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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

The standard experimental technique for monitoringoeen widely applied to interpret the temporal behavior of
the growth of ultrathin films and advanced materials byspecular RHEED intensities [11-18] and it seems that this
means of molecular beam epitaxy (MBE) is reflectioninterpretation has developed into an established procedure,
high-energy electron diffraction (RHEED). The reasonparticularly after steps in STM images were found to be
for this is the high sensitivity of RHEED to surface correlated with RHEED intensities [19]. Recent work has
structure and morphology combined with its excellentpushed the step density model even further, and it has been
compatibility with MBE. The molecular (or atomic) beam used to derive surface diffusion parameters such as en-
is incident almost normal to the surface, whereas thergy barriers [11,12] and preexponential factors [18] from
RHEED electrons hit the surface at grazing incidenceRHEED measurements.
so the diffraction pattern can easily be obserdeding In this work we investigate the influence of the step
deposition. The most commonly exploited feature of thedensityp on the specular intensity from the viewpoint of
diffraction pattern is the temporal RHEED oscillation, i.e., scattering theory. The step density model is found to be
the periodic variation of the intensity of the specularly highly questionable because both multiple scattering cal-
reflected beam. This corresponds directly to the period ofulations and arguments based on the dynamical (multiple
monolayer incorporation [1] and allows control of growth scattering) theory of RHEED consistently show that an in-
with monolayer precision. creasing step density alone tends to producénarease

The occurrence of RHEED oscillations is qualitatively of the specularly reflected intensity rather than a decrease.
understandable because the state of the surface pass®e show that this behavior is linked to the grazing inci-
from monatomically flat to disordered to flat during layer dence geometry of RHEED, the high electron energy, and
by layer growth. However, strong multiple scatteringthe fact that the step density does not affect the averaged
complicates the interpretation of RHEED intensities andoeriodic part of the surface scattering potential.
an exact general theory of RHEED oscillations is not During growth the surface is in a more or less disordered
yet available, although it has been shown rigorously thastate where, to a good approximation, the atoms occupy
oscillations occur in a number of systems and models [2+egular lattice sites. If one divides the scattering potential
8]. An alternative to diffraction theory is the very general V = V,, + 6V of each disordered layer into a periodic
proposal that the temporal evolution of the specular bearpart V,, and into a nonperiodic padV, V, will have
intensity directly reflects the evolution of the step densitythe same symmetry as if the layer were perfectly ordered.
during growth. This is called the step density model andrherefore if6V is taken to be a perturbation, the term of
was deduced empirically by comparison of experimentallyzeroth order in5V only contributes to the sharp diffracted
measured RHEED oscillations with step densities obtaineeams, the first order term contributes to the diffuse
from Monte Carlo simulations of growth by means of SOSbackground but does not affect the sharp diffracted beams
(solid-on-solid) models [9,10]. The physical argumentand the second and higher order terms both contribute to
given in support of the step density model is that each stefhe background and influence the intensity of the beams.
acts as a localized source of diffuse scattering and caus&s, is simply given by the potential of the perfectly
a reduction of the specularly reflected intensity. ordered layer reduced by the fact®rwhich denotes the

Although this approach appears intuitively reasonableoverage (i.e., the concentration of occupied sites) of the
(“a flat surface reflects better than a rough one”) thedisordered layer.V, is not affected by the step density
evidence for the step density interpretation is highly em-and it is clear that the variation df, (via #) during
pirical and supporting arguments relying on scattering thegrowth potentially leads to a temporal change of the
ory are lacking. Nevertheless, the step density model hadiffracted intensities [6]. ThéV term is affected by the
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step density and for fixed coverage € 6 < 1) various The disorder configurations were generated within su-
magnitudes of step densities can be realized, dependimercell 400 surface lattice unitsl(LU = 3.84 A) long
on the typical terrace size at the surfaéeandp are not by means of random numbers and the jump probabilities
“a priori” correlated). This means thatandp both affect  defined above. This allowed us to produce configurations
the diffracted intensitiesbut in different orders of the with different step densities at constant coverage. The
scattering series corresponding to the different potentiakextension of the supercell is of the same order of magni-
parts they contribute to. tude as the distance within which electrons under typical
In order to elucidate the role of the step density inRHEED conditions are scattered coherently. The calcula-
RHEED, it is therefore important to distinguish the effectstions were carried out for an electron energy of 15 keV,
of changes in the step density from the effects of changethe incident beam azimuth wg11], and 400 beams (dif-
of the coverage. During MBE growth it is experimentally fuse and sharp) were included. For computational details
very difficult to satisfy this requirement. The simulation we refer to Ref. [20].
of RHEED intensities from model structures, however, Figure 1 shows the calculated specular beam rocking
offers a way out of this problem. We have calculatedcurve (reflectivity versus incident angle) for the angular
the diffracted intensities from structures where the stepange 0°—3°. This range is typically used to control
density was varied but the coverage was kept constanggrowth. The three curves plotted in each panel correspond
As the higher order (diffuse) scattering due & is to different step densities but the same coverage. For
essentially determined by the disorder along the incidentonstant coverage, the general shape of the plots is quite
beam azimuth [20], it is sufficient to concentrate on onesimilar for all step densities (see also Fig. 2). This
dimensional disorder where the incidence azimuth of theimilarity is due to the common periodic potential which
electron beam is perpendicular to the step edges. mainly determines the shape of rocking curves [20,24].
For the simulations we used the dynamical theoryHowever, the absolute reflectivity depends significantly
of RHEED in conjunction with a supercell technique.on p. The most striking fact is that the reflectivity
Here, the disorder is modeled within a large unit cellsystematicallyincreases with increasing step density
(supercell) which is repeated periodically. Thanks toThis behavior is exactly opposite to the prediction of
recent advances in computational capacity and prograiine step density model and is found for all the three
optimization, the use of supercells with several hundreatoverages. It is particularly significant that this finding
lattice units extension is now possible [20,21]. Suchalso holds for the “in-phase conditions” at05° and
calculations give the RHEED intensities to infinite order2.1°, where different terrace levels would kinematically
in 8V and correctly take into account the influence ofinterfere constructively and the step density interpretation
the diffusely scattered electron wave function on the paris supposed to be particularly suitable [11].
of the wave function belonging to the sharp diffracted What is the physics driving this, at first glance peculiar,
beams. This is a very important requirement regardindgpehavior? Corresponding to the potential pdrfs and
the particular problem treated in this work. 8V there are two types of scattered wave. First, the set of
The disorder was assumed to follow a one-dimensionadtrongly excited waveg, which corresponds to the sharp
geometrical terrace size distribution [22,23], restricted tadiffracted beams generated by the periodic poterifjal
two levels. As will become evident below, the exactand second, the diffusely scattered waygggenerated by
choice of model is unimportant for our arguments. Thethe nonperiodic potentid V. Both wave sets can interact
key pointis that with various step densities various degreelsy multiple scattering vi&V, i.e., an electron belonging
of short range correlations are produced. The probabilityo ¢, can be scattered into states corresponding,tand
of encountering a downward step from the top level of thevice versa. In terms of this interaction the above finding
surface on going from one lattice site to an adjacent onbecomes understandable.
is ps. Analogously,p, is the probability for an upward As explained above, to zeroth orderd, the intensity
step from the second to the top level. This model producediffracted into the sharply defined beams (e.g., the specu-

