Showcasing research from the Institute of Semiconductors,
Chinese Academy of Sciences, Beijing, China.

Two-step fabrication of self-catalyzed Ga-based semiconductor
nanowires on Si by molecular-beam epitaxy

For the epitaxial growth of Ga-based llI-V semiconductor
nanowires (NWs) on Si, Ga droplets could provide a clean and
compatible solution in contrast to the common Au catalyst. By a
two-step procedure, the successful fabrication of self-catalyzed
GaAs and GaSb NWs and also composition-tunable GaAsSb NWs
on Si was demonstrated.
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Two-step fabrication of self-catalyzed
Ga-based semiconductor nanowires
on Si by molecular-beam epitaxyf

Xuezhe Yu, Lixia Li, Hailong Wang, Jiaxing Xiao, Chao Shen, Dong Pan and
Jianhua Zhao*

For the epitaxial growth of Ga-based Ill-V semiconductor nanowires (NWs) on Si, Ga droplets could
provide a clean and compatible solution in contrast to the common Au catalyst. However, the use of Ga
droplets is rather limited except for that in Ga-catalyzed GaAs NW studies in a relatively narrow growth
temperature (Ts) window around 620 °C on Si. In this paper, we have investigated the two-step growth of
Ga-catalyzed IlI-V NWs on Si (111) substrates by molecular-beam epitaxy. First, by optimizing the surface
oxide, vertically aligned GaAs NWs with a high yield are obtained at T, = 620 °C. Then a two-temperature
procedure is adopted to preserve Ga droplets at lower T, which leads to an extension of Tg down to
500 °C for GaAs NWs. Based on this procedure, systematic morphological and structural studies for Ga-
catalyzed GaAs NWs in the largest T range could be presented. Then within the same growth scheme,
for the first time, we demonstrate Ga-catalyzed GaAs/GaSb heterostructure NWs. These GaSb NWs are
axially grown on the GaAs NW sections and are pure zinc-blende single crystals. Compositional measure-
ments confirm that the catalyst particles indeed mainly consist of Ga and GaSb sections are of high purity
but with a minor composition of As. In the end, we present GaAsSb NW growth with a tunable Sb compo-
sition. Our results provide useful information for the controllable synthesis of multi-compositional Ga-
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1. Introduction

III-V semiconductors have preferable properties such as direct
band-gaps for optoelectronics and high carrier mobility for
microelectronics in comparison with Si, which is the main-
stream of the semiconductor technology. Thus monolithic
integration of Si with III-V semiconductors would be an attrac-
tive approach for versatile and high-performance devices.
However, large lattice mismatches between Si and III-V semi-
conductors have prevented the latter from high-quality epitax-
ial growth on Si substrates. On the nanoscale, such a problem
can be circumvented owing to the efficient strain relaxation
through the nanostructure surface, e.g. nanowires."

III-V semiconductor nanowires (NWs) have been the focus
of substantial research interest due to their promising
potentials as new building blocks of nanoelectronics and
optoelectronics.> ® The one-dimensional growth is usually trig-
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catalyzed -V semiconductor NWs on Si for heterogeneous integration.

gered by a vapor-liquid-solid (VLS) mechanism with the Au
catalyst.” However, there are only a few reports of Au-catalyzed
III-V NWs grown on Si,>*' possibly due to the difficulty in
controlling the surface properties of Si and the chemical stabi-
lity of the Au particle. For the robust growth of III-V NWs on
Si, several methods have been proposed such as buffer layer
deposition before III-V NW growth on Si,">'® selective-area
growth'® and using a metal catalyst other than Au, e.g. Ag as
demonstrated by our earlier work."> Among them, the Ga-cata-
lyzed method is particularly suitable for the epitaxial growth of
III-V NWs on Si due to the clean growth process (e.g. avoiding
the common Au impurities in NWs'®'”) and the easy maneu-
verability on Si, which brings the highly interesting possibility
of the seamless integration of III-V semiconductors with Si.>
In this perspective, Ga droplets are expected to act as an appro-
priate catalyst for VLS fabrication of Ga-based binary and
ternary III-V NWs for rational band-gap engineering. However,
among the various Ga-V NWs, only GaAs NWs have been
studied in a limited growth temperature (7;) range around
620 °C on Si'*® and the use of Ga droplets is still lacking.
Several attempts have been made but they could not reach
pure Ga-V NWs and thus revealed a limited ability to adjust
the composition.>?"
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In this paper, the molecular-beam epitaxy (MBE) growth of
Ga-catalyzed III-V NWs at low temperatures on Si (111) sub-
strates has been systematically investigated. First, we have opti-
mized the surface oxide on Si substrates to achieve a high yield
of vertical GaAs NWs at the normal growth temperature of
620 °C. By a two-temperature procedure, Ga droplets could
persist even at 500 °C, and we have realized GaAs NW growth
at that low temperature. The morphology and crystal structure
of Ga-catalyzed GaAs NWs grown in the largest Ts; window so
far have been studied. Then using the same growth procedure,
we have successfully fabricated Ga-catalyzed GaAs/GaSb het-
erostructural NWs. These GaSb sections are perfect zinc-
blende with a small amount of As composition due to our
usage of an As, source in the growth. It is also confirmed that
the seed particles mainly consist of Ga acting as a catalyst. The
growth of Ga-catalyzed GaAsSb NWs is also presented to show
that Sb could be tunable. Our results present that the Ga dro-
plets are reliable for the controlled growth of III-V compound
semiconductor NWs on Si for heterogeneous integration.

