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We report our findings on the optical properties of grain boundaries in GaN films grown on
graphene layers and discuss their atomistic origin. We combine electron backscatter diffraction
with cathodoluminescence to directly correlate the structural defects with their optical properties,
enabling the high-precision local luminescence measurement of the grain boundaries in GaN films.
To further understand the atomistic origin of the luminescence properties, we carefully probed
atomic core structures of the grain boundaries by exploiting aberration-corrected scanning trans-
mission electron microscopy. The atomic core structures of grain boundaries show different order-
ing behaviors compared with those observed previously in threading dislocations. Energetics of the
grain boundary core structures and their correlation with electronic structures were studied by first

principles calculation. Published by AIP Publishing. https://doi.org/10.1063/1.5018598

GaN thin films have been extensively used to fabricate
conventional optoelectronic devices such as light-emitting
diodes and laser diodes. Despite the high density of threading
dislocations formed in single crystalline GaN films, highly
efficient and stable device operation was possible due to the
fluctuation of energy gap in the optically active layer which
segregates carriers away from the dislocations.'™ However, a
more recent approach to integrate GaN into unconventional
substrates such as van der Waals layered crystals, metals, and
amorphous substrates for better functionalities has attracted
great attention to polycrystalline GaN films, which entails
additional microstructural defects such as grain boundaries.*'®
Due to the extended form in two dimension, the grain bound-
aries are expected to play more significant roles in determining
device performance compared with the dislocations. Thus,
understanding the optical properties of the grain boundaries
and their atomistic origin is crucial to engineer the optoelec-
tronic building blocks in next-generation device applications.

The luminescence properties of microstructural defects
such as threading dislocations in GaN films have long been
controversial mainly because of the difficulties in spatially
resolving the defects to correlate with their physical proper-
ties.'®?2 Moreover, limited information on atomic structures
of the defects at the early stage of the related studies hindered
reliable theoretical investigations on atomic and electronic ori-
gins.23_27 Here, we combine electron backscatter diffraction
(EBSD) and cathodoluminescence (CL) to directly correlate
the structures of the grain boundaries and their luminescence
properties. Furthermore, transferability of GaN films provided
by layered structures of van der Waals crystals used as func-
tional substrates facilitates the high quality electron micros-
copy sampling process for atomic scale structural analysis.**®
By exploiting aberration corrected scanning transmission elec-
tron microscopy (STEM) and density functional theory (DFT)
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calculation, we investigate the core structures of the grain
boundaries at the atomic level and their corresponding elec-
tronic structures, respectively.

A GaN thin film was grown on chemically vapor depos-
ited (CVD) graphene. The thin film consists of a high-
temperature grown GaN layer (2.4 um)/low-temperature
grown GaN buffer layer (400 nm)/intermediate layer of ZnO
nanostructures (160 nm)/graphene substrate.*>*' EBSD
and CL analyses were performed using a scanning electron
microscope (SEM). The acceleration voltage was set to be
15kV for EBSD and 5kV for CL measurement. Plan-view
TEM specimens were prepared by exfoliating the GaN films
grown on CVD graphene from the arbitrary supporting sub-
strates and further thinned by ion milling. Aberration cor-
rected STEM operating at 200kV was used for high-angle
annular dark field (HAADF) STEM imaging with the probe
convergence angle of 22 mrad and an inner collection semi-
angle of 89.6 mrad. Noises arising in the HAADF STEM
images were reduced by band pass filtering. The first princi-
ples calculation was carried out using the Vienna Ab initio
Simulation Package pseudopotential code.

First, we examined the luminescence properties of the
grain boundaries in GaN films by EBSD and CL. The combina-
tion of these two analytical methods allows direct correlation of
the grain boundaries with their luminescence properties. As
schematically represented in Fig. 1(a), positions of grain bound-
aries were located by the EBSD measurement, and CL analysis
was conducted in the same region subsequently.

Figure 1(b) shows an SEM image that shows the mor-
phology of the GaN thin film where we conducted EBSD
and CL measurements. The GaN films grown on CVD gra-
phene exhibited a flat surface morphology overall although
they have a few pits and height variations, consistent with
previous reports.”'*!” Figures 1(c) and 1(d) indicate the cor-
responding EBSD inverse pole figure (IPF) maps in the nor-
mal direction (ND) and rolling direction (RD), respectively.

