
Advanced Physics Research 

www.advphysicsres.com

RESEARCH ARTICLE

An Advanced Epitaxial Strategy Enabling Vertical GaN 

Devices on Silicon Wafers 

Fumio Kawamura1 Takeyoshi Onuma2 Kazutaka Mitsuishi3 

1 Research Center for Electronic and Optical Materials, National Institute for Materials Science (NIMS), Tsukuba, Ibaraki, Japan 2 Department of Applied 
Physics, School of Advanced Engineering and Department of Electrical Engineering and Electronics, Graduate School of Engineering, Kogakuin University, 
Hachioji, Tokyo, Japan 3 Center for Basic Research on Materials, National Institute for Materials Science (NIMS), Tsukuba, Ibaraki, Japan 

Correspondence: Fumio Kawamura ( kawamura.fumio@nims.go.jp) Kazutaka Mitsuishi ( mitsuishi.kazutaka@nims.go.jp) 

Received: 25 February 2026 Revised: 22 March 2026 Accepted: 2 May 2026 

Keywords: buffer layers | gallium nitride | heteroepitaxy | silicon wafers | vertical power devices 

ABSTRACT 

While vertical gallium nitride (GaN)-on-silicon architectures promise a transformative leap in cost-effective power electronics and 
high-resolution micro-LEDs, their deployment remains bottlenecked by the high electrical resistance of conventional epitaxial 
buffer layers. Here, a universal and straightforward sputtering-based strategy is presented to realize high-quality GaN epitaxial 
films on Si(111) substrates characterized by exceptionally low vertical resistance, ohmic behavior, and robust thermal stability. This 
technique centers on the in situ formation of a sub-nanometer ( ∼ 0.5 nm) silicide-based template via rapid thermal annealing—a 
method demonstrating unprecedented versatility across 25 different metallic species. Scanning transmission electron microscopy 
(STEM) reveals that a unique amorphous-like interlayer (AL-IL) effectively accommodates lattice mismatch and relaxes epitaxial 
strain. These AL-IL templates further serve as high-performance platforms for metalorganic chemical vapor deposition (MOCVD) 
overgrowth, successfully bridging the gap between scalable, low-cost fabrication and device-grade vertical performance. 
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 Introduction 

he development of vertical Gallium Nitride (GaN) devices is
nticipated to dramatically enhance the performance of next-
eneration electronics, from power transistors to light-emitting
iodes (LEDs), and is currently a subject of intensive global
esearch [ 1–10 ]. 

n power electronics, vertical GaN transistors are poised to
ffer superior efficiency and higher power-handling capabili-
ies, surpassing even the widely adopted Silicon Carbide (SiC)
ased counterparts. Similarly, in the burgeoning field of GaN-
ased micro-LEDs for high-resolution, low-electric consumption
isplays, a vertical architecture enabling backside electrode for-
ation is projected to slash fabrication costs, facilitate further
iniaturization, and improve brightness uniformity. However,
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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a critical barrier to the widespread adoption of these vertical
devices is the prohibitive cost of native GaN single-crystal
substrates. While growth methods such as hydride vapor phase
epitaxy (HVPE) [ 11–15 ], the ammonothermal method [ 11, 16–20 ],
and the Na-flux method [ 21–28 ] can produce such substrates,
their high expense remains a fundamental obstacle. Moreover,
the intrinsic cost of the raw material, gallium, places a fun-
damental limit on cost reduction. Conversely, realizing vertical
GaN devices on silicon wafers offers a compelling path toward
drastic cost reduction. Recent advances, such as the insertion of
an AlGaN/GaN superlattice, have enabled the commercialization
of cost-effective GaN-on-Si lateral transistors [ 29–38 ]. The high
electrical resistance of this superlattice buffer, however, precludes
vertical current flow, confining device architectures to lateral
configurations [ 39 ]. Therefore, the development of a buffer layer
that facilitates the epitaxial growth of high-quality GaN on
se, which permits use, distribution and reproduction in any medium, provided the 

1 of 9

http://www.advphysicsres.com
https://doi.org/10.1002/apxr.70143
https://orcid.org/0000-0002-9361-4057
mailto:kawamura.fumio@nims.go.jp
mailto:mitsuishi.kazutaka@nims.go.jp
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/apxr.70143
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapxr.70143&domain=pdf&date_stamp=2026-05-29


