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38 nanowire networks

42 Epitaxially connected nanowires allow for design of electron transport experiments and
applications beyond the standard two terminal device geometries. In this letter, we present
45 growth methods of three distinct types of wurtzite structured InAs nanocrosses via the
47 Vapor-Liquid-Solid mechanism. Two methods use conventional wurtzite nanowire arrays
49 as a six-fold hexagonal basis for growing single crystal wurtzite nanocrosses. A third
method uses the two-fold cubic symmetry of (100) substrates to form well-defined coherent
52 inclusions of zinc-blende in the center of the nanocrosses. We show that all three types of
54 nanocrosses can be transferred undamaged to arbitrary substrates, which allows for

56 structural, compositional and electrical characterization. We further demonstrate the
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potential for synthesis of as-grown nanowire networks and for using nanowires as shadow

masks for in-situ fabricated junctions in radial nanowire heterostructures.

Crystal growth of free-standing nanowires (NWs) offers a variety of flexible material designs,
with a possibility to synthesise compositional and structural heterostructures, both axial and
radial'***>. On the other hand, controlled growth of NW based networks in geometries beyond
two-terminal device designs is not as flexible as its planar counterpart, where the top-down
approaches can be in principle used to define arbitrary networks®. However, there is a desire to
combine the advantages of free-standing nanowires with the multi-terminal device geometries,
which has inspired several research groups to focus on in-situ growth of branched and epitaxially
interconnected II-V NWs/5% 101 LI2131415.16.17 Progressing towards advanced free-standing
nanostructures, such as branched T-shaped NWs and X-shaped nanocrosses (NCs), requires new
approaches to crystal growth and substrate preparation. Moreover, the crystal structure and
morphology of the junctions becomes important, as it affects the electrical properties of the
structures and therefore their potential in relevant applications, e.g. coherent quantum transport
experiments'®. In general, a single crystal NC can be formed if the crystal structure of the
merging NWs falls within a subgroup of the substrate symmetry group. The majority of the
current development relies on growth along the two-fold [111]B directions on cubic (100)
substrates, where the single crystallinity can be achieved, if the NWs grow in the ZB structure
from a ZB substrate and therefore preserve the symmetry. In contrast, if the NWs grow in the
hexagonal WZ structure from the cubic basis of a ZB substrate, the two sets of NWs will have
different crystal orientations. That will lead to an incoherent match between the merging NWs,

which can drive a crystal reconstruction back to the cubic symmetry'*'*!°.
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In this letter, we present a strategy for growing interconnected single crystal InAs NW NCs in
the WZ structure. The growth is achieved by using [0001]B NWs as a platform for kinking InAs
WZ NWs in parallel to the substrate™*! 2 (Figure 1a). The crystal structure of the kinked
NWs, which in these experiments preferentially grow along one of the six <1-100> directions, is
then locked into the WZ parent basis. Relative positioning of the seed particles with respect to
the substrate crystal axes that correspond to the six-fold growth directionality, enables growth of
X-shaped ‘kinked-planar’ ([1-100]X[01-10]) (Figure 1b) and ‘kinked-vertical’ ([1-
100]1X[0001]) (Figure 1d) NW NCs, which are presented in the first part of the letter. In the
second part we present growth of hetero-crystal WZ/ZB/WZ ([0001]1X[0001]) NCs (Figure 3a),
which originates from [0001]B WZ NWs grown directly from the two-fold [111]B directions on
(100) substrates. Finally, we discuss the possibilities to grow complex NW networks and to form

controlled NW shadow masks for junctions in core-shell NWs.

