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ABSTRACT: The majority of dislocations in nitride epilayers are edge threading
dislocations (TDs), which diminish the performance of nitride devices. However, it is
extremely difficult to reduce the edge TDs due to the lack of available slip systems.
Here, we systematically investigate the formation mechanism of edge TDs and find

that besides originating at the coalescence boundaries, these dislocations are also E /}j//
closely related to geometrical misfit dislocations at the interface. Based on this | —"%y
understanding, we propose a novel strategy to reduce the edge TD density of the GaN ~ <_ K
epilayer by nearly 1 order of magnitude via graphene-assisted remote heteroepitaxy. GMD network

The first-principles calculations confirm that the insertion of graphene dramatically

reduces the energy barrier required for interfacial sliding, which promotes a new strain release channel. This work provides a unique
approach to directly suppress the formation of edge TDs at the source, thereby facilitating the enhanced performance of
photoelectronic and electronic devices.

KEYWORDS: edge threading dislocations, graphene, remote heteroepitaxy, nitride films, spontaneous strain relaxation

roup III nitrides, including InN, GaN, and AIN are not contribute to the reduction of edge TDs and worsens the

widely used in blue, green, and ultraviolet light emitting overall TD density reduction by the elimination of mobile
diodes (LEDs) and laser diodes,' > as well as in high electron TDs."” Hence, the current strategies that rely on promoting
mobility transistors.”> However, GaN is mostly heteroepitax- TD interactions to decrease TDs in nitride heteroepitaxy are
ially grown on a sapphire substrate due to the large lattice and extremely inefficient. In other words, once a TD occurs, it is
thermal mismatches between GaN and sapphire,” resulting in extremely difficult to eliminate. Thus, it is crucial to
large biaxial stress in nitride crystals and high threading understand the underlying origin of TDs and then suppress
dislocation (TD) densities of 10°—10'° cm™. There is a their formation at the source.
consensus that TDs in active regions, acting as nonradiative There is still considerable controversy regarding the origin of
recombination centers, could be partially responsible for the TDs in the nitrides. One model proposes that TDs originate at
drop in internal quantum efficiency observed in deep green the coalescence boundaries of misggi_e;léted (ie., tilted and
and red II-nitride LEDs.”” In addition, TDs significantly twisted) islands during film growth. Recently, Wang et

al.”’ efficiently suppressed the generation of TDs during AIN
column coalescence by out-of-plane and in-plane orientation
control. Given the large film—substrate lattice mismatch,
partial TDs could also have arisen at the mismatch interface
prior to any island coalescence.”* > The majority of current
studies omit the discussion of this part of the TDs. Though our
previous work®' has experimentally proven the suppression of
such TDs by modulating the mismatch interface, the
underlying mechanism and specific evolution process of
these TDs have not been fully discussed. This knowledge

degrade the device performance of high electron mobility
transistors by acting as charged scattering centers to affect the
carrier mobility.'®~"® Furthermore, TDs cause electrical shorts
in Schottky devices because they provide leakage paths along
their dislocation lines and result in the breakdown voltage of
high-power GaN-based devices considerably below the
theoretical value."*™'® Hence, the reduction of TDs emerges
as one of the pivotal factors in the attainment of high-
performance nitride devices.

Unlike the cubic crystal system,'” nitrides possess the
wurtzite structure in which the slip planes of edge TDs are
prismatic {1010}."*"” In polar c-oriented heteroepitaxy, the Received:  April 11, 2024 NAM
prismatic planes lack resolved shear stresses. Thus, pure edge Revised:  June S, 2024 /
dislocations are immobile and difficult to eliminate by mutual Accepted:  June 7, 2024
reaction.”’”>* To make matters worse, the most possible Published: June 11, 2024
reaction between pairs of TDs, i.e., reaction between (a + c)
and (a — c), results in a + a.** That means this reaction does
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Figure 1. Three prismatic slip systems in a hexagonal wurtzite lattice. (a) (1100)[1120] (b) (1010)[1210] (c) (0110)[2110]. Slip planes and
directions are listed as indicated. The crystal directions of o, and o, are [1210] and [1010], respectively.

gap hinders the development of an effective strategy for their
elimination.

