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Physical origin of in-plane lattice spacing oscillations measured by reflection high-energy electron
diffraction during epitaxial growth
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Intensity oscillations of the specular (0,0) RHEED spot during layer-by-layer growth are well known, whereas
the associated oscillation of the position of the RHEED streaks remains more controversial. We revisit the problem
of the origin of the peak-to-peak oscillations observed in RHEED spectra during layer-by-layer epitaxial growth.
For this purpose we perform solid-on-solid KMC simulations to describe the growth, and we use the kinematical
approximation to simulate RHEED intensity profiles. We show that the peak-to-peak oscillations result from the
angular dispersion of the incident beam and the periodic oscillation of the size of the growing islands, without

the need of invoking the strain relaxation in the islands.
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I. INTRODUCTION

Since the work of Royer,! the regular oriented overgrowth
of a crystalline material onto a single crystal surface is called
epitaxy. Thermodynamics considerations allow us to classify
three different modes of epitaxial growth:> a 2D layer-by-layer
mode,’ a3D mode,* and a mixed mode.® The 2D layer-by-layer
mode is essential for producing high-quality electronic devices
by molecular beam epitaxy.® Depending on the vicinality
of the exposed surface, 2D growth may occur by step flow
or by 2D nucleation,’ also known as Frank van der Merwe
(FvM) mode. In the FvM mode, 2D islands nucleate and then
spread to form a complete monolayer on which a new 2D
nucleation process takes place, leading to the layer-by-layer
growth.’

Reflection high-energy electron diffraction (RHEED) is
an in-situ technique that enables us to monitor the FvM
growth, since the intensity of the specular (0,0) RHEED spot
exhibits extremely regular oscillations whose period exactly
corresponds to the growth rate of a single monolayer.®’ A
simple interpretation was given in Refs. 10 and 11: Reflectivity
maxima characterize the scattering by a smooth surface
(without 2D islands), while reflectivity minima correspond to
scattering by the most rough surface when the island density
is maximum (close to half coverage).

A decade ago, Massies and co-workers'? discovered that
in In,Ga;,/GaAs, the peak-to-peak distance between two
diffracted (0,1) and (0,—1) RHEED streaks also oscillates with
the growth rate period. This effect was, later on, observed for a
large number of other heteroepitaxial systems.'*~2> The origin
of these oscillations was attributed to the lattice mismatch
between the substrate and the deposited film:'> At complete
coverage (and in the absence of any plastic relaxation) the
in-plane lattice parameter of the epitaxial film is imposed
by its underlying substrate (homogeneous deformation of
the epilayers), while at incomplete coverage the 2D islands
elastically relax by their edges. It follows that the in-plane
lattice of the surface layer oscillates with the growth rate
period, between an extremum (when the island density is
maximum) and a nominal value (for the pseudomorphous
surface layer). It was thus astonishing to find peak-to-peak
oscillations in homo-epitaxial growth, that means in the
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absence of any lattice mismatch,?*?%27 contradicting the

explanation given in Ref. 12. A first explanation, still based
on Ref. 12, was given in Refs. 28-30, where it was shown that
at the nanoscale, one can define a so-called active misfit even
in homoepitaxy. However, the amplitude of the so-calculated
peak-to-peak oscillations are one order of magnitude smaller
than those reported in many experiments. It was the case
for V for which the oscillation was later-on attributed to a
surface reconstruction induced by oxygen incorporation,'%-3%-3!
but it is also the case for other systems as the one reported
in Fig. 1. Moreover, in perfect epitaxy, without any plastic
relaxation, the constraint imposed by the substrate leads to
a vanishing mean deformation averaged over all the surface,
even in heteroepitaxial systems.

In this paper, we revisit the problem of the origin of these
peak-to-peak oscillations. For this purpose, we simulate the
RHEED pattern evolution during FvM growth. Our main result
is that the peak-to-peak oscillations originate from the angular
dispersion of the incident beam and the width broadening of
the truncated rods. In other words, it is not necessary to invoke
the strain relaxation in the islands to retrieve the peak-to-peak
oscillations with the growth rate period. As a consequence, the
amplitude of the oscillations is found to depend upon the angle
dispersion at work.

II. MODEL

A complete calculation of RHEED intensities needs to use
the dynamical theory of electron scattering. However, it is
well known that for a quantitative analysis of the position of
the Bragg streaks, a simple kinematical approach is sufficient.
In this approxi_r}nation,ﬁthe incident and diffracted beams, with
wave vectors k; and k; respectively, are represented by the
amplitudes??

