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ABSTRACT: The control of the crystal phase in self-catalyzed nanowires (NWs) is one of the central remaining open chal-
lenges in the research field of I11/V semiconductor NWs. While several groups analyzed and revealed the growth dynamics, no
experimental growth scheme was verified yet, which reproducibly ensures the phase-purity of binary self-catalyzed grown
NWs. Here, we demonstrate the advanced control of self-catalyzed molecular beam epitaxy of GaAs nanowires with up to a
grade of 100 % wurtzite (WZ) phase-purity. The evolution of the most important NW properties during the growth, namely
the contract angle of the Ga droplet, the NW length and the diameter are analyzed by scanning electron microscopy and
transmission electron microscopy. Based on these results, we developed a comprehensive NW growth model calculating the
time-dependent evolution of the Ga droplet contact angle. Using this model, the Ga flux was dynamically modified during the
growth to control and stabilize the contact angle in a certain range favoring the growth of phase-pure GaAs NWs. Although
focusing on the self-catalyzed growth of WZ GaAs NWs, our model is also applicable to achieve phase-pure zinc blende (ZB)
NWs and can be easily generalized to other I1I/V compounds. The self-catalyzed growth of such NWs may pave the way for
substantial improvement of GaAs NW laser devices, the controlled growth of WZ/ZB quantum disks and novel heterostruc-
tured core/multi-shell NW systems with pristine crystalline order.
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Figure 1. Substrate preparation for selective growth of self-catalyzed GaAs NW arrays. The preparation process can be divided into seven
steps: (1) The growth of 20 nm thick thermal Si0,. (2) Spin coating of PMMA. (3) Electron beam lithography of the hole array into the PMMA
layer and subsequent development. (4) Pattern transfer into the Si0, by reactive ion etching. (5) Resist removal and wet chemical cleaning.
(6) Wet chemical etching by 1% HF. (7) NW growth inside the hole arrays.

Self-catalyzed III/V semiconductor nanowires (NWs)
grown by molecular beam epitaxy (MBE) provide enor-
mous potential for miniaturized electronic and optoelec-
tronic devices. Typical applications are advanced laser
emitters’, quantum disks* and single photon sources.”3> A
main research goal in recent years was the integration of
II/V  NWs in silicon complementary-metal-oxide-
semiconductor (CMOS) platforms. Most prominently,
GaAs NWs were grown vertically via the selective area
epitaxy (SAE) on (in) silicon (Si) substrates covered with
silicon oxide (Si0,). Using this method highly ordered NW
arrays were fabricated with precise control of the NW
length, diameter and pitch.4® The growth of these NWs is
based on the vapour-liquid-solid (VLS) mechanism, where
the atoms nucleate at the interface between the liquid
catalyst droplet and the solid NW rod. Depending on the
catalyst contact angle, the NWs can crystallize in zinc
blende (ZB) or wurtzite (WZ) phase, which exhibit differ-
ent mechanical, 7® electrical®® and optical properties.”°
The formation of either WZ or ZB crystal phase segments
has been assigned to the start of the nucleation at the triple
phase line (TPL) or, alternatively, inside the dropet at the
liquid solid interface, respecively.!+8

GaAs NWs can be grown self-catalyzed with Ga or with
a forgein catalyst, such as Au. For the latter, phase-pure
growth of GaAs and other III/V compound NWs (e.g.,
GaPv) has been successfully demonstrated and the corre-
sponding growth dynamics are well understood.>*-2
However, the foreign catalyst element can introduce severe
contaminations, which degrade the performance of
specific modern applications such as single photon
sources, low-threshold NW lasers* and a wide range of
heterostructured NWs with pristine crystalline order such
as quantum dots,® hybrid core/shell systems®*® and
supperlattices.?” In contrast to the foreign catalyst based
NWs, the demonstration of controlled growth of (nearly)
phase-pure binary self-catalyzed I11/V NWs is still an open
task with many unsolved challenges, whereas the growth
of Ga(As,Sb) NWs was successfully demonstrated.?® To
some extent this is a consequence of the deficit of a com-
prehensive theoretical model, which precisely describes
the growth dynamics via evolution of the contact angle of
the catalyst droplet (i.e., Ga in GaAs NWs). Experimentally,
the controlled formation of phase-pure ZB NWs was
recently demonstrated,® but it also revealed the extensive

formation of twin plane boundaries, wich are common for
NWs in this crystal phase. To circumvent the occurrence
of twin planes, defect-free A-polar ZB NWs were
successfully demonstrated by Zamani et al..>* However,
due to the tilted orientation of those NWs the integration
in CMOS platforms is challenging on (111)-Si substrates. We
believe that the growth of self-catalyzed phase-pure WZ
NWs is the best approach to prohibit the formation of twin
plane boundaries. Although the latter has not yet been
demonstrated, the controlled implementation of small
phase-pure WZ segments in different self-catalyzed ZB-
mediated III/V NWs was intensively studied by Rieger et
al3'3* They demonstrated the controlled inclusion of WZ
segments in GaAs NWs by repeatedly consuming and
refilling the Ga droplet during the growth process. The WZ
segments are enclosed by highly polytype sections (WZ
and ZB crystal phase in close proximity) which result from
numerous transitions of the Ga droplet contact angle
between high (~130°) and low (~90°) values. Recently,
Panciera et al.3 investigated the phase selection with in-
situ  transmission  electron  microscopy  (TEM)
measurements and identified the Ga droplet contact angle
as the sole parameter to control the crystal phase. They
also concluded that the WZ crystal phase is stabilized for
contact angles ranging between 100° - 125°. The occurence
of a phase transition close to the contact angle of ~125° was
independently confirmed by Dursap et al.34. They applied
in-situ reflection high energy electron diffraction (RHEED)
to characterize the ZB-WZ transition during the growth of
self-catalyzed GaAs NWs. The above mentioned studies
mutually indicate that precise adjustment and in-situ
stabilization of the contact angle of the catalyst droplet are
the key parameters to achieve III/V phase-pure NWs via
self-catalyzed MBE growth.

