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IIIV semiconductor nanowires' > are

currently being investigated for a wide

range of applications in electronics,®
photonics,” and life sciences. Many of these
applications require a high crystal quality,
since the crystalline properties determine to
a great extent the electronic and optical
properties.>'® In bulk, all lII-V materials,
except the nitrides, crystallize in the zinc
blende structure, or 3C using the Ramsdell
notation."’ However, nanowires fabricated
at arbitrary conditions typically exhibit a
highly irregular crystal structure, which can
be described as zinc blende with a high
density of planar defects. If these defects
appear consecutively, the resulting crystal
structure will be dominated by wurtzite (2H).
If the planar defects are more sparsely distrib-
uted, the resulting crystal structure can be
described as 3C with lamellar twinning.'?

In the (111)B growth direction, preferred
for nanowires, these structures differ only in
the stacking sequence of the bilayers, with a
repeating ABC sequence for 3C and an AB
sequence for 2H (with the lettering indicat-
ing the relative positions of the bilayers; see
Figure 1a and b). Crystal structures that differ
only in the stacking sequence are denoted
polytypes. In several materials systems, seg-
ments of polytypes with longer repeating per-
iods (4H and 6H) have also been observed."*~ "’
These are characterized by the stacking se-
quences ABAC and ABCBAC, respectively
(Figure 1c and d). In addition there are a few
reports of periodically twinned nanowires
(also referred to as twinning superlattices or
twin plane superlattices),’®~2° which we note
can be regarded as nH polytypes, where n is
the number of bilayers in the smallest repeat-
ing stacking unit.?’

A general understanding of the intrinsic
cause of this polytypism in nanowires has
been developed in recent years. Classical
nucleation theory is used to explain the
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Polytypism in 1ll—V semiconductor nanowires is a topic that has received considerable
attention in recent years. Achieving a pure nanowire crystal phase requires well-controlled and
advanced parameter tuning for most lll—V materials. Additionally, the new and unusual
phases sometimes observed may present unique material properties if they can be controllably
fabricated. With the prospect of using nanowires in applications within several different fields
(including electronics, photonics, and life science), theoretical models are necessary to explain
experimental trends and to attain a high level of crystal phase control. At present, there is no
theoretical model (or combination of models) that fully explains how and why nanowire
crystal structures commonly include several different polytypes. Here we use combinatorics
and interlayer interactions to include higher order polytypes (4H and 6H) with the aim to
explain nanowire crystal structure beyond the well-investigated zinc blende—wurtzite
polytypism. Predictions from our theoretical models compare well with experimental results.

KEYWORDS: nanowires - polytypism - lll—V materials - combinatorics -
ANNNI model

growth temperature dependence of the
density of twin planes,?” and Glas et al. have
shown that the formation of 2H can be
favorable during nanowire growth at high
supersaturation,?® given that the relevant
surface energies are lower than for 3C. 22
The primary limitation of current models
based on classical nucleation theory is that  peceived for review April 4, 2012
they typically determine nucleation prob-  and accepted June 9, 2012.
abilities for only sing!e. layers anfj directly Published online June 10, 2012
equate these probabilities to fractions of 3C  19.1021/nn301477x
and 2H. However, without considering the
possible sequences in which these layers  ©2012 American Chemical Society
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Figure 1. Atomic models of the crystal structure of the
polytypes (a) 3C, (b) 2H, (c) 4H, and (d) 6H, including their
respective stacking sequences. Representations of the
shortest repeating stacking unit for each polytype are
highlighted in red.

can form, it is impossible to explain higher order
polytypes such as 4H and 6H. The purpose of this
investigation is to explain polytypism in nanowires
including higher order polytypes using combinatorics,
which explicitly considers stacking sequences. That is,
our modeling goes far beyond the well-investigated
3C—2H (zinc blende—wurtzite) polytypism.

We first discuss the limits of polytypism in nanowires
based on a purely combinatorial model, that is, with
more or less random stacking. Following this, we
introduce an Ising model for interlayer interaction, to
account for the extended single-crystalline segments
observed in many nanowire systems. The results sug-
gest that the 4H polytype dominates in a small interval
of intermediate supersaturations, below which 3C is
stable and above, 2H. Thus, with our approaches we
cover the full spectrum: from random stacking to
parameter-controlled stacking with long-range order.
We show that our theoretical results agree well with
experimental observations, both our own and from the
literature.

