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Role of the Step Density in Reflection High-Energy Electron Diffraction:
Questioning the Step Density Model
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The step density model of reflection high-energy electron diffraction oscillations is investigated.
Within this model, the temporal evolution of the specular beam intensity during growth by molecular
beam epitaxy represents the evolution of the step density during deposition. This is found to be
inconsistent with diffraction theory. In particular, when the concentration of atoms in the deposited
layer is fixed, an increase of the step density causes an increase of the specular beam reflectivity,
contrary to the prediction of the step density model. [S0031-9007(97)02678-1]

PACS numbers: 61.14.Hg, 68.35.Bs, 68.35.Dv, 81.15.Hi
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The standard experimental technique for monitori
the growth of ultrathin films and advanced materials
means of molecular beam epitaxy (MBE) is reflectio
high-energy electron diffraction (RHEED). The reas
for this is the high sensitivity of RHEED to surfac
structure and morphology combined with its excelle
compatibility with MBE. The molecular (or atomic) beam
is incident almost normal to the surface, whereas
RHEED electrons hit the surface at grazing inciden
so the diffraction pattern can easily be observedduring
deposition. The most commonly exploited feature of t
diffraction pattern is the temporal RHEED oscillation, i.e
the periodic variation of the intensity of the specular
reflected beam. This corresponds directly to the period
monolayer incorporation [1] and allows control of grow
with monolayer precision.

The occurrence of RHEED oscillations is qualitative
understandable because the state of the surface pa
from monatomically flat to disordered to flat during lay
by layer growth. However, strong multiple scatterin
complicates the interpretation of RHEED intensities a
an exact general theory of RHEED oscillations is n
yet available, although it has been shown rigorously t
oscillations occur in a number of systems and models
8]. An alternative to diffraction theory is the very gener
proposal that the temporal evolution of the specular be
intensity directly reflects the evolution of the step dens
during growth. This is called the step density model a
was deduced empirically by comparison of experimenta
measured RHEED oscillations with step densities obtain
from Monte Carlo simulations of growth by means of SO
(solid-on-solid) models [9,10]. The physical argume
given in support of the step density model is that each s
acts as a localized source of diffuse scattering and cau
a reduction of the specularly reflected intensity.

Although this approach appears intuitively reasona
(“a flat surface reflects better than a rough one”) t
evidence for the step density interpretation is highly e
pirical and supporting arguments relying on scattering t
ory are lacking. Nevertheless, the step density model
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been widely applied to interpret the temporal behavior o
specular RHEED intensities [11–18] and it seems that th
interpretation has developed into an established procedu
particularly after steps in STM images were found to b
correlated with RHEED intensities [19]. Recent work ha
pushed the step density model even further, and it has be
used to derive surface diffusion parameters such as e
ergy barriers [11,12] and preexponential factors [18] from
RHEED measurements.

In this work we investigate the influence of the step
densityr on the specular intensity from the viewpoint of
scattering theory. The step density model is found to b
highly questionable because both multiple scattering ca
culations and arguments based on the dynamical (multip
scattering) theory of RHEED consistently show that an in
creasing step density alone tends to produce anincrease
of the specularly reflected intensity rather than a decrea
We show that this behavior is linked to the grazing inci
dence geometry of RHEED, the high electron energy, an
the fact that the step density does not affect the averag
periodic part of the surface scattering potential.

During growth the surface is in a more or less disordere
state where, to a good approximation, the atoms occu
regular lattice sites. If one divides the scattering potenti
V  Vp 1 dV of each disordered layer into a periodic
part Vp and into a nonperiodic partdV, Vp will have
the same symmetry as if the layer were perfectly ordere
Therefore ifdV is taken to be a perturbation, the term o
zeroth order indV only contributes to the sharp diffracted
beams, the first order term contributes to the diffus
background but does not affect the sharp diffracted beam
and the second and higher order terms both contribute
the background and influence the intensity of the beam
Vp is simply given by the potential of the perfectly
ordered layer reduced by the factoru which denotes the
coverage (i.e., the concentration of occupied sites) of th
disordered layer.Vp is not affected by the step density
and it is clear that the variation ofVp (via u) during
growth potentially leads to a temporal change of th
diffracted intensities [6]. ThedV term is affected by the
© 1997 The American Physical Society 2381
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step density and for fixed coverage (0 , u , 1) various
magnitudes of step densities can be realized, depend
on the typical terrace size at the surface (u andr are not
“a priori” correlated). This means thatu andr both affect
the diffracted intensities,but in different orders of the
scattering series corresponding to the different potent
parts they contribute to.

