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Step-Driven Lateral Segregation and Long-Range Ordering during Si Gel — Epitaxial Growth
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Lateral segregation occurring at advancing steps is identified as the origin of a new long-range ordered
phase in Si,Gel —„alloys, which has been imaged directly. The segregation occurs at monolayer height
type-S8 steps under island growth conditions and is strongly dependent on growth kinetics.

PACS numbers: 68.55.8d, 68.35.Fx

The growth of Si,Ge| — alloys by molecular-beam epi-
taxy (MBE) is of considerable scientific and technologi-
cal importance, but little is known about the fundamental
atomistic processes which govern the surface kinetics and
thermodynamics of alloy growth. In this Letter, we iden-
tify an important new role of surface steps during the
MBE growth of alloy layers. We show that nonequilibri-
um island growth via nonequivalent steps can produce
lateral segregation and long-range ordering without the
need for any atomic rearrangements after the completion
of the surface layer. Specifically, we explain ordering in
the Si-Ge system, although lateral segregation will also
occur in the growth of other technologically important
ternary alloys such as Ga[nP and A[GaAs.

Since the initial observation of additional periodicities
occurring in Si-Ge alloy layers [1], considerable eA'ort

has been directed towards understanding ordering in this
system. Recent theoretical and experimental studies have
concluded that ordering must be growth induced [2-7].
The final ordered microstructure, therefore, provides a
unique fingerprint of the atomistic processes which have
occurred during MBE growth. Using the recently de-
veloped Z-contrast scanning transmission electron mi-

croscopy technique [8], it is now possible to image the or-
dered microstructure directly, and to deduce important
information on the atomic-scale growth processes. Figure
1 represents the first image of ordering in Si-Ge alloys
and unambiguously reveals the nature of the ordered
phase. Every alternate (111) plane appears bright, and
lower magnification images reveal that the ordering is

long range in the [001] growth direction with a relatively
small lateral domain size (-20 nm). This is a remark-
able result demonstrating that significant ordering and
phase locking can occur during low-temperature growth
at only 350 C, which is inconsistent with all current alloy
growth models [10] and therefore poses fundamental
questions regarding the origin of the ordering.

To explain ordering in Si Ge] —,alloys, we now pro-
pose a mechanism which is consistent with the highly
nonequilibrium nature of MBE growth. By analogy with
Si homoepitaxy, we assume that growth occurs via mono-
layer height islands and the consecutive interchange of
(I x 2) and (2 x I ) domains [11,12]. The islands are
strongly anisotropic and, using the notation of Chadi

[13],growth occurs mainly via type-Stt steps. At high su-

persaturations, growth is forced alternately through low-

and high-energy type-Sz step configurations in response
to the translational symmetry of the (2 && I ) surface
reconstruction. Consider now the important role of this
geometry during codeposition of Si and Ge atoms.

Figure 2 shows a schematic representation of rebonded
and nonrebonded type-Sq step configurations, together
with relevant adatom energy-level diagrams. The shaded
binding sites correspond to the deep potential wells just
ahead of the growing step edges. Clearly, Ge with its
lower surface energy of about 0. 1 eV/atom compared
with Si [14] will linger longer at both step edges, and is

C

FIG. I. (a) [110] Z-contrast image of an ordered Si06Ge04

alloy deposited at 0.24 nm s ' on a Si(001) substrate at
350~ 25 C [9]. The accompanying simulation (b) is generat-

ed from the [1101 projection (d) of the ordered phase (c) pre-

dicted by our lateral segregation model. Each bright spot in the

image corresponds to a [110]atomic dumbbell, and the column

intensities approach the atomic-number-squared dependence of
unscreened Rutherford scattering. The open, solid, and shaded

circles represent Ge-rich, Si-rich, and deposited alloy composi-

tions, respectively. In (c) the dashed arrows define a primitive

unit cell of the ordered phase.
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anisotropically shaped reservoir. Solving Eq. (1) and the
corresponding equation for CG, at the low-energy step
gives the concentration ratio at time r as

Cs;/C;, = [C,';(x')/C,",(x")]R'(u,T) .

The factor

(2)
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FIG. 2. [1 l01 projection of high-energy nonrebonded and
low-energy rebonded type-S& steps with accompanying energy-
level schematics (see text).

more likely to be incorporated into the new surface layer
upon dimerization with a second atom in the well, as
shown in Fig. 2. The two step configurations will there-
fore compete with each other for the available Ge flux on
the surface, which in our model for alloy ordering is the
key controlling factor.

