor in the optical inhomogeneity,
multiple measurements were performed and analyses were
carried out to calculate the level of inhomogeneity in the films.
The variation in the index of refraction was An = +0.01.

Diffuse Reflectance Spectroscopy. In accordance with
spectroscopic ellipsometry, to determine intrinsic optical
constants, ultraviolet—visible—near-infrared spectroscopy was
performed to analyze the overall optical reflectance of the
epitaxial Nb thin film on YSZ. Owing to the semitransparent
nature of the YSZ substrate, spectroscopic characterization
using the JASCO V-770 spectrometer was performed through
the indirect diffused reflectance mode inside an integrating
sphere with an inbuilt photodetector.”’

Mechanical Properties. The mechanical property of the as-
deposited Nb films was characterized using nanoindentation
tests in a Hysitron T1750 Tribo nanoindenter. The intrinsic
mechanical characteristics, namely, hardness (H) and reduced
elastic modulus (E,), were measured by nanoindentation
measurements on Nb films using a pyramidal shape Berkovich
diamond indenter. The angle between the tip axis and
triangular pyramid faces was of 65.3° whereas the effective
size of the apex was about 100 nm. Standard loading and
unloading curves were employed to derive the mechanical
properties of Nb thin films. We employed the standard

https://doi.org/10.1021/acs.jpcc.1c08738
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methods to determine the mechanical characteristics (H and
E,), which were calculated using the method developed by
Oliver and Pharr.*** As described in our previous reports,**>
E, can be derived by characterizing the stiffness (S) of the film
from the slope of the unloading curve using the following
relation between E, and S

F YT S
T2 JA 3)

where A is defined as the area of contact at peak load. To find
the hardness values, the same value for the area of contact is
used along with the maximum load (P,,,,) in

P

H= max

A (4)

B RESULTS AND DISCUSSION

Crystal Structure. Knowledge of the crystal structure,
phase formation, interdiffusion, lattice parameters, cumulative
strain, and so forth is needed before going forward with
detailed characterization of any heteroepitaxial thin film or
nanostructure on a foreign substrate. These parameters are the
most basic structural fingerprint needed for optimizing an
epitaxial growth strategy. They can also be important in
situations of extreme environments, in service as super-
conducting, plasmonic, and optoelectronic devices. High-
resolution XRD (HRXRD), complemented by cross-sectional
TEM analysis and surface morphological characteristics, can
depict the microscopic structural characteristics of the
heteroepitaxial Nb film on the YSZ substrate.

The 0/20 scans for XRD measurements were obtained using
a Rigaku X-ray diffractometer. The XRD parameters employed
were 20—80° (20 range), step size 0.02°, and scan rate 0.6°/
min. The observations were made according to Bragg’s law

nA = 2d sin 0 ()

where #, 4, d, and 6 represent the order of reflection, incident
X-ray wavelength, interplanar spacing, and incident X-ray
angle, respectively. The interplanar spacing was calculated
using the cubic system relation as follows

a

(n* + K+ P)"? (6)
where a is the lattice constant, d is the interplanar spacing, and
h, k, I are the Miller indices. The XRD scan in Figure 1 clearly
reveals a prominent peak at 35.9° from the (011) plane of the
cubic crystal lattice of Nb in the Im3m space group.>” There is
no evidence of XRD peaks from lattice planes other than the
(011) family. This confirms the single-phase heteroepitaxial
growth of Nb on the YSZ substrate.

The lower position of the (011) plane in our work, relative
to prior published powder diffraction files of the same peak at
38.1° reveals that there was a significant increase in the lattice
dimension from 3.33611 to 3.35320 A. This extended lattice
structure of the Nb crystal initiated by the dimensions of the
(001) plane of YSZ enables epitaxial growth at the interface
with the (011) plane of the cubic Nb crystal structure. To
understand the effect of lattice mismatch at the heterointerface,
we have used theoretical calculations to estimate the amount of
misfit stress generated inside the Nb lattice, while growing on a
foreign substrate as YSZ.

