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Interface engineering in heterostructures at the atomic scale has been a central research
focus of nanoscale and quantum material science. Despite its paramount importance,
the achievement of atomically ordered heterointerfaces has been severely limited by the
strong diffusive feature of interfacial atoms in heterostructures. In this work, we first
report a strong dependence of interfacial diffusion on the surface polarity. Near-perfect
quantum interfaces can be readily synthesized on the semipolar plane instead of the
conventional c-plane of GaN/AIN heterostructures. The chemical bonding configura-
tions on the semipolar plane can significantly suppress the cation substitution process as
evidenced by first-principles calculations, which leads to an atomically sharp interface.
Moreover, the surface polarity of GaN/AIN can be readily controlled by varying the
strain relaxation process in core—shell nanostructures. The obtained extremely con-
fined, interdiffusion-free ultrathin GaN quantum wells exhibit a high internal quantum
efficiency of ~75%. Deep ultraviolet light-emitting diodes are fabricated utilizing a
scalable and robust method and the electroluminescence emission is neatly free of the
quantum-confined Stark effect, which is significant for ultrastable device operation. The
presented work shows a vital path for achieving atomically ordered quantum heterostruc-
tures for III-nitrides as well as other polar materials such as I1I-arsenides, perovskites, etc.

heterointerface | surface polarity | atomic substitution | quantum efficiency |
quantum-confined Stark effect

Semiconductor heterostructures, stacked by two or more dissimilar materials, have been
extensively explored in controlling band structure (1, 2), polarization field (3, 4), strain
distribution (5, 6), charge carrier confinement and mobility (7, 8), and excitonic oscillator
strength (9, 10), which can provide material properties that are superior or not possible
otherwise (11-13). A significant challenge in unlocking the potential of atomic-scale
heterostructures is the presence of atomic substitution processes among cations with dif-
ferent ionicity at the heterointerface (14), which leads to interfacial composition gradients
or formation of nanoclusters, preventing the realization of atomically ordered quantum
heterostructures (15-17). A diffusive interface causes a reduction in electron mobility due
to alloy scattering in high electron mobility transistors (18, 19) and significantly broadened
emissions and slow radiative recombination in light-emitting diodes (17, 20). Extensive
theoretical analysis and experimental synthesis have been devoted to improving the inter-
face quality (21-27). Despite the improvements in synthesis methods and parameters,
the presence of diffusive layers remains widely observed (2224, 28, 29), which have been
attributed to surface segregation (22, 26), composition pulling effect (24), and high
synthesis temperature (30).

In this work, we show, both experimentally and theoretically, that interfacial diffusion
in GaN/AIN heterostructures strongly depends on the surface polarities. Ultrathin GaN/
AIN digital alloys with nearly diffusion-free heterointerfaces can be synthesized on the
semipolar plane, in contrast to the severe interfacial diffusion observed on the conventional
¢-plane. Atomically ordered quantum heterostructure features superior optical properties
including high internal quantum efficiency and absence of quantum-confined Stark effect.
Moreover, the surface polarities can be readily controlled by varying the strain relaxation
process in the core—shell nanostructure ensembles.

Results

Epitaxy and Structural Characterizations. The study is performed on a nanostructure
platform and under nitrogen-rich conditions wherein the strain effect is mitigated (31, 32).
Ultrathin GaN/AIN quantum wells (QWs) in AIN nanowire ensembles on Si substrate
were grown by plasma-assisted molecular beam epitaxy (PAMBE). The epitaxy includes an
initial spontaneous formation of a GaN nanowire template for promoting the nanowire
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Table 1.

Growth conditions of samples discussed in this work

GaN template QW incorporation GaN QW thickness AIN barrier
Sample duration (mins) sites Number of QWs (MLs) thickness (MLs)
A1l 60 c-plane 1 1 >40
A2 60 c-plane 5 2 6
B1 20 semipolar plane 10 2 18
B2 20 semipolar plane 5 2 6

morphology followed by an AIN segment before the growth of
GaN/AIN QWs (33, 34). The samples studied in this work consist
of two series that differ in the crystalline planes on which the GaN
QWs are incorporated, i.e., Series A (B) samples have QWs on the
¢- (semipolar) plane. Growth details of the samples discussed in
the main text can be found in Table 1 and Materials and Methods.

