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Abstract The influence of growth parameters on the
morphology and density of InAs nanowires (NWs) grown
on bare Si substrates using Indium (In) droplets as catalyst
is investigated. By tuning the growth temperature, V/III
flux ratio, and growth rate, the diameter and yield of as-
grown NWs were controllably manipulated. It is demon-
strated that the In-droplet-assisted growth of InAs NWs can
only be realized on bare Si within a relatively narrow
growth window of 420475 °C. Below 420 °C, NWs’
growth is kinetically limited, while the highest yield of
vertically aligned NWs was obtained at ~450 °C. It is
shown that In-catalyzed InAs NWs nucleation can only be
realized on Si at highly As-rich conditions (V/III flux ratio
>50), while the axial growth rate was found to be strongly
dependent on the V/III flux ratio. The nucleation and axial
growth of In-catalyzed InAs NWs are promoted by a low
growth rate, while a high growth rate favors the formation
of unwanted parasitic islands.

Keywords InAs - Nanowires - Semiconductors -
Molecular beam epitaxy

Introduction

Semiconducting nanowires (NWs) have been touted as
promising building blocks for applications in photonics and
electronic devices (Duan et al. 2003; Tian et al. 2007,
Colinge et al. 2010; Tomioka et al. 2012; Wang et al. 2014)
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due to their unique properties including superior light
absorption, enhanced photo-carrier separation, and epitaxial
growth insensitive to lattice mismatch (Wei et al. 2009). In
particular, InAs NWs have garnered enormous research
interest due to its narrow direct band gap (0.35 eV), small
electron effective mass, and high electron mobility of
~30,000 cm?/Vs at 300 K (Wallart et al. 2005; Thn and
Song. 2007) with potential for applications in high-speed
electronics and mid-infrared optoelectronic devices (Di-
makis et al. 2011). The monolithic integration of NWs with
Si has recently attracted enormous research interest to
exploit the low-cost and scalability of the well-established Si
platform as well as the fascinating electronic and optoelec-
tronic properties of NWs. Although, Au is commonly used
for NWs nucleation, its use is accompanied with the intro-
duction of unwanted impurities and deep level traps (Allen
et al. 2008), which are detrimental to applications in opto-
electronic devices (Bar-Sadan et al. 2012). Consequently,
there is a paradigm shift towards Au-free technologies
including catalyst-free (Wei et al. 2009; Dimakis et al. 2011;
Hwang et al. 2015) and droplet-assisted growth (DAG) of
NWs (Somaschini et al. 2013; Anyebe et al. 2014; Ermez
etal. 2015). Whereas catalyst-free growth is Indium (In) free
and requires no catalyst for NWs nucleation, droplet-assisted
growth involves the in situ deposition of group-III element
droplets (mostly Ga or In seeds) on the substrate prior to
growth initiation to function as catalyst for the preferential
nucleation of NWs. DAG growth is not only impurity-free
and compatible with the complementary metal-oxide semi-
conductor (CMOS) platform (Glas et al. 2013), it also allows
for the precise control of NWs density (Somaschini et al.
2013; Anyebe et al. 2014; Ermez et al. 2015), which is highly
essential for applications in functional optoelectronic nan-
odevices. For instance, the electron mobility (Ford et al.
2009a, b; Abul Khayer and Lake 2010) and light absorption
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(Krogstrup et al. 2013; Heiss et al. 2014), and hence per-
formance of transistors and solar cells, respectively, have
been shown to be strongly dependent on the NWs diameter.

