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Statistical treatment of dynamical electron diffraction from growing surfaces
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Statistical methods developed previously for the evaluation of the electrical conductivity of metals
and the description of the propagation of waves through random media are applied to the problem of
scattering of high-energy electrons from a rough growing surface of a crystal where the roughness is
caused by local fluctuations of site occupation numbers occurring during the growth. We derive the
relevant Dyson and Bethe-Salpeter equations and define the short-range order correlation functions
that determine the behavior of the reflection high-energy electron diffraction (RHEED) intensities.
To analyze the temporal evolution of these correlation functions, we employ an exactly solvable
model of the local perfect layer growth [A. K. Myers-Beaghton and D. D. Vvedensky, J. Phys. A
22, L467 (1989)]. Our approach makes it possible to separate individual contributions of various
processes that give rise to oscillations of the RHEED reflections. We found that provided that the
Bragg conditions of incidence are satisfied, it is the diffuse scattering by the disordered surface layer
which is largely responsible for oscillations of the RHEED intensities. The temporal evolution of
the angular distribution of the diffusely scattered electrons exhibits the effect of enhancement of the
intensity of the Kikuchi lines with increasing surface disorder, as was observed experimentally [J.
Zhang et al., Appl. Phys. A 42, 317 (1987)]. An explanation of the origin of this phenomenon is
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given using the concept of the final-state standing wave pattern.

I. INTRODUCTION

In recent years it has been recognized that reflec-
tion high-energy electron diffraction (RHEED) provides a
unique tool for in situ monitoring of the molecular-beam
epitaxial growth of surfaces of semiconductor crystals.!+2
The observations carried out by Harris, Joyce, and
Dobson® and Van Hove, Lent, Pukite, and Cohen,* and
subsequent studies® have shown that in many cases there
exists an explicit one-to-one correspondence between the
number of maxima or minima on the curve describing
the temporal evolution of the specular RHEED intensity
and the number of new atomic layers grown on the sur-
face of the crystal. Several theoretical models have been
developed in order to understand the origin of these in-
tensity oscillations,®™® and it is now a well established
fact that a theoretical consideration of the problem must
include multiple scattering of electrons by atoms of the
crystal.l? There exist two distinct types of scattering,
namely, elastic or coherent scattering, which is associated
with the long-range order in the distribution of atoms in
the substance, and diffuse or incoherent scattering, re-
sulting from local fluctuations of the parameters charac-
terizing the structure of bulk and surface atomic layers.
Both types of scattering have to be included in a con-
sistent theoretical treatment of scattering of high-energy
electrons in order to give a realistic description of the
observed evolution of the diffraction pattern.
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To simulate the effects of multiple coherent scatter-
ing one needs to calculate the intensities of the RHEED
diffraction spots by the dynamical theory of electron
diffraction. Such calculations for a surface growing dur-
ing molecular-beam epitaxy have been carried out re-
cently by Peng and Whelan'! and Mitura et al.}? The
former authors employed a “systematic” approximation
in calculating dynamical RHEED intensities, and only a
layer coverage factor ©,, for the nth layer was taken into
account in calculating the interaction potential between
the fast electron and that layer. During growth ©,, varies
between zero and unity as the arriving atomic species fill
the layer and the interaction potential for the nth layer
in the systematic approximation is proportional to ©,,.13
No statistical fluctuations of the atomic site occupation
probabilities within atomic layers were considered.

At the same time there were firm experimental
indications,> 4716 confirmed by the results of more recent
studies,!” 19 that fluctuations of surface morphology and
other processes leading to incoherent scattering strongly
affect the temporal evolution of the RHEED pattern, and
in many cases the effect of these fluctuations actually de-
termines the entire form of the observable intensity distri-
bution. One of the first attempts to include the effect of
such fluctuations in the dynamical diffraction approach
was that of Ichimiya,?2° who applied Kirchhoff’s approx-
imation to the description of scattering by a crystal the
surface of which consisted of relatively large flat regions.®
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Ichimiya showed that the effect of fluctuations of surface
morphology can lead to a modification of the effective in-
teraction potential between the high-energy electrons and
atoms belonging to partially filled atomic layers?° (in a
more rigorous form this idea has been analysed later?!).

An alternative formulation, which emphasizes the im-
portance of the scattering processes by the disordered
surface layer has been developed by Meyer-Ehmsen et
al.,?? in which a two-layer model is used to qualitatively
explain the origin of the effects of diffuse scattering ob-
served by Zhang et al.?® and Larsen et al.?* (see also Ref.
25). In Ref. 22 it was noted that there exist various types
of incoherent scattering, some of which can be attributed
to the effects of surface disorder, while others result from
inelastic scattering followed by vibrational and electronic
excitations in the crystal bulk (for a discussion of the ef-
fects of inelastic scattering in RHEED, see Ref. 26). A
simple qualitative model which takes the surface disorder
into account in terms of refraction and total reflection of
waves was proposed by Lehmpfuhl et al.?”

Recently, Korte and Meyer-Ehmsen?®73° have devel-
oped an approach which is based on the first-order per-
turbation expansion of the nonlinear equations for the
so-called R matrix. The difference between the exact
and the configuration averaged potential was considered
as a perturbation, giving rise to a contribution to the
surface reflectivity resulting from the nonperiodic part of
the interaction. This approach requires averaging bilin-
ear combinations of the first-order terms thus obtained
which, in some cases, can be performed analytically. In
other cases, the problem of averaging bilinear combina-
tions of the nonlinear R-matrix equations may encounter
difficulties (e.g., when interlayer correlations have to be
taken into account), in which case the application of the
technique described in Refs. 28-30 would require explicit
numerical computation of the intensity distributions for
various statistical configurations of the system.

