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ABSTRACT

We report plasma-assisted molecular beam epitaxial growth of AIBN thin films on a nitrided c-plane Al,O; substrate. The AIBN film
epitaxially grows in rotational alignment with an out-of-plane/in-plane directions of AIBN [0001]/[1010] || AIN nucleation layer
[0001]/[1010] || AL, O3 [0001]/[1120]. The B composition of the AIBN layer is varied from 0% to 15% by varying the growth temperature,
exploiting the reaction rate-controlled growth mechanism. X-ray diffraction and high-resolution transmission electron microscopy are used
to determine the structural properties as a function of boron composition. A monotonic decrease in the c-lattice constant and a non-
monotonic change in the a-lattice constant are observed with an increase in the B content in AIBN films grown on nitrided sapphire. While
the control AIN film showed a bandgap of 6.1 eV, the AIBN films with ~15% boron showed a bandgap of 5.9 eV. The AIBN films with 15%
B exhibit a fivefold increase in the nonlinear second-harmonic generation intensity compared to AIN. AIBN films exhibit higher thermal
conductivity than AlIScN films with comparable alloy compositions, and at equal or smaller thicknesses. The findings indicate several oppor-
tunities for AIBN films in applications of deep UV optoelectronics, nonlinear photonics, and high-power electronics devices, especially in
high-voltage and high-temperature environments.
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1. INTRODUCTION power electronic devices.””* The performance of many of these
devices is limited by the intrinsic material properties and partly by

Wourtzite group-III nitrides have been widely investigated over
the structural quality and epitaxial registry of the layers.

the last three decades, leading to breakthroughs in devices for solid- ‘ X o
state lighting, acoustoelectric filters, and high-power electronics.'™ In the last few years, it has been discovered tbat alloymg Isova-
Among the well-established Al, Ga, and In-nitride materials, alumi- lent group-III elements, such as B, Sc, and Y, into AIN imparts
num nitride (AIN) has the widest bandgap (~6.1-6.2eV) and ferroelectricity and enhances the high-K dielectric constant and
appreciable intrinsic second-order optical nonlinearity with piezo- nonlinear optical properties.””"” Alloying a smaller lattice constant
electric coefficients of ~4-7 pm/V and a dielectric constant of material, wurtzite BN, to AIN can retain or increase its ultrawide
~8.4."~" Consequently, AIN plays a pivotal role in deep ultraviolet ~ bandgap (UWBG) while enhancing the functionalities.”'"'*'*'*"”
(UV) optoelectronics, nonlinear photonics, and acoustic and RF Compared to the alloys AIScN, AIYN, AlLaN, and AlLuN, AIBN
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retains the UWBG of AIN since the bandgap of BN in all phases

(5.96eV  for h-BN, 6.4eV for c-BN, and 6.84eV for
wurtzite-BN)>' %17 g larger than that of ScN, YN, LaN, LuN,
etc.’’7%° Since the B atom is lighter than Al, Sc, Y, La, the thermal

conductivity of AIBN is expected to be higher than AIScN, AIYN,
and AlLaN alternatives. Furthermore, AIBN is more suitable for
extreme temperature, voltage, and radiation environments as it is
expected to be more resistant to oxidation compared to AIScN and
other transition/rare-earth metal-based nitrides.'”*"**

AIBN is of interest not only for high-power electronics but
also for deep UV photonics and nonlinear optoelectronic applica-
tions.”'>'® Recently, ferroelectricity and high-K dielectric proper-
ties have been discovered in AIBN films grown by sputtering' ">’
and MBE.'>'° Epitaxial growth of AIBN on GaN has recently led
to the realization of high-K AIBN barrier GaN HEMT using
polarization-induced 2D electron gas (2DEG) at the AIBN/GaN
heterojunction.”” Although significant efforts have been recently
dedicated to studying the high-K dielectric and ferroelectric proper-
ties of AIBN films for integration in RF and memory applications,
reports on its epitaxial growth and structural, thermal, and optical
properties remain scarce. In particular, prior studies have reported
AIBN growth using ammonia-MBE, BBr; precursor-based PAMBE,
and energetic neutral atom beam lithography and epitaxy
(ENABLE)-MBE techniques, but these approaches suffered from
limited B incorporation, phase segregation, and impurity
contamination,”' ™

Prior studies of sputter-deposited AIBN films have reported
X-ray diffraction (XRD) @ 002 rocking curve (RC) full width at half
maximum (FWHM) of ~10° to 10%arc sec, a slight reduction in
the optical bandgap from 6.1 eV for AIN to 5.8 eV for AIBN with
~11% B, a decrease in the refractive index, and an enhancement of
nonlinear optical properties of AIBN films with B incorpora-
tion.'*'* Owing to its ultrahigh vacuum nature, elemental purity of
sources, and low substrate damage from the low kinetic energy of
evaporated molecular beams, molecular beam epitaxy (MBE)
exploits unique growth dynamics to yield films of high crystal
quality and high epitaxial registry to the underlying substrate.”
The structural, thermal conductivity, and optical properties of the
epitaxial AIBN films grown by nitrogen plasma MBE are of high
interest.

