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Preferred growth direction of III-V nanowires on differently
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2> Abstract

29 One of the nanowire characteristics is its preferred eloengation direction. Here, we investigated the impact
30 of Si substrate crystal orientation on the growth direction of GaAs nanowires. We first studied the self-
31 catalyzed GaAs nanowire growth on Si(Ll1) and Si (001) substrates. SEM observations show GaAs
nanowires on Si (001) are grown along four <1 11> directions without preference on one or some of them.
34 This non-preferential nanowire growth'on Si (001) is morphologically in contrast to the extensively reported
35 vertical <111> preferred GaAs nanewire growth on Si (111) substrates. We propose a model based on the
36 initial condition of an ideal Ga droplet formation on Si substrates and the surface free energy calculation
37 which takes into account the dangling bond surface density for different facsteaddel provides further
understanding of the different preferences in the growth of GaAs nanowireselecigd <111> directions
40 depending on the Si substrate orientatianverify the prevalence of the model, nanowires were grown on
41 Si (311) substrates. The results, are in good agreement with the three-dimensional mapping of surface free
42 energy by our models,This general model can also be applied to predictions of nanowire preferred growth
directions by the vapor-liquid-solid growth mode on other group IV and III-V substrates.

55 Keywords: I1I-V Nanowires, MBE, Surface free energy, Growth direction
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I. INTRODUCTION

The useof nanowire (NW) structureas building blocks for optoelectronics integration and quantum
computation has attracted a widespread interestadther smalkr footprint and hence the potential
realize a high densityf devices per wafer. With continuous efforts on improWW growth overthe last
decade, high-qualitifl -V NWs have been achieved, mosily (111) substrates along the vertical growth
direction[1-10] Recently, the bottom-ugW networks deriving from the verticallNWs have been studied
as promising candidates for applicatioirs topological quantum computation.[214]»Among several
methods oNW networks formationNW networks with spatial structureanutilize more spatial volume
comparedo planarNW networks. Currently, there are three methodsrm NW networks with designed
spatial structures. The first ometo grow branchedNWs, whose successful demonstratismione by a
multistep nanocluster-catalyzed VLS process. The difficulties areegh#ollability of the structural
complexity, achieving composition uniformity, and higher yield.[15,16] The seconds drased on the
controlled tilting of theNW growth directions by tuning the growth conditions. However, this mathod
ineffectivein producingNW networks. Sincéo form aninterconnect, two adjacent NWs ndede tilted
towards each other, which requires a non-rigorous eondition allowingpreufirowth directiongo
happen.[17,18The diverse and less-controlled growth directions will lower the prababflthe formation
of NW networks. The third methdd basedn textured, i.e. patterned, substrates.such substratede
walls of patterned trenches fatmvards each other, which allow$/Ns with selected growth directions
with high unity on both wallso cross and form networkas a result, the third method has shown optimum
reproducibility.[19-23] Therefore, the substrate/facet orientation-determined growth direftNwWs is
of significarcefor therealization of rationdy designedNW networks with an increased device density and
enhanced spatial complexity.will benefit from a systematic and exhaustive study of the influence of the
Si substrate orientatiore thelll -V NW.growth direction, including the technologically relevant on-axis
Si (001) substrates.

For a better understanding ¥V groewth directionn Si substrates, investigation of the interfacés
droplet/substrate and dropli\.is.crucialzAt the interface, two critical factors influence the growth
direction of semiconductoNWs by vapor-liquid-solid (VLS) growth mode: (1) The partial wetting an
alloying of catalyst droplet withithe underlying substrate deterntirgeimitial N\W growth; (2) The surface
free energyof the interface betweentthe droplet and the substrate (or the dangléte NW) determines
the followingNW growthasmentioned. There have been several demonstratiocsntrolling the growth
direction of semiconductddWs by careful tuningf the first factor mentioned above. For instand¥;-
ozone anHF etchreatments of the substrates can control the direaftido-catalyzed GaAs NWs on
GaAs (100) substrates by influencing the initial catalyst dropletrnge®4] The direction and polarityf
the Au-catalyzed GaAdNWs on GaAs(111) substrates are affected by the initial droplet conditiihs
different wetting angleaswell.[25] It has also been reported that alloying ofAheSi droplets during the
heating of the substrate, cagsoughnessr ‘etching’ of Si substrate beneath tA@ catalyst which renders
the control oNW growth onSi difficult.[26] The second crucial factor, the surface free energy, usually
refersto'the total surface free energy, i.e. the enefgynpaired intermolecular bonds, knoasthe energy
of dangling bends. The dangling bonds occur whenNWeé side facets and droplBiWV interface are
formed, quantificatiorof which and the corresponding surface free enasgyot straightforwardIn
addition, there are further complications, sasfsurface reconstructions, affecting the total surface free
energy. Howeveiit has been reported that the surface free ersitlpe interface between tiNdV and the
catalystis generally the dominant component determiningNtkié growth direction.[27]

