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Abstract

The selective molecular beam epitaxy of InSb inside nanoscale apertures realized 4in a SiO
mask deposited on a highly mismatched substrate is studied. The substrate of interest is GaAs
on which a 6.1 A material (InAs or AlGaSb) has been grown accommodating part of the
mismatch with InSb. For sub-100 nm wide aperture, several micron long in-plane InSb
nanowires can be obtained. Different ways for measuring the electrical properties of these in-
plane nanostructures are proposed. A 1 um long gate length MOSFET is fabricated on a semi-

insulating AlGaSb pseudo-substrate without any transfer on a host substrate.

KEYWORDS: A3. Molecular Beam epitaxy; A3. Selective epitaxy; Bl.Antimonides;

Al.Nanostructures; B3. Field effect transistors; B2. Semiconducting indium compounds

1. Introduction

With its remarkable properties (bandgap in the mid-infrared range, high electron
mobility, large G-factor and strong spin-orbit coupling), InSb is a key material for electronics,
optoelectronics and quantum technologies. However, the elaboration of InSb layers on a semi-

insulating substrate requires a metamorphic approach involving threading defect formation
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and a rather low resistivity buffer layer [1]. Oather approach consists in growing InSb in
the form of vertical nanowires from a (111) sultstrand transfer them on a host substrate for
device elaboration [2,3]. If high quality materiahn be obtained, fabricating complex
architectures with this process is very tricky Mje have demonstrated recently that selective
area MBE (SA-MBE) of antimony based materials carabhieved at rather low temperature
using an atomic Hydrogen flux during the growth. [Bbr instance, GaSb nanostructures on
GaAs without threading dislocations have been destnated thanks to an accommodation of
the mismatch by a regular array of 90° dislocatianthe interface between the nanostructure
and the GaAs substrate [6]. These nanostructuredeaused as nano-templates to achieve
high quality suspended InAs nanowires and fabriedfieient MOSFET [7]. Recent results
have shown that the SA-MBE technique is also aulsedy to fabricate InAs based ballistic
nano-devices for quantum technologies [8,9].

In this work, we show that SA-MBE is also suitalide growing high quality InSb
nanostructures on InAs or AlGaSb pseudo-substrdtes.combination of low temperature
atomic H assisted SA-MBE and sub-100 nm patterofrthe SiQ mask allows the control of
the shape of the nanostructures with the desigrthef mask apertures. Scanning and
transmission electron microscopy as well as MOSFdbFication are used to investigate the

structural and electrical properties of these nanotires.

2. Experiments

Two RIBER MBE systems are used for the growth: anBact 21 (C21) system equipped
with an atomic Hydrogen RF plasma cell and withaksl Sb valved crackers for the As and
Sb based layers and a RIBER 32P equipped with appiwe injector for InP growth. The

connection under ultra-high vacuum between thedystems allows the growth of P, As and

Sb containing layers. Two different pseudo-subsgrare first grown on semi-insulating (Sl)
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GaAs substrates (figure 1). The InAs pseudo-sutesfFag. 1a) consists of a 1 um thick InAs
layer deposited on the GaAs substrate with an nmgdrate 30 nm thick GaSb layer for
mismatch accommodation [10]. The AlGaSb pseudastsate (Fig. 1b) consists of a 600 nm
thick semi-insulating AlsGa 2Sb layer grown on the GaAs substrate with 4 moresapISb
in-between [11]. To prevent the oxidation of AlGa%b2.5 nm thick InP layer is grown on
top of the pseudo-substrate. Both pseudo-substatethen coated with a 30 nm thick silicon
oxide layer by Plasma Enhanced Chemical Vapor Dgpos After patterning the silicon
dioxide layer using the process described in refed12], the samples are re-introduced into
the MBE chamber for deoxidization of the semicondusurface under Asand atomic
hydrogen fluxes for InAs pseudo-substrates and uthe and atomic hydrogen fluxes for
AlGaSb pseudo-substrate. InSb is grown under atdwydcogen flux at 400°C with a rate of
0.2 ML.s' and a Sb/In flux ratio of 5. Nominal InSb thickees of 70 and 100 nm are
deposited on the InAs pseudo-substrates (samplendh Ba respectively) and a nominal
thickness of 70 nm is deposited on the AlGaSb pseudstrate (sample C). After growth,
the sample is analyzed using scanning electron osgopy (SEM) and for some
nanostructures focused ion beam is used to predparsamples for scanning transmission
electron microscopy (STEM). The STEM studies andgpmed on a Titan Themis 200 (FEI)
microscope equipped with a spherical aberratiorector on the probe and the EDX analysis
system super X (0.7 srad solid angle of collectidiije accelerative voltage is 200 kV. The

(half) convergence angle of the probe is 17.6 naratithe probe current 85 pA.

For sample C, the electrical characteristics of esamanostructures are analyzed by the
realization of MOSFET using an alumina layer defgasby atomic layer deposition. Details

about the fabrication process can be found in eefsr [13].