RESULTS AND DISCUSSION

We start by performing combinatorial analysis of the
formation probabilities of specific polytype segments.
The only input to the model is the two probabilities p.
and py, where p. is the probability of forming a layer on
two underlying layers where all three layers are dis-
similar, for example A-on-BC or B-on-CA (cubic
stacking). The probability p;, is the probability of forming
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TABLE 1. List of All the 32 Possible Stacking Sequences
Containing Six Layers Starting with A?

stacking sequence polytype factor
ABABAB H I
ABABAC 2Hs Py
ABABCA M Py
ABABCB 2Hs Py
ABACAB 4H pipyt
ABACAC 2Hs Py
ABACBA 3t o
ABACBC 6H Py
ABCABA 3t o
ABCABC 3( o
ABCACA M Py
ABCACB 6H o
ABCBAB 4H 2ol
ABCBAC 6H o
ABCBCA M Pl
ABCB(B 2Hs Py
ACABAB 2Hs Py
ACABAC 44 Py
ACABCA 3t o
ACABCB 6H pipyt
ACACAB 2Hs Py
ACACAC H ot
ACACBA M Pyt
ACACBC 2Hs Py
ACBABC 6H o
ACBACB 3C o
ACBABA M Pyt
ACBACA 3t o
ACBCAB 6H o
ACBCBA M Py
ACBCAC 4H Pyt
ACBCBC 2Hs Pdn

“Each stacking sequence is identified as a polytype and assigned a formation
probability factor.

a layer that is similar to its next nearest neighbor, for
instance A-on-BA or C-on-AC (hexagonal stacking). In
this model the only effective interaction is with the
next nearest layer, so that p. may be identified as the
nucleation probability of an ordinary layer in 3C
whereas py, can be identified as the nucleation prob-
ability of a twin plane in 3C.2>% In the Methods section
we describe the parameter dependence of these nu-
cleation probabilities.

In order to include polytypes up to 6H, a combina-
torial analysis of stacking sequences at least six layers
thick is required. There are in total 96 different se-
quences that consist of precisely six layers. These can
be grouped in three equivalent groups of 32 se-
quences each. Thus, it is enough to analyze one of
these groups, and we choose the one with sequences
starting on A. In the left column of Table 1, all these
stacking sequences are listed. In the middle column
the associated polytypes are shown, and the third
column shows the associated probability factor. The
hexagonality, which is the fraction of hexagonal
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polytype formation probability

Figure 2. Polytype formation probabilities for different
polytypes up to 6H as a function of the hexagonal stacking
probability.

stacking in a polytype, can be calculated as the number
of py's divided by the total number of py's and p.'s
appearing in the probability factors for each polytype.
We note that we recover the known hexagonalities of
0% for 3C, 33.3% for 6H, 50% for 4H, and 100% for 2H.>

Some of the stacking sequences in Table 1 do not
belong to any one of the common polytypes 3C, 6H,
4H, and 2H. These arise from the truncation of the
stacking sequence after exactly six layers and are
labeled as 3Ct, 2Hs, and M. The phase 3Ct, which has
hexagonality 25%, can most easily be described as
heavily twinned 3C, whereas 2Hs, which has hexagon-
ality 75%, can correspondingly be described as 2H with
a high density of stacking faults. The M phase is a mixed
phase with hexagonality 50%.

We will now express the formation probabilities of
the polytypes in Table 1. We note that the sum of all the
probability factors is 2, or explicitly, 2(p. + pp)* = 2. The
formation probabilities of the different polytypes read,
in order of increasing hexagonality:

p3c = Pc4
pict = 2P Ph
Per = PP’ +2pph
pan = 2p’pn’ (M
pwm = 3p’pn’
Pats = 4pcpn’

pax = Ph4

In Figure 2, we plot the probabilities in eq 1 as a
function of py,, noting that p. = 1 — py,. For low values of
Dpn, the 3C polytype dominates, whereas for intermediate
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Figure 3. HRTEM images along the (1—10) zone axis of gold
particle seeded GaAs nanowires grown with MOVPE at
(a) 630 °C and (b) 690 °C with segments of 4H and 6H
indicated. The inset shows an overview where the region
grown at elevated temperature (630 and 690 °C) and
containing a more or less random crystal structure contain-
ing 4H and 6H and a high density of planar defects is
indicated with H.

values 6H dominates. For higher py, the 2Hs polytype
dominates, and when p;, exceeds 0.8, the 2H polytype
finally dominates. The other polytypes indicated in the
graph in Figure 2 never dominate. Although the 4H
polytype and the disordered M phase have the same
hexagonality, the 4H is always less probable than the
M phase. It is noteworthy that besides the 3C and
2H polytypes, the other polytypes have a quite small
maximum formation probability.

