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Size-independent growth of pure zinc blende GaAs nanowires*

Ye Xian(" &), Huang Hui(##%), Guo Jingwei(352:45), Ren Xiaomin(f£B:),
Huang Yongqing(3%7ki%), and Wang Qi(Ex)

(Key Laboratory of Information Photonics & Optical Communication, Ministry of Education,

Beijing University of Posts and Telecommunications, Beijing 100876, China)

Abstract: Pure zinc blende GaAs nanowires were grown by metal organic chemical vapor deposition on GaAs (111) B
substrates via Au catalyzed vapor-liquid-solid mechanism. We found that the grown nanowires are rod-like in shape and
have a pure zinc blende structure; moreover, the growth rate is independent on its diameters. It can be concluded that,
direct impingement of vapor species onto the Au—Ga droplets contributes to the growth of the nanowire; in contrast, the
adatom diffusion makes little contribution. The results indicate that the droplet acts as a catalyst rather than an adatom
collector, larger diameter and high supersatuation in the droplet leads to the pure zinc blende structure of the nanowire.
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1. Introduction

Semiconductor nanowires (NWs) have drawn much atten-
tion due to their potential applications for nanoscale electron-
ics, photonics and sensing!’>2l. GaAs NWs can be grown via
selective area epitaxy growth (SAEG), self-catalyzed, or Au
assisted vapor-liquid-solid (VLS) mechanism*~1%. For the
VLS mechanism, the NWs growth was related with the direct
impingement of the precursors onto the Au—Ga droplets sur-
face, supersaturation of the species in the droplet, the adatom
diffusion from the surface of substrate and sidewalls to the
droplet!® 1121 NW growth models by the VLS mechanism
can be grouped into two categories, the classic VLS models
and diffusion-induced models. NWs formed by the diffusion-
induced model usually show a tapering shape at their roots,
and the NW length decreases with its radius®> 78], In the op-
posite case of the classic VLS growth, where semiconductor
particles can impinge only on the drop surface, the NW length
increases with the radius!® %111, In most cases, the growth
rate of NWs is a function of its diameter. However, there are
few reports of diameter independent growth of NWs!!3]. More-
over, the grown NWs normally have defects such as twins or
stacking faults, and NWs with small raii (< 50 nm) tend to ex-
hibit wurtzite (WZ) crystal structurel®> 12-14=18] 1 most cases,
the WZ phase of III-V NWs is not stable and exhibits highly
faulted WZ—ZB mix-upst'2-14]. For utilizing predictable and
reproducible NW devices in future applications, optimal con-
trol of the morphology, crystal structure, absolute control of
growth rates and understanding the growth properties are re-
quired. Further investigations of NW growth mechanism are
of paramount importance to determine the morphology and
growth rate of NWsl12- 141,

PACC: 7280E

In this paper, the dependence of the diameter and diffusion
of vapor precursors on NWs growth were investigated. The re-
lated growth mechanism was discussed.

2. Experiment

The epitaxial growth of GaAs NWs was performed by
metal organic chemical vapor deposition (MOCVD) with a
Thomas Swan CCS-MOCVD system at a pressure of 100 Torr.
Trimethylgallium (TMGa) and arsine (AsH3) were used as pre-
cursors. The carrier gas was hydrogen. The sample was pre-
pared by first depositing an Au film with a thickness of 4 nm
on the GaAs (111) B substrate by magnetron sputtering. Then
the Au—coated GaAs substrate was loaded into the MOCVD
reactor and annealed in situ at 650 °C under arsine ambient for
300 s to form the Au-Ga alloyed particles as catalyst. Finally,
NWs growth was carried out at 440 °C for 600 s with V/III ratio
of 70.

Atom force microscopy (AFM) was used to analyze the
size distribution and density of the Au—Ga particles after the
annealing process. Morphologies of the NWs were charac-
terized by field-emission scanning electron microscopy (FE-
SEM, JEOL JSM-5500). The crystal structure of the NWs was
investigated by transmission electron microscopy (TEM, FEI
Tecanai F30). TEM specimens were prepared by ultrasonicat-
ing NWs in ethanol for 5 min and then dispersing the NWs onto
holey carbon grids.

3. Results and discussion

Figure 1(a) shows the atomic force microscopy (AFM) im-
ages of the Au—Ga particles on the GaAs substrate after an-
nealing. Figure 1(b) shows the histogram of size distributions
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Fig. 2. SEM images of GaAs NWs.

of Au—Ga particles. As seen from Figs. 1(a) and 1(b), there is
a rather broad size distribution of Au—Ga particles diameters
in the sample, the diameters of the particles range from 20 to
200 nm with the corresponding density of Au—Ga droplets is
2.2x 10° em™2. Dispersal of the size distribution is due to ran-
dom agglomeration of Au atom.

Planar and cross sectional FE-SEM images of the grown
GaAs NWs are shown in Figs. 2(a) and 2(b), respectively. The
average NW length for the sample is about 6.3 yum. It can be
found that the lengths of NWs are almost the same, despite
the broad distribution of the diameters (determined by the cor-
responding size of the droplet as shown in Fig. 1. In other
words, the growth rate of NWs is independent on their diame-
ters. Moreover, the tip and base images of the NW with same
higher magnification were seen in Figs. 2(c) and 2(d), respec-
tively. It can be seen that the NW diameters are uniform from
base to top and approximately the same as the diameters of
Au—Ga droplets.