At present, therefore, there exists no consistent ap-
proach to describing the scattering of high-energy elec-
trons from a growing surface which takes into account
both multiple coherent and multiple incoherent scatter-
ing, and which would in principle allow us to avoid per-
forming statistical averaging of the numerically computed
scattering cross section over all possible configurations of
the system. The stimulus for formulating such an ap-
proach is provided largely by recent progress in the un-
derstanding of the statistics of the microscopic dynamics
of molecular-beam epitaxial growth3! 734 and the nonlin-
ear kinetics of transport of atomic species on growing
surfaces.35738 In fact, there are now available both an-
alytical approaches (see, e.g., Ref. 34) and numerically
manageable techniques,® which make it possible to ana-
lyze the temporal evolution of the many-particle correla-
tion functions characterizing the nonequilibrium density
fluctuations in the growing surface layer. The remaining
and largely unsolved question concerns the possibility of
reliably determining these correlation functions from the
experimentally observed RHEED patterns.

In this paper, we develop a method which makes
this problem more tractable for analytical and numerical
study. Our method is based on a generalization of the
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techniques developed previously for the evaluation of the
conductivity of metals containing randomly distributed
impurities,3® the calculation of amplitudes and phases of
waves propagating through a random medium*’™*3 for
the case of diffraction of high-energy electrons by a sta-
tistically disordered growing surface. We formulate the
Dyson equation describing multiple coherent scattering
of electrons by the averaged distribution of atoms over
the lattice sites, and the Bethe-Salpeter equation, which
takes into account the processes of multiple incoherent
scattering of the electrons by fluctuations of the interac-
tion potential occurring in the surface layers of the crys-
tal.

One feature of our formulation which distinguishes
our method from previous approaches to the problem is
the possibility of proving the statement that the system
of Dyson and Bethe-Salpeter equations is self-consistent
and satisfies the requirement of conservation of the to-
tal current density. The importance of this point follows
from the simple observation that the total intensity of
the RHEED diffraction spots in many cases does not ex-
ceed several percent of the incident beam intensity, while
it is well known that the total probability of an elec-
tron being scattered towards the backward hemisphere
at grazing incidence often exceeds 80%.%** An implemen-
tation of the probability conservation principle makes it
possible to classify various processes according to their
contribution to the RHEED pattern and to determine
which of them are responsible for the observable tem-
poral evolution of the RHEED intensities. One of our
conclusions is that, provided the Bragg conditions of in-
cidence are satisfied, it is the diffuse (incoherent) scat-
tering by fluctuations of the interaction potential in the
disordered surface layer which gives rise to the RHEED
intensity oscillations. We establish the form of the corre-
lation functions which describe the evolution of the sur-
face morphology in relation to the temporal behavior of
the RHEED diffraction pattern. We show that in the
case where the short-range disorder dominates, the dif-
fuse scattering cross section is a functional of the two-
particle connected correlation function®® characterizing
the distribution of pairs of atomic species among the lay-
ers of the growth front. Making use of an exactly solvable
model,3® we can evaluate this correlation function ana-
lytically, and follow the temporal evolution of the diffuse
RHEED intensity distribution. We find that, provided
the position of the specular reflection lies in the vicin-
ity of a particular Kikuchi line, the intensity of this line
is enhanced strongly with increasing surface disorder, as
was observed by Zhang et al.?3.

II. THE DYSON AND
THE BETHE-SALPETER EQUATIONS

As is well known the wave function of the electron is
not an observable quantity and it is the bilinear combina-
tion of two wave functions which is relevant to the prob-
ability distribution and which can be employed for evalu-
ation of the matrix elements of any quantum-mechanical
operator (see, e.g., Ref. 46), for instance, the current
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density of scattered electrons. In the statistical theory of
scattering we are therefore interested in the determina-
tion of the function which describes the propagation of
an electron from the source towards the detector through
a medium, only the statistical properties of which (i.e.,
some average values and their momenta) are known. If
G(r,r') is the Green’s function which describes the prop-
agation of an electron from the source S(r’) towards the
observation point r through a particular statistical con-

figuration of a medium, then the wave function is given
by

¥(r) = /dr'G(r,r')S(r'), (1)

and the quantity to be evaluated in order to calculate the
scattered intensity is

O(r,r|r', 1)) = (G(r,r')G*(r1,T}))
= (G(r,r')Gt(r'l,rl)), (2)

where (---) denotes an average over all the possible con-
figurations of the system and Gt is the Hermitian conju-
gate of G. Here we are primarily interested in the case
where fluctuations result from statistical disorder occur-
ring in the distribution of atoms over the lattice sites
and we do not consider dynamical fluctuations, partic-
ularly electronic excitations, methods of treating which
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have been developed recently.*”#® If the wave function
¥ (r) satisfies the Schrodinger equation

[—h—zvz + U(r)] ¥(r) = E¥(r), 3)

where E = h?k?/2m, then G(r,r’) can be defined as a
solution of the equation

[E + h—2v2 U(r)] G(r,r') = §(r — ). ()

Formally, the solution of (4) can be represented in the
form
A 1

G=— (5)
E-K-U+10

where K and U denote kinetic and potential energy op-
erators. We now consider the product GG' and proceed
to find the average of this quantity. We define the fluc-
tuating part of the interaction by

§U = U — (), (6)

and expand each of the Green’s functions entering (GG')
in a Born power series over §U, namely,

fi=(G6Y = ([—p et et 5 1
E-K-(0)+i#0 E—-K-(U)+i0 E—K—(U)+i0
1 so— Y sp 1 +or]
E-K—(0)+i#0 E-K-(0)+i0 E—K—(U)+10
1 1 . 1
x[ = = + = = —4 = = -
E-K—(U)-i0 E-K—(U)-i0 E—-K—(U)-i0
N 1 N 1
PRSI, S S — ——+-]), (7)
E-K—-(U)—i0 E-K-—(0)—i0 E-K—(U)—10

where we have taken account of the fact that both K and
U are Hermitian operators.

To carry out the averaging in Eq. (7) we use
the diagrammatic approach proposed by Edwards3?
and described in detail by Abrikosov, Gorkov, and
Dzyaloshinskii.*® We represent each of the Green’s func-
tions G and G! in the form of the series of diagrams as
depicted in Fig. 1. The meaning of each diagram is ev-
ident from comparison of Fig. 1 with the structure of
each of the two series in the right-hand side of Eq. (7).
Performing step-by-step averaging of various terms re-
sulting from multiplication of these two series, and using

1
|
{
G= + SR T S

+ +...

FIG. 1.
function G.