FIGURE 1 Crystallographic quality of sputtered GaN films as a function of the pre-sputtered element. (a) The data are ordered from best to worst 
epitaxial alignment. The identity of the pre-sputtered element for each film is noted in the upper left. In cases where six-fold symmetric peaks are 
observed, the full width at half-maximum (FWHM) of the strongest peak is denoted in each profile, quantifying the degree of in-plane orientation. As an 
exception to the case of Ga deposition, a buffer layer was formed by rapidly heating the GaN film grown on Si(111) up to 1200 ◦C to thermally decompose 
the GaN and induce a reaction between the resulting Ga and the Si substrate. (b) Based on the results in Figure 1a , samples exhibiting sixfold symmetric 
GaN diffraction peaks were classified as ’effective’, while others were categorized as ’ineffective’. 
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ilicon while maintaining low vertical resistance represents the
ritical breakthrough needed to unlock the potential of vertical
aN-on-Si devices [ 40–45 ]. 

 Results and Discussion 

.1 Versatile Ultrathin Buffer Strategy 

e have developed a novel, low-resistance buffer layer that
nables the heteroepitaxial growth of high-crystallinity GaN films
n silicon substrates. 
of 9

ti
Figure 1a demonstrates the pivotal role of an ultrathin buffer
layer in enabling the epitaxial growth of sputtered GaN films on
Si(111) substrates. Note that all experiments were conducted on
3◦-offcut Si(111) substrates. The epitaxial quality of GaN grown
using such ultrathin buffer layers is sensitive to factors including
substrate off-cut angle, annealing temperature, and impurity
levels (Figures S1–S4 ). 

To identify an optimal buffer material, we conducted a systematic
screening of 43 different elements. Each element was deposited
as a 0.5 nm-thick interlayer, annealed at 725◦C, and subsequently
capped with a 400 nm-thick GaN film. The success of GaN
Advanced Physics Research, 2026
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FIGURE 1 (Continued) 
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FIGURE 2 Effect of annealing temperature on GaN epitaxy. XRD φ- 
scans of GaN films grown by sputter deposition on Si(111) substrates. A 0.5- 
nm Co layer was deposited on the substrate and subsequently annealed at 
the indicated temperatures to form a template prior to GaN growth. 

e  

i  

i  

r  

t  

p  

w  

m  

e  

a  

o  

u  

o  

r  

i  

o  

s  

o  

c  

e

2
I

T  

e  

a

F  

t  

p  

s  

m

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 27511200, 2026, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/apxr.70143 by N

ational Institute For, W
iley O

nline L
ibrary on [15/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
pitaxy, defined by the observation of 6 fold rotational symmetry
n its diffraction pattern (Figure 1b ), reveals a distinct trend. The
nitial growth mode of GaN persists even as the film thickness
eaches 1 µm, indicating a stable epitaxial process throughout
he deposition (Figure S5 ). We find that elements ineffective in
romoting epitaxy fall into two categories: 1) refractory metals
ith melting points above 1900◦C, and 2) highly oxophilic ele-
ents. Conversely, all other tested elements successfully enabled
pitaxial growth. This indicates that a 0.5 nm-thick film of nearly
ny element with a melting point below 1900◦C and moderate
xidation resistance can form a viable template for GaN epitaxy
pon high-temperature annealing. We propose that the failures
f the epitaxial growth are due to two distinct mechanisms: the
efractory metals do not react with silicon to form a silicide
nterlayer, while the highly oxophilic elements are prematurely
xidized by residual gases in the chamber, which prevents
ilicidation. These results strongly suggest that the formation
f an ultrathin silicide interlayer—irrespective of its specific
omposition—is the key factor enabling the subsequent GaN
pitaxy. 

.2 Mechanism of Epitaxy via Amorphous-Like 
nterlayer 

o validate our hypothesis that the silicide interlayer is the key
nabler, we investigated the effect of annealing temperature using
 0.5 nm cobalt film. 

igure 2 presents the XRD φ-scan results, which clearly reveal
hat GaN epitaxy is critically dependent on the annealing tem-
erature. For samples annealed at or below 600◦C, no 6 fold
ymmetry was observed. This demonstrates that the as-deposited
etal film itself is inert; rather, it is the cobalt silicide layer [ 46–
of 9
50 ], formed during high-temperature annealing, that facilitates
the epitaxial growth of GaN. 

