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Epitaxial AIBN/B-Nb,N Ferroelectric/Superconductor
Heterostructures

Chandrashekhar Savant,* Thai-Son Nguyen, Saurabh Vishwakarma, Joongwon Lee,
Anand Ithepalli, Yu-Hsin Chen, Kazuki Nomoto, Farhan Rana, David J. Smith,
Huili Grace Xing, and Debdeep Jena

1. Introduction
We report the growth of AIBN/B-Nb,N nitride epitaxial heterostructures in which

the AIBN is ferroelectric, and $-Nb,N with metallic resistivity ~40 pQ cm at 300 K
becomes superconducting below Tc = 0.5 K. Using nitrogen plasma molecular
beam epitaxy, we grow hexagonal §-Nb,N films on c-plane Al,O; substrates,
followed by wurtzite AIBN. The AIBN is in epitaxial registry and rotationally

Nitrogen-containing crystalline layers with
semiconducting, metallic, superconduct-
ing, piezoelectric, ferroelectric, high-K
dielectric, and optical properties!"! are
pivotal in advancing photonic, acoustic,

aligned with the B-Nb,N, and the hexagonal lattices of both nitride layers make
angles of 30° with the hexagonal lattice of the Al,O; substrate. The B composition
of the AIBN layer is varied from 0 to 14.7%. It is found to depend weakly on the
B flux, but increases strongly with decreasing growth temperature, indicating a

quantum, and electronic devices.'™ The
ultrawide direct energy bandgap and piezo-
electric properties of AIN have made it the
material of choice for deep-ultraviolet

reaction rate-controlled growth. The increase in B content causes a non-
monotonic change in the a-lattice constant and a monotonic decrease in the
c-lattice constant of AIBN. Sharp, abrupt epitaxial AIBN/B-Nb,N/Al,O; hetero-
junction interfaces and close symmetry matching are observed by transmission
electron microscopy. The observation of ferroelectricity and superconductivity
in epitaxial nitride heterostructures opens avenues for novel electronic and

quantum devices.
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photonic devices and RF BAW filters.['*~)
AN is pyroelectric and not ferroelectric.®?!
The current understanding is that sponta-
neous polarization is locked in one
direction and cannot be switched by an
external electric field below the breakdown
voltage.® '] Recently, high-K dielectric
properties and ferroelectricity were discov-
ered in AIN substituted with isovalent B,
Sc, and Y, enabling new functionalities
and applications.”***l Compared to
other alternatives, the B alloying route to AIN differs in two
essential ways: a) the wultrawide bandgap of AIN is
retained;®***"! and b) the smaller lattice parameter and stronger
B-N bond are expected to offer higher thermal conductivity, and
more resistance to thermal and chemical oxidation.>*~%*
Thus, AIBN is of interest for deep UV optoelectronics®'®! and
high-power electronics,'”! especially in extreme temperature,
voltage, and radiation environments.!"21727]

A nonvolatile memory effect of superconductivity in oxide fer-
roelectric/superconductor heterostructures has been observed by
the modulation of superconductor charge density and T¢
with ferroelectric polarization.”*3?l To date, ferroelectric/
superconductor nitride heterostructures have not been realized.
Hexagonal p-Nb,N with metallic and superconducting properties
is a new platform for the epitaxial growth of ferroelectric AIBN
films due to its symmetry and lattice-matching with AIN. Its high
thermal stability up to ~#900-1100 °C is conducive to AIBN film
growth.?*>7®1 Owing to its ultrahigh vacuum nature, elemental
purity of sources, and low substrate damage from the low kinetic
energy of evaporated molecular beams, plasma-assisted molecu-
lar beam epitaxy (PAMBE) exploits unique growth dynamics to
yield films of high crystal quality. Prior studies of the MBE
growth of AIBN have been reported by: a) ammonia-MBEP”!
with up to 6% B; b) a BBr; gaseous precursor-based
PAMBE"® which reported up to 5%-6% B, with clustering of

© 2024 Wiley-VCH GmbH
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B and possible Br contamination; and c) using an energetic neu-
tral atom beam lithography and epitaxy-MBEP®! which reported
up to 3% B.

