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The growth of non-polar GaN on Si substrates is a grand challenge in devel-
oping light-emitting diodes, where AIN layers serve as buffers to mitigate the
lattice mismatch between GaN and Si in practice. Even though, the primary

difficulty aries from the predominant growth of polar AIN(0001) layers. Here
we demonstrate that stepped Si(320) can establish a high-quality interface
with the semi-polar AIN(2241) as identified through machine-learning-based
structure predictions that explored millions of potential interface configura-
tions. This interface exhibits atomic-matching with low interface energy, and
importantly, features reduced polarization (0.20 C/m?) along with superior
interfacial thermal conductance (0.47 GWm*K?).

The epitaxial growth of crystals over the Si substrate represents a
crucial method for producing functional materials as semiconducting
devices. This is particularly relevant in the context of growing wurtzite
GaN on silicon substrates for high-brightness light-emitting diodes
(LEDs)"*, a market projected to reach USD 27.5 billion by 2023 and
anticipated to grow at a Compound Annual Growth Rate (CAGR)
exceeding 9% from 2024 to 2032°. Due to the significant lattice mis-
match between GaN and Si (-16% strain), an AIN buffer layer with a
wurtzite structure is essential for guiding the orientation of sub-
sequent GaN layers (see Fig. 1a). However, AIN predominantly grows
along the polar AIN[0001] direction®, resulting in substantial polar-
ization perpendicular to the AIN/GaN layers, which constrains the
quantum efficiency of LEDs" ™. In recent years, significant efforts have
been made by both academia and industry to find solutions to reduce
the polarization; however, no successful methods has been reported in
directly growing non-polar or semi-polar AIN, not even mentioning to
maintain simultaneously other desired interface properties such as
high stability and excellent thermal conductance necessary for long
lifespan. Modulating the orientation of epitaxial crystals remains a
fundamental challenge® ™, largely relying on trial-and-error experi-
mental tests.

Experiments have shown that AIN growth on all low Miller index Si
substrates, including Si(111), (110), and (100), exclusively adheres to the
polar AIN(0001) orientation®®**'%?, To obtain better quality AIN, a Al-
rich growth protocol was commonly adopted®, where Si is first exposed
to Al(CH3); for Al deposition followed by the controlled nitridation
using NH3 to convert Al into AIN. Despite the process optimization,
significant atomic mismatches remain at the Si/AIN interfaces. For

instance, the (111)s; | [(0001) 5y interface has a large mismatch with a 4:5
matching along Si[112] direction”. A similar magnitude of misfit dis-
location occurs at the (110)s;||(0001),N interface along Si[110]
direction®. This raises an intriguing question regarding whether there
are perfectly matched Si/AIN interfaces that should ideally be non-polar
and semipolar.

A key characteristic of non-polar AIN crystalline layers is that their
Miller index {hkiO} must possess normal vectors perpendicular to the
polar direction [0001]. In this context, higher index Si(n11) surfaces**
show potential for growing semi-polar or non-polar AIN. However, the
experimental tests on (311)s;||(1122)an?" still reveal considerable
defects and dislocations'>'****°, rendering them unsuitable for appli-
cations. Given the vast array of high-index Si orientations and diverse
growth conditions, it has historically been challenging to investigate all
possible solid-solid interface structures with varying chemical com-
positions due to the lack of efficient theoretical tools.

Herein, we present a theoretical prediction of a high-index Si
orientation that enables the growth of AIN with low polarization and high
interfacial thermal conductance (ITC). The prediction is achieved through
an exhaustive interface structure screening using our recently developed
machine-learning-based interface search (ML-interface) method*,
which integrates lattice-matched orientation relationship (OR) screening
with global optimization based on machine-learning potential.