In this report, we study the SAE of GaAs NWs and pro-
vide a comprehensive model that describes the dynamics
for self-catalyzed MBE growth of GaAs NWs on pre-pat-
terned (PP) substrates. In our model we focus on the evo-
lution of the contact angle during the growth of the NWs.
The model is refined based on experimental studies of the
main NW morphological properties (i.e., droplet contact
angle, NW length and diameter) at several intermediate
growth stages. Finally, we utilize our advanced model to
estimate a time-dependent Ga flux, (providing stabiliza-
tion of the contact angle during growth), in order to
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Figure 2. a) SEM images of exemplary as-grown NWs in config. A at the end of each of the growth experiments. White scale bars are 200
nm. The time-evolutions of NW length and diameter are presented in b) and c) and d) represents the time-evolution of the Ga droplet

contact angle.

achieve up to 100 % phase-pure WZ (or alternatively, ZB)
GaAs NWs. Our sophisticated growth model as well as the
experimental verification presented in this manuscript
pave the way towards a new level of advanced control over
the phase-pure NW growth for innovative applications in
electronics and optics such as GaAs NW laser devices and
WZ/ZB quantum disks

Experimental details

The GaAs NWs were grown by MBE via the self-cata-
lyzed VLS method on PP and n-doped (111)-Si substrates.
Prior to the growth, the (111)-Si substrates are covered with
a 20 nm thick thermally grown SiO, layer. This is subse-
quently patterned via electron-beam lithography and reac-
tive ion etching to generate a set of hole arrays with differ-
ent diameters d=40 - 80 nm and pitches p=0.5 — 4 pm. The
preparation procedure can be divided into six process
steps, which are depicted in Fig. 1. The (111)-Si substrates
are covered by a 20 nm thick thermally grown SiO, layer (1)
as a mask for the selective area growth. Subsequently, an
approximately 220 nm thick PMMA-950K layer is spin
coated (2). In step (3), the layout is transferred to the
PMMA layer by electron-beam lithography. After that, the
PMMA layer is developed with AR-600-55 for 70 s and the
process is stopped by sample immersion in Isopropanol for
3 min. The first etching process is conducted by reactive
ion etching (RIE), in which 10 - 15 nm of the SiO, is etched
with a CHF; gas flow of 50 sccm and a RF bias power of 200
W (4). Afterwards, the PMMA layer is removed in Acetone
and the patterned substrates are chemically cleaned using
Piranha solution and oxygen plasma for 10 min each (5).
Before loading the sample into the MBE system, it is wet
chemically etched by diluted (1%) HF for another 60 s (6).
After that, the sample is stored in the UHV loadlock of the
III/V MBE system From the loadlock, the sample is trans-
ferred into the preparation chamber for bake-out 45 min at
700 °C and then into the I1I/V-MBE chamber. Prior to the

NW growth the sample is heated to a substrate tempera-
ture of 620°C, which is measured by a thermocouple ele-
ment (temperature calibrated with a pyrometer), and ex-
posed for 10 min to a Ga flux that corresponds to a growth
rate of about 0.1 pm/h (determined as the growth rate of a
planar (100)-GaAs layer). This procedure is the Ga pre-dep-
osition step. The NW growth is initiated by supplying an
additional As, flux with a beam equivalent pressure (BEP)
of about 5 - 107® mbar (7), which defines a V/III BEP ratio
of about 31. After the NW growth process, all cell shutters
and the substrate shutter are closed immediately to mini-
mize the post-growth during the sample cooldown and to
preserve the Ga droplet contact angle. Finally, the sample
is cooled down to 230 °C within 10 min. Using these param-
eters, a vertical NW yield of nearly 70 % was achieved. The
latter was determined from the number of grown vertical
NWs divided by the number of holes in the array. Consid-
ering all samples, for which the same conditions except the
growth time were applied, a high grade of reproducibility
of the NW yield is observed. We attribute this to our thor-
oughly fabrication of contamination-free PP substrates
from the same preparation batch. In order to determine
the stability of our fabricated PP substrates over the whole
growth period, we investigated the hole diameters at three
different growth stages: a) directly after preparation, b) af-
ter the Ga pre-deposition step and c) after NW growth. For
all three stages we did not observe a significant variation of
the hole diameters.

The Ga droplet contact angle measurements were cali-
brated by comparing secondary electron microscopy
(SEM) images of NWs laying on TEM grids (90°) to those
taken directly under tilted-view (40°). The NW diameter
was always measured in the top region of the NW. A more
precise overview of the resulting NW arrays is presented in
the supporting information (S1).

