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Epitaxial NbN/ALO;/NbN trilayer structures with NbN =
thicknesses of 50—200 nm were grown by pulsed laser deposition. Within 58
each trilayer configuration, it was observed that the top NbN layers | Fi gm
exhibited slightly reduced crystallinity compared to the bottom NbN | FH: on ™ 0 020 4
o) Distance (nm)
layers due to the strain-induced effects caused by the lattice mismatch onn Bonding
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between NbN and Al,O; Notably, the trilayer structures exhibited
epitaxial growth with consistent in-plane rotational orientations in the
NDN layers. Significant deviations in the stoichiometry of the NbN layers
were detected, primarily stemming from N-deficient and O-rich regions.
Moreover, the chemical non-uniformity within the NbN layers intensified :
as the layer thickness decreased. The lateral N/Nb distribution showed a 5o o
complementary distribution with O/Nb, resulting from a higher tendency

for NbO, formation with lower NbN thicknesses. To gain a deeper

understanding of the formation and impacts of local point defects, such as nitrogen vacancies and oxygen impurities, density
functional theory (DFT) calculations were employed. The obtained defect formation energies suggest that O substitutional defects
will prevail in an oxygen-rich environment over N vacancies. The investigation further explored the role of these defects in tuning the
electronic states at the Fermi level.
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vapor deposition (HDCVD), atomic layer deposition (ALD),
and magnetron sputtering at very high substrate temperatures
(Ts > 1000 °C) have been hindered by undesired chemical
interdiffusions.'”'> While a very low Tg (~350 °C) decreases
the T, to 13.8 K,'® a relatively higher Tg introduces a larger

. . . in size. It h h h enh in si
conducting characteristics hold great potential for the develop- graln size. It has bee.n reporte.d that .suc en arllcecfl gram size
. . . . improves the T; for instance, increasing the grain size from 15
ment of quantum devices, particularly Josephson junctions

. . . 17
(JJs), in the field of quantum information and computation.”~’ to 35 nm res}ﬂts 10 an increase mn the T from 1,2 6 to 16 K
To farther enhance the quantum properties of JJs, the NDN films with larger grain sizes have fewer grain boundaries,

adoption of epitaxial tunnel barriers, which feature fewer yielding a lower de.fgct density and less disorder. Ig Fhis regard,
defect states compared to conventional amorphous tunnel P ulse(:‘l laser deP051t10n (PLD) CIMETges as & prorsing growth
barriers, is advised.**~'! Previously demonstrated all-epitaxial techiuq}le t}lifat hlsl capafl;le of aclhslevmg the desired lower T by
NbN/AIN/NbN JJs have shown improved quantum proper- emp oy{ng 1gh faser 1.1ences. .

ties, especially coherence time in qubits resulting from reduced triI]z e:f lsttemz}tlsref otre;‘:;lb OfPE]l; ef}()) lrtaﬁl:l thljbl;l}a/ilzgi Sr]:eljl
defect densities.'” This reduced defect density is attributed to 1 A I 1 & q fY back ) ey Aave ) ! 1
their epitaxial nature with fewer crystal defects/disorders. relatively unexplore A; all;lblif 555981\71’1);? epltaﬁiDtunne
However, one notable challenge with these JJs is the high Junction _structure wit /8104/ via was

piezoelectricity of AIN tunnel barriers, which contributes to
enhanced qubit—phonon coupling, resulting in the reduction
of the qubit relaxation time."” Therefore, there is a need for
alternative tunnel barrier materials with low piezoelectric
properties, such as Al,O3, to achieve reduced qubit—phonon
coupling. Prior attempts to grow these NbN-based trilayer
Josephson structures by employing high-density chemical

High-quality epitaxial NbN films exhibit exceptional quantum
properties, such as high superconducting transition temper-
atures (T.), increased critical current densities (J.), and low
residual resistivity ratios (RRRs).'™> Such enhanced super-