Fig. 14 shows the low-magnification high-angle angular dark
field (HAADF) scanning transmission electron microscopy
(STEM) image of sample Al with a (monolayer) ML GaN QW
embedded in an AIN nanowire. The ultrathin GaN QW is
observed to be embedded on the flat ¢-plane of the AIN and
intersects the entire nanowire. The high-resolution STEM image
of the QW region (orange-boxed region) is shown in Fig. 1B,

A C

wherein the ML GaN forms an atomically sharp interface with
the underlying AIN. However, random contrast variations are
observed at the AIN-on-GaN interface, suggesting a strong inter-
mixing of Al and Ga cations. Fig. 1Cis the averaged line profiles
across the interface (dash-boxed region in Fig. 1B), wherein ran-
dom intensity variations up to 6 MLs are observed after ML GaN,
as indicated by the shaded yellow region. The asymmetric inter-
facial abruptness has been widely observed in Al(Ga)N hetero-
structures synthesized using MBE (21-23) and metalorganic
chemical vapor deposition (MOCVD) (13, 24). Although the
QW remains distinct when separated by thick AIN barriers, the
intermixing issue is exacerbated when the thickness of the AIN
barrier is comparable to, or smaller than the cation diffusion

Fig.1. Structural characterization of GaN/AIN quantum heterostructures on c-plane. (A) Low-magnification HAADF-STEM image of monolayer GaN incorporated
on the c-plane of an AIN nanowire. (B) High-resolution HAADF-STEM image of the orange-boxed region in (A). The ML GaN as well as the AIN barriers are indicated
by the arrows. (C) ADF intensity analysis of the yellow-boxed region in (B). The yellow-shaded region indicates the cation intermixing region. (D) HAADF-STEM

image of five periods of digital alloys of 2 MLs GaN/6 MLs AIN (sample A2).

20of7 https://doi.org/10.1073/pnas.2303473120
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length. Sample A2 has a designed active region of five periods of
2 MLs GaN/6 MLs AIN. However, the GaN QWs can be barely
distinguished in the high-resolution STEM image as shown in
Fig. 1D. It is worth mentioning that the interdiffusion even occurs
at a much lower growth temperature as shown in S/ Appendix,
Fig. S1, indicating a low thermal activation energy of the atomic
substitution process on the c-plane (35).

Next, we show that this issue can be alleviated by incorporating
GaN QWs on semipolar planes. Fig. 24 shows the low-magnification
HAADF-STEM images of sample B1, wherein the active region of
the nanowire heterostructure consists of 10 periods of 2 MLs
GaN/18 MLs AIN. Unlike the GaN/AIN digital alloys in Series A,
the QWs are seen to be incorporated on (1103) semipolar planes
while the growth is along the [OOOT] direction as shown in Fig. 2
B-D. In contrast to the smeared interface in Series A, Fig. 2 shows
interfacial diffusion neither before nor after the GaN QW which is
further evidenced by the distinct contrast variation across the inter-
face in the yellow-boxed region of Fig. 2C. This observation remains
true for closely separated GaN QWs as shown in Fig. 2F, wherein
the active region of sample B2 consisting of 2 MLs GaN/6 MLs AIN
barriers is imaged by HAADF-STEM.