All NW samples were characterized by SEM and the
crystal structure of exemplary NWs was examined by
high-resolution TEM (HR-TEM). Hereby, the NWs were



harvested from the substrate and then scattered onto the
TEM grids.

Results and Discussion

GaAs NW growth dynamics

GaAs NWs were grown with varying time durations be-
tween 5and 9o min, which results in different NW lengths
ranging from o.5 to 3.5 pm. For each growth run the full set
of hole diameters and pitches was analyzed by SEM meas-
urements from which the time-evolution of NW length, di-
ameter and the Ga droplet contact angle were extracted. A
number of 5 to 15 NWs were precisely investigated for all
growth times and array configurations of the PP substrates.
The overall results are summarized in the supporting in-
formation section S2. In the following, we focus the discus-
sion on one configuration, config. A, with d = 80 nm/p =
2 pm (e.g., diameter/pitch). For this configuration we ob-
tained the highest vertical oriented NW yield of nearly 70
%. In Fig. 2a, exemplary SEM images of the GaAs NWs are
depicted. The corresponding time-dependent evolution of
NW length, diameter and contact angle are displayed in
Figs. 2b-d. The error bars result from variations between
the large number of investigated NW in each growth run
and comprise the interval of + ¢ standard deviation from
the mean average value.

For config. A, the NW length increases superlinear as a
function of the growth time over the entire growth period.
This is also evident in the datasets of all investigated con-
figurations (see also figures in S2). Generally, the superlin-
ear growth is composed of two linear regimes, one corre-
sponds to the first 20 - 30 min, while the other is observed
between 30 - 9o min of growth, respectively. We attribute
this double-stage NW length evolution to the interplay of
competing main contribution pathways for Ga atoms feed-
ing the catalyst droplet.3> Once the NW length exceeds the
diffusion length of Ga on the side facets, the amount of Ga
diffusing from the SiO, surface over the side facets to the
droplet is vanishing. Simultaneously, the contribution
from direct impingement of Ga onto the NW side facets
and subsequent diffusion to the droplet is enhanced, be-
cause the area of the side facets scales with the increasing
length of the NW. At this stage, the main contribution of
Ga feeding the droplet is represented by the area of the NW
side facets and the surface of the droplet which scales with
an increasing contact angle. The diffusion from the SiO, is
negligible due to the low sticking coefficient of As,.®

The time-dependence of the NW diameter is shown in
Fig 1c. When considering all investigated configurations,
we generally observe a linear dependence of NW diameter
and length over the whole growth time (see also Sz in the
supporting information). However, for the specific config-
uration A, within the first 20 min, a nearly constant NW
diameter is observed, while afterwards a linear dependence
is extracted.

It is straightforward that the "initial diameter” (in our
experiments measured after 5 min of growth) is related to
the hole diameter. The effect is most prominent within the
first 20-30 min of NW growth: For config. A (hole diameter
of 80 nm and pitch of 2 pm), we measured an initial NW
diameter of about dpggp, = ~45 nm. For the same pitch,
but different hole diameters, we observed a decrease to
dpeo,p2 = ~40 nm for NWs grown in 60 nm holes and a fur-
ther reduced one of about dp, p, = ~30 nm, respectively,
for 40 nm holes (not shown here, see section Sz in the sup-
porting information). The observed correlation between
hole diameter and initial diameter of the NWs indicates
that the start volume of the Ga droplet is determined by
the hole geometry. The latter has negligible influence on
NW tapering (i.e., the variation of the diameter between
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Figure 3. NW diameter dy, as the function of the NW length L.
The anisotropy factor and the initial NW diameter are displayed
together with the corresponding standard deviations.

bottom and top part of the NW), but substantially affects
the initial growth dynamics presented in the theoretical
section.

Figure 2d shows the time-dependent evolution of the
contact angle of NWs grown in config. A. We extracted a
contact angle of about 8o - 9o° after 5 min of NW growth
and then it rapidly increases to ~ 125 — 130 ° for growth
times exceeding 40 min (i.e., ~ 1 pm NW length). This in-
crease coincides with the quick change of the axial growth
rate within the first 20 - 30 min. After that time, we observe
a stabilization of the Ga droplet contact angle yielding only
small fluctuations of +5°. This experimental fact was meas-
ured for all investigated samples independently from the
pitch and diameter configuration (see S3). We assume that
the strong dynamic change of the contact angle at the be-
ginning is likely responsible for the substantial increase of
the axial growth rate of the NWs over the initial 20 - 30 min
(see also Fig. 2b). The stabilization of the contact angle was
confirmed in multiple studies on GaAs NWs with lengths
exceeding ~ 1 um,33436 where the properties of the droplet
are mainly affected by the diffusion length of Ga adatoms
on the side facets of the NWs and the direct impingement
on the droplet surface.



Apart from stabilization of the contact angle at longer
growth times, we observed a substantial variation of the
contact angles between the different configurations shortly
after growth start (see S2).

Moreover, we investigated the relation between radial
and axial growth rate in our samples for each pitch/diam-
eter configuration. Figure 3 shows the NW diameter (dyy,)
as a function of NW length (L) for config. A (dots). We
found a linear dependence (full curves) where the intersec-
tion with the y-axis represents the initial diameter
dyw(0) = 21y (0) and the slope defines an “anisotropy
factor” y = ddyy, /dL of the NW. The substantial anisot-
ropy of axial and radial NW growth rate is a typical feature
in the VLS growth regime as reported in Refs. 36,37. We
observed only small variations of the anisotropy factors for
different configurations (see Sz). This indicates a growth
dynamic that is in first order independent from the pitches
and the hole diameters in our PP substrates. The anisot-
ropy factor y and the initial diameter d,, (0) represent the
only two experimental parameters that are necessarily en-
tering the diffusion model described in the following sec-
tion.

