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In this study, the structural quality of Au-catalyzed InAs nanowires grown by molecular beam

epitaxy is investigated. Through detailed electron microscopy characterizations and analysis of

binary Au-In phase diagram, it is found that defect-free InAs nanowires can be induced by

smaller catalysts with a high In concentration, while comparatively larger catalysts containing less

In induce defected InAs nanowires. This study indicates that the structural quality of InAs

nanowires can be controlled by the size of Au catalysts when other growth conditions remain as

constants. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818682]

III–V semiconductor nanowires have attracted extensive

attentions in the recent decades due to their distinct physical

properties and hence potential applications in nanoelec-

tronics and optoelectronics.1,2 Currently, the most typical

approach for nanowire growth is the vapor-liquid-solid

(VLS)3 mechanism, in which reactant from ambient vapor is

incorporated into metallic catalyst nanoparticles to form liq-

uid droplets, and the supersaturation of reactant atoms leads

to anisotropic nanowire growth. Metal-catalyzed nanowire

growth under the eutectic temperature via the VLS process

has also been reported, and the existence of liquid droplets is

attributed to the undercooling of nanodroplets and nanoscale

size effect.4,5

As a key III–V semiconductor, InAs has attracted spe-

cial research interest due to its very high electron mobility,6

low-resistance ohmic contact,7 narrow band gap, and small

electron effective mass.8 The combination of these unique

features and the distinct characteristics of nanowires have

made InAs nanowires a promising candidate for applications

in single-electron transistors,9 the Josephon junctions,10 reso-

nant tunnelling diodes,11 and ballistic transistors.12,13

For nanowires to be practically useful, minimizing the

lattice defects in nanowires has been a challenging task. In

this regard, several strategies have been implemented. For

example, it has been demonstrated that structural quality of

III–V nanowires can be well controlled by tuning growth

parameters, such as V/III ratio and/or growth temperature.14

On the other hand, theoretical predictions has indicated that

nanowire diameter15 and catalyst supersaturation16,17 can

greatly influence the crystal structure of III–V nanowires and

their qualities. The effect of nanowire diameters on the struc-

tural transition of wurtzite and zinc-blende structures in InAs

nanowires grown by metal-organic chemical vapor deposi-

tion has been demonstrated.18 However, understanding the

size-dependent growth of InAs nanowires and achieving

high-quality InAs nanowires require further investigations.19

In this letter, we investigated the structural characteris-

tics of Au-catalyzed epitaxial InAs nanowires grown by

molecular beam epitaxy (MBE). Through detailed structural

and chemical characterizations using electron microscopy, it

has been found that the structural quality of InAs nanowires

can be well controlled by the size of Au catalysts. The physi-

cal reason behind these observed experimental results is

explored.

The InAs nanowires were grown in a Riber 32 MBE

system using Au-assisted growth mode on a GaAs {111}B

substrate. The substrate surface was first degassed in the

preparation chamber for 15 min at 250 �C. Then the substrate

was transferred to the growth chamber to be thermally deoxi-

dized at 610 �C, and a �200 nm thick GaAs buffer layer was

grown on the GaAs {111}B substrate at 580 �C to achieve

atomically flat surface. After that, the substrate was trans-

ferred back to the preparation chamber, and a thin Au film

was then deposited on the top of the GaAs buffer layer by

the vacuum thermal evaporation. The Au-coated GaAs sub-

strate was then transferred back to the MBE growth chamber

and annealed at 500 �C for 5 min under As ambient to

agglomerate the Au thin film into nanoparticles via Oswald

ripening. This thin film generated Au nanoparticles is a sim-

ple and cost efficient approach.20,21 After the annealing, the

substrate temperature was lowered to 430 �C, and the In

source was introduced to initiate InAs nanowires growth for

100 min with a V/III ratio of 20.

The morphological characteristics of grown InAs nano-

wires were investigated by scanning electron microscopy

(SEM, JEOL 7800F, operated at 10 kV), and their detailed

structural and chemical characteristics were investigated by

transmission electron microscopy [TEM, Philips Tecnai F20,

operated at 200 kV, equipped with X-ray energy dispersive

spectroscopy (EDS) for compositional analysis, and Philips

Tecnai F30]. Individual nanowires for TEM analysis were

prepared by ultrasonicating the nanowire samples in ethanol

and then dispersing nanowires onto holey carbon films

supported by Cu grids.a)Email: j.zou@uq.edu.au

0003-6951/2013/103(7)/073109/5/$30.00 VC 2013 AIP Publishing LLC103, 073109-1

APPLIED PHYSICS LETTERS 103, 073109 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.102.82.177 On: Fri, 30 Sep 2016

05:08:38

http://dx.doi.org/10.1063/1.4818682
http://dx.doi.org/10.1063/1.4818682
http://dx.doi.org/10.1063/1.4818682
mailto:j.zou@uq.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4818682&domain=pdf&date_stamp=2013-08-13


Figure 1 is a typical tilted SEM image and shows that

the majority nanowires are vertically grown on the substrate.