Published by AIP Publishing.
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FIG. 1. Optical characterization of grain boundaries in the GaN thin films grown on CVD graphene. (a) Schematic representation of the measurement method
for probing the local luminescence properties of the grain boundaries by a combination of electron backscatter diffraction (EBSD) and cathodoluminescence
(CL). (b) Scanning electron microscopy image of the GaN thin films where EBSD and CL measurements were conducted. EBSD inverse pole figure maps in
(c) the normal direction and (d) the rolling direction. The room temperature CL (e) spectrum and (f) panchromatic image obtained from the same region where
the EBSD measurements were conducted are shown. Red and white arrows in (d) and (f) indicate the positions of high-angle and low-angle grain boundaries
(misorientation angle for a low angle grain boundary <3°), respectively. The scale bar is 2 um.

ND indicates the out-of-plane direction of the films, while
the RD and transverse direction (TD) indicate two different
in-plane directions of the films; all three directions are per-
pendicular to each other as represented in Fig. 1(a). The col-
ors represented in ND and RD IPF maps indicate the
crystallographic orientation with regard to the ND and RD of
the films, respectively. Thus, the red color represented in the
whole area of the ND IPF map indicates that the GaN thin
films have a preferred orientation along the c-axis of the
wurtzite structure in the out-of-plane direction (ND) of the
films. In the meanwhile, in the rolling direction which is one
of the in-plane directions, different colors were shown across
the boundary which is displayed as black pixels where the
backscatter diffraction could not be indexed to a desired
accuracy. Hence, the black boundary across which green and
blue colors were separated can be understood as high-angle
tilt grain boundaries that are originated from the grain
boundaries in CVD graphene due to the epitaxial relationship
between GaN films and CVD graphene.’ In this way, we
could readily locate the position of the grain boundaries and
obtain the information on the misorientation angles of those
boundaries.

Subsequently, the CL measurement was performed for
the correlation of defect structures and their corresponding
luminescence properties. Figure 1(e) shows the room tem-
perature CL spectrum which exhibits predominant near band
edge emission at 3.4eV. Yellow-band emissions that are
reported to be observed when impurities or point defects are
incorporated were not observed within the instrumental
detection limit, indicating the high optical quality of the
GaN films grown on the CVD graphene.

In order to investigate the spatial variation of the lumines-
cence intensity of the near band edge emission along with the
defect positions, we obtained a room temperature CL panchro-
matic image as shown in Fig. 1(f). The CL panchromatic
image, an emission intensity map throughout the whole
energy regime of the panchromatic detecting condition
(1.5eV—4.1eV), can be understood as a spatial map of near
band edge emission intensity which is the predominant emis-
sion in the spectrum. As shown in Fig. 1(f), dark regions were
observed in the form of point-like features or linear features.

The dark point-like features are presumably attributed to the
presence of threading dislocations in the GaN films, which
was previously reported.?'?* Here, we note that the positions
of grain boundaries that we verified earlier in the EBSD mea-
surement were always coincident with linear dark regions
observed in the CL panchromatic image. (Representative loca-
tions of those high-angle grain boundaries are indicated by red
arrows in Figs. 1(d) and 1(f). This suggests that the intensity
of the near band edge emission is suppressed at the high-angle
grain boundaries in the GaN films. The reduced near band
edge emission can be associated with either non-radiative
recombination at the grain boundaries or radiative recombina-
tion with the emission energy less than 1.5eV which is the
instrument detection limit.

There are other locations in the films that also show linear
dark contrasts in the CL panchromatic image such as the one
we indicated with white arrows in Figs. 1(d) and 1(f). The
structural element corresponding to the regions indicated with
the white arrows is the low-angle grain boundary, which is
verified by slight color difference across the boundaries in the
RD IPF map in Fig. 1(d). Reduced near band edge emission in
the low angle grain boundaries is consistent with the previous
reports and showed a similar behavior to that of high-angle
grain boundaries in the CL panchromatic image.*’

We investigated the atomic structures of the high-angle
grain boundaries to further understand the origin of the
reduced near band edge emission at those locations. Here,
we exploited aberration corrected STEM which offers an
electron probe of sub-z&ngstrom scale. The atomic configura-
tions of the grain boundaries identified by the HAADF
STEM technique were then used as initial models for DFT
calculations to investigate the corresponding electronic den-
sity of states (DOS).