Theoretical description of the kinetic growth model

To date the growth dynamics of self-catalyzed III/V
NWs was described by several groups. #3638%-42 Fontcuberta
i Morral et al.# and Colombo et al.#* pioneered the diffu-
sion-induced VLS growth of self-catalyzed GaAs NWs on
GaAs (111)B substrates covered with thin SiO,. Dubrovskii
et al.'*+ and Krogstrup et al.3®% further analyzed theoreti-
cally the structural phase control of self-catalyzed GaAs
NWs. The growth of WZ and ZB phases in self-catalyzed
GaAs was explained by Glas et al.,’> Dubrovskii et al.*4 and
Tersoff et al.++ by the different origin of the nucleation
events occurring either on the TPL or inside the droplet,
respectively. The nucleation theory was further refined by
Schroth et al3%4 including additional features such as
nearest-neighbor interactions (shadowing effects) or a var-
iation of the radial growth rate. Microscopically, the NW
growth via the VLS mechanism strongly depends on the
crystal phase (ZB or WZ for GaAs NWs), the truncated
facet beneath the Ga droplet and the corresponding con-
tact angle. All these effects were recently studied in Refs.
3345-47 using specific in-situ characterization techniques.

Our approach to understand the sophisticated VLS
growth dynamics is founded on measurements of the time-
evolution of the NW length and diameter as well as the
contact angle of the Ga droplet (see previous section). Re-
ferring to recent results from Panciera et al.3 and Dursap
et al.3* the occurrence of WZ phase is favored for contact
angles between ~ 100 — 125 ° while the ZB phase is ob-
tained for contact angles <100° and >125°. According to a
more generic growth study previously performed by Rieger
et al. > the time-evolution of the contact angle depends on
the amount of Ga supplied to the Ga droplet during
growth. In our model we consider three main contribution
pathways over which the droplet is supplied with Ga and

also As atoms: (1) diffusion from the SiO,, (2) diffusion
from the NW side facets and (3) direct impingement on the
Ga droplet. All contributions are schematically illustrated
in Fig. 4.

Based on our experimental study presented in the pre-
vious section, we assume that the fraction of Ga atoms dis-
tributed over each of the three contribution pathways var-
ies during the first 30 - 40 min of NW growth. Shortly after
the growth start, most of the Ga atoms impinging on the
Si0, surface diffuse to the Ga droplet on top of the NW.
Hence the amount of Ga atoms feeding the droplet via this
pathway (1) is determined by the diffusion length /165:102 of
Ga on Si0,. For longer growth times, the number of Ga at-
oms diffusing from the SiO, and then reaching the droplet
decreases with increasing NW length and vanishes once
the NW length is in the same order as the diffusion length

Desorption
(1) Si0,

Incorporation
(2) Side facets

(3) Direct impingement

As

(2) Side facets
(3) Direct impingement

80,
Si [111]

Figure 4. Schematic overview of the contribution pathways to feed

Ga and As atoms to the Ga droplet. (1) Diffusion from the Si0,,

(2) diffusion from the NW side facets and (3) direct impingement

on the Ga droplet.

2535 of Ga on the side facets. At this stage the direct im-

pingement of Ga atoms on the side facets of the NW (2)
and subsequent diffusion dominates the Ga contribution
to the droplet. This contribution increases with NW length
and saturates to a constant value once the NW length ex-
ceeds the Ga diffusion length 12%°“**, Finally, the amount
of direct impingement of Ga atoms to the droplet (3) only
scales with the surface area (size) of the droplet. For the As
species we consider only two contributions, (2) and (3), be-
cause the sticking coefficient of As on SiO, is about zero
and the contribution corresponding to pathway (1) van-
ishes.35 3942

Our model provides rate equations for both, the Ga and
As fluxes to the droplet including all contributions (1-3).
From these equations, the change of the length, radius and
Ga droplet volume during the growth can be predicted,
which ultimately allows us to control experimentally the
NW crystal phase (WZ or ZB).

The number of Ga atoms impinging on the SiO, and dif-
fusing to the Ga droplet in unit time is calculated by

Sio, _ .Si0z  yflux facets & ,Si0O; 1
Neo *(Lrww) = € " *J16a “Péa Agq )

Sio, . P .
where c;,, 2 is the sticking coefficient of Ga atoms on

$i0,, J11% = J[1* cos(¢) is the perpendicular component



of the corresponding beam flux J12** relative to the sub-

strate and ¢ is the angle between effusion cell and sub-
strate surface. A more detailed study on the beam fluxes
and the applied correction factors are presented in S3. The

next term pfg“**(L) = e/ 2" represents the probabil-
ity of Ga adatoms reaching the Ga droplet by diffusion from
the bottom to the top of the NW. The final term

i ) Sio
A (ryw) = fmwr ce”"6a” dr - fozn da defines the collec-
tion area on Si0,, from which the Ga adatoms are trans-
ferred to the droplet. In the expression of Aglaoz (ryw), the

term A5 2 represents the diffusion length of Ga on Si0, and
Tyw is the radius of the NW.

