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The structural and electronic properties of core–shell, eutectic, biaxial and superlattice GaN–AlN

nanowires were studied through density functional theory computations. Due to more surface dangling

bonds, nanowires with smaller diameters are energetically unfavorable. For the GaN–AlN

heterostructure nanowires, their electronic properties highly depend on the GaN content, axial strain,

configuration, and size. The valence bands are less affected by the GaN content, while the conduction

bands depend on it. Hydrogen-passivated nanowires have much larger band gaps than their

counterparts, since the surface states are removed by saturating the dangling bonds with hydrogen

atoms. Moreover, due to multiple quantum-well structures, the confined electrons (holes) of

superlattice nanowires become more localized and the difference of the mobility between the electron

and hole becomes less apparent if the width of the barrier is larger. These findings are of value for better

understanding heterostructure nanowires and their potential utilization.
1. Introduction

Nanomaterials attract much attention due to their unique

structure, and superior properties and applications in compari-

son with their bulk forms, among which nanowires (NWs) are

very interesting with the charge carrier confined in a one-

dimensional (1D) space owing to their special configuration.

Semiconductor NWs represent unique systems for exploring

phenomena at the nanoscale and are also expected to play

a critical role in future electronic and optoelectronic devices. The

range of potential applications of semiconductor NWs keeps

increasing in the fields of optoelectronics,1–3 device miniaturiza-

tion,4 field-effect transistors,5–7 photovoltaic cells,8–10 etc.

Component-modulated semiconductor heterostructures, such

as core–shell, eutectic, biaxial, and superlattice types, are

promising nanostructures, which not only offer the benefit of

designing and fabricating nanodevices without further assembly,

but also provide unique desirable properties for a variety of

applications. Accordingly, in the past decades, efforts have been

made in the synthesis, fabrication and simulation of hetero-

structure semiconductors, including group IV,11–21 III–V,22–30 and

II–VI31–40 heterostructure nanowires.

As two important members of the III–V semiconductor group,

AlN and GaN have diverse properties and applications in elec-

tronics and photoelectronics, and tremendous progress has been
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made in their synthesis and fabrication.41–45 However, pure

nanowires can hardly satisfy the increasing demand for high-

performance electronic and optoelectronic systems. The ability

to control the electronic properties of nanowires by using band

structure design in III–nitride radial nanowire heterostructures

opens new opportunities for nanoelectronics and provides a new

platform for low-dimensional physics.46,47 In general, to meet the

demand of different utilizations, the electronic structures of

heterostructure nanowires can be tuned by changing the

composition, configuration, and segment size. For the fabrica-

tion of nano-electronic devices based on GaN–AlN hetero-

structures, it is of great importance to understand the nature of

spatial carrier confinement and the characteristics of band

structures in various GaN–AlN heterostructure nanowires.

However, previous theoretical studies48–51 mostly focused on the

structural, optical and electronic properties of pure AlN and

GaN nanowires; there is little computational information on

GaN–AlN heterostructures. In this work, by using density

functional theory (DFT) computations, we systematically

investigated the structural and electronic properties of core–shell,

eutectic, biaxial, and superlattice GaN–AlN heterostructures, as

well as the effects of surface H-passivation and axial strain, to

look into their innate characteristics and provide a theoretical

basis for their band structure engineering. The basic physics

disclosed in this work is not constrained to GaN–AlN systems,

but may be applicable to other semiconductor heterostructures.
2. Computational details

Our first-principles DFT computations were performed by using

the plane-wave method implemented in the Vienna ab initio
This journal is ª The Royal Society of Chemistry 2012
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simulation package (VASP).52 The ion–electron interaction is

described by the projector-augmented plane wave (PAW)

approach.53,54 The generalized gradient approximation (GGA)

with the PW91 functional55 and a 360 eV cutoff for the plane-

wave basis set were adopted in all computations. To simulate

infinitely long nanowire systems, a 1D periodic boundary

condition (PBC) was applied along the growth direction of the

nanowire. Our supercells are large enough to ensure that the

vacuum space is at least 10 �A, so that the interaction between

nanowires and their adjacent images can be safely avoided. Five

Monkhorst–Pack special k points were used for sampling the 1D

Brillouin zone, and the convergence threshold was set as 10�4 eV

in energy and 10�3 eV �A�1 in force. On the basis of the equili-

brium structures, 21 k points were then used to compute the band

structures after geometry optimizations.