Here, we report the plasma-assisted MBE growth of wurtzite
AIBN films with 0%-15.3% B concentration on nitrided sapphire
substrates using a nitrogen plasma source and aluminum and
boron effusion cells. We report the effect of MBE growth parame-
ters, such as B cell temperature and substrate temperature, on the B
content of AIBN. We identify the crystal structure and epitaxial
registry of the AIBN films with AIN nucleation layers and the
Al, O3 substrate, and measure their structural, thermal, and optical
properties.

Il. EXPERIMENTAL

All growths in this study were performed using a Veeco®
GenXplor nitrogen plasma-assisted molecular beam epitaxy (MBE)
system. The idle base pressure of the growth chamber was
10~ Torr. A boron source of 6N purity and an aluminum source
of 6N purity were obtained from United Mineral & Chemical Corp
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(UMC). The boron source material was loaded in a conical pyro-
Iytic graphite liner, placed inside a conical tungsten crucible, and
evaporated using a ~2100 °C rated high-temperature effusion cell.
An aluminum source was loaded in a pyrolytic boron nitride
(PBN) crucible and evaporated using an effusion cell. A Veeco® RF
UNI-Bulb plasma source was used to supply active nitrogen species
into the growth chamber using 6N5 purity nitrogen gas. During
growth, the chamber pressure was approximately 2 x 107> Torr.
The nitrogen plasma was struck at 500 W RF power and an N,
flow rate of 3 sccm. The N, flow rate was decreased to 1.95sccm
used during the sapphire substrate nitridation performed at 400 W
RF power and the growth of AIBN films performed at 200 W RF
power. A KSA Instruments reflection high-energy electron diffrac-
tion (RHEED) apparatus with a Staib electron gun operating at
14.5kV and 1.45 A was used to monitor the growth surface in situ.
The RHEED diffraction images were acquired along [1100] and
[1120] zone axes of the sapphire substrate during the MBE growth.

The surface morphology of the AIBN films was analyzed by
atomic force microscopy (AFM) performed in the tapping mode
using an Asylum Research® Cypher ES system. XRD reciprocal
space map (RSM) and ¢ scans of asymmetric Bragg reflections
were collected using a Panalytical Empyrean® diffractometer with a
1.5406 A Cu K x-ray source operated at 45kV, 40 mA to charac-
terize the phase, crystal structure, and orientation. The chemical
composition of the AIBN films was analyzed with X-ray photoelec-
tron spectroscopy (XPS) using a Scienta-Omicron-ESCA-2SR
instrument equipped with a 1486.6eV Al Ko x-ray source.
Adventitious carbon and native oxide were removed from the
sample surface using an Ar' ion beam. High-resolution Al2p, Bls,
N1s, and Cls core-level X-ray photoelectron spectra were collected
using a hemispherical analyzer (HCA) detector with a pass energy
of 58.7 eV.

Cross-sectional samples for high-resolution transmission elec-
tron microscopy (HR-TEM) were prepared by focused ion beam
(FIB) milling using a Thermo Fisher® Helios 5UX dual-beam
instrument with initial thinning done at 30 keV and further thin-
ning at 5keV and 2keV. A Philips-FEI CM200 HR-TEM operated
at 200kV was used to record the high-resolution TEM images.
Electron energy loss spectroscopy (EELS) measurement was per-
formed for elemental composition mapping. Wet etching in KOH
was performed to test the polarity of the as-grown AIBN film
grown on the nitrided sapphire substrate. The optical bandgap of
the AIBN films was determined using ultraviolet-visible spectro-
scopy carried out using the Agilent Cary 5000 UV-Vis-NIR
spectrophotometer.