The diagrammatic representation of the Green’s

the rules described in Ref. 39, we arrive at the sequence
of diagrams shown in Fig. 2.

There exist explicit analytical expressions correspond-
ing to each of the diagrams shown in Fig. 2. For example,
the diagram marked (f) in Fig. 2 can be represented in
the analytical form as follows:

IR AR
1 = 4
" A R B R N
I - L\ AN
(a) ® (e) (d) (e)
< \\WA T T 7 T T
+ \/!/ + x + 101+ Y o+ /4\ +
AN | AN
(6] (9) (h) (&) (9)
FIG. 2. The series of diagrams representing various terms

resulting from averaging of the product of two Green’s func-
tions.
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— () = - ;
fI i +I ’ fI > f
FIG. 3. The Bethe-Salpeter equation. FIG. 5. The Dyson equation.
1 o L | 1
: sU — U e oU ;
E-K-(U)+10 E-K-{U)+i0| E-K—-({U)+i#0 FE-K-(U)+10
I
X ! oU ! , (8)

E—-K - (U)-i0

where each pair of operators 6U connected by a dashed
line corresponds to the correlation function of the form
(6USU) [note that in accordance with the definition (6)
we have (6U) = 0]. Analyzing the structure of various
combinations of diagrams we see that the entire infinite
sequence of diagrams can be generated by iterating the
equation shown in Fig. 3, where the filled rectangle rep-
resents the sequence of nonrepeating diagrams depicted
in Fig. 4. The thick lines in Figs. 2, 3, and 4 correspond
to the averaged Green’s functions (G) and (G') satisfy-
ing the equation shown in diagrammatic form in Fig. 5.
In Fig. 5 the filled circle represents the series of nonre-
peating diagrams depicted in Fig. 6. The diagrammatic
relationships shown in Fig. 3 and Fig. 5 are the Bethe-
Salpeter and Dyson equations, respectively. The basic
advantage of the diagrammatic representation of these
equations consists of the possibility of classification of
various processes of incoherent scattering with respect to
their contribution to the averaged direct product of two
Green’s functions II = (GG').

Considering the problem of scattering of a fast electron
(~ 10%-10° eV) by an atom, we notice that there exist
two inequalities which make it possible to separate the di-
agrams entering the Dyson and the Bethe-Salpeter equa-
tions into two groups, with one of these groups giving
the major contribution to the cross section. The first in-
equality follows from comparing the electron wavelength
A with the effective radius of screening rs., of the poten-
tial of an atom.*® For high-energy electrons

A K Tsery (9)

which results in the scattering cross section of electrons

T 7 T
= 0o+ X+
| /\ AN\
| /[ 1
VA ! i
+ M+ x N AL
| I
1 L\ I l
FIG. 4. The sequence of nonrepeating diagrams entering

the Bethe-Salpeter equation.

E—-K—(U)-i0

f

by atoms being strongly peaked in the forward direction,
ie., |f(m)|/|f(0)] <« 1, where f(6) is the amplitude of
scattering.

Another inequality which often holds for fast electrons
(the kinetic energy of which is in excess of 10 keV) is the
condition for the validity of the Born formula, namely,

hzk/rscrm > (|6U(r)]}, (10)

where k = 2w /A. This justifies the acceptability of the
approximation which is quadratic in 6U and which in
many cases makes it possible to obtain reliable qualitative
results even beyond the limits defined by inequality (10)
(see, e.g., the discussion in Refs. 40 and 21).

Application of the inequality (9) to the series of di-
agrams shown in Fig. 6 and Fig. 4 rules out all the
diagrams containing crossing lines, which describe pro-
cesses involving at least one large-angle scattering event.
The second inequality (10) makes it possible to neglect
all the diagrams containing more than two connected
dashed lines, each of which corresponds to the fluctuating
part of the interaction. As a result, the Bethe-Salpeter
and Dyson equations acquire the following forms, respec-
tively:

I = (G)(GY) + (G)(sUTIST Y (GY) (11)
and

(G) = Go + Go(U(G)6U)(G) | (12)

where Gy = (E — K — (U) 4 40)~L. It should be noted
that Eq.(12) coincides with Eq.(39.7) of Ref. 40, which
was derived by making use of arguments similar to those
outlined above.

Using (2), we can define the statistically averaged one-
particle density matrix of the high-energy electron as

p(r,ry) = /dr’dr'll'l(r,r1|r’,r’1)S(r')S‘(r'1). (13)

As follows from (11), this density matrix satisfies the

AN
AN NN AN VAN
o - + - L + + -

FIG. 6. The sequence of nonrepeating diagrams entering
the Dyson equation.
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equation
p = bo + (G)(SURST)(GT), (14)

the real space representation of which is

p(r,x') = po(r,*') + / / dRdR'(G(r, R))(G" (', R'))
x (§U(R)6U (R'))p(R, R'). (15)

The first term on the right-hand side of Eq. (15) repre-
sents the incident wave and the associated elastic scatter-
ing. The second term on the right-hand side has the same
meaning as the collision integral in the classical Boltz-
mann transport equation. In other words, the approach
employing Eq. (15) can be considered as the quantum-
mechanical generalization of the theory of multiple scat-
tering, the classical counterpart of which is based on the
transport equation. An important difference between the
classical approach and the present quantum-mechanical
consideration lies in the fact that Eq. (15) describes mul-
tiple incoherent scattering in the averaged potential field
(U(r)), and generally speaking there exists no inequality
restricting the rate of variation of this field within the
effective range characterizing separate scattering events
by statistical fluctuations of the interaction potential.

