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Abstract

®

CrossMark

To exploit the promising properties of semiconductor nanowires and ensure the uniformity

required to achieve device integration, their position on the growth substrate must be controlled.
This work demonstrates the direct patterning of a SiO,/Si substrate using focused ion beam
(FIB) patterning to control self-catalyzed GaAsSb nanowire growth in molecular beam epitaxy
(MBE). Besides position control, FIB patterning parameters influence nanowire yield,
composition and structure. Total ion dose per hole is found to be the most important parameter.
Yield of single nanowires ranges from ~34% to ~83%, with larger holes dominated by multiple
nanowires per hole. Areas exposed to low ion beam doses are selectively etched by routine pre-
MBE HF cleaning, enabling patterning and nanowire nucleation with minimal damage to the Si
substrate. The optical and electronic properties of nanowires are found to depend on the ion dose
used during patterning, indicating the potential for FIB patterning to tune nanowire properties.
These findings demonstrate the possibility for a FIB lithography protocol which could provide a

rapid and direct patterning process for flexible controlled nanowire growth.

Supplementary material for this article is available online
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1. Introduction

Semiconductor nanowires are promising building blocks for
next-generation electronic and optoelectronic devices with the
ability to tune properties by composition, size and unique axial
and/or radial hetero-structuring [1, 2]. As the lattice matching
criteria are less stringent than for thin films, different III-V
semiconductors can more easily be integrated with Si tech-
nology [3]. Multiple nanowire-based optoelectronic devices

Original content from this work may be used under the terms
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with promising characteristics have been demonstrated, such as
solar cells [4], sensors [5], light-emitting diodes [6], single-
photon sources [7] and lasers [8]. GaAsSb nanowires in part-
icular have been shown to be a diverse III-V nanowire sub-
group [9] due to their zinc-blende crystal phase purity [10, 11],
intrinsic p-type doping [12-14] and tunable bandgap in the
near infrared range.

The combined influence of composition, size and het-
erostructuring on nanowire properties means that ensuring
uniformity in bottom-up nanowire growth, e.g. by molecular
beam epitaxy (MBE) requires precise control of nanowire
positioning and local nucleation conditions [15-19]. Espe-
cially the seeding and pinning of the liquid catalyst particle
(Ga for self-catalyzed Ga-V nanowires) are crucial [20]. A

© 2023 The Author(s). Published by IOP Publishing Ltd
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common way to control this is to mask the growth substrate
with a patterned oxide barrier layer [15, 21]. By creating
regular patterns of holes in this oxide mask where nanowires
selectively grow on the exposed substrate, ordered growth of
positioned nanowires can be achieved with identical local
growth conditions for each individual nanowire.

This patterned growth mask is most often created using
lithography-based techniques [21-24], e.g. electron beam
lithography (EBL) [15], which rely on resist patterning and
etching. Alternatively, direct patterning of holes could lead to
increased positioning flexibility and a simplified fabrication
process. This can be achieved by a focused ion beam (FIB)
[25], an approach which has so far been primarily explored in
proof-of-principle studies [26-33]. These studies are mostly
random area growth, but suggest that single nanowire posi-
tioning should be achievable after optimizing patterning
conditions. This is explored in the present work, using fixed
MBE conditions to study on a single substrate the effect of
FIB milling parameters on the ranges in yield, distribution
and properties of GaAsSb nanowires. The ability to position
single nanowires with flexible and accurate patterning and
growth initiation is a key step to enable integration of nano-
wires with more complex geometry such as atomic force
microscopy cantilevers [27].

2. Experimental

In this work, a wide range of FIB-patterned mask holes is
created to systematically explore the effects of different FIB
patterning conditions on the nucleation and functional prop-
erties of self-catalyzed GaAsSb nanowires. Specifically, the
yield, structure and optoelectronic properties are all examined
and compared between different arrays of nanowires grown
using a matrix of varying FIB conditions on a single substrate.
This approach allows for direct comparison of different FIB-
defined growth conditions, demonstrating both the viability of
FIB patterning, the influence of FIB patterning on nanowire
properties and the degree to which rapid FIB patterning of
different hole geometries can assist in establishing optimal
nanowire growth conditions. The growth substrate is a
heavily p-type doped Si(111) with a 40 nm thermal grown
Si0; layer. The SiO, film is patterned with a Thermo Fischer
Scientific Helios Nanolab 640 Dualbeam FIB at 30 kV and
9.7 pA. FIB patterning repeatability is ensured by program-
ming the patterning process using AutoFIB. Circular objects
are defined with given depth and width.