Both AlN and GaN nanowires usually adopt the wurtzite

structure;56,57 GaN–AlN heterostructures are thus created on the

basis of wurtzite-structured nanowires and oriented along the

[0001] direction. As shown in Fig. 1, all considered GaN–AlN

heterostructure nanowires are oriented along the [0001] direction

with the same cross-sectional hexagonal shape as the most stable

AlN and GaN nanowires. While comparing the effects of

different diameters and ratios of surface atoms, we take (AlN)24,

(AlN)54, and (AlN)96 as prototypes. The diameters of (AlN)24,

(AlN)54, and (AlN)96 are about 1.0 nm, 1.6 nm, and 2.2 nm,

respectively. For GaN-core–AlN-shell (AlN-core–GaN-shell)

nanostructures, we label them as (GaN)m@(AlN)n [(AlN)n@

(GaN)m] nanowires with m Ga–N pairs in the core (shell) region

and n Al–N pairs in the shell (core) region. Meanwhile, the

eutectic, biaxial, and superlattice NWs are labeled as eut(m,n),

bia(m,n), and sl(m,n) composed of m Ga–N pairs and n Al–N

pairs. The GaN content, x, is determined as x ¼ m/(m + n). The

difference in x can be used to compare the effects of different

compositions. For the core–shell nanowires with different GaN

contents, the diameters are in the range of 1.0–2.2 nm, corre-

sponding to the total atom number from 48 to 192 in the

nanowires. The superlattice structures have the same diameter of

1.0 nm, but different segment lengths, including 96 and 192

atoms in a unit cell. The biaxial NWs, with diameters of 1.0 nm

and 1.6 nm, have 48 and 108 atoms, respectively. We also
Fig. 1 (a)–(g) Represent top views of (AlN)24, (GaN)24, (GaN)6@

(AlN)18, (AlN)6@(GaN)18, H passivated (GaN)24, eutectic, and biaxial

nanowires, respectively. (h) Is the side view of a superlattice nanowire.

Brown, pink, blue, and white spheres represent Ga, Al, N, and H atoms,

respectively.

This journal is ª The Royal Society of Chemistry 2012
considered the eutectic NWs, which have the same diameter of

1.0 nm but different GaN contents. The diameter of nanowires is

defined by the average double distance from the center axis to the

positions of the outmost atoms on the edge of the wires.

3. Results and discussion

3.1. Geometry and structural stability of GaN–AlN

heterostructure nanowires

After full relaxation of the atomic positions and lattice constants,

there is a little inward and outward motion of the surface Al(Ga)

and N atoms, respectively, as a result of the surface reconstruc-

tion. Accordingly, the length of Al(Ga)–N bonds in the zigzag

side reduces by about 3% and the length of Al(Ga)–N bonds

along the axial direction reduces by about 6%. The N–Al(Ga)–N

and Al(Ga)–N–Al(Ga) bond angles increase and decrease,

respectively, from the core to the surface. Taking the (GaN)6@

(AlN)90 nanowire for an example, the N–Al–N and Al–N–Al

bond angles become 118.5� and 106.6�, respectively (108.9� and
114.8� originally).
To evaluate the structural stability of GaN–AlN hetero-

structure nanowires, we calculated their formation energies. The

formation energy (Ef) is defined as:58

Ef ¼ (mEGaN + nEAlN � Etot)/(m + n) (1)

where EAlN and EGaN is the energy of one Al–N pair in wurtzite

AlN bulk and one Ga–N pair in wurtzite GaN bulk, respectively.

