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Mechanical transfer of GaN-based heterostructures using #-BN as the release layer [Y. Kobayashi,
K. Kumakura, T. Akasaka, and T. Makimoto, Nature 484, 223 (2012)] has promising applications
for the next-generation optoelectronic devices. We investigate such transfer mechanism by map-
ping out the interlayer sliding energy landscape at each interface of a model heterostructure com-
posed of GaN/BN/substrate together with the reference case of BN/BN interlayer sliding. The
calculated results based on density functional theory find a nearly free sliding path for BN/BN,
while a slightly higher energy barrier is predicted for hetero-interfaces of strained GaN/BN and
BN/graphene substrate. The unstrained GaN/BN interface facilitates an easier peel-off of GaN
from the BN layer. Thus, the sliding mechanism, which can also be described by the registry index
model, shows dominance of the electrostatic interaction terms associated with the constituent layers
of the system, though the van der Waals interaction term seems to determine the equilibrium inter-
layer distance for the systems considered. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896506]

Nitride-based semiconducting materials have attracted a
great amount of attention in the past few decades owing to
their applications in the electronic and optoelectronic devi-
ces.! Among the nitrides, GaN is by far the most vastly stud-
ied owing to the virtues that it can enable full-color displays;’
Mg-doped GaN could give rise to a broad blue luminescence
band.” However, most of the high quality GaN-based devices
are only grown on the sapphire substrates, which substan-
tially block the route to the large-scale fabrication of GaN-
based devices. This is due to the fact that the sapphire sub-
strates, in general, have a very poor thermal conductivity, and
thus the accumulated heat in devices cannot be dissipated
into the environment in a timely manner.* This limitation can
be addressed by mechanically releasing the high quality
GaN-based devices from the sapphire substrate, and transfer-
ring them to another appropriate substrate.’

A recent work has shown that the multi-layer hexagonal
(h)-BN can be successfully used as a release layer for the
separation of the GaN-based devices from the sapphire sub-
strate.® The unsettled questions, however, are—how /-BN
acts as a release layer and why the separation does not occur
at the interface of #-BN and the device or ~#-BN and the sub-
strate. In order to address such questions, we have performed
a theoretical study based on density functional theory (DFT)
and the registry index model. In this study, we employ the
slab model to mimic the transfer process for the heterostruc-
tures, in which the GaN monolayer is deposited on the sub-
strate via the h-BN release layer (Fig. 1). Calculations are
performed to map out the sliding energy landscape for the
interfaces including GaN/BN, BN/substrate, and BN/BN.
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We note that a nearly free sliding path for the BN bilayer
was previously reported.”®

The generalized gradient approximation (GGA) of the
revised Perdew-Burke-Ernzerhof (reVPBE)9 and the Perdew-
Burke-Ernzerhof with the van der Waals (vdW) correction
terms (vdW 4 PBE)'® were employed using the SIESTA
code.'! The plane wave cutoff energy of 400 Ry and a vacuum
distance of 25 A were used. The (11 x 11 x 1) Monkhorst-
Pack k-grid was used for the geometry optimization. The total
energy is converged to 10~ ® eV. All atoms are allowed to relax
and the convergence force is smaller than 0.01 eV/A on each
atom in the equilibrium configuration of the system.

Considering that the construction of the sliding inter-
layer energy landscape is a computationally demanding task,
we have chosen graphene as our model substrate system.
Since the dominant interaction between the BN release layer
and the graphene substrate is governed by the relatively
weak vdW interaction, we expect the BN/graphene interface
would provide a lower limit to the sliding barrier for a given
device.'? In other words, if the generic sapphire substrate is
used, the sliding barrier is expected to be significantly higher
than that calculated for the graphene substrate due to the
higher polarity of the sapphire substrate.

The interfaces were modeled by GaN/BN, BN/graphene,
and BN/BN bilayers, knowing that the #-BN release layer is
usually of several nm thickness.® We also assume that the
atoms at the interface are free to relax in each of the bilayer.
Therefore, one may see a variation in the B-N bond length at
the two hetero-interfaces and through the BN layer.
Considering the relatively large lattice mismatch in the in-
plane lattice constants of GaN (~3.3 A) and BN (~2.5 A),
we have explored two cases: (1) a 1:1 GaN to BN lattice ra-
tio; (2) a commensurate 2 x2 R GaN/v/7 x /7 R BN

