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Quantitative analysis of time-resolved RHEED
during growth of vertical nanowires+

Julian Jakob, € *2® Philipp Schroth,®*< Ludwig Feigl,” Daniel Hauck, ©°
Ullrich Pietsch® and Tilo Baumbach®®

We present an approach for quantitative evaluation of time-resolved reflection high-energy electron diffr-
action (RHEED) intensity patterns measured during the growth of vertical, free-standing nanowires (NWs).
The approach considers shadowing due to attenuation by absorption and extinction within the individual
nanowires and estimates the time dependence of its influence on the RHEED signal of the nanowire
ensemble as a function of instrumental RHEED parameters and the growth dynamics averaged over the
nanowire ensemble. The developed RHEED simulation model takes into account the nanowire structure
evolution related to essential growth aspects, such as axial growth, radial growth with tapering and facet
growth, as well as so-called parasitic intergrowth on the substrate. It also considers the influence of the
NW density, which turns out to be a sensitive parameter for the time-dependent interpretation of the
intensity patterns. Finally, the application potential is demonstrated by evaluating experimental data
obtained during molecular beam epitaxy (MBE) of self-catalysed GaAs nanowires. We demonstrate, how
electron shadowing enables a time-resolved analysis of the crystal structure evolution at the top part of
the growing NWs. The approach offers direct access to study growth dynamics of polytypism in nanowire
ensembles at the growth front region under standard growth conditions.

1 Introduction

Semiconductor nanowires (NWs) are promising building
blocks for future devices like transistors,"” light-emitting
diodes (LEDs),® lasers,” solar cells® or sensors.”® The syn-
thesis of semiconductor NWs is often realized by the vapour-
liquid-solid (VLS) growth, which involves a liquid metal
droplet on top of the growing NWs. In various material
systems, like e.g. the III-V semiconductors, different crystal
phases can occur inside NWs and change randomly along the
growth axis (so-called polytypism).” This is in contrast to the
bulk material, where only one crystal phase is stable. For prac-
tical applications NWs with uniform crystal phase are
demanded, because an increasing number of phase bound-
aries deteriorates the electronic and optical properties."’

“Laboratory for Applications of Synchrotron Radiation, Karlsruhe Institute of
Technology, KaiserstrafSe 12, D-76131 Karlsruhe, Germany.

E-mail: julian.jakob@kit.edu

bInstitute for Photon Science and Synchrotron Radiation, Karlsruhe Institute of
Technology, Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen,
Germany

“Solid State Physics, Emmy-Noether Campus, Walter-Flex Strafle 3, D-57068 Siegen,
Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
CI9NR09621C

This journal is © The Royal Society of Chemistry 2020

In situ characterization techniques allow for direct obser-
vation of phase evolution which can help to achieve a high
degree of understanding and control of the crystal structure.
Reflection high-energy electron diffraction (RHEED) is a stan-
dardtool for in situ characterization of the crystal structure in
molecular beam epitaxy (MBE) systems, its main purpose
being the immediate feedback to control thin-film growth. For
non-planar structures, like NWs, the scattering geometry of
RHEED changes from reflection to transmission geometry
(diffraction during transmission of the electrons through the
NWs)."" Until now interpretations of NW RHEED patterns of
literature restrict themselves to rather qualitative consider-
ations, e.g., of the onset of nucleation of NWs, of parasitic
intergrowth or the transition between growth modes.'>™°

The aim of the present study is to substantially refine the
evaluation of time-resolved RHEED intensity patterns to
enable quantitative conclusions, which would be a great pro-
gress for RHEED as a laboratory-based in situ analysis tech-
nique of NW growth dynamics. The ability to follow quantitat-
ively the evolution of NW crystal structure opens deeper
insight into growth processes such as nucleation processes or
the evolution of polytypism of crystal phases during growth.
For better quantitative interpretation of time-resolved RHEED
patterns, we include the estimations of (a) the interaction of
high-energy electrons with the NW in dependence on their
crystal structures, mean radius and shape; (b) the mean inter-
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action with the nanowire ensemble as a function of the NW
density and positional distribution and on instrumental para-
meters, (c) the temporal development of both as a function of
the growth dynamics. Aiming towards height selective infor-
mation, we make targeted use of electron shadowing effects,
which were observed in recent publications,'*'*'” but there
without further discussion.

The electrons impinge on the NWs nearly perpendicular to
the growth axis, and because of the high absorption of elec-
trons within the NWs, the NW ensemble might partially
shadow the incident electron beam, i.e. shadowed individual
NWs will be illuminated by a locally varying lower electron flux
density as compared to NWs hit by an unshadowed electron
beam. In particular, the shadowing causes that not the full
NW height might contribute uniformly to the scattering
signal. Due to the slightly inclined incidence of the electron
beam with respect to the mean substrate, usually there
remains a non-shadowed part next to the apex of the NWs,
which will accordingly always be fully illuminated.

The ability to height selectively characterize the structure and
growth dynamics of the particular region at the apex of the NWs
was so far reserved to in situ transmission electron microscopy
(TEM) NW-studies.'®?® In situ TEM offers a unrivaled high
spatial resolution, in particular, of the interface between the
liquid droplet and the NW, allowing for a detailed investigation
of correlation between crystal structure and the shape of the
liquid droplet on top of the NW.'®' But usually growth of indi-
vidual NWs instead of statistical ensembles is characterized
within a special growth environment. Complementary, in situ
X-ray diffraction (XRD) offered the possibility for investigating
NW ensembles with epitaxial contact to the substrate, and under
standard growth conditions. XRD gives access to all stages of
NW growth starting from the nucleation to the final shape of the
NWSs.**?° The technique is sensitive to the crystal structure and
shape of the scattering objects via the fine structure of the Bragg
diffraction peaks,*® but always integrates structural information
over the full NW height. Whole NW ensembles but also single
NWs can be investigated, providing time-resolved information
either averaged over complete NW ensembles or over an individ-
ual NW, respectively.