Here, we estimate the coherency strain/stress in the YSZ/
Nb bilayer composite. Let the z direction be the normal to the

2101

——Nb-YSZ |

—Vvsz |

Intensity (arb. u)

30 40 50 60 70
0/20 (deg.)

Figure 1. XRD pattern of a monocrystalline YSZ (001) substrate
(bottom) and an epitaxial Nb thin film on YSZ (top). The crystalline
Nb film is showing the (011)-oriented lattice plane parallel to the
growth direction.

bilayer interface. The lattice parameters of YSZ and Nb are
5.125 and 3.336 A, respectively. Within the interface, the
average distance between two adjacent Y or Zr atoms in the
YSZ layer is 4.374 A and that between two adjacent Nb atoms
in the Nb layer is 3.647 A. Assuming that the YSZ layer does
not deform, the misfit strain in the Nb layer is
_ Aygz — anp _ 4374 — 3.647 — 0.199
3.647
(7)
Further assuming that the Nb film is in plane stress, 6., = 0.
Then, the misfit stress is

=c

vy mf

aNb

Omf = Memf

(8)

where M is the biaxial elastic modulus. Since the normal-to-
interface direction is [011], M is different along the two in-
plane [100] and [011] directions. The values of M are>*

CIZ(CH + 3C12 - 2C44)

M[IOO] =Ch+Ch—

Cp+ Cp +2C, 9)
Moo = Gy +3C, +2C, _ (Cu +Cpp — 2C44)
[0T1] —
2 2
(Cn + 3C12 B 2C44)
C,, + C, +2C, (10)

In Nb, substituting C,; = 245 GPa, C;, = 132 GPa, and C,,
= 28.4 GPa in the two equations yields

Mi10) = 199.24 GPa Mio1,; = 133.29 GPa

As a result, the misfit stresses are

G100 = 0.199 X 199.24 = 39.69 GPa

Ojo7y) = 0.199 X 133.29 = 26.55 GPa

with complementary observations from cross-sectional TEM in
the next section, we can also see the tensile stress induced by
YSZ causing a twist along the [011] zone axis of the Nb thin
film. The cross-sectional data also show that the tensile strain is
relieved periodically for a length of 4 nm after which epitaxy is
restored.

Heteroepitaxial Interface. Figure 2a shows a bright-field
cross-sectional TEM image of the Nb film grown on the
YSZ(001) substrate taken under in-zone conditions with a YSZ

https://doi.org/10.1021/acs.jpcc.1c08738
J. Phys. Chem. C 2022, 126, 2098—2107


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08738?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Figure 2. (a) Bright-field TEM micrograph of the cross section of Nb(011)//YSZ(001). Columnar grain structure was observed in the film. (b)
Corresponding SAED pattern of the interface shows that the films exhibit single-crystal-like structure and well-defined orientation relationship
between Nb and YSZ. (c) High-resolution HAADF STEM image of Nb(011)/YSZ(001) observed along a YSZ zone axis of [010]. (d) Atomic-

resolution HAADF STEM image of a region at the interface of (c).

zone axis of [010]. The thickness of the Nb film is measured
from the TEM image to be ~95 nm which is further verified
with spectroscopic ellipsometry analysis. Figure 2a reveals that
the Nb film exhibits a single-crystal-like structure with
columnar grains of the same growth orientation. The interface
between the Nb film and YSZ substrate is straight and sharp
without intermixing. The corresponding selected area electron
diffraction (SAED) pattern is shown in Figure 2b. The
specimen was tilted before the SAED pattern was captured so
that the electron beam was parallel to the zone axis [010] in
single-crystal YSZ(001). In the meantime, the SAED pattern
shows that the zone axis of Nb[011] is parallel to YSZ[010]
and Nb(100) is parallel to YSZ(100), namely, Nb[011]//
YSZ[010] and Nb(100)//YSZ(100), a well-defined orienta-
tion relationship between the Nb film and the YSZ(001)
substrate. This orientation relationship is consistent with the
XRD observation, for example, Nb(011)//YSZ(001), indicat-
ing that the Nb(100) plane is rotated 45° around the Nb[100]
zone axis to minimize the lattice mismatch between these two
dissimilar materials during growth. Figure 2c presents a high-
resolution HAADF STEM image of Nb(011)/YSZ(001) taken
along the YSZ[010] zone axis, and also along Nb[011], as they
are parallel to each other. The image indicates that the
interface is atomically flat and sharp without any second phase
over a large area. The absence of a second phase is attributed
to full immiscibility between Nb and Zr(Y). The periodic
strain contrast visible along the interface is an indication of
misfit dislocations.

