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Spinodal decomposition during step-flow growth
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Relatively little is known about the epitaxial growth of alloys that are thermodynamically unstable. An
analysis here suggests that spinodal decomposition can take place by formation of step bunches with alternat-
ing composition. This provides a possible mechanism for the spontaneous formation of superlattices during
molecular beam epitaxy alloy growth. Kinetic effects reduce the degree of decomposition, relative to equilib-
rium. At sufficiently high growth rates, decomposition is completely suppre$S€d.63-182807)50132-9

Most alloys are thermodynamically stable only in a lim- curs when all deposited material diffuses to a step and at-
ited range of composition and temperature. Outside thi¢aches there. | assume that these steps are straight, and that
range, they tend to decompose into two alloy phases of stablée system is uniform in the direction parallel to the steps.
composition. Such spinodal decomposition has been exteftThus the possibility of alloy decomposition along a given
sively studied, and is well understood for the case of decomstep is excluded hepeAlso, in alloys whose constituents
position by bulk diffusiort: have different atomic sizes, decomposition necessarily cre-

However, the situation becomes more complex for epitaxates strain. Here | neglect this effect, treating the alloy de-
ial alloy growth. When bulk diffusion is negligible, surface composition as due simply to a preference for like neighbors.
diffusion still provides a possible decomposition mechanism, With these assumptions, decomposition can only occur by
Many semiconductor alloys may be thermodynamically unhaving steps of different composition, which provide pre-
stable at typ|ca| growth temperatureS, a|though the phase diéerred sinks for the reSpeCtlve constituents. Some pOSSIble
grams are not accurately known; and spinodal decompositiofonfigurations are shown in Fig. 1. For #aB alloy, the
has been invoked to account for a variety of interesting obmost obvious possibility is to have alternatidgrich and
servations. Yet such suggestions are invariably speculativB-rich steps. This is shown in Fig.(d. However, such a
—little is understood at present about Spinoda| decomposiSituation is not realistic for most systems. It leads to inter-
tion by surface diffusion during epitaxial growth. There have
been a few model numerical simulatiohbut analytic treat-
ments to date have focused on one-dimensional sdlidsn
highly simplified continuum treatments of vapor-phase
growth? Spinodal decomposition during step-flow growth,
the growth mode most relevant to semiconductor technology.
has apparently never been treated except for dimensione
arguments.

Here | consider step-flow growth of a thermodynamically
unstable alloy. A full treatment of the growth dynamics
would be exceedingly difficult, for reasons outlined below.
But | suggest that, even without such a treatment, one car
expect spinodal decomposition to involve formation of step
bunches with alternating composition. The bunch size is con-
trolled by a competition between thermodynamics and kinet-
ics. Growth by flow of such bunches suggests one possible
(albeit speculativeexplanation for the remarkable phenom-
enon of spontaneous superlattice formafias, discussed be-
low.

For step-bunch flow, one can calculate the degree of alloy
decomposition. At low growth rate, the deposited material
decomposes and attaches to the respective bunches at nea
the thermodynamically stable compositions. However, for a
given bunch size, the degree of decomposition decrease
with increasing growth rate, going to zero at a critical rate. E e
Thus it should be possible to grow uniform alloys at tem-
peratures where they are thermodynamically unstable. FIG. 1. Schematic illustration of possible growth configurations

