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Abstract

The nucleation mechanism of ubiquitous basal stacking faults observed in hexagonal
Si/Ge nanowires is still an enigma. These defects may hinder the exploitation of
hexagonal Si/Ge for nano-opto-electronics and quantum technologies. In this work,
the formation of the I3 basal stacking faults is investigated at the atomistic level and
results are compared to the experimental findings. We propose that these extended
defects are caused by dislocation lines elongated in (1120) directions, which in turn

arise from glide terminations of the step edges when two growing fronts run into each

other.
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Introduction

The enormous advances in nano-opto-electronics and quantum technologies are accompanied
by the demand for high-quality materials and precise control of the growth process.'™ Crys-
talline defects may not only degrade the performances of the devices but often lead to their
complete failure.® Understanding the mechanisms driving the formation of crystalline defects
is the first step to engineering defect-free materials.5® Recently, hexagonal diamond (2H)

10712 and demonstrating the

SiGe has been synthesized by exploiting core/shell nanowires
direct electronic bandgap for the Ge-rich 2H-SiGe shells.! Thus, 2H-SiGe may contribute
to the ongoing efforts to implement monolithically integrated optoelectronics.'® However,
because of the meta-stability of the 2H crystal phase, the inclusion of the most stable di-
amond cubic phase, which differs only for the different stacking sequences along the [111]

t141% is very often present in the

direction, is easily understandable. In fact, the I3 defec
2H-SiGe shell and has been analysed in a couple of recent works.'®!” A mechanism for its
formation has been proposed, based on the experimental analysis but without any atomistic
modelling support. Here, we propose in detail the general atomistic mechanism leading to

the formation of the I3 defect (Is-BSF and its defect boundaries), in all the configurations

observed so far, including non-triangular extended defects, shown here for the first time.

Results and discussion



1.,16 char-

The triangular I3 defect in 2H-Ge nanowires has been analyzed by Fadaly et a
acterizing both its structural and electronic properties. Their investigation performed by
transmission electron microscopy (TEM) studies imaging the nanowires along two different
zone axes demonstrates that a basal stacking fault (I3-BSF) is extended on a triangular area
closed by the free surface and, on the other two sides, by two dislocation pairs with an
angle of 60° between them. The [3-BSF causes an altered stacking sequence ABCBA in the
hexagonal (2H) ABAB sequence with the two pairs of opposite 30°-type partial dislocations
along (1120) directions bounding the stacking fault and allowing for the change in the dumb-
bell orientation. On both sides of the C-plane, which is replacing an A-plane, the crystal
remains perfect, i.e., unshifted and undeformed because of the null total Burgers vector of
the dislocation complexes. This evidence also indicates that the origin of the defect has not
to be ascribed to strain relaxation processes.

Another recent work by Vincent et al.'” added information on the occurrence of triangular
I3 defects as a function of the growth parameters and proposed a possible scenario for the
origin of I3 triangles. In particular, the authors indicate the presence of point defects located
at the apex of the triangle as the most probable cause of the defect formation. However,
in the same paper, the presence of I3 defects that could not be explained by a triangular
shape was also mentioned. Their shape implies that they should have a different formation
mechanism. It is clear from Ref.!” that the growth of the nanowire shell proceeds via step
flow in the [0001] direction, with growth fronts on the {1100} nanowire facets that appear
more straight or meandered, depending on the deposition flux and temperature.

The (1100) surface has been theoretically studied both for 2H-Si and Ge,'®!? and it
has the lowest surface energy on the (1100) planes exhibiting a so-called shuffle surface
reconstruction. However, glide terminations are also possible, although the glide (1100)
planes have higher surface energy compared to the shuffle ones.'® Glide and shuffle name
some specific (1100) plane giving rise to the surface by cutting the crystal at two different

positions and breaking the interatomic bonds inclined or orthogonal to the (1100) plane,



respectively.!® The hierarchy in the energy of the shuffle and glide terminations changes
when looking at the surface steps. Considering a step edge on the (1100) surface, two
different step configurations are possible for step edges parallel to the (1120) direction, as
shown in Figure 1(a) and (b). These two configurations differ for the termination of the
plane containing the step being glide or shuffle, respectively. While the top view (i.e. a
section orthogonal to the [0001] direction) of the former shows five-rings alternated with open
four-rings, only six-rings are present in the shuffle termination. Our ab initio calculations
based on the density functional theory (DFT)?% 2% evidence that the glide step termination
(Figure 1(a), green atoms) is more energetically favourable by 67 meV/A for Ge (11 meV /A
for Si) as compared to the shuffle step termination (Figure 1(b)). As a consequence, any
step edge parallel to the (1120) direction is expected to have more likely glide termination.
Details of the ab initio calculations are provided in the Methods section of the Supporting
Information.

