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Non-Radiative Step Facets in Semiconductor Nanowires
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Abstract:

One of the main advantages of nanowires for functional applications is their high perfection, which
results from surface image forces that act on line defects such as dislocations, rendering them unstable
and driving them out of the crystal. Here we show that there is a class of step facets that are stable in
nanowires, with no long-range strain field or dislocation character. In zinc-blende semiconductors,
they take the form of X3 (112) facets with heights constrained to be a multiple of three {111}
monolayers. Density functional theory calculations show that they act as non-radiative recombination
centres and have deleterious effects on nanowire properties. We present experimental observations of
these defects on twin boundaries and twins that terminate inside GaAsP nanowires and find that they
are indeed always multiples of three monolayers in height. Strategies to use the three-monolayer rule

during growth to prevent their formation are discussed.
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One dimensional nanostructures, commonly known as nanowires (NWs), are of continued interest for
next-generation optoelectronics,™  sensors, photovoltaics and many other applications.®> One of the
principal reasons for this interest is that nanowire crystal structure is essentially independent of the
substrate, removing the severe constraints of lattice parameter-matching that so limits the range of
epitaxial layers on bulk substrates. Additionally, the rod, ribbon and shell geometries available
within a nanowire provide new ways to manipulate quantum confinement of charge carriers and
optical density that may have advantages over more traditional approaches.”® The enormous range of
possibilities and heterostructures is only beginning to be investigated and may be expected to produce
useful outputs such as integration of compound semiconductor optoelectronics with silicon
microelectronics.™?

One of the great benefits of the NW geometry is the lack of any stable location for a dislocation in the
unstrained structure, apart from Eshelby's well-known metastable solution for a screw dislocation
along its axis if the NW is allowed to twist.> * Any other dislocation in a NW experiences an
attractive force to the surface, and if it is mobile it will move out of the NW. Although immobile and
geometrically necessary dislocations (e.g. in high-angle grain boundaries®) may exist in NWs, careful
growth can prevent their formation and thus line defects with long-range strain fields are essentially
absent. This high degree of perfection removes one of the principal causes of non-radiative
recombination that affects lattice mismatched semiconductors grown as epitaxial layers, giving NWs a
significant advantage for materials and compositions that are otherwise inaccessible. However, planar
defects such as stacking faults and twin boundaries, as well as changes in bulk structure (i.e.
polytypes), are commonly reported.® *? Here, we examine {211} facets on {111} twin boundaries in
self-catalysed (Ga droplet) GaAsg gsPo.05 zinc-blende (ZB) NWs by molecular beam epitaxy. We find
that such facets are stable inside the NWs if they have heights that are multiples of 3 monolayers, and
that they will act as non-radiative recombination centres. All experimental observations agree with
this three-monolayer rule.

The self-catalyzed GaAs(P) nanowires were grown directly on p-type Si(111) substrates by solid-
source III-V molecular beam epitaxy (MBE). GaAs NWs were grown with a Ga beam equivalent

pressure, V/I1I flux ratio, substrate temperature, growth duration and nominal doping concentration



(characterized in thin film growth) of 8.41x10°® Torr, 44, ~630°C, 1 hour and 0~1.28x10"%/cm’,
respectively. The droplet consumption was conducted by keeping wafer under only As flux of
~6x10"" Torr with rapid temperature decrease. GaAsP NWSs were grown with a Ga beam equivalent
pressure, V/III flux ratio, P/(As+P) flux ratio, substrate temperature, duration and nominal doping
concentration of 8.41x10°® Torr, 40, 0.16, ~640 °C, 1 hour, and 8.9x10'/cm?, respectively. The
patterned Si (111) substrates were prepared using nano-imprint lithography. The NWs were grown
with a Ga flux of 1.6x10—7 Torr, V/III flux ratios between 3 and 20, growth temperature of ~630°C
and a P/(P+As) flux ratio of 12% throughout the growth duration of 45 minutes. Detailed information