Etot is the total energy of the investigated nanostructures,m and n

are the numbers of Ga–N and Al–N pairs in GaN–AlN hetero-

structures, respectively.

For the core–shell structures, the formation energies decrease

obviously with increasing the nanowire diameters. The inversely

proportional relationship between Ef and nanowire diameters

(Fig. 2a) suggests that nanowires with larger sizes have higher

stability. The result can be understood by the following reasons.

Al(Ga) and N atoms prefer sp3-hybridization in the wurtzite bulk

in comparison with sp2-hybridization in the surface of AlN

(GaN) nanowires. Accordingly, the sp2 hybridization is ener-

getically unfavorable, which leads to the low stability. As

a crucial factor determining the stability of the nanowires, the

ratio of surface atoms has a functional relationship with the

formation energy (Fig. 2b). Ef increases linearly with the ratio of

surface atoms. Accordingly, thin nanowires with large ratios of

surface atoms have high formation energies and they are very

difficult to synthesize in experiments. In addition, (GaN)m@

(AlN)n [(AlN)n@(GaN)m] core–shell nanowires have similar

stabilities to pure AlN (GaN) nanowires. With the same dia-

meter, (GaN)m@(AlN)n core–shell NWs have larger Ef’s than

(AlN)n@(GaN)m, which may be due to the surface Ga–N pairs of

(AlN)n@(GaN)m NWs. We also calculated the formation ener-

gies of eutectic, biaxial, and superlattice GaN–AlN hetero-

structure NWs with the same diameter of 1.0 nm. Because of the

complicated configuration of eutectic NWs, we first calculated

the formation energies of some different structures with the same

GaN content and diameter, and then selected the configurations

with the lowest formation energies (i.e. the most stable NWs). All

eutectic, biaxial, and superlattice NWs have GaN contents of

0.25, 0.50, and 0.75. As shown in Fig. 3, with the same diameter,
Nanoscale, 2012, 4, 1078–1084 | 1079
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Fig. 2 Variation of formation energy with diameter (a) and ratio of

surface atoms (b) for pure AlN (red triangle), (GaN)m@(AlN)n (green

circle), pure GaN (blue square), and (AlN)n@(GaN)m core–shell (black

star) nanowires.

Fig. 3 Variation of formation energy with the GaN ratio x. Green

triangles, red circles and black squares represent superlattice, biaxial and

eutectic NWs with a diameter of 1.0 nm, respectively. The lines are guides

for the eyes.
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the formation energies of all the investigated heterostructures

decrease with increasing GaN content, x. The GaN content has

mild effects on the formation energies of nanowires. Therefore,

the structural stability of nanowires is mainly affected by the

diameters of nanowires, which dominate the level of dangling

bonds.
3.2. Band structures of GaN–AlN heterostructure nanowires

In order to investigate the electronic properties of GaN–AlN

heterostructure nanowires, we first computed the band structures

of the optimized core–shell nanowires. The band structures of

(GaN)m@(AlN)n and (AlN)n@(GaN)m (m + n ¼ 96) core–shell

nanowires are presented in Fig. 4. All the nanowires have direct

gaps at the G point. Uniformly, all valence band maxima (VBM)

are roughly flat and pinned around �0.5 eV, whereas the

conduction band minima (CBM) of all the nanowires have

parabolic shapes and different curvatures. The position of CBM

drops with increasing GaN concentration, which is consistent

with the results on CdSe nanoparticles,59,60 indicating that the

VBMs of GaN–AlN core–shell NWs with different sizes and

GaN contents are also pinned relative to the Fermi level of the

system. For a further investigation of the relationship between

the GaN content and band gap, we computed the band structures

of the eutectic, biaxial, and superlattice nanowires. Here we only

computed the NWs with the diameter of 1.0 nm to economize

resources.