Depending on how close to 1 either py, or p. is, it is
possible to form a (close to) defect-free 2H or 3C
crystal structure. However, only when py, and p. are
significantly different (py, > 0.84 or p,, < 0.16) are
the formation probabilities of 2H or 3C above 1/2.
If neither 2H nor 3C is dominating (py, ~ p. ~ 0.50),
our analysis predicts a 2H-like structure with a high
density of stacking faults and possibly short inclu-
sions of other polytypes. The model also predicts that
it should be more difficult to get pure 2H than 3C due
to the dominance of the 2Hs polytype. It should
be noted that 2Hs dominates simply due to its high
degeneracy compared to the other stacking se-
quences (eight pathways lead to 2Hs, two pathways
to 3C and to 2H, four pathways to 4H, and six path-
ways to 6H; see Table 1). This is an interesting finding,
as intuitively one would expect that nanowires pos-
sessing a mainly 2H-like crystal structure with a lot of
stacking faults and very little 3C were grown under
conditions where the probability for hexagonal stack-
ing is higher than the one for cubic stacking. Our
combinatorial analysis shows the contrary: this situa-
tion can also occur when p,, &~ p. &~ 0.50 as an effect
of the degeneracy of the different types of stacking
sequences.
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We now turn to discuss experimental observations
in view of the combinatorial analysis outlined above.
In Figure 3 we show high-resolution transmission
microscopy (HRTEM) images of parts of gold-seeded
GaAs nanowires grown with metal organic vapor phase
epitaxy (MOVPE) at (a) 630 °C and (b) 690 °C. The inset
in (@) shows an overview of a corresponding nanowire.
The nanowires in (a) contain on average 7% 4H and 3%
6H, while the nanowires in (b) contain 4% 4H and 4%
6H. Comparing this to our combinatorial model, if
we assume growth conditions so that p, > 1/2 and
fix pan = 7% as in Figure 3a, we get pgy = 6% according
to eq 1. This corresponds to p, = 0.75. Correspondingly,
if pap = 4% as in Figure 3b we get pgy = 3%, corre-
sponding to p,, = 0.83. These high values of p;, are
qualitatively consistent with the high supersaturation
growth conditions of the parts of the nanowires shown
in Figure 3. The influences of growth parameters and
materials properties on p. and py, are outlined in the
Methods section. Considering statistical fluctuations
and the difficulty to characterize the crystal structure
from the HRTEM images in an unambiguous way,
the correspondence between theory and experiment
is good.

Mariager et al.'® used X-ray diffraction (XRD) to study
the facets and crystal structure of GaAs nanowires and
showed that parts of the nanowires contained ex-
tended but rare portions of a crystal segment referred
to as “type 6", later identified as 6H. It is interesting to
note that Mariager et al. report 6H and not 4H. This is in
line with our model, where 4H never dominates and is
less probable than 6H for most conditions.

Tomioka et al.?® report on the crystal structure of
selective area MOVPE-grown InAs nanowires. The
structure of these wires appears to be a quasi-periodic
mixture of irregularly stacked 4H and 6H, in qualitative
agreement with the combinatorial model. A similar
crystal structure in InAs nanowires was observed by
Koguchi et al.?®

Although experimental findings lend credibility to
our combinatorial model, it cannot explain the long
segments of different polytypes in the same nanowire,
nor the abundance of the 4H polytype reported during
the last couple of years.”>”'” These reports, where
extended segments of 3C, 4H, and 2H are observed,
seem to be qualitatively different than the results
described above and suggest that there is a longer
range order in the crystal structure than what can be
explained by the combinatorial model alone. This
suggests that there can be significant interlayer inter-
actions in nanowires, and to address this, we consider
the axial next nearest neighbor Ising (ANNNI) model.°
A good description of the ANNNI model and its
application to polytypism in SiC is given in ref 31. In
brief, a stacking sequence is treated as analogous to
a sequence of generalized spins, and the total energy,
E, of a system consisting of N stacked layers can be
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written as