In order to clearly observe misfit dislocations, a selected
small region at the interface in Figure 2¢ was further imaged at
atomic resolution, which is shown in Figure 2d. The atomic-
resolution HAADF STEM image shows that the interface is
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truly straight and atomic flat and misfit dislocations spaced 3
nm apart were produced to balance the interface strain. The
high-resolution STEM analysis in accordance with HRXRD
data confirms the low-temperature epitaxial growth of the Nb
thin film on the YSZ substrate with sharp atomically flat
heterointerfaces in between. The growth front is nano-
columnar with a periodic lattice twist to minimize the overall
lattice strain.>>>’

Figure 3 provides a schematic of the Nb—YSZ hetero-
interfaces based on XRD and cross-sectional TEM analyses.
Both 2D and 3D (Figure 3a,b) schematics clearly portray the
atomic arrangement at the junction and the corresponding
planes paralle] to the growth direction.

Surface Morphology. The size of the AFM scan is
optimized to enable accurate roughness value extraction. The
root mean square roughness and average roughness values
were calculated using Gwyddion software, and WSXM was
used to validate calculations. Roughness analysis provides
quantitative information on the effect of specific processing
parameters of the Nb thin film during sputtering. Correlating
the cross-sectional data with the surface topography indicates
the anisotropy of the crystalline grains toward the growth
direction normal to the substrate. The effect of thermal energy
given to the adatoms of Nb to mobilize on the surface of YSZ
during synthesis to form epitaxial interfaces is inferred clearly
from TEM and AFM. The formulas used for roughness
analysis are

R, = [(%) /0 LZ(x)zdx]l/z -
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Figure 3. 2D and 3D schematic of Nb—YSZ heterointerfaces, where
the blue and red planes represent Nb(011) and YSZ(001),
respectively.
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Figure 4a shows the microscopic morphology of the
uncapped top surface of an epitaxially grown Nb thin film.
The surface of the film seems to be quite flat with Ry (root
mean square average of deviation) value at 1.75 nm and an R,
(average roughness) value at 1.39 nm but with clear cone
structures indicating the presence of grains in the range of 50—
100 nm diameter. This conical growth front with closely
packed nanocolumnar epitaxial topology is beneficial for
efficient light trapping and can be tailored with optimized
growth kinetics. Such controlled low-temperature growth of
heteroepitaxial Nb on YSZ has tremendous applicability in
extreme environment transducers, sensors, and protective
coating applications. In addition to this detailed structural
and topological exploration, we will further investigate the
optical domain to understand the photonic interaction with the
subjected metallic thin film. From a technical viewpoint, the
result can serve as a benchmark in designing high-temperature
photonic or plasmonic devices.

Optical Properties. The refractive index (n) and
extinction coefficient (k) of thin films were fitted with a

(12)

Tauc—Lorentz dispersion model, while this model is more
typically used to fit parameters for semitransparent and
metallic oxide materials. In this trial, after comparison with a
variety of other models, the Tauc—Lorentz model yielded the
best fit of the data and the closest to the experimentally
expected thickness values of the films. The model is given by

EZ,TL(E5 A, EO! Eg! C)

(E — E,)’AE,C F)
(E* — E})* + C’E*\E

= 6(E - E,) )

E, is the central energy of the oscillator, C is the oscillator
width, and A is a fitting parameter. @ stands for the Heaviside
function and it is +1 or O for photon energies above or below
E,, respectively; hence, ¢, is zero in the TL model for energies
below E,.