High resolution STEM analysis revealed that the high-
angle grain boundaries were composed of arrays of a few
types of dislocation core structures, with different arrange-
ments depending on the misorientation angles between adja-
cent grains. The grain boundary shown in Fig. 2(a) exhibits a
non-periodic array of different types of core structures, and
they include all the representative types of core structures that
we observed in the high-angle grain boundaries in the GaN
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FIG. 2. Atomic resolution high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) images of high-angle grain
boundaries in the GaN thin films obtained from (a) the non-periodic bound-
ary composed of different types of dislocation cores and coincident site lat-
tice boundaries of (b) £ = 19 and (c) £ = 7 configurations. (d) HAADF
STEM images taken from the X = 7 boundary that shows that one of the
constituting dislocation cores has an atomic column with lower intensity as
indicated by a white arrow. Enlarged images of the white squared region in
(d) which are marked with (e) open-core and (f) full-core configurations are
shown. Noises arising in the HAADF STEM images were reduced by band
pass filtering.

films. Three types of dislocation cores were observed; as indi-
cated with white dashed lines in Fig. 2(a), 8-atom ring, 10-
atom ring, and a pair of 7-atom and 5-atom rings constitute
high-angle grain boundaries. Here, the 8-atom ring and the
pair of 7-atom and 5-atom rings show similar configurations
to full-core and open-core structures; the core structure config-
urations were first proposed on the edge-type threading dislo-
cations in GaN films in early theoretical studies.”*?’ Here, we
also use the same terminologies for the two core structures. In
addition to the full- and open-core structures, the 10-atom ring
shaped core structures were occasionally observed in the
high-angle grain boundaries, which was not reported before.
The three types of distinctive grain boundary cores all have
the same Burgers vector of b =1 (2110). Those cores were
arranged in an irregular manner, in a way to accommodate lat-
tice mismatch arising at the interface of the adjacent grains
having a crystallographic misorientation.

We also observed periodically arranged high-angle grain
boundaries as shown in Figs. 2(b) and 2(c). Mostly, open-core
structures are arranged regularly with a fixed interval, forming
coincident site lattice (CSL) twin boundaries; here, the grain
boundaries shown in Figs. 2(b) and 2(c) are the £ = 19
boundary and £ = 7 boundary, respectively. As the misorien-
tation angle of the grain boundaries increases, the dislocation
cores need to be arranged more densely to accommodate the
crystallographic misorientation. The intervals between the
individual open cores are 0.74nm for the ¥ = 19 boundary
with a 13° misorientation angle and 0.18 nm for the X = 7
boundary of 22°.

Here, we note that the open-core structure was the pre-
dominant core structure that constitutes high-angle grain
boundaries, whereas the threading dislocations were mostly
composed of full-core structures. Although there were theo-
retical predictions on both full-core and open-core structures
at the edge-type threading dislocations,”*27**7? the experi-
mental evidence for the presence of open-core structures in
the threading dislocations was based on conventional HR
TEM imaging which could only offer indirectly interpretable

Appl. Phys. Lett. 112, 131901 (2018)
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FIG. 3. (a) and (b) Structural models for the £ = 7 boundary composed of
(a) open-core structures and (b) full-core structures. (c) and (d) The density
of states obtained from (c) open-core and (d) full-core boundaries. (e) and
(f) Partial charge density projected on grain boundary structural models for
(e) open-core and (f) full-core boundaries. (g) Relaxed core structure of the
open-core boundary after forming Ga vacancy and (h) its corresponding den-
sity of states (DOS). (i) Relaxed core structure of the full-core boundary
after forming N vacancy and (j) its corresponding DOS.

images and require additional simulation for the atomic con-
figuration determination. The phase problems arising from
coherent nature of conventional HR TEM imaging and reso-
lution limitation in association with lens aberration at the
early stage made it less accurate to reconstruct the atomic
arrangements.’*>? In contrast, other previous experimental
observations of the threading dislocations via directly inter-
pretable incoherent imaging technique such as annular dark
field STEM reported that all the edge-type threading disloca-
tions showed full-core structures.***>°