EEAPPLIED

September 14, 2023
November 17, 2023
November 20, 2023
December 12, 2023

© 2023 American Chemical Society https://doi.org/10.1021/acsaenm.3c00555

v ACS PUbl ications 3227 ACS Appl. Eng. Mater. 2023, 1, 32273236


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jith+Sarker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prachi+Garg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Menglin+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christofer+M.+Rouleau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinwoo+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Osei-Agyemang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baishakhi+Mazumder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baishakhi+Mazumder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaenm.3c00555&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555?fig=tgr1&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaenm.3c00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaenm?ref=pdf
https://pubs.acs.org/acsaenm?ref=pdf
https://pubs.acs.org/toc/aaemdr/1/12?ref=pdf

demonstrated by Talvacchio et al.'® However, during this era,
the practical applications of an all-epitaxial NbN/ALO;/NbN
structure in future superconducting electronics were un-
certain,"® leading to a limited development of fully epitaxial
trilayer Josephson structures for over two decades. Recently, it
has been well established that epitaxial JJs offer a promising
avenue for reduced two-level system (TLS) defects, con-
tributing to enhanced quantum coherence in JJ devices.>*'*!!
Previously demonstrated epitaxial NbN/AIN/NbN qubits have
offered superior coherence times (~S500 ns), which were
achieved due to the reduction in the TLS defect densities
resulting from the epitaxial nature of the structures with less
crystal disorder.”® Motivated by these prior studies, here we
adapted PLD to introduce novel all-epitaxial NbN/ALO,/
NbN trilayer structures for future Josephson junction
applications. Past investigations have revealed that microscopic
material features, such as the stoichiometry, chemical
heterogeneity,'” ™' formation of secondary phase,”** and
presence of impurities,lé’zz_26 exert a profound impact on the
structure—property relationship within NbN-based JJ struc-
tures. Notably, the prevalence of O contamination in NbN,
which is attributed to the higher binding energy of Nb—O
compared to that of Nb—N,'® underscores the imperative need
to gain insight into the structural chemistry of NbN/AL,O;/
NDN trilayers at the atomic scale. While previous studies have
explored the electronic and superconducting properties of
pristine NbN polymorg)hs through density functional theory
(DFT) calculations,”’ ™*° there remains a need for a
comprehensive understanding of how local defects in NbN
films influence these properties. Consequently, it is crucial to
elucidate the effect of the local structural chemistry of NbN
films and their trilayer Josephson structures on the associated
material properties, including the electronic density of states
(DOS) and the phonon density of states (DOS).

In this work, we fabricated fully epitaxial NbN/Al,O;/NbN
JJ structures with NbN layers of varying thicknesses with PLD.
The crystallinity and orientation of these trilayer structures
were investigated by transmission electron microscopy (TEM).
Atom probe tomography (APT) was employed to probe the
atomic-scale structural chemistry and the impurity distribu-
tions within the bulk structure. To provide a deeper
understanding of the structure—property relationship in this
material, we conducted DFT calculations, complementing the
experimental observations. DFT allowed us to theoretically
analyze the formations and impacts of local point defects, such
as N vacancies and O impurities, which were challenging to
ascertain through the correlative TEM and APT analyses.
Furthermore, our investigation delved into the role of these
local point defects in tuning the properties of the
Al,0;(0001)/NbN(111) interface, particularly their influence
on the electronic DOS at the Fermi level (Eg).

