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Abstract Epitaxial growth of thin films is, in general,

based on specific interfacial structures defined by a mini-

mum of interfacial energy and usually influenced by the

structural mismatch. In the present study, the structures and

energies of (0001) InN/GaN epitaxial interfaces are studied

using the Tersoff interatomic potential. The potential

describes the metallic and intermetallic interactions

sufficiently well and is assembled in order to accurately

reproduce the lattice and elastic parameters of wurtzite

Ga(In)-Nitrides. Different configurations are examined for

each interface depending on polarity and atomic stacking.

It is shown that the interfacial structures of InN thin films

grown with indium polarity interfaces exhibit lower self-

energies than those of N-polarity. Although the substrate

and the epilayer were assumed to exhibit the wurtzite

crystal structure, both wurtzite and zinc-blende type atomic

stackings are possible at the interfacial region since they

were found energetically degenerate within the accuracy of

our model. Finally, the spatial location of the epitaxial

interface is also energetically defined. Epitaxial interfaces

in this system can in principle be imagined to pass through

so-called single or double atomic bonds, but the former

case was energetically more favourable.

Introduction

During the last few decades it has become widely recog-

nized that group III nitrides differ to a significant extent

from traditional III–V semiconductors. This difference is

mostly attributed to two important features. First, due to

nitrogen’s large electronegativity the chemical bonds in

nitrides are characterized by high ionicity in comparison to

phosphides, arsenides and antimonides. Second, a much

higher mismatch between the atomic radii of cations and

anions exists in the case of nitrides [1, 2].

Epitaxial growth of heterostructures results in many

semiconductor-based opto and micro-electronic devices.

An important factor determining the quality of the afore-

mentioned heterostructures is the atomic scale structure of

the interfaces. So far the interfacial structures of (0001)

GaN/ZnO [3], GaN/AlN [4] and GaN/ZrB2 [5] have been

studied using ab initio methods. However, such studies can

employ relatively small numbers of atoms and thus cannot

take fully into account the relaxation of the lattice mis-

match by geometrically necessary defects.

On the subject of preferable polarity for the InN/GaN

heterostructures several studies have been performed dur-

ing the last few years since polarity strongly affects

material properties. According to Refs. [6, 7], InN epilay-

ers follow the polarity of the GaN template. The study of

Dimakis et al. [8] shows that InN growth on Ga-face GaN

(0001) by RFMBE results in In-face InN following a two-

step growth process. Due to the nitridation step often

employed when GaN is grown on sapphire, the template

may exhibit N polarity [7]. Moreover, different polarity

materials also result by different growth conditions as can

be seen in the cases of GaN layers grown on sapphire [9,

10]. Ga polarity layers are grown under high nitridation

temperature while low nitridation temperature results in
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N-polarity materials [9]. Equivalent impact with the

nitridation temperature is found for the growth temperature

but it is also stated that the use of an AlN buffer layer under

low-growth temperatures results in Ga face polarity mate-

rials [10]. A recent study [11] states that InN grown by

MOVPE on sapphire substrate usually exhibits In polarity

while InN grown by MBE is usually N-polarity material.

The present paper investigates the structures and energies

of the (0001) InN/GaN interfaces where a 10.9% lattice

mismatch between the crystal lattices is involved. Different

configurations were examined for each interface depending

on polarity (III- or N-polarity) and interfacial structure

(wurtzite or zinc blende stacking). To sufficiently account for

this misfit a total of *15,000 atoms and the Tersoff inter-

atomic potential were used for the energetic calculations.

Our potential sufficiently describes the metallic and inter-

metallic interactions and was assembled in order to

accurately reproduce the lattice and elastic parameters of

wurtzite Ga(In)-Nitrides [12]. Stable relaxed interfacial

structures and energies were obtained for all the configura-

tions studied. In section ‘‘Computational method’’ the

applied computational method is analytically presented. In

section ‘‘Results and discussion’’ the results are given and in

section ‘‘Conclusions’’ the conclusions are presented.

Computational method

In the present study we used the bond-order Tersoff

potential [12–17], where the total potential energy is given

by

E ¼ 1

2

X

j 6¼i

Vij; ð1Þ

where Vij is the bond energy between atoms i and j

Vij ¼ f ðrijÞ½VRðrijÞ � bijVAðrijÞ�; ð2Þ

and rij is the interatomic distance.

The pair like attractive and repulsive energies are given

as Morse-like terms
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where R is the cut-off range and 2 9 D is the width of the

region in which the function f(rij) changes smoothly from 1

to 0. The many-body term includes the angular dependency

bij and the angular function gik(hijk) as described in detail

elsewhere [12–16].