Let us assume that the Sg steps advance by one dimer
unit of length X in time r so that the island growth veloci-

ty u =A/r. We treat the two species independently, so
that after time r the composition in the well will be
frozen by the next monolayer of lateral growth. The
relevant rate equation for the Si concentration Cs;
present at the low-energy step at time t is then given by
the diA'erence between the arrival and desorptive flux

(r &I &0):

' (t) =Do' [Cs;(t)exp( —Ef s/k T), acs';

—C; (t)exp( —E;/k T)], (1)
where the Si preexponential factor Do' is assumed the
same for absorptive and desorptive processes. Cs;(t) is

the 2D Si "vapor" concentration, Es is the activation
energy for surface diffusion, and Es; is the low-energy
step desorption energy (see Fig. 2). A corresponding
equation exists for CG, at the same low-energy step. To
solve Eq. (1), we now make the reservoir approximation
Cs;(t) =Cs;(x ). This implies that in the locality of a
step, the Si composition x in the 2D vapor remains con-
stant over a time large compared with r. Physically, this
is justified since during time r the diffusion lengths of Si
and Ge atoms in the fast direction are of the order of 200
nm at 350'C [15] which is considerably greater than the
average distance between islands (—5 nm) [12]. De-
sorbed atoms will therefore explore many islands via an

k E)Ikr q AE) /k Tq —D) /ux

3
AEQ/k T AEQ/k T —DQ/uA.

e +[1—e ]e

is expressed in terms of desorption energies (IkEs; =Es;
—Es,"s) and the low-energy step diffusivities Ds; and

Do„where Ds; =De'exp( —Es;/kT) [16]. R (u, T) is a
measure of the nonequilibriurn segregation at the low-

energy step. For high growth rates, u »Ds;/X, Do, /X, and

R (u, T) =1. Then the low-energy step acts as a perfect
atom trap, and the step concentration reflects the reser-
voir composition. Conversely, for low growth rates, we

have R (u, T) =exp[(AEs; —/kEo, )/kT] and equilibrium

segregation results.
As growth proceeds alternately through high- and

low-energy Sp steps, the reservoir will rapidly attain a
steady-state composition. The average step composition
will then equal the composition of the deposited alloy x so

that at steady state

X +X =2X, (4)
where Si,iGe, „~and Si„HGe, „Hrepresent the low- and

high-energy step alloy compositions. Combining this re-
sult with the concentration ratios [Eq. (2)] for the low-

and high-energy steps gives

RL
L

RL RL
x 1

— +x +2x —2x+ 1
RH RH RH

R—2x =O. (5)
RH

The positive root of this quadratic equation then yields
the Si composition x [and hence x from Eq. (4)] as a
function of R /R and the deposited alloy composition x.

We now estimate the temperature dependence of the
ordering as follows. First, the appropriate activation en-

ergy and prefactor for surface diff'usion in Eq. (1) should
reflect the rate-determining step governing island growth
[17]. For Si, these quantities have been measured [15] as
Es, " =0.67 eV/atom and Dtt' —10 cm s ' which is in

excellent agreement with recent theoretical work [18,19].
Similar measurements for Ge are presently unavailable so
we assume an identical migration energy and prefactor to
the Si case. However, our calculations indicate that if
EG,

' & Eq, the order parameter will increase.
The energy levels in Fig. 2 are estimated as follows.

The difference between rebonded and nonrebonded steps
is about 0.2 eV/atom [13] and, as discussed earlier, the
diff'erence between the Si and Ge levels is 0.1 eV/atom.
Although our model is rather sensitive to the low- and
high-energy step diffusivities, the relevant edge desorption
energies are currently unknown. However, by treating
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the Si atom desorption energy as a free parameter, we
find that a best fit to the experimentally observed temper-
ature dependence of the ordering [20] occurs for AEs;
=0.8+ 0. 1 eY/atom [21]. This value refers to a single
atom desorbing away from the step edge and is consistent
with a recent minimum value estimate for the more ener-
getically unfavorable case of edge desorption away from a
completed dimer unit [22]. This implies AEo„=0.9 eY,
hEs; =0.6 eV, and AEG, =0.7 eV. Finally, for an aver-
age island separation of, say, 5 nm [12] and a 0.24-nm
s deposition rate, we estimate the mean step velocity to
be 4.5 nms ' [23].