© 2014 AIP Publishing LLC
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supercell (Fig. 2(a)). In the latter case, the lattice mismatch
is reduced to ~3%. Initially, a full optimization of the in-
plane configurations of the GaN/BN and BN/graphene
bilayers was performed for different stacking configurations
with an intention to locate the lowest energy stacking
configuration. And it was followed by calculating the poten-
tial energy surface while varying the interlayer separation d
(Fig. 3), thereby the equilibrium interlayer distance for the
bilayer system was obtained. Note that the latter calculations
were performed for the energetically preferred stacking
configurations, which are AA’ (e.g., inset of Fig. 4(c)) for
GaN/BN at the 1:1 lattice matched conditions and ABg (e.g.,
inset of Fig. 4(d)) for BN/graphene.”’14 However, for the
GaN/BN unstrained bilayer, there is no such ideally stacked
structure. Some B atoms (or N atoms) belonging to BN will
always be on top of Ga atoms (or N atoms) of the GaN layer,
and the repelling between these atoms results in weaker
interlayer interaction and larger interlayer distance. Both the
revPBE and vdW + PBE calculations yield the in-plane BN
lattice constants of 2.91, 2.51, and 2.51 A for GaN/BN case
(1), GaN/BN case (2), and BN/graphene bilayers, respec-
tively. While the BN layer remains a planar configuration,
the GaN layer is buckled with an out-of-plane distance of
0.50 A for the case (1). On the other hand, the GaN layer is
relaxed into a planar structure for the unstrained GaN/BN
case (2). The adhesion energy in the asymptotic limit, i.e.,
the difference in total energy at a separation d and at a sepa-
ration large enough to eliminate inter-layer interaction, is

2x2 R GaN/A\7x\7 R BN

Appl. Phys. Lett. 105, 121605 (2014)

GaN device FIG. 1. A schematic diagram showing
that a GaN-based device can be trans-
h-BN ferred from one substrate to another
through the #-BN release layer.
Substrate

calculated as shown in Figure 3. For GaN/BN case (1), (2),
and BN/graphene, the revPBE values for the equilibrium
interlayer distance are 4.20, 4.57, and 4.25 10%, respectively.
On the other hand, the vdW + PBE values for the equilib-
rium interlayer distance are 2.99, 3.62, and 3.39 A for GaN/
BN case (1), (2) and BN/graphene, respectively. It turns out
that the vdW interaction plays an important role in determin-
ing the interlayer distance of two-dimensional materials.'*'*
The revPBE exchange and correlational functional form of
DFT appears to overestimate the interlayer distance of the
considered bilayers.

The transfer process is now investigated by mapping out
the sliding energy landscape constraining the layers to be at the
equilibrium configuration. In order to further validate our
approach, we first calculated BN/BN bilayer which was studied
previously.”® Our calculated energy barrier of 2.0 meV/atom'”
compares well with the previously reported values of 0.5 and
3.4 meV/atom for the case of the BN/BN system.”®

Figures 4(a) and 4(b) display the energy landscape during
the sliding processes of the GaN/BN case (1) and BN/gra-
phene bilayers, respectively, both with a 1:1 lattice matched
condition. For GaN/BN case (1), the energetically preferred
stacking order is AA’ (Fig. 4(c)). Similar to the case of the
BN/BN, the energy landscape of GaN/BN case (1) exhibits a
sliding path with a minimum energy barrier [shown by the
arrow in Fig. 4(a)]. Fig. 4(c) shows that the minimum energy
barrier of 4.5 meV/atom is required to separate GaN/BN. This
barrier is more than double of the value required for BN/BN.

FIG. 2. Simulation of the unstrained
GaN/BN bilayer with (a) the structure
of 2 x 2 R GaN/v/7 x v/7 R BN super-

o
i
T

AE (meV/atom)

o
o
T
.

E (meV/atom)
o
N
—
'\_\.
—
/x

cell, (b) the corresponding sliding
energy surface, and (c) the energy bar-
rier along the path as illustrated in (b).

minimum sliding energy path
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FIG. 3. Binding energy of (a) GaN/BN and (b) BN/graphene bilayers as a
function of the interlayer distance calculated at the revPBE and vdW + PBE
levels of theory. The GaN/BN bilayer maintains a AA’ stacking at a 1:1 GaN
to BN lattice ratio, while shows a mixed stacking at a commensurate 2 X 2 R
GaN/{7x|7 R BN lattice match. The BN/graphene bilayer favors ABjg
stacking.

Thus, compared with GaN/BN, the sliding separation is easier
to occur within the BN/BN bilayer. On the other hand, the cal-
culated energy landscape in BN/graphene exhibits distinctly
different features as compared with the BN/BN and GaN/BN
[Fig. 4(b)]. An energy barrier plateau exists along the path
[Fig. 4(d)] with the barrier of 3.8 meV/atom. The calculated
results therefore imply that the sliding in BN/graphene is
stiffer compared with the case of the BN bilayer. Considering
that our focus in this study is on the relative energy variation
along the sliding path, difference of a few tens of meV gives
reliable differentiation in their energy, despite the fact that

Appl. Phys. Lett. 105, 121605 (2014)

accuracy of DFT calculations is usually beyond that. This
point is further verified by the consistency in the calculated
results indicating that they are “signals” rather than “noise”.
And energy variations around similar order of magnitude
obtained using density functional method were previously
reported.’