The nonlinear optical properties of AIBN films were investi-
gated using transmission second-harmonic generation (SHG) mea-
surements. A Yb-fiber-based laser with 1032 nm wavelength, 150 fs
pulse width, and 100 MHz repetition rate was used as a pump. The
pump was focused onto a 50um spot on the AIBN film at a 45°
incidence angle. A polarizer was used to control the polarization of
the pump, while an analyzer was rotated to measure the polariza-
tion of the induced second-harmonic light. The intensity of the
second-harmonic light was measured using a spectrometer paired
with a charge-coupled device (CCD) camera.

Thermal conductivity (x) measurements were carried out
with frequency domain thermoreflectance (FDTR), an optical
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pump-probe technique utilizing two separate continuous wave
(CW) lasers. A 488 nm pump laser beam passes through an electro-
optic modulator (EOM) driven by a function generator modulated
from 1kHz to 10 MHz and provides the modulated heat source. A
lock-in amplifier records the amplitude and phase response of the
reflected 532 nm probe beam to the thermal wave, and these quan-
tities are related to the properties of the multilayer sample.” The
ideal lock-in amplifier measures the fundamental harmonic com-
ponents of the probe signal at the modulation frequency and rejects
all other components.”” The weighted sample frequency response is
obtained by solving the heat diffusion equation for a Gaussian heat
source (the pump beam) impinging on a multilayer stack of materi-
als and weighting the resulting temperature distribution at the top
surface by the Gaussian intensity distribution of the probe beam.”
The details can be found elsewhere.”””” FDTR has been previously
applied to study homoepitaxial AIN, pulsed laser deposited h-BN,
and MBE-grown AIScN.”*™*

I1l. RESULTS AND DISCUSSION

Figure 1(a) schematically shows the layer heterostructure
grown by MBE for this study. The surface of a c-plane sapphire
substrate was nitrided at a substrate thermocouple temperature of
250°C for 1.5h, using active nitrogen species generated at 400 W
RF power at a 1.95sccm nitrogen flow rate. The AL, O; substrate
was first nitrided to form an AIN nucleation layer. Epitaxial
wurtzite-phase AIBN films were then grown on the nitrided sap-
phire substrates under nitrogen-rich conditions and at different

(b) AL, sub.

Nitrided AIN

ARTICLE pubs.aip.org/aip/jap

substrate temperatures, as described later. A control AIN film was
also grown on nitrided sapphire without supplying boron flux.

Figure 1(b) shows the evolution of RHEED patterns collected
during the MBE growth of AIBN/nitrided sapphire heterostructures
along two zone axes of the Al,O; substrate, ie., along the AL,O;
[1120] zone axis (ZA), at a 0° in-plane ¢ rotation of the substrate,
and along ALO; [1100] ZA, at a 30° in-plane ¢ rotation of the
substrate. The nucleation of an AIN layer was observed during the
plasma nitridation of the AL, O; substrate, as indicated by the
streaky RHEED diffraction pattern of wurtzite AIN with AIN
[1700] ZA || ALOs [1120] ZA, at gpsrae = 0° and  AIN
[1120] ZA || ALO;s [1T00] ZA at ¢gperae = 30°. The switching
between [1100] and [1120] zone axes during plasma nitridation of
Al,O5 indicates that AIN nucleates at 30° basal in-plane rotation
alignment with the Al,O; substrate. Similar to the epitaxial growth
of GaN on sapphire, the AIN layer forms at a 30° in-plane rotation
with respect to the sapphire lattice to minimize the misfit strain
since the O-atomic plane of Al,O; is symmetrically matched with
the Al-atomic plane in AIN.*"**

During the subsequent AIBN film growth, a spotty RHEED
pattern is observed, as shown in the top Fig. 1(b) for the 8% B con-
taining AIBN film. The observed RHEED diffraction spots for the
AIBN film along the [1100] ZA and [1120] ZA indicate Bragg
reflections corresponding to first-order 1 x 1 reconstruction for the
wurtzite phase structure.””** Throughout the growth of the AIBN
film, this wurtzite phase RHEED pattern persists. A similar spotty
wurtzite RHEED pattern was observed for all AIBN in this study,
suggesting a three-dimensional growth mode under nitrogen-rich
growth conditions required for B incorporation in AIBN.**~*°

ZA[1120]

ZA[1100] | zA[1120]

ZA[1100]

103

JLMLW M

9 Al

ZA [1120]

Log intenisty (a.u.)