To shed light on the mechanism giving rise to I3 defects, it is necessary to focus on the
collision of growing fronts, which we will assume always as step edges parallel to the (1120)
direction, with the glide reconstruction discussed above. This includes two possible scenar-
ios: Firstly, two bilayer kinks moving in two opposite (1120) directions are merging while
completing an {0002} atomic layer (see Fig. 1(c)); Secondly, two growth fronts propagating
on the sidewalls of the nanowire in two opposite (0001) directions create a straight junction
elongated in the (1120) direction, lying on the sidewalls of the nanowire (see Fig. 1(d)). As
we will show below, the former leads to the formation of the triangular I3 defects, while
the latter allows for other geometries of the I3 defect. Let us start the discussion from the
former case, schematically illustrated in Figure 1(c). The corresponding atomistic views of
the process are shown in Fig. 2(a): two (1120) bilayer kinks with the same glide reconstruc-
tion discussed above (green atoms in the figure) join together. Atoms are incorporated on
the growing front till the steps reach each other. If an atom not belonging to the glide

reconstruction of the two merging steps (red-circled atom in Fig. 2(a)) is added near the
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Figure 1: Glide (a) and shuffle (b) termination of the step edge. The top views in the two
panels show only the atomic layer containing the step edge. The side view is shown with
plane normal direction (1120). In all panels atoms belonging to the step reconstruction are
highlighted in green. (c) Sketch of the first possible step merging during the growth: two
steps flow along one of the nanowire sidewalls as highlighted by the blue arrows. (d) Sketch
of the second possible step merging: two growing fronts merge on one nanowire sidewall in
the area shaded in yellow, along the [0001] direction.



initial meeting point, it closes an open ring of the glide termination forming seven/five-rings,
which stabilize such reconstruction at the meeting point. Calculations performed exploiting
a Machine Learning (ML) interatomic potential (GAP?*) show that such configuration is
energetically stable. Moreover, we evaluated the energy of the same number of atoms ar-
ranged in six-rings, thus corresponding to a bulk-like configuration (shown in the Supporting
Information, Figure S7, and it turns out to be higher by about 0.67 eV for silicon, confirming
the higher stability of the configuration with seven/five-rings. We also investigated via the
Nudged Elastic Band (NEB) procedure® the Minimum Energy Path (MEP) and the rela-
tive energy barrier connecting the two configurations (see Figure S7). We can conclude that,
after merging the two steps, the apex structure composed of seven- and five-rings is stable
and thus may be kept embedded into the shell. At the subsequent stage of the growth, other
atomic rings are also closed as eight- and five-rings, giving rise to the structure reported
in the last panel of Figure 2(a), being also stable after energy minimization. Continuing
with the growth, the next atomic layer in the [0001] direction (normal to the plane of the
paper) is placed. This completes the apex with a second atomic layer arranged in seven-
and five-rings placed in an alternated manner as compared to the first one. This structure
is illustrated in the left panel of Fig. 2(b) showing the two atomic layers overlapping in the
[0001] direction. Such configuration corresponds exactly to the triangular I3 defect reported
in Ref.: 16 two pairs of 30° partial dislocations along (1120) directions surrounding an I3-BSF.
We investigated the stability of the defect at this growth stage by performing NEB calcu-
lation of the MEP connecting the defected structure with the perfect 2H-Si crystal (second
panel in Fig. 2(b)). A proper set of configurations taken along the MEP is shown in the
Supporting Information (Figure S9) and the whole process is also shown in Supplementary
Movie 1. The corresponding energy plot is illustrated in Fig. 2(c), showing that, while the
perfect crystal is energetically more stable, an energy barrier of about 50 meV is present
between the two configurations, thus indicating a certain stability of the faulted structure

at the growing temperature. Note that in this energy barrier calculation, we account only



for the minimum possible length of the growth fronts because the calculations become too
complex for longer fronts, but the barrier is expected to increase substantially. Indeed, such
a conclusion can also be drawn by looking at the Molecular Dynamics (MD) simulations
reported in Supplementary Video 2 and 3, where we show the annealing (at the tempera-
ture of 900 K) of the defected structure at growth stages 2 and 3, respectively. The movies
show that the defected structure at growth stage 2 transforms back to the perfect crystal
after some time of the simulation (~ 200 ps), while the defected structure at growth stage 3
remains stable up to the end of the simulation (800 ps).

