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ABSTRACT: We report on the selective area growth of InAs nanowires
(NWs) by the catalyst-free vapor—solid method. Well-ordered InAs NWs
were grown on GaAs(111)B and Si(111) substrates patterned with a
dielectric mask using hydride vapor phase epitaxy (HVPE). Vertical and high
aspect ratio InAs NWs with a hexagonal shape were grown on both GaAs and
Si substrates. The impact of the growth conditions on the InAs morphology
was investigated. The final shape of the InAs crystal was tuned from a NW to
a nanoplatelet by controlling growth conditions such as growth temperature,
vapor phase composition, and mask pattern. The influence of the aperture
size on the nucleation density and then on the morphology of InAs is
discussed. Small openings resulted in the formation of a single nucleus per hole, which was then converted to a NW. For larger
apertures, the number of nuclei increased, leading to both three-dimensional crystals and NWs. The effect of growth temperature
and the III/V ratio on the kinetics and thermodynamics of InAs growth is also discussed. The growth was first optimized on a
GaAs(111)B substrate and then performed on Si, which is more suitable to develop devices. Finally, the absorbance and
photoluminescence measurements were carried out on the InAs NW arrays, demonstrating the high potential of HVPE-grown InAs
NWs for future multispectral photo-detection devices.

1. INTRODUCTION metal—organic vapor phase epitaxy (MOVPE) on various
substrates, such as patterned InAs(111)B,* GaAs(111)B,” and
Si(111).%” The control of the morphology is achieved by
tuning different growth parameters (growth temperature,
growth time, and III/V ratio). SAG is more restricted in
MBE compared to MOVPE due to the lower desorption of
group-III atoms from the dielectric mask. Thus, SAG-MBE is
only achieved when sufficient atom diffusivity is reached.’
Moreover, MOVPE offers a faster growth rate due to the
enhanced surface diffusion and higher material input.
Hydride vapor phase epitaxy (HVPE) is the third technique
that can be used for the selective growth of micro- and
nanostructures for both Ill-nitride and IIl-arsenide materi-
als.*™"? Due to the use of chloride III-elements, HVPE enables
a perfect selectivity at a low temperature of about 600 °C on
usual masks such as SiO,, or SiN,. In refs 8 and 9, it is shown
that the morphology of the microstructure can be easily tuned

The InAs semiconductor material is of great interest due to its
narrow band gap, small electron effective mass, and very high
electron mobility." These unique properties have made the
InAs material a very good candidate for ultra-high-speed
electronic and optoelectronic devices. However, the monolithic
integration of high-quality InAs-based materials with silicon
(Si) remains a complex task in the semiconductor technology.2
The large epitaxial strain generated by the high lattice
mismatch (11.4%)° and the difference in thermal expansion
between InAs and Si leads to surface roughness and high
threading-dislocation density, which degrade the electrical and
optical properties. To this end, the one-dimensional (1D)
nanowire (NW) structure provides an alternative method to
integrate III—V materials with Si. Owing to the small contact
area with the substrate, strains are relaxed within a few atomic
layers at the interface, enabling the heteroepitaxy of high-
quality single-crystalline III-=V NWs on the Si substrate. . —
Controlling the length and the diameter of NWs is essential Received: May 4, 2021 GROWTE
to have homogeneous optical and electrical properties across Revised:  July 15, 2021 —
the substrate. Selective area growth (SAG), which uses a Published: July 27, 2021 ' ¥
patterned dielectric mask, is a powerful solution to control the
nanostructure morphology. The SAG of InAs NWs has already
been demonstrated by molecular beam epitaxy (MBE) and
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by changing the surface kinetics of the different facets. This is
achievable by tight control of the growth parameters such as
the temperature and III/V ratio.

We have recently reported the HVPE growth of InAs NWs
on silicon substrates with high growth rates.'> However,
random nucleation due to the reoxidation of the substrate
made it difficult to control the NW morphology.

In this work, we present the growth of well-ordered catalyst-
free InAs NWs on GaAs and Si substrates by SAG-HVPE with
very high selectivity. To the best of our knowledge, this is the
first report of SAG-HVPE of InAs NWs on Si. The selectivity is
ensured by patterned SiIN, and SiO, masks deposited on
Si(111) and GaAs (111)B substrates. We demonstrate the
suitability of HVPE for controlling the morphology of the
NWs, which is the key ingredient for multispectral infrared
photo-detection.