In order to elucidate the role of the step density
RHEED, it is therefore important to distinguish the effec
of changes in the step density from the effects of chang
of the coverage. During MBE growth it is experimentall
very difficult to satisfy this requirement. The simulatio
of RHEED intensities from model structures, howeve
offers a way out of this problem. We have calculate
the diffracted intensities from structures where the st
density was varied but the coverage was kept consta
As the higher order (diffuse) scattering due todV is
essentially determined by the disorder along the incide
beam azimuth [20], it is sufficient to concentrate on on
dimensional disorder where the incidence azimuth of t
electron beam is perpendicular to the step edges.

For the simulations we used the dynamical theo
of RHEED in conjunction with a supercell technique
Here, the disorder is modeled within a large unit ce
(supercell) which is repeated periodically. Thanks
recent advances in computational capacity and progr
optimization, the use of supercells with several hundr
lattice units extension is now possible [20,21]. Suc
calculations give the RHEED intensities to infinite orde
in dV and correctly take into account the influence
the diffusely scattered electron wave function on the p
of the wave function belonging to the sharp diffracte
beams. This is a very important requirement regardi
the particular problem treated in this work.

The disorder was assumed to follow a one-dimensio
geometrical terrace size distribution [22,23], restricted
two levels. As will become evident below, the exa
choice of model is unimportant for our arguments. Th
key point is that with various step densities various degre
of short range correlations are produced. The probabi
of encountering a downward step from the top level of t
surface on going from one lattice site to an adjacent o
is pd. Analogously,pu is the probability for an upward
step from the second to the top level. This model produc
the coverageu  puyspd 1 pud and the step densityr 
upd 1 s1 2 udpu. These equations uniquely relate eac
combination ofr andu to a combination ofpd andpu.

The calculations were carried out for an unreco
structed, stepped Si(100) surface with bilayer terraces a
step edges along thef011g direction. Si is one of the
most commonly used materials in thin film growth. B
layer steps frequently appear at the Si(100) surface a
simultaneously offer the possibility of using a defect fe
ture that produces within the scope of our model disord
in more than just one layer. Finally, extensive comput
tional experience for this system, particularly with rega
to disorder, is available [20].
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The disorder configurations were generated within s
percell 400 surface lattice units (1 LU  3.84 Å) long
by means of random numbers and the jump probabiliti
defined above. This allowed us to produce configuratio
with different step densities at constant coverage. T
extension of the supercell is of the same order of mag
tude as the distance within which electrons under typic
RHEED conditions are scattered coherently. The calcu
tions were carried out for an electron energy of 15 ke
the incident beam azimuth wasf011g, and 400 beams (dif-
fuse and sharp) were included. For computational deta
we refer to Ref. [20].

Figure 1 shows the calculated specular beam rocki
curve (reflectivity versus incident angle) for the angula
range 0±–3±. This range is typically used to contro
growth. The three curves plotted in each panel correspo
to different step densities but the same coverage. F
constant coverage, the general shape of the plots is q
similar for all step densities (see also Fig. 2). Th
similarity is due to the common periodic potential whic
mainly determines the shape of rocking curves [20,24
However, the absolute reflectivity depends significant
on r. The most striking fact is that the reflectivity
systematically increases with increasing step density.
This behavior is exactly opposite to the prediction o
the step density model and is found for all the thre
coverages. It is particularly significant that this findin
also holds for the “in-phase conditions” at1.05± and
2.1±, where different terrace levels would kinematicall
interfere constructively and the step density interpretati
is supposed to be particularly suitable [11].

What is the physics driving this, at first glance peculia
behavior? Corresponding to the potential partsVp and
dV there are two types of scattered wave. First, the set
strongly excited wavescp which corresponds to the sharp
diffracted beams generated by the periodic potentialVp ,
and second, the diffusely scattered wavescd generated by
the nonperiodic potentialdV . Both wave sets can interac
by multiple scattering viadV, i.e., an electron belonging
to cp can be scattered into states corresponding tocd and
vice versa. In terms of this interaction the above findin
becomes understandable.

As explained above, to zeroth order indV , the intensity
diffracted into the sharply defined beams (e.g., the spe
lar beam)does not explicitly depend on the step de
sity. A dependence on the step density appears only
one accounts for higher orders through the multiple sc
tering interaction between the wave fieldscp and cd.
The strength of this interaction not only determines th
strength ofcd, but also thefeedbackof cd into the wave
field cp . Physically, this feedback is responsible for th
loss of diffracted intensity due the diffuse scattering [25
Hence, it is essential to understand how the strength
this feedback depends ondV.

Let ks denote the perpendicular (to the surface) com
ponent of the vacuum wave vector of a diffuse wav
that corresponds to the two-dimensional (parallel to t
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keV, the
FIG. 1. Specular beam rocking curves from Si(100) for various step densities and coverages. The electron energy is 15
incident beam azimuth isf011g.
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surface) reciprocal vectors. For evanescent wavesks
is imaginary. It is now essential to recall the following
three properties of the surface potential and the electr
wave field in RHEED. Each of these properties alone
well known in RHEED and diffraction physics. It is their
combination that explains the computational findings.