Results and discussion

In this work, we have explored 9530 likely interface compositions and
finally identified 1625 lattice-matched Si/AIN interfaces with the strain
less than 5.0 %. Among them, 28 interfaces are confirmed to have an
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Fig. 1| ML-interface method and the determined polar Si/AIN interfaces.

a Structure of GaN/AIN/Si LEDs. b Schematic representation of the ML-interface
method. c—f Atomic structures of four polar Si/AIN interfaces. Simulated trans-
mission electron microscopy (TEM) images for (110)s; | [(0001)an and (111)s;] |

(0001) oy are shown at the bottom of (¢) and (d). The widths of the simulated TEM
images are 1.6, 1.0, and 1.8 nm. The purple dashed cycles in TEM images represent
the additional Al layer at the interface. Colors in the figure: Yellow balls are Si; violet
balls are Al; blue balls are N.
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Fig. 2 | Atomic structures of 7 low-polar Si/AIN interfaces ranked by the
interface energies. The black dashed cycles highlight unsatisfied atoms with
dangling bonds. In the (320)s; | [(2241) 5\ interface, blue dashed lines highlight the

stepped interface, while gray dashed lines denote the angle between the AI[0001]
direction and the interface plane. Yellow balls are Si; violet balls are Al; blue
balls are N.

interface energy (yino) below 2.2 J/m?, which are obtained by SSW global
optimization for more than 1,570,000 minima. It should be mentioned
that we have considered various chemical compositions for every
interface, from which the most stable interface, the global minimum
(GM), is obtained by using the bulk Al and Si as the reference to define
the chemical potential of Al and Si, respectively (see Supplemental
Note 2 for details).

These 28 low-energy interfaces can be grouped into 11 distinct Si
orientations and their interface structures, interfacial energy, and
strains are presented in Fig. 1c-f and Fig. 2, categorized by the polar-
ization of AIN layer. The polarization P, of AIN perpendicular to the AIN
layer is also computed using Eqs. 1-2 by measuring the angle with
respect to the polar [0001] direction, where T is the lattice parameter
matrix of the AIN unit cell; dy is the spacing of (hkil) planes®’; and |P| is
the spontaneous polarization in bulk AIN calculated using Berry phase
method?*’. To account for the lattice scaling effect, we have calculated |

P| using the lattice parameters of AIN at the Si/AIN interface that results
in |P| values ranging from 1.27 to 1.33 C/m?, being in fact close to the
value of AIN crystal without lattice scaling (1.30 C/m?). This is con-
sistent with the low strain (<4.4%) fact of our identified interface
models. The final P, of the grown AIN layers is plotted in Fig. 3a.

Py =Ry - Rgoon)] * 1P @)
h

Byt | k @
dhkil l

The four interfaces in Fig. 1 are formed between polar AIN and low-
index Si (hereafter denoted as polar interface), specifically (110)s; ||
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Fig. 3 | Interfacial thermal conductance and polarization of Si/AIN interfaces.
a Interfacial thermal conductance (red bars) and polarization (cyan bars) for 11 Si/
AIN interfaces. b Cross-interface-plane partial phonon density of states (PPDOS) in

arbitrary units (a.u.). ¢ Correlation between interfacial thermal conductance (G) and
phonon correlation factor (S).

(0001) AN, (11D)s; | /(000D AN, (100)s; | [(000D) AN, and (210)s; [ [(0001) AN
with interfacial energies range from 1.45 to 1.66 J/m> Following them
are 7 interfaces (see Fig. 2) formed between semi-polar AIN and high-
index Si surfaces (denoted as low-polar interface), with interfacial
energies spanning from 1.57 to 2.11)/m? There is no interface available
between non-polar AIN and Si. The low interface energy of polar
interfaces is consistent with the experimental observations that the
growth of AIN(0001) is more favorable than other AIN
orientations™'**, indicating the preferential growth of AIN(0001) is a
consequence of thermodynamic favorableness.