2
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1

2

3 In this work, self-catalyzed GaA$Ws were grown on differently orient&i substrates, namely (111),
g (001) and (311). Thenicroscopic observations followeny a statistical analysisf the data have

6 confirmed thenon-preferential growttof NWsin four <111> directionsn the Si (001) substrates,

7 and a preferential growth along the vertical <111> direatiothe Si (111) substrates. A modisl

8 proposedto explain thenonpreferential and unique-preference growth along the falil>

?0 directionson Si (001) andSi (111). The modeis basedon the experimental results/obtainby

1 electron microscopy and surface free energy calculatiotiee dropletNW interface. The surface
12 free energy calculatiors performedby considering the initialGa droplet«formationon the Si

13 substrate and the areal dangling bond density for diffdacets. Furthermore, adetailed calculation
14 of surface free energy mappiog the droplet/NW interface falW growthis presentedn three

12 dimensions. It predicts selected <111> growth direafiddaAsNWs grownon'Si (311) substrates,
17 which further verifies the model. This general modellddae appliedto.predict theNW growth

18 directionon silicon waferswith other orientations.

;3 II. METHODS

;; The surface free energy of the interface between droplet/substrateptet/Niy determines the
23 following NW growthasmentioned and neettsbe calculated: br the total surface free energy calculation,
24 we consider only the surface free enefythe interface facetAs the surface free energy directly

25 proportionalto the number of dangling bon{i§] determination of the areal density of dangling bonds for
;? different facetds keyto estimate the total free energtthe droplet/NW or droplet/substrate interfa€er

28 that, the atone structuresof different facets “are. constructed by Vesta softwatdhttp:/jp]

29 minerals.org/vesta/en/.

i? Before the determination of dangling bond density for different faeetsneedto account for any

32 inconsistencies that may arise whenrcounting the dangling lobride atoms on a (111) surfade.this

33 case,(111) surfacesanbe approached either from the top or from the botamshownin Figure 1(a),

;g which represents a single dangling bond surface (SDB) and a triple danglinguwtawe (TDB). The

36 (111) surfaces commonly observetb be the SDB surfacasit is more energetically stable. The surface
37 atoms of the TDB surfadeave more dangling bonds, leaditgmuch higher surface energy, thus making
38 it unstable. Thereforén orderto reduce the total surface energy by reducing the total nuohloangling

39 bonds, these atonos the‘TDB. surface would rearrange themselves, i.e., reconstruct. However, ewven afte
j? reconstruction, th& DBssurface energig still higher than that of the SDB surface, dioghe formatiorof

42 wealer n-bondsat the TDB surface thatihoseatthe SDB surface.[29] Therefore th®B (111) surfacés

43 not consideredn most of the reports the literature.[30,31] Consequently, to circumvent the dangling
44 bonds inconsisteney. of the (111) surfasamentioned above, a rough effect of surface reconstruistion
45 taken into consideration. During dangling bonds counting, two kinds of TO&csuare seern the first

j? one, three dangling bonds are ablmutonnect with a single atoasshownin Figure 1(a),and the other

48 one referdo the opposite side of TDB surfaasshownin Figure 1(a), whergve observe a single atom
49 with one bond connected witn inner atom and three dangling bonds left outwards. The three dangling
50 bondsin both cases for all facets will be coungebnly one dangling bond\s this process reduces the
g; total number of dangling bonds,has the same physical consequesssurface reconstruction. Besides,
53 dueto its simplicity,it could be applietb any facet@aswe have donén the calculations below.

gg With the aforementioned assumption, the calculation of areal dangling bonds density is based on the

56 number of dangling bonds on a rectangular surface unit cell for a specific surface/facet. The general steps
57

58 3

59
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followed when counting the dangling bonds and then calculating their areal demsityyffacet are: (1)