2. Experimental details

NW growth was carried out on Si(111) substrates by MBE. We
used a special treatment for substrates. Specifically, at first, we
removed the native SiO, layer completely using a HF solution
of 5%. Then the substrate was coated with a new oxidized layer
by dipping the Si substrate in a solution of H,SO, (98%) and
H,0, (30%) (volume ratio = 4:1).

For the growth of GaAs NWs, both the one-temperature and
two-temperature procedures were implemented. The specific
growth parameters are listed in Table 1. We used an As, source
with a fixed beam flux of 6.0 x 10~° mbar.

We grew GaSb NWs at 490 °C for 40 min after the growth of
GaAs NWs at 620 °C for 10 min. The Sb/Ga beam equivalent
pressure (BEP) ratio is 2 and that of As/Ga is 6. We used an As,
flux of 3.0 x 107® mbar for this growth and the background
pressure due to As, is 1 x 1077 mbar during GaSb growth. In
practice, we opened Ga and As (Sb) shutters simultaneously
for GaAs (GaSb) NW growth.

The morphology and crystal structure of GaAs and GaSb
NWs were characterized by scanning electron microscopy
(SEM, Hitachi S-4800) and transmission electron microscopy
(TEM, G20 operated at 200 kv and F30 operated at 300 kV).
The X-ray energy-dispersive spectroscopy (EDX) measurements
were carried out by using F30 equipment.

Table 1 Summary of growth parameters for GaAs NWs. GD is the short
for growth duration and BEP stands for beam equivalent pressure

V/II First Second

BEP First Ty GD Second GD

ratio  (°C) (min) T (°C) (min)
GaAs one-temperature 12 620-520 40 — —
GaAs two-temperature-A 4 620 10 560-500 30
GaAs two-temperature-B - 12 620 10 560-500 30
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3. Results and discussion

3.1. Influence of the surface oxide on Ga droplet formation

At first, we demonstrate the achievement of a high yield of Ga-
catalyzed GaAs NWs by adopting our substrate preparation
method, i.e. the re-oxidation method which takes advantage of
the fact that Si can be easily oxidized. We compared it with the
direct etching method'®** and presented the influence on the
growth of GaAs NWs in Fig. 1. It is shown that direct etching
easily leads to NWs with a significant diversity in length and
surface density due to the non-uniform oxide layer caused by
an unstable etching rate (Fig. 1(a and b)). The advantage of re-
oxidation over direct etching is the generation of a uniformly
coated wafer-scale oxide layer on the Si substrate. Using the
same NW growth conditions, GaAs NWs on the re-oxidized Si
substrate show an optimized morphology with a highly
uniform surface density (Fig. 1(c and d)). It has been shown
that a change in the native oxide thickness is accompanied by
a variation of the surface energy, which determines the contact
angle of Ga droplets on the surface and the capability of
forming NWs as well as their orientation.?*** In this study, we
controlled the thickness by adjusting the dipping duration of
the Si substrate (ESI, Fig. S1t), which could generate Ga dro-
plets uniformly with a contact angle of 99° (inset of Fig. 1(d)).
It is close to the optimal value in ref. 32, indicating an
improved efficiency for the formation of Ga droplets on the
substrate.