E= 6 — 3 hsisiin @)
ipn

where Ej is the energy of the crystal if there were no
interaction between the layers, J, is the interaction
energy between the nth neighboring layers, and the
generalized spin is s; = +1 (also denoted by 1) or —1 (¥),
depending on which layer, layer i was stacked. The value
of s; = +1 if layer i on layer i — 1 is any one of the
combinations B on A, C on B, and A on C. For the three
other combinations, that is the reversed stacking order,
si=—1.

We use the ANNNI model to estimate the interface
energy, o; (see Methods section), associated with nu-
cleation of a specifically stacked nucleus on a specific
sequence of layers. We consider interactions of the
nucleating layer with up to next nearest neighbor,
correspondingtoi=1and n=1to 2in eq 2. That is,
as a first approximation we ignore the J; term. The
interface energy term, which is the extra energy per
surface area for adding a new layer on top of an
existing sequence of layers, is calculated from>?

0; = 09 —J15152 — J25183 (3)

where the subscript i denotes the polytype, gy is a
reference value for the interface energy, and J; and J,
are the strengths of the interactions between the
nucleating layer and its nearest and next nearest
neighboring layer, respectively.

In order to avoid one additional free parameter (Js)
and problems with stacking sequence truncation, we
restrict the interlayer interaction approach to poly-
types up to 4H. To describe these, we need to include
four layers in the analysis. The stacking sequence for 3C
is represented by all generalized spins in the same
direction. Thus, in order to create four layers of 3C, two
identical consecutive nucleation events of type t-on-tt
with probabilities p3c are needed. The 4H polytype is
represented by pairs of parallel generalized spins,
every other pair up and every other pair down. In
order to create four layers of this polytype, one
nucleation event of type '-on-W, with probability
paw followed one nucleation event of type t-on-H,
with probability p4s, has to occur, or vice versa.
Finally, in order to create four layers of 2H, two
identical consecutive nucleation events of type
t-on-1t with probabilities p,y are needed. These p;'s
are all given by ratios of nucleation rates, as described
in the Methods section.

Following the model calculation for polytypism in
SiCwe let J; >0and J, < 0 and we set J;/J, = —n with 5
positive.' As the twin plane energy, o, is known for
many llI-V semiconductors, the o;'s are expressed in
terms of gy, which is given by o, = 2J; + 4J,.33 Since 4H"
is the most energetically favorable type of stacking,
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we set 044 = 0. This leads to

1
O3c = Ov——

n—2
Oy = O'tL (4)
n—2
0’4HH = O
+1
o4 = th
n—2

We see that for all # > 2 the inequalities o447 < 03¢ <
O4y < Oy are always satisfied, which should be
required for materials with 3C as bulk crystal structure.
If =0, J, is much more significant than J; and 4H is
suppressed in favor of 2H and 3C. If 7 — o, J; is much
more significant than J, and o,y — 0;and o3¢ — 0 asin
the combinatorial model. Based on these observations,
an 77 in the range 2—10 we believe is realistic for many
metal particle—nanowire materials systems. This range
has the same magnitude as the values calculated
by Panse et al.>* For this choice of # the formation of
2H is not suppressed, while J; is still significant com-
pared to J;.

The interface energy, o;, is one of the two properties
that are used to distinguish between polytypes in the
current model. We also need the step energies, I';, of
the different polytypes. In accordance with our pre-
vious nucleation modeling (see Methods section), we
set the step energy of the interior of the nuclei, y,
equal to the edge step energy of 3C, vo = v3c.>>% Since
the step energies are expected to follow the same
trends as the surface energies, we expect the edge step
energy of 2H to be smaller than that for 3C.3*73" In
addition, since 4H’ stacking is identical to 2H stacking
if we only consider nearest neighboring layers, we
will make the approximation y4 = y,n. For the same
reason we will set y47 = y3c.