First-principles Density Functional Theory Analysis. The
pronounced dependence of GaN/AIN interface quality on the
incorporation plane is analyzed by investigating the chemical
bonding configurations and atomic arrangements of the growth
front. We consider that the two front facets of GaN, namely,
(0001) plane and (1103) plane in correspondence with the

A B C

experiment, are covered by a 1 x 1 Al adlayer, as shown in Fig. 3
Aand B. The structural models are based on previous studies for
(0001) (26, 36) and semipolar GaN surfaces (37). The obtained
results show that the exchange of an Al adatom with a Ga atom
from the first subsurface cation layer on the (0001) plane, as
indicated by the arrow and dashed red circles in Fig. 3C, provides
an energy change of -2.74 ¢V, driving the cation substitution
process over an extended distance, i.e., a diffusive interface. The
Al adatoms on (1103) plane has two distinct types of sites in
the surface layer. We refer to these sites as Al| and Al sites as
shown in Fig. 3B. The adatoms at the Al sites are bonded to a
single N atom in the layer below, which resembles the bonding
configuration of Al adatom on the (0001) surface. The Al adatoms
at the Al sites bond with two adjacent N atoms, one in the
underlying (0001 ) plane and another in the layer above. The Al
adatoms in the two sites can substitute three-coordinated and
four-coordinated Ga atoms (labeled as Ga; and Ga, in Fig. 3B).
‘These four possible combinations of exchanges are schematically
illustrated in Fig. 3 D—G, along with the corresponding calculated
energy changes. The atomic exchange with the smallest energy
reduction, AL,-Ga,e, is -1.04 eV, which is 1.7 eV less negative
than that on the c-plane. Therefore, although the GaN/AIN
digital alloys in samples B2 and A2 were grown using the same
conditions, the less negative energy change in sample B2 can
stabilize the Al adatoms on the semipolar plane and eliminate
the diffusion at the interface. Moreover, the substitution process
of Al and Ga in the deeper subsurface was also investigated
(SI Appendix, Fig. S2). The result reveals that all energy changes

Fig. 2. Structural characterization of GaN/AIN quantum heterostructures on the semipolar plane. (A) Low-magnification HAADF-STEM image of 10 periods of
GaN/AIN digital alloys embedded in an AIN nanowire. (B) HAADF-STEM image of the orange-boxed region in (A). (C) High-resolution HAADF-STEM image of the
green-boxed region in (B). (D) Fast Fourier transform of (C). (E) ADF intensity analysis of the yellow-boxed region in (C). (F) HAADF-STEM image of the active region

of sample B2 consisting of 2 MLs GaN/6 MLs AIN.

PNAS 2023 Vol.120 No.44 e2303473120
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Fig. 3. First-principles density functional theory calculations of atomic arrangements on ¢-/semipolar planes. (A) Schematic of GaN (0001) surface covered with Al
adlayer. Each Al adatom forms one broken bond with the underlying N anion. (B) Schematic of Al adatoms on the (1103) surface of GaN, wherein the two-coordinated
Al adatom labeled as Al,. form two bonds with adjacent N anions while the one-coordinated Al adatom labeled as Al, forms one bond with adjacent N anion. The
three (four)-coordinated Ga cation is labeled as Gasc(or Ga,c), which forms three (or four) bonds with adjacent N anions. (C-G) Schematics of the cation exchanges
along with the corresponding calculated energy changes. The dashed red circles enclose the Al adatom and the Ga cation involved in the substitution process.

in those models are close to zero, which can be attributed to the
highly or fully coordinated Al or Ga in subsurface layers. Hence,
the intrinsic coordination structures of the outmost surface layers
instead of subsurface layers play the most significant role during
heteroepitaxy.