This potential was tuned in order to reproduce accu-

rately the equilibrium lattice constant a, the axial ratio c/a,

the internal parameter u, the binding energy, the formation

enthalpy, the elastic constants and In-In interaction as

described in detail elsewhere [12]. In particular, for Ga–N,

Ga–Ga and N–N interactions the parameters given by Nord

et al. [16] were used. For In–N interactions the parameters

are modified slightly relative to those of the zinc blende

structure [18] in order to describe the wurtzite structure.

For In–In the parameters were determined by tailoring the

sets of Nordlund et al. [18] for metallic In–In interaction

(In fct lattice, Space Group: I4/mmm) [12]. For the inter-

metallic interactions (i.e. In–Ga) the parameterization of

Ref. [18] was used.

For the construction of the bicrystals, InN and GaN

supercells were created in the form of rectangular paral-

lelepiped volumes by using the optimized lattice constants

obtained from the interatomic potential. Each supercell

comprised 21 MLs along [0001]. The exact dimensions of

each supercell volume were 10 9 a along ½1�210�; 10� c

along [0001] and 10 9 a 9 31/2 along ½10�10� (where a

and c are the equilibrium lattice parameters). These InN

and GaN bicrystal components, comprising a total of

*15,000 atoms, were then employed in order to construct

all possible interfaces. The epilayer thickness was taken

greater than the critical thickness for coherency strain

relaxation. The interfaces were assumed to be initially

abrupt and without any interdiffusion of atomic species.

Periodic boundary conditions were applied along the basal

plane (i.e. ½1�210� and ½10�10�Þ; while fixed boundaries were

imposed along [0001]. The fixed boundary conditions were

applied using the following methodology [19]: For Ga-

polarity along the [0001] for InN and ½000�1� for GaN (or

vice-versa for N-polarity) the supercells were divided into

three zones defining a thin external zone (zone 1), a thin

intermediate zone (zone 2) and the internal area (zone 3).

This configuration is illustrated schematically in Fig. 1.

The InN/GaN interface was constructed by combining zone

3 of InN with the equivalent zone of GaN. The thickness of

zone 1 was greater than the maximum range of the

potential, and the atoms were at fixed positions there. Zone

2 starts at the end of zone 1 and also extends further than

the maximum range of the potential and up to zone 3. In

zone 2 the atoms were relaxed but were not taken into

account in energetic calculations. The energetic calcula-

tions were performed taking into consideration only the

energies of the relaxed atoms in zone 3.
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The distance between the InN and GaN bicrystal

components at the interfaces was optimized by use of

the adaptive conjugate gradient fast relaxation proce-

dure [20]. The minimum energy configurations were

further relaxed from the temperature of 600 K slowly

down to 0 K by a quasidynamic minimization proce-

dure [21].

In our study, the obtained excess interfacial energies are

independent of the growth conditions as explained in the

following. As known, the interaction of an open system

with its environment depends on the chemical potentials

of its components. For the growth of undoped bulk solid

III–N:

ls
III�N ¼ lIII þ lN; ð6Þ

where ls
III�N is the chemical potential for wurtzite III–N

and lIII and lN are the chemical potentials of III-type and

nitrogen atoms, respectively. The heat of formation DHf
IIIN

is defined by:

DHf
III�N ¼ ls

III�N � ls
III � lg

N2
; ð7Þ

where ls
III and lg

N2
are the chemical potentials for solid III

and gaseous nitrogen (N2), respectively.

By taking into account that

lIII\ls
III; ð8Þ

and

lN\lg
N2
; ð9Þ

we obtain the upper and lower limits for each potential:

ls
III þ DHf

III�N\lIII\ls
III; ð10Þ

and

lg
N2
þ DHf

III�N\lN\lg
N2
: ð11Þ

By the use of a parameter k (0 B k B 1) we assume:

lIII ¼ ls
III þ ð1� kÞDHf

III�N; ð12Þ

and

lN ¼ lg
N2
þ kDHf

InN; ð13Þ

where N-rich conditions are represented for k = 0 and III-

rich conditions for k = 1.

