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The geometric structures, stabilities, and electronic properties of (GaAs)n tubelike clusters at up to n = 120 and

single-walled GaAs nanotubes (GaAsNTs) were studied by density functional theory (DFT) calculations. A family of

stable tubelike structures with a Ga–As alternating arrangement were observed when n ≥ 8 and their structural units

(four-membered rings and six-membered rings) obey the general developing formula. The average binding energies of

the clusters show that the tubelike cluster with eight atoms in the cross section is the most stable cluster. The size-

dependent properties of the frontier molecular orbital surfaces explain why the long and stable tubelike clusters can be

obtained successfully. They also illustrate the reason why GaAsNTs can be synthesized experimentally. We also found

that the single-walled GaAsNTs can be prepared by the proper assembly of tubelike clusters to form semiconductors

with large band gaps.
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1. Introduction

Recently, low-dimensional semiconductor materi-

als have become of great interest to researchers in

nanoscience.[1−4] Among these materials, III–V group

semiconductor compounds have drawn much atten-

tion because of their paramount technological po-

tential applications,[5−16] such as optoelectronic de-

vice, photonics integrations, ultrahigh frequency mi-

crowave, ultrahigh-speed microelectronic device, and

photovoltaic solar cells.

Gallium arsenide (GaAs), as a substantial mem-

ber of the III–V group semiconductor compounds,

has many distinctive properties, such as low elec-

tronic effective mass, high-electron mobility, and high-

saturation drift velocity, which makes it ideal for op-

toelectronic, low power, and ultrahigh-speed device

application. Moreover, it is an advantageous material

for making nanoscale devices because its surface Femi

level pinning in the conduction band does not become

an insulator due to depletion of carriers. Hence, for

the past decades, there have been a great number of

studies investigating the chemical and physical prop-

erties of its nanostructure. For instance, it was found

that BN fullerene structures and structures contain-

ing pentagons are competitive for being the geome-

try of the lowest energy state of small neutral[17] and

charged[18] (GaAs)n clusters. Beginning with n = 14,

all the lowest energy states of (GaAs)n clusters possess

BN-fullerene topologies until a state with the bulk-

type geometrical configuration composed of the 12-

atom bulk core and BN-fullerene surface becomes[18]

the lowest total energy state at n = 36. Ghosh et

al.[19] have studied zigzag and armchair single-walled

GaAs tubes of different diameters using the density

functional theory (DFT) with a tight-binding approx-

imation. They found that the GaAs tubes are semi-

conducting and that the band gaps in the armchair

tubes are more than twice as wide as those in zigzag

tubes of similar diameters.

Although several theoretical and experimental

studies have been carried out, few studies focus on

the structures, stabilities, and electronic properties

of (GaAs)n tubelike clusters and infinite single-walled

GaAs nanotubes (GaAsNTs). To our knowledge, nan-

oclusters or nanotubes can be considered as the transi-
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tional forms between atoms and bulk, and their funda-

mental properties depend crucially on the size.[20−22]

Therefore, it is possible to tune the physical and chem-

ical properties of these nanostructures by changing

their size, making them promising materials for nu-

merous applications. Apparently, to understand the

unique properties of tubular GaAs nanostructures on

different nanometer scales, the structures and elec-

tronic properties of GaAs tubelike clusters and nan-

otubes should be clarified first. Therefore, this study

intends to investigate stoichiometric (GaAs)n (n ≤
120) tubelike clusters and GaAsNTs by using the DFT

method, and especially to seek the answer to the fol-

lowing questions: 1) are there any laws applicable to

the structural growth of clusters and GaAsNTs? 2)

How about their stabilities and electronic properties,

such as binding energy, HOMO–LUMO energy gaps,

and energy band structures? 3) Why can the stable

one-dimensional tubular structures be obtained in the

previous experimental study and our theoretical cal-

culation? 4) Are the small-bore tubelike clusters and

GaAsNTs still conductive or semiconductive with a

narrow band gap?