Luminescence Properties and Analysis. With the attainability
of GaN/AIN quantum heterostructure with a near-perfect
interface on the semipolar plane, enhanced quantum confinement
of charge carriers within the GaN QW is expected (38—40).
Temperature-dependent photoluminescence (PL) measurements
were performed on samples B2 and A2 under the same excitation
conditions of 420 mW/cm” and the corresponding spectra are
shown in Fig. 44 and SI Appendix, Fig. S3A. The origin of
the emission peaks can be discerned through comparison with
the spectra of AIN nanowires without embedded GaN QWs
(ST Appendix, Fig. S3B), wherein the emission around 5.93 eV is
related to the excitonic emission from AIN (41) and the emissions
between 4.0 and 5.5 eV are related to the GaN/AIN digital alloys.
The measured room-temperature peak energy of sample B2 is
around 5.1 eV, larger than the peak energy of ~4 ¢V obtained from
sample A2. The room-temperature internal quantum efficiency
(IQE) is estimated by taking the integrated intensity ratio between
room temperature and 12 K under the assumption that the IQE
is unity at the lowest temperature (42, 43). The measured IQE of
GaN/AIN digital alloys in sample B2 is ~75%, which is more than
three times higher than the 23% IQE measured from sample A2.
While the intended thickness of GaN/AIN digital alloys in both
cases is the same, the Al-Ga intermixing on the c-plane (sample

A2) leads to the formation of a wide Al(Ga)N QW with large

40of7 https://doi.org/10.1073/pnas.2303473120

inhomogeneity along with an increased probability to encounter
nonradiative recombination centers and therefore a less efficient
radiative recombination process (44, 45).

Considering GaN QW with a nominal thickness of 2 MLs
and AIN barrier with a thickness of 6 MLs, the calculated inter-
nal electrostatic field can be up to ~10 MV/cm for GaN/AIN
quantum wells. (Detailed calculations can be found in
SI Appendix, section 4.) Despite this large built-in electric field,
the QCSE is expected to be significantly suppressed in an atom-
ically thin QW. The large band structure offset between GaN
and AIN can provide extreme quantum-confinement of charge
carriers and ensure excellent electron—hole wavefunction overlap
under various carrier densities (33, 45). Indeed, the PL energy
of sample B2 shows negligible shift with excitation power as
shown by the blue squares in Fig. 4B and the spectra in
SI Appendix, Fig. S3C. Meanwhile, a monotonic blue shift of
the peak energy from 4.014 eV to 4.117 eV with excitation
power was observed from sample A2 (green circles in Fig. 4B
and the spectra in ST Appendix, Fig. S3D) as a result of the
increasing screening of the QCSE (46, 47). Moreover, the com-
plex spatial landscape for the electronic states could be formed
during Al-Ga intermixing, which leads to the presence of local-
ized states. With increasing excitation power, extra generated
charge carriers tend to occupy the higher localized states, which
also contribute to the blueshift in emission energies (48).

Deep UV (DUV) LED structures with 2 MLs GaN/6 MLs AIN
on ¢-/semipolar plane as an active region were grown and fabricated
as schematically shown in Fig. 4C. The fabrication involves a SiO,
filling followed by a reactive etching process to define the current
injection window, which is much more scalable and robust than the

pnas.org
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Fig.4. Luminescence properties of GaN/AIN quantum heterostructures on the c-/semipolar plane. (A) Temperature-dependent photoluminescence (PL) spectra
of sample B2 were measured with an excitation power of 420 mW/cm?. (B) PL peak energy vs. excitation power for sample A2 (green circles) and B2 (blue squares).
(C) Device schematic of deep UV LED-based on GaN/AIN heterostructures. (D) Optical images of a deep UV LED on a Si(111) substrate. (£) Current-dependent
electroluminescence spectra of deep UV LED with semipolar plane GaN/AIN digital alloys as the active region.

previously reported tilted metal deposition method (33). Detailed
sample information and fabrication process can be found in Marerials
and Methods. The current—voltage characteristics of devices based on
¢-/semipolar plane GaN/AIN show similar electrical properties
including a rectification ratio of over 5 orders of magnitude at +10 V
as shown in ST Appendix, Fig. S4A. The typical current-dependent
electroluminescence (EL) spectra of devices with semipolar GaN/AIN
as an active region are shown in Fig. 4D. The peak energies show a
slight red shift from 5.07 eV to 5.02 eV with increasing currents,
which can be explained by heating effect-induced bandgap renormal-
ization (3, 41). In contrast, DUV LEDs with ¢-plane GaN/AIN as
active region show a significant blueshift with increasing injection
current (SI Appendix, Fig. S4B) due to the reasons elaborated above.