Finding a front plane with a few facets intersecting perpendicularly. For example, viewing towards an (11-
1) front plane with an upward vector [011], (101), (314), (213), (112), (123), (134), and (011) facets can all
be seen edge-on as shown in Figure 1(b). (2) Finding a side plane perpendicular to theifront planeswhich
gives a clear view of an atomic arrangement. For example, in Figure 1(c), a view towards a (1-10) side
plane with an upward vector of [112] is given, for the same crystalline structure as in Figure 1(b), which
can be used to determine the areal dangling bond density for all of the facets meéntioned above. This way
the repeated side unit for, e.g. (112) facet consists of three front layers from 1to 34n Figure 1(c). (3) To
calculate the areal density of the dangling bonds, the counting should be separated for‘each of the front
layers in a repeated side unit. Taking the (112) facet as an example, within the first fiont plane, red circles
mark the two closest Ga atoms, which is the smallest front unit (see Figure 1(d)). The same locations are
also marked for the second and third front layers in Figures 1(e) and 1(f). As azesult, there are 4 dangling

bonds in total per unit area of the (112) facet. The length between the marked eircles is g Qgaas (see Figure

1(d)) and the width of the three ‘side’ layers is ‘/; Agaas(see Figure 1(e)pwith ag, 45 being the GaAs lattice

constant). Thus, the density of dangling bonds of the (112) facet is 4/ (gaGaAs X ? Acaas) = %.
AGaAs

The dangling bond densities of the other facets can be. obtained the same way. The advantage of this
calculation method is its suitability for even more, complicated facets. Please see Supplementary
information Part I for a more complicated example of calculations on facets (012), (138), and (114) and
Supplementary information Part II for the detailed tableiof dangling bond densities of facets.

A <111> dangling bond

| | so8 || ,
///l‘\\{(\ll f) surface TDB i : /
Other three back bonds (111) surface shifting l (111) surface rotatin(g/
Width
%:2 3 ‘lr'D ......
a Sl 0 As
1350 SR
03 00
sgleg! [112]

[-1-11]

Ggleg ¥
%%?0% <—l[1-10]
A

Front layer 3
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Figure 1. Assumptions and general stepsfor counting and calculating dangling bonds density. (a)A
pyramid ofSi atoms represented by grey points with facet (111) passing through theoénéepyramid
aswell asthe body-center of th8i atom. Withan extremely small shift or rotation, the broken dangling
bonds on the surfaaé# (111) facet will be either or@ three corresponding the SDB:surface orthe TDB
surface. (b)A ‘front’ plane with observation towards [11-1] direction and upward vector ,[@dHith
allowsfacets (101), (314), (213), (112), (123), (134), and (04 be seemaslines. €) The ‘side’ planeof

the same crystal shown (b), towards [1-10] with an upward vector [112], exhibits a repeated penbd
three‘front’ layers, i.e., the fourth lay&s exactly the samasthe first‘side layer.(d-f) ‘Front’ layers 1,2
and 3 from (c)Gaatoms are useasthe starting atomd.he blue arrovis in the directiorof the (112) facet.
The closesGaatomsin (d) are marked by red circles, and the corresponding.locations of these te® circl
are also marketh (e) and (f).Ga atoms are purple anils atoms are green throughout the Figure. The
atoms are treateabpoints for the facilitation of counting. Note that.(b), &ddi).share the same observation
indicators.

The surface energy can be estimated by multiplying the dangling'bond energy and the density of the
dangling bonds as expressed by equation (1),[28]

Yy = EwpParnZnry (D

where y i) 1s the surface free energy of facet (hkl), Ej, 18 the energy of a single dangling bond, ppi) 1s
the density of atoms on the crystal plane, and Zg,;) is the number of dangling bonds per atom on the crystal
plane.[28] The density of the dangling bonds for facets presented in the example above is the multiplication
of pnkryand zgukyy. Here we take the same energy for both bonds, which means the surface energy is
proportional to the areal density of the/dangling bonds on the crystal plane. It also indicates that we do not
consider the polarity effects in our model which will be discussed later.

Despite their simplicity, our calculations show the same trend as the surface free energy calculations
which have considered the theoretical strength.of the atomic dangling bonds at some specific surfaces in
Ref 40 (Red curve in Figure 4(a)). Experimentally, the surface energy of discrete facets such as Si
(001), (011), (111), (113) and GaAs (110), (001) are measured quantitatively.[32—37] Besides, there
were theoretical calculations for semiconductors like Si, GaAs, InAs, AlAs, InP and others mainly
on individual low-index ‘facets like (001), (011), (111), (112), (113), as well as the surface energy
plot of GaAs along theé line from (001) to (110), some of which take surface reconstructions into
consideration.[38—44] A summary of comparisons between our calculations and the literature are
listed in Figure 2.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-126338.R2 Page 6 of 20

=]