can be found in [ 1617

]. Simple scraping of the NWs onto a lacy carbon support was used to
prepare transmission electron microscopy (TEM) specimens. STEM analysis was performed on a
doubly-corrected ARM200F microscope operating at 200 kV. ADF STEM images were obtained
using a JEOL annular field detector using a fine-imaging probe, at a probe current of approximately
23 pA with a convergence semi-angle of ~25 mrad. DFT Calculations: An energy cut-off of 700 eV
was employed along with the default CASTEP*® on-the-fly pseudopotentials and the PBE functional®.
The original 12 atom cell was subject to both position and cell optimisation. The cell parameters were
optimised until the maximum stress tensor component was less than 0.1GPa. For the 288-atom
models (see Fig. S3a) a Monkhorst-Pack k-point grid of 1x5x1 was used. The models were optimised
using the BFGS algorithm until residual forces were less than 0.05 eV/A. Projected densities of state
were computed for the final relaxed geometry. Conversion of raw output into data suitable for
plotting was accomplished using the OptaDoS tool [5]. A fixed width smearing scheme was used,
with a smearing width setting of 0.05 eV. The DoS was sampled at 0.005 eV intervals. For
calculating the projections, the step regions were defined as those containing the atoms within the
orthorhombic 12-atom GaAs cell on either side of the step.

The vapour-liquid-solid (VLS) technique uses a liquid metal droplet to absorb vapour until it is
saturated, whereupon material precipitates from the droplet onto the NW, almost always in the form
of a close-packed atomic plane that adds to the crystal and pushes the droplet one monolayer further
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from the substrate. In {111} zinc-blende 111-V NWs, twins can be extremely common.’ The

energy barrier for nucleation of a monolayer with twinned orientation on a {111} facet is very low,



leading to their formation during crystal growth. They usually extend across the full width of the NW
(Fig. 1) and polarity is maintained across the boundary as observed in Figs. 1b and ¢ (an ortho twin,*

see Supplementary Information 1).

Figure 1. Scanning Transmission Electron Microscopy (STEM) analysis of an ortho twin boundary.
(a) Schematic of an ortho twin boundary, with group Il atoms, Ga, blue and group V, Asggs+Pg g5,
red. (b) Atomic resolution ADF-STEM image of a twin boundary in a GaASygsPoos NW. (¢) Line
profiles AB and CD showing the same <111>B polarity on both sides of the boundary. Group Il
atoms have a mean atomic number of 31, while group V atoms have a mean atomic number of 32,
giving a nominal difference in contrast of ~6%. In common with other groups, we find that the NWs
grow along (111)B.° (d) Lower magnification image showing that the twin boundaries (indicated

with white arrows) extend across the full width of the NW. The growth direction is vertical.

Since there is no disruption to tetrahedral bonding, twin boundaries appear to be relatively benign;

they have little effect on bulk band structure, although they may alter the recombination lifetime of



some excitons? and reduce charge carrier mobilities®. It has been proposed that they are responsible
for enhanced recombination at the NW surfaces®, although surface recombination is a well-known
problem that is addressed by core-shell structures to confine carriers to the NW core.*” However,
while a planar twin boundary may not affect electronic properties significantly, a step in the boundary
may have more disruptive and unwanted properties.
A monolayer step in a twin boundary interface has an associated dislocation, well-known as a glissile
‘twinning’ dislocation with Burgers vector 1/6(112) in the face centred cubic structure. The
dislocation and monolayer step are inextricably linked; if a monolayer step is present, there must be a
1/6(112) interfacial dislocation present and vice-versa. Such a dislocation, if it did exist in a NW,
would glide to the free surfaces at the edges due to image forces and exit the NW. Nevertheless, not
all interfacial steps have dislocation character. In general, an interfacial step will have zero Burgers
vector if it satisfies the condition®

