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Enhanced Nucleation and Enrichment of Strained-Alloy Quantum Dots
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An epitaxial strained layer is metastable against nucleation of three-dimensional “islands.” For an
alloy, | show that these islands nucleate at a substantially different composition than the alloy layer.
This stress-induced segregation drastically increases the nucleation rate. For planar-layer electronic
devices, these effects exacerbate the roughening problem. However, the same effects enhance the
promise of “self-assembled quantum dots.” Possible “self-capping” of quantum dots is also discussed.
[S0031-9007(98)07308-6]

PACS numbers: 68.55.—a, 68.35.Bs

Many electronic devices incorporate strained layersAnd once such roughening occurs, it will entail alloy
formed by growing a semiconductor on a substrate havingecomposition which cannot be erased by subsequent
a different lattice constant. Prominent examples includelanarization.

SiGe on Si and InGaAs on GaAs. A crucial factor limiting  After nucleation, further island growth is complicated
such applications is the nucleation of three-dimensionaby kinetic factors. For such standard systems as SiGe on
“islands” on the planar layer [1]. All strained layers Si and InGaAs on GaAs, differences in surface diffusivity
are metastable [1] (or unstable [2]) against such islandan further increase the compositional enrichment of the
formation, because it allows partial elastic relaxation ofislands. There may even be a sort of “self-capping” of
the strain. Islanding can occur even for layers too thin taslands, forming quantum dots with, e.g., an In-rich core
form dislocations [1,3]. and Ga-rich outer shell as the alloy film is depleted.

In most electronic devices such island formation is Experimental measurements of local composition are
highly undesirable, because it leads to rough interfacequite difficult, but recently there has been some evidence
and easier introduction of dislocations [1]. Thus under-of the importance of alloying and decomposition. De-
standing and suppressing the nucleation of islands is amosited material may intermix with the substrate during
important step in the robust integration of strained layerghe film deposition process [7,8]. And intermixing be-
into electronic devices. Such islands have also receivetiveen islands and the surrounding surface has been seen
great attention because of their potential applications aguring annealing [9].
self-assembled “quantum dots,” when islands of a small- The analysis here begins with a calculation of the free
band-gap semiconductor are buried in a larger-band-gagnergy of formation of an alloy island from a planar alloy
matrix [4—6]. There, too, understanding and controllinglayer. The island is characterized by two variables, its
the nucleation is crucial. composition and size. The next step is to identify the

Here | show that when islands nucleate on a strainedaddle point of the corresponding two-dimensional energy
alloy, they do not in general have the same compositiorsurface. This gives the nucleation barrier, as well as
as the alloy. Instead, there is segregation of the largethe composition and size of the critical nucleus. Finally,
misfit component to the island. This segregation has twgubsequent growth of the island is discussed, in order to
important consequences. First, it dramatically lowers theddress the expected composition of quantum dots.
nucleation barrier. Thus an island nucleates from an alloy The island is assumed to have a fixed shape as it grows,
with straine much more readily than from a pure material e.g., a faceted pyramid, with no dislocations. Also, the
of the same strain. Second, because the island nucleatistand is treated as having uniform composition, rather
and grows with an enriched composition, the behaviothan allowing the composition to vary across the volume
of any electronic devices incorporating the island will beof the island. This may be viewed as a variational
strongly affected. treatment, giving an upper bound on the island nucleation

These effects are potentially beneficial for typicalbarrier. Thus including internal island inhomogeneity
quantum dot applications. For example, islands nucleatedould only strengthen the conclusions of this analysis.
from InGaAs on GaAs(001) will nucleate at a smaller size The free energy of formation for an island of composi-
and higher In fraction, enhancing quantum confinemention ¢ and volumeV is then
gffects. This is important. becaqs_e even nominally pure E(c,V) = Eqi(c, V) + Emix(c, V) + Exain(c, V)
films often form alloys by intermixing with the substrate
during the deposition process [7,8]. — (V/Va)lepa + (1 = c)upl. (1)

For growth of traditional planar devices, however, theseHerec refers to the atomic fraction of componehof an
effects are deleterious. The reduced nucleation barrietB alloy, andV, is the volume per atom. Assuming that
makes it harder to suppress stress-induced rougheninthe surface energy is independent of composition [10],
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the first term in (1) may be writtefig,s(c, V) = rv2/3, occurs at composition
where I is fixed by the actual surface energies and the

island shape [1]. (I use the term “shape” to refer to the c=¢(1 —a)yl+ (5)
scale-free shape, independent of size.) The next term is ea—epl—a

the free energy of mixing(c) for the unstrainedalloy  subject to the constraintthat= ¢ < 1. Foraep/(ep —

at compositionc, Eyix(c,V) = Vg(c). Then there is e4) < ¢ <1 + aes/(ep — £4), the island composition
the elastic energy of the islandis.in(c,V) = V(1 — ¢ is determined by Eq. (5) (rather than by the constraint
a)Me?. Here a is the fractional elastic relaxation of 0 = ¢ = 1). In that range, maximizing the energy with
the island relative to a planar layer, and is a functionrespect to volume gives the nucleation barrier

only of the shape (which is assumed constamf)js an 4

elastic constant; and is the misfit strain for a planar E, = — I3 — a)’a 2(Me*) 2 (6)
layer of compositionc, € = ces + (1 — c)eg, where 27

ea = (1 — aas/ag) and eg = (1 — ag/ap), ap and au So in this range of composition, the nucleation barrier is
being the lattice constants of the substrate and of pureeduced by a factor ofl — «)? from what it would be