The number of Ga or As atoms in unit time (defined by
index i) impinging directly on the side facets and then dif-
fusing to the Ga droplet is given by

Nifacets (L, TNW) — Cifacets _]fluxA/i‘acets (2)

Il,i

facets

where c; is the sticking coefficient of Ga or As at-

oms on the side facets and ],{ % = ] sin(¢) represents
the parallel component of the corresponding beam fluxes
relative to the substrate. Since the NW geometry is approx-

imated as cylindrical, the collection area on the side facets
is defined as A/*“**(L,ryy) = 2/3 21 - Ty, fOL oAt
dl, with the diffusion length of Ga or As atoms 1/*“** and
the NW length L. The rotation-dependent correction of
AL (L, Tyy) is explained in more detail in S3.

Finally, the number of Ga or As atoms directly imping-
ing on the droplet within unit time is described by

NI B, ) = 1 Ay + Ay - [ )

For each component, the relevant surface has been con-
sidered by the area A, (ryy) and A;(B, yw ), respectively.
(For more details see the supplementary information S3).
The variable f represents the contact angle of the Ga drop-
let. Note, that in contrast to other works, we neglect the
effect of As re-emission as the hole density of the PP sub-
strates is much smaller than for example in Ref. 48.

The volume V(t) of the Ga droplet changes in the time
interval At as

V(t+At) = V(t) + Vg [NEZY — NIOPlae - (9)

in which At, the integration time in our simulation is set
to 1s. Vg, is the volume of a Ga atom and

NEgtat = N3I02 4 N Jacets 4 Ndirect i the sum of all three
contributions. We assume that the solubility of As in liquid
Ga is negligible, i.e. each incoming As atom will take one
Ga atom from the droplet to form GaAs at the interface be-

tween droplet and NW, such as Ng "% = Nfot =

facets direct
N + Ng§ .

To start the simulation, we need to define the initial
droplet volume, at t=0, which is calculated using equation

5

( )3 2+cosp(t)
Varopter () = T2+ (1= cosB ()7 - 222 (3)

with the initial NW radius ryy, (t = 0) and contact angle
B(t =0).

The change of the NW length L(t) in the time interval
At can be written as

L(t+At) = L() + % NP A, (6)

where ;.4 is the volume of one pair Ga-As in solid
GaAs.

Finally, the change of the NW radius 7y, (t) can be ob-
tained

r(t+At) =7(t) + L. 2eeds . NP AL (7)
N

2 mwryw? Ga

using the anisotropy factor y/2 = dryy /dL introduced
in previous section. By extracting the anisotropy factor y
and the initial NW diameter ry,, (0) from the experiments
presented in Fig.2, we reduce the free parameter space of
our model only to specific material constants and the ini-
tial contact angle 3(0).
The full set of material parameters used for the calculation
is summarized in Tab.. The literature values indicate a
wide spread of each parameter. Note, that especially the
diffusion length of Ga on SiO, varies by about 2 orders of
magnitude. In accordance with our model this diffusion
length determines the collection area from which the drop-
let is fed at early growth stages and with that, the growth
dynamics of the first ~20 min. Consequently, one would
expect a substantial change of the growth dynamics once
the distance of adjacent NWs approaches the Ga diffusion
length on SiOz2 due to overlapping collection areas. How-
ever, no experimental evidence of a substantial change of
the growth dynamics as a function of the pitch (varying be-
tween 0.5 - 4 pm) in our PP substrates was observed (see
also figures in S2). This gives a first indication that in our
case the diffusion length of Ga on SiO, does not exceed 250
nm (e.g., half of the smallest pitch). Hereby, the diffusion
length of Ga on Si0, is conducted from the simulation of
the experimental data, which included the integration over
the silicon surface area inside the holes and the SiO,
around the holes. The influence of the silicon surface area
(representing < 3% of the collection area of pathway (1)) is
included in the simulation uncertainty of the diffusion
length.



Apart from that we consider the other constants in Tab.1 as
independent of the diameter and pitch configuration in
our PP substrates. We adjusted each of the parameters in
Tab. to a best-fit value based on the full set of experi-
mental data (including all configs, see Fig. 1 and Sz2). The
obtained set of simulation parameters is given in the Model
column of Tab.i. The indicated deviations are extracted
from the best fit of the experimental data of all configura-
tions and cover the interval of + o. Considering the ob-
tained material parameters as well-defined, our complete
growth model remains with only one fitting-parameter:
The initial contact angle (8(0)) which is required to calcu-
late the starting volume of the droplet Vg pi0:(0) (see

Eq.5).

Parameters Literature Model
CGa,facets 1.0 — 3.0 3353 1.3+0.2
Cga,sio, 0.07 — 1.0 333 0.1+0.01
AGa,facets 1- 5 pm 35374042 24+ 04 pm
Agasio, 0 — 1000 nm 34394249 | 200 + 20 nm
Cas facets 0 —1.0 3539 0.04 +0.01
Cas,sio, 039 0

Ads facets 0 - 300 nm 3 50 + 10 nm
Aas sio, 0394 0

Table 1. Full set and range of parameters extracted from different
literature sources. The corresponding values in the Model column
are obtained by fitting the experimentally observed time-evolu-
tions of NW length, diameter and droplet contact angle (see Fig. 1
and S4) with our growth model.