Here we report the PAMBE growth of AIBN films on p-Nb,N
using a boron effusion cell and a nitrogen plasma source with
0%-15% B concentration in wurtzite phase. The effect of various
growth parameters on controlling the B content of AIBN and the
crystal structure and epitaxial registry of the AIBN/B-NDb,N film
heterostructures with the substrate are found. Ferroelectricity in
the MBE-grown AIBN films and superconductivity of the §-Nb,N
are observed in the AIBN/B-Nb,N/Al,O; heterostructures.

2. Results and Discussion
2.1. Epitaxial AIBN/B-Nb,N Heterostructures Grown by MBE

Figure 1a shows the schematic layer structure of AIBN/B-Nb,N
film heterostructures grown by nitrogen plasma-assisted MBE on
a c-plane sapphire substrate. Hexagonal p-NDb,N is the most
metal-rich phase of niobium nitride. It is stabilized and made
phase-pure by using a high substrate thermocouple (TC) temper-
ature of 1150 °C during MBE growth. Nb,N layers of ~50 nm
thickness were first grown, followed by deposition of ~200 nm
AIBN films at substrate TC temperatures ranging from 600 to
900 °C and B fluxes of ~10 ®torr, as discussed in the next sec-
tion. Since N exhibits a thermodynamic preference to bond to
Al rather than B,*” the AIBN films in this study were grown
in N-rich conditions with III/V flux ratio of ~0.8. A control
AIN/B-Nb,N sample was also grown on a sapphire substrate
without supplying boron. Figure 1b shows that a 10 x 10 pm?
AFM micrograph of a 200-nm-thick ~14.7% B containing
AIBN/B-Nb,N/AlL,O; sample exhibits ~5 nm rms roughness.
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Comparable morphology was seen in all AIBN/B-Nb,N/AlL,O5
samples in this study. The control f-Nb,N/Al,O; sample without
the AIBN layer showed an rms roughness of 0.43 nm.

Figure 1c shows the evolution of RHEED patterns collected
during the MBE growth of AIBN/B-NDb,N heterostructures along
the sapphire [1100] zone axis, i.e., at a constant in-plane phi rota-
tional angle of the substrate. Nucleation of a twin cubic §-NbN
was observed during the initial minute of the niobium nitride
film growth, as indicated by the twin cubic domain RHEED pat-
tern with two separate overlaid <110> zone axes, originating
from pairs of {111} and {002} families of planes.’**!
Following this, the p-Nb,N film was observed to grow with a
streaky RHEED diffraction pattern along the [1120] zone axis,
suggesting a smooth hexagonal phase film. At a fixed in-plane
phi rotational angle of the substrate, the [1120] zone axis of
B-Nb,N film is parallel to the sapphire [1100] zone axis, indicat-
ing the growth of B-ND,N films at 30° basal in-plane rotation
alignment with the sapphire substrate. During the subsequent
AIBN film growth, a spotty RHEED pattern is observed, as
shown in top Figure 1c for the 14.7% B containing AIBN film.
The observed RHEED diffraction spots for AIBN film along the
[1120] zone axis indicate Bragg reflections corresponding
to first-order 1x 1 reconstruction for the wurtzite phase
structure.*”) All AIBN films grown in this study show similar
spotty wurtzite RHEED patterns, indicating a three-dimensional
growth mode for the nitrogen-rich growth conditions used here
for B incorporation in AIBN films.***! The wurtzite phase
RHEED pattern persists throughout the AIBN film growth.
At a fixed in-plane phi rotational angle of the sample, the [1120]
zone axis of the AIBN film is parallel to the -Nb,N [1120] zone
axis, indicating that the AIBN films are symmetrically matching
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Figure 1. Epitaxial AIBN/B-Nb,N heterostructures grown by MBE. a) Schematic of sample heterostructure with epitaxial AIBN/ p-Nb,N films grown by
MBE on sapphire substrate, b) 10 x 10 pum? AFM micrograph of ~200 nm AIBN film sample containing 14.7% B, c) RHEED evolution during hetero-
structure growth along the substrate [1T00] zone axes, showing the epitaxial nucleation and growth of Nb,N and AIBN films, d) XRD-RSM map showing
103 AIBN, 103 B-Nb,N and 119 Al,O; Bragg reflections for sample containing 14.7% B, e) Symmetric phi scans of 103 AIBN, 103 -Nb,N and 119 Al,05
Bragg reflections indicating six-fold symmetry and epitaxial registry of AIBN, B-Nb,N films with the sapphire substrate, and f) Schematic illustration of
rotational alignments of the unit cells of AIBN, p-Nb;,N, and Al,Os indicating a good lattice symmetry matching between AIBN and Nb,N films. A 30°
alignment observed in the RHEED zone axes and in the in-plane projections of the asymmetric XRD-RSM, Phi scans indicate a 30° rotational alignment
between the hexagonal basal in-planes of AIBN and p-Nb,N, with that of Al,Os.
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with the B-ND,N films with zero degrees in-plane rotational ori-
entation. However, at a fixed in-plane phi rotational angle of the
sample, the [1120] zone axis of the AIBN and the [1120] zone
axis of the p-Nb,N are parallel to the sapphire [1100] zone axes.
Since the crystallographic [1120] and [1100] axes in a hexagonal
basal plane are separated by a 30° rotation, this indicates that the
AIBN and the B-ND,N films grew at a 30° basal in-plane rotational
alignment with the sapphire substrate.