~120-60 0 60 120 180

‘2.3 2.4 z;g 26 27
@ (degree) G

FIG. 1. (a) Schematic of the AIBN/nitrided sapphire heterostructure, with nitrogen-polar AIBN films. (b) RHEED evolution during growth along the Al,O3 [1120] zone axis
at Pgupsirate = 0° (fop row) and the Al,03 [1100] zone axis at gypsrate = 30° (bottom row) showing epitaxial registry of MBE-grown films with a 30° rotation of hexagonal

in-plane basal planes of AIBN and AIN with that of the Al,O3 substrate. (c) 10 x 10um? AFM micrograph of a ~250 nm AIBN film with 8%

B. (d) Symmetric skew ¢

scans of AIBN 103, AIN 103, and Al,O3 119 Bragg reflections indicating epitaxial registry of AIBN on a sapphire substrate. (¢) XRD-RSM map showing AIBN 103 and

Al,05 119 Bragg reflections for a sample with 8% B.
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Figure 1(b) shows RHEED images collected at ¢ rare = 0°
(top row) and ¢y prae = 30° (bottom row) during the growth
showing AIBN [1100] ZA || AIN [1T00] ZA || AL,O; [1120] ZA
and AIBN [1120] ZA || AIN [1120] ZA || ALO5 [1100] ZA. This
indicates that the AIBN films are epitaxially aligned with the AIN
nucleation layer, exhibiting zero degrees of in-plane rotational mis-
alignment. In contrast, both nitride layers grow at a 30° basal
in-plane rotational alignment with the Al,O; substrate since the
crystallographic [1120] and [1100] axes in a hexagonal basal plane
are separated by 30°.

Figure 1(c) shows a 10 x 10um* AFM micrograph of a
200-nm-thick ~8% B containing an AIBN film/nitrided sapphire
sample exhibiting ~4.8 nm rms roughness. Comparable surface
roughness and surface morphology were observed for all the AIBN/
nitrided sapphire samples grown in this study. The MBE-grown
AIBN film was found to etch in wet KOH, leaving behind
pyramids. This suggests that the as-grown AIBN films on a nitrided
sapphire  substrate are nitrogen-polar as illustrated in
Fig. 1(a).”'>*** A similar nitrogen-polar growth of wurtzite AIN
and GaN films has been reported previously after the nitridation of
a sapphire substrate or after the removal of native oxide from an
N-polar AIN substrate.””>

Skew-geometry phi-scans of asymmetric AIBN 103 and Al,O3
119 Bragg reflections for a sample containing 8% B are shown in
Fig. 1(d). Six peaks at the same ¢gpgrae pOsitions indicate the
sixfold symmetry and the epitaxial registry of the AIBN film with
an AL O; substrate. The asymmetric AIBN 103 and AL O; 119
peaks originate from diffraction from {1013} AIBN, and {1129}
AL O; sets of crystallographic planes with in-plane projection
normals along (1010) AIBN and (1120) Al,O; crystallographic
directions. AIBN 103 and ALO; 119 peaks coincide at similar
in-plane ¢ rotational angles, ie., at @gpgrae = 0% +/ — 60°,
+/ —120°, 180° suggesting that the AIBN (1010) crystallographic
axes || ALO; (1120) crystallographic axes. The AIBN film grows
epitaxially with out-of-plane/in-plane directions of AIBN
[0001]/[1010] || AL,O; [0001]/[1120], i.e., with a 30° basal in-plane
rotational alignment between AIBN and Al,O;. Similar sixfold
symmetry and epitaxial registry were also observed for other
samples.

Figure 1(e) shows the measured X-ray diffraction reciprocal
space map (XRD-RSM) peaks showing 103 AIBN and 119 AL Os
Bragg reflections, implying that AIBN is of the wurtzite phase and
the hexagonal phase of the Al,O; substrate. The XRD-RSM maps
shown in Fig. 1(e) were collected at a fixed ¢gpgprare = 0° With the
x-ray beam || A,O; [112L]. Only the allowed Bragg reflections cor-
responding to AIBN 101L and AL,O; 112L were observed at this
fixed ¢ rotation, whereas other Bragg peaks, such as AIBN 112L,
were absent, indicating that the AIBN crystals only grew in an epi-
taxial relationship with Al,O;, without apparent misoriented
grains. XRD-RSM maps of other AIBN/nitrided sapphire samples
used in this study (not shown) have a similar diffraction pattern,
indicating a similar crystal structure and epitaxial registry.