To isolate and investigate the effect of FIB milling
parameters, an 8 x 8§ reference matrix as shown in figure 1(a)
is created in the SiO, layer. This matrix combines 8 linearly
increasing milling depths (from 10 to 80 nm using a standard
Si application file, corresponding to an area dose of 400 to
3300 ions nm %) with 8 linearly increasing hole diameters
(from 10 to 80 nm) to sample 64 different growth conditions,
all on a single substrate to reduce potential MBE-related
variation. Each growth condition contains a 15 x 18 array of
holes with 1 pm pitch.

After FIB milling the sample is cleaned with 1% dilute
HF for 150 s before insertion into a solid-source Varian GEN
IT Modular molecular beam epitaxy (MBE) system where it is
annealed at 700 °C for 5 min. Nanowires are grown at 625 °C.
After a Smin Ga pre-deposition step with Ga flux of 0.7
monolayers per second, As, and Sb, fluxes are opened at
2.5 x 107® Torr and 2 x 10~ Torr, respectively, for 20 min.
Scanning electron microscopy (SEM) examination of the
grown structures is done at 5kV in the same Dualbeam FIB
as used for patterning. Micro-photoluminescence (u-PL)
studies on selected grown arrays are performed at 12 K using
a closed-cycle liquid He cryostat. A laser at 532 nm is used
for excitation and a single grating Andor Shamrock spectro-
meter with an Andor Newton line Si EMCCD camera for the
PL detection. The laser was defocused to maximize signal.
The spot size is approximated to 2 pum, sampling 5-7 holes
near the middle of each array.

Two-point I-V probing is done in sifu in a Thermo
Fischer Scientific Helios NanoLab G4 FIB using Imina
miBots with 100 nm and 1 gym radius W probes. The 1 ym
probe is pressed against the wafer side to provide a solid back
contact while the 100 nm probe is used to contact single
individual nanowires through the Ga droplet. The probe in
contact with the nanowire is biased while the back contact is
kept at ground, thereby probing the entire nanowire including
the nanowire-substrate interface. To ensure precise contact
and remove the surface oxide layer, the 100 nm probe is
shaped using the ion beam before being used to contact. I-V
spectra are collected by sweeping the contacting probe with
an Agilent B2900 series precision source measure unit. Fur-
ther details on probing are given in supporting note 1 and
supporting figure S1.

Specimen preparation for whole-nanowire transmission
electron microscopy (TEM) of nanowires selected based on
their /-V characteristics is performed in the G4 FIB system
using the FIB EasyLift lift-out needle to break off specific
individual nanowires which are then scraped off onto a 50 nm
thick SiN film on a Si TEM grid. TEM lamellae of nanowires
and their nanowire-substrate interface are prepared in the
Helios NanoLab FIB using in situ lift-out. TEM and energy-
dispersive x-ray spectroscopy (EDS) are performed in a Jeol
ARM-200F operated at 200 kV and equipped with a Centurio
EDS detector with 930 sr nominal solid collection angle. All
EDS data analysis is performed using HyperSpy [34].

3. Results and discussion

Initial examination by SEM after MBE growth reveals that
nanowires have grown in all arrays, shown for four arrays in
figure 1(b). No nanowires have nucleated on the mask
between the patterned arrays. TEM examination of repre-
sentative nanowires as shown in figure 1(b), broken off and
extracted using the FIB lift-out needle, reveals that their
crystal structure is predominantly defect-free zinc-blende,
with an anti-tapered Sb-rich core surrounded by an Sb-poor
shell. More detail on this core—shell structure is given in
supporting note 2. At the droplet-nanowire interface, a GaSb
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Figure 1. Characteristic as-grown GaAsSb nanowires. (a) 8 x 8 hole depth-diameter matrix. Arrays highlighted in white are shown in detail
in figure 2, while the array highlighted in black is shown in figure 3. (b) Arrays consisting of 18 x 15 nanowires, from area marked by a red
box in (a). (c) TEM of broken-off, defect-free nanowire, with (d) corresponding Sb EDS element map. (e) Schematic of representative
nanowire features including GaSb crystal in Ga droplet, stepped bottom surface and anti-tapered Sb-rich core.

crystal is present (visible in figures 1(d), (¢) and detailed in
supporting figure S2), formed by the gradual supersaturation
of Sb within the Ga droplet as the nanowire is cooled down
after growth is terminated [10, 11]. Several nanowires
examined feature a distinct step in the bottom surface, indi-
cating that they have grown partly over the oxide mask.