In contrast to both in situ XRD and in situ TEM, in situ
RHEED is practically available at all MBE-chambers. The quanti-
tative approach developed in this paper allows to combine the
advantages of NW ensemble measurements under standard
growth conditions, to a certain degree with height selectivity for
the top of the growing NWs. In the next chapter we will introduce
into underlying aspects of the RHEED simulation model, exem-
plifying in a subsequent chapter the application potential of the
quantitative RHEED approach for NW growth experiments.

2 Simulation of RHEED during
growth of statistical NW ensembles

In this chapter we develop an approach for the quantitative
simulation of RHEED intensities integrated over the diffraction
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Fig. 1 Left image: Experimental RHEED pattern of a plane surface
(reflection geometry). Here it is the (2 X 4) reconstruction of GaAs(100)
viewed along the [110] azimuth. Right image: Experimental RHEED
pattern of GaAs NWs viewed along the [110] azimuth (transmission geo-
metry) with discernible direct beam (DB). Here, different Bragg reflec-
tions are vertically separated. In contrast to the symmetric reflections
(O), the asymmetric reflections are phase-sensitive zinc blende (A),
twinned zinc blende (V) and wurtzite (O) reflections.

spots from statistical NW ensembles corresponding to chosen
reciprocal lattice points. Fig. 1 illustrates two typical experi-
mental RHEED patterns,'! on the left side a diffraction pattern
in reflection geometry taken from a clean GaAs(100) surface in
vacuum, showing a crystal-truncation-rod behavior which
mainly probes the surface reconstruction during layer by layer
growth, on the right side a diffraction pattern in transmission
geometry from GaAs NWs grown on Si(111). In the latter, in the
[110] azimuth, the reciprocal lattice points for different crystal-
line phases are well separated. This crystal-phase selectivity of
the RHEED diffraction patterns permits the detailed in situ
investigation of the evolution of polytypism during growth.

The following sections of the chapter roughly describe
RHEED by single NWs, from which we conclude on self-sha-
dowing of the electron beam within each NW and on shadow-
ing caused by the NW ensemble (ensemble-shadowing). We
will estimate the effect of both on the individual diffraction
contribution of partially shadowed NWs, and deduce conse-
quences for the RHEED-signals averaged over stationary stat-
istical NW ensembles. In order to simulate the time evolution
of the RHEED signal from dynamical statistical ensembles, we
extract from realistic models of NW growth dynamics the most
important parameters for the mean structure evolution of the
NW ensemble as input parameter for a RHEED simulation
model to quantitatively describe the temporal development of
Bragg reflection intensities in the time-resolved NW RHEED
patterns. The RHEED simulation model is tested by comparing
results of simulations with experimental data taken during the
MBE growth of self-catalysed GaAs NWs on Si(111) covered
with native oxide, which we report in section 4.

2.1 Electron beam diffraction by a single (static) NW

For the description of the diffraction of high-energy electrons
by the quite perfect crystalline nanowires we need to consider

This journal is © The Royal Society of Chemistry 2020
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the influences of absorption and multiple scattering. Within
the dynamical diffraction theory in the conventional two-beam
Laue case (diffraction in transmission geometry), the intensi-
ties of the forward-transmitted and diffracted beams of a
crystal of thickness d, I, and I, can be written in the diffrac-
tion maximum as®’

1 4 d 2nd

I = Ee Ao (COSh <A—h) + cos (E) )7 (1)
1 _d d 2nd

I = Ee Ao (cosh (/Th) — cos <g>) ) (2)

where A, corresponds to the mean free path length of elec-
trons, A to the influence of the imaginary part of the crystal
structure factor giving rise to anomalous absorption (so-called
Borrmann-effect) and &, is the Pendellosung length (alias
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extinction length) due to multiple diffraction. The forward-
transmitted and diffracted beam intensities I, and I, are
mutual connected by the Pendellosung phenomenon giving
rise to thickness dependent oscillating intensities, known as
Pendellosung fringes. Vertical GaAs NWs develop a hexagonal
cross section. In the case of electron incidence perpendicular
to the facets, the diffraction can be modeled by two wedge-
shaped side pieces enclosing a central cuboid part of constant
thickness (see Fig. 2(a)). In the complementary case of electron
incidence parallel to the facets (see the ESIf), it can be
modeled by an arrangement of wedges with cut tips. As a con-
sequence of eqn (1) and (2) and of the varying electron path
lengths along the wedged shape, both the forward-transmitted
and the diffracted intensities I, and I}, oscillate along the x-axis
within these regions, whereby their Pendellosung fringes are
mutually phase shifted (see Fig. 2(b)). The additionally shown
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Illustration of diffraction by a NW (beam direction along y): (a) Hexagonal cross section of a NW, for D. = 30 nm, the thickness in beam direc-