Continuing our discussion by considering the nanowire sidewall advancing in the radial
(1100) direction, the structure continues the eight- and five-rings like reported in the two
panels of Fig. 2(d), which shows the growth stages 5 and 15, respectively. These eight- and
five-rings border the region between the hexagonal 2H structure and the faulted cubic one
(orange and blue atoms in the figure, respectively). Figure 2(e) shows the formation energy
values computed at different growth stages, i.e. adding atomic layers in the radial direction,
to the triangular defect. It is evident that the gain in energy due to the insertion of two cubic
planes in the stacking fault overcomes the energy cost of the dislocations after growth stage
15 (about 5 nm in the radial direction) making the faulted structure thermodynamically more
stable than the pristine crystal after this point. These considerations on the thermodynamic
stability of the defect are supported by the MD simulations of the triangular defect described
above and fully reported in the Supporting Information.

Summarizing the results obtained so far, the merging of two steps during the epitaxial
growth may give rise to the triangular defect. This finding is in agreement with the experi-

f.17 where the defect density is shown to be increased, with

mental evidence reported in Re
increasing surface roughness and decreasing temperature. Indeed, our results show that the
probability of maintaining a defected configuration is enhanced in the case of longer fronts

in the radial directions, higher frequency of meeting events between different growing fronts

(i.e. increased surface roughness, more nuclei per facet, meandering of the step edges) and
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Figure 2: (a) Atomistic model of the two steps merging shown as a top view of the single
atomic layer containing the steps. The red box highlights the glide termination of one of
the two step edges. Both step edges are elongated in the (1120) direction. The red-circled
atom stabilizes the 7/5 rings constituting the apex of the I3 defect. (b) The origin of the I3
defect as a result of the merging of two glide-terminated steps (first panel) and the perfect
2H-Si crystal (second panel). Note that here two atomic layers containing the defect are
shown. (c) NEB calculation of the MEP connecting the two configurations shown in (b),
calculated exploiting the GAP potential. The potential energy is calculated as the energy
variation from the initial (defected) to the final (non-defected) configuration and considers
a few snapshots along the transition path. (d) Two examples of the triangular I3 defect at
different growth stages, 5 and 15, respectively. (e) Formation energy of the I3 defect as a
function of the growth stage. ”Stage 0” represents the configuration without any defect.
The formation energy of Si is obtained by exploiting the GAP potential, but for the initial
growth stages, DFT results are also shown both for Si and Ge. The orange colour identifies
atoms in the hexagonal diamond configuration, the green colour identifies atoms belonging
to the dislocation, while blue is for the cubic diamond.



lower temperatures. The latter is related to the fact that the probability of overcoming the
energy barrier to break up a defect configuration and restore the perfect crystal is (expo-
nentially) dependent on the temperature. Eventually, in the case of a layer-by-layer growth
mode of single-step fronts, observed at low supersaturation and high temperature, no merg-
ing of bilayer kinks will occur and, in principle, one would expect no defects.

Our results point out the merging of steps with glide termination as the origin of the I de-
fect while excluding point defects. In fact, we have performed simulations of the hexagonal
crystal including a point-like defect at the shuffle surface and, as further discussed in the
Supporting Information, both for Si and Ge the structures analyzed are not stable and would
transform back to the perfect crystal with no energy barrier. Thus, even if for any reason the
point defect was embedded in the structure forming the very early stage of the I3 apex, then
it would immediately transform into a perfect 2H crystal at the growth temperature. Finally,
the investigation of GaAs/Ge-2H nanowires, with the Ge shell obtained by Molecular-beam
epitaxy (MBE) confirmed the presence of I3 defects in the shell. By exploiting this low
impurity growth mode, we exclude extrinsic defects as a possible origin of the I3 defect (see
experimental details and Figure S6 in the Supporting Information). Thus, the hypothesis

that has been previously proposed for the formation of the I3 triangular defect,'”

assuming
its origin as a point defect embedded in the radial growth of the shell, is excluded by the
current experimental and theoretical analysis.