The NWs were grown on either bare or oxide masked InAs (111)B and InP (100) substrates by
molecular beam epitaxy (MBE) via vapor-liquid-solid (VLS) method in a GEN II Varian system.
The substrates were pre-patterned with Au particles using electron beam lithography (EBL).
More details of substrate fabrication are given in the supplementary information (S1). The pre-
patterned substrates were plasma ashed in oxygen and cleaned in 20:1 H,O:HF solution prior to
growth. The native oxide was desorbed by annealing under As overpressure at 540°C. The
[0001] NWs on masked InP (100) substrates were grown at substrate temperature of 410°C, an
In flux corresponding to a planar growth rate of 0.7um/hr and a As,/In ratio of 20. NWs on InAs
(111)B substrates were grown at 420°C and As4/In ratio of 30. The growth direction can be

14,23,24,25,26,27,28,29,30,31,32

changed in various ways, as shown in previous works , where adjustment
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of either temperature, fluxes or liquid composition can result in an abrupt change in the liquid
wetting (see ref. [33,34] for discussion on wetting mechanisms). In this work we change the NW
growth direction by introducing a short growth period of GaAs.”* The probability of changing
the NW growth into the <1-100> direction, or maintaining [0001]B direction, depends on the
amount of introduced Ga. The growth of the NWs then continues along the kinked <1-100> or
the vertical <0001> directions after reintroduction of the In flux. We gradually decrease both the

In and As fluxes during the kinked NW growth, to reduce NW tapering as discussed below.

[1700]X[0170

g
Y AN

d [1100]+{0001]

Figure 1. Growth of NCs in WZ basis a) Tilted SEM image of a kinked InAs NW array grown
on a InAs (111)B substrate. b) Top-view SEM images of ‘kinked-planar’ InAs NCs ([1-
100]X[01-10]) formed from two kinked NWs crossing in a plane parallel to the substrate. ¢) Top-
view SEM image of a hexagonally patterned NW array, grown with a small probability to kink,
which yields a vertical InAs ‘h-structure’ (formed from kinked and free-standing NWs - [1-
100]T[0001]), as seen in the tilted side-view inset. d) A slight rotation of the hexagonal seed
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pattern with respect to the [11-2] crystal direction promotes formation of ‘kinked-vertical® NCs
([1-100]+[0001]).

For the synthesis of kinked-planar junctions the growth direction is kinked into one of the six
<1-100> directions parallel to the growth substrate (Figure 1a). In this work, we get a NW
kinking probability up to 100% by introducing a Ga flux for 15s, corresponding to a GaAs planar
growth of 2.25 nm. Note that the six growth directions form with equal probability and are
defined by the faceting of the [0001]B NWs. High yield of the NCs based on kinked NWs is
obtained by positioning the seed particles along the six <11-2> crystal directions of the substrate,
as illustrated in Figure 1 (b, d and a specific example of a hexagonal array in c). This allows for
the kinked NWs grow and merge in the same WZ basis. Thus, when the probability to kink is
high, two NWs kinked at the same height parallel to the substrate can merge into an X shaped
kinked-planar NC (Figure 1b). The ratio of kinked and straight NWs can be tuned by varying the
GaAs growth time. When the fraction of the kinked NWs is significantly reduced, vertical h-
shaped structures can be grown from a hexagonal pattern, as shown in Figure 1c for 4 second
growth of GaAs. In this scheme the kinked NW directly hits one of the {1-100} side facets of the
[0001]1B NW that maintained the initial growth direction and forms a T shaped junction ([1-
100]T[0001]). If the same principle is used in combination with a slight rotation of the
hexagonal seed pattern in the EBL design, the kinked NW passes the [0001]B NW while
growing in a distance set by the rotation (50 to 300 nm). Both NWs subsequently bond together
and form + shaped kinked-vertical NC (Figure 1d). The kinked-planar junctions are similarly
formed from two NWs passing close one to another in different height. Therefore, the seed

nanoparticles play no role in the merging process of the NWs and none of the NC junctions are
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contaminated by the seed material. A similar form of in-situ NW attraction was previously
reported by Dai et. al.”> We stress, that precise substrate patterning combined with control of the

kinking probability greatly increases the yield of both types of structures.