We investigated the GaN/buffer/Si(111) interfacial structure using
scanning transmission electron microscopy (STEM). Figure 3
presents cross-sectional STEM images for representative tem-
plates formed with Co, Au, and Zr, along with their corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental maps.
Intriguingly, a common feature is observed across all samples:
the formation of a distinct amorphous-like interlayer (AL-IL)
directly beneath the GaN film. However, the composition of
this AL-IL varies with the initial metal used: for Co and Au
templates, it is primarily composed of Si and N, whereas for
the Zr template, it consists of Si, Zr, and N. Beneath this
AL-IL, the underlying structure reflects the specific metal-Si
interaction; the Co-template exhibits a distinct crystalline CoSi2 
phase, whereas the Au-template shows a non-stoichiometric Au-
Si layer, consistent with the fact that Au reacts with Si without
forming stable stoichiometric silicide phases [ 51 ]. Similarly, for
the Zr template, although Zr itself forms silicides or nitrides
depending on phase stability [ 52–54 ], the incorporation of Si
and N into the Zr-containing layer promotes amorphization
by interrupting the crystalline lattice formation. This results
in a compositionally and functionally similar amorphous-like
structure to those formed with Co and Au. Despite these varied
initial interfacial reactions, the consistent formation of a Si-
and N-rich AL-IL at the immediate GaN interface emerges as a
unifying feature. 

XPS analysis provides definitive proof of the formation mecha-
nism. As shown in Figure 4 , exposing a 0.5 nm Co/Si(111) sample
to a nitrogen plasma for just 10 s at 725◦C induces a clear shift
in the Si 2s peak, indicative of Si ─N bond formation [ 55 ], while
the Co 2p peak remains completely unaffected [ 56 ]. This confirms
that the formation of the Si–N-rich interlayer is an extremely
rapid process that occurs via direct nitridation of the silicon (or
silicide surface) as soon as GaN growth begins [ 57 ]. Specifically,
it is inferred that the mechanism behind the formation of the
amorphous-like interlayer (AL-IL) involves the simultaneous
nitridation and amorphization of the topmost ultrathin silicide
layer upon exposure to nitrogen plasma at the very early stages
of GaN growth. In this process, the resulting surface becomes
thermodynamically stable as either a Si–N phase (in the cases of
Co and Au) or a Metal–Si–N phase (in the case of Zr). 

Figure 5a–c presents the XRD φ-scan results for a sputtered
GaN film on Si(111) formed with an AL-IL, and for a 2- µm-
thick GaN film subsequently overgrown on this template by
MOCVD. The data reveal a significant improvement in the in-
plane crystalline alignment after MOCVD overgrowth, with a full
width at half maximum (FWHM) of 0.47◦. Photoluminescence
spectroscopy (Figure 5c ) confirms the film’s good crystalline
quality, as evidenced by a strong near-band-edge (NBE) emission
[ 58–63 ]. 

Figure 6 presents the vertical current–voltage ( I-V ) characteristics
of epitaxially grown GaN films on Si(111) by sputtering. Notably,
the sample prepared with an ultrathin Co layer exhibits excellent
ohmic behaviour. Furthermore, the resistance under vertical
bias progressively decreases as the sample is annealed at higher
temperatures. The achievement of ohmic contact through our
Advanced Physics Research, 2026

ve C
om

m
ons L

icense



FIGURE 3 STEM image and EDS mapping analysis of the epitaxial GaN/buffer/Si(111) interface. We analyzed the interfaces of sputtered GaN 

films. The underlying templates were prepared by depositing (a) 7 nm Co, (b) 0.5 nm Au, and (c) 0.5 nm Zr, which were then annealed in vacuum at 
725◦C for 10 min prior to GaN growth. 
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L-IL technique, coupled with the reduction in resistance while
aintaining ohmic characteristics even after high-temperature
nnealing, represents a highly promising step toward the
ealization of vertical GaN-on-Si power devices. Moreover, the
act that a low-resistance, ohmic interface is formed despite
he AL-IL being an intrinsically high-resistivity Si-N-based
ayer suggests that tunneling current is the dominant transport
echanism. We attribute this behavior to the in situ Si doping
f the GaN layer; specifically, the Si-rich AL-IL in contact with
he GaN likely promotes the diffusion of Si atoms into the GaN
nterface, significantly increasing the local carrier concentration
nd narrowing the depletion region to facilitate tunneling.
owever, to further validate this mechanism and rule out
ther potential conduction paths, such as nanoscale pinholes
r compositional inhomogeneities within the interlayer, more
etailed electrical characterization—including temperature-
ependent I–V measurements—will be conducted in future
tudies. 
dvanced Physics Research, 2026
3 Conclusion 