We first examined the structural difference between the
cores of the threading dislocations and the grain boundaries
by DFT calculations. We made structural models for edge-
type threading dislocations and grain boundaries which are
composed of open-core and full-core structures, respectively
[Figs. S2(a), S2(b), 3(a) and 3(b)]. Formation energies of dis-
locations and grain boundaries composed of open- and full-
core structures were calculated and compared with each other
(Table I). In the case of edge-type threading dislocations, the
formation energy for the open-core structure is higher than
that of the full-core structure by 1.7 eV/c, which is consistent
with the previous theoretical studies and the experimental
reports where they only observed full-core structures in the
threading dislocations.”**°?*3¢ On the other hand, grain
boundaries in GaN have rarely been studied theoretically. For
representative case analysis, we chose the ¥ = 7 boundary
which is one of the most frequently observed boundary struc-
tures in the GaN films grown on CVD graphene. We calcu-
lated the formation energies of ¥ = 7 boundaries composed
of open-core structures and the one where we replaced the
open-core structures with the full-core structures. The

TABLE I. Formation energy of full-core and open-core structures calculated
for the threading dislocation and grain boundary, respectively.

Full-core (eV/c) Open-core (eV/c)

Dislocation 8.63 10.33
Grain boundary 5.71 5.33
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formation energy of the open-core boundary was slightly
lower than the full-core boundary by 0.38 eV, which is the
opposite result compared with the threading dislocations.
Accordingly, we could also verify by a theoretical approach
that the open-core structures, which are energetically less
favorable in the threading dislocations, can be prevalent core
structures in the grain boundaries.

Although the atomic configuration of the grain bound-
aries composed of open-core structures was also predicted
by indirect experimental evidence on unintentionally
obtained grain boundaries and simulation analyses based on
empirical potential calculations, their effect on the electronic
structures have not been studied.’**”*® To further investi-
gate the local luminescence characteristics of the grain
boundaries, we investigated the electronic structures of the X
= 7 boundaries by DFT calculation. For constructing the
initial structural models, we note the following structural
characteristics in the grain boundary cores. Although the
open-core structure was predominantly observed in the grain
boundaries, we sometimes observe the core structure which
is difficult to be classified into either open- or full-core struc-
tures due to the lower intensity atomic column at the center
[see the white arrow in Fig. 2(d)]. As shown in magnified
images [Figs. 2(e) and 2(f)] of the white boxed region in Fig.
2(d), the dislocation core can be classified into open- or full-
core structures depending on whether we count the atomic
column with weak intensity as a full column (intensities of
each atomic column were estimated from the unfiltered raw
data in Fig. S7). Since the HAADF STEM images exhibit Z
contrast intensity, the atomic column with lower intensity
might have a less number of atoms along the beam direction,
i.e., the atomic column may not be fully occupied. The par-
tially occupied atomic column may be formed because of the
compressive stress field, generated by the relatively shorter
interatomic distances near the grain boundaries compared to
those in bulk. Therefore, to understand the electronic struc-
tures of the grain boundaries more comprehensively, both
open- and full-core boundary structures should be considered
together despite much higher population of the open-core
structures in the grain boundaries.

Accordingly, we construct the two atomic structure
models for the ¥ = 7 boundary as shown in Figs. 3(a) and
3(b). Figures 3(c) and 3(d) show the total DOS that were
obtained for the stoichiometric grain boundaries shown in
Figs. 3(a) and 3(b) after structural relaxation. Compared with
the DOS of the bulk counterpart (Fig. S1), the DOS in the
grain boundary structures showed additional localized states.
As indicated with grey circles shown in Fig. 3(c), the stoi-
chiometric grain boundary composed of open-core structures
exhibited localized states within the bandgap and above the
conduction band. In the case of the grain boundary composed
of full-core structures, additional localized states were
formed just above the conduction band minimum and under
the valance band maximum.

To verify the origin of the localized states in the total
DOS, we obtained the partial charge density projected on the
relaxed grain boundary structures. Figures 3(e) and 3(f)
show partial charge densities for the states that are marked
with black arrows in Figs. 3(c) and 3(d), respectively. In
both open- and full-core structures, the charge densities

Appl. Phys. Lett. 112, 131901 (2018)

corresponding to the localized states were mostly concen-
trated in the core region of the grain boundaries, confirming
the relationship between the localized defect states and the
grain boundaries. Thus, the mid-gap states arising from
open-core structures in the stoichiometric high-angle grain
boundaries can be electrically active, reducing the near band
edge emission intensity by impeding direct electronic transi-
tion from the conduction to the valence band.