2. Computational details

This research examines the structures and char-

acteristics of tubelike (GaAs)n (n ≤ 120) clusters by

using the DFT with unrestricted B3LYP exchange-

correlation potential.[23,24] To better describe the

bonding and geometrical features of heavy atoms, the

basis set, effective core potential LanL2DZ,[25] was

adopted in this study for both arsenic (As) and gal-

lium (Ga) atoms. Under this basis set, the out-

ermost valence electrons 3s23p63d104s24p1 for Ga,

3s23p63d104s24p3 for As were described and their core

electrons were not taken into account. The processes

of optimization were based on energy system conver-

gence, and the convergence of energy was better than

10−6 a.u. (a.u. is the atomic unit). In order to save

time and improve efficiency, the processes were to op-

timize the structures with a prescribed bond length,

bond angle, and dihedral angle of the initial value in

the convergence criterion of 10−4 a.u.; the second step

was to optimize the GaAs structures by using the re-

sult of the first step in the convergence criterion of

10−6 a.u.. Based on the optimized tubelike clusters,

the unit cells of the infinite GaAsNTs were built by

removing some atoms, and the same theory level was

employed to optimize the repeated units with the pe-

riodic boundary condition calculations. All these cal-

culations were implemented with the Gaussian 03 pro-

gram package.[26]

3. Results and discussion

3.1. structures of (GaAs)n tubelike clus-

ters

This work is aimed at a detailed study of the prop-

erty evolution in tubelike (GaAs)n fullerenes. Taking

the structures of (GaAs)n (n = 8, 12, 16, 20) as the

basic framework, we stacked them along the central

axis of the double-ring to form finite tubelike clus-

ters. Then four stable tubular clusters with different

section sizes have been obtained by full optimization.

The growth behaviors of these tubelike cluster struc-

tures are shown in Fig. 1. From Fig. 1, one can find

that all these structures contain two parallel polygons

and p four-membered rings (on the wall of the tube)

at the two ends, where p is the number of atoms for the

Ga

As
Ga8As8 Ga12As12 Ga16As16 Ga20As20

8,2
8,3 8,4

8,12

12,1212,412,312,2

16,2 16,3 16,4

20,2 20,3 20,4

16,12

20,12

Fig. 1. Top view of the optimized (GaAs)n clusters (the first

row; n = 8, 12, 16, 20) and side view of tubelike clusters

Gapk/2Aspk/2 (all the rest; p = 8, 12, 16, 20; k = 2, 3, . . . ,

12).
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polygon. Furthermore, on the assumption that k is the

number of atomic layers in the structure, h, the quan-

tity of the six-membered rings (6MRs) on the wall of

the tube, can be inferred by

h = p(k − 2)/2. (1)

It means that for fixed p, the longer the tube-

like cluster is, the more 6MRs there are. Meanwhile,

for fixed k, the larger the diameter of the tubelike

cluster is, the more 6MRs there are. Hence, we can

conclude that 6MRs are the building blocks in the

construction of tubelike clusters. According to these

results, all the tubelike clusters in Fig. 1 can be classi-

fied by the common molecular formula, Gapk/2Aspk/2

or Ga(p+k)As(p+k), where p is equal to 8, 12, 16, 20

and k ranges from 2 to 12. It is noteworthy that for

k > 3 all of the structures have the point group Sp

symmetry when it is even, while the Cph/2 symmetry

when it is odd.

Even though all the structures abide by some

common rules, there are some differences in the struc-

tural parameters such as the Ga–As average length,

the Ga–As–Ga angles, and the tube length for differ-

ent p or k in the clusters. The mean bond lengths of

the nearest neighbor Ga–As (R̄), the bond angle of

Ga–As–Ga (θ̄), and the total length of the cluster (L)

are all listed in Table 1.

Table 1. Structural parameters of (GaAs)n (8 ≤ n ≤ 120) tubelike clusters. Ga–As average bond length R

in nm, the tube length (L) in nm, and the average Ga–As–Ga angle θ̄ in degree.

k
p=8 p=12 p=16 p=20

R L θ R L θ R L θ R L θ

2 0.254 0.290 73 0.254 0.292 73 0.253 0.293 74 0.253 0.293 74

3 0.254 0.467 74 0.254 0.466 74 0.254 0.467 75 0.254 0.468 74

4 0.250 0.618 103 0.251 0.568 89 0.251 0.536 88 0.252 0.543 87

5 0.250 0.822 88 0.250 0.745 88 0.250 0.682 87 0.251 0.630 87

6 0.248 1.058 97 0.248 0.948 98 0.249 0.849 97 0.249 0.767 96

7 0.249 1.289 94 0.248 1.160 95 0.249 1.039 91 0.249 0.945 94

8 0.248 1.443 100 0.247 1.369 102 0.248 1.273 100 0.248 1.271 101

9 0.248 1.671 97 0.247 1.575 99 0.247 1.480 99 0.247 1.480 99

10 0.248 1.850 103 0.247 1.780 104 0.247 1.687 104 0.247 1.580 104

11 0.248 2.056 99 0.247 1.984 101 0.247 1.893 102 0.246 1.787 102

12 0.247 2.259 103 0.247 2.190 105 0.247 2.111 104 0.246 1.946 105

As shown in Table 1, for a determinate number of

k, R̄ and θ̄ with different p do not have great changes.