A = A (1)
Aout = Ai |:Z ﬁ1(§)€i§;"j| eilsz’ (2)

where f,(5) is the atomic scattering factor for the nth atom
located at position 7,, and § =k — k; is the momentum
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FIG. 1. In-plane lattice oscillations deduced from the position of
the RHEED streaks recorded during homoepitaxial recorded growth
at T =500° C of AlSb (growth rate: 0.35 ML/sec). Courtesy of
J.Massies, CRHEA, Sophia-Antipolis.

transfer. As we are considering elastic scattering, the incident
and scattered wave vectors are related to the constant energy
by
h2
2m,

E =

3

In principle, the sum in Eq. (2) should run over all atoms
in the system. However, the inelastic effects represented by
a mean free path for the electrons means that deeper layers
of the surface contribute less to the scattered wave amplitude
Aoy- We introduce this effect by dividing the system atoms
in layers and adding a factor B; for each layer i, with 8y = 1
the factor for the outmost surface layer and B;1; < B;. We
therefore rewrite Eq. (2) as

Aou = Aj [Zﬂ, (Z f,,<s)e'”">]e"’3f'? @

net

When the surface is not flat, the height of each layer i will
depend on the lateral position. The RHEED intensity / will
then be proportional to |Aqy|?/|Ai|?, i.e

Zﬁ, (anacf—k)e"kf M)

net

2
I x

&)

In a real experiment, the incident electron beam diverges
and the electrons in the beam have a range of energies. This
is reflected in a dispersion in the incident wave vector k;. We
introduce this effect by calculating a mean value over k;

/ &k g (k) (Z Falky — e ®s- k””)

net
where g(ki) gives the dispersion reflecting the experimental
conditions.
In the following, we take o = 1 and B, = 0, valid for
ideal RHEED calculations. We also neglect all dependence of
the atomic scattering factor f,, on the momentum transfer.

2

. (6)
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FIG. 2. (Color online) Simulated RHEED intensity patterns for
different incident angles: (a) o; = 1.5° and (b) o; = 2.0°.

III. RESULTS

To calculate the integral in Eq. (6), we used Monte Carlo
integration®® with a dispersion relation chosen as

aﬁ a2
— L (7)
a} + (k —k;)? ai + (k)?

(k)= A

where k = |ié,- | is the total wave vector with mean value k;, k|
is the perpendicular component of k; with respect to the mean
incident direction given by «;, A is a normalization factor, and
the parameters a and a | represent incident energy and angular
dispersions, respectively. For the Monte Carlo integration, we
use a sampling composed of the order of 10° incident wave
vectors. For simulating RHEED patterns (Fig. 2), we also take
into account the detector precision by taking a mean value of
the intensity obtained with Eq. (6), weighted by a Lorentzian
centered in each value of the scattered wave vector k 7

The parameters needed for the calculations are then: the
incident wave vector k; = |k |, the incident angle «;, the
dispersion parameters a; and a, and the crystal structure of
the surface, which defines the distance between layers and the
lateral positions of the atoms in each layer.

Typical electron energies E in RHEED experiments are
around 30 keV, which corresponds to an incident wave vector
of k; ~ 70 A~'. We can define k; for each system in terms
of 2 /a, a being the surface lattice parameter. For example,
in Cu(100), with ac, = 3.61 A, we have k; >~ 40 x 2r/acy.
The energy dispersion is AE/E ~ 107, which corresponds
to an incident wave vector dispersion of Ak;/k; >~ 5 x 1073,
Finally, the incident angle «; is around 1°, with a divergence of
around 0.01°. Notice that dispersions 107> < Ak/k < 1073
and 1073 < Aa/a < 107! roughly correspond to 0.01/a <
ap,a; <0.2/a.
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A. Simulated RHEED patterns for clean surface

We first study the dependence of the spectra with the
incident angle. In Fig. 2, we show the simulated spectra
for a flat surface, with k; =40 x 27 /a, ay =a; =0.1/a,
and two incident angles: o; = 1.5° and «; = 2.0°. The bright
spots at kz,, = 0 correspond to the condition of constructive
interference ks, = k; x, resulting in an angle for the scattered
electrons equal to the incident angle ¢;. Other spots should
appear for the other conditions of constructive interference
kfx = ki x — 2mn/a, but they correspond to much higher k..
For large enough «;, we can see the appearance of satellite
spots with the condition k s, = +27 /a, and the normal wave

vector component satisfying ks = /k;. — k7 . The incident
energy dispersion is reflected in the elongated shape of the
spots in the k, direction. The RHEED intensity profile is then
obtained along a straight line as shown in Fig. 2(a).