It has been reported that the B incorporation in the AIBN
films is primarily controlled by the MBE substrate temperature
rather than by the supplied B flux species, as the AIBN films grow
in a reaction rate-controlled regime rather than a mass transport-
controlled regime.'® Thus, to obtain AIBN films of different boron

2

ARTICLE pubs.aip.org/aip/jap

compositions, we used substrate growth temperatures of 600, 750,
and 950 °C while keeping the other growth parameters the same.
Since N exhibits a thermodynamic preference to bond to Al rather
than B, a nitrogen-rich growth condition with a III/V ratio of ~0.9
was used to grow the AIBN films in this study.’” The effusion cell
fluxes of boron and aluminum follow Arrhenius behaviors with an
activation energy of ~5.17 and ~3.28 eV/atom, comparable to
reported values.'>*™ A boron flux of ~2.6 x 1078 Torr and an
aluminum flux of ~2.1 x 1077 Torr were obtained by keeping the
B cell temperature at 1850 °C, and Al cell temperature at 1208 °C,
while active nitrogen species flux of 2.6 x 1077 Torr was obtained
using 200 W RF power and 1.95 sccm nitrogen flow rate.

The composition of the AIBN films as a function of substrate
temperature is plotted in Fig. 2. As the AIBN growth temperature
increased from 600 to 750 to 950°C, the B content in the AIBN
films decreased from 15.3% to 8% to 3.1%. The BN phase diagram
indicates that the wurtzite phase of binary BN is stable at tempera-
tures below ~1000-1500 K, while the layered hexagonal and cubic
phases are stable at higher temperatures.*”*”” Low substrate tem-
peratures promote B incorporation in a wurtzite form in AIBN
films, possibly hindering conversion to hexagonal (or cubic) BN as
B% increases in crystalline wurtzite AIBN films.”’

Figure 3(a) shows the XRD symmetric 26- spectra of the
control AIN film sample and the AIBN film samples grown at dif-
ferent substrate temperatures on the nitrided sapphire substrate.
The XRD peaks corresponding to 002 Bragg reflections of wurtzite
AIBN and 006 Bragg reflections of Al,O3 are observed, suggesting
that the AIBN films grow along the (0001) crystallographic axis on
the c-plane sapphire substrate. With increasing boron content in
the AIBN films, the 002 Bragg peak shifts to a higher 26-w value,
suggesting a decrease in the ¢ lattice parameter. This is expected
due to the smaller size of the unit cell lattice constant of wurtzite
BN (cgny = 4.20A) compared to that of the wurtzite AIN
(camv = 4.99 A).® The XRD o 002 rocking curve (RC) full-width

15.3%,

15

-X

10

B composition, x in Al, B N (%)

T T T T T T T T T T T T T

L 1 | | 1
950 650 750 850 950

Substrate temperature (°C)

FIG. 2. Effect of MBE substrate growth temperature on the boron composition
of AIBN films grown on nitrided sapphire.
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9, —— AIBN 600 °C & ~500 nm thickness
2 10 = 10
@ I F
[ = N
2 100 z i
- O
o 102 o 102 MBE AIBN [This work]
v N ~200 nm thickness
10' ?
3 L
100 101 1 | | 1 1 | 1 | |
35 36 37 38 39 40 41 42 0 5 10 15 20
26-w (degree) B composition, x in Al, BN (%)
(c) (d)

3.1% B, AIBN Tg,, = 950 °C

8% B, AIBN T, = 750 °C

15.3% B, AIBN Tg,, = 600 °C FFT

FIG. 3. (a) XRD symmetric 26— curves of AIBN films grown at different substrate temperatures on a nitrided sapphire substrate. (b) XRD @ 002 rocking curve FWHM
values for MBE-grown AIBN films and for the sputter-deposited AIBN films as a function of B composition. (c) TEM micrographs of AIBN films showing columnar grain
growth and decreasing film quality with decreasing substrate temperature, increasing B%. (d) TEM-FFT along the [1120] zone axis showing the wurtzite phase of AIBN

films with 8% B.

half maximum (FWHM) values for MBE-grown AIBN films and
the sputter-deposited AIBN films'' as a function of B composition
are shown in Fig. 3(b). The control AIN film grown by MBE
showed a 002 RC FWHM value of ~74 arc sec, which increases
to ~144 to 260 arc sec with increasing boron content from 3% to
15%. The w-002 RC FWHM values of ~200 nm thick MBE-grown
AIBN films are at least one order of magnitude lower than those of
~500nm thick sputter-deposited films, suggesting a large crystal-
line size of MBE-grown AIBN films.