3. Results and discussion



Figure 2 displays the morphology of sample A fottgras in the Si@mask consisting of
20 um long apertures (whose width varies from 1domvn to 50 nm) and oriented along [1-
10] (Fig. 2a) and [110] (Fig. 2b) directions, arattprns consisting of an array of holes with a
diameter of 100 nm and a periodicity of 150 nm (F&g and 2d). The absence of
polycrystalline InSb deposition on the Sidask reveals a very good growth selectivity. It is
achieved thanks to the promotion of In and Sb m@pevation from the dielectric surface by
atomic hydrogen. The positive impact of an atonyidrbgen flux delivered from a RF plasma
source on the deoxidization of InSb surface is kméor a long time [14]. The enhanced re-
evaporation of In and Sb from the silicon oxideelagnay involve a quite similar mechanism,
but promoting the desorption of In and Sb from 8@, surface rather than oxygen which is

strongly bonded to Si.

For elongated patterns one can notice that thémgfidepends strongly on the width of the
aperture. Whereas 50 nm and 100 nm wide apertueealmost completely filled with InSb,
scattered islands are observed for larger patt@imsse islands are preferably located on the
edge of the apertures, this effect being more pmoed for [110] oriented patterns (Fig. 2b).
As shown in figure 3a, the island length in []-DBiented stripes increases for narrow
apertures with a mean value reaching about 5 prthéonarrowest ones. In [110] apertures,
even in 1 um wide patterns, several micron loranidé are observed on the edges of the SiO
aperture. This phenomenon can be explained comsigdifferent diffusion lengths for In
adatoms in the two crystallographic orientationd tire preferential nucleation of InSb on the
edges of the mask apertures. As for the GaSb/Gggters, the growth of highly mismatched
InSb on InAs Qa/a=7.1%) occurs via a Wolmer Weber growth with tbemation of
plastically relaxed islands. The density of nudtaasites is governed by the diffusion length
of lll-element adatoms on the surface of the salstrin the case of Indium, the adatoms

have a larger diffusion length than for Ga. To potena high density of nucleation sites, one
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should grow InSb with a large growth rate or at l®mnperature but these conditions are
opposite to those needed for selective area MBEeavhkelement re-evaporation from the
dielectric mask is required. In our case, the dsgnoatomic hydrogen flux allows achieving
selectivity at a relatively low growth temperatwo£400°C with a 0.2 ML growth rate.
These conditions limit the diffusion length of indi adatoms on the InAs surface but are not
sufficient to achieve a 2D growth mode. Howeversub-micron patterns, the diffusion is
further limited by the edges of the mask aperturegeasing the number of nucleation sites,
which leads after coalescence to longer InSb islaamtti a quasi-continuous growth inside
sub-100 nm apertures. For large apertures, a sndifieision length of In in the [110]

direction, particularly near the edge of the apertmay explain the observed morphologies.

Thanks to their small size, the holes with a 100diameter are completely filled and InSb
islands form nanoscale pyramids delimited by {1f4a¢ets (Fig. 2d). Interestingly, lateral
growth of InSb over the dielectric mask is not hgeweous within the array of holes. As can
be seen on figure 2c, instead of enlarging eachrpigt in the same way, feeding the array
with more material leads to the merging of someapyds resulting in much larger clusters
with well-defined facets. This means that Indiurffudiion from island to island occurs over
the dielectric area separating them to form clgsteat minimize the total energy of the
system. Growing similar pyramids with the same amiaf lateral overgrowth, that could
lead to a 2D InSb layer, would imply an expansibthe high energy InSb/SiOnterface as
well as larger facet area than those involved & fitrmation of some high clusters with a

limited lateral extension.

Let’'s turn back to the elongated patterns to sttidy electrical properties of these InSb
nanostructures. As can be seen on figure 3a, dawan long in-plane InSb nanowires can
be grown inside sub-100 nm apertures. Measuring #lectrical properties independently

from the conductivity of the InAs buffer layer israplicated. One possibility is to use the
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selectivity of InAs citric acid based chemical etchto release the InSb NWs after removing
the SiQ mask with dilute HF (Fig. 3b). The electrical prapes can then be measured either
by contacting the InSb before full chemical undehig of InAs or by transferring the InSb

NW to a host substrate after full under-etching.

Another approach consists in growing the in-plam@bl nanostructures on a semi-insulating
Al sGaySh pseudo-substrate (figure 1b). A cross-sectiaghbffield STEM image of an
array of in-plane InSb nanostructures of sampler@vg inside 50 nm x 10 um patterns
oriented in [110] direction is shown in figure 4s Aan be noticed the shape of the InSb
nanostructures exhibits well defined facets butt than be quite different from one
nanostructure to another. Whereas shape n°2 isntd# significant for nanostructures that
spread almost completely along the aperture, cin@pes can be observed for non-completely
filled patterns where the amount of material pmd is larger. In this latter case, InSb NWs
enlarge their volume either by lateral growth otrer dielectric mask leading to a triangular
shape with (111) facets (shape n°3 and n°4) orbwigg out of the plane in one of the (111)
directions (shape n°1). The observation of thofferéint shapes may indicate that their total

energy (involving InSb/Siginterfaces and island surface) is quite similar.