Figure 1d shows the measured X-Ray diffraction reciprocal
space map (XRD-RSM) peaks showing 103 AIBN, 103 B-Nb,N,
and 119 Al,O; Bragg reflections. The 103 Bragg reflection of
14.7% B containing AIBN is close to the B-Nb,N 103 Bragg reflec-
tion and far from the Al,03 119 Bragg reflections implying AIBN
is of wurtzite phase and the hexagonal phases of p-Nb,N films
and Al,Os substrate. The XRD-RSM maps shown in Figure 1d
were collected at a fixed phi rotation of the sample with the X-Ray
beam along AL,O; [1120] crystallographic directions. Only the
allowed peaks corresponding to the [1010] Bragg reflections
of the AIBN and B-Nb,N films and the [1120] Bragg reflections
of the Al,O3 were observed at this fixed phi rotation. Other Bragg
peaks, such as [1120] were not observed at this fixed phi position,
indicating that the AIBN and B-Nb,N films grew in an epitaxial
relationship with the substrate. XRD-RSM maps of other
AIBN/B-Nb,N/AlL,O; samples used in this study (not shown)
have a similar diffraction pattern, indicating similar crystal struc-
ture and epitaxial registry.

To confirm the epitaxial registry and the in-plane rotational
alignment between films and substrate, skew-geometry phi-scans
of asymmetric AIBN 103, -NDb,N 103, and Al,O3 119 reflections
were performed as shown in Figure le for samples containing
14.7% B. Six peaks at the same positions indicate the 6-fold sym-
metry and the epitaxial registry of the AIBN, and p-Nb,N films
with Al,O5 substrate. The asymmetric AIBN 103 and p-Nb,N 103
and Al,0; 119 peaks originate from diffraction from {1013}
AIBN, {1013} p-Nb,N and {1129} Al,O; sets of crystallographic
planes with in-plane projection normals along <1010> AIBN,
<1010> B-Nb,N and <1120> Al,0; crystallographic directions.
AIBN 103 and B-Nb,N 103 and Al,O; 119 peaks coincide at

www.pss-rapid.com

similar in-plane phi rotational angle of the sample, i.e., at 0°, sug-
gesting that the <1010> crystallographic axes of the AIBN
film, and the B-Nb,N films are parallel to the <1120> Al,O;
crystallographic axes. Since the crystallographic <1010> and
<1120> axes in a hexagonal basal plane are separated by a
30° rotation, this confirms that the AIBN and the B-Nb,N have
a 0-degree basal in-plane rotational alignment with each other,
while they have a 30° basal in-plane rotational alignment with
the sapphire substrate. Similar 6-fold symmetry and epitaxial reg-
istry were also observed for other samples. A schematic illustra-
tion of the unit cells of AIBN, p-NDb,N, and Al,O; is shown in
Figure 1f indicating good lattice symmetry matching between
AIBN and B-Nb,N films. The growth directions of AIBN and
B-ND,N are along the <0001> crystallographic axis parallel to
the <0001> axis of the sapphire substrate, and the hexagonal
basal in-planes of AIBN and p-Nb,N are aligned with each other,
and both at a 30° rotational offset with that of Al,Os.