Before deriving approximate solutions of Egs. (12)
and (14), we first prove that these equations are self-
consistent and that they conserve the total number of
particles in a closed system. The quantum-mechanical
current density is given by

oy _ Ao, '
i) = 2= (V' = V) p(r,e)| - (16)
Therefore
s fe _ _ﬁ 2 __ 2 /
div{j(r)} = 2 (V v )p(r,r ) e
Tt a
= E[KP] — (17)

where [Kp] = Kj — pK is the commutator of K and j.
The conservation of the total number of particles requires
the flux of j to vanish over an arbitrary surface ¥ with
area element da and volume V enclosing the crystal. This
flux is given by

/z daj(r) = /V dr div{j(r)} = TTe[K7) (18)

Therefore we need to show that the trace of the com-
mutator [K p] vanishes. We first note that according to
Eq. (12)

(G)™t = Gyt — (8U(G)sU). (19)
We also have

Gt =E-K - (U), (20)

po = (G)S5K(GY), (21)

where § is the source function defined in Eq. (1), and
(G)™! = E — K — U.g, where U.g is the non-Hermitian

14 529

potential defined later [Eq. (35)].
Consider the operator () defined by

Q=(G)'p—p(GH". (22)
We evaluate TrQ by substituting from Egs. (19) and
(20) and noting that Tr{(U)p} = Tr{p(U)}. This leads
to an expression for Tr[Kp] in terms of TrQ and addi-
tional terms. Alternatively, TrQ can be obtained by sub-
stituting from Eq. (14) for g, noting that from (21) both
(G’)‘1 po and po(G1)~! are zero, since the source function

~

S vanishes inside ¥. We obtain
Tk 4] = Tr{(G)(60580)} — Te{(8Up50)(G1)}
+Tx{p(60(G")8U)} — Tx{(6U(G)60)4}. (23)

Since the trace remains invariant under cyclic interchange
of operators and p and (G) (being statistically aver-
aged) may be moved freely through the angular averaging
brackets, we arrive at the result

Tr[f{ﬁ] =0, (24)

which leads to the conservation of the total number of
particles. In what follows we use this condition for the
quantitative evaluation of individual contributions to the
cross section resulting from various processes of incoher-
ent scattering and for identifying the dominant mecha-
nism behind the temporal evolution of the RHEED in-
tensities.

III. THE LOCAL PERFECT LAYER
GROWTH MODEL

As follows from Eqgs. (11) and (12), or (15), within the
approximation which is quadratic in 6U, it is the correla-
tor (U (r)éU(r')) which is responsible for the contribu-
tion of (multiple) incoherent scattering to the RHEED
pattern. Representing the interaction potential in the
form of a sum of potentials of separate atoms

U(r) =) _nU(r — Ra), (25)

where the summation is performed over all the sites of
the infinite three-dimensional lattice of the crystal, and
N, is the occupation number of a particular site, we arrive
at

(U(r)sU(r")) = Y U(r - R)U(r' — Ry)
a,b

X({nans) — (na)(ns))- (26)

The averaged occupation number (n,) in this equation
represents the probability ©, of finding an atom at the
lattice site a, which in the case of a growing surface has
the same meaning as the coverage of the layer contain-
ing the site a. The quantity v, = (n.ns) denotes the
probability of finding both atomic sites a and b occu-
pied. The function Fup = vap — ©,0; is the two-point
connected correlation function,?® and it is this function
which primarily determines the form of the cross section
of incoherent scattering.
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Finding F,; [which in the case of epitaxial growth de-
pends on time, i.e., Fyp = Fup(t)] requires the many-
particle distribution function characterizing the nonequi-
librium evolution of the growing surface. To evaluate this
quantity, we consider an exactly solvable model, namely,
the model of local perfect layer growth, which provides
a reasonable approximation to the actual evolution of
the surface morphology, and for which the many-particle
correlation function can be found exactly.35:3¢ In this
model the surface is divided into square subsections of
side length N, each containing N2 sites. We impose the
condition that an atom arriving in a particular subsection
must go into the lowest unfilled layer in that subsection,

0, when L < N%(a-1),
[L - N2(a — 1)]/N?,
1, when L > N2a

pa(L) =

Averaging this over the distribution (27), we obtain

= pa()Fi(t)
=0

N2«

(Nzt/T)N’(a—l)Jrl
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and within a particular subsection only two heights may
coexist at a given time. Taking into account the fact that
subsections are statistically independent and assuming
that the rate of deposition is 7! monolayers per second,
the probability of finding L atoms in a given subsection
at the time t is given by the Poisson distribution

Pr(t) = [(Nzt/*r)L/L!] exp(—N?t/T).

To determine the coverage ©4(t) of a particular layer o
we note that, according to our definition, provided that
we have L atoms in the subsection, the probability p, (L)
of finding an atom at the site a belonging to the layer o
is

(27)

when N%(a—1) <L < Nia,

N2
=1- Z[(Nzt/*r)l/l!] exp(—N?t/7) + Z [ Vi(a
=1

=0

To evaluate the two-site connected correlation function,
we need to distinguish between two possibilities, that
both the site a and the site b can belong to the same
subsection by a suitable location of the subsection, and
that a and b are separated in the lateral direction by a
distance exceeding the size of a subsection and therefore
cannot belong to the same subsection whatever its loca-
tion. In the latter case Fyp(t) = 0, due to the statistical
independence of different subsections.

J

iz — i

Fio,i8(t) = [Omax{a,s}(t) — Oalt)©Op(t)] (1 - N

(Nzt/‘r N%(a—1)+1
-H%BZ [{Nz (a—1)+ 1}

where 8 is the Kronecker delta symbol, and max{«a, 5}
denotes the largest of the two integers a and (3. As
expected, the function Fi, i'g(t) in (29) vanishes at the
edges of a subsection, i.e., if |i; —i,| = N or [iy —i,| =
N. At each particular time this function can be repre-
sented in the form of the four-dimensional array of size
N x N x N; x N;, where N; is the number of partially
filled atomic layers.