;;;f *  This paper
<
-
B
g 03F ‘\'\/ )
g
Q
&
&
0-0 L L 1 1
(001) (011) (111) (311)
GaAs facet orientation
b " 3.0 ¢ Caleulation (40)
r;E‘ Experiment (4/)
32.0 I 4 Experiment(42)
% < " Experiment (43)
5 r
L1.0F E
,_‘-"_3‘
3
W
00 'l 1 L L
(001) (011) (111) (311)
Si facet orientation
C . T T T e Experiment(43)
.»E 10F 4 = Experiment(44)
T;‘ " 4 » (1THA A Experiment(42)
? “(111)B v Calculation (45)
5 0.5 F J Calculation (43)
g
5
73
0.0

(0('11) (o;n {1;1) (311)
GaAs facet orientation

Figure 2. A comparison between our work and other publications. (a) The dangling bond densiof

GaAs facets (001), (011), (111), and (3a&ralculatedn this paper. (b) The surface energy $ofacets

(001), (011), (111), and (311). (c) The surface energydaAsfacets (001), (011), and (111).

Solid sourcéll -V molecular beam epitaxy (MBHE used for self-catalyzed GaM3N growth on p-type
on-axis Si (001), Si (111), andSi.(311) substrates by the VLS growth modga beam pressure
correspondingdo a thin film growth ratef 0.6 monolayers per secoizused with a V/IlI flux ratio of 17.
The substrates are baka200°C overnight and 606C for one hourGasourceis open for 10 seconds
form the Ga droplet, 'then botlésa and As sources are opeat the growth temperature of 62C for 40
minutes for allSi substrates. The growtis terminated by stopping bothl and V solid sources
simultaneously:

Inspection®f NWs morphology was done using a Ze{& 1540 Scanning Electron Microscope (SEM).
TEM imaging andranalysis were performed on NWs transféadaley carbon grids using JEOL 2100
and doubly corrected ARM200F microscopes, both operatigg0 kV.

II. RESULTS AND DISCUSSIONS

The possible observatiarf <111> NWson Si (111) andSi (001) substrates considered. fie angle
between the four available <111> directiafissaAs NWs and th&i (111) substrate surface are indicated
in.the schematics withird’s-eye view and top view Figure 3(a) and Figure 3(lj.shows that three of
four <111> growth directions have the same projected afidl8.6° with respedb the substrate surface

6
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and 120° azimuth-angle from top-view projecticasyell asthe vertical <111> growth direction from the
Si (111) substrate. However, the SEM images demonstrated that a high qopragfil\Ws are verticabd

the substrate surface, i.e. thes@nly one preferred <111> direction out of all four <1113 directions (see
Figures 3(c-d)). Note that therd’s-eye viewis observed by rotating the SEM sample holder from the
holder position used for top view observation clockwise by 30° toweltel)> direction{ While this
observations well-known, the preference on the vertical <111> direction has not been studetdilso

far. Onthe other hand, schematicsFigures 3(e-f) correspond the four <114> growth directions @i
(001) with the same projected angle of 35.3° with resqoettte substrate surface, and 90° azimuth-angle
between thenm the top view projections. The SERlages reveal thah contrasto theANWs grown o15i
(111), the growth of NWs occurs along the four <111> directiorSi ¢@01) (see Figures 3(g-h), alsee
Supplementary information Palt for the confirmation of <111> growth directions $(001)). Note that
the four <111> directionsn Si (001) are markedsleft, right, up, and.dowm Figure 3(h). The verification

of this non-preferential growth along the four <111> directmf¥Ws observed o6i (001) still requires
further statistical analysi$he Annular Dark Field (ADFBTEMimagein Figure 3(i) reveals that the NWs
are predominantly of zinc-blende crystal structure with occasionaltwintseleag the NWThe wurtzite
sectionor zinc-blende/wurtzite polytypism just below /liga droplet seen here has also been widely
reportedn otherlll -V NWSs,[45,46] being attributetdb the sudden change the volume of th&adroplet
after finishing the source materials supjplyhe endf the growth.[4749] The B-type polaritypf NWs on
Si(111) andSi (001)is confirmedin Supplementary information part 1V.

Bird-eye view with Top view with Bird-eye view with Top view with
30° tilted angle no ulted anglc 30° tllted angle no tilted angle