We can now calculate the formation probabilities for
the polytypes 3C, 4H, and 2H,

2

pac = P3c
3 3+ 2Par Pary + P>
2D 4y Pay
= (5)
Pan P3c? + 2P 4y Parr + Pan?
pan’
P2H

 P3c? 4 2Pap Paryr + P’

In Figure 4 we plot an example of p3¢, pan, and p,y as
given by eq 5 as functions of supersaturation for gold-
seeded GaAs nanowire growth. The nucleation prob-
ability of a certain polytype is a good approximation of
the relative occurrence of that polytype in a nanowire,
and the trend shown in Figure 4 is that 3C is favored
at low supersaturation, 4H is favored at intermediate
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Figure 4. Polytype formation probability for 3C, 4H, and 2H
as a function of supersaturation (measured as chemical
potential difference) calculated for gold particle seeded
GaAs nanowire growth. We use the following parameters:

lattice constant a = 5.65 x 10 % cm, step energy ysc =

119.3 erg/cm?,*° and twin plane energy o, = 22.5 erg/cm>.*°

We chose a growth temperature of T = 500 °C and an
interaction range parameter 77 = 8. As edge step energies
we use You/ysc = Yan/ysc = 0.4.

supersaturation, and 2H is favored at high supersatura-
tion. In addition, the formation probability of 4H is still
quite high in comparison with 2H at high supersatura-
tion, indicating that it can be difficult to achieve defect-
free 2H nanowires without any inclusions of stacking
faults or short segments of 4H. Note that with the
purely combinatorial model discussed previously it is
also more difficult to achieve defect-free 2H than
defect-free 3C.

We now compare predictions made from the model
based on ANNNI to experimental results found for Sb-
based materials, where several reports show the pre-
sence of 4H. In this materials system, different research
groups have reported on changes in the crystal struc-
ture along the nanowires and proposed changes in
supersaturation as a possible explanation. In Figure 5,
HRTEM images of gold particle seeded, molecular
beam epitaxy (MBE)-grown InAs;_,Sb,/InAs nanowire
heterostructures are displayed. The lower and upper
part of the structure contains Sb and has the 3C
structure (Figure 5a). After the Sb source is turned
off, a short segment of the 3C structure forms, fol-
lowed by an intermediate segment 4H, followed by
2H (Figure 5b). Under the growth conditions used
here, InAs is normally pure wurtzite,3® while InAsSb
becomes pure zinc blende if the Sb content is high
enough.®

These results are fully consistent with the results of
Dheeraj et al.'* They report MBE growth of gold particle
seeded GaAs,_,Sb,/GaAs nanowire heterostructures,
where the GaAs segments had 2H structure, GaAsSb
segments had the 3C structure, and extended seg-
ments of 4H were found at the transition. Dheeraj et al.
proposed a model where 4H is considered to be an
intermediate crystal structure between 3C and 2H,
forming at intermediate supersaturation.
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Figure 5. TEM images along a (1—10) zone axis of part of
an InAs,_,Sb,/InAs heterostructure nanowire showing the
transition from 3C to 2H via an extended segment of 4H
after the Sb, flux is shut off. Since residual Sb can remain on
the nanowire sidewalls, and in the seed particle after the Sb,
flux is shut off, this gradual structural transition can occur.
When the Sb; flux is turned on again, the crystal structure
changes to 3C. (a) Overview of a nanowire. (b) HRTEM image
of part of the nanowire in (a) (the region indicated by the
dashed frame). The regions of 3C, 4H,and 2H are indicated.
Diffractograms calculated from high-resolution images of
the segments shown in (a) and partly in (b) are shown for (c)
2H, (d) 4H, and (e) for 3C.

In both these investigations the Sb-containing seg-
ments exhibit the 3C polytype. A plausible explanation
for this is that the Sb increases the equilibrium con-
centration of the group Il species (In or Ga) in the
gold particle compared to arsenide and phosphide
systems,*®*" in turn decreasing the supersaturation.
When the Sb source is turned off, the excess Sb in the
alloy particle is consumed, decreasing group lll solubi-
lity and increasing supersaturation. The crystal struc-
ture then changes from 3C at low supersaturation to 4H
and finally to 2H at high supersaturation, according to
the model illustrated in Figure 4. This hypothesis is
further strengthened by the results of Mandl et al.'®
They observed that gold-free InSb nanowires grown
with MOVPE evolved from the 3C crystal structure to 2H
via extended segments of 4H. The authors explained the
phase change by an increased Sb concentration in the
In—Sb seed particle, which likely results in a super-
saturation high enough for the formation of 4H and 2H.