2. EXPERIMENTAL SECTION

The SAG of InAs NWs was performed on Si(111) and GaAs(111)B
substrates. This study was performed through two steps. First, the
growth was calibrated on patterned GaAs(111)B substrates as
condensation readily occurs on GaAs. Then, growth was performed
on Si to demonstrate the feasibility of InAs-based devices on Si. The
SiO, mask was deposited on GaAs(111)B by plasma-enhanced
chemical vapor deposition (PECVD), and the pattern was defined by
electron beam lithography (EBL). The SiN, mask was deposited on
Si(111) by PECVD and then patterned by optical lithography. A hole
diameter of 60 nm was used on GaAs(111)B. For Si(111), larger
diameters were used, 350 and 500 nm, to favor nucleation. Before
growth, Si(111) substrates were HF etched for 10 s to remove the
native oxide formed in the openings. The substrates were then
introduced in a custom HVPE reactor working at atmospheric
pressure with H, as a carrier gas. The reactor is divided into three
zones, heated by a six-zone furnace. The indium chloride (InCl)
gaseous species are introduced in the source zone by flowing HCI gas
on a liquid indium bath at 700 °C. Arsine (AsH;) is introduced in the
downstream central zone of the reactor heated at a higher
temperature to ensure homogeneous mixing of the gas phase and
reduce parasitic nucleation upstream of the substrate. AsHj;
decomposed into As, species when introduced into the hot-wall
reactor. The substrate is placed in a downstream growth zone kept at
a lower temperature than the central zone. In the following, we will
discuss the results as a function of the III/V ratio, calculated as the
ratio between the partial pressure of gaseous InCl and the partial
pressure of gaseous As, in the growth zone.

The morphology of the as-grown InAs NWs was studied using a
Carl Zeiss Supra scanning electron microscope with an acceleration
voltage of 3 kV.

Fourier transform infrared (FTIR) spectroscopy was performed on
the InAs NW arrays at room temperature using a BRUKER Hyperion
3000 system with a halogen source and mercury cadmium telluride
detector. Absorptance spectra (A(1)) were calculated as A(4) = 1 —
R(2) — T(A), where the reflectance spectra [R(4)] and transmittance
spectra [T(A)] were measured with a 15X objective lens. A knife-edge
aperture was used to ensure the illumination of the array only. A gold-
coated glass slide was used as a reference for reflectance measure-
ments, and unobstructed air was used as a reference for transmittance
measurements.

Photoluminescence (PL) spectroscopy was performed using a
Brucker-Vertex 70 FTIR spectrometer equipped with a KBr beam-
splitter and a cooled InSb detector. PL was excited by a 780 nm laser
diode. The samples were cooled at 10K using a closed cycle He flow
cryostat.

3. RESULTS AND DISCUSSION

Figure la,b shows tilted-view SEM images of InAs NWs grown
on GaAs(111)B and Si(111) substrates, respectively. The NWs
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Figure 1. Tilted-view SEM images of InAs NWs grown on the (a)
GaAs(111)B substrate and (b) Si(111) substrate. Hole diameters are
60 and 350 nm, respectively. Insets show a magnified view of the
NWs.

clearly exhibited a uniform diameter with a hexagonal cross
section delimited by six equivalent {110} side facets and (111)
B facet on the top. For both Si(111) and GaAs(111)B
substrates, the NWs nucleated randomly on the edge of the
openings and do not fill all the opening areas for the Si
substrate. This step-edge nucleation behavior is typical for site-
selective nanostructures."*

Due to the non-polarity of the Si(111) surface, pre-
treatment is needed to control the growth direction of the
NWs. It has been demonstrated by Tomioka et al." that it is
possible to change the non-polar Si(111) surface to an As-
terminated 1 X 1 surface by exposing the (111) surface to
arsenic atoms. This procedure is now widely used by different
growth techniques and seems to lead to better NW nucleation
on the substrate. In HVPE, arsenic pre-treatment improves
both the nucleation density and growth direction of the NWs.
In this process, the direct condensation of the InAs material on
Si(111) is not a straightforward process due to the low
adsorption of chloride precursors in the range of temperature
used in this work. The growth process is generally described by
the adsorption of InCl molecules on the As-terminated surface,
leading to the formation of an AsInCl molecule. This step is
followed by the dechlorination of AsInCl to produce the InAs
crystal."”® The As-terminated (111)B surface of the GaAs(111)
B substrate ensures the nucleation and then the growth of
perfectly aligned NWs along the (111)B direction, regardless
of the growth conditions. NW growth was observed on
GaAs(111)B after InCl exposure, while no growth was
observed on the patterned Si(111) substrate after the same
pre-treatment. It highlights the importance of the arsenic
surface preparation to ensure the nucleation and the growth of
vertical InAs NWs on Si(111).