In this work, we demonstrate that the occurrence of edge
TDs at the interface is intensely associated with geometrical
misfit dislocations (GMDs) by plane-view high-resolution
transmission electron microscopy (HRTEM). Building upon
this understanding, we construct a slippery interface using the
graphene buffer layer, introducing a new lattice strain release
mode that effectively suppresses the generation of edge TDs.
Specifically, the edge TD density of a GaN film via graphene-
assisted remote epitaxy is considerably reduced by nearly an
order of magnitude compared to that of conventional
heteroepitaxy. Furthermore, the physical mechanism of lattice
strain relaxation induced by graphene is elucidated by first-
principles calculations. We find that the GaN/graphene/Al, O,
interface substantially releases the initial in-plane strain
through interface sliding, facilitated by the substantial
reduction of the sliding energy barrier. Therefore, the source
of edge-type dislocations, ie, GMDs, could be effectively
suppressed, eventually reducing the density of edge TDs.
These results provide a novel paradigm to straightforwardly
suppress TDs of Ill-nitride films at the heterointerface and
open a new pathway for the epitaxy of high-quality nitride
films.

Cubic semiconductors easily experience TD glide driven by
the resolved shear stress on inclined slip planes, prompting
reactions between dislocations.'”?° However, the situation is
entirely different for nitrides, which typically have a hexagonal
wurtzite structure and are oriented along the [0001] direction.
In nitrides, the predominant type of TD is edge dislocations,
which possess the slip system of {1100}(1120). As depicted in
Figure la—c, the main driving force for the glide of TDs is
biaxial stress, i.e., 0, 0,,, acting on the interfacial plane due to
lattice mismatch. According to the Schmid law,** for glide to
occur, the slip system should experience a resolved shear
component on the slip plane and in the slip direction. For the
slip system _of {1100}(1120), the calculations of the Schmid
factors cos(b, F) cos(#,E) are presented in Table 1, where b F,
and 7 are the Burgers vector, the biaxial stress, and the normal
to the gliding plane, respectively. The Schmid factors of two
orientations are considered under biaxial stress with two
perpendicular in-plane directions. Apparently, the algebraic
sum of the Schmid factors is zero for each prismatic slip
systems. Based on the analysis performed, we can conclude
that these prismatic slip systems do not undergo a shear
component of the lattice mismatch stress, indicating that the
pure edge TDs are immobile. This implies that the interactions
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Table 1. Schmid Factors Calculated for the Different
Prismatic Slip Systems

Schmid factors

slip system 7 [ 6,,[1210] o, [1010]
(1[110192)0] [1T00] [1120] —<3/4 </3/4
prismatic (1010) [1010] [1210] © 0
planes [1210]
(0[151101)0] lo1T0] [2110] 3/4  —3/4

of TDs in nitrides are difficult and inefficient, which constrains
a further decrease of TD density.

To comprehensively clarify the evolution of TDs at the
mismatched interface and suppress the generation of TDs at
the initial state of epitaxy, it is crucial to thoroughly analyze the
large mismatched heterointerfaces. Thus, cross-sectional
scanning transmission electron microscopy (STEM) (Figure
2a) is utilized to reveal the atomic arrangement of the GaN/
Al,O; heterointerface obtained via traditional heteroepitaxy.
The corresponding geometric phase analysis (GPA) e,
mapping image, as depicted in Figure 2b, delineates the in-
plane strain distribution at the heterointerface. Periodic arrays
of strain cores induced by geometrical misfit dislocations
(GMDs)?* are clearly observed at the GaN/Al, O, interface.
Furthermore, the fast Fourier filtered image (Figure 2c) reveals
periodic arrays of dislocation cores, which are the edge
component of one set of GMDs.””** As shown in Figure 2c,
the approximate ratio, m:n, for the {1010} planes of GaN and
{1120} planes of sapphire is 7:8, indicating that one GMD
should be introduced for every 7 GaN atomic planes or 8
Al O, atomic planes.”*

For a more in-depth investigation of the GMDs at the
interface, a plane-view specimen of GaN/Al,O; is adequately
analyzed. The Supporting Information (Figure S1) presents a
plane-view HRTEM image along the [0001] axis of GaN/
ALO;. The Fourier filtering (Figure 2d) is performed by
placing masks around the Bragg spots of Figure S1 to improve
the image clarity. In Figure 2d, distinct Moiré patterns are
observed, which are induced by interference of the overlapped
lattice of Al,O; and GaN. The appearance of Moiré patterns
with a certain periodicity, known as Moiré periodicity, could
also signify features of GMDs, as their periodicities are
identical. Hence, the concurrent observation of Moiré pattern
deformation and the termination of two GMDs is depicted in
Figure 2d, with the former indicated by the white dashed
ellipse and the latter by two yellow arrows. The deformation of
Moiré patterns could be employed as a method to characterize
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Figure 2. Evolution mechanism of edge TDs at the GaN/AlL O interface. (a) Cross-sectional STEM image of the GaN/ALOj interface, viewed
along the (1120)¢,n/(1010),,0,. White dashed line in (a) denotes the position of the interface. (b) GPA e,, mapping images based on STEM