The single crystalline junctions of the kinked-vertical and kinked-planar NCs are modelled in
Figure 2 (a) and (e), respectively. In supplementary information S2, we show that it is possible
to transfer both types of the NCs by micro-mechanical manipulator needles to various substrates
with high precision, e.g. to TEM grids as shown in Figure 2 (b, f). Figure 2c shows a TEM
image of kinked-vertical junction taken along the [0-110] axis projection. As shown in
supplementary information S3, the NWs are grown together via the facets and not the bulk,
which is also reflected by the darker contrast in the junction due to the increased thickness
caused by the overlapping NWs. However, these NCs appears just as mechanical stable as fully
overgrown NCs, judging solely from the mechanical transfer. In Figure 2c, the NWs forming
this particular examined junction are rotated with respect to each other (visible from Moiré
patterns and diffraction patterns of the junction in Figure 2d). It is likely that when the kinked
NC junctions are affected by inter-wire rotation, although the crystal coherency can be retained
by strain, which is supported by the fact that we did not observe any signs of dislocations. Apart
from the inter-wire rotations, the structural coherency of the junction will be affected by the
presence of different polytypes and stacking faults. One of the typical issues we observe is radial
growth of ZB structure on the (0001)B top-facet. The onset of the radial growth can be related to
the critical adatom density on the NW sidefacets, which depends exponentially on both group III
and group V fluxes, as described in ref. [34]. The tapering thus initiates when the kinked NW

grows longer than a given effective adatom diffusion length, corresponding to the critical adatom
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density. The radial growth tends to start at the corner of the kink and propagate outwards (see
supplementary information S4). The stacking faults in the kinked NWs are inherited from the
[0001]1B NW stem and propagate in parallel to the [0001]B plane. Even though Figure 2(h)
shows a perfect match between the two kinked nanowires, diffraction analysis and high
resolution TEM characterization of the kinked-planar junction (Figure 2g) along the [0001] zone
axis projection (Figure 2h), shows A-B-C stacking sites, indicating presence of ZB stacking-
faults in the structure. In order to obtain single crystal non-tapered NCs, growth conditions that
yield stacking fault free [0001]B NWs and at the same time longer adatom diffusion lengths
during kinked NW growth, are of great importance. Interestingly, we have not observed inter-

wire rotations in the kinked-planar junctions.
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Figure 2. TEM of NCs grown in hexagonal basis. a) WZ crystal structure model of a kinked-
vertical NC, shown on TEM grid in b). ¢) Zoom-in on the junction region of the same NC with
visible Moir¢ pattern and further high resolution zoom-in onto the junction corner d), showing
two slightly rotated WZ crystals. The inset displays a diffraction pattern of the junction. ¢) WZ

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Nano Letters

crystal structure model of a kinked-planar NC, shown on TEM grid in f). g) Zoom-in on the
junction region of the kinked-planar NC and further zoom-in on one of the junction corners h)
showing single crystalline WZ nature. The inset shows a diffraction pattern of the junction.
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Figure 3. InAs WZ [0001]B NCs grown from a cubic basis. a) Cross-sectional SEM image of
InAs ‘“WZ/ZB/WZ’> NCs ([0001]X[0001]) grown from seed particles deposited along the [0-10]
direction on InP (100) substrate (left panel). A close up SEM image of the junction (right panel).
b) Crystal structure model of the WZ/ZB/WZ junction showing coherent WZ-ZB-WZ transition
and incoherent WZ-WZ boundaries (red arrows). ¢) A low resolution TEM overview of the NC
shown in d) with a visible ZB segment in the center as shown in the high resolution TEM image
in e) depicting the WZ-ZB-WZ transition in the corner of the junction. The inset in e) also shows
the well-defined single plane transition from WZ to ZB.