In some cases it is more convenient to consider the tem-
poral evolution of a scalar quantity which characterizes

“1) + Iy

(I/N?) exp(—NZ2t/T). (28)

Considering two sites belonging to the same subsec-
tion, we introduce the coordinates characterizing the po-
sition of each site in a three-dimensional crystal lattice:
a = (iz,iy,a) and b = (ig,1,,0). Having considered
three cases a = 3, a > 3, and a < 3, and averaging var-
ious configurations with the distribution function (27) as
well as taking into account the possibility of an arbitrary
choice of the origin, we obtain

)(-25)
() -
o () )]

-1
_]\—7§~—1) exp(—N?t/T)

(29)

[

the morphology of the growing surface, rather than the
time dependence of the elements of a large matrix. The
density of steps was defined in Ref. 52 as a phenomeno-
logical scalar parameter, which makes it possible to fol-
low the temporal transformations of the growing surface
between flat and rough states, and which was shown to
provide a good qualitative (and in some cases even a
quantitative; see, e.g., Refs. 18 and 53) approximation
to the observable evolution of the specular RHEED in-
tensity. Within the framework of the local perfect layer
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growth model this quantity is defined as follows:
N-1N-1
D=N"23"% {[l = 8(hnp, hnps1)] + [1 = 8(hn g, hntr,)]}
n=1 l=1
N-1 N-1
+N723 " (1= 6(hn i b)) + N2 [1 = (kv hnsa,N)] s (30)
=1 n=1
where h,, ; is the integer height of a column at position (n,l) on the surface. Averaging of (30) results in
o N? N%*(a—1)+l
4(N -1) (N?t/T) l 1-1 2
= =" — |1- —N?%
b N Z“Z (Ma-D iz !~ waog ) e
a=1[l=1
oo [ N? 2., \N?(a—1)+l N? 2y \N?(a—1)+1'
2 (N"t/T) 2 (V?t/T) 2
— —N*“t 1- —N*t
+NaZ=1 [121 {Nz(a—l)-{-l}! exp( /T) l,gl {NZ(a_1)+ll}! exp( /T)
oo N? 2 N? 2 '
2 (Nzt/,,.)N (a—1)+l (N"’t/r)” (a—1)+ . 140 w
— —2N*“t —2— 31
+N;; VP a-D+1} & (N(a—1)+ ) exp( I\~ e (31)
I
In the limiting case N — oo the local perfect layer U = (U) + (8U(G)8U), (35)

growth model coincides with the perfect layer growth
model, in which only one layer is not completely filled
at a particular time. In this case formula (31) reduces to
D(t) = 46(t)[1 — O(t)], where O(t) is the coverage of the
growing layer. At the opposite limit N = 1 we obtain®®

D) =2 [1 — exp(=2¢/7)Io (?)] , (32)

where Io(z) is the modified Bessel function.

In the following section we apply the results obtained
above to the analysis of the temporal evolution of the
RHEED pattern.

IV. NUMERICAL RESULTS AND DISCUSSION

We start from the definition of the scattering cross sec-
tion. It is well known that in order to define the ampli-
tude of scattering one needs to consider the asymptotic
behavior of the wave function of the continuous spec-
trum at large distances from the region occupied by the
interaction potential. In a similar way, in order to define
the cross section of scattering, we need to consider the
asymptotic behavior of the density matrix given by Eq.
(15).

The first term on the right-hand side of Eq. (15) de-
scribes the coherent scattering. For the case of a plane
wave incident on the specimen,

Winc(r) = exp(ikng - 1), (33)

the first term on the right-hand side of Eq. (15) is given
by (see, e.g., Refs. 54 and 50)

po(r,r') = TLH ()@ (e)]* (34)

kng kng

where \Ilgl';) (r) is the solution of the Schrodinger equation
with the effective non-Hermitian potential

a method of numerical evaluation of which was consid-
ered in Ref. 21. The asymptotic behavior of (34) at large
distances from the specimen is given by

exp(ikr) ., exp(—tkr’)
— F*(n,no) ——=

po(r,r’) = F(n,no) o

(36)

where each function F(n,ny), representing the amplitude
of coherent scattering, can be found by carrying out the
dynamical RHEED calculations.

To evaluate the asymptotic form of the second term on
the right-hand side of Eq. (15) we employ the spectral
representation of the Green’s function (see the Appendix
for the derivation)

g exp(iq- )T ()

(G(r,x)) = (27)®  Ep—Eq+i0

(37)

where Ej = h2k2/2m and E; = h2q2/2m. The asymp-
totic form of (37) is

m  exp(ikr)
2wh? T
where n = r/|r|. The cross section of scattering is then
the sum of two terms, the first being the cross section of

multiple coherent scattering, and the second one being
the cross section of multiple incoherent scattering:

L) = (o + (5 )2

(G(r.r")) ~ — v (), (38)

do 2h2
« [ [ arare @, @t @)1
x (§U(R)6U (R'))p(R, R'). (39)

There are two processes contributing to the second term
on the right-hand side of this equation, namely, diffuse
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scattering caused by fluctuations of the lattice site oc-
cupation numbers n, occurring during the growth (dis-
order diffuse scattering, DDS) and the diffuse scattering
resulting from thermal disorder (thermal diffuse scatter-
ing, TDS). In this paper we consider the first type of
diffuse scattering, no consistent treatment of which has
been given so far within the framework of the statistical
dynamical diffraction theory.

We consider the initial stage of growth when the disor-
dered surface layer remains relatively thin (this implies
explicit limitation on the value of ¢, for in the local perfect
layer growth model the effective interface width increases
as t1/2 for any finite N) and the probability of incoherent
rescattering of electrons by the density fluctuations in the
surface layer remains relatively small. In this case, sub-
stituting (26) for (0U(R)SU(R’)) and (34) for p(R,R’)
in the second term on the right-hand side of (39), we
arrive at the cross section of single diffuse scattering

[da(n, ng)]
do DDS o ,,
(T (R)]"F(R - Ra)f(R' — Ry)
<) (RO (R, (40)

kng

3 Fup / JRIR'TY) (R)

where we have defined the real space representation
of the atomic scattering amplitude as f(r — R,;) =
—(m/27h*)U(r — R,). In principle, as shown in Ref.
21, Eq. (40) must also be averaged over all the possible
thermal displacements u, of atoms from their equilibrium
positions R,. However, a simple estimate shows that if
we are interested in the differential cross section of inco-
herent scattering through relatively small angles (of the
J
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order of the Bragg angle), this averaging has almost no
effect on the computed intensity distribution.