The different interfaces of the sample C are shmathe TEM cross-sections of figure 5a, 5b
and 5c. Between Al(Ga)Sb and GaAs, the mismateleéemmodated with an interface array
of 90° dislocations (dark area in Fig. 5a). Figiie displays the thin and continuous
pseudomorphic InP layer protecting AlGaSb from @aton and from etching with dilute

HF during the mask preparation. Figure 5c is a zoonthe InSb/pseudo-substrate interface
of a triangular shaped nanostructure grown insié® am wide aperture, and shown in figure
5d. Black spots observed at the interface betwesb land AlGaSb corresponds to the
interface dislocations accommodating the 6% lattiiematch between InSb and AlGaSh. As

can be seen on the chemical EDX analysis of figbde nanostructures are naturally
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composed of In and Sb, and phosphorous has beaveenfrom the aperture surface during

the deoxidization process under,8bx.

The electrical properties of an InSb in-plane nam®wan thus be studied without neither any
etching of the buffer layer nor any transfer of tanowire to a host substrate. Figure 6a and
6b displays plan view SEM and cross-section STEgenof an in-plane [1-10] oriented NW
grown inside a 100 nm x 3um pattern. The ratherlislaagth of the pattern leads to a
complete filling of the Si@aperture. A detail analysis of the electrical mies of such an
InNSb NW MOSFET with a 3 pm gate length oriented[1d0] direction is proposed in
reference [13]. With the NW presented here (figeaeand 6b), a MOSFET with a 1 um gate
length have been processed (Figs. 6¢ and 6d) ardathrized at 77K (Figs. 6e and 6f). At
this temperature, the role of intrinsic charge ieasrin the bulk part of the InSb NW is
reduced and the conductance is mainly due the adetion of electrons induced by the
electrostatic control of the top gate. A gate \gdtdarger than 0.5V is needed to accumulate
electrons in InSb (Fig. 6f). From thg=f(Vps) characteristics of figure 6e, one can estimate
the conductance of the device atg¥1.5V and low drain voltage to be about one quaster
the quantum conductance (2518). It is however limited by (i) the presence nfaxidized
InSb shell around the NW, which limits both thei@fncy of the gate electrostatic control
and the mobility of electrons in the accumulati®@gime, and (ii) by the large contact
resistances. The former could be alleviated byprapriate chemical treatment of the InSb
surface before ALD [15]. The latter could be rediicsing a dummy gate process based on
the Hydrogen Silsesquioxane (HSQ) resist and seéearea growth of heavily doped InSb

access areas as demonstrated recently for InAs NOBRET [7].

5. Conclusion
In conclusion, the selective area MBE of InSb n&masures on highly mismatched InAs

and AlGaSb pseudo-substrates is demonstrated. kg gtat the nucleation probability of
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InSb on the pseudo-substrate surface is increasad the edges of the mask apertures,
resulting in very long in-plane nanostructuresdessub-100 nm apertures. For very dense
patterns, diffusion of Indium can occur over thelelctric mask to promote the formation of
high InSb clusters, more inclined to minimize tlystem energy. Eventually, we show that,
with this growth mode applied to a semi-insulatipgeudo-substrate, in-plane InSb NW
MOSFET with a 1um gate length can be fabricatechauit neither any transfer nor any

etching of the nanostructure.
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Figures captions:

Figure 1.

Schemes of the pseudo-substrates used in this.sBaigple A and B are grown on InAs
pseudo-substrate (a). Sample C is grown on AlGa8hgo-substrate (b).

Figure 2.

Plan view scanning electron micrographs of sampl@rAdifferent patterns: 50nm to 1 pm
wide and 20 um long [1-10] oriented stripes (ajarB0to 1 pm wide and 20 pum long [110]

oriented stripes (b) and an array of holes witD& nm diameter (large view (c) and zoom

(d)).
Figure 3.

Evolution of the mean length of the InSb islandshwiespect to the width of the aperture
oriented in [1-10] direction measured from figuee (&). Bird view SEM image of a single in-
plane InSb nanowire of sample B grown inside a ¥®@um aperture and partially released

by removing the Si@layer with dilute HF and citric acid based cherhetahing of InAs

Figure 4.



Cross-section bright field STEM image of an arrayin-plane InSb NW of sample C. The

different shape encountered are numbered from4l to

Figureb.

TEM characterization of sample C: (a) AIGaSb/AISEAS interface, (b) SiO2/InP/AlGaSb
interface, (c) InSb/AIGaShb interface and (d) HAARIRd EDX analysis of a triangular

nanostructure grown inside a 50 nm wide aperture.

Figureb.

Plan view SEM image of an in-plane InSb nanowiresaiple C grown inside a 100nm X
3um aperture (a) and corresponding cross-secti@MSimage (b). Bird view SEM image of
the NW MOSFET after Ti/Au contact deposition (c)daplan view SEM image after gate
oxide and gate electrode deposition (g5f(Vps) (e) and transfer characteristics (f) measured

on this 1 pm gate length InSb NW MOSFET at 77K.
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Figure2
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