Figure 3(c) shows TEM micrographs of AIBN films with 3.1%,
8%, and 15.3% B. The AIBN films exhibit columnar crystal mor-
phology, possibly arising from a three-dimensional Volmer-Weber
growth mode common in nitrogen-rich growth conditions. The
crystallinity of the AIBN films decreases with decreasing growth
temperature and increasing B content, as observed in HR-TEM
micrographs and an increase in the XRD @-002 RC FWHM values.
Figure 3(d) shows a HRTEM micrograph (bottom) of an
AlBN/nitrided sapphire film sample with 8% B and a Fast Fourier

transform (FFT) of the AIBN film region enclosing the heterostruc-
ture as marked by the square red box. The FFT shows (0002) spots
in the [1120] projection as confirmed by the simulated diffraction
patterns (not shown) for wurtzite phase AIBN along [1120] ZA.
This confirms the wurtzite phase of the AIBN film, with no appar-
ent signs of secondary phases observed in the TEM micrographs
and FFT patterns of AIBN films. From the TEM FFT patterns, the
¢ lattice parameters of 4.98, 4.98, and 4.94 A were calculated for
AIBN films with 3.1%, 8%, and 15.3% B, respectively.

Additional HR-TEM, FFT, and EELS analyses (see Figs. S1-S3
in the supplementary material) further confirm that the defect
density increases markedly with higher B incorporation in the
AIBN films. The 3.1% B sample grown at 950 °C exhibits highly
crystalline, epitaxial columnar grains with a smooth top surface
and only minor tilting of columnar grains. At 8% B, the film
remains epitaxial but develops more crystalline defects, including
inversion domain boundaries and basal stacking faults. In contrast,
the 15.3% B sample grown at 600 °C was quite defective away from
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the AL,O; substrate, with grain misalignments approaching ~5°
and even extensive gaps between the highly tilted columnar grains;
EELS mapping also confirmed non-uniform B and N distributions
in this film. Overall, these results demonstrate that higher B incor-
poration in MBE-grown AIBN films leads to significant degradation
in film quality, consistent with prior reports on MOVPE-grown
AIBN films.”™*"

Figure 4(a) illustrates the crystal structure of a wurtzite AIBN
cell with a “ball and stick” model showing the ¢ and a axis lattice
parameters measured from XRD AIBN 002 and 103 Bragg reflec-
tions. Figure 4(b) shows the measured values as a function of the B
composition. With increasing B content, c-lattice parameter
decreases monotonically from the caiy = 4.99 A of the control AIN
to capn = 4.98, 4.97, and 494 A for AIBN with 3.1%, 8% and
15.3% B, respectively. The in-plane a-parameter changes non-
monotonically with B content, initially increasing from
aan = 3.103 A to aupy = 3.116 A for 3.1% B and decreasing to
axx = 3.091 A for 15.3% B.

B incorporation in the AIN lattice causes a decrease in the ¢
lattice parameter. The predicted c-parameter of 4.20 A for wurtzite
BN’ is smaller than 4.99 A of AIN owing to a smaller size of B
compared to Al The c-parameter of AIBN films is expected to
decrease with increasing B content. The substitution of B in the
wurtzite AIN lattice leads to local distortion in the AINy tetrahedra,
causing deviations in tetrahedral bond angles from the ideal
109.4°.'%%” The vertical bonds in the ideal tetrahedra of AIN, can
deflect away from the c-axis by as much as 13° for ~22% B in
AIBN.'*** Thus, an increase in the in-plane a-parameter of AIN
with up to ~3.1% B incorporation could be due to distortion of tet-
rahedral geometry toward the trigonal planar or hexagonal struc-
ture.'"*” The a-parameter decreases with increasing B content of
the AIBN films from ~3% to ~153% since the expected
a-parameter 2.54 A for the wurtzite BN is smaller than 3.103 A of
AIN.® Figure 4(b) implies that, though AIBN cannot be lattice
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FIG. 4. Structural properties of AIBN films grown on a nitrided sapphire sub-
strate. (a) Ball and stick crystal structure model of wurtzite AIBN films showing ¢
and a axes, orientations, and lattice parameters. (b) c-axis and a-axis lattice
parameters of wurtzite AIBN films grown on nitrided sapphire as a function of B
content, x%.
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matched to relaxed c-plane GaN, AIBN films with ~10-11% B can
be lattice matched to relaxed c-plane AIN.

The nitrogen-polar surfaces of wurtzite semiconductors, such
as AIN, GaN, and InN, etch at higher rates than metal-polar sur-
faces in KOH or H;PO, leaving behind pyramids with {1011}
planes as these are energetically stable because of a smaller number
of bonds through these planes.”*”*“*” The SEM micrographs taken
after KOH etching of the AlBN/nitrided sapphire sample indicate
that the AIBN film was etched, leaving hexagonal pyramids. This
suggests that the as-grown AIBN film on a nitrided sapphire sub-
strate is nitrogen-polar, and the growth direction of AIBN films is
{0001} crystallographic axis || Al O3 {0001} crystallographic axis.