We also studied the case where the grain boundaries
become non-stoichiometric and further investigated how it
affects the electronic structures. It was previously reported
that the point defects in GaN films such as Ga or N vacancy
often form and accumulate around the threading dislocations,
making the dislocation non-stoichiometric. The resulting
defect complex of the threading dislocations and the vacan-
cies is believed to play a significant role in determining the
optical behavior.”>?’?° To understand how those point
defects interact with the grain boundaries and change the
electronic structures, we performed total energy calculations.
The energetically favorable position to form those vacancies
at the grain boundaries was indicated with blue circles shown
in Figs. 3(a) and 3(b). We note that additional localized
states were often formed in total DOS due to the presence of
the point defects at the grain boundaries. For example, Fig.
3(g) shows a relaxed structure of the open-core X = 7 bound-
ary having single Ga vacancy, and Fig. 3(h) shows the corre-
sponding DOS which reveals additional mid-gap states as
marked by arrows. Similarly, Fig. 3(i) shows a relaxed struc-
ture of the full-core boundary having a N vacancy in the
energetically favorable position, and Fig. 3(j) shows the cor-
responding DOS. Although the stoichiometric grain bound-
ary composed of full-cores exhibited no mid-gap states, the
non-stoichiometric grain boundary with a N vacancy pro-
duced mid-gap states as marked with an arrow in Fig. 3(j).

Moreover, we carried out additional calculations for a
higher concentration of vacancies. Given the single Ga or N
vacancy formed in the blue circled region marked in Fig.
3(a), we confirmed that the additional Ga or N vacancy also
prefers to form in the core region of the grain boundaries
[red circles shown in Figs. 3(a) and 3(b)]. This indicates the
strong possibility of point defect accumulation in the core
region, and it is possibly associated with the partially occu-
pied atomic columns that we investigated with the unfiltered
HAADF STEM images shown in Fig. S6. The stress field
localized on the grain boundary can act as traps for those
point defects which is similar with the previous reports on
the threading dislocation.”> However, the detailed stress dis-
tribution around the grain boundary core is different from
that of the dislocations, which is associated with the fact that
the open-core structures are more stable configurations in
grain boundaries.*® Here, the corresponding DOS of the
grain boundaries with accumulated point defects also show
additional mid-gap states compared with those obtained for
the grain boundary structure with single Ga or N vacancy.
More detailed calculation results are discussed in the supple-
mentary material.

According to the DFT calculation, the high-angle grain
boundary structures and point defect accumulation produce
multiple mid-gap states within the bandgap, and they can be
the key factors to understand the reduced near band edge
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emission at the grain boundaries. Electronic transition
through those mid-gap states can be non-radiative since pho-
non generation becomes more favorable as the emission
energy becomes smaller, but it can also be radiative with
undesirable emission energy smaller than the instrument
detection limit of the CL measurement. Although the mid-
gap states might be formed in a different way depending on
the misorientation angles, the overall tendency of forming
mid-gap states in the grain boundary structure and their var-
iations with the vacancy accumulation are expected gener-
ally in most of the high-angle grain boundaries.

In summary, the electron microscopy based study on the
grain boundaries in GaN films combined with the DFT cal-
culation provides useful insights into understanding the opti-
cal properties of the grain boundaries and their atomistic
origin. The combination of EBSD and CL measurements
directly reveals the local luminescence properties of the
high-angle grain boundaries in GaN films. With the atomic
resolution HAADF STEM, we confirmed that the high-angle
grain boundaries were composed of arrays of various core
structures with the open-core structure as the most prevalent
type, which was different from the threading dislocations.
Based on the atomic configurations observed by STEM anal-
ysis, we examined the corresponding electronic structure of
the grain boundaries by DFT calculations. We believe that
the mid-gap states formed by high-angle grain boundary
structures and their variations with the accumulation of point
defects are associated with the reduced near band edge emis-
sion at the high-angle grain boundaries.

See supplementary material for more details on the DFT
calculation results and STEM analysis.
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