tion varies fromd =0tod = \/3DC/2, we indicate the positions where d = A and d = 2A for A = 12 nm. The color code illustrates the mean diffraction
contribution according to the center curve of 2 (b). (b) Diffracted and forward transmitted intensities /,, and /; as a function of x (perpendicular to the
beam direction) for Ag = 12 nm, &, = 5.6 nm, A,/Ag =~ 1. The mean center curve, plotted in blue, is obtained by omitting the Pendellésung terms. (c)
Diffracted intensity integrated along x over D, as a function D.: without tapering (black), with tapering (red) and the mean center curve (blue). (d)
The mean center curve (blue) in comparison to the mean diffracted intensity (black) integrated over the cross section, now averaged over several
thousand NWs with small variation of the diameter responsible for the attenuation of the Pendellésung fringes. A Gaussian distribution of the NW
radius is used with a standard deviation of 2 nm.
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non-oscillating mean center curve is obtained by omitting the
Pendellosung terms in eqn (1) and (2), thus it only considers
attenuation by ordinary and anomalous absorption. The NW
becomes increasingly opaque towards the central cuboid
region for both the diffracted and the forward-transmitted
beam contributions, or, vice versa, increasingly transparent
towards the two wedge tips. Integrating the transmitted and
the diffracted intensity curves of Fig. 2(b) along x over the dia-
meter D, of the NW hexagon as a function of D, one obtains
the curves in Fig. 2(c), where for comparison we draw the
intensity curves and their mean center curves for two different
mean free electron path lengths A. Roughly speaking, the
internal absorption leads to self-shadowing of the diffracted
and forward-transmitted beam contributions by the NW. For
small NW diameters, the mean center curves first increase
with D., passing through a (A-dependent) maximum, before
converging down to a (again A-dependent) constant value. This
value corresponds to the diffraction contribution arising exclu-
sively from the semi-transparent wedge tip regions (see the
ESIT for further discussion ). If we allow for tapering effects of
the NW (see red curve in Fig. 2(c)), the additional variation of
the NW diameter over the examined NW height results in
further damping of the Pendellosung fringes, but does not
have a significant influence on the mean diffracted intensity
contribution of the whole NW, which essentially depends on
the mean diameter averaged over the illuminated NW height.
Overall, the behavior of the diffracted and transmitted intensi-
ties averaged over a single NW essentially depends on the
energy dependent mean free electron path length, further on
the shape and size of the NW cross section and the orientation
of the cross-section with respect to the incident electron
beam.?® This is illustrated in the Fig. 3 and 4. In Fig. 3 the
forward-transmitted intensities are normalized to the incident
intensity (both integrated over the NW). Therefore, the relative
intensity always decrease with increasing NW diameter D.,
even if in the case of electron incidence perpendicular to the
facets, the absolute diffracted and transmitted intensity inte-
grated over the NW converges to finite, non-zero minimum
intensity values, respectively arising from the outermost wedge
regions, which always remain semi-transparent.

2.2 RHEED by stationary NW ensembles

The typical dimension of the electron beam cross section in
RHEED is such that several thousand individual NWs are
probed at the same time. Considering all NWs of the ensemble
to contribute incoherently to the diffracted signal, the diffr-
acted intensity of the ensemble is equal to the sum of all indi-
vidual intensity contributions. Assuming a statistically homo-
geneous ensemble with a slight fluctuation of NW diameters
this also results in rapidly vanishing ‘Pendellosung’ oscil-
lations so that practically only the first part in the parenthesis
of eqn (1) and (2) remains to be considered, as has been illus-
trated in Fig. 2(d). Here the overall intensity of the diffracted
beam is calculated by use of the complete eqn (1) and (2), but
assuming an exemplary Gaussian radius distribution with a
standard deviation of 2 nm, in comparison to the mean center
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Fig. 3 Relative forward-transmitted intensity I/l integrated over the
NW for different NW cross sections and different mean free path lengths
A. The intensity drops quickly within the dimension of a typical NW,
which is around 50 nm.
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Fig. 4 Diffracted intensity /, integrated over the NW for different NW
cross sections and different mean free path lengths A.

curve of Fig. 2(c). The assumed mean diameter deviation is
justified for all samples under study in this publication.
Moreover, quantitative RHEED analysis employes the intensity
integrated over the whole RHEED spot of a given reciprocal
lattice point (RLP). This corresponds to integration over the
angular divergence and the energy spread of the electron
beam, further attenuating the Pendellosung fringes.
Performing purely radial growth experiments we have found

This journal is © The Royal Society of Chemistry 2020
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no evidence for radius dependent intensity fluctuations even
for small NW diameters. On the basis of these arguments we
omit the Pendellosung terms in the following.

In Fig. 3 we illustrated the averaged attenuation of the elec-
tron flux due to absorption during transmission in GaAs for
different values of the electron mean free path length A. For
beam energies of 20-30 keV in GaAs, we expect A values of
approx. 10 nm-25 nm.>>*° Let us consider NWs with circum-
ference diameters of 50 nm. For the previously mentioned A
values of approx. 10-25 nm, in average 15%-30% of the inci-
dent intensity hitting one single NW remains in the forward-
transmitted beam, which may then hit a subsequent NW on
its path, but with a strongly reduced mean flux density. In
other words, beside the self-shadowing effect described in
section 1, which limits the diffraction contribution of a single
NW, each individual NW additionally causes a shadow on the
geometrical electron beam path behind the NW. The precise
shadowing conditions behind the NW depend beside D. on
the shape and the azimuthal NW orientation. Within reason-
able precision, this situation can be accounted for by introdu-
cing an effective shadow diameter Dgp,q, which takes the
related local variation of transmission sufficiently into
account. In such a way the incomplete shadowing of a NW of
given D, shape and orientation (e.g., due to the remaining
transmission at the wedge tips) equals a complete electron
shadow corresponding to an effective diameter Dgpaq.

A small but non-zero inclined angle of incidence of the elec-
tron beam a with respect to the substrate surface results in a
decreasing height of the NW shadow hg with increasing next-
neighbor-distance of the NWs (see Fig. 5(b)). A bottom part of
a NW may become shadowed while a top part will still remain
illuminated by the full primary flux density. In the following,
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the height of this fully illuminated upper part will be called
illumination height 4, and the mutual shadowing of the NWs
ensemble-shadowing.