3.2. GaAs NW growth at low temperatures

In order to rule out the discrepancy caused by different MBE
systems, the Ty dependence of GaAs NWs was investigated at
first and one-temperature samples were grown in our MBE
system. As shown in Fig. 2(a-d), NWs only occur sparsely and
exhibit a large variance in the length and direction as the Ty
goes lower than 600 °C, which is in contrast to the reported T
window ranging from 400 to 600 °C for Au-catalyzed GaAs
NWs.?> These above results indicate the failed GaAs NW
growth on the Si substrate at a T lower than 600 °C.

To obtain GaAs NWs in a wide T range, we conducted a
two-temperature procedure, ie. an appropriate Tg is first
adopted to form the base of the NWs and the subsequent
growth procedure is done at another 7..*° In this case, we
found that the preservation of Ga droplets significantly
depends on the V/III BEP ratio used. The morphologies of
the two-temperature-A series (V/III BEP ratio = 4, see the
Experimental details for growth) are presented in Fig. 3(a-c).
Compared with the one-temperature series, we clearly see the
axial growth at all Ty including even 500 °C, showing the
well-behaved catalytic function and the preservation of the
Ga droplet at low Ts. These NWs are all vertically aligned and
uniformly distributed (Fig. 3(d)). However, for another
implementation, i.e. the two-temperature-B series (V/III BEP
ratio = 12), such an axial growth at low Ty does not happen
and only the base NWs remain as shown in Fig. 3(e and f),
which is caused by Ga droplet crystallization (Fig. 3(g) and
the inset).
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(a) SEM images of GaAs NWs with the Si substrate covered by a non-uniform oxide layer. (b) Magnified image of the black square in (a).

(c and d) Two differently scaled SEM images of GaAs NWs from the same sample with the substrate treated by the re-oxidation method. The scale
bars represent 10 um for (c) and 30 pm for (d), respectively. The inset in (d) is a picture of a Ga droplet before NW growth on the re-oxidized Si and

the scale bar is 20 nm.

Fig. 2 SEM images of GaAs NWs grown by a one-temperature pro-
cedure at (a) 620 °C, (b) 560 °C, (c) 540 °C and (d) 520 °C for 40 min.

From GaAs NWs grown at low T, we could further extract
the characteristics of Ga-catalyzed NWs. We summarize the
growth rates of GaAs NWs grown at all Ty in Fig. 4(a) and
divide them into three regions. In region I, the surface
diffusion of Ga adatoms limits NW growth, where the growth
rate depends on the T of the Au-catalyzed GaAs NWs.?” It can
also be seen from Fig. 4(b), which shows the tapering of GaAs
NWs grown at low T due to the limited diffusion of Ga atoms
on the surface of substrates and the sidewall of NWs. As for
GaAs NWs grown at high T, the radial growth on NW sidewalls

This journal is © The Royal Society of Chemistry 2016

is rather uniform. In region II, the growth rate is almost inde-
pendent of the Ts. In fact, enhanced Ga diffusion increases the
amount of the Ga supplement and the As flux begins to limit
GaAs NW growth.>®?® It is also where nearly all the investi-
gations of Ga-catalyzed GaAs NWs are focused on. In region
111, GaAs decomposition begins to limit the NW growth due to
high T (see the ESI}).

Another characteristic of GaAs NWs using Ga droplets at
low Ts is manifested in the crystal structure. TEM measure-
ments were carried out for two-temperature-A series. For Au-
catalyzed GaAs NWs, the two-temperature procedure remark-
ably reduces the twin-plane defects.’® However, an opposite
tendency is observed in our samples. For those grown at
620 °C, the crystal structure is a high quality zinc-blende
(Fig. 5(a)), consistent with the results of others.>>*"*>*® Never-
theless, as the Ty is lowered down to 500 °C, the density of
twin-plane defects significantly increases (Fig. 5(b-e)), and for
those grown at 500 °C, even the wurtzite phase appears in the
NW body (Fig. 5(f)). The streaks in the selected area diffraction
(SAD) (the inset of Fig. 5(e)) also show the high density of
twin-plane defects and a low crystal quality compared with
that grown at 620 °C (the inset of Fig. 5(a)). Based on the analy-
sis of the surface diffusion limited growth mentioned above,
the observation is probably due to the triple phase line shift
caused by a decrease of the Ga droplet volume,*® which is
induced by the suppressed diffusion of Ga adatoms at low Ts.
This can be further verified by growing GaAs NWs with an
inverse two-temperature procedure, where the crystal structure
is still a high-quality zinc-blende (see the ESIY).
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(a)

Fig. 3 SEM images of GaAs NWs for a two-temperature series with a V/IIl BEP ratio of 4 (a—d) and 12 (e—g). The scale bars of (a and b) are the same
as that of (c). (d) and (g) Typical top view images for the two series. The inset in (g) shows the crystallization of Ga droplets.
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Fig. 4 (a) The growth rate versus growth temperature plot for Ga-catalyzed GaAs NWs. (b) Plot of GaAs NW diameters at different positions in the
NWs grown at 620 °C and 500 °C.