To begin exploring the variation between different pat-
terning conditions, two main growth regimes are identified in
figure 2, primarily dependent on the total hole dose, i.e. the
total number of Ga ions per patterned hole of each array: a
representative example of low total hole dose arrays (hereafter
referred to as low-dose), with smaller FIB-defined hole depths
and diameters, is shown in (a)—(d). Low-dose arrays primarily
feature a single nanowire per milled hole. In contrast, high
total hole dose arrays (hereafter referred to as high-dose) with
larger FIB-defined depth and diameter largely feature multiple
nanowires per hole.

Examining the nanowire-substrate cross-section of a low-
dose nanowire in figures 2(a)—(d), the interface is smaller than
the wire itself, with the wire having nucleated on the sub-
strate-oxide interface line (consistent with known Ga
nucleation behavior [15, 35, 36]), then growing to partially
cover the oxide. While ion collision cascade simulations [37]
predict ion damage in the underlying Si, it appears here to be
largely undamaged. This is reasonable, as MBE protocols
include a 5 min annealing step at 700 °C which is known to
reverse some degree of FIB-induced damage [38]. While
smaller than the wire diameter, the oxide opening is still
significantly larger than would be expected from FIB milling
alone (figure 2(d)). The significant widening is caused by a
preferential etching of ion beam exposed areas, even at doses
below effective milling. More detail on this etching behavior
is presented in supporting note 3 and supporting figure S3.

This etching enhancement of ion beam exposed oxide when
undergoing the routine HF cleaning step [32] opens the door
for further low ion dose strategies. The cleaning step could be
seen as an ion beam lithography developing step [39], pro-
viding a rapid and flexible technique for ion beam-patterned
nanowire growth while reducing the impact of Ga implant-
ation and amorphization.

Examining a similar high-dose cross-section in
figures 2(e)—(i), multiple nanowires are present for each hole,
often accompanied by parasitic growth. At these doses the
hole milled into the Si substrate is significant, and it is again
clear that etching significantly widens the oxide opening.
Unlike the low-dose regime, the annealing step has not been
able to reverse the FIB-induced effects and there is visible
damage to the Si crystal structure directly under the milled
hole in figure 2(f). The hole itself is largely filled with
parasitic growth, while the vertical nanowire (to the right) is
centered 170 nm away from the hole, making contact with the
substrate-oxide interface line. Unlike the low-dose regime,
here the whole nanowire is in full contact with the Si substrate
as observed in figures 2(g), (i). Closer observation of the array
in figure 2(e) reveals that nucleation of multiple nanowires is
the case for most holes, with nanowires distributed around the
perimeter of the hole in the oxide mask. This is consistent
with known Ga nucleation behavior, as excessively rough
surfaces and high aspect ratio holes are less suitable for
nanowire growth [40, 41].

To demonstrate the transition between the low-dose and
high-dose growth regimes across the 8 x 8 matrix, SEM and
computer vision (CV) are combined in figure 3 to provide a
quantitative and representative characterization of every
nanowire from every array [42]. Unlike tilted-view SEM
images as shown in figure 3(a), top-down SEM images
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Figure 2. Ion-beam dependent nanowire-substrate interfaces for different milling parameters. TEM lamella specimens taken from the fields
marked by white squares in figure 1(a) (bottom-left and top-right in the 8 x 8 growth matrix): (a)-(d) SEM, HAADF-STEM and schematic of
nanowire from representative low-dose array. (e)—(i) SEM, HAADF-STEM and schematic from representative high-dose array. Nanowires in
(b) and (g) are marked with red circles in (a) and (e), respectively. High-resolution HAADF-STEM of their interfaces at the marked red

rectangles is presented in (c) and (i). In the schematic presentations (d) and (h), the solid horizontal dark blue line marks the location and
shape of FIB milling while the red line marks the final observed interface after HF etching, annealing and nanowire growth. Red areas mark
the expected extent of ion implantation from simulation. The distance Ad between dash-dot lines denote the nanowire displacement (distance

between targeted hole center and nanowire center axes).
80 % . :
70 % | .' :
60 % ) g
50 % -
40 % 10'-(;::m %‘

Figure 3. SEM-based computer vision for analysis of nanowire growth statistics: (a) tilted-view SEM image of nanowire array (depth 60 nm,

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Diameter [nm] Diameter [nm]

diameter 10 nm) highlighted in black in figure 1(a). (b) Top-down SEM image of same array, optimized for computer vision with detected
droplets in red (right half). (c) Enlarged image from highlight in (b) with Ga nanowire droplets, fitted hole position (cyan dots) and calculated
position displacement (Ad, yellow lines). (d) 8 x 8 representation of the milled matrix with total number of detected droplets for each array
in figure 1(a), each array having 270 hole positions. (e) Single nanowire yield, plotting the percentage of holes from each array with a single
Ga nanowire droplet detected. Fields marked with * have yield of ~83%. (f) Scatter plot of droplet positions relative to FIB-milled hole
position from each of the four arrays indicated with (i)—(iv) in (e). Red circles indicate the input FIB patterning diameter.