2.3 Structure dynamics during NW growth

Aiming to conclude from quantitative RHEED on temporal
changes of the crystalline properties of the NW ensemble the
underlying RHEED simulation model needs to relate the
dynamics of the RHEED signals to suitable growth models.
This allows simulation of the evolution of the individual NWs
or crystallites (CRYs) during growth and estimation of the evol-
ution of the intensities from the complete NW and CRY
ensembles. In contrast to the NW ensemble, the CRY ensemble
consists of small multifaceted GaAs objects typically growing
in vapor-solid mode.*'

In the literature, established growth models attempt to
describe axial and radial evolution of the objects (NWs and
CRYs) on the substrate as a function of the global and local
growth conditions, the variation of NW height, shape and size
during growth, in particular in relation to the NW droplet pro-
perties, as well as the unintended growth of parasitic CRYs.
Starting from some NW and CRY nucleation on the prepared
substrates, the growth dynamics acts on the evolution of the
NW and CRY size and shape and crystal phases, which can be
described by axial and radial growth rates, whereby the latter
distinguishes tapering and facet growth in case of NWs.
Accordingly we incorporate both type of objects and the struc-
tural dynamics of their ensembles. During deposition, NWs
and CRYs can increase in height, characterized by respective
axial rates mg,.(t) averaged over the ensembles, and their
radial dimensions with corresponding radial growth rates
(Myraqial(t)). In case of the NWs, radial growth has to distinguish

(a) (b) A (d)
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t t t3 W _’o‘_
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Fig. 5 Schematic illustration of essential parameters for the model of RHEED by NW ensembles during growth: (a) Temporal evolution of single
objects during growth. The model accounts for linear axial growth, tapering and facet growth of NWs (top) and axial and radial growth of crystallites
(bottom). (b) Model of the dynamics of ensemble-shadowing: hs(t) changes during growth. The scattered intensity origins from the illuminated part
of the NWs with the illumination height 1. (c) Statistical positioning of the NW ensemble: N NWs are randomly placed in A = Xs-Ys. To account for
possible shadows originating from outside A, NWs located up to the distance [s(t;) upstream the electron beam direction are also considered. (d) The
essential parameters for the simulation software defining the growth (green), the Monte-Carlo simulation for positioning and ensemble-shadowing
(yellow), and the NW diffraction (red).
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facet growth and tapering by the corresponding rates mg,cec(t)
and Mepering(t). If all these growth rates can be supposed to be
linear, such a linear model manages with a few parameters
only, namely the growth time t, the initial object shape, and
three constant growth rates, or equivalently, with the initial
and final object shapes (mainly the initial and final circumfer-
ence radii ro,r¢, object heights hg,hr, and growth times ¢t
Fig. 5(a) illustrates the essential structure parameters. The
intensity evolution of our samples could already be modeled
sufficiently with this simple model. However, the RHEED
simulation model could be easily extended to incorporate
more accurate growth models as presented elsewhere.>***?

2.4 Dynamics of ensemble-shadowing

The strength of ensemble-shadowing will vary during growth,
its dynamics will essentially depend on the dynamics of the
mean height and averaged size of the NWs, on the (stationary)
positional distribution, in particular the NW-number density of
the statistical NW ensemble, and on the illumination geometry
of RHEED with respect to the ensemble. We treat the positional
distribution of the ensembles by Monte Carlo simuations. In
our examples we assume uniformly distributed random NW
positions over the substrate, but also other appropriate statisti-
cal distribution can be easily implemented into Monte Carlo
simulation procedures. In the model (see Fig. 5(c)), a total
number N of NWs inside an area A (of size Xg in beam direction
times Ys perpendicular to the beam), is positioned randomly at
(%), n € [1,N] leading to a mean number density pxw. An
individual NW casts a shadow with a footprint on the substrate
surface of Dgpaals(t), with the shadow length /s(¢)

_ ()
"~ tan(a)’

Is(1) (3)
where a is the incidence angle of the electron beam.

For calculating the extent of shadowing for the statistical
ensemble we use the Monte-Carlo approach to position the
NWs in the illuminated area and further to calculate s™(t)
respective A”)(¢) for the various NWs. Since with increasing
growth time each NW casts a growing shadow [s(¢), more and
more NWs will become increasingly shadowed. Their individ-
ual shadowed height hs(")(xn,yn,t), n € N, changes as a function
of their relative position and distance with respect to the sur-
rounding shadowing NWs and the mean axial NW growth
dynamics of 2™ (¢t) of the ensemble. In Fig. 5(b) the situation
is sketched for three different times during one growth run. In
order to reduce the computing time we make the following
simplification: all NWs are assumed to have similar shape and
are vertically aligned. We also neglect tapering for the shadow
calculations, instead we use the mean effective shadow dia-
meter Dgp,.q averaged over the ensemble. In principle, tapering
can easily be included into the treatment of ensemble-shadow-
ing, but such more thorough calculations would only give a
difference of a few % of the shadowed area for realistic taper-
ing of the NWs, which in our example is 2% for rf}¥/ri}V = 1.2.
Thus, the NWs, in this approximation, cast rectélngular and
total shadows on the surface, the width of the shadows along y
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equals Dgp,g originating at the NW position (y,, + Dshaa/2), the
length along x follows eqn (3). The related shadowing height
at a given position and growth time is

Xn — x4 Is(2))

hste) = (0 B ()