To study the effect of the incident energy and angle
dispersions, we performed calculations for fixed incident angle
a; = 1.5°, and different values of dispersion parameters a and
a . The obtained profiles are shown in Fig. 3, where we see
that the main effect is a lateral enlargement of the spots which
depends on the angular dispersion parameter a ;. We also see
in this figure that the peak is asymmetric, and its maximum is
shifted toward lower values of k, when a is increased.

B. Simulated RHEED intensity during epitaxial growth

We simulated the 2D crystal growth by solid-on-solid
kinetic Monte Carlo (KMC) simulations.>* We used a square
grid composed of 600 x 600 unit cells, where each point in the
grid is characterized by the height of the top atom occupying
the corresponding lateral position. All atoms on the surface
have the possibility to move to the top of a neighbor site,
with a probability given by its corresponding energy barrier.
In this way, we can simulate multilayer growth with the only
constraint being that no bulk vacancies can be formed within
this model. The jump rate of an atom to a neighbor site is
given by v = vgexp £2/% T with vy a prefactor which was
taken constant and equal to 10'3 sec™!. E,, is an energy barrier
calculated as E, = E; + n E,,, with E; the diffusion barrier
of an isolated atom on top of a flat surface, n the number of
first neighbors at the same level, and E, the bonding energy
to these first neighbor atoms. As we are not trying to simulate
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FIG. 3. (Color online) Simulated RHEED intensity profiles along
the line shown in Fig. 2(a), for different incident energy and angle
dispersions.
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any specific system, the parameters of the model were chosen
in order to have a layer-by-layer growth mode, with islands of
reasonable size. We took a diffusion barrier of E; = 0.6 eV
and a bonding energy with neighbors in the same layer of
E, = 0.3 eV. To simulate the growth, we considered a constant
flux of incident atoms on the surface equal to one monolayer
per second (1 ML/sec).

For each islands configuration during growth, we calculate
a RHEED intensity profile along a straight line as shown in
Fig. 2(a). As in the experiments, the intensity profiles are then
fitted by a function of the form

3
A;
fky) = ; RN ®)

to determine the position of the maximum ;.

Figure 4(a) shows several intensity profiles calculated for
increasing coverages 0 < 6 < 1. We can see a reduction of
the intensity with increased coverage up to 0.5 ML. Moreover,
the peak asymmetry leads to a shift of the maximum position.
Figure 4(b) shows the calculated peak displacement, obtained
by fitting with Eq. (8), for increasing coverages 0 < 6 < 2,
and for different values of the dispersion parameters ay, a; .
The peak displacement exhibits an oscillating behavior with a
period of 1 ML, and the main effect comes from the angular
dispersion characterized by a,: The weaker the dispersion,
the smaller the oscillating behavior. Therefore, for a perfect
instrument there should be no oscillations. We believe that this
is the fundamental reason for which peak-to-peak oscillations
have only been reported in RHEED experiments but not in
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FIG. 4. (Color online) (a) Intensity RHEED profiles calculated
for increasing coverages 0 < 6 < 1, corresponding to a growth
temperature of 550 K. The used dispersion parameters for the RHEED
calculations are ay = a, = 0.2/a. (b) Calculated peak displacement
vs surface coverage for different values of the dispersion parameters
a and a 1.
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FIG. 5. (Color online) (a) Snapshots of the KMC at 0.5 ML for
increasing growth temperatures: 500 K (left panel), 550 K (middle
panel), and 600 K (right panel), corresponding to decreasing island
densities. (b) Calculated peak displacement vs surface coverage for
the three growth conditions.

x-ray diffraction measurements, for which energy and angular
dispersions are close to zero compared to RHEED apparatus.