Figure 3. GaAsnanewiresonon-axis Si (111) and Si (001) substrates. (a-b) Schematics drawn based on
calculations, showing GaAs/nanowires on Si (111) substrate with three <111> grestiods having
projected anglesof,19.6° respecting to the surface of the substrate and 120° azineusepagtion
between top-view projectionsias well as the vertical <111> growth directtbe i (111) substrate (c-d)
SEM images 'of GaAs nanowires grown on Si (111) substrate from a 30° tilted angle altddhuoieivs
respectively.(e-f) The‘schematics drawn based on calculations, showing GaAs nanowires on Si (001)
substrate with four <111> growth directions having an inclined angle of 35/82 sorface of the substrate

and 90° azimuth-angle separation. (g-h) SEM images of GaAs nanowires grownagis &i-(001)
substrate from.a 30° tilted angle and not tilted views, respectively. Notih¢hsthematics are shown in

the same angle of observatiasthe SEM images and the bird’s-eye view is obtained by rotating the SEM
sample holder from the position used for top view observation by(iBéfigh magnification ADF-STEM
image.of the red square area in the inset shows a WZ structure section belowrbel€aThe rest of the
inspection area has a pure ZB structure. The inset shows the ADF-STEM image of single GaAs nanowires
grown on Si (001) substrate.
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Statistical analysisf the NW growth direction has been carried out on samples grown"orSb(201)
andSi (111) substrates. About a thousand NWs have been inspected for each substraterramdeatie
results are summarizad Table 1. Similar percentages of NWs were observed along. the four <111>
directions onSi (001), with 23.2%, 25.5%, 21.7% and 22.1% (in total 92.5%) cerrespotulthg left,
right, up and down directions respectively (as maikdeigure 3(h). It shows clear evidenas the non-
preferencen growth direction between the four <111> directions when NWs are gooin(001). The
same statistical analysis carried out on NWs growgi¢hl1) shows that theigonly one preferred <111>
direction, perpendiculdp theSi (111) substrate, accounting for 91.8%ihe NWs«A small percentagé
NWs grown along the other directions daattributedo the multiple ordertwinned formati@ithe initial
stage ofNW growth.[50] Thereforeit can be concluded that, & (111), the growthof NWs along the
other three <111> directiomsless favorable comparéo the main vertical <111> growth direction.

<111> growth direction for majerity of nanowires

Substrate Angle to the surface Percentage ( x100% )
(001) 353°[111] 232/1000
35.3°[-1-1 1] 255/1000
353°[-1 1 1] 217/1000
35.3°[ 1-1 4] 221/1000
(111) 90° 913/1000

Table 1. The percentages four major nanowires directions with inclined angles of 38®3he substrate
surface are shown for GaAs nanowires growrsof®01), and that of the major vertical <111> nanowires
grown onSi (111)aswell. For each sample, a thousand of nanowires are inspected from Sgksimith
the same observation setup.

Our general model for determinatiofitheNW growth directioris presented based on @r)ideal partial
wetting and regular shape of catalyst droplet and its alloying véthrtterlying substrate which determines
the initial NW growth direction; (2) The surface free energy of the interfacedastwiroplet/substrate or
droplet/NW which determines the preference of growth direction fofalleving NW growth. In Au-
catalyzed\NW growth; itis relatively difficultto mantain the initialAu dropletin a stable conditioat the
beginningof the NW growth dueto the formation ofAu-Si alloy.[26] In contrast,Ga droplets onSi
substrate are more stablerunder heating with less etching andrsmelkhallower pinholes.[51} other
words, usingGa-catalyst would,have less possibility for pinhole sidewafiucleate and groMW on Si
substrate. This.difference can be explained by the phase diag@&SoandAu-Si. For example, around
600<C, thessolubilityof Siin Gais negligible, buit is around 16%n Au.[52,53] Dueto its stable liquid
form over 30 C°.and low reactivity wihi substrate undeéd\W growth temperature, the§adropletshave
partialy ‘wetting ;shapes and flat droplet/substrate interfaces, which reducesldleace of the initial
droplet wetting on the growth directioma minimum.[54]

To construct a model predictingW growth direction orSi (111) andSi (001), we investigated the
surface ‘energy of dropl&i\V interfaces/facets that may occur during grovthiigure 4(a), the surface
free energy calculated using the method described above for differestfface (001)o (110)is shown

8
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with the redline. This graph indicates that the (111) facet has the lowest stiré@cenergy. This explains
why mostof the NWs on (111) substrate only grow along the vertical <111> directiofirsh@aAs layer
formation on (111) substrate already has the lowest surface free en€igyre 4(a)ln orderto growin
one of the inclined <111> orientations the (111) substrate, the interface ka®vercome the higher
surface free energy barrielss a consequence, most of the NWsSi (111) clearly show! preferential
growth along the verticat111> direction.
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Figure 4. Mode for nanowire growth on Si (001) and surface free energy of different surface facets.

45 (a) The surface free energy. of different facets from (1®0)11)is presented by the red line where (111)
46 is the local minimum. Some of the possible transition facetg1ikB), (114), (113), (112) are marked. The
47 green linerepresents-the surface free energy of from (06Q01), where (101)s the local minimum.