The reason for the several reports of 4H in Sb-based
materials is probably longer range interlayer interac-
tions in these materials compared to Sbh-free materials
in general. Panse et al>* have calculated the inter-
action parameters J;, J,, and J; for InSb, GaAs, InAs,
InP, and SiC. They found that J3/J, indeed is highest

METHODS

(Classical Nucleation Modeling. Here we will relate experimen-
tally controllable parameters and materials properties to the
probability for a certain kind of stacking based on the classical

JOHANSSON ET AL.

for InSb, which is consistent with the experimental
trend.

In our model, where we omit Js;, the interlayer
interaction range is instead measured by 7 = |/;/J,].
By increasing 7, the formation probability of 4H is
decreasing. Thus, by use of a higher value of 7 as
compared to the value used in Figure 4, the model
should be applicable also to materials where extended
regions of 4H are rarer, such as GaAs and InAs.

On the other hand, if # is lowered, the formation
probability of 4H increases, and in order to include
even higher polytypes, higher order interaction param-
eters must be included in the analysis. To include
polytypes up to 6H, the parameter J; is required, and
the stability window for 6H has been reported to widen
as J; is increased.?'3

CONCLUSIONS

In conclusion, we have proposed two models for the
polytypism in lllI-V nanowires. Both approaches go
beyond the well-investigated zinc blende—wurtzite
(3C—2H) polytypism, 2726374274 15 include the 4H
and 6H polytypes.

Our first model is purely combinatorial, and we
include polytypes up to 6H. This model predicts that
at low and high probability for hexagonal stacking the
polytypes 3C and 2H, respectively, dominate, which is
consistent with experimental investigations.'® More-
over, there is an interval of moderate hexagonal stack-
ing probability where 6H dominates, and a striking
result is that 4H never dominates. These results com-
pare qualitatively with experimental results on nano-
wires with mixed crystal structure, lacking long-range
order.

On the other hand, in many other nanowire systems
the crystal structure has a longer range order and
extended segments of 3C, 2H, and 4H are observed.
A second approach we make is therefore to explicitly
include interlayer interactions beyond nearest neigh-
bor to express the formation probabilities of these
polytypes. The trends predicted by this model com-
pare well with experimental results on Sb-based nano-
wires. It is interesting to note that both models indicate
that it could be more difficult to get defect-free 2H than
defect-free 3C.

We are convinced that these results will pave the
way for future research on controlled fabrication of not
only 2H and 3C but also higher polytypes, such as 4H
and 6H, in llI-V nanowires, significantly adding design
freedom for nanowire-based devices.

nucleation framework outlined in detail in refs 25 and 26. The
probability for stacking sequence i (i = h or ¢) is denoted by p;
and is given by the ratio of nucleation rates, p; = I/3/; where [; is
the nucleation rate for stacking sequence i, and the summation
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goes over all possible types of nuclei. The nucleation rate can in
turn be expressed as I; = w*nZ; exp(— AG*/kgT), where w* is the
attachment frequency of building blocks to the critical nucleus,
nis the concentration of the limiting species in the alloy particle,
and Z; is the Zeldovich factor, which is a slowly varying function
given explicitly in ref 26. The exponent contains the barrier
for nucleation in stacking sequence i and the thermal energy
kgT. The energy barrier, AG*;, can be expressed as AG* =
T/(2nlAu/s — o), where T is the step energy, Au is the
difference in chemical potential between the growth species
in the seed particle and in the nanowire,?® s is the area of a
molecular site, and g;is an interface energy that accounts for the
increase in interfacial energy per area unit by forming a type i
nucleus. The step energy can be written as I'; = (2y; + @yo)h,
where y; is the specific step energy of the edge part of nucleus i
and y, is the step energy of the interior part of the nucleus,
which we will take to be the same for all considered types of
nuclei.