Using the above estimates for the relevant parameters,
the computed values of x and x for a Sio,5Ge05 alloy
are displayed in Fig. 3. Clearly, a peak exists in the or-
dering at around 400'C, but a disordered alloy is predict-
ed at high and low temperatures. Our model can there-
fore reproduce the experimentally observed temperature
dependence of the ordering [20] and provides a new phys-
ical explanation for ordering in semiconductor systems.
At low growth temperatures, both steps in Fig. 2 act as
perfect atom traps (R =R = I). The atom flux arriv-
ing at the edge of an island will, therefore, be randomly
frozen at the composition of the deposited alloy. At very
high growth temperatures, the adatom thermal energy
becomes significant compared with the depth of the po-
tential wells, resulting in equilibrium segregation. Since
both steps compete equally for Ge atoms in the reservoir,
this will again produce a disordered alloy. However, at
intermediate temperatures, the high-energy step will tend
towards its equilibrium configuration and become Ge
rich, whereas the low-energy step will still act as an
effective atom trap. Ordering is, therefore, essentially a
kinetic effect which peaks in a fairly narrow temperature
window.

As revealed by the dashed line in Fig. 3, increasing the
deposition rate forces the type-Sp steps to grow faster
and shifts the ordering peak to a higher temperature by
extending the kinetically frozen regime. This effect, com-
bined with the likely sensitivity of the Si and Ge energy
levels in the potential wells to substrate strain, may ex-
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plain why ordering is sometimes found to occur [1,4] and
is sometimes absent [20,24] from strained alloy layers
grown at identical temperatures.

We now explain how phase locking can occur during
monolayer island growth conditions. Starting with the
ordered monolayer resulting from lateral segregation dur-
ing growth [Fig. 4(a)], the next monolayer will grow
along [110]. Lateral segregation will again occur al-
though the Si and Ge atoms will now project as alloy
columns [Fig. 4(b)]. Note that the translational phase of
the surface dimerization is at this stage a statistical pro-
cess depending on the initial nucleation of the island. For
example, when two atoms dimerize, this will lock the
phase of subsequent dimer bonds as further atoms bond
to the island. The next monolayer of growth will then
produce the ordered (2x2) surface [Fig. 4(c)]. Note
that the nature of the ordering is independent of the
direction of step propagation. This is an important
difference between the growth of alloys and ultrathin
(Si Ge„)„superlattices by sequential deposition. In the
case of superlattice growth, the existence of several inter-
facial phase variants could be attributed to a Ge atom
pump mechanism [7], the precise nature of the variant
depending critically on the direction of step growth. This
explains why, in the case of alloys, only a single phase is
present. The next monolayer of growth [Fig. 4(d)] is a
repeat of stage 4(b), although the two possible transla-
tional phases of the dimerization are no longer equally
probable. Subsurface strain set up by the ordered mono-
layers will inAuence the dimerization direction in the ini-
tial stages of island nucleation resulting in the preferred
direction shown.

Repeating the growth mechanism outlined in Fig. 4
generates the new long-range ordered phase shown in

Figs. 1(c) and 1(d). Image simulation indicates that the
two phases previously proposed to explain ordering in the
Si-Ge system [1,2] would lead to either a clearly distin-
guishable pattern or much higher contrast than is ob-
served experimentally [3]. The primitive cell in Fig. 1(c),

[001]
t—[110]

0.25
250 325 400 475 550

Temperature "C

FIG. 3. Si concentration at low-energy (upper curves) and
high-energy (lower curves) Ss steps as a function of substrate
temperature for a Sio&Geo& deposited alloy. The solid and
dashed lines correspond to deposition rates of 0.24 and 0.8
nm s ', respectively.
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FIG. 4. Phase-locking mechanism for ordered Si-Ge growth

by monolayer height islands. The growth direction is [001],and
the structures are projected along [110]. Open circles represent
Ge-rich columns, solid circles represent Si-rich columns, and
shaded circles correspond to the deposited alloy composition.
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however, produces rather weak contrast between Si-rich
and Ge-rich {I1 lj planes due to the presence of alloy
columns [Fig. 1(d)] which leads to excellent agreement
between simulation and experiment [Figs. 1(a) and 1(b)l.
This defines ordering along two (111) directions so that
two sets of —,

' {II lj superlattice spots arise from each of
the four orientational variants [25]. {110j-and {100j-
type reflections remain kinematically forbidden so that
the structure is totally consistent with all previous dif-
fraction data [1,2].

The structure of the ordered phase and the transient
behavior during alloy growth has several important impli-
cations. First, a "chemical surfactant" such as As, which
preserves a (2&1) reconstruction on Si(001), will form
deep energy levels at both steps in Fig. 2 [26]. In princi-
ple, it should therefore be possible to chemically tune the
surface energetics and grow random alloys without de-
stroying the (2x 1 ) reconstruction. Furthermore, the re-
cent observation of enhanced photoluminescence in MBE
grown alloys [27] could be related to the details of the or-
dered microstructure. Understanding this link may
therefore provide an exciting future prospect for Si-
Ge-based optoelectronic devices.
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