Consider growth on a vicinal surface, i.e., one oriented afvhen decomposition occuré-rich andB-rich steps(and the cor-

a small angle to the atomic planes. This misorientation creresponding material they leave behind as they flawe indicated by
ates a staircase of atomic-height steps. Step-flow growth odight or heavy crosshatching.
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leaving of the two phases in layers only one unit cell thick, 20

so the interface energy becomes important. In fact, for typi- :

cal cubic lattices there are at least as mARB bonds in this 15 F

structure as in a random alloy. o :
(Much interest centers on compound semiconductor al- z 10 3

loys such as In_,GaAs and ZnSe_,Te,, where only one 5 3

fcc sublattice of the zinc-blende structure is alloyed. In such ;

a case, references to @3B alloy should be understood to 0k . . L :

refer only to the alloyed sublattige. 00 02 04 06 08 1.0
A more favorable situation is shown in Fig(hl. In this FL2/BB

case there are severd-rich steps, followed by several

B-rich ones. If the number of steps per period is large, then FIG. 2. Maximum stable bunch sia, vs dimensionless growth

the system decomposes into thick layers of alternating conrate FL?/8B. Step pairs(bunches withN=2) are stable at any

position, with relatively little interface area per unit volume. growth rate.

Such a situation can lower the free energy of the system

nearly to its equilibrium value. Now consider a repeating sequence Nf A-rich and
However, to understand the growth, it is not enough toN B-rich steps with equal spaciig as in Fig. 1b). We can

consider the thermodynamics. One must also address the Rilew this as successive “trains” oA andB steps. Substi-

netics, at least qualitatively. This is simpler if we restrict tuting the corresponding values fgr and x into Eq. (3), a

ourselves to the nearly immiscible limit for now. Then therestep inside a train will have velocity,,= FL, but the leading

are two kinds of steps, of almost pukeandB composition, ~ and trailing steps will have velocities

respectively. We also assume tiaatoms are in local equi-

librium with A-rich steps(and B with B); and thatA (B) v(first)ZE(2+N)L_B_[) (2+N) (4)
. . . 77 ]
steps pose no diffusion barrier B> (A) adatoms, but rather 2 (1+N)L
are effectively “transparent” to therhThen either type’ of
step obeys the equation of motion tasy_ T — 1
v —2(2+N)L+ﬂnD—(1+N)L. (5)
F
Uvm:?”(xvlmﬂ—xv]m_l) (The second step is also slightly accelerated, but this does
not affect the conclusions heyeNote thato"®'>FL, i.e.,
Do mii—Tom  Tom— Ty me1 the trailing step tends to move faster than interior steps. If
+D,| =2 - ' . (1) vSY<FL then the lead step moves more slowly than inte-

Xpme1™ Xom  Xpm™Xpm-1 rior steps. Thus, as illustrated in Figgclland Xd), we will
Herev denotesA or B; X, , is the position of thenth step of ~Nave bunching together of tha-rich steps, and separate
type v (i.e., there is a separate series-1,23 ... foreach  Punching ofB-rich steps, when

v); F, is the incidenty flux; D, is the adatom diffusion

constant; andy,,, is the v adatom density in equilibrium F<,877_D 2(N+2) _ 6)
with stepym. Eq. (1) is obtained by integrating the diffusion (N2+N)L?

equation for x(x), with  boundary conditions
9,10

7,(m) = Dym - To fully understand when step bunches form, and how

The adatom densities at the steps have the form large they grow, one would need to address a difficult issue.
I have assumed that a given step is eithaich or B rich at
7m= e EIKT (2)  the outset, and remains so. However, in order for the statis-