48 Some of the possible transition facets like (401), (201), (101), (102), and (164jnarked. (b) A

50 demonstratiorof the four <111> directions with regat@ <001>. The red arrows indicate the tilting from
51 (002)'growthto'two equivalent (111)B directions arteblue arrows indicate the tilting from (001) growth
52 tothe othertwo equivalent (111)B directions. (c-h) Growth modes stfesnshowing the different growth

53 directions that GaAs nanowires grown®ir(001) substrates might experience before they turn into <111>

direction. Please note th@aatoms are purpléds atoms are green ai®i atoms are blue.
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On the other handt canbe observed that the (001) facet has the highest surface free @m&igyre
4(a). If we move from the (001) towards the (114} canobserve how the surface free energy decreases
with the inclined angle. Thus, the (115), (114), (113), (112) facets gradualgadecsurface energid®
reach a facet with the lowest surface free energy, the formati@iin) intermediate facets hastake
place. Likewise, the energy curves for the transition from (001) fa¢etll), (-111), and (-1-11), are the
sameasthe red curvén Figure 4(a). Therefore, for NWs grown 8n(001), the tilting towards the lowest
surface free energyg equivalento the four <111> directionsin this case, the‘four {111} facets have the
same (and lowest) surface free energy and consequently, the same prahaidigquivalent energy and
crystallographic symmetry as shown in Figure 4(b).

While this analysis is valid for non-polar semiconductors, e.g Si or Ge, for the IH-V family it needs a
slight modification to include the polarity effects. Taking polarity into account, four <111> directions on Si
(001) can be differentiated into two <111>B and two <111>A. The two kinds of steps on Si (001) are shown
in Figure 5(a) which allows two different arrangements for <111>.directions of polar semiconductors. Take
step 1 as an example, the arrangements of <111> directions on Si (001).are shown for step 1 in Figure 5(b).
The atomic schematics for the two <111>B (namely, [111]Bs@nd [-1-11]B) and the two <111>A ([1-11]A
and [111]A) corresponding to step 1 are shown in Figures 5(c-d). Since we know that (001) facets are the
local maximum, and due to the crystallographic symmetry, it leads to the same probability of tilting from
growth direction [001] towards [111] and [-1-11] (on step 1,it forms B-polar NW), and the same probability
of tilting from [001] towards [-111] and [1-11] (on step 1, it:forms A-polar NW). Following the same
analysis, we can also show that this conclusion isivalid for the situation of step 2 shown in Figures 5(e-g).
Therefore four <111>B or four <I11>A directions, can be observed on the same Si (001) substrate. In
addition, no A-polar NWs are found for the 20 NWs»on Si (001). Thus overall, [111] and [-1-11] are
equivalent while [-111] and [1-11] are equivalent on Si (001). This is also consistent with the SEM
observations and analysis in Figures 3(g=h). The GaAs NWs marked [111] and [-1-11] are equivalent with
similar percentages of 23.2% and 25.5%, respectively. Likewise, the NWs marked [-111] and [1-11] are
equivalent with similar percentages of 21.7% and 22.1% out of 1000 NWs, respectively. However, it is
noted that there are no necessary relations in terms of growth preference between the neighboring two
<111> directions, e.g. [1-11] and [111], in the case of polar semiconductors and it should depend on the
distribution of surface steps as well as the difference in the surface energy of A and B facets.

Consequentlyin our explanations for GaAdWs onSi (001),the paths representing the transition from
(001) facet to all four' {111} facets in Figure 4(b) are divided into two pairs (indicated by blue-to-red
arrows), as the diagomal <111> directions are equivalent. Taking all these factors into consideration, the
NW growth onSi (001) substratis described by the schemationg=igure 4(c). Blue dumbbells correspond
to theGadroplet on top of th&i (001) with [110] projection direction. Here, As-terminatedSi surface
is presentedas anexample (purple atomat the interface betwee8i and dropletin Figure 4(c)). The
formation of GaAS\Ws startsat the droplet/substrate interface whislthe (001) facet. Since this faget
of high energy, the GaAdWs will gradually grow inclined facets from (00t eitherof (111)B facets,
decreasing the total surface free enarjghe interface showim Figure 4(a). One of the possible scenarios
is shewnin Figures 4(c-h The formation of GaABIWSs, starting from the substrate (001) surface, evolves
through (125), (114), (113), and (112) facets, eventually reachinfthgfacet and continuing the growth
along that direction.

10
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1-11]1A
- © Asatoms
© (Ga atoms
° Si atoms

[001]

SIUD

36 Figure 5. The atomic schematics of four <111> directions on Si (001) with two kinds of steps. (a-c) The
37 four available <111> directions for the first kind of step on Si (001) with atomic demonstrations. (d-f) The
four available <111> directions for therother kind of step on Si (001) with atomic demonstrations.