Depth [nm]
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(figure 3(b)) provide strong contrast from Ga droplets on top
of nanowires. These droplets can then be recognized by CV,
as shown in figures 3(b)—(c). By comparing the number, size
and location of each detected droplet to the known as-milled
pattern, each array can be characterized quantitatively. The
total number of nanowires detected per array is presented in
figure 3(d), demonstrating a general trend across the FIB
depth-diameter parameter space: as holes increase in both
depth and width, nanowire yield first goes down due to
parasitic growth, but then recovers and increases further as
holes start to nucleate multiple nanowires per hole. Given the
occurrence of multiple nanowires per hole, direct counting of
nanowires would result in yield values above 100%. To
account for this, single nanowire yield is determined by
comparing the positions of all nanowires to the known pattern
of FIB-milled holes. Each hole can be assigned one or mul-
tiple nanowires, and the percentage of holes where a single
nanowire has grown can be determined. As demonstrated in
figure 3(e), yield of single nanowires ranges between ~31%
and ~83%, with the maximum achieved at two different
depth-diameter combinations (marked (*) in figure 3(e)). The
tendency demonstrated in figure 2 of nanowires to nucleate
along the edge of holes can now also be examined in more
detail. The position of each individual nanowire compared to
its fitted hole location can be plotted per array, shown for the
four matrix corners in figure 3(f). Plots for all 64 arrays are
given in supporting figure S4. Notably, for the high-dose
regime, nanowires form rings around the hole, with no Ga
nanowire droplet detected over the hole itself, clearly
demonstrating the impact of milling conditions on nanowire
positioning uniformity with subsequent effects on the uni-
formity in final nanowire properties. This tendency of nano-
wires to nucleate along the substrate-interface line has been
documented for other patterning methods [15, 21]. The FIB
patterning itself is found to be uniform and unaffected by e.g.
charging or drift, see supporting figure S5. As increasing ion
dose leads to prominent hole milling into the substrate,
nanowires nucleate on the exposed and relatively flat (though
still textured) substrate around the hole.

To examine the impact of FIB milling parameters on
optical properties, low-temperature (12K) p-PL measure-
ments are carried out with a defocused laser spot centered on
each array. Plotting the PL emission peak energy for different
arrays (figure 4(a)), a consistent shift in PL peak energy can
be observed across the matrix in figure 4(b). Small variations
in peak width and shape are ascribed to each spectrum sam-
pling 5-7 holes with potentially varying composition or dif-
ferent growth, such as inclined nanowires or parasitic growth.
These can be seen in SEM images, for example figure 3(a).
The PL peak energy is found to have an inverse correlation
with total dose, going from 1.30eV for the smallest holes
(bottom left) to 1.24 eV for the largest holes (top right). This
shift in peak energy is attributed primarily to increasing Sb
[43] content in the GaAsSb nanowires, increasing from
around 5.4 at% to around 7 at% with increasing hole size. The
rate of change for the PL peak energies over the matrix is
shown in figure 4(c) to be linearly increasing with the
exponentially increasing total ion dose per hole.

=] 1.0+ (a) Depth/Diameter
0, —— 10/10 nm
2087 —— 20/20 nm
g . —— 30/30 nm
5 0.6 1 IncreaSIng —— 40/40 nm
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5 0.4 diameter —— 60/60 nm
N 70/70 nm
= 0.27 80/80 nm
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5 0.01 = : : : :
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Figure 4. Low temperature (12 K) p-PL. (a) Representative PL.

spectra for the arrays along the line marked in (b) by a white arrow.
(b) GaAsSb nanowire band gap as measured by PL for each array.
(c) Sb content in at% in the Sb-rich core (as determined from the PL
peak energy) for each nanowire array plotted against total hole dose.