PNAS 2023 Vol.120 No.44 e2303473120

Control of Surface Polarity of GaN/AIN Heterostructures. Finally,
we discuss the crystalline origin of controlled surface polarity/
incorporation sites of GaN/AIN heterostructures, i.e., c-plane
versus semipolar plane. Among the samples characterized, it was
observed that the orientation of embedded GaN QWs is parallel
to the faceted top of the nanowire ensemble, as most clearly seen
in Figs. 1 A and 24, suggesting the incorporation sites of GaN
QWs are defined by the morphology of growth front of AIN
segment. While the bottom GaN nanowire ensembles always have
the flat (0001) facet, the top facet of the AIN segment on GaN
nanowire can be tuned between (110/) and (0001 ) by varying the
bottom GaN nanowire density. Experimentally, it was observed
that the heteroepitaxy of AIN on GaN nanowires with a density

https://doi.org/10.1073/pnas.2303473120 50of7


http://www.pnas.org/lookup/doi/10.1073/pnas.2303473120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303473120#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITY OF MICHIGAN HARLAN HATCHER GRAD LIB on October 24, 2023 from IP address 35.3.136.65.

6 of 7

of ~4 x 10'” em™ can result in a flat facet, while a density of ~2
x 10" cm™ can lead to a convex semipolar facet. The growth front
of various facets is generally attributed to the anisotropy of the
growth rate along different crystalline axes and has been widely
studied using Wuff’s plot (49, 50). However, high-resolution
annular bright field (ABF) characterizations on both samples from
Series A and B show that the nanowires have the same growth
direction of [0001 ] orientation as shown in S/ Appendix, Fig. S5,
consistent with previous reports of IlI-nitride nanowires grown
on Si substrate by MBE (51, 52).

Here, the varying top facet of AIN can be attributed to the differ-
ent strain relaxation processes during the initial heteroepitaxy of the
AIN nanowire on top of the GaN nanowire. AIN tends to be formed
on both the top (c-plane) and sidewall (72-planes) of GalN nanowires
due to the limited migration length of Al adatoms (53, 54). The
coverage of the Al adatoms on the sidewall is greatly affected by the
shadowing effect of adjacent nanowires. For GaN nanowire ensem-
bles with high density (small spacing between neighboring nanow-
ires), a thin and short AIN shell tends to be formed as schematically
shown in S7 Appendix;, Fig. S6A. In this case, coherent biaxial tensile
strain is stored in the AIN segment initially, and strain relaxation is
achieved through the sidewalls as the AIN segment growth proceeds.
For thick and long AIN shells formed as a result of low GaN nano-
wire ensemble density (larger nanowire spacing) (SIAppendix,
Fig. S6B), the AIN shell at the sidewall causes a significant accumu-
lation of strain, particularly at the periphery of the AIN segment,
which leads to strain relaxation through generating high index facets
(55). More detailed discussions can be found in ST Appendix.

Discussion

In conclusion, this study provides a vital strategy to achieve atom-
ically ordered GaN/AIN quantum heterostructures by incorpo-
rating GaN on the semipolar plane of the AIN nanostructure. The
first-principles DFT calculations show that the energy change after
atomic exchanges on the semipolar plane is less negative than that
on the c-plane, which effectively prevents interdiffusion between
cations with different ionicity. The near-perfect interface between
GaN and AIN ensures extreme quantum confinement and supe-
rior optical properties, including an IQE of 75% and negligible
QCSE in both optically and electrically pumped devices. The
origin of the varying incorporation planes is also studied and
attributed to the different strain relaxation mechanisms in nano-
structured GaN/AIN. The presented methods shed light on syn-
thesizing high-quality digital alloy/superlattice not only for
[II-nitride materials but also other material systems such as II1-
arsenides, ABO; perovskites, and group IV heterostructures.