41 To further verify the ' model, self-catalyzed Gad¥/s were grown on Si (311) (Figures 6(a-d)). There
42 are four <111> directions on'the Si (311) substrate, forming different anigheth@substrate surface. Two

43 of the <111> growth directions have the same 31.5° projected angle to tmateitastacewhile the other

two have projectedrangles, of 60.5° and 10.0° to the substrate surface, respectivelith-Anple

46 differences between top view projections are 73.2° and 106.8° (Figures 6éelQupplementary

47 Information Partll for the confirmation of major growth direction on Si (311). Simitathe observations

48 on Si (111)aunique preference among four <111> growth directions is observed (Figures 6(c-d¥). In th
49 case 932 out of 2000 NWs (93.2%) on Si (311), grow veifitojected angle of 60.5° to the substrate. There
are very fewNWSs along the other <111> directions. The crystal quality and polarity of the NWs grown on
52 Sif(311) are similar to those of NWs grown on Si (111) and Si (001), which is shoSumpiplementary

53 information PartV.
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Bird-eye view with Top view
30° tilted"ngle with no tilted angle

A319ud depINg

0
o As atoms

© Ga atoms
o Siatoms

Figure 6. Experimentaltobservations and modeling for nanowire growth on Si (311). (ab) The
schematics drawn based on calculations, showing that nananihesfour <111> growth directions have
projected angles of 60.5°, 31.5°, 31.5° and 10° with respéiee surface of the substratewell as1068°

and 73.2° azimuth-angle separation between their top-view projec{mds.SEM imagesof GaAs
nanowires grown 0fi (311) substrates with30° tilt angle and no tilt, respectively. (e) A demonstration
of nanowires'growth directions a three-dimensional coordinate system, where the red cut-off plane
indicates«growth directions from [31tj [111] and the green cut-off plane indicates growth direction from
[001] [101] and thero [100]. (f) Each of the 55 black bullet points represents a specifacsuand are
used for'the plottingf the top parof the colored 3D surface energy diagram. (g) A detailed surface free
energy calculation for growth direction with positive miller index. fregnitude of surface free eneligy
indicated by a rainbow color system shoatright. (h-j) A growth model shows the different growth
directions-that GaAs NWs grown on Si (311) substrates might experience before they turn into <111>
direction. Please note that Ga atoms are purple, As atoms are green and Si atoms are blue.
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1

2

3 For the corroborationf the modelit is of significanceto find out the general regulations,behind the
g preferences in the <111> growth directiofs.in this case mostof the NWs shifted preferentially.from

6 (311)to (111) growth planegta projection angle of 60.5° withspectto Si (311) substrate surface, instead
7 of the other three <111> directions. TH&/ growthon Si (311) starts on the (311) interface between the
8 Gadroplet and the substrafieo investigate a possible growth plane transition from the init@htr onSi

?0 (311), cross-sections written into three-dimensio8B) Coordinate system are showmrFigure 6(e). Thus,

1 the red cross-section corresponidgossible growth planes fdfWs when shifting from (311), through
12 (211), and finallyto (111), marked with red arrows. This transitissupported by‘the surface free energy
13 calculation (see red line Figure 4(a)). The surface energy transitionsfrom (1d3j111) and (311jo

14 (111) are equivalent. This clearly shows that the surface free energy defreasExll) towards (111)
12 growth planeOn the other handof the NW to reach the (1-11) growth planehasto pass through one
17 of the growth planes marked on the green cross-section, i.e., fromd@@@0L).ando (100). The surface
18 free energy calculated that plane shows that the lowest surface free enearthe (101) growth plane,
19 marked with green vector (see green iim&igure 4(a). With these calculations of surface free eneitgy,
20 seems that thetis a chance for thBW growth plando shift from (311)to (101) therto (1-11). Thus, the

;; constructiorof a complete surface energy profsanecessary.

;i To form 3D surface energy mapping by detailed calculations of surfaeemergy, and confirm the
25 local minimumwe present 10 groups of facets forsurface enefdlye facet¢x y z) with positive integers

26 (x>0, y>0, z>0)in detail. Each groupf facets cateseeredge-on with specific observation orientations.
27 Below, whenwe use(x y z),it translates$o (x/z y/zl).in the coordinate system. For example, the magnitude
28 of surface energy/dangling bond densifyfacet (113)s represented by a colored poaticoordinate (1/3

29 1/31) in the 3D color mapping/Ve have counted and.calculated the dangling bond desfditye 55 facets

30 . . . A . .