When the number of layers is k ≥ 5, the order of the

total length L is L (p = 8) > L(p = 12) > L(p =

16) > L(p = 20), which may be caused by the bound-

ary effect. Moreover, the mean angle of Ga–As–Ga

in the structures is all about 0.247 nm, which is very

close to the 0.245 nm of the length in GaAs crystal.[27]

3.2. Size dependence of structural stabil-

ity and electronic properties

Based on the optimized tubelike structures of

(GaAs)n cluters, the average binding energy (Eb) is

calculated to measure the relative stability of the clus-

ters as well as the influence of the length and width.

Eb is defined as the energy gained in assembling the

Gapk/2Aspk/2 clusters from their isolated constituent

atoms. It can be calculated by

Eb(k) =
pk
2 Et(Ga) + pk

2 Et(As)− Et(Gapk/2Aspk/2)

pk

(p = 8, 12, 16, 20; k = 2, 3, . . . , 12) (2)

where Et(Ga), Et(As), and Et(Gapk/2Aspk/2) repre-

sent the total energies of Ga atom, As atom, and

Gapk/2Aspk/2 clusters, respectively. Figure 2 shows

the binding energy Eb(k) as a function of size k. We

can see that the binding energy of the tubelike cluster

increases gradually as the length increases for a certain

p. This correlation indicates that the cluster becomes

more stable as it becomes longer. However, the bind-

ing energy of the longest cluster is close to that of the

GaAs bulk state (3.370 eV[28]). It is well known that

6MR is the most frequent structural motif in an im-

mense variety of bulk III–V compound materials.[29]

The optimized structures in this paper also possess
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the same structural motif. When the tubelike clus-

ter becomes longer, the number of 6MRs h will in-

crease. Hence, the increase of h may be beneficial for

the tubes’ stability. On the other hand, the stabilities

of the tubes do not depend linearly on the tubes’ radii,

which are represented by p. Furthermore, for all kinds

of tubes (with different p), there is a transition of the

curves at k = 4, where the proportion between p and

h is 1:1, i.e., the number of 4MRs is equal to that of

6MRs in the structures. When k ≤ 4, the proportion

of p : h is less than 1 and the slope of the curve is

abrupt, whereas starting from k=5, the proportion of

p : h is beyond 1 and the ascending tendency of the

curve becomes smooth. This may further verify that

the content of 6MRs in the structures will affect the

stability of the tube. Note that the binding energies

of TLCP8, TLCP12, TLCP16, and TLCP20 almost

overlap each other when k ≥ 10, which indicates that

their stabilities are similar. This similarity could arise

from their similar structural parameters, like bond

length (about 0.250 nm) and Ga–As–Ga bond angle

(about 100◦). To understand the electronic properties

of these tubelike clusters, the size-dependent highest

occupied molecular orbital–lowest unoccupied molec-

ular orbital (HOMO–LUMO) energy gaps (Eg), Fermi

energy (EF), and some energy levels of nearby fron-

tier orbits are calculated and plotted in Fig. 3. The

Eg and EF are respectively defined as

Eg = ELUMO − EHOMO,

EF = EHOMO + (ELUMO − EHOMO)/2, (3)

where the EHOMO represents the energy of the high-

est occupied molecular orbital, and the ELUMO is the

energy of the lowest unoccupied molecular orbital. As

shown in Fig. 3, when the layer of k increases, the dis-

tance between the neighboring energy levels decreases,

and the energy levels are gradually approaching the

level of EHOMO or ELUMO. In addition, for all sorts

of the tubes, there exists an obvious HOMO–LUMO

energy gap, and the Fermi energy EF is all around a

constant of−5.2 eV. Thereby, the stability of the tube-

like clusters may be attributed to the corresponding

larger Eb and Eg. In Fig. 3, one can also find that

there are some differences in the electronic structures

among these various tubes. As shown in Fig. 3(a),

with the increase of the length there is a stair-like

gradual increase in the energy gaps between HOMO–

LUMO, while for all the other tubes there is also

an obvious transition at k = 4 resembling their Eb.

When k > 4, the trends are different, and there is a

stair-like gradual increase in the Eg, yet as for TLCP8

the curve of gaps almost approaches a horizontal line

with a small oscillation behavior. The large HOMO–

LUMO energy gap for all of them ranging from 1.8 eV

to 2.3 eV shows their semiconductor characteristics in

common.
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3.35

 TLCP8
 TLCP12
 TLCP16
 TLCP20

E
b
↼k
↽/

 e
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k

Fig. 2. (color online) Average binding energy of the clusters

(GaAs)n as a function of size k.