(100) substrates have been previously used to grow a variety of nanostructures, e.g.
vertical NWs***" inclined NWs'**° or nano-plates®®. In this study, we use parameters that
promote the InAs nanowire growth along the two <I111>B directions on InP substrates and

subsequent formation of WZ/ZB/WZ NCs. We find that a relatively high V/III ratio combined

39,40

with an oxide masked substrate increases the yield of these inclined NWs. However, the

41,42

initial growth depends on the details of the catalyst interaction with the substrate™ **, which also
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influence the preferential NW morphology and crystal structure. We also find that the NW
crystal structure changes from ZB to pure WZ during the initial growth stage, under the given
growth conditions'>**. Growth of two NWs along the opposite <111>B directions, stemming
from seed particles positioned along the [0-11] direction, then results in formation of the vertical
X-shaped WZ/ZB/WZ NCs (Figure 3a left panel). A small NW diameter determined by the size
of the seed particles, enables them to pass one another in close proximity, bond together and
overgrow into a cross during further growth. Because the relevant symmetry point sub-group of
WZ has a lower symmetry than that of ZB, the two merging WZ NWs, originating from the two
[111]B orientations of a cubic substrate, grow in two differently rotated crystal bases. This leads
to a crystal incoherency which acts as a driving force for recrystallization into the cubic

131619 " The recrystallized junction consists of a highly reproducible 3D diamond

symmetry
shaped ZB inclusion surrounded by WZ/WZ incoherent boundaries, as illustrated in the crystal
model in Figure 3b. This can occur without further disruption of the WZ [0001]1B NW growth
and a faceted homogeneous junction is formed (Figure 3a right panel). The crystal model
together with TEM of the junction (Figure 3d), clearly shows two incoherent WZ-WZ
boundaries left behind after recrystallization and surrounding the ZB diamond. These incoherent
grain boundaries persist in the structure, because further recrystallization is either kinetically

limited or just energetically unfavourable. The WZ-ZB-WZ transition makes a coherent single

atomic layer interface as shown in Figure 3e and in detail in supplementary information S5.

While the NCs grown on (100) substrates (Figure 5a) are suitable for merging multiple

nanowires'’, the kinked NW growth additionally has potential for upscaling into larger as-grown

NW networks, because of the planar geometry. This requires control of the height of the kink
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(Figure 4a), which depends on the uniformity of the NW stems. The growth rate depends on the
NW diameter which is related to the volume of the seed particles. Thus, the height of the kinks is
controlled by the amount of Au deposited in the holes defined in the EBL design, as shown in
Figure 4b. In the In limited growth regime the height depends on the NW pitch, as long as it is
smaller than the adatom characteristic diffusion length. We found that using an oxide mask
between the Au seed particles makes the heights of the kinks independent of the NW pitch down
to at least 1.5 micrometer. We propose that the role of the In adatom surface diffusion is
significantly reduced due to roughness of the InAs planar growth on the oxide mask. Since the
oxide is overgrown in the early stages of growth, we also do not expect that the growth rate is
affected by NW pitch dependent secondary reabsorption of group III atoms, which was
previously described by Dalacu et. al.*. Therefore, we achieve stable growth rates even for seed
patterns with wide local spread in the NW pitch. In Figure 4b, we measured the kink height of
50 NWs for three different volumes of Au seed particles and six different NW pitches. Each
measurement was fitted with a normal distribution, yielding the mean NW kink height and its
standard deviation. The total average of the standard deviations of the NW kink height (120 + 23
nm) was found to be comparable to the NW diameter, even though the NW pitch varies within
each data point. This allows for high yield growth of complex NW networks, by merging
multiple kinked NWs in the same plane and independent of in-plane network geometry. In
Figure 4c we show an example of how hexagonal substrate seed patterning can be used to
synthesize larger NW networks. Moreover, individual single crystalline structures, such as loops,
double crosses, etc., based on the kinked-planar NC synthesis can be grown from specifically
designed patterns (Figure 4d). However, the six-fold symmetry of the planar NW growth

intrinsically limits the yield of specific types of structures. Integration of such NW networks,
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designed for larger electronic circuits, may well be possible with advanced transfer and/or
fabrication methods****”. Controlled kinking of the NW growth direction also offers various
schemes for in-situ shadow masked junctions in NW heterostructures. This method is possible in
MBE where the deposited materials originate from directional beam fluxes. By using the
‘shadows’ from other NWs that are in front of the beam, the junctions can be formed in-situ
without breaking the vacuum. This opens for a whole new palet of material combinations that
before were limited by the availablilty of selective etchants. A similar scheme is recently
reported for NWs grown on (100) substrates by Gazibegovic et al'’. If the deposited materials are
non-diffusive this method produces well defined junctions in the shell of core-shell NW
heterostructures, while preventing any undesirable damage to the NW surface. Figure 4e shows
a well-defined shadow in two facet Al shell of a kinked InAs/Al NW heterostructure. The
potential of kinked NW shadowing is extended, when the NWs are deterministically kinked in
different heights by controlling the volume of the seed particle, see Figure 4f. In this case, a thin
Al film is deposited on the top facet of a highlighted kinked NW and shadowed by neighbouring