For VLS growth, there are two major contributions, i.e.,
direct impingement of the precursors onto the alloy droplet and
adatom diffusion from the sidewalls and substrate surface to the
top8~111. For the diffusion-induced growth modes, NWs show
a tapering or pencil-like shape due to lateral overgrowth, when
its length is longer than the diffusion length of adatoms, and
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Fig. 3. Nanowire radius versus growth rate.

the growth rate was dependent on the diameter(7 91119211,
In our case, the length of NWs is about 6 um, which is
much larger than the Ga surface diffusion length (typical diffu-
sion length is less than 2 um for MOCVD at 450 °C)21], Thus,
it can be concluded that catalytic pyrolysis of the precursors
impinging onto the Au—Ga droplets is the main contribution to
the growth of the long and uniform NWs, while the adatom dif-
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Fig. 5. TEM images of NW with diameter of 24 nm.

fusion does little contributions in our case. In other words, the
droplets act as a catalyst rather than an adatom collector.

As shown in Fig. 2, the growth rate was 10.5 nm/s. These
values are quite high compared to the Au-assisted MBE of
GaAs NWs, where the growth rate is typically of order of 1
nm/st'% A high growth rate of ~ 10 nm/s relates to high lig-
uid supersaturation, due to the irreversible decomposition of
the metalorganics precursor on the droplet surface, the reac-
tant pressure (metal species) outside the particles is persistently
high, and the NWs grow in a mode with the time-independent
supersaturation most of the time.

In general, the NW growth rate is a function of diame-
ters due to Gibbs-Thomson (GT) effect, or the adatom diffu-
sion from the substrate and sidewalls to the top[® 111, For NWs
growth with larger particles and under high supersatuation, the
GT effect can be neglected(®].

For our growth, the number of atoms transferred from the
vapor phase to the droplet per unit time is equal to that trans-
formed from liquid to the crystal phase, the growth rate, dL/d¢,
obeys the following proportionality!®: 2122,

dL
= o K[exp(R/ro) — exp(R/ ). (M

where K is kinetics coefficient independent on diameter and
growth parameter, and 7 is the particles radius. The character-
istic GT radius R and the critical radius r, given by[2!-23]

R =2082/(kgT), r.=2082/Apu, 2)

where o is the surface energy density at the vapor-liquid in-
terface, §2 is the molar volume of the reactant species in the
catalyst particles, kg is the Boltzmann constant, T is growth
temperature, and Apu is the difference of chemical potentials
in the vapor and in the equilibrium liquid phase.

In our case, the growth rate is almost independent of diam-
eter. The higher supersatuations accounts for this peculiar phe-
nomenon. The R in the right hand side of Eq. (1) depends on
the temperature and it is a constant at 7 = const. The reactant
pressure of the MOCVD reaction is persistently high due to the
mostly irreversible decomposition of the metalorganics!®).

The supersaturation of the vapor and liquid phases will in-
crease with increasing precursor flows, and high supersatua-
tions will result in smaller r.. As shown in Fig. 3, for NWs
with thiner radius (r < 10 nm), the growth rate increases with
the radius, while for NWs with larger radius ( > 10 nm), the
growth rate is almost independent on its diameter due to the
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term R/r. of the Eq. (1) is much larger than the term R/r.
So, for NWs with larger radius (r > 10 nm) grown under this
condition, the dependence of diameters can be neglected.

Figure 4(a) shows TEM images of the NW with a diameter
of 139 nm. High resolution TEM (HRTEM) images of the NW
tip and trunk are shown in Figs. 4(b) and 4(d), respectively. Fig-
ures 4(c) and 4(e) show the corresponding fast Fourier trans-
form (FFT) images of NW tip and trunk, respectively. Figure
5 shows TEM images of the NWs with diameter of 24 nm, and
the selected area electron diffraction (SAED) pattern of the re-
gion near the Au catalyst was shown in Fig. 5(b). Figure 5(c)
illustrates HRTEM images of its trunk, and the corresponding
FFT image of the wire was shown in Fig. 5(d). All NWs were
of a zinc blend structure and the growth direction is (111) and
zone axis is (110). It is quite surprising that pure zinc blend
crystal structure without any stacking faults or rotational twins
is seen in the NWs with diameters of 139 and 24 nm, because
usually GaAs thinner than 50 nm in radius are predominantly
WZ with highly faulted WZ/ZB mix-up sections[®> 12, 14=18]

Fluctuations in supersaturation of the droplet would lead
to stacking faults or twins in the wirel®>> 24=261_ The fluctuation
can be induced by the Ga adatom diffusion from the sidewall
and substrate surface, because the amount of adatom diffus-
ing into the droplet varies with lateral overgrowth as well as
wire length24726] In our case, the absence of adatoms diffu-
sion contribution in growth process would result in more stable
supersaturation in the droplet, so high crystal quality NWs can
be obtained.

4. Conclusions

In summary, we have synthesized GaAs NWs by
MOCVD on GaAs (111) B substrates via Au catalyzed va-
por—liquid—solid mechanism. The diameters distribution of
Au—Ga particles, growth mechanism, crystal structure, and
growth rate of the NWs was studied. The grown NWs are rod-
like in shape and the growth rate is independent of its diam-
eters. Pure zinc blende GaAs nanowires without defects were
obtained. The NW was grown with main contributions from
direct impingement of vapor species onto the Au—Ga droplets
and the adatom diffusion makes little contribution. Our re-
sults provide insight into the physical processes controlling
the growth of NWs via VLS mechanism, it indicates that the
droplet acts as a catalyst rather than an adatom collector, larger
diameter and high supersatuation in the droplets lead to size-
independent growth of NWs. The results should enable the de-
velopment of the nanowires with uniform shape and pure crys-
tal structure, and axial nanowires heterostructures. It will there-
fore be beneficial not only for GaAs naonaowires but also for
other III-V nanowires.
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