Figure 2 shows the SEM images of InAs micro- and
nanostructures grown on the GaAs(111)B substrate with a
SiO, mask at different opening diameters (D) of (a) D = 200
nm, (b) D = 100 nm, and (c) D = 60 nm. The two-
dimensional (2D) growth is observed for diameters > 100 nm
(Figure 2a), while NWs are obtained for the opening diameter
below 100 nm (Figure 2c). Radial growth was favored for large
apertures, whereas axial growth was favored for small apertures.
The presence of both 2D growth and NWs in Figure 2b may
be explained by residual SiO, in the opening, resulting in a
reduced hole diameter. This small effective oxide free surface is
favorable for NW growth.

The nucleation density during SAG depends not only on the
growth temperature and vapor-phase composition but also on
the aperture size.'”"” For large apertures, more atoms are
collected enabling the nucleation of many triangular islands.
The coalescence of islands during growth leads to the
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Figure 2. Tilted-view SEM images of the InAs material grown on patterned GaAs(111)B with the SiO, mask. The corresponding schematic of the
nucleation step is shown below each SEM image. The diameters of the holes were (a) 200, (b) 100, and (c) 60 nm. Different nuclei merge into
coalesced triangular islands (red) or NWs (green). The pitch is 2 ym and scale bars are S ym.

formation of lateral facets with a very high growth rate (see the
scheme in Figure 2a). Then, due to the lateral overgrowth,
crystals from different apertures coalesced forming a layer with
visible triangular 3D islands. In HVPE, it is well known that
there is no parasitic nucleation on the dielectric mask due to
the use of IIlI-chloride precursors and the high growth
temperature. For small apertures (<100 nm), only one island
nucleates promoting the growth of a NW with a low radial
growth rate (see the scheme in Figure 2c).

Figure 3a,b shows the SEM images of InAs NWs grown on
the SiN,-patterned Si(111) substrate with opening diameters

Figure 3. Tilted-view SEM images of the InAs material grown on
patterned Si(111) with a SiN, mask. The diameters of the hole are (a)
500 nm and (b) 350 nm. The pitch is 2.5 um.

of D = 500 nm (Figure 3a) and D = 350 nm (Figure 3b). For
D = 500 nm, either 3D crystals or NWs nucleated. However,
for 350 nm openings, NW growth was promoted and only one
NW nucleated per hole. This behavior is similar to that
observed on GaAs(111)B. However, the transition between 3D
growth and NW growth on Si(111) was not clearly defined
and NWs grew even on very large apertures.

For growth on Si(111), we consider that for holes with 3D
crystals, the same growth, as shown in Figure 2a occurs,
corresponding to the coalescence of 2D islands. For holes with
NWs, we speculate that the reoxidation of the surface creates
pinholes inside the apertures which forms nucleation sites for
NWs but inhibits the formation of large crystals. This oxidation
occurs during the introduction of the sample in the reactor
after the HF cleaning. Due to this reoxidation, there is a
reduction of the atoms’ collection area. Thus, for D = 350 nm,
the oxide-free surface enables the nucleation of only one NW.
Moreover, once a NW nucleates in the apertures, it acts as a
sink and collects a large amount of the arriving atoms.
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Subsequently, the probability for additional NWs to nucleate in
each hole is drastically reduced.'®

This study highlights the lower nucleation density on
Si(111) as compared to GaAs(111)B. A maximum diameter of
60 nm was required to nucleate only one NW on GaAs(111)B,
while holes with a diameter of 350 nm on Si(111) still resulted
in only a single NW. This is explained by the As-terminated
surface of the GaAs(111)B substrate, which promotes the
nucleation of the InAs material.

In HVPE, the as-grown morphology is governed by the
intrinsic growth anisotropy of the crystal, that is by the growth
rates of the crystal facets which depend on their surface
energies. Based on simple Wulff constructions, E. Gil-Lafon et
al.* demonstrated that HVPE growth is mainly governed by the
kinetics of adsorption/desorption of the different species and
the dechlorination kinetics of the ad-species. Thus, by precisely
choosing the growth parameters, it is possible to easily control
the morphology of the grown structures. Figure 4a shows the
variation of the axial and radial growth rates of InAs NWs
grown on the patterned Si(111) substrate with the growth
temperature. A diameter of 350 nm was chosen to ensure the

w
o

N
o

a)