It is well established that the size and density of NWs can
be controllably manipulated by tuning basic growth pre-
cursors (Anyebe et al. 2017; Li et al. 2017). Various growth
strategies have been employed for the growth parameter
studies of InAs NWs including selective area growth (SAG)
(Mandl et al. 2011; Bjoerk et al. 2012), catalyst-free growth
on SiO,-coated substrates (Hertenberger et al. 2010; Kobl-
miiller et al. 2010; Madsen et al. 2011), and Au-catalyzed
growth (Dayeh et al. 2007; Tchernycheva et al. 2007; Babu
and Yoh 2011; Zhang et al. 2016). An investigation of the
influence of growth parameters on In-droplet-assisted InAs
NWs grown on Si would unravel the conditions for realizing
optimal NWs with the highest density and aspect ratio as
well as enable for the predictable and reproducible fabri-
cation of high performance, and impurity-free nanoelec-
tronic devices compatible with the CMOS technology.
However, despite the significant influence of In-rich con-
ditions (and in effect the predeposition of In droplets) on the
NWs geometry (Jung et al. 2014; Zhang et al. 2014)
resulting from strong differences in adatom kinetics com-
pared to other growth techniques, little is known about the
influence of growth parameters on the morphology and yield
of In-catalyzed InAs NWs with the few available reports
limited to metal organic chemical vapor deposition
(MOCVD) growth on GaAs (Forbes et al. 2010) and InP
(Zhang et al. 2013) substrates. Given the significant differ-
ences (Cho and Arthur 1975; Finnie and Homma 1999;
Arthur 2002; Dubrovskii et al. 2005; Koblmiiller et al. 2010)
between MOCVD and MBE, it is essential to undertake a
growth parameter study of MBE grown In-droplet-assisted
InAs NWs on Si. More so, the control of the morphology and
yield of InAs NWs directly grown on Si substrates as a
function of growth parameters via an In-assisted technique
is yet to be explored despite its enormous potential for the
impurity-free integration of III-V NWs on Si, which is,
however, not surprising given the very limited report of In-
catalyzed InAs NWs growth directly on bare Si (Anyebe
et al. 2014). Here, the influence of growth parameters on the
morphology and density of InAs nanowires (NWs) grown on
bare Si substrates using In droplets is reported. The use of
bare Si substrates minimizes any possible extrinsic
contribution.

Experimental details

InAs NWs were grown on bare Si (111) substrates by MBE
via an In-droplet-assisted growth technique. The Si sub-
strates were first dipped in 12% hydrofluoric acid solution
for about 3 min to remove the native oxide, then

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

immediately loaded into the MBE system to avoid re-oxi-
dation. The substrates were then thermally outgassed and
activated with optimal In droplets (diameter of ~70 nm
and number density of ~6.33 x 10® cm™?) at a tempera-
ture of 220 °C with an In-flux of 2.2 x 10~ mbar for
preferential NWs nucleation (Anyebe et al. 2014). InAs
NWs growth was performed by the simultaneous intro-
duction of growth precursors. The influence of growth
parameters on NWs geometry and density was then inde-
pendently investigated, and the surface morphology of the
resulting samples was determined by FEI XL30 SFEG
scanning electron microscope (SEM).

Results and discussion
Temperature dependence

The dependence of InAs NWs morphology and density on
growth temperature was first investigated by varying the
substrate temperature from 400 to 475 °C, while the In and
As fluxes were fixed at ~1.75 x 1077 and ~6.0 x 107°
mbar, respectively, for about 60 min. Figure 1 shows the
SEM micrographs of as-grown InAs NWs. Notably, at
400 °C the growth was dominated by InAs clusters, which
suggest a kinetically limited adatom diffusion owing to the
significantly low temperature. An increase in growth tem-
perature (Gt) to 420 °C resulted in the growth of NWs with
an estimated number density of ~9.23 x 10" cm 2. A
further rise in Gt to 450 °C promoted a slight increase in
vertical NWs yield to ~4.78 x 10® cm™2, which sharply
contrasts the complete absence of NWs growth between
440 and 450 °C in Au- (Tchernycheva et al. 2007; Babu
and Yoh 2011) and In-(Forbes et al. 2010) catalyzed InAs
NWs growth on InAs and GaAs substrates, respectively.
Significantly, compared to the temperature-dependent NWs
tapering observed in Au-assisted (Tchernycheva et al.
2007) NWs, all the NWs are vertically aligned with uni-
form diameter along the growth axis independent of growth
temperature. At a high temperature of 475 °C, only a slight
decrease in NWs yield was observed, which is attributed to
a long adatom diffusion length consistent with previous
reports of InAs NW (Dayeh et al. 2007). It is also likely
that some of the predeposited In droplets are desorbed from
the substrates at such high temperatures leading to the
nucleation of fewer NWs (Forbes et al. 2010). This indi-
cates the strong influence of Gr on NWs nucleation prob-
ability on Si. The highest yield of vertically aligned NWs
was obtained at ~450 °C, while a minimum temperature
of ~420 °C is required for NWs nucleation on bare Si
substrate. This demonstrates that the temperature domain
for the nucleation of In-catalyzed InAs NWs on bare Si
ranges from 420 to 475 °C, which is slightly narrow when
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Fig. 1 Tilted SEM images of InAs NWs grown on silicon substrates at fixed In- and As-flux, and varied growth temperatures in the range of
400475 °C. Tilt angle for all figures is 45° except at 450 °C which is 40°. The scale bar for each image is 500 nm