As can be seen, the heights of these nanowires vary, similar

to our early observation of InAs nanowires grown on the

GaAs substrate.22 It should be noted that these nanowires

have diverse diameters, as illustrated in the inset. Based on

the nanowire morphology, no tapering was observed,

although tapering, caused by lateral growth of nanowires,23

often exists in epitaxially grown nanowires.

To understand the structural and chemical characteristics

of grown nanowires, detailed TEM investigations were per-

formed. Figure 2(a) is a bright-field TEM image of a typical

thick InAs nanowire and shows uniform diameter (�45 nm)

along axial direction of the nanowire. Figure 2(b) is a high-

resolution TEM image of the nanowire section near the cata-

lyst, in which the nanowire has the wurtzite structure with

many planar defects along its axial direction. Interestingly,

the post-growth catalyst on the top of the nanowire has a fac-

eted morphology. Selected area electron diffraction (SAED)

was used to determine the crystal structure of the catalyst,

and Fig. 2(c) is such a SAED pattern taken from the catalyst

in Fig. 2(b) (note that the diffraction pattern of the nanowire

section was also included in the SAED pattern). Using the

diffraction spots of the nanowire section as a reference (note

that the lattice parameters of wurtzite structured InAs are

known: a¼ 0.427 nm and c¼ 0.703 nm),24 the lattice spac-

ing(s) of diffraction spots of the catalyst can be determined.

Our detailed SAED analysis indicates that the faceted catalyst

is the hexagonal-close-packed structured Au-In n phase with

lattice parameters of a¼ 0.290 nm and c¼ 0.478 nm.25 To

confirm the composition of the catalyst and its underling

nanowire, EDS analysis was performed and results are shown

in Fig. 2(d), in which the catalyst contains Au and In. Our

quantitative analysis of the EDS results indicates that the

nanowire is indeed InAs, and the composition of the catalyst

is �16 at. % In and �84 at. % Au, the latter is in excellent

agreement with the composition of the Au-In n phase (note

that the solubility range of Au-In n phase is between �13

at. % In and �21 at. % In at a temperature of 430 �C).

Figure 2(e) is a typical high-resolution TEM image taken

from the middle of the nanowire shown in Fig. 2(a), from

which many planer defects can be witnessed. To confirm

these structural characteristics of the catalysts and their

underlying nanowires, we have examined over a dozen of

thick nanowires (all with their diameters being �40 nm or

thicker), in which faceted catalysts were confirmed in all

cases.

Similar TEM investigations were performed on thin

nanowires. Figure 3(a) shows a TEM image of a typical thin

nanowire with a constant diameter of �30 nm along the nano-

wire. Figure 3(b) is a high-resolution TEM image of the nano-

wire near the catalyst. Different to the thick nanowires, the

thin nanowire has hemisphere shaped catalyst on its top.

SAED was also used to determine the crystal structure of the

hemisphere shaped catalyst, as shown in Fig. 3(c), in which

the superimposed SAED pattern of the catalyst and its under-

lying nanowire was taken from the area shown in Fig. 3(b).

Our detailed SAED analysis indicates that the hemisphere

shaped catalyst is the hexagonal structured Au-In a phase

with lattice parameters of a¼ 0.456 nm and c¼ 0.907 nm

(PDF 26-0710). To confirm the composition of the catalyst

and its underlying nanowire, EDS analysis was performed

and results are shown in Fig. 3(d), in which the nanowire con-

tains In and As and the catalyst contains Au and In. The quan-

titative analysis of the EDS profiles indicates that the thin

nanowire is InAs and the catalyst has a chemical composition

�39 at. % In and �61 at. % Au. This EDS result is consistent

with the composition of the Au-In a phase. Figure 3(e) shows

a typical high-resolution TEM image taken from middle of

FIG. 1. SEM image showing Au-catalyzed one-dimensional InAs nano-

wires. The inset is a magnified image of two nanowires with different

diameters.

FIG. 2. TEM images of a thick InAs nanowire with a faceted catalyst. (a) A

bright-field TEM image. (b) Nanowire top section with the faceted catalyst.

(c) SAED pattern taken from the top of the nanowire and catalyst. (d) EDS

spectra taken from the faceted catalyst and its underlying nanowire. (e) A

typical high-resolution TEM image taken from the middle of InAs nanowire

from marked region in (a).
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the nanowire shown in Fig. 3(a), in which defect-free wurtzite

structured nanowire can be seen. By examining the structural

quality of the entire nanowire for a dozen of thin nanowires

(all with the nanowire diameters of �30 nm or thinner), we

found that all examined nanowires have the defect-free wurt-

zite structure and their catalysts have the hemisphere shape.

Based on our detailed characterization, we found that

the smaller catalysts induce defect-free thin InAs nanowires,

while larger catalysts induce defected thick InAs nanowires.

To understand these findings, two questions needed to be

addressed. (1) Why different sizes of catalysts result in the

catalysts having different In compositions? and (2) Why

smaller catalysts induce defect-free InAs nanowires and why

larger catalysts induce defected InAs nanowires?