Simulation results of the time-evolution of  and L for
config. A are displayed as full curves in Fig. 5a and b, re-
spectively, and the given data points represent the experi-
mental values. The highlighted blue region covers the in-
terval of + ¢ of $(0), ryy, (0) and y as well as the standard
deviation of the material parameters in our model. We
gained excellent accuracy of our model describing the
complex dynamics for the growth of self-catalyzed GaAs
NWs on PP substrates. Significant deviation between the
experimental datasets and simulated results is found only
within the first ten minutes of the NW growth. We attrib-
ute this to the setting of the initial contact angle $(0) as
our remaining fitting parameter. Interestingly we achieve
the best-fit for (0) ranging from 70 - 9o°. However, the
exact range of $(0) is difficult to predict as it should de-
pend on the microscopic topology of each hole in our PP
substrates.

Apart from that, we observe a rapid increase of the con-
tact angle shortly after the growth start. We explain this by
the competitive interplay of the first two contribution
pathways feeding the droplet with Ga. At the initial stage
of NW growth, the diffusion of Ga species from the SiO, to
the Ga droplet plays a significant role. Here, accurate ad-
justment of the initial Ga flux mainly determines the dy-
namic start of the NW growth. After a certain length of the
NWs, the amount of Ga atoms diffusing from the SiO, de-
creases substantially, while the amount of Ga atoms im-
pinging on the side facets and subsequently diffusing to the
droplet steadily increases. The latter results in an increase
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Figure 5. Time-evolution of the Ga droplet contact angle a) and
corresponding NW length b) for config. A. The data points are ex-
perimental values extracted from Fig. 2. The full curves display the
best-fit obtained by application of our growth model with the pa-
rameter set given in Tab.1. The light blue areas in a) and b) cover
the interval of +¢ variation of £(0) and ry,,, (0) as well as the error
of material parameters in the model. ¢) HR-TEM studies (in [110]
for ZB or [1120] for WZ zone axis) of a typical GaAs NW after 90
min growth time. ZB with twinning at the top (T) of the NW, large
ZB segments with twinning at the middle section (M) and bottom
section (B) with WZ and MP. The scale bars of the FFTs is set to

0.2nm™ L.

of the Ga droplet volume and contact angle. The contact
angle stabilizes after approximately 1.0 - 1.5 pm NW length
as also predicted by our model. This is a consequence of a
balance between the incoming Ga and As fluxes from the
side facets and direct impingement and the incorporation
of both species into the growing NW. The above men-
tioned stabilization of the contact angle does not entail a
constant droplet volume. Instead, the balance between lin-
ear increasing NW diameter (i.e., a constant anisotropy
factor) and the expansion of the droplet volume at the
same time, result in the observed stabilization of the con-
tact angle in our growth regime.

The correlation between the contact angle and the
crystal structure of the NWs is reported by several groups
mentioning a transition from ZB to WZ in the range 85° —
100° and back from WZ to ZB for angles larger than



~125°3334 These findings are in agreement with the time-
evolution of the contact angle in our model. The NW
growth starts either with WZ crystal phase or alternatively,
with ZB phase depending on the initial droplet properties.
After that, the contact angle is stabilized at about 125 - 130°
which is close to the boundary of the phase change from
WZ back to ZB. The observed crystal phase evolution is in
agreement with a comparable study on the selective area
growth of self-catalyzed GaAs NWs. 5

Figure sc shows TEM and HR-TEM micrographs of
three sections (T, M and B) localized at the top, middle and
bottom region of a typical NW. The diffraction patterns of
the corresponding crystal phases are shown next to the
HR-TEM images. At the bottom of the nanowire (see (B) in
Fig.5¢) we observe alternating WZ and ZB sections with
lengths ranging from 10 - 100 nm. We define this first seg-
ment of the NW as mixed phase region (MP). Here, the
contact angle fluctuated close to the boundary at which
both, ZB and WZ growth is possible. In the middle section
(see (M) in Fig. 5¢), we observe the growth of nearly phase-
pure ZB segments with length up to several hundred na-
nometers only separated by twin planes. This is in accord-
ance with our model proposing a rapid increase of the con-
tact angle up to ~125° and higher within the first 40
minutes of NW growth. At the top of the NW (see (T) in
Fig. 5¢), the crystal phase is ZB with twin planes in close
vicinity. Presumably, the contact angle fluctuated close to
the ZB-WZ transition (around 125°) due to small growth in-
stabilities. The analysis of the crystal phase confirms the
good agreement between the contact angle proposed by
the model and the experimentally observed one after
growth of the NWs.

Phase-pure NW growth

The close connection between crystal phase of the GaAs
NWs and the contact angle of the droplet is well repro-
duced by our growth model discussed in the previous sec-
tion. Moreover, our model indicates that standard growth
conditions with constant Ga and As, fluxes during the
whole growth time lead to a strong increase of the contact
angle. Since the evolution of the contact angle over time

depends on the available Ga flux J{™** from the effusion

cell, we can utilize our model to calculate a time-depend-
flux

ent J;,~ (t) for the specific boundary condition df/dt = 0.

flux

Appropriate setting of this specific J;, " (t) during the NW
growth should lead to a fast stabilization of the contact an-
gle to a controlled value, for which either WZ or ZB phase-
pure NW growth can be ensured.