Now let us discuss the case of junctions formed by growing fronts on the {1100} nanowire
facets that propagate in opposite (0001) directions, as schematically depicted in Figure 1(d).
Such a configuration consists of two step edges parallel to (1120), each one exhibiting a
glide reconstruction like the one in Fig. 1(a). After the merging, the resulting configuration
has been analyzed both by the DFT and MD simulations and named ”growth stage 17 in
the following. The formation energy is estimated as 80 meV/A (102 meV/A) for Ge(Si).

This formation energy is relatively low: the energy cost of a few nanometers of this line

defect is lower than that of a single neutral vacancy.?® More importantly, our classical MD



simulations (details are reported in Supporting Information) show that it is very stable after
several hundred picoseconds of annealing at high temperatures (900 K for Silicon). When
a next bilayer grows in the radial (1100) direction, the line will be mirrored with the axes
along the (1120) direction, giving rise to a line defect corresponding to a pair of 30° partial
dislocations (Figure 3(a)). Our MD simulations evidence the stability of the dislocation
line also at this stage (see Supporting Information). Moreover, the formation energy of
this elongated defect (see Table 1), after a slight increase as the core of the dislocation is
completed, decreases with the shell thickness, as reported in Fig. 3(e) for the elongated
defects both in Si and Ge. This is due to the lower cohesion energy of the double cubic
staking formed after the dislocation core in the (1100) direction and highlighted by blue
colour in Figure 3(a)-(d) for different growth stages. Therefore, while the nanowire grows in
the radial directions, the defected area expands in the (1100) direction. As a consequence,
the cubic bilayer (blue area in Figure 3(a)-(d)) expands in the (1100) direction.

Table 1: Formation energy of the elongated dislocation line in Si and Ge meV/ A

Description Ge Si
Stage 1, half of the dislocation line is formed 80 102
Stage 2, the dislocation line is formed 139 202

Stage 3, the dislocation line is formed plus an extra atomic layer 143 210
Stage 4, the dislocation line is formed plus 2 other atomic layers 126 196
Stage 5, the dislocation line is formed plus 3 other atomic layers 108 175

Our model based on the reconstruction of the step edge as a glide termination is thus
able to explain the formation of the triangular I3 defects but also of non-triangular ones,
with dislocation lines parallel to the sidewalls of the nanowire.

The presence of non-triangular I3 defects has been proven by TEM analysis. Beyond
the typical triangular I3 defects, %17 elongated defects with a projected length larger than
the shell thickness have been observed. Figure 4 displays the in-plane geometry of such a
defect in a SipoGeg g shell in detail by combining views on the same defect from four different
viewing orientations using a combination of bright field and annular dark field STEM. The

details on the image contrast leading to the reconstruction of the shape are discussed to more
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Figure 3: (a)-(d) Top (only two atomic layers are shown) and side view of the dislocation core
at different growth stages, starting from stage 2. From (a) to (d), atomic layers are added
along the (1100) direction. The orange colour identifies atoms in the hexagonal diamond
configuration, the green colour identifies atoms belonging to the dislocation, while blue is
for the cubic diamond. (e) Formation energy at different growth stages of a non-triangular
I3 defect with dislocation lines parallel to the NW sidewalls.
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extent in the Supporting Information. The shape is clearly different from a triangle; rather,
the defect covers more than one entire segment of the SiGe shell assuming a U-shape. Its
inner boundary is the core-shell interface. The defect is bound by elongated defects as shown
by the images in Figure 4. Within the same nanowire segment, 57 defects were studied. Of
these, 14 had the previously reported triangular shape and had their apex somewhere in the
SiGe shell. The other 43 were non-triangular defects. For 21 of these defects, the shape could
uniquely be assigned: all had shapes extending along the core-shell boundary, covering at
least one facet of the GaAs core, examples of these defects are presented in the Supporting
Information. It should be mentioned that the dependence of the density of these two types
of defects as a function of e.g. growth temperature and Si:Ge ratio has not been investigated
and has to be done in further systematic studies of these nanowires.

From the atomistic point of view, U-shaped defects like those reported in Fig. 4(h) are
composed of three segments of elongated defects with dissimilar core reconstructions. Indeed,
whenever the elongated defect ”turns” one corner of the nanowire with a 120° angle its core
assumes a different atomistic structure switching among two possible crystal symmetries, as
shown in Fig. 5(a). The atomistic details of the dislocation cores in panels (b) and (c) of
Fig. 5 show the different core reconstruction for the two dislocation segments: the blue lines
indicate a flower dislocation core (Fig. 5(b)), while the red lines a butterfly one (Fig. 5(c)).
This nomenclature, as introduced in Ref., % refers to the side view of the atomic arrangements
of the defects (Fig. 5(b) and (c)), as they would emerge on the sidewall of the nanowire. We
also computed the formation energy of the elongated defects in Fig. 5(b) and (c), and the
results predict that the butterfly defect has formation energy more than double that one of
the flower defect, 304 meV /A (456 meV/A) versus 139 meV/A (202 mev/A) as calculated
by DFT for Ge (Si), respectively.