tical properties of the system to become independent of the
where E, is the adatom formation energy, and is the  precise initial conditions after sufficient time, it must be pos-
chemical potential. Assuming a nearest-neighbor interactiorsible for anA-rich step to switch td-rich, and vice versa.
the chemical potential foA atoms at amA-rich step has its  Such switching must play an important role if steps are
bulk valuew,, unless the preceding step wasich. In that  ejected from one bunch and captured by the next. The de-
case anA atom at this step has sonfieatom neighbors in tailed dynamics of the switching process is beyond the scope
the layer below, raising the chemical potential by an amoun®f this paper.
du,, and increasing the equilibrium adatom density at the Nevertheless, for the restricted case of alternaingnd
step by a factoe®»'KT_The velocity(1) can then be written B trains of N steps each, we now have an explicit criterion
for stable bunching, Eq(6). For a given temperature and
Bmii—Bm  Bm—Bm-1 flux, there is a critical bunch sizbl, bounding the range
Xmi1—Xm X Xm1 ) (N?+N)/(N+2)<2B85D/FL2. Bunches of sizeN, or
(3  smaller are stable, while bunches larger thirare unstable.
o The dependence of this bunch si¥g on growth rate and
Here ,=e* EJ/KT is the adatom density for the corre- diffusion constant is shown in Fig. 2. Note that bunches of
sponding pure material,,=e°*+'KT—1 for a step follow- N=2 are stable for any fluf, since from Eqs(5) and (4)
ing an unlike step, and O otherwise; and the subsaripas v 125">y @Y Thus in this regime of nearly complete decom-
been suppressed for simplicity. position, increasing flux can never eliminate step pairing.

F _
UmZE(Xm+l_xm—1)+ 7D
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As discussed above, larger step bunches result in fewer At this point we need an explicit model for the alloy ther-
A-B neighbors, and so lower free energy. Thus there is anodynamics. The simplest applicable model is “regular so-
competition between thermodynamics, which favors largdution theory,” with free energy
bunches, and kinetics, which renders too-large bunches un-
stable. | speculate that during growth, the system reaches a f=4Hc,c_,+kT(c,Inc,+c_,Inc_,), 8

steady state with bunches of sizeN.. . wherec, is the fraction of species in the alloy, ancH is a

If this speculation is correct, it provides a mechanism forneasure of the energy cost of unlike neighbors. Here
the spontaneous formation of superlattices. As illustrated iRjenotes the constituent other thansoc_,=1—c,. This
Fig. 1, as the step bunches flow the newly added material igyode| free energy would be exact for a random alloy whose
segregated inté-rich andB-rich layers, whose thickness is energy of mixing is given simply by the number 8&B
fixed by the bunch size. Thus, continuous deposition of gejghhors, and including only the configurational contribu-
uniform alloy results in growth of a superlattice. This may tjon to the entropy.
explain the remarkable observation of such spontaneous su- Taking pure bulkA andB as our references, the chemical
perlattice formation by Ahrenkiest al.® or provide an alter- potentials are then
nate mechanism for such formation. A related scenario has
also been suggested by BarstaRelated behavior has been w,=4Hc? +KkT Inc, 9)
previously® but with a length scale which would seem to

preclude the explanation suggested here. and the adatom densities at the bunches are

This entire analysis assumes irreversible deposition of _
; i ) »m= X om— E KT
material onto the surface. If evaporation from the surface is 7vm H.(Kam kT]
also significant, then the effects described here occur only if =c,m7,exg4Hc? , /KT]. (10)

the step density is sufficiently higbo that diffusion between

steps dominates over evaporafiofihis might explain why Here E, is the adatom formation energy, and

spontaneous superlattice formation seems to disappear at loy,= exp(—E,/kT) is the equilibrium adatom density for the

step density. corresponding pure material. Note thats the composition
Up to this point | have considered only the case of nearlyof the crystal, and not of the adatoms. Substituting @)

complete segregation, showing that spinodal decompositiomto Eq.(7),

naturally leads to bunching of same-component steps. The L

bunch size, and hence the period of the resulting composition 27%,D,

modulation, is limited by the growth kinetics. vym=F,L+ m
Let us now consider the actual degree of segregation, and (11)

the effect of growth kinetics on the decomposition process.