At any point (x,y) inside A the shadows of NWs worthy of
consideration contribute with different shadow heights as a
function of their relative positions. Accordingly, each individ-
ual NW localized at position (x,,,),,), m € N becomes shadowed
by the NW ensemble, up to the shadowed height /g™ (x,)m,t)
being the maximum value of all shadowing heights of the sur-
rounding NWs evaluated by eqn (4). As a further reasonable
approximation the NW m is assumed to be shadowed from the
bottom up to hs™ over its whole cross section. Evaluating
hs™)(t) for all N NWs inside 4, we can determine the ensemble
fraction s(h,t) of wires which are shadowed up to a certain
height A(¢). Unintentional statistical fluctuations in the results
from Monte Carlo simulations decrease for larger pxw. Aiming
to simulate statistically homogeneous ensembles, the Monte
Carlo simulations might be repeated j times, (for our samples
in the order of 1-10 times) depending on A and pyw-. Similarly,
we can determine the individual illumination heights for all
NWS, A" (Xnmst) = h(t) = hs"™(Xpmymit), and for any height
and time the corresponding ensemble-fraction of wires
being completely illuminated from the top down to this
height, (1 — s(A,t)). Further, we determine the mean shadowed
height A5(¢) and the corresponding mean illumination height
A(t) = KNV (t) — hs(t) by averaging over all g™ or respectively
A of the whole ensemble.

The specific dependence of 1 as a function of the NW
height 2™"(¢) and therefore of the axial growth rate and time
is illustrated in Fig. 6 for three different NW number den-
sities of the ensemble pyw (number of NWs per area) and
given (constant) NW radius. During the initial phase of
growth almost no shadowing occurs, since the shadows
mostly do not reach the neighboring NWs. Consequently, A(t)
increases nearly linearly with 2™"(¢). At later time, the sha-
dowing increases, till at the point ¢..;; when the NWs become
sufficiently long, the mean ensemble illumination height
reaches a critical value A(tqit), which during further growth
remains constant (since the further increase in NW height
ANW(t) results in a proportional increase in mean ensemble
shadow height hg(t)). The exact value of e strongly
depends, beside the angle of electron incidence, on Dgpaq and
the NW number density.

For pure axial growth and absence of polytypism or para-
sitic crystal growth, the RHEED intensity develops linearly with
A(t). Consequently it starts growing linearly with time, with
increasing shadowing the intensity increase slows down till
the saturation of the illumination height at Jerit would lead to
saturation of the time dependent RHEED signal (see Fig. 9).
More generally, after t.i, at which the mean illuminated
height stays constant, observed RHEED intensity variations
can be more easily attributed to other structural changes only.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Illustration of the dynamics of the mean illumination height A(t)
with growing NW height ANW for different pnw and given Dgpag = 50 nm

and a = 0.6°, without radial growth contribution. A(t) saturates, for larger
pnw at smaller it increasing the height selectivity with pyw, as illus-
trated in the TEM images at the right side.

Those can be caused, either by changing polytypism rates and/
or by radial growth effects (see Fig. 10 and 11).

The magnitude of Aeric defines the character of RHEED,
either (for large Auit) - to be rather a volume method for NW
examination (just similar to in situ XRD), or (for decreasing
Aerit) Tather to become increasingly height selective. For very
small A, the RHEED signals can be attributed to an accord-
ingly narrow illuminated part just below the axial growth front.
The latter holds for sufficiently large and therefore more
efficiently shadowing NW number densities. This is desired in
order to effectively probe the dynamics of that small part on
top of the NW, where the catalytic crystal growth happens.

As described in section 2, the NW radius has an impact by
increasing Dgpag on the mean shadow footprint (and related
shadowed volume) per NW. Together with the number density
of wires it leads to an increasing mean shadow coverage of the
NW ensemble. It influences the shadowed ensemble fraction
s(h,t), which for larger NW density undergoes a sharper height
transition Ak from a complete shadowed bottom part (with
s(h,t) = 1) to a completely illuminated top part (with s(k + Ah,
t) = 0). Further, an increase of the incidence angle a of the
electron beam has a strong influence: for given mean NW
density the shadow coverage reduces and consequently (due to
eqn (3) and (4)) a larger upper part of the NWs A(¢) becomes
illuminated, corresponding to a reduction of &g(¢). A detailed
investigation of shadowing effect as a function of NW radius,
density and illumination angle, as well as an empirical
equation for A is given in the ESI.{ Concluding, similarly to
planar RHEED, also RHEED in transmission geometry could
become extremely sensitive towards changes in the crystal
structure at the growth front.

2.5 RHEED intensity evolution for dynamical statistical
ensembles

Finally, in order to simulate the RHEED intensity evolution of
the two statistical ensembles of NWs and CRYs during growth,
we assume homogeneous growth conditions. All objects of an
ensemble are supposed to undergo more or less identical
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tiv1

D K(tiz)

K(t)

r(k,tizs)

Fig. 7 Schematic illustration of the NW growth model underlying the
RHEED simulation. At each growth (and observation) time point t; the
NWs can be subdivided into KNW(t) slices with thickness Ah°Y and cir-
cumference radius r(k, t;) allowing to define corresponding effective
scattering cross sections Q(r(k, t;), A). The number of slices increases due
to axial growth, the scattering cross section of a slice k is influenced by
tapering (orange) and changes with time as a function of additional
facet growth (shown in grey).

structure evolution. A slight variation of NW or CRY diameters
around their respective mean ensemble values is allowed (and
indirectly considered by omitting the Pendellosung terms -
see section 2). The positional distribution of the objects in the
ensemble arrangements shall be random. For simulation, at
arbitrary time, all objects of an respective ensemble are treated
to have the same height #°%(t) = mz)t:ijal-t. As illustrated in
Fig. 7, the objects can be subdivided along the axial growth
axis into K°M(¢) = Km;’fﬁjal . t/Ah"bj) slices of even thick-
nesses Ah°™. Figuratively speaking, starting with an initial
slice k = 1 at the object bottom determined by its shape and
the initial circumference radius r, the model generates the
objects by stacking slice per slice with growing number index k
on top of another. The objects are finalized by one last slice
k = K°®(t) + 1 with thickness Ahggoigyn = m:fijal-t -
(K°™(t)-AR°™) to fit the total height of the stack to the total
object height #°P(¢) - but this last slice does not play any sig-
nificant role for sufficiently small AA°.