As a matter of course, heterostructures with different config-

urations should have different band structures. However, the

core–shell and eutectic (biaxial and superlattice) nanowires with

the same diameter and GaN content have similar band struc-

tures. The biaxial and superlattice NWs have slightly smaller

band gaps than the core–shell and eutectic NWs, which may be

a result of interface effect. Taking the NWs with the same

diameter (1.0 nm) and GaN content (x ¼ 0.25) for an example,
Fig. 4 (a–f) Band structures of (GaN)6@(AlN)90, (GaN)24@(AlN)72,

(GaN)54@(AlN)42, (AlN)6@(GaN)90, (AlN)24@(GaN)72, and (AlN)54@

(GaN)42 core–shell nanowires, respectively. Red dashed lines represent

the Fermi level at 0 eV.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Variations of the direct band gap Eg as a function of the GaN

content x [x ¼ m/(m + n)] for (a) (GaN)m@(AlN)n (red dashed line) and

(AlN)n@(GaN)m (blue solid line) core–shell nanowires with different

numbers of atoms in the unit cell: 48 (squares), 108 (circles) and 196

(triangles), and (b) eutectic (black squares), biaxial (red circles), and

superlattice (blue triangles) heterostructure GaN–AlN nanowires with 48

atoms in the unit cell. The lines are guides for the eyes.
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we find that the (GaN)6@(AlN)18 core–shell, eut(6,18), bia(6,18),

and sl(24,72) NWs have band gaps of 2.44 eV, 2.48 eV, 2.31 eV,

and 2.26 eV, respectively. Interestingly, the remarkable feature of

superlattice nanowires is that all bands including the CBM and

the VBM become flatter with the formation of minibands (see

Fig. 5). The low curvature of band lines indicates a high effective

mass and thus a small mobility of carrier. To investigate the

effect of segment length on the electronic properties of the

superlattice NWs, we computed sl(48,48) with the same diameter

as sl(24,24), which have a double segment length of sl(24,24).

Due to the additional minibands, both CBM and VBM become

flatter as the segment length increases and the band gap decreases

with increasing the segment length. These geometry effects on the

electronic properties of the superlattice nanowires can be well

understood by a multiple quantum well structure.61 Because the

conduction and valence band edges of different regions (AlN and

GaN regions) in the superlattice nanowires have different ener-

gies, the diagram of CBM and VBM along the axis of superlattice

NWs will display a multiple quantum well structure according to

the Kronig–Penney model. Electrons in the well region of a zone

should decay in the adjacent zones having a higher CBM, since

their energy will fall into the band gap of this barrier zone. As

a result, the states of these confined electrons are propagating in

the well but decaying in the barrier. Because of their low group

velocity, the confined electrons may become more localized if the

barrier is high and the width of barrier is large.

Moreover, what about the relationship between band gaps and

diameters? The bia(27,27) nanowire with a diameter of 1.6 nm

has a direct gap of 1.84 eV, which is smaller than that (2.00 eV) of

bia(12,12) with a diameter of 1.0 nm. (AlN)6@(GaN)18 nanowire

has a smaller diameter (1.0 nm) and larger band gap (2.01 eV),

while (AlN)24@(GaN)72 nanowire with a diameter of 2.2 nm

shows a band gap of 1.78 eV. These results precisely confirm the

size effect.

The band gaps of both (GaN)m@(AlN)n and (AlN)n@(GaN)m
core–shell nanowires vary inversely with the GaN content x, as

shown in Fig. 6a. Moreover, the band gaps of eutectic, biaxial,

and superlattice NWs with the same diameter also decrease with

the increase in GaN content x (see Fig. 6b)]. For confirmation,

we computed the band structures of bulk AlN and GaN. As

expected, the GaN bulk has a smaller band gap (2.59 eV) than

AlN bulk (4.39 eV). Therefore, we can draw a conclusion that the
Fig. 5 Band structures and optimized geometries of (a) sl(24,72), (b) sl

(48,48), (c) sl(72,24), and (d) sl(24,24) NWs. Red dashed lines represent

the Fermi level at 0 eV.

This journal is ª The Royal Society of Chemistry 2012
band gaps of all GaN–AlN heterostructure NWs vary inversely

with the GaN content.