W, = PW, P~ (1)
where W and W, describe the steps on the matching surfaces of the crystals on either side of the
boundary, and P the coordinate transformation from one crystal to the other (Supplementary
Information 2). Interestingly, an interfacial step has topological properties similar to those of other
line defects, i.e. it cannot terminate inside the NW but must either form a closed loop or continue to
the surface of the crystal. It can be described by a step vector, t, which is conserved in the same way
as a Burgers vector. Equation (1) applies to all crystal structures and gives the condition for stability
of interfacial steps in twin boundaries in any type of nanowire. In twin interfaces in ZB crystals,
equation (1) is only satisfied by steps that are described by a step vector t = [111], three monolayers in
height, or multiples of the same.
Now, a step which satisfies Eq. 1 may not have a Burgers vector, but it is not perfect crystal either.
Figure 2a shows such a step, imaged with atomic resolution ADF-STEM. In agreement with the
‘three-monolayer rule’ above, it has a height of six monolayers. Figure 2b is a magnified view of the
first three-monolayer step. Interestingly, if polarity is maintained across the (111) boundaries on

either side of the step, the material on opposite sides of the interfacial plane are related by a mirror,



and it is a (112) para twin (Fig. 2c). Measurement of the intensities of the 111- and V-sublattices
shows this indeed to be the case (Fig. 2d). The 23 (112) interface is composed of 5- and 7-membered
rings* that contain under-bonded and over-bonded atoms. In particular, the central pair of As atoms
highlighted in Fig. 2c are under-bonded and have As-As bonds in our structural model; by analogy
with a dislocation this is known as an As-core £3 (112) boundary. An ‘up’ step must have a structure
of polarity opposite to the ‘down’ step shown in Fig. 2c, and is a Ga-core £3 (112) boundary. The 3
(112) boundary is extremely common in bulk polycrystalline semiconductors and has been studied in
diamond,? silicon,”*® 111-Vs*! and 11-V1s.3* 3 A variety of reconstructions have been observed
and/or calculated for 3 (112) boundaries in these different materials; the boundary also been
proposed as a preferential site for impurity atoms.** **** Some effort has been made to understand
and passivate their detrimental activity in solar cell materials.****. Facets such as that shown in Fig. 2
can move without the need for any long-range diffusive flux, and may do so by breaking and
reforming bonds in a similar manner to an undissociated 60° glide dislocation. In the absence of any
long-range strain field to provide a driving force and a reported activation energy of ~1 eV for glide in
GaAs® this implies that they are sessile and essentially fixed in place. Thus, given that these step

facets are stable in NWs it is important to examine their likely impact on nanowire functionality.
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Figure 2. Scanning Transmission Electron Microscopy (STEM) analysis of coherent =3 (112)

para twin. (a) A step in a (111) ortho twin boundary that forms a coherent =3 (112) para twin



facet six monolayers high. (b) Magnified image of the area inside the white rectangle. (c)
Schematic of a three monolayer step, showing that the polarity across the {111} plane is preserved
on either side of the step and that atoms on opposite sides of the (112) facet are related by a mirror.
The highlighted As atoms form an As-As bond in the DFT model, while the As and Ga atoms on
the boundary plane become five-fold and three-fold coordinated, respectively (See Fig. S6). (d)
Line profiles AB and CD showing the para twin character of the £=3 (112) boundary.

36, 37

We use density functional theory (DFT) calculations to investigate the possible structural models
of the 6-monolayer form of the £3 (112) step facet and the impact it would have on electronic
properties. The small fraction of phosphorous in the examined NWs was omitted from this model
since it will only have a second order effect on electronic structure. Initial models of the boundaries
and steps were produced by tiling an orthorhombic 12-atom GaAs cell, and a twinned cell rotated
180° about an appropriately chosen axis. A 288-atom simulation cell was constructed (Fig. S3a)
containing an included 4x2 region of the rotated structural unit, surrounded by a 4x2-cell region of the
original structure along the x-direction and an 8x1-cell region of the original structure along the y-
direction. This model contains two steps to enable periodic boundary conditions, with one step
containing an As-As core and one containing a Ga-Ga core, separated by 28 A. For comparison, a
288-atom bulk cell and a 288-atom region of ortho twin boundary were produced. These models were
then geometrically relaxed, and projected Densities of States (pDOS) were calculated for each region
of each model. The model required Ga-Ga bonds in the Ga-core step, and after relaxation produces
one over-coordinated As atom and one under-coordinated Ga atom, both lying on the symmetry plane
associated with the step (Fig. S6). Likewise, there are As-As bonds in the As-core step, and one over-
coordinated Ga and one under-coordinated As atom. Such coordination changes are known from
other theoretical studies on monoatomic and I11-V semiconductors to contribute to the formation of
localised gap states,?® 3% 384