Each object slice k is characterized by its radius r°™(k,t)
temporally developing as a function of the radial facet and
tapering growth rates. In our case the NWs have a hexagonal
cross section with (110) side facets. We can introduce a corres-
ponding time-dependent effective scattering cross section of a
slice Q(r(k,t), A) by taking self-shadowing in the objects into
account. In our example the NW azimuth is in the [110] orien-
tation, thus the electrons impinge at a side facet, and we
obtain

A2 1 Bk
.Q(r(k,t),A):ﬁfge A

-(fsvﬁ-mkﬁﬁ—+smk¢yx+v@Aﬁ,
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with the mean free path length A (see the ESIf for the deri-
vation). The model calculates the object intensities by
summing incoherently the diffraction contributions of all
slices. In order to deal with polytypism in the NW ensemble,
we may introduce for each slice k the ensemble averaged frac-
tion of polytypes f;,(k). The resulting ensemble averaged relative
intensity contribution of one phase to the overall NW signal of
one hkl reflection can be estimated by

K (2)

Iy () = Fuap - €= 3 f(k) - Q(r(k,6),4) - (1 = s(k, 1)),
k=1

(5)

where Fy, is the corresponding structure factor, s(k, ¢) is the
shadowed fraction of slices k at ¢, determined by the Monte
Carlo approach, and (1 — s(k,t)) is the complementary illumi-
nated fraction. The constant C°™ considers the different
number densities for NW and CRY ensembles, CN" = 1 and
cY = ;’;—'Vyv, where p.r, is the number density of crystallites.

In the experimental examples we study ensembles of GaAs
NWs, with polytypism of wurtzite (WZ), zinc blende (ZB) and
the rotational twin of zinc blende (TZB). However, ZB and TZB
are occuring equally frequent, thus we distinguish between the
cubic (ZB and TZB) and the hexagonal (WZ) phases and the
respective phase fractions are f;p(%) and fiwz(h). The crystallites
grow in zinc blende phase only. As shown in Fig. 1, there are
phase-insensitive and phase-sensitive Bragg reflections. In the
former case, the contributions of different phases are experi-
mentally not distinguishable, and the total integrated diffrac-
tion intensity of a RHEED spot becomes

LR (0) = > Ity (0) + g (0). (6)
P

In the latter case, we can record several oppositely phase-
sensitive Bragg reflections (which correspond either to one or
the other crystal phase) and determine the temporal behavior
of their respective proportion of the sum of the intensities
fgw(t) of all considered Bragg reflections corrected by the
respective structure factors and by the contribution of parasitic
crystallites

IV =% (0 310, 7)

from which we can deduce on the dynamics of polytypism
during growth. It should be noted that from J,(¢) we can only
estimate the phase fraction of a given height window during
the corresponding illumination time window. However, if one
can assume that the crystal phases grown at a certain NW
height and time are subsequently temporally stable, then the
time dependence of f,(%,t) can be omitted. Then, from J,(t) we
gain information on the final vertical profile of the polytype
fractions.
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3 Discussion and comparison of
simulation and experiments

Summarizing, the RHEED simulation model developed here
takes into account the nanowire structure evolution related to
intrinsic aspects of nanowire growth such as axial growth,
radial growth with tapering and facet growth, as well as so-
called parasitic intergrowth on the substrate. It considers the
occurrence of polytypism in the nanowires, self-shadowing
within the NWs and mutual shadowing within the NW ensem-
ble and includes the influence of the NW density as a sensitive
parameter for the time-dependent interpretation of the inten-
sity patterns.

In case of NW diameters smaller than or equal to the
mean free path length A, the dynamics of the RHEED signal
is still quite sensitive to temporal changes of NW diameter
and therefore able to detect radial growth rates. But for larger
NW diameters, due to increasing self-shadowing within the
NW, the signal becomes progressively insensitive to further
radial growth. In our above discussed azimuthal geometry of
Fig. 2 the diffraction signal saturates at intensity values
corresponding to illuminated volume of the semi-transparent
wedge tip regions, whereas the growing central part of the
NW, with transmission path length increasingly beyond A,
does NOT essentially contribute to the RHEED diffraction
signal.

Further, we included the mutual shadowing within the wire
ensemble, this ensemble-shadowing affects the dynamics of
the effectively illuminated height proportion of the NW. It also
affects the diffraction signal of the crystallite ensemble.
Therefore, the NW density, by influencing the ensemble-sha-
dowing, turns out to be a crucial parameter in the time-depen-
dent interpretation of the intensity patterns. The strength of
the shadowing impact is also affected by the diffraction geo-
metry, mainly by the angles of incidence (and diffraction) with
respect to the mean substrate surface and by the azimuthal
orientation with respect to the facet orientation. In the follow-
ing we illustrate the possibilities and limitations by evaluating
experimental data obtained during MBE growth of self-cata-
lysed GaAs nanowires, finally demonstrating the potential
application of quantitative RHEED for the characterization of
NW growth dynamics.

