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Abstract

We studied the influence of the substrate preparation and the growth conditions important to fabricate GaAs nanowires (NWs) with
metal-organic vapor phase epitaxy. The growth parameters temperature, precursor partial pressures and growth duration were
investigated. The definite choice of the V/III ratio enables NW length growth independent on the diameter. By investigating the temporal
evolution of the GaAs-NW growth a diameter-dependent growth rate could be determined. Applying nanosphere lithography arranged
GaAs-NW arrays were achieved. The NWs morphology and real structure was investigated using (high-resolution) transmission electron
microscopy and selective area diffraction. The twin formation in GaAs NWs was investigated. A crystallographic model is presented.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

On the way of device miniaturization and efficiency
intensification currently a special interest is pointed on
semiconducting nanoscale structures. The III-V-semicon-
ductor nanowires (NWs) promise an application in high-
efficient optoelectronic building blocks.

Several techniques were investigated to obtain semicon-
ductor NWs [1-3]. An important NW-growth model [4—6]
bases on the vapor-liquid-solid (VLS) mechanism [7].
Hiruma et al. [8,9] examined previously the fabrication of
free-standing GaAs N'Ws using metal-organic vapor phase
epitaxy (MOVPE) with a special focus on structural and
optical properties. Some typical MOVPE conditions were
considered in more recently presented VLS-based growth
models [10,11]. NW positioning in two-dimensional
arranged arrays has been achieved using electron beam
lithography [3] and nanoimprint lithography [12].

First, the substrate preparation with a thin gold film and
the effect of annealing on the NW growth are discussed.
Following, arranged GaAs-NW arrays are presented,
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which are achieved by the combination of nanosphere
lithography and GaAs-NW growth. Then, we focus on
basic studies concerning the VLS-growth process in
MOVPE. Furthermore, structural properties are discussed.
In particular, a geometrical model for the formation of
rotational twins along the GaAs-NW axis is shown.

2. Experimental procedure

For NW growth the commercial MOVPE apparatus
AIX200 is used in low-pressure mode (5kPa) with a
7000 scem total gas flow and H, atmosphere. As group-I11
precursor serves trimethylgallium (TMGa). Arsane (AsHj3)
and tertiarybutyl-arsane (tBAs) are investigated as group-V
source materials. Usually V/III ratios of 1 up to 100 are
used. The GaAs NW growth occurs at temperatures
>400 °C.

We use GaAs(111),, substrates to achieve a perpendi-
cular NW growth [13]. In a thermal evaporator a gold film
of a few nanometer thickness is deposited on the substrate.
Using this preparation a dense and equable “lawn” of
GaAs NWs is achieved (Fig. la). Otherwise, a 120s
annealing step at 600 °C leads to a particle formation with
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Fig. 1. Typical arrangement of GaAs NWs on GaAs (I T 1) substrate grown (a) without and (b) with an additional 600 °C temperature step after gold
film evaporation to reach a broad diameter distribution. (c¢) The arranged gold cluster deposition using nanosphere lithography allows the fabrication of

GaAs-nanowire arrays with honeycomb-like patterns.

a broad size distribution. This system forms the starting
point for investigating the effect of the MOVPE-growth
conditions on the NW growth with respect to the NWs’
diameters (Fig. 1b). However, using gold evaporation the
resulting GaAs NWs are randomly distributed over the
substrate. To realize a regular NW arrangement, the GaAs
substrates are covered with a monolayer of submicrometer
sized polystyrene spheres. The spheres are provided from a
liquid solution which is spinned on the substrate. Domains
up to a few ten microns in size with perfectly, hexagonally
arranged polystyrene spheres are formed. Between the
spheres exist small triangular holes. After deposition of a
thin gold layer using evaporation the polystyrene spheres
are removed from the substrate. As a result, honeycomb-
like patterns of gold triangles inside domains are left on
the substrate. To avoid moving of the gold structures
during temperature increase to growth temperature the
gold arrays are fixed by a thin amorphous SiO, layer
deposited with plasma-enhanced chemical vapor deposi-
tion (PECVD). Fig. lc illustrates the arranged GaAs-NW
arrays fabricated with nanosphere lithography [14]. The
diameters lie between 35-50 nm.