2.2. Effect of MBE Growth Parameters on B Incorporation
in AIBN

The effect of growth parameters on niobium nitride films has
been explored before.”’! Keeping the same growth conditions
for the p-Nb,N, we vary the conditions for B incorporation in
the AIBN/B-NDb,N/AL,O5 heterostructures. We vary the substrate
temperature and B flux via the B cell temperature. Figure 2a
shows that the B flux from the effusion cell follows Arrhenius
behavior with an activation energy of ~5.17 eV, comparable to
reports of =5.5 to 5.9eV,** to be contrasted with ~3.28 eV
from the Al effusion cell, which is close to other reports of
~3.16 eV /atom."**!

We used XPS to obtain the composition of the AIBN films.
Keeping the B cell temperature at 1850 °C, we used substrate
growth temperatures of 600, 750, and 900 °C. Figure 2b shows
the B composition in the AIBN layer with varying substrate tem-
perature. With the AIBN growth temperature increase from
600 °C to 750 to 900 °C, the B content in the AIBN films decreases
from 14.7% to 8% to 3.5%, as shown in Figure 2b. Then, keeping
the substrate temperature at 750 °C we grew a series of samples
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Figure 2. Effect of MBE growth parameters (Substrate, B cell temperature) on the composition of AIBN films grown on -Nb,N on sapphire. a) Arrhenius
behavior of B cell temperature on B flux indicating that the B flux can be well controlled by B cell temperature b) B composition, x% of Al;_,B,N films as a
function of substrate thermocouple temperature, c) B composition, x% of Al;_,B,N films as a function of boron Knudsen cell thermocouple temperature.
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at different B fluxes. Figure 2c shows that the B content in the
AIBN films increases only slightly from 7.8% to 8.7% for B cell
temperature varying from 1742 to 1850 °C, causing the B flux to
increase from ~5 x 107 to 1.5 x 10~® torr. Thus, the B incorpo-
ration in the AIBN films is largely controlled by the substrate
growth temperature, rather than by the supplied B flux species.
The AIBN films grow in a reaction rate-controlled regime rather
than a mass transport-controlled regime.

The wurtzite phase of Al; ,B,N is predicted to be stable up to
x = 26%-28% B composition.*”! We only observed the wurtzite
phase of AIBN by RHEED or XRD-RSM diffraction patterns for
all films grown in this study, and no signature of layered hexag-
onal or cubic phases of AIBN. Photoelectron peaks correspond-
ing to the sp>-bonded layered hexagonal phase were not observed
in the XPS spectra of AIBN films, which only showed B1s, N1s,
and Al2p peaks without 7 plasmon loss peaks, a common feature
observed in layered hexagonal BN.*®! The wurtzite phase of
binary BN is expected to be stable at temperatures below ~1000
to 1500 K (i.e., below ~730 to 1230 °C), and the layered hexagonal
(or cubic) phases are more stable at higher temperatures.*¢4%%
Thus, low growth temperatures favor B incorporation in the
wurtzite form in the AIBN films and possibly suppress the con-
version from wurtzite BN to hexagonal (or cubic) BN*?! as the B
% is increased in the crystalline wurtzite films.

2.3. Structural Properties of AIBN

The ball and stick crystal structure model of a wurtzite AIBN cell
in Figure 3a illustrates the ¢ and a lattice parameters. We mea-
sured the lattice parameters of the p-Nb,N and AIBN layers
from XRD-RSM f-Nb,N 103 and AIBN 103 Bragg reflections.
The B-ND,N films showed out-of-plane c-lattice parameter of
4.96 A and in-plane a-lattice parameter of 3.054 A. Figure 3b
shows the measured c-axis and a-axis lattice parameters of
wurtzite Al; ,B,N films as a function of the B compositions.
With increasing B content, the out-of-plane c-lattice
parameter decreases monotonically from the cay = 5.004 A to
can = 4.967 A for 14.7% B. The in-plane a-parameter changes
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Figure 3. Structural c-, a-lattice parameters of AIBN films grown on
B-Nb,N/sapphire. a) Ball and stick crystal structure model of wurtzite
AIBN showing c and a axis, orientations, lattice parameters, b) c-axis
and a-axis lattice parameters of wurtzite AIBN films grown on nitrided sap-
phire as a function of B composition.
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nonmonotonically with increasing B content, initially increasing
from aan = 3.106 A to appy = 3.145 A for x = 3.5% and decreas-
ing to aapn = 3.099 A for 14.7% B. The wurtzite AIBN films with
0 to 14.7% B content have ~1.1% to ~2.8% in-plane lattice mis-
match with the underlying p-Nb,N layer.