Extracting meaningful physical information from ellipsom-
etry measures requires an optical model of the sample that
accounts for multiple distinct layers with different optical
dispersions. In particular, the layer interfaces act as optical
boundaries where light can be refracted/reflected as per the
Fresnel relations. Figure Sa depicts a schematic of the Nb thin
film on the YSZ substrate. Here, linearly polarized mono-
chromatic light with precisely controlled frequency was
subjected on a Nb thin film and modulation of reflected
light was analyzed to extract frequency-dependent optical
constants of the thin film. A study of the thicknesses of the
sample shows that all depositions are achieved within 10 nm
from an intended total thickness of 100 nm for the Nb films,
indicating consistent deposition conditions and well-controlled
parameters for the samples.

Figure S presents the variation in the refractive index (Figure
Sb) and extinction coeflicient (Figure Sc) for Nb films
deposited on YSZ. It should be noted that all samples were
measured accounting for the inherent surface roughness. Two
important observations that can be made from the dispersion
profiles of optical constants are as follows. First, for epitaxial
Nb films, both n and k values increase with an increasing
wavelength. In fact, the dispersion profiles noted for Nb films
are in good agreement with a typical behavior expected for
metallic thin films."*'**® Therefore, the higher n, k values
noted may be due to smaller grain size. Finally, to further
confirm and validate the optical quality, the reflectivity of the
Nb film surfaces is measured. Figure 5d depicts the diffused
reflection data of the as-grown Nb film on the YSZ substrate.
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Figure 4. (a) 3D AFM image of a heteroepitaxial Nb film. (b) Surface roughness histogram of the AFM image.
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Figure S. Optical properties of epitaxial Nb films on YSZ substrates. (a) Optical model employed to calculate the optical constants from
ellipsometry; (b) spectral dependence of the index of refraction; (c) spectral dependence of k; and (d) diffuse reflectance data.
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Figure 6. Mechanical characteristics of Nb films deposited on YSZ substrates. (a) Nanoindentation data on Nb films for initial critical load
identification; (b) hardness of Nb films as a function of increasing load; and (c) elastic modulus of Nb films as a function of increasing load.

The overall reaction of the heteroepitaxial Nb film under the structural quality in terms of the epitaxial structure with abrupt
nonpolarized incident light, with varying frequency, is in good interfaces. Usually, the low-packing density and/or defects can
agreement with the reported optical behavior of similar result in relatively low values of n and k of the metal films. As
refractory metal-based thin films.">'*** In addition to visible reported in the literature, sputtered films can contain a number
mirror-like reflection, the high reflectivity of the Nb film also of impurities, which may be incorporated during deposition
indicates the surface quality of the films deposited. We believe from either the residual gas or the sputtering gas. In fact, for
that the formation of epitaxial close compact nanocolumnar comparison with other refractory metallic films, Walker et al.>
grains with nanotextured termination at the Nb—air interface reported that, for a given film thickness, the Mo thin-film
influences the reflection pattern and can be tailored precisely samples deposited at lower pressure exhibit higher amplitude
by controlling the in situ growth parameters. imaginary part of the dielectric function at high photon
For metal thin films, metal—metal interfaces, and metal energies which is attributed to the stronger optical absorption
oxide thin films, the optical constants are sensitive to the associated with the interband transitions. It was found that the
crystal structure, morphology, microstructure, defect structure, lower void volume fraction packing density of crystallites in the
and chemistry. Most importantly, the surface/interface films influences the optical properties of Mo films. Also,
structure, crystal quality, packing density, lattice parameters, Wieduwilt et al.'® used an ultrathin Nb thin film on fiber
and defect structure of the deposited films strongly influence optical tapers to demonstrate low-loss hybrid plasmonic
their optical parameters. Thus, the observed high optical modes, the refractive index was relatively low than the present
quality noted for Nb films can be attributed to the high report. Therefore, we believe that the # and k values and their
2104 https://doi.org/10.1021/acs.jpcc.1c08738
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dispersion profiles noted in this work are primarily due to the
epitaxy, abrupt metal oxide interfaces, and granular morphol-
ogy coupled with a high structural order within the Nb films
deposited on YSZ substrates.