images (panel a). The black dashed circles in panel b indicate strain cores at the interface. (c) IFFT image of the GaN/ALO; interface. The white
triangles in panel c denote the position of GMDs. (d) Filtered image of Figure S1 by placing masks around the Bragg spots to improve image
contrast. The white dashed ellipse depicts the deformation of Moiré patterns, and the yellow arrows indicate the termination of two GMDs. (e)
IFFT image of a magnified area of panel d, masking other regions except six diffraction spots of {1010},y in order to reveal solely the GaN
structure. The extra half-planes coincide with the red and blue dashed arrows pointing toward the core of the TD and the white circles indicate the
Burgers circuit. (f) Schematic illustration of the fusion reaction between two GMDs. The red and blue dashed arrows represent the two additional
GaN half-planes corresponding to those in panel e, and the two gray thick lines indicate the termination of GMDs.
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Figure 3. Cross-sectional STEM and plane-view HRTEM characterizations of the GaN/graphene (Gr)/AL O, interface. (a) Cross-sectional STEM
image of the GaN/Gr/AL Oy interface, viewed along the (1120)¢,n/{1120)¢,n/{1010),,0,. White dashed lines in panel a denote the position of
the interface. (b) GPA e,, mapping images based on STEM images (panel a). (c) IFFT image of the GaN/Gr/Al,O; interface. (d) SAED patterns
of the GaN/Gr/AlL,O; plane-view sample. (e) One set of Moiré fringes by selecting the diffraction spots of Figure S3 corresponding to the
(1100) g,y and (1210),,0, planes (f) IFFT images of Figure S3 in order to reveal solely the GaN structure.

crystal defects, which disrupt the periodicity of the interfacial more reliably determine the atomic structure of this defect,
lattice.® To identify the specific type of defect, an inverse fast depth-sectioning high-angle annular dark-field (HAADF)
Fourier transform (IFFT) image of the marked region in STEM®”*® is performed in the marked region of Figure 2d.
Figure 2d is shown in Figure 2e. The diffraction spots of By focusing on the top surface of the GaN epilayer, the defect
{1010}y are selected for revealing solely the GaN atomic is identified as a §/7-atom ring structure, as illustrated in
structure. Notably, the crystal defect is intimately associated Figure S2a. It is widely known that the core of pure edge TDs
with the presence of two additional {1010}¢,y half-planes, in GaN is a 5/7-atom ring structure,””*” characterized by the
identified by the red and blue dashed arrows in Figure 2e. To insertion of two extra {1010}q,y, as shown in Figure S2b.

7460 https://doi.org/10.1021/acs.nanolett.4c01724
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Figure 4. Characterization of the single crystalline GaN film grown on the Gr/sapphire substrate. (a) Cross-sectional STEM image of the GaN/Gr/
ALO; interface, layers from bottom to top are Al,O;, graphene, and GaN, respectively. (b) EDS linear scanning spectrum of C element and EDS
mappings of Ga (green) and O (purple) elements at the interface (c) Raman mapping of G and 2D peaks of Gr in a 25 X 25 yum? before and after
growth of GaN by MOCVD. (d) Electron diffraction patterns from the interface of GaN/Gr/sapphire. The blue and orange circles indicate the
patterns from GaN and sapphire, respectively. (¢) XRD ¢h-scan of the GaN epilayer (1012) planes. (f) X-ray rocking curve of (0002) and (1012)
for GaN epilayers grown on sapphire with (above) and without (bottom) Gr.

Consequently, this defect responsible for the deformation of
Moiré patterns could be an edge TD. This conclusion is further
supported by determining the Burgers vector to be 1/3(1120)
indicated by the white loop in Figure 2e. Considering the
Burgers vectors of both the TD (b = a,) and two GMDs (b =
ay, a3),”" it is found that these two extra prismatic half-planes
produce the edge TD, while simultaneously annihilating two
GMDs, by a fusion reaction a; = a, + a;. The fusion reaction
between two GMDs is also schematically shown in Figure 2f.
Considering that the energy of dislocations is proportional to
b%,*" such a fusion reaction is energetically favorable. Hence,
this could spontaneously occur and lead to the formation of
edge TDs at the interface. In short, for the traditional
heteroepitaxy of large-mismatch systems, GMDs are primarily
responsible for releasing the mismatch strain. However, they
concurrently serve as a source for forming edge TDs at the
interface, thereby impeding the efficient reduction of the TD
density in nitrides.