To demonstrate that our predicted interface atomic structures
indeed include those observed in experiments, we compare the ORs
and atomic arrangements of two polar interfaces, (110)s; | [(0001) o1y
and (111)g; | [(0001) 4N, for which the TEM data of experiment are
available'®*, As illustrated in Fig. 1c, d, our predicted interfaces exhibit
abrupt atomic arrangements, resulting in a sharp interface as depicted
in our TEM simulated image. It might be mentioned that the interfaces
with Si-Al mixing layers (e.g. interfacial Si replacement by Al) have been
verified, both from variable-composition SSW global search trajec-
tories and from manually constructed configurations, which confirm
that the mixed interfaces are less stable than the identified abrupt
interface with additional Al layer (see Supplemental Note 3 for details).

Specifically, the ORs of the (110)s; | [(0001),y interface indicate
that the Si[110] and [001] directions align parallel to AIN[1120] and
[1100] directions, respectively, which agrees with experimental TEM
images. Importantly, the atomic configurations projected along Si[110]
reveal an additional Al layer sandwiched between AIN and Si matrices.
This interfacial metallic Al layer acts as an electron bath and com-
pensates the boundary charge. This configuration leads to the char-
acteristic Al-Al pair viewed from [110] forming above the trench of
Si(110). This Al-Al pair appear as elongated a white spot from our
simulated TEM (see purple dashed cycles in Fig. 1c), consistent with the
large spot observed at the interface in the experimental results'®*,
Conversely, both the atomic structures and simulated TEM projected

along Si[001] display a periodic dislocation with a separation of
approximately 8 A (refer to the blue dashed rectangle in Fig. 1c), mir-
roring findings from experimental observations®. Similarly, the ORs
and atomic arrangements of the (111)s; | [(0001)4n interface match
closely with those seen in the experimental TEM images'.

Now, we turn our attention to low-polar interfaces—an area of
significant interest to the semiconductor industry. Notably, we identify
7 high-index Si faces—namely Si(320), (211), (530), (973), (410), 113 1),
and (510)—that can form lattice-matched interfaces with semi-polar
AIN as shown in Fig. 2. The interface energies of these low-polar
interfaces range from 1.57 to 2.11J/m?, with polarization values span-
ning from 0.20 to 111C/m? (refer to the cyan bars in Fig. 3a). The
(320)s;i | 1(2241) o1y interface demonstrates both the lowest interface
energy (1.57)/m?) and the lowest polarization (0.20 C/m?). Notably, the
interface energy of (320)s; | [(2241) oy (1.57)/m?) is comparable to that
of (111)s; | [(0001) oy (1.54)/m?), the most commonly used interface
orientation in experiments. Furthermore, the Si(320) substrate exhi-
bits stability characterized by a low surface energy of 1.39 J/m? which is
comparable to that of Si(100) (1.40J/m?) and has been successfully
synthesized experimentally** (see Supplemental Note 5 for details).
Collectively, these findings suggest that Si(320) serves as a promising
substrate for growing Si/AIN/GaN LEDs. The reduced polarization of
(320)s;i | 1(2241) oy interface can be attributed to the fact that the
AIN[0001] direction in (2241)sn forms a small angle (18.0°) with the
interface plane, as shown in Fig. 2.

Interestingly, the (320)s;|1(2241)on interface forms a unique
ordered atomic structure, which could be verified in experiment. Both
Si(320) and AIN(2241) are stepped surfaces. Specifically, the AIN(2241)
surface comprises AIN(1120) terraces and minor AIN(OOOIl) steps,
while the Si(320) surface consists of Si(110) terraces and minor Si(110)
steps. The step sites on Si(320) and AIN(2241) surfaces accidently have
almost identical heights (1.92 A) and periodicities (1 nm), facilitating a
smooth atomic matching at the interface. As shown in Fig. 2, all
boundary atoms along the (320)s; | [(2241) oy interface maintain their
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Fig. 4 | Radial distribution function and electronic structures of selected low-
polar Si/AIN interfaces. a Radial distribution function g(r) of Si-Si for bulk Si and
two low-polar interfaces. b Partial charge densities of valence band maximum
(VBM) for four low-polar interfaces.