If

Dl ¼ ðlIII � ls
IIIÞ � ðlN � lg

N2
Þ

¼ ðlIII � lNÞ � ðls
III � lg

N2
Þ; ð14Þ

and

Dl ¼ ð1� 2kÞDHf
III�N; ð15Þ

then Dl is restricted in the range

�DHf
IIIN�Dl�DHf

IIIN: ð16Þ

Let XD be the total excess energy of a supercell that

corresponds to the difference between the total energy ED

found by our interatomic potential calculations and the

energy of a bicrystal supercell containing the same number

of atoms. This energy corresponds to the excess energy of

an interface at zero temperature and it is given by:

XDðlIII; lN;DlÞ ¼ ED �
1

2
ðnIn þ nNðfor InNÞÞls

InN

� 1

2
ðnIn � nNðfor InNÞÞðls

In � lg
N2
Þ

� 1

2
ðnIn � nNðfor InNÞÞDl

� 1

2
ðnGa þ nNðfor GaNÞÞls

GaN

� 1

2
ðnGa � nNðfor GaNÞÞðls

Ga � lg
N2
Þ

� 1

2
ðnGa � nNðfor GaNÞÞDl ð17Þ

where nIn, nGa and nN are the numbers of In, Ga and N

atoms, respectively [22].

Fig. 1 The employed supercell configuration showing division into

three zones defining a thin external zone (zone 1), a thin intermediate

zone (zone 2) and the internal area (zone 3). The InN/GaN interface is

constructed by combining the zone 3 of InN with the equivalent zone

of GaN
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It should be noted that, following Eq. 17, the total excess

energy depends on Dl and thus on k. Consequently the

calculated energetic results depend on the growth conditions

through k (for k = 1 (III -rich) Dl ¼ �DHf
IIIN and for k = 0

(N-rich) Dl ¼ DHf
IIINÞ: In our study, we maintained for all

cases, nIn = nN (for InN) and nGa = nN (for GaN). Therefore,

XDðlIII; lNÞ ¼ ED �
1

2
ðnIn þ nNðfor InNÞÞls

InN

� 1

2
ðnGa þ nNðfor GaNÞÞls

GaN; ð18Þ

i.e. the excess energy of an interface in this work is indeed

independent of the growth conditions. This is important for

isolating the structural and chemical contribution to the

interfacial energy. The interfacial energy per unit area, Eint,

is given by:

Eint ¼
XD

A
; ð19Þ

where A is the interface area of the supercell (10 9 a) 9

(10 9 a 31/2).

Results and discussion

The above-described methodology was applied to super-

cells that were constructed for all the possible atomic

stackings at the interface (apart from those involving a

polarity reversal at the interface). In particular, the fol-

lowing geometrical conditions were taken into account: (a)

polarity, (b) atomic stacking and (c) location of the inter-

face. With respect to (a), it is well known that the c axis in

wurtzite III–N is polar. Thus, due to the fact that the [0001]

direction is parallel to the III–N bond, conventionally, the

structure has III polarity or N polarity depending on whether

the III–N bonds point upwards or downwards, respectively.

With respect to atomic stacking, although in the present

study only the wurtzite structure was considered for bulk

InN and GaN, both wurtzite and zinc blende stackings were

examined across the interfaces (i.e. ABABA and ABABCA

stackings, respectively). These geometrical conditions are

illustrated schematically in Fig. 2. It is proposed in litera-

ture that the zinc blende stacking may be favoured under

certain conditions at the interface between epitaxially

grown wurtzite layers [23]. This is confirmed by us as can

be seen in the High Resolution Transmission Electron

Microscopy (HRTEM) image of Fig. 3, that depicts an

InN/GaN interface. (Experimental details for the growth

conditions of the specimen and the conditions of the

HRTEM experimental observations are presented else-

where [24].) In Fig. 3 the stacking sequence along the

[0001] axis is transformed locally from hexagonal wurtzite

to cubic zinc blende.

Fig. 2 The possible atomic stackings at the interface. Initial InN/

GaN type 1 (cutting single bonds) and type 2 (cutting double bonds)

interfaces for wurtzite and zinc blende interfacial structures viewed

along ½1�210�: The wurtzite and zinc blende structural units are marked

in yellow. The interface plane is indicated by lines, large and small

circles denote III (Ga, In) and N atoms, respectively, coloured (grey)

circles are at 0 level, and dark circles are at level a/2 along the

projection direction
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Finally the aforementioned (c) condition refers to the

two possible locations that the interfacial plane can reside

at, i.e. cutting either single or double bonds; the former is

designated as type 1 plane and the latter as type 2. This

leads overall to eight possible starting configurations to be

relaxed as illustrated in Fig. 2.

In Table 1, the relative interfacial energies per unit area

for the type 1 and type 2 interfaces are presented having as

reference the formation energy of the energetically

favourable InN/GaN interface (type 1, III-polarity, Eint =

0.21 eV/Å2). It is shown that, in the type 1/III-polarity

case, both the wurtzite and the zinc blende atomic stac-

kings are favoured and the two stackings cannot be

distinguished energetically under the present methodology.

However this is in agreement with our experimental

observations whereby both stackings are observed at the

interfacial region (Fig. 3). Next favoured interfaces are the

type 1/N-polarity ones. Again both the wurtzite and zinc

blende stackings are energetically equivalent within the

error interval of the interatomic potential calculations

(0.01 eV/Å2). On the other hand the type 2 interfaces

generally exhibit higher energies.