The 6-layer step model relaxes to a geometry in very good agreement with the STEM images (Figure

S5). No asymmetry in structure or rigid-body shift developed at the (211) facet, even though no



constraints were in place that would prevent these effects. All Ga-As bond lengths in the vicinity of
the step relax to no more than 7% extension or 3% compression compared to DFT bulk bond length
(2.49 A), while the As-As and Ga-Ga bonds within the boundary cores are within 2% of the DFT bulk
bond length.

Figure 3 shows the total density of states for the three cells. The bulk cell (dark red) exhibits a band
gap of 0.4 eV, which is significantly underestimated as is standard for DFT calculations with semi-
local functionals. In this situation we are interested in changes in band gap due to the step model,
rather than the value itself. For the ideal ortho twin-boundary model (green), with no steps, there is a
small reduction of the overall gap (to 0.35 eV). By contrast, for the 6-layer step model (blue), the
band gap is effectively closed by the mid-gap states, resulting in a small but finite density of states
within the region of the original gap. In both cases, the step regions are associated with band-
bending: the pDOS of the As-As step region (inset, blue) is shifted upwards in energy, while that of
the Ga-Ga step region (inset, orange) is shifted downwards. In agreement with previous studies of the
extended grain boundary corresponding to this step,?® ** %° there are also clear signs of localised
states associated with coordination changes, which lie in the energy range corresponding to the mid-
gap region of the bulk structure. These significantly narrow the overall gap of the system.
Investigation of the distribution of the Kohn-Sham eigenstates around the Fermi level indicate that

these states are relatively well-localised to the step region, although in this finite periodic model there

is some hybridisation between states localised at the Ga-Ga and As-As steps.
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Figure 3. Calculated densities of states for the model systems considered. (a) The step model (blue)
shows a closed band gap with respect to the perfect (red) and ideal 211 boundary (green) models. This
closure is due localised band banding created by the step structures. (b) Projected density of states
plots for the regions in the vicinity of the two step structures. Bands near the Ga-Ga step structure
(Orange) are shifted down in energy with respect to the bulk, whereas those near the As-As step

(blue) are shifted up in energy.

This strong modification of the electronic structure in the step regions suggests that the steps would
constitute strong charge recombination centres if they were present within a nanowire, even though
they do not possess dislocation character. This would be expected to result in a strong influence on
optoelectronic properties. It is also likely, based on the metallic character of these boundaries, that
they would lead to shorting of charge separation within core-shell structures.

The three-monolayer rule applies not only to steps in {111} boundaries, but also to twins that
terminate within the wire and these will have similar electronic properties. An example of such a twin
that terminates within the NW is shown in Fig. 4, which is (as expected) three monolayers in
thickness. In this case however, the atomic arrangement at the end of the twin initially appears not to
be as straightforward as the step shown in Fig. 2. Examining the contrast in detail, Ga atoms can be
clearly observed in the lowest of the three layers (bottom atoms) while the As atoms immediately
above them appear indistinct and blurred. Similarly, in the 3™ layer, only the As atoms are well
defined (top atoms), while in the central 2™ layer neither the Ga or As are clearly distinct in the area
close to the end of the twin (see magnified image in Fig. 4b). This contrast can be explained if the
end facet of the twin is not parallel to the point of view. In fact, we find that the image is consistent
with a twin terminated by a 3 (112) facet that lies at 60° (Supplementary 3) to the electron beam. A
[110] projection of a region containing both twin and matrix structure has an atomic structure that
matches exactly the experimentally observed contrast. We have also observed similar structures in

other 111-V NWs (Supplementary 4).
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Figure 4. Boundary terminating in the Nanowire. (a) Three-monolayer steps in {111} twin boundary

terminating within the nanowire. (b) magnified image of the area enclosed in the white rectangle