Mechanical Properties. After the detailed characterization
of the surface/interface quality, microstructure, and optical
properties, the epitaxial Nb films were further inspected with a
nanoindentor test to obtain reliable information on their
mechanical properties. The mechanical characteristics of the
epitaxial Nb films are presented in Figure 6. The first step is to
establish an indentation load, where the true characteristics of
the films can be obtained. The effect of indentation load on the
indentation depth for the case of Nb films is shown in Figure
6a. Epitaxial Nb films clearly exhibit a trend with the
indentation depth (Figure 6a), where the indentation load
was increased to 2000 uN with increments of 100 uN. The
initial set of indentations was believed to be of shallow nature
and is mostly on the surface of the Nb-film thickness.
However, as we gradually increase the indentation loads, at
about 400 uN, the indentation depth is in the range of
preferred depth, which is 10—12% of film thickness. Also, the
penetration depth follows a linear trend with the increasing
indentation load all the way up to 2000 uN.

It is commonly accepted that the underlying substrate
dictates the indentation response, particularly for thin films
deposited on various substrates. As the depth of indentation
increases, the hardness increases correspondingly due to the
formation of a plastic zone under the indenter tip.>* As the
plastic zone increases in size and reaches the film—substrate
interface, the hardness predominantly comes from the
substrate. To better address the mechanical properties of Nb
films, the penetration depth of roughly 10% of film thickness
was used, as is widely adopted in the literature.”~®* The
hardness and elastic modulus were determined from the load
displacement curves.

The variation of hardness and reduced elastic modulus as a
function of incremental load up to the peak load of this
experiment is shown in Figure 6b. The hardness value reaches
a plateau of about ~18 GPa after a critical load of ~300 uN.
The elastic modulus follows a similar trend, meaning a plateau
value is reached with respect to penetration depth (see, Figure
6¢c). The average hardness and elastic modulus of the Nb
epitaxial films were 18 and 240 GPa, respectively. Few existing
literature studies are there characterizing nanomechanical
properties of Nb thin films on various metallic substrates,
such as Pb, stainless steel, and NiTi shape memory alloy.**~%
Structural characterization showed stabilization of amorphous-
polycrystalline mixed-phase Nb thin films. Assertively, hard-
ness and elastic modulus were lower than the current values
reported here. We believe that a heteroepitaxially grown Nb
thin film on the YSZ substrate, with close compact nano-
columnar single-phase monocrystalline stabilizations, results in
exceptional nanomechanical characteristics, still reported.

B CONCLUSIONS

We have successfully demonstrated low-temperature hetero-
epitaxial growth of a compact nanocolumnar Nb thin film with
a nanotextured growth front on a YSZ substrate. Atomically
smooth Nb—YSZ interface confirms abrupt heterointerfaces at
the initial nucleation sites without any back etching or
interdiffusion between the substrate and thin film. The
exceptionally stable Nb refractory metal, epitaxially grown on
a typical substrate, which is known for extreme environment

2105

application, is the first demonstration of its kind. It is worth
noting that periodical lattice twists develop to compensate the
interlayer strain between the substrate and thin film.
Corroborated with surface/interface quality, microstructure,
and optical properties, the epitaxial Nb films exhibit excellent
mechanical characteristics. The hardness and elastic modulus
of the Nb epitaxial films were 18 and 240 GPa, respectively,
which are attributed primarily to the growth of a compact
nanocolumnar Nb epitaxial film on YSZ. The nanoconical top
surface could be tuned to further improve the optical behavior
of compact nanocolumnar refractory metallic film. As another
potential advantage, lower growth temperature is expected to
profoundly increase accessibility and widespread integration in
many research laboratories. This study opens up the possibility
of low-cost heteroepitaxy of metallic thin films and
nanostructures on various substrates for high-temperature
photonic, plasmonic, and superconducting applications.
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