3.1 Experimental refinement of the electron mean free path
length A

For a realistic estimation of self-shadowing and ensemble-
shadowing in the RHEED simulation model we need a
reliable input value for the mean free electron path length A
of our electron beam. In the literature, values for A show a
large variation and uncertainties.>* Therefore we first con-
sider possibilities to calibrate A for our purpose experi-
mentally. By increasing NW thickness in a controlled
manner, while all other parameters are kept constant, the
detected RHEED intensity should decrease in a well-defined
way due to increasing self-shadowing caused by electron
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Fig. 8 The evolution of the normalized integrated intensity of the GaAs
(111) peak during radial growth of two different homo-epitaxial shell
growth experiments. The intensity decay is plotted as a function of the
NW radius for sample A in blue (mashen = (0.27 + 0.03) nm min~?) and
for sample B in green (mgshen = (0.77 + 0.18) nm min~Y). The intensity
decay can be well described by a mean free path of A = 12 nm.

absorption in accordance with the mean free path length.
Experimentally, such conditions can be achieved by growing
homo-epitaxial shells around NW cores. To determine A for
our RHEED system and chosen beam energy (20 keV), we
grew two such homo-epitaxial GaAs shell samples with two
different shell growth rates. Each shell was grown for 60 min
around NW cores with an initial radius of circumference of
the NW hexagonal cross section at the apex of rﬁ‘fgremm =
(31 + 2) nm (measured at a reference sample by post-growth
scanning electron microscopy (SEM)). During this deposition
time RHEED patterns were taken. After growth, sample A has
a final radius of 7Y, = (47 + 7) nm and sample B a final
radius of r§¥, = (77 + 10) nm (the mean shell growth rates are
Mashen = (0.27 + 0.03) nm min~* and my ghen = (0.77 + 0.18)
nm min~'). In Fig. 8 the integrated intensity of the GaAs(111)
peak normalized to the value at rjgfy .. ¢ is plotted as a func-
tion of NW radius for sample A (depictéd in blue) and sample
B (depicted in green). We simulate the intensity decay for the
two shell growth rates with different A € [5,25] nm. To
compare the simulations and the experiment, we determined
the root-mean-square deviation (RMSD) for each A. In agree-
ment for both samples, the lowest RMSD is at A = 12 nm,
illustrated by the red curve. We used this value in the follow-
ing analysis.

4 Quantitative RHEED during growth
for various NW densities

By way of four examples, we demonstrate the impact of the
number density on the shadowing on the RHEED signal, the
two of higher density focusing additionally on the sensitivity
of RHEED for the study of polytypism dynamics of growing
NW ensembles. All examples demonstrate the time dependent
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influence of ensemble-shadowing on the relation between the
growth dynamics and the RHEED signal dynamics and allow
us to test the simulation model for treating such influence.
The examples deal with the growth of self-catalysed GaAs NWs
on Si(111) substrates covered with native oxide. First, we study
the temporal behaviour of symmetrical, phase-insensitive
Bragg reflections, which suppress any influence of polytypism.
This emphasises the strong impact of the NW number density
(via its influence on A(¢) and on 1 — s(k,t)) as being directly
reflected in the diffraction intensity evolution of time-resolved
in situ RHEED (eqn (5)).

In Fig. 9 we compare results of samples of two different,
relatively low NW densities, but comparable NW shape. We
collected in situ RHEED data and determined the time-
resolved integrated intensity of the symmetric GaAs(111)
reflection after a background correction. For data evaluation,
we examined simulated RHEED intensity evolutions for a
large sample parameter space (see Table 2.2 in the ESIT).
Since RHEED experiments give precise relative data of inten-
sity variation with time but less precise absolute intensity
values, all simulated curves were normalized to an equal area

N
o

Sample C

Intensity (a.u.)
= =
o 6]

u

Time (min)

15

Sample D

10

Intensity (a.u.)

Time (min)

Fig. 9 Phase-insensitive RHEED (GaAs(111) reflection) by ensembles
with low NW number densities (pnwc = 0.029 pum~2 and PNWD =
0.15 pm™2). The integrated intensity evolution of sample C shows only
little ensemble-shadowing over the whole period, in contrast to sample
D, where at later time the signal starts saturating. The experimental data
is depicted in blue and the simulated intensity evolution giving the best
description of the experimental data is depicted in red. The red shaded
area represents all simulated curves resulting in a twice as large RMSD
value compared to the best description. Green and black dashed lines
stand for the contribution of the NW and crystallites, respectively. On
the right side, SEM images captured under 30° tilting angle are shown,
the scale bar is 1 pm.
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under the curves (equal time-integrated values) before being
compared to the experimental data sets. We further calcu-
lated the RMSD to the experiment for every simulation. In
Fig. 9 the experimental curves are depicted in blue and the
simulated intensity evolution with the lowest RMSD value
(giving the best description of the experimental data) in red.
The red shaded area marks all other simulated curves, which
result in a two times larger RMSD value compared to the best
simulation. The simulated curves of our model are in very
good agreement with the experimental data and also in
reasonable agreement with the post-growth SEM analysis (see
Table 2.2 in the ESI}). Considering radial growth, there is a
competition between the initially dominating increase of the
diffraction volume and the later dominating increase of sha-
dowing efficiency. Following the results of section 2.1, even in
the theoretical case of large radial growth rates and hypothe-
tically non-shadowed (free standing) NWs, the diffracted
signal would not increase above a maximum value which is
limited by self-shadowing. Consequently, the RHEED signal
becomes less sensitive to radial growth (see Table 2.2 in
the ESIY).