compared to that of MBE (Koblmiiller et al. 2010) grown,
catalyst-free InAs NWs on SiO,/Si (111) substrates
(~400-500 °C). Figure 2a shows a plot of NWs length
(Lnw) and diameter (Dnw) as a function of Gr. It reveals
changes in the axial growth of the NWs; initially Lyw
slightly increases with temperature up to 450 °C after
which there was no significant change in Lyw resulting in
the realization of maximum Lyw (1.57 4+ 0.24 pm) at
450 °C. On the other hand, although thick NWs were
realized at 420 °C, the NWs diameter decreased with
increasing temperatures in the range of 420-450 °C due to
the increased adatoms diffusion to the NWs tip in favor of
axial growth. This can be interpreted in terms of the tem-
perature-dependent adatom diffusion flux from the sub-
strate to the NWs tip (Dubrovskii et al. 2006; Harmand
et al. 2007). The continued decline in diameter beyond
450 °C is understandable, given the high NWs yield and
temperature-dependent In desorption at high temperatures.

Influence of V/III flux ratio

To investigate the influence of V/III flux ratio on the NWs
morphology and yield, the In-flux was fixed at
~1.75 x 1077 mbar, while the V/III flux ratio was tuned
from 27 to 55 by varying the As-flux from 4.8 to
9.6 x 107° mbar at a temperature of 440-500 °C for a
growth duration of 20 min. Figure 3 (top panel) illustrates
the variation of NWs morphology and density with V/III
flux ratio. As can be seen, NWs nucleation probability is
strongly influenced by As-flux. NWs growth was com-
pletely inhibited at a relatively low V/III ratio of ~27
evidenced by the growth of InAs clusters (islands). This is
consistent with previous reports (Caroff et al. 2009; Dayeh
et al. 2009) and can be understood owing to the fact that
group V-rich conditions are required for the nucleation and
growth of NWs (Calleja et al. 2007). It is well established
that the axial growth of self-catalyzed NWs is highly
dependent on the group V flux (Glas et al. 2013; Ramdani
et al. 2013; Somaschini et al. 2013; Anyebe et al. 2014;
Ermez et al. 2015; Hwang et al. 2015). By slightly raising
the V/III ratio to ~ 51, a transition to the NWs morphology

was induced with the realization of a dense array of NWs
(density = 4.23 x 10° cm™2). This demonstrates that As-
rich conditions (As/In >50) are required for the nucleation
and growth of InAs NWs via the droplet epitaxy technique
on bare Si, which is consistent with previous report (Babu
and Yoh 2011). A small increase in V/III ratio to 55 was,
however, accompanied by a decrease in the NWs number
density due to the strong dependence of NWs nucleation on
In-flux. This observation is in good agreement with a
previous study by Dayeh et al. (Dayeh et al. 2007). It was
shown that the NW nucleation rate drops as the effective
V/I ratio is increased due to the depletion of In from the
NW growth sites. Detailed analysis of the SEM images
revealed a strong dependence of axial NWs growth on
V/II flux ratio (Fig. 2b). Lnw increases monotonically
with increasing As-flux in good agreement with a previous
report (Babu and Yoh 2011). It has been shown that the
elongation rate of self-catalyzed NWs is controlled by the
group V flux (Glas et al. 2013; Ramdani et al. 2013). On
the other hand, there was no significant change in Dnw.
This demonstrates that the axial growth of DE grown InAs
NWs is limited by As-flux.