To address the first question, we need to first make sure

no nanowire growth after the formal nanowire growth proce-

dure (often referred as necking, e.g., Ref. 26 formed during

the cooling stage), so that the determined chemical composi-

tions of catalysts in the grown nanowires reflect the true
chemical compositions during the nanowire growth. Since

necking adopts the zinc-blende structure,20,27 it can be clearly

distinguished if the nanowires have the wurtzite dominated

structure. From Figs. 2(b) and 3(b), no zinc-blende structured

sections are shown, indicating no nanowire growth during the

cooling stage.28 Part of the reason is due to the strong thermo-

dynamic affinity between Au and In,29,30 which makes In

difficult to be precipitated out from the catalysts during the

cooling.31,32 As a consequence, the measured In concentra-

tion in the post-growth catalysts should reflect to the true In

concentration during the nanowire growth. Therefore, it is

necessary to answer why larger catalysts contain less In than

the smaller catalysts. In this regard, we believe that the In

diffusion behavior in Au catalysts should play a key role in

developing the ultimate In concentrations in Au catalysts.

Since the surface to volume ratio increases rapidly with

decreasing the catalyst size, the foreign elements should be

much easier to be diffused into smaller catalysts than that

into larger catalysts33 in order to reach relatively stable con-

centration. Under this circumstance, for smaller catalysts, the

fast In diffusion in smaller Au catalyst will lead to a high In

concentration, reflecting that this is a kinetically dominated

process.

To address the second question, we note two factors. (1)

Theoretical calculations15 predicted that wurtzite structure is

stable in thin nanowires while zinc-blende structure is stable

in thick nanowires because the total system energy of thin

nanowires with the wurtzite structure is lower than those

with zinc-blende structure, while the total system energy of

thick nanowires shows an opposite case. (2) The In solubility

in Au depends upon the nanoparticle sizes, that is, with

decreasing the Au nanoparticle size, the In solubility in Au is

significantly increased.34,35 Therefore, it is anticipated that a

Au catalyst with a small size tends to absorb more In atoms

from the ambient vapor and leads to a higher In supersatura-

tion, while a Au catalyst with a larger size tends to absorb

less In atoms and forms a lower In supersaturation. It is gen-

erally accepted that wurtzite nucleation is favored at the high

supersaturation, while with the lower supersaturation situa-

tion, zinc-blende structure is preferred.16,17 Taking these two

factors into account, nanowires catalyzed by smaller Au cat-

alysts with a high In supersaturation tend to have the wurtzite

structure, while nanowires catalyzed by larger Au catalysts

with a low In supersaturation tend to develop at least some

of zinc-blende structured sections when compared with the

nanowires induced by smaller Au catalysts, as proposed by

Joyce et al.14 Therefore, the latter leads to the formation of

defected wurtzite structures.

Based on the experimental results and our analysis out-

lined above, a growth model of Au induced InAs nanowires

in MBE can be proposed, as schematically illustrated in

Fig. 4. When a thin layer of Au deposited on the GaAs

{111}B substrate is annealed under the As-rich ambient, this

thin Au film is spontaneously broken down and agglomer-

ated into Au nanoparticles of different sizes due to the

Ostwald ripening effect.36,37 With the introduction of In

source, In atoms diffuse into these nanoparticles to form

Au-In alloys. As a result of the In solubility difference in Au

nanoparticles with different sizes, smaller Au nanoparticles

may quickly absorb more In to form Au-In catalysts with a

high In concentration. While larger Au nanoparticles tend to

absorb In with a relatively slow rate, so that these Au-In cat-

alysts contain a lower In concentration. As a result, InAs

nanowires induced by small catalysts with a high In supersa-

turation have defect-free wurtzite structure, while defected

InAs nanowires are induced by larger catalysts with a low In

supersaturation, as demonstrated by the high-resolution

TEM images shown in Fig. 4. It should be noted that the

size difference between small and large Au nanoparticles

prior to the InAs nanowire growth is more significant than

that after the nanowire growth, due to the fact that high In

residue is found in smaller post-growth catalysts than that in

larger post-growth catalysts as shown by our extensive TEM

analyses.

FIG. 3. TEM images of a thin InAs nanowire with a hemisphere shaped cat-

alyst. (a) A bright-field TEM image. (b) Nanowire top section with the hemi-

sphere shaped catalyst. (c) SAED pattern taken from the top of the nanowire

and catalyst. (d) EDS spectra taken from the catalyst and its underlying

nanowire. (e) A typical high-resolution TEM image taken at the middle of

nanowire, marked in (a).
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In conclusion, the structural quality of epitaxial InAs

nanowires catalyzed by a Au thin film in MBE has been

found to be dependent upon the size and composition of Au

catalysts in a single growth. It was found that the original

Au breakdown sizes from the Au thin film play a key role in

determining the composition of the catalysts during the

nanowire growth, and in turn the structural quality of grown

InAs nanowires. The fact of enhanced In diffusion in

smaller Au catalysts leads to the formation of high In con-

centrated catalysts that induce defect-free InAs nanowires,

while relatively slow In diffusion in larger Au catalysts

results in the formation of low In concentrated catalysts that

induce defected InAs nanowires. This finding provides an

insight into the realization of defect-free wurtzite InAs

nanowires in MBE.
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