NWs.
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Figure 4. Scaling planar NW networks and in-situ shadow mask NWs a) Tilted SEM image
of kinked NW array, with a zoom-in on two horizontally aligned kinked nanowires. b) Average
NW kink height measured as a function of the NW pitch for three different sizes of EBL defined
10 nm thick Au disk diameter (50 NWs per data point). ¢) SEM image of an ensemble of more
complex nanowire networks grown from hexagonal seed particle pattern, with a tilted SEM
image of a network connected from 6 NWs as an inset. d) Top-view SEM image of kinked
nanowire loops, based on the kinked-planar NC synthesis approach. ) Top-view SEM image of
a kinked InAs/Al NW heterostructure, where the Al deposition is in-situ selectively shadowed by
[0001]1B NW. f) Side-view SEM image of kinked InAs/Al NW array, where control over NW
kink height is used to form shadows in the one facet Al layer in-situ.

The NCs were first selected with SEM and then transferred with manipulator needles to pre-
patterned Si/SiO; substrates for device fabrication (S2) and room-temperature 4-probe resistivity
characterization, see Figure 5. In various measurements of different WZ/ZB/WZ NCs, we did
not observe a noteworthy dependence of the resistivity on the distance from the junction to the

voltage probes. Other important points are that for these measurements the extracted resistivities

are on average one order of magnitude higher than typical values for single NWs and
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surprisingly do not show a dependence on the path through the junction. In Figure 5a we show
measurements of a double WZ/ZB/WZ NC device, which was characterized in order to quantify
resistance contributions of both junctions. Setting up sufficient combinations of measurements,
we can extract resistances of the different junctions R4, R, and the resistivity of the bare WZ NW
segments (see supplementary S6). The average values were extracted from 4-probe resistance
measurements of eight different double cross segments, by solving four sets of three equations
for variables Ry, R, and pywcaic (Where pyweaic 18 considered to be constant for each WZ
segment). The calculated resistivity of the bare NW ((54 + 2)-10* Q-cm) was found to be one
order of magnitude lower than the total measured average resistivity ((700 + 75)-10* Q-cm),
which includes the calculated junction resistance contributions (5.9 £ 0.8 kQ for R1 and 6.3 £0.9
kQ for R2). Transport through the WZ/ZB/WZ structures is therefore highly affected by the
junction region.

The measured resistance through the WZ/ZB/WZ crosses does not show a dependence on the
path, i.e. there is no apparent difference in resistance whether there is a possible transport path
through the incoherent WZ/WZ interface or only through the ZB segment (see Figure 3 d for a
typical junction structure). This suggests that the resistance stems from a transport barrier that
extends throughout the junction. Since the WZ/WZ interfaces are single plane and because we do
not see any associated strain effects in TEM, we speculate that the resistance stems from a
barrier related with band offset between the ZB and WZ phases. This is consistent with recent
studies on ZB-WZ heterostructures in single InAs NWs, where the band offset is sufficient to
form transport barriers and electron wells****°,

For relevance in quantum transport, we further speculate that the presence of a transport barrier

in the junction may limit phase coherent transport between the WZ terminals. On the other hand,
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the ZB segment may form a well-defined quantum well, and as well-defined coherent polytypism
in NWs have previously shown promise in quantum dot experiments and could serve as an
interesting geometry with multi-terminal contacts to quantum wells.