For further understanding of the surface effects, we investi-

gated the hydrogenated (GaN)6@(AlN)18 core–shell, (AlN)6@

(GaN)18 core–shell, eut(12,12), bia(12,12), and sl(24,24) hetero-

structure NWs. As shown in Fig. 7, the H-passivated NWs are

still direct band gap semiconductors with VBMs pinned around

�0.5 eV. Nevertheless, the CBMs of the investigated NWs are

enhanced a lot after hydrogenation, resulting in much larger gaps

of H-passivated NWs than those of the counterparts. For

instance, as shown in Fig. 7a and f, bare (GaN)6@(AlN)18 has

a band gap of 2.44 eV, while the band gap of H-passivated

(GaN)6@(AlN)18 is 4.21 eV. As expected, the passivation of the

exposed bonds with hydrogen removes the surface states, which

give the dominant contribution to the band gap of bare GaN–

AlN heterostructure NWs.

We also investigated the strain effect on the electronic pro-

perties of GaN–AlN heterostructures, which was performed

under a constant unit cell with volume constraint, and the axial

unit cell length c is determined by the percentage strain a (c ¼ c0
(1 + a)), where c0 is the unit cell length of the optimized,

unstrained nanowire. It can be seen from Fig. 8 that the band gap

of all heterostructures varies inversely with the absolute value of

a, when a changes from �5% to 5%. Except the biaxial nanowire

whose band gap increases under 2.5% tension (probably due to
Nanoscale, 2012, 4, 1078–1084 | 1081
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Fig. 7 Band structures and optimized geometries of H-passivated

(unpassivated) heterostructures. (a)–(e) [(f)–(j)] represent H-passivated

(bare) (GaN)6@(AlN)18 core–shell, (AlN)6@(GaN)18 core–shell, eut

(12,12), bia(12,12), and sl(24,24) NWs, respectively. Red dashed lines

represent the Fermi level at 0 eV. Fully-relaxed structures are inserted

into the blank space of band structures.

Fig. 8 Variation of band gaps with axial strain.

Fig. 9 CBM and VBM charge density of the core–shell nanowires with

the diameter of 2.2 nm. The relaxed structures are given on the left.
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the interface change), all heterostructures have decreasing band

gaps with increasing strain. Therefore, both compression and

tension reduce the band gap of GaN–AlN heterostructure

nanowires.

It is well known that DFT underestimates the band gaps of

semiconductors, but the variation tendency is reliable and

valuable.
Fig. 10 CBM and VBM distribution of eutectic (a–c) and biaxial (d, e)

NWs. The optimized structures are also given.
3.3. Charge distribution of CBMs and VBMs for GaN–AlN

heterostructure nanowires

To further clarify the electronic properties of GaN–AlN hetero-

structure nanowires, we calculated the spatial localizations of the

VBMs and the CBMs of core–shell, eutectic, biaxial, superlattice,

and hydrogenated nanowires, which are shown in Fig. 9–12. The

CBMs and VBMs are distributed variously, which depend on the

configuration of nanowires. For core–shell NWs, with a given

diameter of 2.2 nm, the CBM distribution is mainly located in the

GaN region at high GaN contents (see Fig. 9b–e) and composed
1082 | Nanoscale, 2012, 4, 1078–1084
of N s states, while it is located in the AlN region at low GaN

contents (see Fig. 9a) and mainly composed of surface Al and N s

states. For the core–shell NWs with a diameter of 1.6 nm, we can

obtain similar results. Otherwise, the distribution of VBMs

spreads over the entire NWs, except (GaN)24@(AlN)72 and

(AlN)24@(GaN)72 NWs, and all the nanowires with different

GaN contents have the VBMs dominated by the p states from

inner or outer N atoms. As we can see from the above feature, the

band gaps of nanowires with high concentrations of GaN are

mostly dominated by the GaN gap and decrease with increasing

the GaN ratio x.

Moreover, for (GaN)24@(AlN)72 and (AlN)24@(GaN)72 NWs

with a core radius of 0.5 nm and shell thickness of 0.6 nm, both

the VBM and CBM distribution are located in the GaN region.