Three NbN/AL,O;/NbN trilayer structures with NbN thicknesses of
50 nm (sample I), 100 nm (sample II), and 200 nm (sample III) were
grown by a KrF excimer laser (4 = 248 nm, 74, < 25 ns) PLD
system on c-plane sapphire (0001) substrates (5 mm X S mm). The
laser beam was oriented at 45° with respect to the target surface. A
Nb target with N flow was used for the NbN depositions, while an Al
target with O flow was implemented for the Al,O; depositions. The
gas pressure was maintained at SO mTorr with a gas flow of 10 sccm
(standard cubic centimeter per minute). An aperture setting of 12 nm
X 12 nm, a laser energy of ~100 mJ, a laser voltage of 20 kV, and a
spot size of 1.4 X 1.5 nm* was used for each case. No laser attenuation
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(ie, 100% transmission) was set during the growth. For the NbN
layers, the incident laser fluence was set at ~5 J/cm? and the
temperature was maintained at 600—610 °C. Then 5000, 10 000, and
20 000 laser shots were applied at a laser pulse frequency (LPF) of 10
Hz for samples I, II, and III, respectively. The deposited NbN layers
were ~50, 100, and 200 nm thick for samples I, II, and III,
respectively. After the first NbN layers (bottom electrodes) were
deposited, the thin dielectric Al,O; layers were deposited over the
NDN layers. For Al,O; deposition, the laser fluence was set to 2.5 J/
cm?, and the chamber temperature was raised to 825—850 °C. All of
the other growth parameters remained unchanged. Then, 300 laser
shots at an LPF of 10 Hz were applied, resulting in Al,O; layers with a
thickness of ~3 nm in each case. After the thin Al,O; dielectric layers
were deposited, the top NbN electrodes were deposited. For this, the
laser fluence was changed to S J/cm? and the chamber temperature
was reduced to 600—625 °C with all of the other parameters
remaining the same. Then, similar to the growth of the bottom NbN
electrode layers, 5000, 10 000, and 20 000 laser shots were introduced
at an LPF of 10 Hz for samples I, II, and III, respectively. This
resulted in top NbN electrodes having thicknesses of 50, 100, and 200
nm, respectively, grown over the thin Al,O; dielectric layers. During
the growth of each layer, streaky reflection high-energy electron
diffraction (RHEED) patterns were observed, which confirm that the
growths were epitaxial. A Thermo Fisher Scientific Titan scanning
transmission electron microscope (STEM) operating at 300 kV was
used to acquire high-angle annular dark-field (HAADF) high-
resolution (HR) STEM images and nanodiffraction images.

The needle-shaped APT specimens were prepared by using a
Thermo Fisher Nova 200 dual-beam focused ion beam (FIB)/
scanning electron microscope (SEM). The sharp APT needles were
prepared by following standard site-specific lift-out and annular
milling methods.’** The APT data acquisition was performed on a
CAMECA LEAP 4000X HR instrument in laser mode (laser
wavelength (1) = 355 nm) with a laser energy of 100—125 pJ, a
specimen temperature of 50 K, a pulse repetition rate of 200 kHz, and
a 0.5% detection rate. The APT data analysis was conducted using
CAMECA’s Integrated Visualization and Analysis Software (IVAS
3.8). Details about the APT instrumentation and reconstruction
algorithms are reported elsewhere.***

First-principles calculations were conducted using a DFT approach
by employing the Vienna ab initio simulation package (VASP), which
serves as a computational tool for electronic structure analysis.*® To
approximate the exchange-correlation energy of electrons in the
material, the generalized gradient approximation (GGA)* method,
specifically the Perdew—Burke—Ernzerhof (PBE) functional, was
employed.*® Additionally, assessments of the electronic structure and
properties were carried out through the solution of the Kohn—Sham
equations alongside the utilization of the projector augmented wave
(PAW) method. These calculations considered the spin states of the
electrons, a fundamental quantum property, by incorporating spin
polarization. Furthermore, a Gaussian smearing technique was applied
uniformly with a smearing width (6) of 0.05 eV for all of the
computational processes. The calculations focused on the 5-NbN
crystal in the cubic Fm3m phase. The optimization process began with
the NbN(111) surface, which was used in building the interfacial
structure. Meanwhile, the A,O;(0001) surface served as the substrate,
and its lattice parameter was used as the base for the interfacial
structure. This approach allowed for the consideration of different
lattice parameters at the surface and base. During the interfacial
optimization, four layers of both AL, O; and NbN closer to the
interface were relaxed, while the remaining layers were fixed to mimic
the bulk properties. To attain a ground state convergence, the
evaluation of the total energy relied on a plane-wave basis set with an
energy cutoff of 500 eV, and a 4 X 4 X 2 I'-centered Monkhorst—Pack
k-point grid was employed. To accurately calculation the total and
partial electronic DOS, a finer 6 X 6 X 2 k-point grid was utilized.
Lattice relaxation was performed using the force-based conjugate
gradient approach®” with an energy convergence tolerance of 107 eV
and a minimum force/atom tolerance of 0.001 eV/A.
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Figure 1. High-resolution HAADF STEM imaging of epitaxially grown NbN/ALO;/NbN trilayer structures having (a) 50, (b) 100, and (c) 200
nm thick NbN layers grown on (0001)—AlLO; substrates, revealing the diffusive nature of the NbN/ALO; interfaces. The SAED patterns for the
top and bottom NbN layers are shown in the insets of (a)—(c). The local composition profiles across the interfacial region of the (b) 50, (d) 100,
and (f) 200 nm thick samples show that the bottom interfaces are diffusive in nature (specially, O diffusion) compared to the top counterparts.
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Figure 2. 3D atomic distributions of the NbN/AL,O;/NbN trilayer structures having (a) 50, (b) 100, and (c) 200 nm thicknesses across the
interfaces, showing the distribution of (from left to right) all ions, Nb, N, Al, O, NbO, and NbO,.