The c-parameter of AIBN films decreases with B incorpo-
ration. This is because of the small size of B compared to Al,
and the expected c-parameter of 4.20 A for wurtzite BN!'® is
smaller than 5.004 A of AIN. Substitution of B in the wurtzite
AIN lattice is reported to locally distort the AIN, tetrahedra, lead-
ing to deviations in tetrahedral bond angles from the ideal
109.4°."*1 The vertical bonds in the ideal tetrahedra are
reported to deflect away from the c-axis by as much as 13° for
~22% B.'®1% Such distortion of tetrahedral geometry towards
trigonal planar or hexagonal structure should increase the in-
plane a-parameter of AIN with up to ~3% B incorporation.!"8?!
The expected a-parameter 2.54 A for the wurtzite BNI'® is smaller
than 3.106 A of AIN. Thus, the a-parameter decreases with
increasing B content of the AIBN films from ~3% to ~14.7%.

Figure 4a shows a cross-section TEM image of the AIBN/p-
Nb,N/AL,O; heterostructure sample with 14.7% B content.
Sharp, abrupt interfaces are visible at the AIBN/B-ND,N and
B-NDb,N/Al, O3 heterojunctions. The AIBN film exhibits columnar
crystal morphology, possibly arising from a three-dimensional
growth mode common in N-rich growth conditions.*?
Figure 4b shows a HRTEM micrograph of the AIBN/B-Nb,N
heterojunction. The Fast Fourier transforms (FFT) of regions:
i and ii) enclosing the heterostructure as marked by square
red and blue boxes in the AIBN and B-Nb,N films respectively
in Figure 4c and d, respectively, show <0002> spots in the
[1100] projection as confirmed by the simulated diffraction pat-
terns for wurtzite AIBN and hexagonal p-Nb,N along [1100] zone
axis. They confirm the wurtzite phase of AIBN and the hexagonal
phase of p-Nb,N. Similar [1100] projection axes of AIBN film
and B-Nb,N films suggest an epitaxial relationship between
the layers. Figure 4e shows a higher magnification image of bulk
AIBN, where no signs of a secondary phase were observed.

2.4. Ferroelectric AIBN/Superconducting Nb,N Heterostructure

Piezo-response force microscopy (PFM) at 300 kHz frequency
was performed at room temperature on the AIBN/B-Nb,N/
Al,O3 heterostructure sample containing ~4% B using the bot-
tom metallic B-NDb,N electrode contacted with Ag paste, and the
PFM conductive tip as the top electrode. Figure 5a shows
the butterfly-shaped amplitude curves and Figure 5b shows
the box-shaped hysteretic phase loops indicating ferroelectricity
of the AIBN film. These loops showing ~180° phase difference at
zero voltage were repeatable over several measurements, indicat-
ing the external electric field reversibly and repeatedly switches
the AIBN film between states of opposite polarity. The PFM
phase hysteresis measurements indicate a coercive field Ec
~0.72MVcm ™! for the MBE-grown AIBN films, smaller than
reported in sputtered AIBN layers. While the polarization switch-
ing in the MBE-grown AIBN films is unmistakable, the leakage
currents and incomplete wake-up currently limit the maximum
electric fields that can be applied for switching to a smaller coer-
cive field than the sputtered layers.”>"*% Wet KOH etching of