= =
< =
T 30 40 €
§ Y3
=25
o L35 8
= ©
=2 30 £
< 151 [ g
s 3
0 10 25 2
> o
5 5 —_ [*3
3 L) L]
< ] L15 o
600 620 640 660 680
Growth temperature (°C)

Figure 4. (a) NW length and diameter as a function of the growth
temperature. Tilted-view SEM images of InAs NWs grown on the
Si(111) substrate at different growth temperatures: (b) 600, (c) 640,
and (d) 680 °C. The diameter of the hole is 350 nm and the pitch is
2.5 pym.
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nucleation of only one NW in the apertures. The growth
temperature ranged from 600 to 680 °C and the III/V ratio
was fixed at 2.

The axial growth rate increased from 1 to 32 ym/h upon
increasing growth temperature from 600 to 680 °C. At low
temperatures, the growth is limited by the decomposition of
the adsorbed precursors, for example, dechlorination of the
InCl species. As the temperature increases, the growth rate
increases due to the thermal activation of the dechlorination
step. This increase of the axial growth rate with increasing
temperature is consistent with the kinetic model developed in
ref 13 for the catalyst-free growth of InAs NWs on bare
Si(111). It confirms that NWs grow following the vapor—solid
mechanism.

The radial growth rate decreased with increasing temper-
ature. In HVPE, it is assumed that the {1—10} facets have a
low growth rate due to their atomic arrangement. It has been
demonstrated in the case of GaAs growth that growth on {1—
10} facets is mainly limited by the kinetics of adsorption and
desorption of Ga and As species.” The same assumption can be
applied to InAs growth because the growth steps are assumed
to be identical with similar kinetic behavior. Thus, at low
temperatures, more As and In atoms are adsorbed on the
surface corresponding to a high growth rate. As we increase the
temperature, the desorption increases leading to a drop of the
radial growth rate. Finally, an experiment at 715 °C was also
carried out where no nucleation was observed. At such growth
temperatures, the desorption rate is too high to enable the
nucleation of the InAs material on Si(111).

Figure S shows the variation of the axial and radial growth
rates of NWs grown on Si(111) at 640 °C and different III/V

a)
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shown in ref 13 that the axial growth rate first increases by
increasing the InCl partial pressure which results in higher
supersaturation. When the InCl partial pressure becomes too
high, the surface starts to be blocked by undecomposed AsInCl
molecules and the growth rate reaches a plateau. InAs NWs
were grown here at III/V ratios greater than 2, corresponding
to the saturation regime that leads to a decrease of the axial
growth rate once the III/V ratio is 4. For the III/V ratio
between 2 and 4, the axial growth rate is at its maximum value.
As we increase the InCl partial pressure, the axial growth rate
starts to decrease. Further increase of the InCl partial pressure
(III/V = 9.5) leads to a drastic change of the InAs crystal
morphology. At high III/V ratios, the (111)B facet becomes
saturated by the AsInCl molecules, which inhibits the axial
growth rate. On the other hand, the radial growth rate strongly
increased with the III/V ratio. An increase of the InCl
adsorption on the {1—10} facets does not explain such a
variation of the morphology. It is well known that the growth
rate of the {1—10} facets is mainly dependent on the
adsorption of As atoms. Bjork et al.” demonstrated that the
number of nuclei inside an aperture is a function of the flux of
In atoms. A minimum In flux was needed to have the
nucleation of a single NW in the aperture. By further increasing
the In flux, they observed multiple NW nucleations. In our
case, we assume that by increasing the InCl partial pressure, we
enhance the nucleation density, leading to many nuclei in the
hole. Thus, as explained previously, the coalescence of the
different islands forms new facets with a high growth rate.
Low-temperature PL spectra of InAs NWs grown on
GaAs(111)B and Si(111) are shown in Figure 6a,b,
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Figure S. (a) NW radial and axial growth rates as a function of the
III/V ratio. Tilted-view SEM images of InAs NW grown on Si(111) at

II/V ratios: (b) 2, (c) 4.5, (d) 6.5, and (e) 9.5. Scale bars are 2 pm.
The diameter of the hole is 350 nm and the pitch is 2.5 pm.

ratios. The hole diameter was 350 nm. By increasing the III/V
ratio from 2 to 6.5, we observe a slight decrease of the axial
growth rate, while the radial growth rate stays nearly constant.
At a higher III/V ratio, the axial growth rate decreased to 2
pum/h, and the radial growth rate increased significantly.