3. Results and discussion
3.1. MOVPE growth of GaAs NWs

In this section we will give a short overview of the
extensive growth investigations, which will be reported in
more detail elsewhere [15]. First, we focus on the effect of
the V/III ratio on the GaAs-NW growth. To control the V/
III ratio the group-V partial pressure is varied. For these
experiments tBAs is used, because it allows a better
adjustment of low partial pressures in our MOVPE system.
We observed two situations. At low V/III ratios the growth
rate of thicker NWs is increased compared to thinner ones
(dotted curve in Fig. 2). In contrast, at high V/III ratios we
find the opposite behavior (solid curve in Fig. 2). Several
influences seem to be the reason for the change. The last

14 -
TR A U N S e
12 T
10 e
* Tie
Ne v o .- T
T 08 bt Lo
3 . T
< \*\\ ‘ B <
- -
2 06 s
[0 Lo * . *
- Pt - T . -
2 L T
Z - - - L. e
04 Tkt
TMGa & (BAS T 2] — « p,.=1447Pa (Vili=40)
Py.=0,36Pa Lt . = = v Pg=7.29Pa (V/I=20)
480°C, 1208 . —— o p,,=181Pa (V/li=5)
40 60 80 100 200 [ L PaT0TOPalINE
ceccompL,=0,36Pa (V/II=1)

NW-diameter (nm)

Fig. 2. NW length in dependence of the NW diameter for several V/III
ratios by varying the tBAs partial pressure. At a medial partial pressure
(V/III = 20) the growth becomes diameter independent.

case at high V/III ratios was previously observed and
modeled by Seifert et al. [11]. Thus, the precursor pathway
over the crystal surface is deciding for the NW growth in
MOVPE. The case at low V/III ratios fits to the NW-
growth model of Givargizov [4]. Here, the thermodynamic
state of the droplet dominates the NW growth, which is
influenced by the Gibbs—Thomson effect with respect to
NW diameter. The growth rate limiting step of the VLS
system is the crystallization at the droplet—crystal interface
[4]. From the chemical point of view gallium and arsenic
react in a solution with the solvent gold to form solid
gallium arsenide. The reaction rate of this second order
chemical reaction depends on the concentrations of the two
reactants (cga/as for the gallium/arsenic concentration) in
the liquid:

RGaas X €Ga - Cas- (1)

Increasing the arsenic concentration in the liquid due to
a higher tBAs gas-phase partial pressure, the equilibrium of
the chemical reaction is driven toward GaAs formation.
The gallium arsenide reaction rate Rg,as increases. In the
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experiment this behavior is observed by the increased
growth rate of the two dash-dotted curves in Fig. 2. The
diameter dependence is already given by the Gibbs—Thom-
son effect. However, the increase of both the arsenic
concentration and the reaction rate leads to a drop of the
gallium concentration in the droplet (Eq. (1)). If the arsenic
concentration is too high, a lack of gallium appears in the
droplet. Thus, the gallium supply determines the GaAs-
NW growth (solid curve in Fig. 2). The experimental points
are fitted by a 1/d dependence with the solid line [11]. The
combination of both situations allows the growth of GaAs
NWs independent of the diameter (dashed curve in Fig. 2).

Second, we discuss the temporal evolution of GaAs-NW
growth. According to Fig. 2 we obtained the effect of
growth duration (¢,) on the length (/) growth with respect
to the diameter (d). To describe these curves more
quantitatively, the data points are fitted by the empirical
relation:

I=fd. )