It should be emphasized that in accordance with our
proof (20), formula (40) is consistent with Eq. (12) in
the sense that the total cross section of scattering can be
evaluated either by integrating (40) over all directions of
n, or by evaluating the rate of “absorption” of electrons
by the non-Hermitian part of the effective potential in the
Schrodinger equation for \Il(+) (R) [see, e.g., Eq. (16) of
Ref. 21]. The second method appears to be less demand-
ing computationally, and we will follow this approach in
order to estimate the relative contributions of DDS and
TDS to the total cross section of incoherent scattering.

In q space the effective non-Hermitian potential (35)
can be represented in the form of a sum of three terms,?!

Ueg = (U) + U(TPS) 4 g(PDS), (41)
The first term is the ordinary interaction between the
fast electron and the atoms of the crystal averaged over
all the statistical configurations, viz.,

(U(a,q)) = i Zeafa a-4q)
X eXP[—z q-4')-Rg]
x exp[—Ma(q — q')], (42)

where f,(q) is the Born electron-atom scattering am-
plitude and exp[—M,(q)] = exp [—((a- u)2)T/2] is the
Debye-Waller factor.

The second term results from the thermal motion of
atoms, viz.,

U(T08)(q, q) = —z—Zez / dQfa(a - Q)fa(Q — a')5(Q? — k2) exp[—i(a — ') - Ra]

x{exp[—~Ma (a — )] — exp|~Ma(a — Q)] expl~Ma(a’ — Q)]}. (43)
The third term arises as a result of statistical disorder in the distribution of atoms over the lattice sites,?® viz.,
B2
{7(DDS) n_ ;v o2 _ o
(@a) = =703 (0.~ 0)) [ dQfe(a-Qfe(Q@-d)
x exp[—i(q — q') - Ra] exp[~Ma(q — q')]6(Q* — k7). (44)

Note that this term does not appear in models where
each atomic potential is assumed to depend on time
via a deterministic factor ©,(t).!1'12 To evaluate U/(TDPS)
and U®DS) pumerically, one needs to perform two-
dimensional integration over the entire solid angle of 47
as described by Bird and King.?® For the purpose of nu-

merical evaluation of \II(+) ,(R) and \Il(jc)n(R) it is more

convenient to use the Doyle Turner representation of the
effective interaction potential, which consists of an ana-

lytical fit to the atomic scattering factor of the form
J

r

s) = Z a; exp(—b;s?), (45)

where s = g/4n. In real space the potential of a single
atom can be expressed in terms of a set of coefficients

{a;,b;} as
x 3/2
Ut = -2 5, (:—) exp(~4m’r?/b;),  (46)

mo
where my is the electron rest mass. In the present study
we used the following representation for f(s):

5 3
£ (s) = 03 al exp(—[b§") + uls?) +i0? Y a{™>® exp(—[6{""% + p/2]5%)

i=1 j=1

3
1i(© - %)Y 0PV
=1

[b(DDS) +l‘]3 )

(47)
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TABLE L.

The coefficients of the Doyle-Turner expansion (47) for atomic As and Ga for F = 14
keV and T = 800 K.
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T S ) Sy W ) SR vy S R
1 2.236807 0.378741 1.013115 47.638923 2.902726 2.967957
2 2.839050 0.644963 0.967085 13.820734 1.396553 0.327727
3 1.445425 -0.091111 0.285496 2.673381 0.184380 0.023353
4 0.637972 0.0 0.0 0.619943 0.0 0.0
5 0.153667 0.0 0.0 0.071465 0.0 0.0
R < S ) S ) S 0 S S Rl
1 2.131248 0.268100 0.899768 69.589595 3.317216 2.584799
2 2.512511 0.667653 0.831471 17.413796 1.314195 0.309689
3 1.605124 -0.114010 0.245848 3.170213 0.224565 0.022662
4 0.691159 0.0 0.0 0.704249 0.0 0.0
5 0.156772 0.0 0.0 0.076906 0.0 0.0

where p = 87%(u?). All the parameters {a;,b;} enter-
ing (47) have been determined by Levenberg-Marquardt
fitting®’ to the Doyle-Turner form of data taken either
from the International Tables for z-ray Crystallography®®
or evaluated by two-dimensional integration of (43) and
(44). The results obtained for Ga and As atoms are sum-

marized in Table I (note that the coefficients a(TDS) nd

b{™PS) are temperature dependent, while the other coef-

ficients are not).

As follows from (43) and (44), the effective interac-
tion U(®) is periodic within any plane parallel to the
initially flat surface of the crystal and so can be ex-
panded as a two-dimensional Fourier series U(f)(r) =
> ¢ Ue(?) exp(ig - x), where g is a two-dimensional re-
ciprocal lattice vector and x = (z,y). Each of the wave
functions lIISc:()) (R) and ‘Il(_*;c)n(R) can be represented in a

similar form as two-dimensional Bloch functions,

v (R) =Y 20 (2) exp{ilk(mo) +g] - x}, (48)

knu

resulting in a system of coupled second-order differen-
tial equations for the functions @éo)(z). This system of
equations in most cases has to be studied numerically,
and two types of approximation have in the past been
employed. One®® requires the expansion (48) to include
as many terms as possible (e.g., more than a hundred),
while the other (see, e.g., Refs. 11 and 60) is essentially
a one-dimensional approximation, i.e., it includes only

one term of the series (48), namely, Qf,o)(z). In princi-
ple the first approach should be followed, but in many
cases this involves substantial computation which some-
times hinders a qualitative understanding of the results
obtained. The second approach has the serious disadvan-
tage of being basically qualitative, and, in particular, does
not take into account the phenomenon of the resonance
scattering.6? ¢ However, numerical implementation of
this technique is far simpler, which is particularly advan-
tageous if, as here, a preliminary analysis of dynamical
effects has to be performed. All the results described
below have been obtained using this one-dimensional ap-

proximation ‘115;1 (R) = ng)(z)exp[ik(no)” - x|, which
was described in detail in Refs. 11 and 60.