This observation may be a result of confined states of core–shell

structure nanowires with a proper core and shell thickness.62

As shown in Fig. 10, all the CBMs of eutectic NWs are spread

all around the NWs. However, the CBMs of eut(6,18) and eut

(18,6) NWs are mainly composed of N s states and surface Al and

Ga s states, but the CBM distribution of eut(12,12) NW is mainly

composed of the N s states and surface Ga s states. Similarly, the

VBMs of eutectic NWs spread all over the NWs, which are

composed of N p states. For biaxial NWs, the distribution of

CBMs and VBMs are mostly located in the GaN region, which

may be affected by the interface between the GaN and AlN

region. The CBMs of both NWs are composed of N s states and

surface Ga s states, and the VBMs of them are composed of N p

states. That is why the eutectic NWs have larger band gaps than

biaxial NWs, as shown in Fig. 6b.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 (a–d) CBM and VBM distribution of sl(24,72), sl(72,24), sl

(48,48), and sl(24,24) NWs, respectively.

Fig. 12 (a)–(e) represent the optimized geometries and spatial distribu-

tions of the VBM and CBM states at the G point for H-passivated

(GaN)6@(AlN)18 core–shell, (AlN)6@(GaN)18 core–shell, eut(12,12), bia

(12,12), and sl(24,24) NWs, respectively.
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From Fig. 11 we can see that the CBMs are mainly distributed

on N atoms (s states) in the GaN region, and the distributions of

VBMs are localized on N atoms (p states) in the interface region.

Therefore, the electronic properties of superlattice GaN–AlN

NWs are primarily determined by the N atoms in the GaN region

and highly depend on the multiple quantum well structure. Other

atoms in AlN region make little contribution to either the VBM

or CBM.

As shown in Fig. 12, all VBMs of hydrogenated NWs are

composed of N p states and are mainly distributed in the interior

of the NWs, owing to the saturated surface exposed bonds. As

a result of passivation, the CBMs of passivated NWs are mostly

located on the interior atoms, which are composed of N s states.

Interestingly, there are contributions of Ga d states for the CBMs

of H-passivated (GaN)6@(AlN)18 core–shell, eut(12,12) and bia

(12,12) NWs. This may be a result of the high densities of Ga

atoms in the interior region, as shown in Fig. 12a, c, and d. As for

the biaxial and superlattice NWs, the saturation of surface

exposed bonds weakens the surface effect and the CBMs and

VBMs tend to spread over the entire NWs.

4. Conclusion

In summary, we have investigated the structural stability and

electronic properties of GaN–AlN core–shell, eutectic, biaxial

and superlattice heterostructure nanowires through first-princi-

ples computations. The formation energy of nanowires is

dominated by the ratio of surface atoms which is inversely

proportional to the diameter. All the studied heterostructure

nanowires have wide direct band gaps. For GaN–AlN
This journal is ª The Royal Society of Chemistry 2012
heterostructures, the GaN content, axial strain, geometric

configuration, and size have important effects on the electronic

properties. The valance band edges are less affected by the GaN

content while the conduction band edges decrease with the

increase in GaN concentration. For all the investigated nano-

wires, the band gaps are mainly dominated by the GaN content.

With a proper core size and shell thickness, quantum confined

states of electrons and holes in the core region are obtained. For

eutectic, biaxial, and superlattice GaN–AlN nanowires, the

electronic properties are primarily determined by their configu-

ration as expected. With regard to the superlattice nanowires, the

confined states that offer promising device applications are

clearly demonstrated by the isosurface plots of charge densities.

The confined electrons (holes) become more localized and the

associated bands become flatter if the width of the barrier is

larger. The computations on H-passivated structures demon-

strate that the electronic properties of GaN–AlN nanowires

highly depend on the surface states. The results and principles

disclosed in this work may be adapted to other semiconductor

heterostructures for band structure engineering and nanodevice

designing.
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