The parameters f and e reflect the dimension and the
diameter dependence of length growth, respectively. Con-
sidering the Gibbs—Thomson effect, Givargizov [4] found
the semi-empirical relation for the length growth rate:
R =0l/dty o (1/d. — 1/d)". The critical NW diameter d.
and the empirical exponent n appear. The comparison of
both formulas with a view on the equality of the first
derivatives, parameter ¢ in Eq. (2) can be approximated:
e =nd./(d — d.). If the diameters of the investigated NWs
are much bigger than the critical diameter, parameter e
changes only very slowly with the diameter and can be
assumed as a constant. While in Givargizov’s equation
three parameters (proportionality factor, d., n) have to be
fitted, Eq. (2) depends only on two independent para-
meters. The critical diameter can be estimated by: d. =
4Qa /A [4]. The molar volume Q, droplet surface tension o
and chemical potential difference Ay depend on the droplet
material. Because the real droplet composition during
growth is not known, the two situations with a nearly pure
gold droplet (2 =11.43cm3/mol,¢ = 1.13J/m?) and a
gallium droplet (Q = 10.21cm?/mol,¢ = 0.71J/m?) are
distinguished. Assuming liquid phase epitaxy-like condi-
tions for the GaAs crystallization (Au ~ 1kcal/mol) [16],
the critical NW diameter is 11.0 and 7.3 nm for gold and
gallium droplets, respectively. At common NW-growth
conditions (Tg = 480°C, pryg, = 0.36 Pa, pogy, = 3.6 Pa)
we observed a lower limit for the NW thickness at about
10 nm, which matches well to the order of magnitude of the
estimated values. The diameter range of 40-450 nm for the
growth investigations is situated sufficiently far away from
the critical diameter to justify the usage of Eq. (2). Both
parameters are determined for growth durations in the
range from 20-640s for three V/III ratios. After an “initial
growth”, parameter e reaches a constant value for all three
V/II ratios. Thus, after this “initial growth” period, the
dependence of growth on the growth time is only given by
parameter f. Parameter f shows a linear dependence on

time: ' =f,-t, for all V/III ratios. Using Eq. (2) the
growth rate can be expressed with respect to the diameter:
ol
R=—=f,-d" 3
5=/ 3
The result is shown graphically in Fig. 3 for the three
V /I ratios. The experiments are carried out with arsine as
group-V source material. Thus, the results are not
completely comparable with Fig. 2, but the strong effect
of the V/III ratio on the diameter dependence of the
growth rate is shown obviously.

3.2. Morphology

GaAs NWs consist of three different parts which are
formed during the several stages of NW growth: a “foot”, a
“body” and a “‘neck” section [15]. On top of the NWs
always the crystallized Au-Ga-As alloy droplet is ob-
served. The NW-growth direction is (I 1 1),.

The GaAs NWs grown within the temperature range of
400-530 °C are columnar-shaped with well-defined border
planes. At higher temperatures the common vapor phase
epitaxial layer growth processes lead to a lateral growth at
the side facets of the NWs. Thus, a tapered morphology is
observed.

The structure of the NWs was investigated using
scanning electron microscopy (SEM), (high-resolution)
transmission electron microscopy ((HR)TEM) and selec-
tive area diffraction (SAD), for which the samples were
prepared by the “top-down” method. The GaAs NWs have
sphalerite structure with a threefold rotational axis along
the growth direction (Fig. 4). The NWs show extended
{I'12}-border planes and narrow {110}-planes. With
respect to the polarity the {112}-planes are different in
size. In particular, the {1 12}-planes are narrower than the
{112}g-planes. Mareck et al. [17] investigated the wetting
of In droplets on InP(111) substrates. Due to the
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Fig. 3. Diameter-dependent growth rate for the growth of GaAs NWs at
different V/III ratios. The model parameters f* and e are determined for
the diameter range from 40 to 450 nm. In the extrapolation to d = Onm
the increasing diameter dependence of parameter e is neglected.
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Fig. 4. The bright-field TEM image (a) shows the cross-section ((1 1 1)-plane) of a GaAs NW. Based on the SAD pattern (b) with beam direction parallel
to [111]itis possible to identify the planes terminating the wire as shown in (a). The additional weak diffraction spots stem from parts with wurtzite-type

structure due to stacking faults.

anisotropy of the surface tension of the substrate, the
contact area of the droplets reflects the same threefold
symmetry as the cross-section of the GaAs NWs. Possibly,
the origin of the observed asymmetry is caused by the
anisotropic wetting of the droplet.