The crystallinity of the PLD-grown NbN/AIL,O;/NbN trilayer
structures with 50, 100, and 200 nm thick NbN layers was
observed by high-resolution HAADF STEM imaging, as
depicted in panels a—c of Figure 1, respectively. The NbN
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and AL O; dielectric layers can be readily distinguished based
on their contrast variation. The nanodiffraction patterns for
each NbN layer within all three trilayer structures are
presented in the insets of Figure la—c. An analysis of these
nanodiffraction patterns reveals that the top NbN layers exhibit

https://doi.org/10.1021/acsaenm.3c00555
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Figure 3. (a) A schematic showing the dimensions of the NbN/AL O;/NbN trilayer structures with different NbN thicknesses. A volume of 30 X
30 X 4 nm® was extracted from the bulk of the top NbN layers for local chemical analysis. The lateral distribution of the N/Nb profiles for the (b)
50, (c) 100, and (d) 200 nm thick NbN films are complemented by O impurities, as shown by the lateral O/Nb profiles in (e)—(g), respectively.
The complementary N and O distributions are marked by the dotted regions, which indicate the presence of Nb oxide-based secondary phases
within the NbN layers. (h) A schematic showing the dimension of the NbN/AL,O3/NbN trilayer structures with different NbN thicknesses. A
volume of 30 X 30 X 5 nm® was extracted from the bulk of the bottom NbN layers for local chemical analysis. The lateral distribution of the N/Nb
profiles for the (i) 50, (j) 100, and (k) 200 nm thick NbN films are complemented by O impurities, as shown by the lateral O/Nb profiles in (1)—
(n), respectively. The complementary N and O distributions are marked by the dotted regions, indicating the presence of Nb oxide-based

secondary phases within the NbN layers.

slightly reduced crystallinity compared to the bottom NbN
layers, indicated by the presence of additional spots in the
nanodiffraction patterns for the top NDbN layers that are
otherwise absent in the bottom NDbN layers. This difference
can be attributed to the lattice mismatch between the Al,O4
dielectric layers over which the NbN layers are grown.’® The
AL, O; layers show reduced crystallinity, with some nano-
crystalline regions identified in Figure la—c. The HAADF
STEM imaging further confirms the epitaxial growth of the
NDN layers with in-plane rotational crystal orientations, which
are of significant importance in determining their super-

conducting and tunneling properties.”” Additionally, the
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quantum properties of NbN/AL,O;/NbN trilayer structures
can be influenced by the chemical diffusions at the NbN/AL,O;
interfaces. Via STEM imaging, visibly diffused NbN/AL,O; and
AL, O;/NDbN interfaces were observed for all three structures.
To substantiate these visual interfacial characteristics at the
atomic scale, a technique with superior spatial resolution and
chemical sensitivity is required.‘w_42 In this regard, APT was
employed to investigate the atomic-scale chemical interdiffu-
sions across both the top and bottom interfaces in all three
structures, as illustrated in Figure 1d—f. The composition
profiles of Nb, N, Al, and O across the NbN/Al,O; interfaces
are shown in panels d—f of Figure 1 for the structures with

https://doi.org/10.1021/acsaenm.3c00555
ACS Appl. Eng. Mater. 2023, 1, 3227-3236
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NbN layer thicknesses of 50, 100, and 200 nm, respectively.
While the top interfaces exhibit atomic-level abruptness in all
cases, all three structures exhibit substantial oxygen diffusion
from Al,O; into the NDN layers at the bottom interfaces. Such
diffusive interfaces are likely to result in higher interfacial
barrier heights, potentially leading to reduced tunneling
properties in these trilayer structures.*’