It is, however, noteworthy to see the difference in the
results for the GaN/BN case (2) with the unstrained interface.
As discussed above (Fig. 3(a)), the interlayer distance
increases from 2.99 to 3.62 A going from the strained struc-
ture of case (1) to the unstrained structure of case (2). And
the adhesion energy at the interface decreases from 42.6 (of
case (1)) to 31.6 meV/atom (of case (2)). Furthermore, inter-
actions in case (2) appear to be mainly governed by vdW
interactions. As a result, the sliding barrier of this unstrained
interface is extremely small (0.5 meV/atom), as shown in the
sliding energy surface (Fig. 2(c)). The calculated results
therefore suggest that the unstrained GaN is easy to peel off
from the BN layer. It also explains the experimental observa-
tion that high-quality nitride semiconductors could only be
grown on 4-BN with an AIN or AlGaN buffer layer.® Such a
buffer layer could lead to a better lattice match between dis-
similar materials and enforces the electrostatic interactions,
thereby increases the sliding barrier to help with the adhesion
between GaN and BN. Further studies of buffer-layer/GaN
and buffer-layer/BN interfaces are needed to provide a quan-
titative description of the barrier.
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FIG. 5. Variation of the total (black square), kinetic (red circle), ion-ion
Coulomb interaction (green up-triangle), Hartree (blue down-triangle),
exchange-correlation (cyan diamond), and ion-electron Coulomb interaction
(magenta star) DFT energy components along the lowest-energy sliding
paths for (a) GaN/BN (strained) and (b) BN/graphene. Zero of the energy is
defined as the value of the relevant component at the lowest-energy
configuration.

To understand the underlying separation mechanism dur-
ing the sliding process for the strained GaN/BN interface (case
(1)), we directly compare the sliding energy landscapes calcu-
lated using the revPBE and vdW exchange and correlation
functional forms. Their close similarity in the energy variation
along the lowest energy sliding path suggests [Figs. 4(c) and
4(d)] that the sliding process is dominated by the interlayer
electrostatic interactions, but not the vdW interaction which
simply anchors the layers at an appropriate distance. This point
is directly manifested by our finding that the binding energies
obtained from the vdW calculations are significantly larger
than those obtained from the revPBE calculations (see Fig. 3).

Decomposition of the total energy of the system (Fig. 5),
however, reveals very different energy dependence for GaN/
BN and BN/graphene. In the case of GaN/BN, the Hartree
energy varies by 102.5 meV/atom, along the minimum sliding
energy path with its maximum at the same location as the max-
imum total energy. This change in the Hartree energy is largely
offset by the change in kinetic energy and ion-ion Coulomb
interaction terms. The change of the order of —80.0 meV/atom
in the ion-ion Coulomb interaction term is due to higher icon-
icity of GaN relative to that of BN. Both ion-electron Coulomb
interaction and exchange-correlation energy terms vary by a
much smaller degree along the sliding path.

The BN/graphene bilayer shows a much different sce-
nario with much smaller variations in its Hartree energy and
ion-ion Coulomb interaction terms owing to the homonu-
clear bonds in graphene. The maximum variation in kinetic,
ion-electron interaction and exchange-correlation energy is

(Svw — Sawy) + (SBGa - Sﬁ’ga) - (SNGa - S%/a) — (Smv — S5

Appl. Phys. Lett. 105, 121605 (2014)

about the same as calculated for GaN/BN. In addition, it is
interesting to observe that the sign of the energy variation
along the minimum sliding energy path in all its energy com-
ponents are reversed as compared to the case of GaN/BN.

The distinctly different behavior of GaN/BN and BN/gra-
phene systems is also visible in their charge distributions.
Figure 6 displays the deformation charge densities (i.e.,
charge density of the system with reference to the sum of the
charge densities of its constituent atoms) at the minimum
energy and barrier-energy configurations. Graphene shows a
typical sp” hybridization with C-C covalent bonds (i.e., excess
electrons over C-C bonds); while semi-ionic GaN is featured
by near-spherical electron-excess and electron-deficient
regions centered on N and Ga ions of the system. The BN
layer in both GaN/BN and BN/graphene bilayers, however,
show similar trigonal electron-deficient regions around the B
atoms and the electron-excess regions near N atoms and along
N-B bonds due to the relatively weak interlayer interactions.