In order to study the effect of island density on the amplitude
of the peak displacement oscillations, we perform KMC
simulations with increasing growth temperatures (500 K,
550 K, and 600 K) corresponding to decreasing island
densities. In Fig. 5(a), we present snapshots corresponding
to a deposition of 0.5 ML at each growth temperature,
showing that higher growth temperature leads to a lower
island density. In Fig. 5(b), we show the calculated peak
displacement versus surface coverage. We see that within
this island density range the maximum peak displacement
remains almost the same, but a higher island density leads
to a decrease of the oscillation amplitude. This result can
be compared with the temperature variation of the in-plane
oscillations reported for several systems (Fe/Fe, V/V, and
Nb/Nb) in Ref. 27. In these studied systems, in particular for
V/V(001) and Nb/Nb(001) and in the low temperature range,
the oscillation amplitude seems to increase with temperature,
as it does in our calculations. However, in experiments, for
higher temperatures the oscillation amplitude decreases again
to attain almost no oscillations at the highest temperatures. For
these high temperatures, the island density is lower than what
can be reasonably described with the 600 x 600 grid we have
used for the KMC simulations.

C. Nature of the oscillations

In Fig. 6, we illustrate the origin of the oscillations on the
basis of two main ingredients: (i) the angular dispersion of the
incident beam and (ii) the variable width of the truncated rods
characteristic of the growing islands. A typical 2D pattern
of truncated rods (perpendicular to the figure) is plotted for
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FIG. 6. (Color online) Illustration of the origin of the peak-to-
peak oscillations. In both figures are drawn the reciprocal pattern (on
the left several truncated rods, on the right only a few relevant rods
are drawn), three incident rays, and their associated diffracted beams
resulting from the intersection of the corresponding Ewald Sphere
with a truncated rod. Incident beams and their corresponding Ewald
spheres are respectively labeled 1, 2, and 3.

narrow [Fig. 6(a)] and large [Fig. 6(b)] rods (the smaller
the islands, the larger the rod). The tracks of three incident
beams are drawn: One (labeled 1) is perfectly oriented in the
[01] direction, whereas the two others (labeled 2 and 3) are
symmetrically disoriented by an angle +«. A part of their
associated Ewald Spheres (with the same labels 1-3) are also
drawn. Let us consider the diffracted conditions of a specific
rod. In Fig. 6(a), Ewald construction shows that beam 2 does
not contribute to the diffraction (no intersection between the
rod and the Ewald Sphere 2), whereas beams 1 and 3 diffract
in slightly different directions. It follows that, for a given rod
width, the position of the spot diffracted by a [01] beam slightly
depends on its angular dispersion value. Furthermore, for a
given angular dispersion, the peak position also depends on
the rod width as illustrated in Fig. 6(b). Due to the larger
rod width, the three beams 1, 2, and 3 fulfill the diffraction
conditions so that the position of the diffracted spot cannot
coincide with the position obtained from Fig. 6(a), where only
the 1 and 3 beams participate to the diffracted beam.

This oversimplified sketch illustrates how the oscillation of
the position of the diffracted beam depends on the periodic
oscillations of the rod width associated to the 2D island birth
and growth, but only in the presence of an angular dispersion
of the incident beam.

IV. CONCLUSIONS

Since the first experimental evidence, it has been considered
that peak-to-peak oscillations recorded by RHEED during
crystal growth have an elastic origin and can be attributed to
the lattice mismatch between the substrate and the deposited
film, even for homoepitaxy where a so-called active misfit can
be defined.?® However, the fact that in perfect epitaxy the mean
deformation averaged over all the surface should be zero even
in heteroepitaxial systems calls for a different explanation of
the oscillations.

In this paper, we have revisited the origin of these peak-
to-peak oscillations in RHEED spectra during layer-by-layer
epitaxial growth. Using solid-on-solid KMC simulations to
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describe the growth, and the kinematical approximation to
simulate RHEED intensity profiles, we have been able to
describe the peak-to-peak oscillations without invoking any
strain relaxation in the islands. We have shown that these
oscillations originate from the angular dispersion character-
istic of RHEED instruments that relaxes exact diffraction
conditions, and thus allows us to measure a shift of the
diffracted peaks as a function of the 2D islands size that
varies during the crystal growth. We believe that this is the
fundamental reason for which peak-to-peak oscillations during
crystal growth have only been reported in RHEED experiments
and not in x-ray diffraction measurements, for which energy
and angular dispersions are close to zero compared to RHEED
apparatus. We have also studied how the growth conditions

PHYSICAL REVIEW B 84, 195429 (2011)

affect the oscillating behavior. We found that within the
density range we can simulate in our grid; while the maximum
peak displacement does not depend on the growth conditions,
a higher island density leads to a decrease of the oscilla-
tion amplitude. This is in agreement with the temperature
variation of the in-plane oscillations reported for several
systems (Fe/Fe, V/V, and Nb/Nb)?’ in the low temperature
range.
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