Investigating the underlying causes of the observed differ-
ences in the NbN layer crystallinity, particularly in relation to
the varying NDN layer thickness, was of the utmost
significance. To achieve this, APT was employed due to its
exceptional chemical sensitivity and high spatial resolution to
probe the atomic-scale structural chemistry of the NbN layers.
Panels a—c of Figure 2 illustrate the three-dimensional (3D)
atomic distributions of Nb, N, Al, and O across the interfacial
regions for the NbN/AL,O;/NDN trilayer structures with NbN
layer thicknesses of 50, 100, and 200 nm, respectively. A
noteworthy observation is the prevalence of secondary NbO,,
formations in the NbN layers grown over the oxide substrates,
which are attributed to the pronounced affinity of Nb for
oxygen over nitrogen.'® The APT data also highlight the
distinct peaks in the mass spectra corresponding to the atomic
distributions of NbO, (including NbO and NbO,). While the
3D atomic distributions of Nb and N are as expected, Al is
observed to diffuse in the bottom NbN layers. The reason for
Al diffusion being limited to only the bottom NbN layers
remains unknown and warrants further studies. A considerable
concentration of O atoms is evident within the bulk regions of
the top and bottom NDbN layers for the three structures.
Although it is plausible that these oxygen atoms diffused from
the Al,O; dielectric layer due to the high affinity of Nb to O
compared to N,'®** the presence of undesired O may also
result from its incorporation during the growth process or
surface exposure of the structures. The presence of this O
impurity would drastically affect the local structural chemistry
of the NbN layers by creating point defects and forming a
secondary oxide phase. In this study, NbO and NbO, are
detected in the APT mass spectra, as shown in Figures S1—S3,
and their corresponding 3D distributions are shown in Figure 2
for all of the NbN/AL,O;/NDbN trilayer structures.

The superconducting properties of NbN layers and,
consequently, the overall trilayer structures are significantly
influenced by in-plane chemical homogeneity (N:Nb stoi-
chiometry) and the formation of NbO, compounds.”* To
investigate the lateral chemical variations within the bulk
region of both the top and bottom NbN layers across all three
structures, we conducted an analysis. The schematic in Figure
3a depicts the NbN/AIL,O3/NbN trilayer structures with NbN
thicknesses of 50, 100, or 200 nm. From the bulk region of the
top NbN layers, volumes of 30 X 30 X 4 nm® were extracted, as
indicated by the purple dotted box, to probe the in-plane
chemical distributions. The N/Nb distributions associated
with the 50, 100, and 200 nm thick top NbN layers are shown
in Figure 3b—d, respectively. The 50 nm thick NbN layer
exhibits a more inhomogeneous N/Nb distribution (ranging
from 0.4 to 0.6) compared to the N/Nb inhomogeneities of
0.55—0.65 observed in the thicker NbN layers with thicknesses
of 100 and 200 nm, revealing the presence of both N-deficient
and N-rich zones. The higher N/Nb inhomogeneity observed
with a lower NbN thickness is attributed to the strain induced
by the lattice mismatch between the NbN films and the Al,O;
dielectric layers.”**® Figure 3e—g shows the O/Nb distribu-
tions within the same extracted volumes used for the N/Nb
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distributions of the 50, 100, and 200 nm thick top NbN layers.
In all three cases, the O/Nb lateral distributions are
complementary to the respective N/Nb distributions. As the
NbN thickness decreases, O/Nb becomes more inhomoge-
neous (O/Nb ~ 0.25—0.55), as shown in Figure 3e for the SO
nm thick NbN layer. In contrast, O/Nb ratios of 0.3—0.4 are
observed for the 100 and 200 nm thick NbN layers (panels f
and g of Figure 3, respectively). These non-uniform O/Nb
ratios result from the presence of both O-deficient and O-rich
regions, which corresponding exactly to the N-rich and N-
deficient regions. The observed chemical inhomogeneity in the
top NbN layers with varying thicknesses was further confirmed
via statistical frequency distribution analysis (FDA) using a bin
size of 200 atoms, as shown in Figure S4a—g. Similar in-plane
N/Nb and O/Nb distributions, influenced by the varying NbN
thickness, were also observed in the bottom NbN layers, as
illustrated in Figure 3h—n. The volumes extracted from the
bottom NDbN layers are shown by the purple dotted box in the
schematic in Figure 3h. Figure 3i—k shows the lateral N/Nb
distributions in the bottom NbN layers with thicknesses of 50,
100, and 200 nm, respectively, while Figure 3l—n depicts the
corresponding O/Nb distributions. As observed in the top
NbDN layers, reducing the thickness of the bottom NDbN layer
resulted in increased inhomogeneity, accompanied by corre-
sponding lateral O/Nb distributions similar to those found in
N/Nb. The higher N/Nb inhomogeneity that was observed by
reducing the NDbN thickness is due to substrate strain
effects.”*® The complementary O/Nb distributions with N/
Nb in both the top and bottom NDbN layers are mainly
attributed to the formation of secondary NbO, phases (as
marked by the dotted regions for both the top and bottom
NbBN layers with thicknesses of 50, 100, and 200 nm) within
the NbN layers.”* The corresponding FDA plots are reported
in Figure S4h—n, which confirm the chemical inhomogeneity
increases as the layer thickness decreases.