lattice positions, effectively passivating dangling bonds. This ordered
arrangement of atoms is evident from the Radial Distribution Function
(RDF), which displays sharp peaks closely matching those of bulk Si
and AIN (see Fig. 4a). In contrast, the boundary atoms in other low-
polar interfaces are disordered, characterized by numerous dangling
bonds and broader RDF peaks (see Figs. 2 and 4a). The electronic
structure at (320)s; | [(2241) oy interface also confirms the well-ordered
interface structure. For example, Fig. 4b shows that the valence band
maximum (VBM) of (320)s; | |(2241) o1 is delocalized, whereas the VBM
of other low-polar interfaces are localized.

It might be emphasized that such a perfect match between high-
index Si and high-index AIN surfaces is rare, considering that high-
index surfaces typically involve complex surface geometries such as
steps and kinks. In fact, as shown from our interface search, other low-
polar Si/AIN interfaces do show atomic mismatches between Si and
AIN with rich interface reconstructions and defects.

As an important indicator to the lifespan of LEDs, the interfacial
thermal conductance (ITC) was calculated using non-equilibrium
molecular dynamics (NEMD, see Supplemental Note 6 for calculation
details) based on the G-MBNN potential. It is noteworthy that the
thermal conductance between Si and AIN is phonon-mediated due to
the absence of free electrons within this system. Interestingly, the ITCs
across 7 low-polar interfaces range from 0.41 to 0.50 GWm2K?, sur-
passing those of 4 polar interfaces ranging from 0.32 to 0.39 GWm?K?!
(see red bars in Fig. 3a). This indicates that high-index Si orientations
do not adversely affect the ITC property; specifically, the ITC of
(320)si | 1(2241) o\ is 0.47 GWmK?, positioning it among those inter-
faces exhibiting some of the highest ITC values available today when
comparing it against existing benchmarks; notably, TiN/MgO has
demonstrated superior phonon-mediated ITC performance thus far
with a measurement reaching up to 0.7 GWm?2K'-an achievement
attributing to both TiN and MgO sharing similar rocksalt structures.
Other interfaces typically exhibit thermal conductance ranging from
0.08 GWmK* to 0.3 GWmK! (e.g. Si/Al: 0.35 GWm2K?, Al/AIN: 0.23
GWmXK?’, Al/Al,05: 0.18 GWm?ZK")**¥_ Clearly, the identified ITC
value for our (320)s; | [(2241) oy (0.47 GWm?ZK™) stands out, being only
lower than the best TiN/MgO. This suggests the great potential of
(320)s; | 1(2241) 5\ for applications that require high heat dissipation.

The variation of ITC in different Si/AIN interfaces can be under-
stood by analyzing the phonon correlation factor (S) that is defined as

s UsvVP@P,@dw)* 3)

N Jo Piw)dw [ Py(w)dw

where w is phonon frequency, P;(w) and P,(w) are the partial phonon
density of states (PPDOS) of two materials. The value of S quantifies the
overlap of PPDOS between the two phases, ranging from O to 1. A
higher value of the phonon correlation factor S corresponds to a better
phonon coupling, and thus allows an easier heat pass through the
interface.

Figure 3b shows the cross-interface-plane PPDOS for two Si/AIN
interfaces (the data for other interfaces are provided in Supplemental
Fig. 8-18) using NEMD trajectory from 0.7 nm Si and 0.7 nm AIN layers
near the interface. It is evident that the phonon frequencies of AIN are
higher than those of Si. The computed phonon correlation factor S of
Si/AIN interfaces ranges from 0.39 to 0.56, where the (320)s; | [(2241) N
interface exhibits the highest S value (0.56), which is apparently rela-
ted to its highly ordered atomic structure. Figure 3¢ depicts the cor-
relation between S and ITC, revealing a good linear relation fitted as
G=0.88xS - 0.022 with an R? value of 0.91. To prove the ITC is an
interface property, we also calculated S using NEMD trajectories from
thicker Si and AIN layers of the Si/AIN interface. When the thickness
exceeds 1.5 nm, the S values of different Si/AIN interfaces converge to a
similar value of 0.40, showing a poor correlation between S and ITC
with an R? value of 0.42 (see Supplemental Fig. 19). This indicates that
the ITC is governed by the phonon coupling of near-interface atomic
motions, i.e. within approximately 0.70 nm thickness of the Si/AIN
interface.