Since these step facets are likely to be problematic for functional NWs, methods to avoid them need
to be considered. Importantly, the lack of any long-range strain field for these step facets renders
them difficult to detect. In low magnification TEM images, unlike dislocations, they give no
additional contrast and are easily missed. We have no easy way to estimate their frequency in NWs
apart from high-resolution imaging; furthermore, they are only clearly visible when viewed along one
of the three possible <110> directions. Careful examination of the NWs in this study (each of which
was approx. 2um in length) suggests that their density is roughly one step facet in every two or three
NWs; nevertheless, substantial variation in their density may be present depending upon growth
conditions. While this density is difficult and time-consuming to detect by TEM, it may still be
sufficient to affect NW properties; the only sure way to prevent them is to produce NWs that are
completely twin-free. It has been proposed that the perfection of the twins in I11-V NWs implies that
each new monolayer added to the crystal during growth has only one nucleation site.” Obviously, if
there is only one nucleation site where a new monolayer begins to be deposited from the liquid
droplet, that monolayer will have the same orientation across the full width of the NW and no step can
form. However, the restrictions on stability imposed by the three-monolayer rule may also play a

crucial role. In-situ studies have shown complex time-dependent faceting at the solid-liquid interface

11



in the growth of ZB nanowires, which implies there can often be multiple nucleation sites at the
droplet-NW interface.’*** In such a case, as shown schematically in Fig. 5a, it is conceivable that one
of the new monolayers is an ortho twin and the other part is not. Once the two halves of the new
monolayer meet (Fig. 5b), a discontinuity is formed. It is possible that the energy of this discontinuity
may already be sufficient to cause it to move to the edge of the monolayer at this point, but in any
case once one variant begins to overgrow the other a twinning dislocation must form (Fig. 5¢) and
surface forces will act to move it to the edge of the nanowire. Thus, it may be that many steps that do
form in (111) twin interfaces during growth will be eliminated before they can become stable. The
two variants will only be able to coexist if they both manage to reach heights of at least three
monolayers before they meet. Once they are overgrown a £3 (112) boundary will be present between
them that will ideally adjust itself to be a dislocation-free multiple of three monolayers in height, as
observed here in Figs. 2 and 4.

Three-monolayer steps may also be avoided by maintaining small lateral nanowire dimensions
(which is often desired for other reasons as well) and restricting the growth area where nuclei can
form. This will reduce the probability that two separate nucleation sites both reach a height of more

than three monolayers before they meet.

(b) (c)
droplet droplet droplet
4L
1 2
nanowire nanowire nanowire

Figure 5. Suggested mechanism of elimination of a monolayer height twin step during NW growth.
(a) A new (111) monolayer begins to be deposited from two different nucleation sites, one of which
is in twin orientation with respect to the underlying material. (b) when the two monolayers meet,

they form a discontinuity. (c) overgrowth of this boundary by a new monolayer would produce a

12



twinning dislocation that would immediately move to the edge of the NW.

Finally, we note that similar defects may form in nanowires, nanoparticles and indeed 2D materials, in
any crystal structure, and each will have their own rules for step height in accordance with Eq. (1).
Without a strain field that allows them to be easily detected, they may be a common, but hitherto

overlooked, feature of crystals with small sizes in one, two or three dimensions.

In summary, we have considered steps in twin boundaries as a form of defect and shown that in zinc-
blende semiconductor NWs they will act as non-radiative recombination centres. They have
topological properties similar to those of dislocations, but no long-range strain field. This makes them
difficult to detect; their density in typical nanowires is currently unknown. We give a general rule
that predicts when they are stable in any crystal with small dimensions. In [11-V ZB NWs, this gives a
‘three-monolayer rule’ that must be obeyed by X3 (112) twin boundaries in zinc-blende 111-V

nanowires and all our experimental observations are in agreement with this constraint.
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