These analyses lead to reasonable speculation that the highly
effective reduction of edge TDs lies in the reconstruction of a
heterointerface, aiming at modulating the mismatch strain and
suppressing the generation of GMDs. Recently, the growth of
the nitrides via graphene-assisted remote epitaxy’~ > has been
implemented, successfully constructing a slippery interface for
strain release.’> ®" Especially, crystallographic defects in
heteroepitaxial layers could be substantially reduced with the
assistance of nanopatterned graphene.””®® Hence, graphene is
chosen as an interlayer to facilitate the reconstruction of the
heterointerface. The cross-sectional STEM of the GaN/Gr/
Al,Oj; interface and corresponding GPA e, mapping image are
shown in Figure 3a,b, respectively. Strain cores induced by
GMDs with the typical tension—compression contrast are not
observed at the interface with graphene. Moreover, the fast
Fourier filtered image (Figure 3c) also illustrates that the
insertion of graphene significantly reduces the periodic edge
dislocation cores at the interface, with only distorted and
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blurred pseudolattice fringes attributed to phase errors being
observed at the location of graphene. The selected area
electron diffraction (SAED) pattern along the [0001] direction
of the GaN/graphene/Al,O; plane sample is presented in
Figure 3d, where satellite spots appear around the basic
reflection of the GaN crystal due to double diffraction. Figure
3e shows the IFFT image of Figure S3 by selecting the
diffraction spots corresponding to the (1100)g,y and
(IEIO)AIZO3 planes. The highly periodic Moiré fringes

demonstrate that the insertion of graphene significantly
suppresses the local distortions, i.e., edge TDs at the interface.
And the measured spacing of the Moiré fringes is 1.74 nm,
indicating that the GaN epitaxial layer is under slight
compressive stress (see the Supporting Information for the
more detailed calculation). Additionally, the stress of the GaN
film was quantitatively investigated by Raman measurements
(Figure S4). In comparison to Figure 2e, a more ordered
atomic arrangement of GaN is revealed (Figure 3f) and the d-
spacing of {1010}, is measured as 0.276 nm (inset of Figure
3f). In two-beam conditions, Moiré fringes generated by the
(0110) plane of GaN and the (1210) plane of Al,O; are
observed in the absence (Figure SSc) and presence (Figure
S5d) of graphene. Through the calculation of the terminations
of Moiré fringes, the dislocation densities are measured
separately from the various areas of Moiré fringes, roughly at
the order of 3.9 X 10" cm™ (without graphene) and 4.4 X
10" cm™ (with graphene), respectively. The enhancement of
the near-band-edge photoluminescence intensity also demon-
strates the superior crystal quality of the GaN grown on the
Gr/AlLO; substrate (Figure S7).

Furthermore, the crystalline quality of GaN on the
graphene-coated sapphire substrate was thoroughly charac-
terized. Figure 4a shows an atomically resolved STEM image
of the GaN/graphene/Al,O; interface, where the presence of
graphene is clearly distinguished at the interface. Simulta-
neously, the corresponding energy dispersive X-ray spectros-
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Figure S. Theoretical calculations and mechanisms of strain alleviation at the heterointerface. (a) Energy barrier required for the interface sliding of
GaN/ALO; and GaN/Gr/AlO;. (b) Threshold energy for the situations of interface sliding on graphene (323 mJ m™2), the introduction of a
GMD (764 mJ] m™2), and interface sliding on bare sapphire (1026 mJ m™2). (c) Schematic diagram of strain relaxation via the introduction of the
periodic geometrical misfit dislocation network. (d) Schematic diagram of strain relaxation via interface sliding.

copy (EDS) linear scanning of the C element and EDS
mapping of Ga and O elements (Figure 4b) also confirm the
existence of graphene. The intact preservation of graphene
after metal—organic chemical vapor deposition (MOCVD)
growth is confirmed by Raman mapping (Figure 4c). The
intensity ratio of the 2D peak to G peak is ~0.92, indicating
the ~2 layer feature of the graphene.64 Subsequent to nitride
growth, a discernible decrease in the value of I,p/Ig
accompanied by a broadened and more pronounced D peak
indicates the formation of defects during the process of growth
(Figure $9).°° The alignment of diffraction spots in the
electron diffraction patterns from the interface (Figure 4d)
indicates that the epitaxial relationship between GaN and
sapphire is defined as (0001)g,nlI(0001) pphires [1010] gl
[1120],pphire- This configuration demonstrates a 30° twisted
angle between the epilayer and sapphire through graphene,
which is consistent with the observed outcome of GaN growth
directly on a bare sapphire substrate.”® The X-ray diffraction
(XRD) ¢-scan (Figure 4e) shows one set of peaks with a 60°
period, possessing 6-fold symmetry of the GaN single crystal.
In particular, the fwhm of (0002) and (1012) peaks (Figure
4f) of GaN film with graphene are 408 arcsec and 386 arcsec,
respectively, corresponding to 3.35 X 10° cm™ and 6.83 X 10°
cm ™2 densities of screw and edge dislocations. In contrast, the
fwhm of (0002) and (1012) peaks of GaN without graphene
are 416 arcsec and 586 arcsec, corresponding to 3.48 X 10°
em™ and 2.85 X 10° cm™ densities of screw and edge
dislocations,®’ respectively. Therefore, in the case of graphene-
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assisted remote epitaxy, our findings reveal that the fwhm of
the (1012) peak is even smaller than that of (0002), and the
edge TD density is reduced by nearly an order of magnitude
compared to the conventional heteroepitaxy.