We start from an evaluation of the total diffuse scat-
tering cross section. Following Mott and Massey,%® we
express the total current of diffusely scattered electrons
in terms of the imaginary part of the effective interaction
potential as

/ da (j(OPS) 4 §(TDS)
P>

:-%/ dr ImU(eﬁ)(l‘)|‘I’§;)(r)|2- (49)
v

In the case of one-dimensional diffraction the diffuse scat-
tering cross section per unit surface area is

o{PP%) = (Avsin o) ~? /z da j(PP9)

- m / dz UPDP9) ()18 ()12, (50)

where (o is the grazing angle and A is the area of the
surface. Taking into account the conservation law (24),

we obtain that |R|Z + atDDS) + t‘ftDs) = 1, where |R|2
is the coherent intensity. This equality makes it possi-
ble to evaluate the relative contributions of diffuse and
thermal diffuse scattering to the total incoherent scatter-
ing cross section for any particular value of {p, avoiding
the necessity of carrying out direct numerical integra-
tion of the second term on the right-hand side of Eq.
(39) over the entire solid angle 47. Figure 7 shows the

dependence of the coherent intensity |R|? and the cross

sections 05395) and U(TD ) on the grazing angle (o at

various times. As follows from the results shown in Fig.
7, in the region where the surface reflectivity is apprecia-
ble the TDS cross section (ag;DS)) is almost insensitive
to the conditions existing at the surface, and the coher-
ent intensity varies in antiphase with respect to aé?tDS).
This points clearly to the fact that it is the variation
of the surface morphology which is largely responsible

for oscillations of the specular RHEED intensity in the
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FIG. 7. The probabilities for various channels of scatter-
ing versus the grazing angle of incidence for a singular GaAs
(001) surface. The parameters are T = 800 K, N? = 16,
E=14keV,and 7' =1 ML/s'.

vicinity of the Bragg conditions of incidence (i.e., where
the coherent part of the surface reflectivity is sufficiently
large).

To understand this in more detail, we analyzed the
temporal evolution of the coherent intensity |R|2 and the

diffuse scattering cross section U,EEDS) for the (008) Bragg
condition, where the peak of the reflectivity at F = 14
keV corresponds to (o = 3.72°. The results obtained for
two different sizes of a subsection are depicted in Figs.
8 and 9. For comparison, the upper curve in each figure
shows the temporal evolution of the step density (31),
and there is an apparent similarity between the curves
describing the dependence of the diffuse scattering cross
section at(?tDs) (t) and the density of steps D(t). It should
be emphasized that elimination of the contribution of the
diffuse scattering [i.e. the term (44)] from the effective
interaction potential U/ (¢f) changes the phase of the os-
cillations of |R(t)|2 by 7 and there remains no similarity
between the behavior of |R(t)|2 and —D(t).

A possible explanation of this phenomenon (note that
the existence of a strong correlation between the tem-
poral evolution of the specular intensity and the density
of steps for the Bragg conditions of incidence has been
observed recently; see, e.g., Refs. 18 and 53) can be ob-
tained by analyzing the form of the standing wave pat-
tern, i.e. the inhomogeneous distribution of the density
of high-energy electrons in the vacuum. This distribution
appears as a result of interference between the incident
wave and the wave reflected from the crystal surface, the

L 1 ! I

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
t(sec)

FIG. 8. Temporal evolution of the step density, the cross
section opps of the disorder diffuse scattering, and the spec-
ular (coherent) intensity |Ro|® for the GaAs (001) singular
surface. The parameters are T = 800 K, N2 = 16, E = 14
keV, and (o = 3.72°.

e e o
N o ©

Step Density
o
o

o
o

<
o™

o 005 ]
<
@ 004}
003 L L . . . . A . .
0.0 10 20 30 40 50 60 70 80 90 100
t(sec)
FIG. 9. Same as for Fig. 8 except that N? = 64.



50 STATISTICAL TREATMENT OF DYNAMICAL ELECTRON ...

¥ (2)1

1.5 T T T T T
N—
N
N
Ea
0.0 1 1 1 1 1
-6.0 -55 -5.0 —45 -4.0 -35 -30
z/d
FIG. 10. The distribution of probability density in the

one-dimensional standing wave pattern. The upper curves
correspond to the Bragg condition of incidence (o = 3.72°
(i.e., there is a peak in the surface reflectivity at (o = 3.72°).
The lower curves show the structure of the standing wave
pattern existing for the angle of incidence which is far away
from the Bragg condition. Six curves shown in each figure
correspond to t =4.0, 4.1, ... ,4.5s,and 77! =1 ML/s™ 1.

Nzt/'r)Nz(“ 1)+1
Foplay) = 5""2 { {N2(a—1) +I}!

N
+ 142D (1 - j/N) cos|(ay)<as]

=1

X {emu{a,ﬁ}(t) — 04(t)Op(t)

(Nzt/‘r N2?(a—1)+1
“ﬁz [{N2 (a—1) +1}!

where a is the period of the crystal lattice in the lat-
eral direction. The first term on the right-hand side of
(51) does not depend on q and describes the homoge-
neous background of diffusely scattered electrons. The
second term can be evaluated using the Euler-Maclaurin
summation formula,®® Z;\;l(l — j/N)cos(jga) = 2[1 —
cos(gaN)]/N(ga)?, and exhibits a notable maximum in
the vicinity of q = 0. This maximum exists at any value
Cscatt and appears as a vertical streak in the angular dis-
tribution of the diffusely scattered electrons. This streak
is distinguishable in Fig. 11, where the distribution of
incoherently scattered electrons is plotted as a function

() (-

() (-
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effect of which was discussed by Peng and Cowley.®® For
(o = 3.72° this standing wave (the upper curve in Fig.
10) has intensity maxima in the vicinity of centers of
unfilled atomic layers [the GaAs(001) surface consists of
consecutively distributed layers of Ga and As atoms oc-
cupying the positions zp, = Md and z2g. = (M + 1/2)d,
where M is an integer and d = 1. 41 A] In the crystal

bulk, the corresponding solution \Ilkuo (R) has intensity
minima in the vicinity of atomic planes, resulting in a
substantial decrease in the probability of phonon scat-
tering (the so-called “anomalous transmission” effect®”),
and in an increase in the cross section of diffuse scatter-
ing by fluctuations of the lattice site occupation numbers
occurring in the growing layer.