To summarize, we employed an enhanced ML-interface method
to explore all potential Si/AIN interfaces. The high-index Si(320)
emerges as the optimal substrate for AIN growth, characterized by a
low interface energy of 1.57]/m?, minimal polarization at 0.20 C/m?,
and high interface thermal conductivity of 0.47 GWm?2K". While our
findings indicate that (320)s; | |(2241)4\ is a suitable interface for LED
applications, we demonstrate that the power of ML-based approach in
screening solid-solid interfaces, which offers an effcient and general
pathway for designing new semiductor materials through epitaxial
growth.

Methods
In this study, we enhance the ML-interface method in two significant
ways. First, we introduce a new OR screening algorithm that sub-
stantially accelerates the computational efficiency. Second, we estab-
lish a many-body function corrected neural network potential (G-
MBNN)* specifically for the Si-Al-N ternary system, which enables
rapid interface structure searches while accurately accounting for
variations in all possible chemical compositions (Al: N: Si). They are
elaborated as follows.

The new OR screening algorithm utilizes Eq. 4 that replaces the
original Eq. 5 in finding the lattice correspondence matrices F from its
transpose FT.

F' =M"HzUH, (1)) )

FT=M"B"A") ") )

In Eq. 5, T and M are the primitive lattice parameters of two phases
(they are Si and AIN lattices in this work); A and B denote transfor-
mation matrices to match two lattices, which can be randomly speci-
fied to obtain F. Apparently, given a pair of A and B, all pairs of UA and
UB also generate the same F, where U is an any unimodular matrix. To
remove the redundant F in Eq. 5, we employ the Hermite normal form
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to decompose the integer matrices A and B, which leads to Eq. 4. Here,
Ha and Hg are two integral lower triangular matrices, with entries h;;
satisfying the conditions: (i) h;; = O for j > i; (ii) h;; > O; (iii) O < hy; < h;; for j
<i. It can be proved that F derived from all likely pairs of A and B is a
unique set of {H,, U, Hg}***°. Thus, one can generate the lattice cor-
respondence F by exploring the sets of {Ha, U, Hg}, as shown in Eq. 4.
More details can be found in ref. 40 and the Supplemental Note 1.

The latest G-MBNN* potential of the ternary Si-Al-N system in
combination with the stochastic surface walking (SSW) global
optimization*** is utilized for the interface search. The G-MBNN
potential can better account for the complex interface structure,
both in the chemical composition variation and the long-range
interaction of defects/dislocations. All reported low energy struc-
tures from G-MBNN potential calculations have been further refined
by density functional theory (DFT) (see Supplemental Note 4 and
Supplemental Note 7 for details). All atomic simulations are per-
formed using Large-scale Atomic Simulation with Neural Network
Potential (LASP)** program developed in our group®-*. The bench-
mark of Si-Al-N G-MBNN potential against density functional theory
(DFT) calculations and all simulation details, including energies,
structures, and interfacial thermal conductances, are provided in
Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Source Data file
and can also be obtained from the corresponding authors upon
request. Source data are provided with this paper.

Code availability

The software code of LASP and NN potential generated in this study has
been deposited on the website [http://www.lasphub.com](http://www.
lasphub.com). The LASP binary code for the Si-Al-N system is available
under accession code (http://www.lasphub.com/supportings/lasp-SiAIN.
tgz), and the Si-Al-N G-MBNN potential is available at (http://www.
lasphub.com/supportings/SiAIN.pot). The code is available upon
request from the corresponding authors or via the provided website.
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