the coverag® = p,/(ps + p.) and the step density =  lar beam)does not explicitly depend on the step den-
fps + (1 — 0)p,. These equations uniquely relate eachsity. A dependence on the step density appears only if
combination ofp andé to a combination op, andp,. one accounts for higher orders through the multiple scat-

The calculations were carried out for an unrecon-ering interaction between the wave fielgs and ¢,.
structed, stepped Si(100) surface with bilayer terraces anthhe strength of this interaction not only determines the
step edges along th@®11] direction. Si is one of the strength ofy,, but also thdeedbaclof ¢, into the wave
most commonly used materials in thin film growth. Bi- field ¢,. Physically, this feedback is responsible for the
layer steps frequently appear at the Si(100) surface anldss of diffracted intensity due the diffuse scattering [25].
simultaneously offer the possibility of using a defect fea-Hence, it is essential to understand how the strength of
ture that produces within the scope of our model disordethis feedback depends @V .
in more than just one layer. Finally, extensive computa- Let ks denote the perpendicular (to the surface) com-
tional experience for this system, particularly with regardponent of the vacuum wave vector of a diffuse wave
to disorder, is available [20]. that corresponds to the two-dimensional (parallel to the
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FIG. 1. Specular beam rocking curves from Si(100) for various step densities and coverages. The electron energy is 15 keV, the
incident beam azimuth i©11].

surface) reciprocal vectos. For evanescent waveg  tend to propagate out the surface and be scattered in the
is imaginary. It is now essential to recall the following ordered bulk wheréV = 0 and a coupling with), cannot
three properties of the surface potential and the electroaccur.
wave field in RHEED. Each of these properties alone is (ii) Because the parallel component of the incident wave
well known in RHEED and diffraction physics. Itis their vector is very large, energy conservation requires that a
combination that explains the computational findings.  small momentum transfer in the direction of the incident
(i) The probability that a wave of the diffuse sety; = beam azimuth is connected with a large changggf
couples to the set of strong wavegs generally increases (i) In reciprocal space,V has strong values only
with decreasindks|. The physical reason for this is that for those s which are situated within an “intensity
in the RHEED geometry waves with loyis| tend to be region” around each reciprocal surface lattice vector. The
strongly excited [20,26,27] and move nearly parallel to theextension As of the region is abouRs/L where L
disordered surface layer. Thus, the probability of beingdenotes the typical length of short range correlations in
scattered by the nonperiodic potent@&V is very high. the system. For a stepped surfateis related to the
Waves with high|ks| are usually only weakly excited. mean terrace width. It is now physically evident that
Furthermore, if these waves are propagating ones, they will monotonically decreases with the step dengityand
As increases withp. For the geometrical terrace size

[TTT[TTTT[TTTTTTTT[TTTITTTTT] distribution in one dimension and fixed coverage, « p
B holds to a very good approximation.
b step density: The latter behavior in conjunction with property (ii)
means that with increasing step density the majority
of the |ks| components of the relevant diffuse waves
becomes large. This is nothing but the fact that a
RHEED pattern becomes more streaky if the lateral short
range order parallel to the incident beam azimuth is
reduced. Waves with largés| components, in turn, tend
to couple only weakly with the strong waves [property
()]. Consequently,the multiple scattering interaction
between the strong (diffracted) waves and the diffuse
waves decreases with increasing step density and for this
reason the loss of diffracted intensity due to the diffuse

incident angle (deg) scattering is expected to behave in the same manner
FIG. 2. Total diffracted intensity versus incident angle from [N Fig. 2 we show the loss of the diffracted intensity,

Si(100) for various step densities at half coverage. The electrofalculated for half coverage and high step densities up to
energy is 15 keV, the incident beam azimuth(s1]. p = 0.5. It has been claimed that especially b= 0.5
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