© 2024 Wiley-VCH GmbH
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Figure 4. TEM micrographs and FFTs of 14.7% B containing AIBN/ B-Nb,N/ Al,O5 heterostructure. a,b) TEM micrographs at a higher magnification with
marked regions i), i) used for FFT analysis c,d) FFT of red and blue marked regions-1, 2 indicating wurtzite phase of AIBN and hexagonal phase of f-Nb,N

and e) A HRTEM image of bulk AIBN film.
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Figure 5. Ferroelectric AIBN/superconducting B-Nb,N heterostructure.
a) Butterfly PFM Amplitude and b) hysteretic PFM Phase loops in MBE
AIBN/Nb;N heterostructure indicating ferroelectric nature of AIBN films,
and c) Metallic, and superconducting nature of B-Nb,N films with
Paogk =37-45u1Qcm ™" and Tc of ~0.4-0.6 K. A reference B-Nb,N film
grown on ALO; as well as a the B-Nb,N film in the AIBN/B-Nb,N/
Al,O3 heterostructure show superconducting nature of B-Nb,N films.
The superconductivity of p-Nb,N is preserved after the subsequent
AIBN film growth.

the PFM-poled AIBN/ND,N film sample shows different etching
rates at oppositely poled regions, i.e., the nitrogen polar regions
etched at a higher rate than metal polar regions!!*>*=>"!
(see Supporting Information). This further demonstrates that
the polarization of the AIBN films can be switched between
the states of opposite polarities by an external field, and the
AIBN films are indeed ferroelectric.
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Temperature-dependent electronic resistivity data of reference
B-ND,N film grown on Al,0; without the top AIBN film and the
AIBN/B-Nb,N/ALO; heterostructure are shown in Figure 5c and
its inset. The reference B-Nb,N/AL,O; film showed a room
temperature resistivity p = 42-49 pQ cm and a superconducting
transition temperature Tc=0.41K. The B-Nb,N film in the
AIBN/B-Nb,N/Al,O; heterostructure showed a room tempera-
ture resistivity p = 37-46 pQ cm and a superconducting critical
transition temperature Tc ~0.4-0.6K, indicating that the
B-ND,N phase and superconducting properties are preserved
in the heterostructure after the AIBN growth. This is feasible
because B-Nb,N is thermodynamically stable below the MBE
growth temperatures of AIN/AIBN (=900 °C).**3¢! The super-
conductivity of B-NDb,N is preserved even after the subsequent
AIBN film growth. The realization of all epitaxial AIBN/-
Nb,N nitride heterostructures with ferroelectricity and supercon-
ductivity opens the possibility for novel devices.

3. Summary

Epitaxial growth of AIBN/B-Nb,N heterostructures with
B compositions from 0 to ~#15% was demonstrated by nitrogen
PAMBE on c-plane sapphire substrates. The AIBN films show a
single wurtzite phase crystal structure with at least up to ~15% B
content. Wurtzite AIBN and hexagonal p-Nb,N films grow epitax-
ially along the <0001> crystallographic directions on the c-plane
sapphire substrate. The hexagonal basal in-planes of AIBN and
B-ND,N have a zero-degree rotational mismatch; they are at
30° alignment to the hexagonal basal plane of Al,O; substrate.
The AIBN film grows in a reaction rate-controlled regime, with
the B content in the AIBN films increasing from 3.5% to 14.7%
with a decrease in the growth temperature; B flux had a weak
effect on the B content in the AIBN films. With increasing B con-
tent in the AIBN films, the ¢ parameter decreases monotonically
while a nonmonotonic trend is observed in the in-plane a param-
eter. The AIBN films with 0%-15% B show an in-plane lattice
mismatch of ~1.1% to 2.8% with the underlying $-NDb,N layers.
HRTEM reveals sharp, abrupt interfaces at AIBN/B-NDb,N and
B-NDb,N/Al,O; heterojunctions. MBE-grown AIBN films exhibit
ferroelectricity, and the p-Nb,N shows a room temperature

© 2024 Wiley-VCH GmbH
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resistivity p=37-45pQcm and a superconducting critical
transition temperature Tc = =0.4-0.6K. To the best of
our knowledge, this is the first realization of an all epitaxial
ferroelectric-superconductor nitride heterostructure. Such heter-
ojunctions could be useful for Josephson junctions of use for
classical and quantum computing devices, adding to existing
polar AIN, and metallic, superconducting hexagonal B-Nb,N
heterostructures.****! Adding ferroelectric layers can enable non-
volatile, programmable superconducting electronic devices and
the ferroelectric polarization control of superconductivity.?*?
AIBN/B-NDb,N nitride heterostructures can be used in classical
and quantum acoustodynamic electronics based on nitride
materials.