In addition, we have generated the HOMO and

LUMOmolecular orbital surfaces for all of the tubelike

clusters. To take the surfaces of TLCP8 and TLCP16

as examples, Fig. 4 shows that the main components

of HOMO and LUMO come from 4p-orbital of Ga and

As atom. In the case of the HOMO of all the tubelike

clusters, the As p-orbital forms a π-bond with the Ga

p-orbital. Even though there are some differences in

both HOMO and LUMO among these various tubes,

the characteristics of changes in common can be sum-

marized as follows: with the tubes’ length increasing,

the HOMO and LUMO gradually transfer from the

central toward the two terminals of the structure. The

electron density distributions of HOMO and LUMO

indicate that the chemical activity of the tubelike clus-

ters at the two ends are stronger, which is propitious

for the clusters to grow longer. That is why we can

successfully attain the long stable tubelike clusters.

Although the tubelike clusters are different in size, all

of them are one-dimensional nanostructures. It is sup-

posed that these one-dimensional nanostructures have

the same microscopic growth mechanism: the chemi-

cal activities of the tubes at the two ends are stronger,

which is propitious for the system to grow longer in

one dimension. In fact, using the frontier molecular

orbital theory to study the growth behavior of clusters

is a simple and effective method, which have been de-

veloped into an optimum valence bond scheme.[30]
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Fig. 3. (color online) Energy gaps, Fermi energies, and energy levels nearby frontier orbital of (GaAs)n tubelike

clusters. The energy levels of nearby frontier obitals are HOMO-5, . . . , HOMO-1, HOMO, LUMO, LUMO+1, . . . ,

LUMO+6.

(a) (b)
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Fig. 4. The frontier molecular orbital surfaces of the

HOMO of TLCP8 (k = 12) (a), the LUMO of TLCP8

(k = 12) (b), the HOMO of TLCP12 (k = 12) (c), and

the LUMO of TLCP12 (k = 12) (d).

Table 2. Average on-site charges on Ga atoms in (GaAs)n

(8 ≤ n ≤ 120) clusters.

k p = 8 p = 12 p = 16 p = 20

2 0.261 0.290 0.308 0.318

3 0.276 0.298 0.312 0.324

4 0.306 0.318 0.323 0.325

5 0.321 0.336 0.337 0.340

6 0.329 0.348 0.352 0.351

7 0.335 0.356 0.286 0.362

8 0.339 0.361 0.367 0.400

9 0.339 0.366 0.373 0.378

10 0.346 0.369 0.378 0.382

11 0.348 0.370 0.381 0.386

12 0.351 0.374 0.396 0.389

As for bonding characteristics of the clusters,

Mulliken population analysis[31] is conducted, and the

average on-site charges on Ga atoms are all listed in

Table 2. One can see that for a determinate num-

ber of k, the charge grows larger with the increase of

p. It means that the charge transferring from Ga to

As increases with the broadening of the tube radius.

Furthermore, the increase of the on-site charge leads

to an increase of ionicity of the clusters. When p is

fixed the charge begins to increase with the increasing

number of the layers k.

3.3. Infinite GaAsNTs

The increasing stability of the tubelike clusters

with an increase of the number of layers k allows us to

examine further the stability of the corresponding infi-

nite nanotubes with a stoichiometric (GaAs)n. These

infinite nanotubes (GaAsNT) are built from homol-

ogous tubelike Gapk/2Aspk/2 (k = 4) clusters with

a removal of two parallel polygons at the two ends

of the structures to form the corresponding repeated

units. These units, with a wire axis lying in the cen-

ter, can be repeated by a translation vector along the

axis. The values of the translation vectors are given

by 0.8173 nm, 0.8205 nm, 0.8222 nm, and 0.8234 nm

for GaAsNTP8 (p = 8), GaAsNTP12 (p = 12), GaAs-

NTP16 (p = 16), and GaAsNTP20 (p = 20), respec-

tively. All of these structures have 6MR organiza-

tional units in common. Full structural relaxation

123601-5



Chin. Phys. B Vol. 21, No. 12 (2012) 123601

indicates that the infinite GaAsNTs have similar ge-

ometric structures with finite tubelike clusters, but

some structural parameters have slight changes. The

binding energies of the infinite tubes shown in Fig. 5

are slightly larger than those of the finite tubelike

clusters, which means that it is possible to synthesize

tubes long enough. It should be mentioned that the

binding energy of NTP16 is larger than those of the

other tubes with different sizes, while that of NTP8

is smaller, which is different from the case of tubelike

clusters.