We have chosen a targeted stabilization contact angle of
about ~110° to perform WZ phase-pure growth of self-cat-
alyzed GaAs NWs. Note, that our estimated starting con-
tact angle is substantially smaller, so that at the beginning
of the growth a certain replenishment period is needed to
increase the contact angle to the target value. The resulting
time-evolution of the calculated Ga flux (i.e., BEP of the Ga
cell) is displayed in Fig. 6a (blue curve) and can be divided
into three main sections: In the first ten minutes of NW
growth, a constant flux is provided in order to raise 8 to

~110°. Within the following ~40 min a monotonically de-
creasing Ga flux is required to prevent further increase of
B (and with that a phase transition back to ZB). Finally, an
approximately constant Ga flux is applied over the remain-
ing growth time.

We were able to accurately match calculated and exper-
imental time-dependence of the Ga flux by regulation of
the Ga cell temperature real-time during growth. The latter
was achieved by introduction of multiple linear ramps of
the Ga cell temperature, details are given in Sz.

The Ga flux is estimated by measuring the beam equiv-
alent pressure (BEP) as indicated by the red curve in Fig.
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6a. The error analysis of the simulated curve is presented
Figure 6. a) Time-evolution of the Ga flux required for WZ stabi-
lized growth of phase-pure NWs. The blue curve was obtained
from our model while the red curve corresponds to the measured
Ga flux (BEP). b) SEM images of exemplary NWs after 30, 60 and
90 min growth with the dynamic Ga flux shown in a). ¢) Time-
evolution of NW length and d) contact angle obtained from a sub-
set of 5-10 NWs grown in config A. The black dots are the aver-
aged measured values while the full curves are calculated with our
model. The light blue areas in c¢) and d) cover the interval of ¢
variation in the model parameters.

in S2 and indicates that the model errors lead to a flux var-
iation of about +10 %, which is comparable to the varia-
tions in the BEP measurements itself. We applied the dy-
namic Ga flux given in Fig.6a for the growth of three sam-
ples (i.e., growth times 30 min, 60 min and 9o min) and
subsequently analyzed the time-evolution of NW length
and contact angle as well as the grade of phase-purity.



Note, that each of the grown samples contains all combi-
nations of pitch and diameter of the PP substrate, for
which we obtained qualitatively similar results (see also
S2). Figure 6b shows SEM images of exemplary NWs grown
for the mentioned growth times. Frequently, we observe a
slight tapering of the NWs as well as a reduction of the ver-
tical NW yield to ~ 20 — 30 % compared to ~ 60 — 70 %
for the previously grown NWs using a constant Ga flux. In
case of inadequate starting conditions of individual NWs
(e.g., Tww (0), B(0)) the reduction of the Ga flux leads to a
complete consumption of the droplet and subsequent ter-
mination of the VLS growth. These NWs (about 20 - 30 %
of the holes) are not considered for the calculation of the
vertical NW yield. We consider the termination as a con-
sequence of reduction of the Ga flux, which changes the
conditions for vertical and radial NW growth as well as the
time-evolution of the contact angle.

For each of the three growth times, contact angle and
NW length were extracted from SEM images (Fig. 6b) of 5
- 15 NWs. The average values are presented in Fig. 6¢ and
6d (dots) together with the calculated time-evolutions (full
curves), respectively. After stabilization, Fig. 6¢ reveals a
constant contact angle of about 110°. We observe good
agreement of the time-evolution among model and exper-
imental data, whereas the measured contact angle reveals
an offset of about ~ + 7° to the model data. This is likely
related to small variations of $(0) and 7y, (0), which are
sensitive to the topology of individual holes in our PP sub-

strates. Additionally, we notice a small delay between the

calculated and applied J{"*(t) (see Fig. 6a). However,

most of the data points in Fig. 6¢ are comprised in the light
blue area, for which we considered as before the + ¢ varia-
tion of B(0), ry,y (0) and y as well as the errors of the ma-
terial parameters. The variation of 7y, (0) implicates the
main error in the calculation, which underlines the im-
portance of a well-defined initial volume of the Ga droplet.

Figure 6d shows the measured (dots) and calculated
(full curve) time-evolution of the NW length. For longer
growth times we observe a substantial increase of the
length variation among individual NWs. If the initial con-
tact angle is smaller than 75° or the nucleation start of the
NW is delayed, the reduced Ga flux will lead to premature
termination of VLS growth. Considering this aspect, we ex-
tracted the NW length from those NWs only, where the
VLS growth was still active (e.g., indicated by the presence
of the Ga droplet after growth). The model substantially
overestimates the experimental values and also predicts a
constant growth rate while the measured data indicate a
superlinear increase of NW length. These deviations are re-
lated to our assumed initial NW radius ry,, (0) and the an-
isotropy factor y. Both values are based on the experi-
mental datasets of NWs grown with a constant Ga flux (see
Fig.3 and S2). Here, we fitted the dependence between ax-
ial and radial size of the NWs with a linear function, where
the vertical intersection defines 7y, (0) and the slope cor-
responds to y, respectively. However, the observed taper-
ing of the NWs grown with time-dependent Ga flux indi-

cates a slight deviation from this linearity which likely in-
duces the observed discrepancy in the NW length evolu-
tion.