4. Experimental Section

A Veeco GenXplor nitrogen plasma-assisted molecular beam epitaxy
(PAMBE) system with an idle base pressure of 10~° torr was used to per-
form all the growths for this study. A niobium source of 99.9999% purity
was loaded in a tungsten crucible and evaporated from a Telemark elec-
tron beam evaporation system. An aluminum source of 99.9999% purity
from United Mineral & Chemical Corp (UMC) was loaded in a PBN cruci-
ble and evaporated using Knudsen effusion cells. A boron source of
99.9999% purity from UMC was loaded in a pyrolytic graphite liner inside
a tungsten crucible and evaporated using a high-temperature Knudsen
effusion cell. Active nitrogen species were supplied using a Veeco RF
UNI-Bulb plasma source with 99.99995% purity nitrogen gas at a
1.95sccm flow rate and with an RF plasma operating at 200W RF
power and the chamber pressure was ~2 x 107> torr during growth.
The average growth rates for the B-Nb,N films and AIBN films were
~2.4 and ~3.1 nm min~", respectively. The substrate thermocouple tem-
perature was calibrated using a gallium droplet desorption test, where Ga
flux was supplied from the Knudsen effusion cell. Heying et al. have
reported that Ga desorption from a GaN surface follows an Arrhenius
behavior, as indicated by equation (1) where kg is the Boltzmann constant
in eV, and T is the substrate temperature in Kelvin.’® The measured Ga
desorption flux from a GaN surface as a function of substrate thermocou-
ple temperature was fitted to Arrhenius equation (2) where AT is
determined to be ~49.5°C. Thus, the actual surface temperature® is
~50°C higher than the measured substrate thermocouple temperature.
In situ monitoring of the growth surface was performed using a KSA
Instruments reflection high-energy electron diffraction (RHEED) appara-
tus with a Staib electron gun operating at 14.5kV and 1.45 A

—2.832eV
=1y — 15 a1
Gaflux(nmmin~') = (2.2 x 10" nmmin~') x exp < ke < (1) ) m
—2.832eV
=Ty 15 in—1 _ TEOILEV
Gaflux(nmmin~') = (2.2 x 10 nmmin~") x exp (kB (T AT))
@

Asylum Research Cypher ES system was used to perform atomic force
microscopy (AFM) imaging in a tapping mode. Film crystal structure,
phase, and orientation were characterized using a PANalytical
Empyrean diffractometer at 45 kV, 40 mA with Cu Ka, 1.5406 A radiation.
X-Ray diffraction (XRD) reciprocal space map (RSM) and symmetric phi
scans of asymmetric Bragg reflections were measured. Compositions of
the AIBN films were analyzed with a Scienta-Omicron ESCA-2SR X-Ray
photoelectron spectroscopy (XPS) instrument equipped with an Al Ka
(1486.6 eV) source. Adventitious carbon and native oxide were removed
from the sample surface using an Ar* ion beam. A hemispherical analyzer
collected the photoelectrons with a pass energy of 58.7 eV. Prolonged
high-resolution Cls, Bls, Al2p, and N1s core-level X-Ray photoelectron
spectra were collected to obtain a high signal-to-noise ratio.

Phys. Status Solidi RRL 2024, 2400157

2400157 (6 of 7)

www.pss-rapid.com

Cross-sectional samples for transmission electron microscopy (TEM)
were prepared by focused ion beam milling using a Thermo Fisher Helios
5UX dual-beam instrument with initial thinning done at 30 keV and further
thinning at 5 and 2 keV. An image-corrected FEI Titan 80-300 operated at
300kV was used to record the high-resolution TEM images. The piezo
force microscopy (PFM) measurements were performed at an AC voltage
of 2V and at a 300kHz measurement frequency using the Asylum
Research Cypher ES system. A triangular-square waveform pulse with
0.1 Hz was used to perform PFM measurements with a 25 ms bias-on
state for writing and a 25 ms bias-off state for reading. The PFM phase
and amplitude and phase loops were acquired in the bias-off read state.
The superconducting transition temperatures of f-Nb,N films were mea-
sured by performing temperature-dependent resistance measurements in
a Quantum Design Physical Property Measurement System (PPMS) with
the Helium-3 refrigerator.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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