Optical absorption spectra of the AIBN/nitrided sapphire
samples were measured using ultraviolet-visible absorption spectro-
scopy. Figure 5(a) shows the optical bandgap of energies
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FIG. 5. (a) Optical bandgap of AIBN films as a function of different B composi-
tion. (b) Optical bandgap vs composition of ternary AI(B/Sc/Ga/In?N nitrides and
that of binary AN, BN, ScN, GaN, and InN nitrides.’®****~"" The wurtzite
phase of AIBN and AIScN is reported to be stable up to 26% B and ~30-35%
Sc.””"* Dashed lines for Ali_ByN films from x = 0.26—1 and Al;_,ScyN
films from x = ~0.35—1 indicate the metastable nature of the wurtzite phase
in this composition ranges. Compared to Sc, Ga, and In, incorporating B retains
the ultrawide bandgap of AIN. Reproduced with permission from Yun et al.,
J. Appl. Phys. 92, 4837-4839 (2002). Copyright 2002 AIP Publishing LLC.
Reproduced with permission from Pela et al, Appl. Phys. Lett. 98, 151907
(2011). Copyright 2011 AIP Publishing LLC. Reproduced with permission from
Nguyen et al, 2024 International Electron Devices Meeting (IEDM) (IEEE,
2024), pp. 9.5.1-9.5.4. Copyright 2024 |EEE. From Baeumler et al., J. Appl.
Phys. 126, 045715 (2019). Copyright 2019 Author(s), licensed under a Creative
Commons Attribution (CC BY) License.
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determined from a Tauc plot of v/ahv vs photon energy, hv, where
a is the absorption coefficient, h is Planck’s constant, and v is the
photon frequency. The control AIN film exhibits an absorption
edge of ~6.1 eV, close to the reported values of 6.1-6.2 eV."'* As
shown in Fig. 5(a), the bandgap energy decreases with increasing B
content from 6.1eV for 0% B to 5.9¢eV for ~15% B containing
AIBN films. Similar ultrawide bandgaps of AIBN films are also
reported in the films deposited by sputtering, with a bandgap of
~6.1€V to 5.8 eV for 0%-11% B.'* Figure 5(b) shows the optical
bandgap of ternary Al(B/Sc/Ga/In)N nitrides plotted as a function
of composition, and that of binary AIN, BN, ScN, GaN, and InN
nitrides.'**>°*~"! Like wurtzite AIN, BN is also an ultrawide
bandgap semiconductor in all crystalline forms. The bandgaps are
6.4¢eV for cubic BN, 5.98 eV for hexagonal BN, and 6.84 ¢V for
wurtzite BN.“*** Therefore, incorporating B into the wurtzite AIN
lattice retains an ultrawide bandgap.”'* On the other hand, the
optical bandgaps of other binary group III nitrides are substantially
lower than AIN, e.g., 3.4 eV for GaN, 0.76 eV for InN, 2.1-2.3 eV
for ScN, 1.45eV for YN, 0.82eV for LaN, and 1.1eV for
LuN.>****»7 Thus, the optical bandgaps of ternary nitrides of
AIN decrease with increasing substitution of Al with other
group-III elements, such as Ga, In, Sc, Y, and La. The ultrawide
bandgap of AIBN is expected to maintain a larger breakdown

voltage than the other high-K, ferroelectric nitride alternative.

Figure 6 shows the polarization of the second harmonic genera-
tion (SHG) intensity of a 15% B-containing MBE-grown AIBN film
sample compared to the control AIN film sample while illuminated
by a s-polarized pump at 45° angle of incidence. The second-
harmonic light is p-polarized, as expected from the symmetry of the
wurtzite crystal. An enhancement of SHG intensity by ~5 times for
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T
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FIG. 6. Second-harmonic generation intensity plotted as a function of the ana-
lyzer angle, while illuminated with an s-polarized pump at 45° angle of inci-
dence. The horizontal axis (0° and 180°) represents the p-polarization. SHG
intensity is enhanced by ~5 times for the AIBN film sample with 15% B com-

pared to the AIN film sample.
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the MBE-grown AIBN film sample with 15% B is observed compared
to the control AIN film sample. A similar enhancement in the SHG
intensity was observed for sputter-deposited AIBN films, primarily
attributed to the enhancement in piezoelectric d;5 and d3; SHG coef-
ficients.'* B incorporation in AIN enhances its intrinsic second-order
optical nonlinearity while retaining its ultrawide bandgap. Thus,
AIBN has the potential to be a CMOS-compatible, nonlinear optical
material for integrated photonic devices.