The grade of phase-purity of all grown NWs was inves-
tigated by HR-TEM. Here, we focus on the crystal proper-
ties of the NWs grown for go min using the time-depend-
ent Ga flux (Fig. 7) (in the following type-2 NWs), and com-
pare them with those grown with a constant Ga flux (Fig.
5) (in the following type-1 NWs). For the other growth
times, we obtained similar results, which are shortly de-
scribed in S4. Figure 7a shows an exemplary HR-TEM im-
age of a type-2 NW, which is about 1.8 um long and exhibits
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Figure 7. a) TEM image (in [1120] zone axis) of an exemplary
type-2 NW with 99.9 % phase-pure WZ crystal structure and
[1120] side facets are observed. Included are inserts of HR.TEM
overviews of the three main sections (T - Top, M - Middle, B- Bot-
tom) of the NW with the respective FFT of the section. b) Grade of
phase-purity estimated from HR-TEM analysis of type-1 and type-
2 NWs with a typical length of about 1.8 um (90 min growth time).
c¢) Corresponding distribution of the quantity of phase-changes
from WZ to ZB or vice versa per micrometer. The scale bar of the
FFTs is setto 0.2 nm™1,

99.9% WZ phase-purity although the contact angle is sub-
stantially smaller than go°. This can be explained by a hys-
teresis effect extensively discussed by Panciera et al..3 The
image reveals a slight tapering of the NW (i.e., bottom di-
ameter is larger than top diameter) as previously discussed,
a consequence of the dynamic Ga flux reduction.

The crystal phase was analyzed along the full NW length
and high-resolution images of specific regions T, M and B
(top, middle and bottom section) are presented in Fig. 7a.
The bottom (B) section consist of WZ phase with two



stacking faults. Overall, the NW contains five stacking
faults and is otherwise 99.9% phase-pure WZ. The pristine
phase-purity of this type-2 NW confirms the outstanding
control over the crystal structure compared to that ob-
served in type-1 NWs.

To confirm the impact of the dynamic Ga flux reduction
proposed by our model on the grade of phase-purity of
type-2 NWs, we have randomly analyzed four type-2 and
four type-1 NWs grown for go min. We introduce two
benchmark measures to quantify the observed phase dis-
tributions: (1) The grade of phase-purity is specified by the
ratio between WZ and ZB segments distributed over the
whole NW volume. (2) The axial phase instability is de-
fined as the number of phase changes from WZ to ZB per
micrometer of NW length. Note, this also includes stacking
faults (1 ML thick ZB segments) in WZ phase-pure NWs as
well as twin boundaries in phase-pure ZB NWs.

The above benchmark criteria were applied excluding
the first 200 nm long segment of the as-grown type-2 NWs
to account for the substantial contact angle fluctuations at
the growth start. With this constraint, our overall statistics
shown in Fig.7b reveals an achieved WZ crystal phase-pu-
rity of 98 + 2 % for type-2 NWs as opposed by 89 + 5 % ZB
with 11 + 3 % WZ crystal phase for type-1 NWs. The com-
parison of the axial phase instability of type-1 and type-2
NWs is presented in Fig. 7c. The latter confirms a drastic
reduction in the phase instability of type-2 NWs estimated
as 6 + 6 pm™ compared to 37 + 12 pum™ observed in type-1
NWs. Moreover, considering the results obtained from the
analysis of overall 16 type-2 NWs including all three growth
times (30 - 9o min) we found g revealing 99 - 100 % WZ
phase, while the remaining 4 NWs yield WZ phase-purity
grades of 93 - 97 %.

Additionally, we found 3 NWs revealing 99 - 100 % ZB
phase. The latter are significantly longer (40 - 60 %) and
thinner (40 - 60 %) compared to the WZ NWs. We assume
that these NWs stem from the growth in subset C (i.e., the
configurations exhibiting the smallest hole diameter of 40
nm), where we observed an increased initial contact angle
and a reduced NW diameter compared to those of subset
A and B. More detailed analysis of a ZB NW is shown in S4.

Altogether, these benchmark results clearly emphasize
the accuracy of our theoretical model describing the
growth dynamics for self-catalyzed GaAs NWs grown on
PP substrates. Using our comprehensive growth model, we
convincingly demonstrate the advanced ability to specifi-
cally select (either WZ or ZB) and control the crystal phase
of self-catalyzed GaAs NWs up to a phase-purity grade of
99 - 100 %.

Conclusions

In conclusion, we developed an elaborated kinetic model
to describe the MBE of self-catalyzed GaAs NWs on pre-
patterned substrates. Based on a set of more than 600 in-
dividually investigated as-grown NWs we refined the rele-
vant model parameters to accurately describe the time-
evolutions of NW length and radius, as well as the contact
angle of the Ga droplet when a constant Ga flux (type-1

NWs) is applied. Furthermore, we utilized our model to
calculate a specific time-evolution of the Ga flux that al-
lows to stabilize the contact angle of the Ga droplet over
the whole NW growth period. We verified the excellent ap-
plicability of our model by demonstrating the growth of
self-catalyzed GaAs NWs with 99 - 100 % phase-pure WZ
crystal structure on PP substrates.

The developed model and the related growth strategy
featuring phase-pure NWs are not limited to self-catalyzed
GaAs NWs only, but can be applied to the synthesis of
phase-pure NWs from various III/V material systems. Our
results represent a major advance in the field of NW crystal
phase engineering as the crucial basis for application of
NWs in advanced laser devices, single photon sources and
quantum disks.
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