One can therefore conclude that (i) the minimum energy
configuration is associated with a stacking when the
electron-excess and electron-deficient regions from those
two layers compensate to each other minimizing the electro-
static interactions. On the contrary, the barrier-energy con-
figuration is associated with a stacking with the larger
Coulomb repulsion between like charges of the two layers
along the sliding pathway; (ii) there is no visible change in
the deformation charge densities in individual layers either
at the minimum energy configuration or at the barrier-energy
configuration along the sliding pathway. In other words, two
layers shift against each other as if rigid planes with barely
disturbed charge distributions. The sliding barrier is then pre-
dominantly determined by the electrostatic interaction
energy between the constituent layers.

These observations then lead us to consider the registry
index (RI) model first proposed by Hod,'®!” among other mi-
croscopic mechanisms of the interlayer sliding process in lay-
ered materials.'”° The RI model has been successfully
applied to predict the interlayer sliding energies for homoge-
neous layer structures such as planar hexagonal boron-nitride,
graphitic systems, and multi-layered nanotubes. By using sim-
ple geometric considerations, the RI model is able to capture
the complex physical features of interlayer sliding in layered
materials with the modest computational resources.

Due to the polar nature of B-N and Ga-N bonds, the RI
for GaN/BN is defined as

RIGaN/n-Bv = (

where S;; represents the overlap of the centered circles
between the top i and the bottom j atoms. The superscripts AA
and AA’ denote the two reference stacking configurations.

As the normalized denominator is used in Eq. (1), a value
of RI = 1 is associated with the least favorable stack arrange-
ment, while the value of RI = 0 indicates the energetically

S — SN ) + (S50 — S86a) — (SNGa — SNGa) — (SBY — Sa)

(D

preferred configuration. The RI as a function of lateral shift
can be obtained by using the radii of N (rv), B (1), and Ga
(rGa) atoms as the fitting parameters. For simplicity, we assume
that the N atoms in BN and GaN hold the same radius ry.

A good agreement between RI surface and the
energy landscape is then obtained based on the parameters
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FIG. 6. Deformation charge density plots (top view) for the lowest-energy
configurations of (a) GaN/BN (strained) and (c) BN/graphene; and for the
barrier-energy configurations of (b) GaN/BN (strained) and (d) BN/gra-
phene. GaN or graphene is shown on the top with black atomic labels, while
the bottom BN layer is labeled in red with brackets. The isosurface value is
set to be 1/6 of the maximum charge density for each case with a specific
value of 0.007 e¢/A* and 0.011 e¢/A* for GaN/BN and BN/graphene,
respectively.

rn = 0.727 A, rg = 0.253 A, and rg,= 0.872 A. The RI sur-
face, as shown in Fig. 4(e), resembles the quantum mechanical
potential energy surface shown in Fig. 4(a). Although the N
atoms possess nearly the same radii in this model, a large dis-
parity in radii appears between the B and Ga atoms inducing a
strong polarization of atoms along the vertical direction.”' And
the interlayer electrostatic interactions are enhanced via the
strong polarized atoms or the electric dipole interactions. Thus,
a high energy barrier to slide GaN/BN comes out to be a natu-
ral consequence of physics and chemistry of the system.

The case of BN/graphene is slightly different compared
with the other two cases as graphene is an identical 7 polar
system to BN. The corresponding RI is defined as

) fms)
h—BN /graphene = (Sé SABB> 4 (SC SABB) ()

where superscripts AA and ABjp are referred to the two con-
figurations [Fig. 4(d)].

The RI surface of BN/graphene is simulated with param-
eters ry =0.727 A, re =0.752 A, and ry =0.218 A. A good
agreement between Figs. 4(f) and 4(b) indicates that the
energy landscape can be reproduced by the RI surface.
Similarly, a large disparity in radii between the B and C
atoms justify the requirement of a relatively large barrier to
separate the BN/graphene system.

In summary, we have carried out calculations based on
density functional theory to demonstrate why the transfer of
GaN/BN/substrate can be achieved through the #-BN release
layer. Comparison of the interlayer sliding energy landscapes
finds that a nearly free sliding path not only occurs within

Appl. Phys. Lett. 105, 121605 (2014)

BN/BN but also for the strained GaN/BN and BN/graphene.
The calculated energy barrier of about 4.5meV/atom is
required to separate the strained GaN/BN bilayer with the sub-
strate being graphene at a 1:1 lattice matched condition. It is
much larger than the calculated barrier of 2.0 meV/atom for
the case of BN/BN. Although the vdW interaction term deter-
mines the equilibrium interlayer distance for the considered
system, the interlayer sliding process relies critically on the
electrostatic interactions between the constituent layers of the
system. We show that this effect can also be captured by a
simple phenomenological model—the registry index model.
The unstrained GaN/BN interface of case (2), however,
appears to have small adhesion energy indicating the require-
ment for a buffer layer in the growth of single crystal GaN on
BN.
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