To exhaustively explain the different shapes of non-triangular defects observed in the
experiments, one needs to go beyond the early origin of the I3 defect and consider also the

evolution (e.g. motion) of the defect during the growth. This will be discussed in detail in a

12
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Figure 4: Scanning TEM study of a triangular I3 defect and an extended I3 defect within
the SiGe shell. The same wire segment was imaged at 4 different viewing angles, as depicted
in (g). Bright Field STEM images and accompanying cartoons display the angle-dependent
contrasts. (a), (b) imaging orthogonal to the long axis of the nanowire, at two different
(1120) zone axes, correlated by a 60° rotation around this long axis. (c), (d) tilted 12° off
the axes normal to the nanowire, relative to the two [1120] zone axes. (e), (f) HAADF-STEM
images of the positions indicated in (a), (b). In (e) an I3 defect boundary is recognizable,
in (f) the ABCBA I3 stacking is visible. (g) 3D sketch representing the 4 different viewing
axes. (h) reconstructed in-plane shape of the I defects.
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future work, devoted to the study of the kinetic mechanisms influencing these defects. Lim-
iting the discussion to simple thermodynamic considerations, one can infer that the energy
gain in extending the cubic bilayer over a certain dimension can overcome the energy cost
of extending the elongated defects bounding the bilayer. Indeed, the former has a quadratic
dependence on the size, while it is linear for the latter energy. These considerations are
also valid when the elongated defect extends on more than a single facet of the nanowire,
turning a nanowire corner, thus increasing the cubic area. The thermodynamic model re-
ported in the Supporting Information shows that there exists a critical shell dimension for
which this defect extension is favourable. This can be the reason for a backpropagation of
the defect towards the nanowire core, wrapping around it. Notice that our thermodynamic
model, fully reported in the Supplementary Material, predicts that the short segment of the
U-defect embedded inside the shell assumes the butterfly core reconstruction. Indeed, the
experimental observations of defects emerging at the surface, like Fig. 4(e), show the flower
defect reconstruction. On the contrary, buried defects at the center of the nanowire can not
be easily observed at atomic resolution in the STEM images, due to the limited depth of

focus of the probe-corrected STEM mode.

Conclusions

In conclusion, we have shown how a generic property of these nanostructures, i.e. the
surface reconstructions, influences the atomistic structure during the growth and may lead
to the formation of extended defects. In particular, we show how the glide termination of
the (1100) 2H-Ge (or Si) surface may give rise to dislocation segments and basal stacking
faulted planes, namely the I3 defect. Thus, opposite to the apparently obvious and previously
supposed point-like origin, the formation mechanism of these I3 defects is identified in a line-
like origin, explaining all the experimental pieces of evidence, including the unusual extended

non-triangular I3 defect.

14



(a) (b)

< :
s
P4
ol
ot 3
[0001]

/79}0/

Figure 5: (a) Top view of the atomistic structure of a U-shaped defect running along the
nanowire sidewalls. When a defect turns a corner with a 120° angle the dislocation line
character changes from the flower defect (b) to the butterfly defect (c) and vice versa. The
orange colour identifies atoms in the hexagonal diamond configuration, the green colour
identifies atoms belonging to the dislocation, while blue is for the cubic diamond.

Supporting Information

e Additional experimental details and methods: materials synthesis, TEM characteriza-
tion and additional images, including defect visualization. Additional atomistic simula-
tions of the defects, thermodynamic considerations on their extension, and theoretical

methods (PDF).

e Supp. Video 1: MEP connecting the triangular I3 defected structure at growth stages
2 and the perfect 2H-Si crystal (AVI)

e Supp. Video 2: Classical MD simulation(at the temperature of 900 K) of the triangular

I3 defected structure at growth stages 2 (AVI)

e Supp. Video 3: Classical MD simulation(at the temperature of 900 K) of the triangular

I3 defected structure at growth stages 3 (AVI)

e Supp. Video 4: MEP connecting the triangular I3 defected structure at growth stage

1 with the perfect crystal (AVI)
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