31 (See Figure 6(f)) which are fully listeSupplementary information Part I1.

gg Note that, duéo crystallographic symmetry;the broken dangling bond density from facets¢q@))

34 and (001)to (011) should be the same, whiehalsoin accordance with our calculation. Therefore

35 mark the lines that join (0019 (101).and (002}o (011) bothin red. Other symmetric groups$ facets are

36 in the same colaaswell. In total, there are 55 individual facets, which are all highligitte black bullet

;73 pointsin Figure 6(f), usetb plot the top parof the colored 3D surface energy diagram. Likewise, the front
39 part and side padanalsobe constructed, and eventually forms the full-colored 3D surface energy diagram
40 shownin Figure 6(g)As a result; the (111) growth plaigthe nearest local minimum for the (311) growth
41 planeto reach.

g Apart from the surface energy, the growfrthe NWsis also influenced and disturbed by factors such
44 asgrowth temperature and beam flux, which further drives the (311) gparik through the shortest path
45 to reach the nearest loecal minimum. In other words, the probabitity\iés to grow along <111> witlan

j? inclined angle of 60.58 the highest and@ canbe predictedto be the dominant growth directioht.is

48 consistent with the results from SEM observations and proves the vafithigy proposed model. Although
49 there are fewNWs with other growth directions, theanbe attributedto non-uniformGa droplets with

50 different wetting properties. They also might have taken alternative foattiser <111> directions. The
g; atemic model of the transition discussed ab@wshownin Figures 6(h-j). The formatioof GaAsNWs

53 starts from the substrate facet {31hen switche#o (211) and eventually the (111) growth plane, which
54 has the.lowest local surface free energy and hence the growth continueshalontil1> direction
55 afterwards.

56

57

58 13
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It is noted that a most intriguing phenomenon regarding epitaxial semiconductor NWS§, which is
encountered most frequently and reported very often, is that zinc-blende epitaxial NWs prefer to grow
along <111> directions,[55,56] Conventionally, people assume that this phenomenon isiattributed
to the low surface energy of (111) surface. However, through a careful inspection‘of the literature,
it is found that the current understandings the surfacenergy could not lead us to theonclusive
elucidation of this phenomenon as the surface energy measurements and calculations are based
merely a limited numbeof specific facetand directions. Our construction®f the 3D surface energy
mapping validates (111) surface has lower surface energy compared to all theother facets or at least the
facets surrounding the (111) facet which strongly supports this assumption.

Besides, our model could also be generalipagtouplV NWs. Consequently, the model agrees with a
large portion of results from the literature availatmegrouplV andlll -V-NWs.[27,57-65] Although our
model can predict the preferred <111> directions among all available <I&ttatis, there are still some
issues outside the scop&the current model. For instandéy.growth along <110> and <100>, whose
origins are claimetb be growth-temperature dependenNW radius. dependent, cannot be explained the
same way.[59,66,67] The possible explanaisdahat when the diameterof thi&¥V is smaller than a critical
value, the side facets surface eneigygontributingto the growth direction preference, i.e. the direction
along <110> and <100> can be a local minimaftthe total surface energy. The low-presssirsupplyis
reportedto resultin a higher rate along <112> direction ®rNWs whichis also outof our scope.[68]
Additionally, it has been well acknowledged that epitakialy NWs prefer <111>B growth direction.
However, the predominance of the B-polar NWs. over. A-polar NWs cdmrfatly understood from our
modd, which indicates improvements in the detafshe calculations might be helpful. Moreover, there
may be some other important factors influencing the growth diret¢taomjuist the surface free energy. For
instanceGadroplet disipates easier.on A-surface, which might suppress the growth of <IN\&§9]
Further improvements in the calculation of the surface free energy carhleyed by including other
factors, e.g. the droplet influence, surface energy of side facets and polarity.

1. CONCLUSIONS

In conclusionwe observed preference and non-preference among the four <111> growth directions for
the GaAsNWs on Si (111) andSi» (001) substrates, respectively. With the helpS&M and TEM
measurements, the preferential vextid 11] growth directions o®i (111) and the four non-preferential
<111>NW growthddirections o015i (001) were observed, leadintp a practical model including detailed
surface free energy caleulations. The masdelerified with a more detailed and visualized surface free
energy mappingn the three=dimensional coordinate system by the calculation of areal dangfidg b
density of 55 facets, which explains the most representative observationy rthmet111> growth
preference,with proper assumptions. More factors asitte growth conditions, droplet influence, surface
energyof side facetdNW morphology and polarity can enhartbe accuracy and universality of our model
towards understanding th&V growth directionsit complex conditions.
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