This shift in the GaAsSb nanowire band gap can be
compared with the change in total nanowire yield from CV.
As larger areas of Si are exposed per hole, both parasitic
growth and multiple nanowires per hole become more com-
mon with the net effect of turning growth from a diffusion-
limited regime to a more competitive regime. This regime
transition has been previously observed in GaAsSb nanowires
by decreasing the patterning pitch [44], resulting in increased
Ga competition which reduces droplet size. As smaller dro-
plets incorporate less As, the Sb content increased resulting in
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a redshift in PL emission peak energy, in agreement with the
shift observed in figure 4(c).

As seen in figures 2 and 4, both the characteristics of the
nanowire-substrate interface and the composition of the
grown nanowires exhibit consistent changes across the FIB
milling conditions used. It is thus to be expected that the
electronic properties of the wires are also altered as a function
of applied ion dose. To examine possible trends due to FIB
milling conditions, a two-point probing setup within the FIB
is used on as-grown nanowires across several arrays. By
probing a substantial number of single nanowires, a com-
parison can also be made between wire-to-wire variations for
each condition, and any consistent trends due to FIB milling
conditions. An in situ sharpened W probe serves as top
contact (figure 5(a)), with a second probe as back contact on
the Si substrate. This enables relatively easy probing of a
large number of nanowires. In total, more than 200 different
nanowires were probed as-grown for this analysis. The I-V
response of a majority of nanowires is dominated by diode
behavior, shown for a range of representative nanowires in
figure 5(b). While there can be significant wire-to-wire var-
iations within each array, even from morphologically iden-
tical nanowires, two general observations are clear when
comparing distributions across the matrix. First, higher doses
lead to a markedly improved conductance for the probed
voltage range. To quantify this, the /-V spectra are fitted with
a two-segment piecewise linear model. From this model the
estimated threshold voltage can be plotted for each probed
nanowire. Figure 5(c) depicts the threshold voltage distribu-
tions for 150 nanowires from 10 different arrays, demon-
strating the trend with increasing ion dose per hole. The
details of this quantification are presented in supporting figure
S1. Second, for larger holes such as presented in figures 2(e)—
(i) the reverse current for some nanowires becomes more
pronounced. The general /-V spectra for these nanowires
resemble less a single diode and more closely the metal-
semiconductor-metal behavior observed in doped GaAs
nanowires [45, 46]. This demonstrates that the I~V char-
acteristics of individual nanowires, like the composition and
growth statistics, can be controlled by FIB milling conditions.

4. Conclusions

FIB milling is used to directly pattern a two-dimensional
matrix of FIB patterning parameters on a single substrate. The
resulting nanowires are characterized using SEM-based CV,
in situ I-V probing on a large number of wires, ex situ PL and
TEM. In all, the different characterizations presented
demonstrate the robustness and general impact of FIB milling
conditions on GaAsSb nanowire growth. While for some
characteristics such as the radial distribution of nanowires in
their holes, different effects of FIB-milled width and depth
can be distinguished, the main trends depend largely on the
total number of ions per hole. As ion dose increases, single
nanowire yield increases to a maximum of ~83% before

(b)
1.0 7 pepth/Diameter
— 10/10 nm
0.81 == 30/10 nm
— igﬁg "M Increasing
| nm
2 06 === 10/30 NmM gleapn:rélter"\
< = 10/50 NmM
= 0.4 30/30 nm
— 10/70 nm
0.2- 50/50 nm
m— 70/70 NM
0.0 P
30 -20 -10 0 10 20 30
V [V]
(©)

=== Vthreshold, fit

Vthreshold[v]

10° 107

lons per hole

10°

Figure 5. I-V measurements on different arrays. (a) SEM image of
single nanowire probing. (b) Single nanowire I-V curves from the 10
arrays probed with general trend. Positive voltage bias is here
defined with current flowing in the growth direction of the nanowire.
(c) Violin plot demonstrating trend in threshold voltage with
increasing total hole dose.
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decreasing due to parasitic growth and gradual domination of
multiple nanowires per hole. Patterning with a higher dose is
accompanied by a reduction in band gap due to increased Sb
content, higher conductance and more pronounced metal-
semiconductor-metal /-V behavior. At lower total hole doses,
FIB-related ion damage is largely recovered by standard pre-
growth high-temperature treatments. The ability of Ga to
enhance the etching in the HF cleaning step is demonstrated.
For low doses, sites for nanowire growth are thereby created
through what is effectively a FIB lithography process.
Overall, FIB can be a flexible approach for direct patterning
to achieve position-controlled and tunable nanowire growth.
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