E
b
/
eV

3.376

3.378

3.380

3.382

3.384

3.386

NTP20NTP16NTP12NTP8

Fig. 5. Binding energy of infinite GaAsNTs including NTP8,

NTP12, NTP16, and NTP20.

As for the electronic energy band structures of

GaAs nanotubes, Fig. 6 indicates that the five-band

structures clearly show the finite gap, the widths of

which are 2.586 eV for Fig. 6(a), 2.484 eV for Fig. 6(b),

2.395 eV for Fig. 6(c), and 2.326 eV for Fig. 6(d).

This implies that these nanotubes are direct wide gap

semiconductors. In fact, all of these gaps are a lot

larger than that of the GaAs bulk state (1.424 eV).[32]

however, compared with HOMO–LUMO energy gap

widths of the tubelike clusters as shown in Fig. 3,

there are no essential changes for the similar struc-

tures. These results present a good way to adjust the

gap width by forming different nanostructures. In or-

der to further explain that the different structures will

have different electrical conductinities, comparisons

are made with the hybrid density functional study of

armchair SiC single-walled nanotubes.[33] In the study,

a single walled type (4,4) SiC nanotube corresponding

to NTP8 has narrower tube diameters (0.702 nm) than

NTP8 (1.062 nm), and a larger band gap (2.889 eV)

than NTP8 (2.203 eV).

In order to further discuss the bond structure of

the nanotubes, the density of states (DOS), the par-

tial density of states (PDOS), and the crystal orbital

overlap population (COOP) have been calculated, and

the results are shown in Figs. 7 and 8. For the DOS of

the nanotubes, within the energy range from −4.00 eV

to −1.00 eV, the distributions of DOS are more dif-

fuse, which means the π-bond is formed. Within the

energy range from −8.00 eV to −5.00 eV, the distribu-

tions of DOS are more local, which means the σ-bond

is formed. The PDOS shows that the main compo-

nents of HOMO and LUMO come from 4p-orbital of

Ga and As atoms. In the case of the HOMO of all

the nanotubes, As p-orbital forms a π-bond with Ga

p-orbital, which is consistent with the previous discus-

sion on the tubelike clusters.
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Fig. 8. The COOP of infinite GaAsNTs including (a) NTP8, (b) NTP12, (c) NTP16, and (d) NTP20.

As shown in the COOP in Fig. 8, within the

energy range from −4.00 eV to −1.00 eV, the or-

bital overlap populations are more diffuse. Within

the energy range from −8.00 eV to −5.00 eV, the

orbital overlap population are more local. This is

consistent with the previous discussion on the DOS.
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From the COOP, most of the p-orbital electrons of Ga

and As atoms filling the bonding orbital form the π-

bond. The s-orbital electrons of Ga and As atoms, and

the partial p-orbital electrons with partial s-electrons

filled in the antibonding orbital form the σ∗-bond.

4. Conclusions

This paper reports the results of an investigation

of GaAs tubelike clusters and infinite GaAsNTs. The

different properties of the optimized tubelike clusters

and nanotubes, such as the structures, binding en-

ergy, Mulliken charge population, HOMO–LUMO en-

ergy gaps, frontier molecular orbital surface, energy

band structures, density of states, the partial density

of states, and the crystal orbital overlap population

were analyzed. Based on the results, several points

can be summarized as follows.

(i) A family of stable tubelike (GaAs)n clusters

are observed when n ≥ 8. The molecular formula of

these clusters can be classified as Gapk/2Aspk/2. Dur-

ing the growth process of the clusters, the two par-

allel polygons and p 4MRs should be considered as

the skeleton of the structures, and 6MRs should be

regarded as the building blocks.

(ii) The analysis of binding energies shows that

when p = 8, the systems are more stable than other

sizes for both of the tubelike clusters and the infi-

nite nanotubes. The finite tubes have large HOMO–

LUMO energy gaps. In addition, the electron density

distributions of HOMO and LUMO indicate that the

chemical activity of the tubelike clusters at the two

ends is strong, which is conductive for the clusters to

grow longer.

(iii) The infinite GaAsNTs have similar geometric

structures to the finite tubelike clusters and present

wide gap semiconductivity due to their large band

gaps. In GaAsNTs, most p-orbital electrons of Ga

and As atoms filling the bonding orbital form the π-

bond. The s-orbital electrons of Ga and As atoms,

and partial p-orbital electrons with partial s-electrons

filling the antibonding orbital form the σ∗-bond.
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