The growth of the top (111)B facet is mainly limited by the
supersaturation of the vapor phase, that is, by the gaseous
material input with respect to the equilibrium of the deposition
reaction, and by the dechlorination of the adsorbed InCl. It is
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Figure 6. PL spectra at 10 K of InAs NWs grown on (a) GaAs(111)B
and (b) Si(111). (c,d) Corresponding SEM images. The pitches are,
respectively, 2 and 2.5 ym.

respectively. For NWs grown on GaAs(111)B, a strong peak
at 0.445 eV with a full width at half-maximum (fwhm) of 32
meV was observed, designated as a;. NWs grown on Si
exhibited a dominant PL emission centered at 0.413 eV with a
fwhm of 34 meV, designated as a,. A lower PL intensity
recorded from InAs NWs grown on Si compared to GaAs is
probably due to the lower NW density and diameter.

The PL peak energy a, (0.44S eV) shown in Figure 6a is
blue-shifted compared to that of bulk zinc blende (ZB) InAs at
0.418 eV. Similar peak energies have already been observed in
the literature. Koblmiiller et al.'® observed a shift of the PL
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spectra when varying the NW diameter. By decreasing the NW
diameter, the principal PL peak shifted to a higher energy. This
blue shift is attributed to the quantum confinement (QC) of
very thin InAs NWs (~50 nm). However, the NWs studied
here are too large (~350 nm) to exhibit QC.

In refs 19—21, a PL peak between 0.45 and 0.48 eV was
associated with wurtzite (WZ)-dominated and mixed WZ-ZB
InAs NWs. This was supported by Bechstedt and Belabbes™*
who estimated the band gap energy for different polytypes
(0.411, 0.431, 0.440, and 0.481 eV for the 3C, 6H, 4H, and 2H
polytypes, respectively). The presence of both cubic and
hexagonal phases has already been observed in InAs NW
grown by HVPE." The PL peak emission a, observed at 0.418
eV is probably due to the contribution of the ZB phase of InAs,
confirming the presence of both WZ and ZB phases in InAs
NWs grown by SAG-HVPE. The dominant PL peak energy a,
at 0.413 eV of InAs NW grown on Si, as shown in Figure 6b,
corresponds to the ZB band-to-band transition, and the
shoulder a; observed at 0.38 eV is attributed to the emission
from defects.”

To further explore the potential of InAs NWs for optical
applications, especially photodetectors, we examined their
optical absorptance, as measured by FTIR spectroscopy. For
this purpose, NWs were grown on high resistivity (5 X 107
Qcm) GaAs(111)B substrates to avoid free-carrier absorption
from the substrate. FTIR spectra are shown in Figure 7 for
three different NW diameters (310, 530, and 630 nm).
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Energy (eV)
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Figure 7. Room-temperature FTIR spectra of InAs NWs with
different diameters (D) at constant pitch (4 pm).

The FTIR spectra exhibited strong optical absorptance with
a primary absorptance peak that red-shifted with increasing
NW diameter. The NW support leaky mode resonances
(primarily HE,; modes), resultin% in strong optical absorption
at certain resonant wavelengths.””*> The absorption peak red-
shifts with the increasing NW diameter due to the electro-
magnetic boundary conditions, indicating that these NW arrays
might be useful for multispectral infrared photodetectors.”***
Based on prior simulations,” the HE,; resonance peak is
expected at 0.81, 0.56, and 0.49 eV for InAs NWs of diameters
310, 530, and 630 nm, respectively, in a reasonable agreement
with the experimental results shown in Figure 7. The
resonance peaks broaden with increasing diameter, possibly
due to nearfield coupling between adjacent NWs.”® In
addition, FTIR results may be affected by scattering. In the
absence of scattering, FTIR measurements agree almost
perfectly with simulated spectra.27 Scattering, if present, results
in a loss of light and an apparent increase in absorptance. Thus,
scattering from parasitic growth likely resulted in some
background absorptance in the measured FTIR spectra.
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B CONCLUSIONS

In this work, we demonstrated the SAG of InAs NWs on
GaAs(111)B and Si(111) using the HVPE technique. NWs
grew vertically from GaAs(111)B or Si(111) substrates and
exhibited a high aspect ratio. The morphology of the grown
material depends on the growth conditions and the size of the
apertures. The morphology versus growth conditions was
described by considering the kinetics of the growth
mechanisms involved in HVPE. The PL spectra confirmed
the presence of both ZB and wurtzite structures. However, the
NW arrays exhibited strong PL intensity and optical
absorption, which is encouraging for future optical devices
on silicon.
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