Materials and Methods

Epitaxy. Three-inch Si wafers with <111> orientations were used for the epitaxy
of GaN/AIN heterostructures. Detailed chemical and thermal cleaning processes
can be found in previous publications (56). Si-doped n-type GaN nanowire tem-
plate was first grown at a substrate temperature of 780 °C.The growth duration
of the GaN nanowire is 60 min and 20 min in Series Aand B, respectively. Then,
Si-doped n-type AIN nanowires of ~180 nm were grown ata substrate tempera-
ture of 910 °C. GaN/AIN digital alloys in the active region of samples were grown
using identical conditions, including a substrate temperature of 910 °C and
N-rich conditions with the nominal Ga/N ratio of ~0.3 and Al/N ratio of ~0.25,
except for the number of periods and GaN ML and AIN thickness which can be
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found in Table 1. The growth rate was ~0.1 monolayer/s. During the growth of
deep UV nanowire LED structure, an Mg-doped p-type AIN segment and GaN
contact layer were grown on top of the active region, wherein the Ga/N ratio of
0.2 and AI/N ratio of 0.2 were used. The method for achieving effective p-type
doping in AIN nanostructure can be found in our previous reports (41).

Device Fabrication. The deep UV LED fabrication starts with atomic layer dep-
osition (ALD) of 60 nm Si0, to passivate the sidewall of the nanowire arrays and
planarize the nanowire array. Then, a top-down etching process is performed
using fluorine-based reactive ion etching (RIE) to reveal the top p-Al(Ga)N of
the nanowire array. Another 200 nm SiO, was deposited by plasma-enhanced
chemical vapor deposition (PECVD). The current injection window is designed
by lithography followed by another fluorine-based RIE. The metal contact on top
of the nanowire LED was fabricated based on lithography and metallization of
10 nm Niand 10 nm Au. Finally, metal pads of 80 nm Au and backside coating
of 20 nmTi and 80 nm Au were fabricated.

Characterizations. The GaN/AIN nanowires for STEM characterizations were
mechanically removed from the epitaxial Si substrates and dispersed on a
lacy carbon film mesh Cu TEM grid. The JEOL JEM3100R05 TEM with double
aberration correctors operated in STEM mode was utilized for HAADF imaging
with a detector collection inner angle of ~79 mrad. The optical characterizations
were performed using a 193 nm ArF laser. Temperature-dependent PL measure-
ments were performed with the sample mounted on a temperature-controlled
cryogenic stage. Current-voltage characteristics measurements were performed
using a Keithley 2400 source meter. Electroluminescence was measured using
a UV optical fiber coupled to an iHR550 spectrometer equipped with a liquid
nitrogen-cooled CCD camera.

First-principles DFT Calculations. The energy change of Al-to-Ga exchange
in GaN was investigated by the Vienna Ab-initio Simulation Package (VASP)
with the revised Perdew-Burke-Ernzerhof (RPBE) of the generalized gradient
approximation (GGA). PAW pseudopotential was used to describe the interaction
between ionic and valence electrons. The 3 x 3 supercell with 5 Ga-N layers
and 1 x 3 supercell with 8 Ga-N layers were used to simulate GaN(001) and
GaN(113) surfaces, respectively. The cutoff energy of 400 eV and energy conver-
gence of T x 10 eV were used in all geometry optimization calculations at the
Gamma point. The energy change (AE) of Al-to-Ga exchange was calculated by
the following formula:

Af = Eafter - Ebefore

where E,q,, and Ey . were the free energy of the model after and before exchang-
ing Aland Ga, respectively. A negative AE describes the decrease of free energy
of the model after the atomic exchanges. Additionally, larger supercells (6 x 6
for polar plane and 2 x 6 for semipolar plane) have also been considered in the
calculation of AE. A change of less than 0.15 eV was observed on AE, demon-
strating the high accuracy of current calculations as shown in S/ Appendix, Fig. S7.

Data, Materials, and Software Availability. All Study dataareincluded in the
article and/or S Appendix.
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