3.3. Real structure

SEM investigations reveal notches at the surface of the
GaAs NWs (Fig. 5a). The shape of the notches seems to
have a definite geometry, which differs with the polarity of
the border planes. The notches at the {112},-planes are
more extended than at the {1 1 2}-planes. As shown on the
bright-field TEM image, Fig. 5b, two-dimensional defects
are stacked along the NW-axis. HRTEM imaging and
SAD confirm the presence of twins (Fig. 5c,d). The planar
boundaries between the twinned parts are coherent, i.e.
they are dislocation-free. Where do these twins come from?
Generally, a twin is formed by a 180° rotation of one
crystalline part around the (1 1 I)5,-growth axis. Two ways
are possible to explain the origin of such twins: (i)
successive nucleation of partial dislocations at steps on
the side planes and their slip on the (111) glide plane
through the entire wire. Then the twin thickness is
determined by the number of partials nucleated. In this
way a groove at the starting point as well as at the opposite
side will be formed [18]. Hence, the grooves are the result
of plastic deformation. However, there is the question:
Where does the driving force for dislocation nucleation
come from? (ii) The twins are formed during the growth
(so-called growth twins). Then, the initial step for
twin nucleation is the incorporation of atoms at “wrong”

lattice sites. Since the side planes of a free-standing wire
should be free of strain and the presence of strain
concentrators seems to be unlikely, the second model is
favored.

The geometrical description of the twin formation is
sketched in Fig. 6. During NW growth with the droplet in
the quasi-stationary thermodynamic equilibrium a definite
droplet wetting with contact angles dependent on the
{1 12}-border plane polarity is adjusted (Fig. 6a). Disturb-
ing the mechanical equilibrium of the droplet, i.e. due to
convulsion or composition changes, in the way that the
contact angles decrease, an inside directed mechanical line
tension is created at the three-phase contact line (Fig. 6b).
To compensate this line tension the system is driven to
reduce the droplet—crystal contact area. At the {1 12}4-
border planes {1 1 1}4-planes are formed (Fig. 6¢). Due to
geometrical reasons the {112}g-border planes stay un-
changed at this moment. After droplet relaxation the
system seems to be unable to enlarge the droplet—crystal
contact area by the formation of a suitable plane, i.e.
(001). Thus, an outside directed line tension is produced.
With further growth the contact area decreases and the line
tension increases. If a sufficient line tension is reached, a
rotational twin forms accompanied by the typical penetra-
tion angle and the formation of the corresponding
T{111}p-planes at the {l12},-border planes (Fig. 6d).
Correspondingly, at the {112}z-border planes the forma-
tion of T{111},-planes becomes possible. The opposite
{111}-planes proceed parallel and the contact area
increases. This configuration seems to be unfavorable,
because shortly after a further twin boundary is formed.
Two different structures can be observed: (i) the twin
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Fig. 5. The SEM image (a) ([1 1 0]-beam direction) and the bright-field TEM image (b) show the formation of lattice defects in [I T 1];-growth direction.
These defects were identified in the HRTEM image (c) and the SAD pattern (d) (in both (1 10)-planes) as twin sections exclusively.
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Fig. 6. Schematic illustration of the twin-formation mechanism.

switches in the matrix configuration with {1 1 1},-planes at case) the twin switches to {100}-planes at the {112},-
the {l112},-border planes and {11 1}g-planes at the border planes (Fig. 5c) and {11 1}g-planes at the {1 12}3-
{112}g-border planes. By continuing this twin boundary border planes. So, the contact area enlarges with growth.
switching over several periods a zigzag morphology is The effect of line tension is minimized by forming the
formed (marked area in Fig. 5b). (ii) (Commonly observed  original, stable {1 12}-border planes (Fig. 6e).
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4. Conclusion

We studied the influence of the substrate preparation
and the growth conditions important to fabricate GaAs
NWs with metal-organic vapor phase epitaxy (MOVPE).
Arranged GaAs-NW arrays could be achieved using
nanosphere lithography. The growth parameters tempera-
ture, precursor partial pressures and growth duration were
investigated. The growth rate limiting process depends
strongly on the V/III ratio. The definite choice of the V/III
ratio enables NW growth independent on the diameter. By
investigating the temporal evolution of the GaAs-NW
growth a diameter-dependent growth rate could be
determined. For growth temperatures below 530°C a
column-shaped NW morphology is achieved. Otherwise,
a tapered morphology is observed. Column-shaped GaAs
NWs have {112}-border planes. The {112}z-planes are
more extended than the {1 1 2}-planes. During GaAs-NW
growth rotational twins are incorporated. A crystallo-
graphic model is presented.
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