In Fig. 4 the relaxed InN/GaN type 1 interfaces are

illustrated in cross section viewed along h1�210i: The

Fig. 3 (a) HRTEM images of

the InN/GaN interface viewed

along ½1�210� zone axis. FFT

image (inset) using the in-plane

spatial frequencies reveals the

locations of the edge component

of misfit dislocations as

terminating {10�10} GaN lattice

fringes. (b) A change of the

wurtzite stacking sequence

along the InN/GaN interface is

evidenced for the

transformation of the interfacial

structure from wurtzite to zinc

blende (white spots represent

the atomic columns)

Table 1 The interfacial energy per unit area for the type 1 and type 2

interfaces (i.e. cutting single or double bonds) having as reference

zero level the calculated formation energy of the favourable InN/GaN

interface (type 1, III-polarity, Eint = 0.21 eV/Å2)

Interfacial stacking & material polarity DEintðeVÞ=Å
2

Type 1 interfaces

Wurtzite stacking—III polarity 0

Wurtzite stacking—N polarity +0.051

Zinc blende stacking—III polarity 0

Zinc blende stacking—N polarity +0.059

Type 2 interfaces

Wurtzite stacking—III polarity +0.32

Wurtzite stacking—N polarity +0.46

Zinc blende stacking—III polarity +0.32

Zinc blende stacking—N polarity +0.46

Fig. 4 Relaxed InN/GaN type 1

(cutting single bonds) interfaces

for wurtzite and zinc blende

interfacial structures viewed

along ½1�210�: (Symbols are as in

Fig. 2)
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atomic relaxed configuration along the N-polar interfaces is

found to be quite different from the corresponding III-polar

cases.

In Fig. 5a the [0001] projection of the wurtzite type 1

interface (Fig. 4a) is shown, while in Fig. 5b a plan-view

HRTEM experimental micrograph along [0001] is given.

In Fig. 5b moiré fringes that reveal the hexagonal sym-

metry of the (0001) interface are observed, and the ‘‘good’’

and ‘‘bad’’ fit regions are in good agreement with the

relaxed structure of Fig. 5a.

In Fig. 6 the relaxed InN/GaN type 2 interfaces viewed

along the h1�210i direction are presented. It is evident that

the relaxed atomic configurations of the type 2 interfaces

are very distorted in comparison to those of type 1 and

consequently these interfaces exhibit much higher

energies.

In Figs. 4 and 6, extra half planes can be identified in the

projections along h1�210i corresponding to geometrically

necessary misfit dislocations. In all cases the topological

property of the misfit dislocations, the Burgers vector, is

the same, i.e. 1=3h1�210i as can be verified by circuit

mapping.

Conclusions

The structures and energies of all possible InN/GaN

interfaces have been studied by the use of interatomic

potential calculations. Eight different possible cases were

examined depending on polarity (III or N polarity), inter-

facial stacking (wurtzite or zinc blende type) and interfacial

plane (cutting single or double bonds).

Fig. 5 (a) [0001] projection of

the relaxed InN/GaN type 1

(cutting single bonds) interface

having wurtzite interfacial

structure. The two polarities are

non-distinguishable when

viewed along [0001]. (b)

HRTEM image along the [0001]

direction of InN/GaN interface.

The moiré pattern reveals the

regions of ‘‘good’’ and ‘‘bad’’ fit

Fig. 6 Relaxed InN/GaN type 2

(cutting double bonds)

interfaces for both polarities and

for wurtzite and zinc blende

interfacial structures. (h1�210i
projection, symbols are as in

Fig. 2)
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A detailed procedure was presented for the construction,

relaxation and energetic investigation of the interface

atomic configurations. It was evidenced that the III-polarity

interfaces are energetically favourable compared to those

of N-polarity. It is also concluded that the type 1 interfaces

(cutting single bonds) are energetically favourable with

respect to the type 2 interfaces (cutting double bonds).

Wurtzite and zinc blende stackings along the interface are

found energetically degenerate in the present study. The

energy difference between the two interfacial phases is

found smaller than the accuracy of our interatomic poten-

tial calculations and consequently they are not

distinguishable. Both the wurtzite and zinc blende stac-

kings were observed at the InN/GaN interface by HRTEM.

Further investigations by electronic structure calcula-

tions could be useful for distinguishing between wurtzite

and zinc blende interfacial stackings since they reach a

higher level of accuracy and could also be able to inves-

tigate the effect of lattice strain on the structural and

electronic properties of the InN/GaN system.
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