Wairtzite

Fig. 5 TEM images for two-temperature-A series samples grown at (a) 620 °C, (b) 560 °C, (c) 540 °C, (d) 520 °C and (e) 500 °C respectively. (f)
High-resolution TEM image of a NW grown at 500 °C. The twin-plane defects (by orange arrows) and a section of the wurtzite phase are indicated.
The insets of the (a) and (e) are the corresponding SAD images. The scale bars are 20 nm for (a, d and e), 50 nm for (b and c) and 5 nm for (f).
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3.3. GaSb NW growth

Although Au-catalyzed GaSb NWs and Ga-catalyzed GaAs;.,Sby
NWs were reported before,>***?° the MBE growth of Ga-cata-
lyzed GaSb NWs has not been realized yet. Here, making use
of the Ga droplets, GaSb NWs were synthesized. The mor-
phology of a typical Ga-catalyzed GaAs/GaSb heterostructural
NW is presented in Fig. 6(a). The GaSb section has a wider dia-
meter compared to that of the GaAs section. We also observe
that the GaSb section is a pure zinc-blende, which is shown by
high resolution TEM and SAD (Fig. 6(b) and inset). EDX along
the axial direction shows that the catalyst is mainly composed
of Ga and almost no Sb or As is found, confirming that GaSb
section growth is triggered by Ga droplets (Fig. 6(c) and (d)).
EDX scanning along the cross-axial direction shows that As is
present in a small amount of around 4% in the GaSb NW
body, which is probably caused by the background pressure
due to our usage of an As, source (Fig. 6(e)). More EDX data
can be found in the ESI.{ Since we have fabricated GaAs NWs
and GaSb NWs at similar growth temperatures, intuitively we
expect no fundamental difficulties in GaAsSb NW growth for
band engineering. As GaAsSb NWs with low Sb content have
been reported,>>*° we focus on those with high Sb content. An
As background was intentionally utilized for this purpose. We
increased it to 3.9 x 1077 and 5.7 x 10”7 with other growth
parameters the same as those for GaSb NWs. The results are
presented in Fig. 7 (Il and III respectively). Compared with the
GaSb NWs (I), we observe that a larger As background leads to

Paper

III

>

Increasing As background pressure

Fig. 7 GaAsSb NWs with different Sb compositions obtained by
increasing the As background pressure. Sb percentages of Il and Ill are
73% and 58%, respectively. All three scale bars represent 300 nm. For
comparison GaSb NWs (I) with minor As are also presented together.

longer NWs. EDX measurements show that the Sb composition
is 73% (58%) for sample II (III). A more detailed study of
GaAsSb NWs will be presented elsewhere. Although GaSb NW
and GaAsSb NW growth needs to be further optimized, our
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(a) A typical SEM image of the GaSb section, of which the scale bar represents 300 nm. (b) High resolution TEM of a GaSb NW. The inset is

the SAD image from the same GaSb NW. (c) TEM image of a GaSb section showing the directions of EDX line scans. (d) and (e) are the corresponding

EDX line scans along the axial and cross-axial directions, respectively.
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results clearly show the potential of Ga droplets as an appro-
priate catalyst for the growth of Ga-based binary and ternary
I1I-V semiconductor NWs on Si substrates.

4. Conclusion

In conclusion, we have investigated the two-temperature
growth of Ga-catalyzed GaAs and GaSb NWs on Si(111) by
MBE. We first optimize the surface oxide on Si to produce a
high yield of vertical GaAs NWs at 620 °C. Then we adopt a
two-temperature procedure to preserve Ga droplets for further
Ga-catalyzed NW growth. The morphology and crystal structure
of GaAs NWs grown at a low temperature are investigated
thoroughly. Subsequently the same approach has been trans-
ferred readily to the growth of GaSb NWs, which is a pure zinc-
blende. EDX measurements show that the catalyst is the Ga
droplet and the fabricated GaSb NWs are of high purity.
Tuning of the Sb composition in GaAsSb is also presented.
The ability to synthesize III-V NWs using Ga droplets on Si
substrates provides useful information for the seamless inte-
gration of Si technology with the functional III-V semiconduc-
tor materials.
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