Effect of growth rate on nanowire growth

A series of samples were grown at 440-500 °C and fixed
As-flux of ~6.0 x 107® mbar, while the 2D equivalent
growth rate was tuned from 0.1 to 0.3 pm/h by varying the
In-flux for a growth duration of 60 min to study the effect
of growth rate on InAs NWs growth. Figure 3 (bottom
panel) shows the SEM images of InAs NWs grown on Si as
a function of growth rate. As can be seen, NWs nucleation
significantly decreases with increasing growth rate from
0.1 to 0.2 um/h at a constant Gt. Almost no NWs growth
was observed at a growth rate of 0.3 um/h suggesting NWs
growth is promoted by low growth rates. This could likely
be associated with the availability of excess In adatoms
possibly as a direct consequence of contributions from the
pre-deposited In droplets. Excess accumulation of In and
surface growths imposes certain restrictions in the collec-
tion area thereby inhibiting adatom mobility and leading to
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Fig. 2 Plot of InAs nanowires length (Lyw) and diameter (Dnw) on bare silicon substrates as a function of a growth temperature (Gt), b V/III

flux ratio and ¢ growth rate, respectively

a decline in NWs nucleation probability and number den-
sity. The high volume of InAs clusters (islands) at a growth
rate of 0.3 pum/h provides clear evidence of the presence of
excess surface growth on the substrate (Persson et al.
2007). This demonstrates that the nucleation and yield of
InAs NWs is promoted by a low growth rate and in effect
low In-flux (high V/III flux ratio), which is consistent with
the observed dependence of NWs nucleation on the As-flux
(as explained in the previous section). Conversely, a high
growth rate promotes InAs Islands (clusters) growth.
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Figure 2c shows the dependence of Lnw and Dnw on
growth rate. There was no clear change in Lyw and Dyw
with increasing growth rate from 0.1 to 0.2 um/h. How-
ever, when a growth rate of 0.3 um/h was utilized, Lyw
decreased by over two orders of magnitude and Dnw
reduced by ~2x. This is in sharp contrast to the reported
enhancement in axial growth rate and density of catalyst-
free InAs NWs on Si (Dimakis et al. 2011). The observed
trend can be explained by the significant decrease in the
available adatom at the growth front due to the suppression
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Fig. 3 45° tilted SEM images of InAs nanowires grown on Si as a function of various V/III flux ratio (fop panel) and growth rates (bottom panel)

with scale bars of 500 nm and 1 um, respectively

of adatom diffusion by the surface Islands. This clearly
indicates that high growth rate does not favor the axial
growth and yield of DE grown InAs NWs rather, it pro-
motes the formation of Islands.

Conclusion

It has been shown that the morphology and density of NWs
can be independently controlled by tuning the basic growth
parameters such as growth temperature, growth rate, and
V/I flux ratio. A relatively narrow temperature window of
420-475 °C has been identified for InAs NWs growth on
bare Si. No NWs growth was realized at temperatures
below 420 °C, while the highest yield of vertically aligned
NWs was obtained at ~450 °C. It is shown that In-cat-
alyzed InAs NWs nucleation can only be realized on Si at
highly As-rich conditions (V/III >50), while the axial
growth rate was found to be strongly influenced by the
V/II flux ratio. A high yield of vertically aligned InAs
NWs is promoted by low growth rate on bare Si, while a
high growth rate favors the formation of Island.
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