Here we establish a novel technique, which we term the
amorphous-like interlayer (AL-IL) approach, for the direct epitax-
ial growth of GaN on Si(111) substrates by sputtering. Remarkably,
GaN films grown using this method are not only epitaxial but
also demonstrate exceptionally low vertical resistance and clear
ohmic behaviour. Our findings reveal that the AL-IL formation
is driven by a unique process, wherein the pre-deposition of an
ultrathin metal layer onto the Si(111) surface triggers the in situ
formation of a Si-N-rich amorphous-like layer at the onset of high-
temperature GaN growth. Strikingly, this effect is not limited to a
specific metal; we discovered that the formation of the AL-IL and
the resulting GaN epitaxy can be achieved with the pre-deposition
of any elemental metal having a melting point below 1900◦C.
These findings firmly establish the AL-IL approach as a powerful
and versatile new platform, poised to accelerate the realization of
vertical GaN-on-Si devices. 
5 of 9

tive C
om

m
ons L

icense



FIGURE 4 XPS spectra obtained after annealing and nitrogen plasma irradiation of an ultrathin Co film deposited on Si(111). A 0.5 nm-thick Co 
layer was deposited on a 3◦ off-axis Si(111) wafer, followed by nitrogen plasma irradiation during annealing at 725 ◦C under vacuum. The method of 
nitrogen plasma irradiation is described in Ref. [ 57 ]. 

FIGURE 5 MOCVD overgrowth of GaN on a sputtered GaN-on-Si(111) template. XRD φ-scans and corresponding schematic architectures for 
(a) a sputtered GaN-on-Si(111) template and (b) an MOCVD-overgrown GaN film. The template was formed via a 0.5-nm Co layer, which creates an 
amorphous-like interlayer (AL-IL). (c) Room-temperature photoluminescence (PL) spectrum for the sample shown in (b). 
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 Experimental Section 

.1 Sputter-Deposition of GaN Films 

aN films were deposited to a thickness of 400 nm on ultra-low
esistivity n-type Si(111) wafers with a 3◦ off-cut angle using an RF
agnetron sputtering system. A 1-inch GaN target was sputtered
t an RF power of 20 W in a mixed Ar/N2 (1:1 flow ratio) at a total
ressure of 0.8 Pa. 
of 9
4.2 Deposition of Ultrathin Metal Layers and 

AL-IL Formation 

Prior to GaN deposition, ultrathin metal layers were deposited
using their respective metal targets. The deposition rate for each
metal was pre-calibrated to achieve a nominal thickness of 0.5
nm. The AL-IL was formed in situ through a specific thermal
sequence. The substrate with the metal layer was rapidly heated
to the target temperature within 2 min and held for 10 min.
Advanced Physics Research, 2026
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FIGURE 6 Vertical current–voltage characteristics of GaN on Si(111) grown with an amorphous-like interlayer. The plot shows vertical I–V curves 
as a function of post-growth annealing temperature. The GaN film was grown at 675◦C on a Si(111) substrate, which was pre-deposited with and without 
a Co layer. 
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aN deposition was subsequently initiated, during which the AL-
L formed automatically. Nitrogen atoms constituting the AL-IL
ere supplied only at the onset of GaN deposition. 

.3 MOCVD Growth 

or MOCVD growth, a 60 nm-thick low-temperature (LT) GaN
uffer layer was first deposited on the sputtered GaN template.
he temperature was then increased to 1170◦C to grow a 2- µm-
hick GaN layer using trimethylgallium (TMGa) and ammonia
NH3 ). 

.4 Characterization 

he in-plane alignment was evaluated by XRD φ-scans using
he asymmetric (10-11) reflection (PANalytical X’Pert Pro MRD).
ross-sectional STEM and EDS were performed using a JEOL
EM-ARM200F operated at 200 kV. XPS analysis was performed
sing a ULVAC-PHI Quantera-SXM system. PL measurements
sed a He-Cd laser (325 nm). 
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