To further understand the underlying mechanism of strain
relaxation induced by graphene, we conducted first-principles
calculations. As shown in Figure Sa, density functional theory
(DFT) calculations reveal a significantly reduced energy
barrier required for interface displacement on a graphene
surface compared to that on a bare sapphire substrate (see
Supporting Information for comprehensive details of DFT
calculation). Thus, our calculations demonstrate that the
insertion of graphene considerably increases the possibility of
interface displacement, in agreement with previous reports.s‘v"57
In addition, the strain release process at the heterointerface
could be speculated by elastic energy analysis. The maximum
energy barrier for the GaN epilayer displacement on graphene-
coated sapphire is calculated to be 323 mJ] m™% while the
calculated elastic energy required for the introduction of a
GMD is 764 m] m™* by using dislocation theory (see the
Supporting Information for details).”” In contrast, the energy
required for displacing the GaN epilayer directly on a bare
sapphire substrate is 1026 mJ m™2, as depicted in Figure Sb.
Accordingly, considering the reduced interfacial potential
barrier for interfacial sliding, the graphene-based remote
epitaxy system appears to be more favorable for alleviating
the large mismatch strain at the interface by spontaneous
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lattice relaxation rather than by the formation of GMDs in
traditional heteroepitaxy.

With the above discussion and analysis, the mechanism of
remote epitaxy in large mismatched systems to reduce the
density of edge TDs is schematically exhibited in Figure Sc,d.
Specifically, due to the robust covalent bond formation
between the GaN epilayer and the rigid sapphire substrate,
the initial relaxation in the highly mismatched heteroepitaxial
system could only occur via the establishment of a geometrical
misfit dislocation network, facilitating the near coincident site
lattice at the interface. Nonetheless, once GaN epitaxy is
performed on a graphene-coated sapphire substrate, the
binding energy between the epitaxial layer and the substrate
is weakened, allowing the spontaneous relaxation of the misfit
strain by interfacial displacement (Figure Sd). As a result,
spontaneous lattice relaxation of the GaN films effectively
accommodates the substantial mismatch at the interface,
thereby reducing the formation of GMDs. In essence, our
demonstration underscores that the interaction among GMDs
stands as a fundamental factor contributing to the formation of
edge TDs. The insertion of graphene leads to a remarkable
reduction in GMD generation, which efficiently decreases the
density of edge TDs.

In summary, we clarified the intense association between
edge TDs and GMDs at the interface using HRTEM in a
plane-view geometry. According to this analysis, we propose a
novel approach to directly suppress the formation of edge TDs
in IMI-nitride epitaxy through constructing the GaN/graphene/
Al,O; interface. The insertion of a graphene layer establishes a
slippery interface, introducing a new pathway for lattice strain
release. Notably, the density of edge-type dislocations in the
obtained nitride films is reduced by nearly an order of
magnitude compared with that of the conventional hetero-
epitaxy. Additionally, a physical model is introduced to
elucidate the mechanism of strain relaxation induced by
graphene. The interfacial slip potential barrier of the GaN/
graphene/Al,Oj; interface substantially decreases compared to
that of the GaN/ALOj; interface by the first-principles
calculations. Consequently, the graphene-based remote epitaxy
systems exhibit a preference for spontaneous lattice relaxation
over the formation of GMDs, when releasing the large
mismatch strain. And given the strong correlation of edge
TDs and GMDs, the generation of edge TDs is effectively
suppressed. This work sheds light on the direct suppression of
TDs at the heterointerface and paves the way for epitaxy of
high-quality IIl-nitride films on large lattice mismatched
foreign substrates, promising advancements in the fabrication
of advanced photoelectronic and electronic devices.
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