Apart from the strain induced by lattice mismatching, the
observed N/Nb inhomogeneity might also be associated with
N:Nb stoichiometric deviations introduced by the presence of
a considerable amount of N vacancies, which is typical in NbN
films.'”?>**® Alongside the formation of secondary NbO,
phases, O atoms that are incorporated within NbN films as
local substitutional or interstitial point defects typically play a
pivotal role in tuning the superconducting properties of NbN
layers and, hence, the quantum behavior of NbN/Al,O;/NbN
trilayers.'®** Because of the detection limit of correlative TEM
and APT, it is extremely difficult to probe the formation of
local point defects, such as N vacancies and substitutional/
interstitial O impurities, and their effects on the local structure
of NbN films. To address this information void, a theoretical
investigation using first-principles DFT calculations was
adapted in the next part of this work to provide a complete
understanding of the effect of local point defects on the NbN
crystal structure and its properties.

Crystallographic imperfections in these materials are known
to exert a significant influence on the material properties. For
instance, a substantial presence of nitrogen vacancies in the
NDN phase, along with the formation of oxygen substitutional
states, is due to the AL Oj interface.'” Hence, first-principles
calculations were employed to investigate these N vacancies
and O substitutional states in the trilayer structure while
accounting for the interfacial properties. NbN possesses a
cubic crystal structure, belonging to space group Fm3m, with
an even distribution of 50% niobium and 50% nitrogen. The

https://doi.org/10.1021/acsaenm.3c00555
ACS Appl. Eng. Mater. 2023, 1, 3227-3236


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00555/suppl_file/em3c00555_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00555/suppl_file/em3c00555_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00555/suppl_file/em3c00555_si_001.pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.3c00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

cubic phase of NbN predominantly features the (111) surface,
making it our primary choice for constructing the Al,O;/NbN
interface."”” We built this interface with Al,0,(0001) and
NbN(111) surfaces by constraining the NbN structure to the
lattice of the Al,05(0001) surface. The lattice vectors for the
final interfacial model as well as the Al,0;(0001) surface had
the following parameters: a = b = 1.3947 nm, a = # = 90°, and
y = 120°. The corresponding parameters for the NbN(111)
surface used in building the interface were a = b = 1.2594 nm,
a = f =90° and y = 120°. This yielded a lattice mismatch of
approximately 10%.

The structure obtained through DFT calculations revealed a
noticeable reduction in the crystallinity at the interface, as
illustrated in Figure 4. This shift in the crystalline structure was

Figure 4. Interfacial region of the AL,0;(0001)/NbN(111) structure.
The dotted box shows the reduced crystallinity at the interfacial
region. This effect is more pronounced in the NbN region.