Figure 7(a) shows the thermal conductivity x of ternary AIBN,
AIScN," AlGaN,” " InGaN,”*™* and InAIN"""*' nitrides plotted
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FIG. 7. (a) Thermal conductivity, x, of ternary nitrides of AIBN, AIScN, AlGaN,
InGaN, and InAIN plotted as a function of composition. Measured thermal con-
ductivity of AIBN is plotted with the reported values of AlGaN, InGaN, InAIN,
and AIScN for comparison.”” As the B, Sc, Ga, and In concentrations increase,
the typical alloy scattering behavior causes an abrupt reduction in x, which
AIBN also follows. The inset shows thermal conductivities of AIBN and AIScN at
low alloying compositions. (b) Thermal conductivity (x) plotted as a function of
ABBN film thickness. From Alvarez et al., Mater. Res. Left. 11, 1048-1054
(2023). Copyright 2023 Author(s), licensed under a Creative Commons
Attribution (CC BY) License.
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as a function of composition. The observed decline in thermal con-
ductivity of AIBN with increasing B content due to alloying is con-
sistent with previous experimental studies of various ternary nitride
materials. The characteristic U-shape trend, in which small alloying
concentrations cause a significant drop in «, is illustrated in
Fig. 7(a). This sharp decline is attributed to alloy-induced crystal
lattice distortion, which enhances phonon-alloy scattering.” "

The inset of Fig. 7(a) compares thermal conductivities of
AIBN and AIScN at similar alloy compositions. At low alloy con-
tents, AIBN shows thermal conductivities that are comparable to,
and in some cases slightly higher than, those of AISCN when mea-
sured at similar or smaller thicknesses. For example, at 15% B, the
x of AIBN films is 24.0 + 13.0Wm ' K" for 200 nm thickness
and 9.90 + 3.00Wm ' K! for 100 nm thickness. At 11% Sc, a
200 nm AlScN film has a k of 6.03 + 0.74 Wm~! K~1.*° This cor-
responds to a significant increase in the thermal conductivity for
the 200 nm and 100 nm AIBN films relative to the 200 nm AIScN
film. Another important factor is the size effect on x, which arises
when the phonon mean free path becomes comparable to the thin
film thickness, leading to boundary scattering. As shown in
Fig. 7(b), the x of the 15% B in AIBN at 200 nm in thickness is
larger than that of the 15% B containing AIBN at 100 nm, illustrat-
ing the reduction in boundary scattering with increased thickness.
Preliminary results suggest that AIBN-based devices may offer
comparable or slightly improved heat dissipation to AIScN.
However, considering measurement uncertainties, further system-
atic studies across varied compositions and thicknesses are needed
to fully explore the potential of this emerging material.

IV. CONCLUSION

In summary, we report the epitaxial growth and structural,
thermal, and optical properties of wurtzite-AIBN films on nitrided
c-Al,O; substrates using MBE. AIBN films with a controlled 0 to
153% B composition are grown in a reaction rate-controlled
growth regime. The AIBN film and the AIN nucleation layer grow
in epitaxial registry and rotational alignment with the O-atomic
planes of ALO;. A monotonic decrease in the c-parameter and a
non-monotonic change in the a-parameter are observed with
increased B% in AIBN films. AIBN with ~10%-11% B can be
potentially lattice matched to AIN. UV-vis absorption spectra indi-
cate 5.9 eV bandgap of the AIBN films with ~15.3% boron. This
decrease in bandgap on B incorporation in AIN is small compared
to that reported for the incorporation of Ga, In, Sc, etc., in AIN. A
~5 times enhancement of the nonlinear second-harmonic genera-
tion intensity is observed with B incorporation in AIN. AIBN films
exhibit comparable or slightly higher thermal conductivity than
AlScN films at comparable alloy compositions and smaller film
thicknesses. These results provide a new understanding of the epi-
taxial growth of AIBN films with a controlled B composition by
MBE and highlight the structural, thermal, and optical properties
of AIBN films for applications in deep UV optoelectronics, nonlin-
ear photonics, and high-power electronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the HR-TEM micrographs,
FFT, and EELS element mapping data for MBE-grown AIBN films.
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