The contribution of NWs to the signal is depicted as a
dashed green line and the contribution of the crystallites as a
dashed black line. SEM images of the samples are shown on
the right side of the respective plot. Sample C has a very low
pnw, but a large pery, thus the signal is dominated by the crys-
tallites (dashed black line). In contrast, sample D has a much
higher pxw, the signal is dominated by the NW contribution.
In accordance with our discussion in section 2.4, initially we
observe an approximately linear increase of the NW intensity
corresponding to the axial growth rate. At later time the signal
increase slows down, and approximately at ¢ = 25 min the inte-
grated intensity starts to saturate because A""'(t) becomes
larger than A (compare to Fig. 6). Such a signal saturation
was observed also by other authors, however, without any
interpretation.''®

The saturation intensity is defined by the NW density and
the effective diameter Dgn,q, and independent of the pos-
itional distribution function. For increasing NW densities,
the illumination height Jerit decreases, leading to improved
height selectivity of the RHEED signal. Therefore, in combi-
nation with sufficiently large NW densities, our approach can
provide quantitative information on the growth dynamics of
nanowire ensembles near the growth front under standard
conditions, and is particularly sensitive for the dynamics of
polytypism. Fig. 10(a) and 11(a) show the experimental and
simulated evolution of the RHEED intensity of the wurtzite,
zinc blende and twin zinc blende phase-sensitive Bragg
reflections from two samples, E of medium and F of high
NW densities. The simulated intensity curves have been
obtained by eqn (5) based on temporal support points of the
wurtzite share fiyz of the growth rate given in the Fig. 10(b)
and 11(b). We find remarkable agreement between the experi-
mental and simulated RHEED intensity data. By applying eqn
(7) to the experimental and calculated curves of Fig. 10(a)
and 11(a), we obtain the corresponding experimental and cal-
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culated wurtzite intensity fraction Jy,, also plotted in
Fig. 10(b) and 11(b). It is interesting to directly compare the
temporal curve progressions of the wurtzite intensity frac-
tions with the wurtzite fractions of the growth rate underlying
the simulations. We observe a high similarity for the sample
of higher NW density (sample F), for which shadowing is
strong and sharp and the critical illumination height is small
(Asit & 19 nm). Here, the RHEED signal fraction corresponds
nearly directly to the phase fraction at the growing NW top
(Fig. 11(c)). Whereas the ten times lower NW number density
of sample E leads to a larger critical illumination height (Aeric
~ 125 nm) and a less sharp transition from the shadowed to
the illuminated part within the ensemble. This explains the
larger difference between the dynamics of the WZ intensity
fraction and the corresponding WZ fraction (Fig. 10(b)). This
means that for sufficiently large NW densities and respect-
ively low illumination height (as in sample F) the measured
RHEED intensity fraction for a given phase can serve as a
direct measure for the phase fraction on the NW top. But
also for lower NW densities (as in sample E), based on simu-
lations it is possible to determine the dynamics of the phase
fraction of the growth rates. Finally, supposing that phase
switching can only occur at the axial growth front, we can
reconstruct from the temporal RHEED data the final vertical
variation of WZ fraction along the NWs as given in Fig. 10(c)
and 11(c).
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Fig. 10 Phase-sensitive RHEED by sample E with medium NW number
density (pnwe = 0.8 pum™2): (a) Integrated experimental and simulated
intensity evolution of the phase-sensitive reflections for ZB (green), TZB
(blue) and WZ (red). (b) Experimental and simulated WZ intensity fraction
from (a) and the WZ fraction of the growth rate underlying the intensity
simulations in (a) and (b). (c) Final height profile of the WZ fraction. (d)
SEM image captured under 30°, the scale bar is 1 pm.
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Fig. 11 Phase-sensitive RHEED by sample F with high NW number
density (pnw,r = 8.0 um™): (a) Integrated experimental and simulated
intensity evolution of the phase-sensitive reflections for ZB (green), TZB
(blue) and WZ (red). After t = 30 min the Ga flux was stopped to
consume the catalyst particle. (b) Experimental and simulated WZ inten-
sity fraction from (a) and the WZ fraction of the growth rate underlying
the intensity simulations in (a) and (b). Due to the small igit ~ 19 nm, the
intensity fractions match directly the WZ fraction of the growth rate. (c)
Final height profile of the WZ fraction. (d) SEM image captured under
30°, the scale bar is 1 pm.

5 Conclusions

Studying the RHEED from statistical NW ensembles during
MBE growth, we have presented an approach which allows
quantitative analysis based on simulation of in situ time-
resolved integrated intensities of NW diffraction peaks. The
simulation model accounts for the size and shape evolution of
NW and parasitic crystallites during growth, as well as the sha-
dowing of electrons. Distinguishing between self-shadowing
and ensemble-shadowing, the former limits the radius depen-
dence of the RHEED signal, both effects together leading to a
saturation of RHEED intensity even for progressing axial
growth. The simulation model allows a detailed and quantitat-
ive interpretation of the RHEED data and good quantitative
agreement between simulated and experimental results.
Efficient ensemble-shadowing of ensembles with larger NW
number density results in electron illumination of only a small
part of the NWs directly at the apex. Thus, the recorded inten-
sity contains local information on the crystal structure at the
growth front of the NWs, resulting in height-dependent infor-
mation. The approach paves the way for a laboratory-based
quantitative analysis of the crystal structure via the intensity
dynamics of phase-selective reflections in the RHEED pattern.
Furthermore we propose a way to determine the absorption
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length A in different NW materials systems and for different
beam energies. The quantification of RHEED in transmission
geometry by NWs provides complementary information to
other characterization methods such as XRD or TEM. This can
in the future be used for even more fundamental studies of
nucleation processes, polytypism and defects in NWs, as well
as their temporal evolution.
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