visually evident through the distinct arrangement of the
interfacial atoms and bonds when compared to the unmarked
region, which depicted bulk-like features. Additionally, the
diminished crystallinity at the interface became apparent when
analyzing the interfacial bond distances compared those in the
bulk structure. For instance, in the bulk regions, Al-O bond
distances were measured to be 0.1923 and 0.1818 nm, whereas
at the interface, these distances were calculated to be 0.1764,
0.1736, and 0.1948 nm. Similarly, in the bulk region, Nb—N
bond distances were 0.2226 nm, whereas at the interface, they
were measured to be 0.2051, 0.2171, and 0.2140 nm. The Nb—
O bond distances at the interface were 0.2334 and 0.2019 nm,
while the AI-N bond distances at the interface were 0.1940
and 0.1850 nm. The reduced crystallinity was more prominent
in the NbN region compared to the Al,O; region at the
interface, corroborating the experimental findings. Signifi-
cantly, the lattice constant for the interfacial structure was
constrained to the optimized value for AL,O; in the (0001)
direction. This constraint ensured that the NbN film aligned
with the Al,O; lattice, which provided further insight into why
the decrease in crystallinity was more prominent within the
NDbN region of the interface.

The presence of N vacancies in the trilayer structure and the
presence of O atoms diffusing from Al,O; to the NbN region
could affect the superconducting properties of Nb. To
investigate these defects in the NbN region of the trilayer
interfacial structure, we estimated the defect formation energy
(DFE) by using the following equations:**
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AENvat:ancy = ENle_X - ENbN + xﬂN
AEq qbstitute = Enbn,_0, — Exon + Xy — X

Here, Exyn, Enpy,_, and Eypy,_ o, are the total ground-state

DFT energies of the pristine, N-vacant, and O-substituted
NDN relaxed interfacial structures, respectively. x denotes the
number of N vacancies formed or the number of O atoms that
were substituted for the N vacancies. py and po denote the
chemical potentials of N and O, respectively, which were
approximated as the ground-state DFT energies of N and O in
their standard states. These were computed to be equal to half
of the total energies of single gaseous N, and O, molecules. O,
gas was used as the reference state for yio, while N, gas was
used as the reference state for py, as N, gas flow was used to
prepare the thin films. The considered defect concentrations
for both the N vacancies and O substitutions were 2.44%,
4.88%, and 7.32%. Figure 5 shows the DFEs of the N vacancies
and O substitutional defects at various defect concentrations
for the NbN/AI,O5/NbN trilayer interfacial structure.
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Figure S. Defect formation energies of varying concentrations of N
vacancies and O substitutional defects in the Al,0;(0001)/NbN(111)
interfacial structure.

Assessing the defect formation energy is a valuable indicator
of defect stability within the crystal lattice. For example, lower
values of defect formation energy signify that the creation of a
defect is energetically favorable because it reduces the total
energy of the crystal lattice. Our observations revealed that a
negative DFE was linked to low N vacancy concentrations,
particularly when these concentrations were <2.5%. However,
as the number of introduced N vacancies increased, the DFE
increased, indicating a decrease in the defect stability. In
contrast, the substitution of O atoms was energetically
unfavorable at lower O concentrations. As we introduced O
atoms to replace N atoms within the NbN layers from an O
reservoir, we observed that these defects became progressively
more stable with an increase in the concentration of the
substituted O atoms. As depicted in Figure S, the DFE values
for O substitution converge around 0, indicating that O
substitutions are more energetically preferrable than N
vacancies to maintain the overall stability in the NbN/
AI2O3/NbN trilayer structure. This finding is in agreement
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with the experimental observations of the O atoms efficiently
incorporating themselves into the NbN region of the trilayer
structure.

Understanding the electronic density of states (the number
of available energy states) at the Fermi level is crucial for
determining how materials conduct electricity and exhibit
superconducting behavior. The AlL,O;/NbN interface reflects
the characteristics of NbN, which has a nonzero electronic
densitg of states N(E;) at the Fermi level and behaves like a
metal.”® The electronic DOS with contributions from the Nb,
N, and O orbitals are shown in Figure 6. In the pristine
structure, Figure 6 shows predominant contributions from the
Nb d and N p orbitals at the Fermi level. Nb d states are
prevalent at the conduction band minimum (CBM), while
both Nb d and N p states contribute equally at the valence
band maximum (VBM). The formation of various defect
structures highlights significant contributions from both the
Nb d and N p orbitals around the Fermi level. When N atoms
are removed from the lattice (defect structures), the
contributions from the N p states at the Fermi level decrease
drastically compared to the pristine structure, while those from
the Nb d states increase significantly. Furthermore, substituting
N atoms with O atoms in the lattice (O-sub defects) results in
a significant increase in Nb d states at the Fermi level, while N
p states shift to higher energies toward the conduction band in
comparison to the pristine structure. For O substitutional
defects, major contributions from the O 2p states appear in the
valence band region around —4 eV, although higher O
concentrations push the O 2p states toward the Fermi level.
Both the VBM and the CBM are dominated by Nb d and N p
states. As a result, it is suggested that optimizing the levels of
both Nb and N within the trilayer structure could potentially
enhance the superconducting properties of the material. This
hypothesis could be further substantiated through additional
analysis of the trilayer’s superconducting characteristics in
future investigations.