Transport through the kinked-vertical NCs also depends on the branch combination (Figure
5b), but is in this case solely related to compositional changes. The measured average resistivity
through the NC ((10 + 9)- 10 Q-cm) increases by one order of magnitude ((101 £ 8)- 10 Q-cm)
when branch C is included in the transport. We explain this by the presence of a Ga rich In;.
xGaxAs barrier in the <0001>B NW, that is incorporated during the kinking growth step (see
EDX analysis of the GaAs barriers in S7). Apart from that, the junction appears to be barrier free
when branch C is excluded from the transport path. In order to avoid GaAs barrier formation, it
is of interest to further develop other NW kinking mechanisms, e.g. using a temperature gradient
to kink the NWs”'2.

The results of transport measurements of the kinked-planar NCs consistently show no sign of
resistance associated with the junction region, as long as the two Ga contaminated segments at
the kink sites are excluded from the measurements by device design, as shown in Figure Sc and
supplementary S2. The measured resistance is independent of the transport path through the
junction with respect to all NC segments. The averaged measured resistivity ((14 + 10)-10™
Q-cm) is also comparable to that of a reference kinked NW (23:10™ Q-cm) shown in the inset.
We expect the NC to maintain similar electronic properties in all four NC branches, which is
supported by the TEM characterization suggesting that the junctions are free of structural and
compositional barriers. The barrier-free transport combined with pure crystallinity makes this
structure an excellent candidate for phase coherent transport in multi-terminal device geometries.

We have shown that all three types of structures are feasible for electronic device fabrication, but
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stress that the sole purpose of the measurements in this work is to characterize the resistivity
through the junction and its dependence on the terminal combination. The specific electronic
properties will be addressed in future low temperature experiments. Details about nanowire

transfer and device fabrication are part of the supplementary information S2.
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Figure 5. 4-probe characterization of InAs NCs a) Measured 4-probe resistivity through 6
different WZ/ZB/WZ double NC device segments (colored SEM image), including ZB barriers
R1 and R2, together with averaged (from measurement) and calculated (excluding ZB barrier
contribution) resistivities. b) Measured 4-probe resistivity through six different kinked-vertical
NC device segments (colored SEM image) together with averaged resistivities for segments
through and around GaAs barrier. ¢) Measured 4-probe resistivity through four different kinked-
planar NC device segments and reference nanowire (colored SEM image) and averaged
resistivity of the nanowire.
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In summary, we have demonstrated methods for controlled synthesis of InAs nanocrosses.
Control of the growth conditions, and rigorous substrate patterning, allow for the formation of
two distinct types of single crystalline WZ NCs, ‘kinked-vertical’ and ‘kinked-planar’, in the
same two-step growth process. The single crystallinity is obtained in both types of structures by
using WZ [0001]B NW arrays as hexagonal basis. We show that the resistivity in both types of
NCs is independent of the path through the junction. Moreover, as the kinked-planar NCs are
grown parallel to the substrate, this method has potential for synthesis of epitaxially inter-
connected NW networks. The high electrical transparency in combination with single
crystallinity of the junctions, make them excellent candidates for low temperature, phase
coherent, quantum transport experiments in future studies. A third type of WZ NCs was grown
directly from a cubic basis, which results in reproducible junctions with well defined inclusions
of ZB. While the WZ/ZB/WZ junctions could limit phase coherence, the well-defined ZB
segment could be used for multi-terminal transport experiment through a crystal phase defined

quantum well.
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defects. S5: HR TEM image of the incoherent WZ-WZ boundary in a WZ/ZB/WZ NC. Sé6:
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Modelling of the junction crystal structures was performed in software Vesta™. All NCs were
characterized by scanning electron microscope JEOL 7800F as-grown and transmission electron

microscopes JEOL 3000F (300 kV) and CM20 Phillips LaB6 (200kv).

ABBREVIATIONS
NW, Nanowire; NC, Nanocross; ZB, Zinc Blende; WZ, Wurtzite; MBE, molecular beam
epitaxy; VLS, vapor liquid solid; SEM, Scanning electron microscopy; TEM, Transmission

electron microscopy; EBL, Electron beam lithography.
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