To render this question tractable, | assume that the systettihereh=H/kT.

consists of alternatingl-step bunches oh-rich andB-rich From Eg. (8), the alloy is thermodynamically stable

steps, as suggested by the analysis above. Moreover, | a&dainst spinodal decomposition above a critical temperature

sume that each bunch moves as a whole, so one can negldet= 2H/k. Thus in all equations herle may be referred to

the internal dynamics, and describe the bunch by a singlgeasurable properties vie=T/2T.

chemical potential for each constituent. This is taken to be The composition at each stepds,=v ,m/v . If we fur-

the bulk chemical potential for that composition, a good ap-ther restrict ourselves to a 50:50 alloy with the two bunches

proximation whenN>1. Note that theA-rich (or B-rich) ~ moving at equal velocity(as for D,=D_, etc), then

2 2
(Cv,m+ 184hC7 vm+l— Cvme4h07 V'm)r

bunches are no longer assumed to be nearly puter B); vm=FL andc, n+C_, n=C, ntC, mr1=1. Then Eq(11)
they each act as sinks for bathandB atoms. becomes

Adapting Eq.(1), we can write an equation of motion for ) )
the bunches: =0 [ (1-8)e" I —(1+5)e"1707, (12

where §=2c¢,,—1 is the degree of decomposition of the

50:50 alloy, up to 1 for complete decomposition; and
Nym+1~ Mvm Nom™ Ny,m-1

v,m=F,L+D, - ®=FNL?(1— a?/27D is the dimensionless growth rate, a
; (1+a)NL (1-a)NL measure of the degree to which kinetic factors are important.
Figure 3 shows the decompositighas a function ofd
=F,L+ (D mi1— Tom)- (7)  for several values off/T,=1/2h. In the limit ®—0, the
NL(1-a?) " growth is so slow relative to the diffusion that the system is
in equilibrium. Then Eq(12) reduces to the bulk equilibrium
. . . condition
Here L is the average step spacing, Bd is the average
bunch spacing; and | have assumed a two-bunch period, so 1 (1+9)
bunchesm+1 andm—1 are equivalent. The two inequiva- h= 4—5|ﬂ(l_ 5" (13

lent terraces between bunches have sizes ¢INL. [The

possible range of is illustrated in Fig. Ic) and Xd).] Note  with §=0 for h<1/2.

the change in notation—each bunch now has a unique index As ® increases, as for higher growth rate or lower step
m, whereas before there were separate indemesfor  density, the decomposition is increasingly suppressed by the
eachv. growth kinetics, as shown in Fig. 3. For a given thermody-



RAPID COMMUNICATIONS

56 SPINODAL DECOMPOSITION DURING STEP-FLOW GROWTH R4397

w,=4Hc? +2Hf(1—4c? ) +kTInc,,

wheref is the fraction of out-of-plane bonds in the bulk, and

T usingc, m+1=C_, n. For the bunchu, may be approxi-
mated by the average over its steps, since short-range step
T interactions will shiftu, for individual steps without chang-

ing the average. Then E¢l4) becomes

®.=[4h(1-2fN"1)—2]e". (15

The analysis here raises as many questions as it answers,
because of the lack of a full dynamical treatment. Do the
bunches move intact, or are steps exchanged between
bunches, perhaps changing their composition as they cross
the terraces? And what factors determine the relative spacing

FIG. 3. Degree of decompositiof vs dimensionless growth « of the two bunches?
rate @, for indicated values of the dimensionless temperature Nevertheless, the present work provides some much-
T/Tc=KT/2H, in the largeN limit. (For T<T there is no decom- needed insight into how spinodal decomposition may mani-
position even in equilibrium. fest itself during step-flow growth. In particular, there is

clearly a competition between thermodynamics and kinetics.
namic driving forceh, there is a critical value ob at which  gyen when the alloy is thermodynamically unstable, the
6—0 and there is no decomposition. This valligis given  growth kinetics can completely suppress decomposition.
by When decomposition does occur, it involves step bunches of
h alternating composition; and the bunch size, like the degree
Po=(4h—2)e". (14) of decomposition, is controlled by the thermodynamics-
kinetics competition.

This analysis assumed thiit>1. For finite N, interface
effects further reduce the decomposition. The chemical po- Discussions with Andrew Zangwill are gratefully ac-
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