The variation of N(E;) with the defect concentration is
shown in Figure 7. Notably, the pristine Al,0,(0001)/
NbN(111) interface exhibits the lowest N(E;) value in
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Figure 7. Electronic density of states at the Fermi level of pristine
NbN and Al,0,(0001)/NbN(111) with N vacancies and O
substitutional impurities.
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comparison with the interfaces with introduced defect states.
Both the presence of N vacancies and O substitutional defects
result in a similar pattern of increasing N(E;). As the
concentration of the N vacancies and O substitutional defects
rises, N(Ey) also increases. However, Figure S shows that high
N vacancy concentrations are unstable due to the high defect
formation energy. Therefore, lower concentrations of N
vacancies or higher concentrations of O substitutional defects
(stable defects) will generate higher density of states at the
Fermi level and subsequently lead to increased super-
conductivity. A deeper comprehension of electron—phonon
coupling is crucial for understanding the superconducting
temperature of this material. Higher states at the Fermi level
intensify electron—phonon coupling, and the presence of O
substitutional defects and a lower concentration of N vacancies
enhances the coupling. This increased electron—phonon
coupling may potentially lead to a lower T, for super-
conductivity.

It is evident from the DOS plots that the introduction of O
atoms into the structure shifts the O 2p bands toward the
Fermi level. This shift contributes to the states at the Fermi
level, eventually increasing the electron—phonon coupling
constant. Thus, the higher the oxygen content, the greater the
N(E;) and the stronger the electron—phonon coupling.*’

Because of the importance of the strength of the electron—
phonon coupling constant, future analysis will be dedicated to
the phonon structure and density of states as well as the
estimation of the values of the electron phonon coupling
constant for the pristine and defect-induced interfacial
structures.

Epitaxial NbN/AL,O3;/NbN trilayer JJ structures with NbN
thicknesses of 50, 100, and 200 nm were grown by pulse laser
deposition. These trilayers were epitaxial, as confirmed by
high-resolution STEM imaging, revealing in-plane rotational
orientations within the NDbN layers. In these epitaxial
arrangements, an evident trend emerged: the top NbN layers
exhibited slightly reduced crystal quality compared to the
bottom NDbN layers due to the strain induced by the lattice
mismatch between NbN and Al,O;. Furthermore, our
investigation delved into the atomic-scale structural chemistry
of these NbN/AIL,O3/NbN trilayers using APT. This revealed
that the inhomogeneity (in-plane N/Nb distribution) within
the NbN layers increased as the layer thickness decreased,
showing significant stoichiometric variations marked by N-
deficient and O-rich regions. The in-plane N/Nb distribution
exhibited a complementary pattern with that of O/Nb,
indicating a higher tendency of NbO, formation within the
NDN layers as the film thickness decreased. The role of local
point defects, including N vacancies and O impurities, were
then explored using DFT calculations. The calculated defect
formation energies using DFT suggested that, in an oxygen-
rich environment, the prevalence of O substitutional defects
would outweigh that of N vacancies. Crucially, our analysis of
the electronic density of states at the Fermi level uncovered
that the Al,0;(0001)/NbN(111) structure with O substitu-
tional defects and a low amount of N vacancies exhibited a
higher electronic DOS than the pristine Al,0;(0001)/
NbN(111) structure. This enables stronger electron—phonon
coupling in the Al,05(0001)/NbN(111) structure with O
substitutional defects, ultimately leading to a higher critical
temperature (T.) than that observed in the pristine structure
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or structures with N vacancies. The atomic-scale under-
standing provided in this work will offer valuable guidance for
the development of NbN-based Josephson junction structures
for future high-performance quantum computers.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.3c00555.
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