There are at least three parameters that influence the layer
stacking and consequently the polytypism in nanowires: Au, T,
and o;. The difference in chemical potential, Ay, is an experi-
mentally attainable parameter and can be controlled by the
precursor fluxes,>>4>46 by the size of the metal particle,?® and, if
feasible, by experimentally changing the solubility properties of
the metal particle.® A high value of Au favors hexagonal
stacking. The step energy, I';, is a materials parameter that is
believed to follow the same trend as the surface energy does.
That s, 2H has lower surface energies than 3C, when comparing
corresponding surfaces in the same material.>* 3’ From this
follows that I'; generally decreases with increasing hexagonal-
ity. The interface energy, g; accounts for the increase in inter-
face energy for a certain stacking sequence. Generally o;
increases with increasing hexagonality, and in the combinator-
ial model we use o, = 0 and o}, = gy, the twin plane energy.22

To conclude, the formation of hexagonal polytypes is
favored if there is a high enough supersaturation of precursor
atoms in the seed particle and if the edge step energies
decrease with increasing hexagonality. These two necessary
conditions seem quite robust and are fulfilled for IlI—V nanowire
growth with most epitaxial techniques, such as MOVPE,
MBE, and gas source MBE. The interface energies for the
different polytypes depend on the materials system only
(semiconductor—seed metal combination). Evaluations of the
experimental parameter dependencies of nanowire crystal
structures are given in refs 43, 47, 48, and 10.

Epitaxial Growth. The GaAs nanowires were grown by low-
pressure metal organic vapor phase epitaxy using gold nano-
particles as seeds. Gold aerosol nanopartices with a diameter of
50 nm were deposited onto epi-ready Si-doped (111)B oriented
GaAs substrates. A pregrowth annealing step was employed,
involving annealing of the particle spread substrates at 650 °C
for about 5 min in a background of arsine (AsHs), and the
nanowires were grown by using a two-temperature scheme:
After the annealing the temperature was decreased to 440 °C
and nanowire growth was initiated by supplying trimethyl gallium
(TMG). After 12 min the TMG supply was turned off and the
temperature was increased to either 630 or 690 °C. Growth was
then reinitiated by supplying TMG for 3 min. Growth was finished
by turning off the TMG supply and cooling the samples to room
temperature. The AsHs supply was kept throughout the growth
process from the start of the pregrowth annealing step until the
samples had reached a temperature below 300 °C during the
cooling step in the very end of the growth process. Molar fractions
of 9 x 107%and 9 x 10~* for TMG and AsHs, respectively, were
used, giving a nominal V/IIl ratio of 100.

Gold particle assisted InAs/InAs;_,Sb, superlattice hetero-
structure nanowires were grown by gas source molecular beam
epitaxy on InP(111)B substrates. Gold droplets were obtained by
standard dewetting of a 3 A gold film (evaporated ex situ),
during the pregrowth deoxidation and annealing step at 525 °C.
After this, the temperature was decreased and the growth was
initiated at 410 °C by an InP nanowire stem grown for 20 min,
followed by an InAs stem grown for 25 min, using V/Ill ratios set
to around 2.0 for both InP and InAs. A first extended InAsSb
segment is grown for 3 min, followed by an InAs segment grown
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for 2 min as marker layers directly before the superlattice. The
superlattice, consisting of 10 segments of InAsSb in InAs, is then
finally obtained by periodically opening the Sb shutter for 45 s
(growth of InAs, _,Sb,) and shutting it off for 60 s (growth of InAs
segments). No growth interruption sequence is used at inter-
faces. The antimony flux was adjusted to correspond to an
average antimony fraction of about 0.2, measured by energy-
dispersive spectroscopy in point-scan analysis mode.

TEM Characterization. Samples were prepared by direct trans-
fer of the nanowires (NWs) to a lacey carbon Cu grid by gently
pressing the grid to the substrate. High-resolution images were
acquired along the entire high-temperature growth section in
a (110) projection for several NWs from each sample using a
300 kV Jeol TEM.

The fractions of the higher order polytypes 4H and 6H were
calculated from the summed lengths for segments of each type
divided by the total length of the NW section containing
hexagonal stacking (excluding the low-T-grown stem and the
tip formed during cool down, both of which are pure zinc
blende). In order to only include the higher order polytypes
(e.g., to exclude a short twin in a zinc blende segment) in the
calculated fractions and to make the 4H and 6H fractions
comparable, only segments longer than 12 ML were included,
i.e.,, three and two unit cells, respectively.

The atomic models displayed in Figure 1 were made with
the software ATOMS.
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