(i) The probability that a waves of the diffuse setcd

couples to the set of strong wavescp generally increases
with decreasingjksj. The physical reason for this is tha
in the RHEED geometry waves with lowjksj tend to be
strongly excited [20,26,27] and move nearly parallel to th
disordered surface layer. Thus, the probability of bein
scattered by the nonperiodic potentialdV is very high.
Waves with highjksj are usually only weakly excited.
Furthermore, if these waves are propagating ones, they w

FIG. 2. Total diffracted intensity versus incident angle from
Si(100) for various step densities at half coverage. The electr
energy is 15 keV, the incident beam azimuth isf011g.
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tend to propagate out the surface and be scattered in
ordered bulk wheredV  0 and a coupling withcp cannot
occur.

(ii) Because the parallel component of the incident wa
vector is very large, energy conservation requires tha
small momentum transfer in the direction of the incide
beam azimuth is connected with a large change ofjksj.

(iii) In reciprocal space,dV has strong values only
for those s which are situated within an “intensity
region” around each reciprocal surface lattice vector. T
extension Ds of the region is about2pyL where L
denotes the typical length of short range correlations
the system. For a stepped surfaceL is related to the
mean terrace width. It is now physically evident th
L monotonically decreases with the step densityr and
Ds increases withr. For the geometrical terrace siz
distribution in one dimension and fixed coverage,Ds ~ r

holds to a very good approximation.
The latter behavior in conjunction with property (i

means that with increasing step density the major
of the jksj components of the relevant diffuse wave
becomes large. This is nothing but the fact that
RHEED pattern becomes more streaky if the lateral sh
range order parallel to the incident beam azimuth
reduced. Waves with largejksj components, in turn, tend
to couple only weakly with the strong waves [proper
(i)]. Consequently,the multiple scattering interaction
between the strong (diffracted) waves and the diffu
waves decreases with increasing step density and for
reason the loss of diffracted intensity due to the diffu
scattering is expected to behave in the same manner.

In Fig. 2 we show the loss of the diffracted intensit
calculated for half coverage and high step densities up
r  0.5. It has been claimed that especially foru  0.5
2383
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and highr the step density model applies particularly we
[10]. In the figure thetotal diffracted intensity(i.e., the
sum of the intensity of all integer beams) is plotted vers
the incident angle. This time, the intensities are plott
on a logarithmic scale and the calculations were carr
out for incident angles up to6±. It is evident that the
total diffracted intensity systematically increases if the st
density increases. It is noteworthy that this holds for
intensity range that covers about three orders of magnitu

Our arguments are also supported by the results o
recent investigation [20] concerning the strength of th
interaction, expressed in terms of the magnitudeDc of the
corresponding coupling terms in the system of coupl
differential equations describing the wave field in th
crystal. The dependence ofDc on the coverage and the
correlation length approximately follows the law

Dc ~ us1 2 udL , (1)
provided that the correlation lengthL is not too large
(i.e., in the regime of high step densities, for details w
refer to Ref. [20]). BecauseL increases with decreasing
r, the dependence clearly points to the above discus
influence of the step density on the diffracted intensitie
We also emphasize that the dependence onr (or L) has to
be considered if phenomenological absorption potenti
for RHEED calculations are constructed in order to mod
the loss out of the diffraction channels. Inclusion of th
coverage dependence as the only structural quantity [
is obviously not sufficient.

Equation (1) also shows that the coverageu contributes
to the intensity loss. Therefore the effect ofu, is more
complicated than its influence on the diffracted intensiti
via Vp . This might explain why empirical inverse corre
lations between step density and specular reflectivity ha
been found in STM data [19]. In the STM studies chang
of r are accompanied by changes ofu and, interestingly,
STM images [19] with lowyhigh r, systematically corre-
spond to cases where, within the typical coherence len
of RHEED, the factorus1 2 ud is lowyhigh. According
to the results of the present work, however, it is difficu
to justify the assumption that the physical reason for a
decrease (increase) of the specular RHEED intensity is
increase (decrease) of the step density.

In summary, we have determined the influence of t
step density on the diffracted intensities in RHEED an
shown that RHEED oscillations during crystal growt
cannot simply be explained in terms of an oscillating st
density. Our arguments indicate that the temporal ev
lution of the specular beam intensity is determined bo
by the short range correlations (expressed, for instance
terms of the step density) and by the coverage. Both
potentially oscillating quantities and both can affect th
RHEED intensities. Our calculations and investigation
higher order diffuse scattering consistently show that
the high step density regime an increase of the step d
sity at constant coverage is correlated with an increase
the specular beam intensity instead of a decrease, and
is contrary to the commonly assumed model.
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