It is important to emphasize that standing waves of the
form shown in Fig. 10 arise not only in the initial state
of scattering, but in the final state as well. This follows
from the apparent symmetry of formula (40) with respect
to the rearrangement ng <> —n. In particular, the wave

function of the final state \Il( (R), corresponding to
the grazing angle of scattering C,cau = 3.72°, has exactly
the same form as the wave function shown in the upper
part of Fig. 10. Arguments similar to those discussed
above indicate that we can expect not only some relative
enhancement of afzns) in the vicinity of (o = 3.72°, but
also some enhancement in the differential scattering cross
section for (scatt =~ 3.72°.

Equation (40) shows that in order to calculate the
differential scattering cross section, we need to evaluate
the two-dimensional Fourier transform of the correlation
function (29). Performing summation over the lattice
sites, we arrive at

-1
ﬁ) exp(—N?t/T)

N
142 (1 - j/N)cos|(qy)yas]

i=1

%) exp(—Nzt/'r)}, (51)

r
of azimuthal and grazing angles for a coverage of half a
monolayer. The bright horizontal lines in Fig. 11 are
the horizontal (004) and (008) Kikuchi lines which re-
sult from the aforementioned effect of formation of the
standing wave pattern in the final state of the scattering
process.

An interesting question concerns the temporal evolu-
tion of the pattern shown in Fig. 11. In Fig. 12 three
curves are shown representing the distribution of the dif-
fuse intensity along the streak corresponding to q; = 0
at various times with increasing surface disorder. As fol-
lows from the results shown in Fig. 12, it is the (008)
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FIG. 11.

The distribution of the diffuse intensity com-
puted using the one-dimensional approximation for half a
monolayer coverage (¢ = 0.57) for N> = 64. A bright nar-
row horizontal line in the upper part of the figure is the (008)
Kikuchi line, while the relatively broad enhancement of in-
tensity at the bottom of the figure corresponds to the (004)
forbidden gap in the one-dimensional band structure for the
(001) row of reflections.

8.0 {
a) t=0.1 sec
b) 1=0.3 sec

6.0 - c) t=0.5 sec

Diffuse Intensity
H
o

g
o

20 3.0 . 50
{, degrees

FIG. 12. The distribution of the diffuse intensity scattered
from the GaAs (001) surface along the (00) two-dimensional
reciprocal lattice rod at various times with 77* =1 ML/s™*
and N? = 16. The grazing angle of incidence is o = 4.5°, and
the intensity of the coherent specular reflection is artificially
reduced.
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horizontal Kikuchi line which exhibits the strongest in-
crease of intensity when the layer coverage reaches the
value of © = 0.5. Behaviour of the Kikuchi line inten-
sity similar to that shown in Fig. 12 has been observed
and discussed by Zhang et al.2® Note that the angle of
incidence has been chosen to be (o = 4.5°, so that the
position of the (008) Kikuchi line is closer to the position
of the specular beam (the intensity of which is artificially
reduced) than to the position of any other Kikuchi line in
the RHEED pattern, this configuration being very simi-
lar to the diffraction conditions used by Zhang et al.?3.
At the same time it should be noted that the intensity
of the diffuse streak shown in Figs. 11 and 12 is lower
than that observed experimentally, which probably re-
sults from the long-range correlations and/or delocalized
excitations which exist at the real surface of a crystal.

V. CONCLUSIONS

In summary, we have formulated a statistical multiple
scattering approach to the problem of dynamical diffrac-
tion of high-energy electrons from a growing surface of a
crystal. Our approach is based on the diagram technique,
representing a regular way of evaluating the perturbation
expansions for the states of the continuous spectrum. We
have found explicit expressions for the coherent and in-
coherent scattering cross sections, and have applied the
theory to the analysis of the effects of short-range order
and its influence on the RHEED pattern.

We believe that the method described above provides
a relatively simple description of the basic phenomena
characterizing reflection diffraction of high-energy elec-
trons (RHEED) from a statistically disordered growing
surface, and this can help in the realization of the full
potential of this diffraction technique for studying the
kinetics of the atomic growth processes.
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APPENDIX

In this Appendix we derive representation (37) for the
Green’s function of the high-energy electron [for the pur-
pose of the derivation we will use the notation G for the
Green’s function, which may not coincide with (5)]. This
function
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5 1
g E-K-U+10 (A1)
can be represented by an infinite series of the form
G = Go+ GoUGo + GoUGoUGo + - -, (A2)
where
A 1
Go= ————. A3
T E-K+i0 (43)
In real space Go = Go(r,r’) can be written as
d%q expliq- (r —r')]
7y —
()= | Gr¥ E-E, v
m  exp(ik|r — r'|)
= , A4
2nh?  |r—r| (A4)

where E, = h?¢?/2m. By definition, the function ¥(+)
is the sum of the series

¥ = 6+ Gollg + GolGoUp + -,

where ¢ represents the incident wave. Introducing the
operator

(A5)

(A6)
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we can write explicitly for (A5) and (A2)
‘IJ‘(:') (r) = /dsr"’P(r,r") exp(iq - r"), (A7)
and
G(r,r') = /dsr"’P(r, r")Go(r",1'). (A8)

Substituting (A4) into (A8) we arrive at

d3q expliq- (r" —1')]

G(r,r') = /dar”’P(r,r")

(2m)3 E—E +10
(A9)
Using Eq. (A7), we transform (A9) as follows:
3 (+) P
g(r’ rl) — d q ‘I’q (!‘) exp( q-r ). (A].O)

(2m)3  E—E,+140

Using the symmetry property of the Green’s function
G(r,r') = G(r',r) and changing the variable of integra-
tion q — —q, we arrive at (37). Note that in our deriva-
tion we did not assume the operator U to be Hermitian,
so that formulas (A10) and (37) are valid for the general
case of a non-Hermitian and nonlocal interaction poten-
tial.
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FIG. 11. The distribution of the diffuse intensity com-
puted using the one-dimensional approximation for half a
monolayer coverage (t = 0.57) for N*> = 64. A bright nar-
row horizontal line in the upper part of the figure is the (008)
Kikuchi line, while the relatively broad enhancement of in-
tensity at the bottom of the figure corresponds to the (004)
forbidden gap in the one-dimensional band structure for the
(001) row of reflections.