EB o

materiala,, respectively. without alloy decomposition. Far outside this range;
Finally, we need the chemical potential of the reservoirjs saturated ab or 1, and the barrier can be obtained by
i.e., the planar film of compositiof: substitutinge = 0 or ¢ = 1 into Eq. (2). In that case the

Vol = (&) + 2r0/(2) + M&2 + 2MénE _ 7 nucleation barrier is still reduced by alloy decomposition,
Ha “1 8() + g (©) 82 cpelea — o) but by less than a factor ¢f — «)?.
wgV, ' = g(@) — cag'(c) + M&> — 2Mc,&(es — &), For typical island shapesy is in the range 0.2-0.6
whereV, is the volume per atong’ = dg/dc, ands = [11],_ so alloy ;jecon;posmon can red_uce the nuc_Ieatlon
ces + (1 — ¢)ep is the strain of the planar layer. Note barrier by 30%-85%. The nucleation rafe varies

X X H : — —E, /kgT
that the island nucleus forms as a thermal fluctuationVith barrier £, as R ~ Roe =", and the prefactor
so it presumably takes material from a wide area, witho is typically large enough that nucleation occurs on
negligible perturbation of the local film composition & aboratory time scale whil&), > k7. Therefore a
and thickness. In converting between volume and atongfo%_%% re_ductlon In energy barrier corresponds to
number, the atomic size difference (a correction of orde" INcrease in the nucleation rate by many orders of

g) is neglected. magniftude.l . h ior f leati f
The island free energy per unit volume is thus Besides lowering the energy barrier for nucleation of
surface roughness, these results have an interesting impli-

E(c,V)V' =TV + ¢(c) = g(@) + (€ = 0)g'(@) cation for the morphology. In a simple linearized theory
+ M1 — a)[ces + (1 — c)eg] — M&>  [1], nucleating an island or a pit is completely equivalent
_ _ energetically, and a full numerical treatment [3] shows
T 2M&(ea — £5) (¢ = ©). @ that pit nucleation is actually favored. However, allow-
Note that this has a unique minimum with respect toing alloy decomposition gives a very different picture. In
compositionc, independent of the island volume. Thus the absence of bulk diffusion, a pit can be formed only by
to find the nucleation barrier we can simply take theremoving material of compositiof. Thus the nucleation
minimum of E with respect toc and the maximum with barrier for islands can be lower than that for pits, because
respect tov. only islands benefit from alloy decomposition.
Let us begin by considering two simple limits. If the Let us now focus on island nucleation in the important
composition is assumed fixed (no decompositiors ¢),  special case of amB alloy film on a substrate oB.
Eq. (2) simplifies to This includes such widely studied and technologically
_ 2/3 _ =2 important systems as Si.Ge. on Si and InGa - As
E(V) =TV aVME, 3) on GaAs. Here the compositianrefers to the fraction
which has been studied previously [1]. Taking fixee=  of the misfitting component, soez = 0, & = ¢gy4, and
¢ is a good approximation ig” > kT, and, of course, Ae = g,. Then Eq. (2) becomes
is exact for a nonall m. The ener rrier for
o, SYSEM: ThE NSO DT 1 — Ly 1 g(0) = )+ (¢ = 00
+ Me&i[(c — &) — ac?]. @)

The fixed-composition case above is unaffected, but

I _ _ the ¢ =~ 0 case simplifies—the composition in this case
where Mg~ is simply the strain energy density of the 5 enriched fromé to ¢ = &1 —a)! (or ¢ =1 for

planar film. . ¢=1- a). For¢ =1 — a, the barrier is reduced by a
The other simple limit i = 0. Then the free energy ¢5.tor of(1 — a)? to

of mixing is negligible, and the composition is determined

entirely by the minimization of strain energy. In that case, E, = 4 (1 - a)a M) 2 8)
regardless of island volume, the minimum free energy 27 Az

3184

4 _ o
E, = Elﬂa 2(M&*) 72, 4)



VOLUME 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 ©TOBER 1998

For¢ = 1 — a, we instead have = 1 and E(c.V) vy
4 5 \w) Twlem @ e
Ep = —D3Me2) (1 — a) + & —2e]72  (9) 0 0 0
27 +kBTV|:I c+(1 )Inl—c:|
- - —c — |
This dependence of the island composition and nucleation E, Vo c l—¢
barrier on film compositiow is shown in Fig. 1. (11)

It is unrealistic to expect in general that= 0. The
enthalpy of mixing varies from system to system, andwhere E, = VoMsei, E, = V,Mei, and Vy = (Ey/
may often be negligible (as for SiGe). But the entropyl)*’2. Besides the overall energy scdlg and size scale
of mixing is always present, and will prevent the islandVo, the behavior is controlled by three dimensionless
from ever attaining a pure compositien= 0 or 1, if the  parametersu, ¢, and kgT/E,. Given these, the com-
film is an alloy. We therefore take position and nucleation barrier may be determined by

2(c) = V. kTeIne) + (1 — ¢)In(l — &)]  (10) ménm;ﬁlpgslsg.ct(;ldl/)-wnh respect to and then maximiz
at temperaturel’, as for a random alloy with negligible  The resulting behavior is summarized in Fig. 1. The
enthalpy of mixing. high-temperature limitkzgT > E, is equivalent to the

Including this free energy of mixing in Eq. (7), the casecase of fixed composition = ¢ discussed above. Simi-
of island nucleation from adB alloy on substrate o larly, the limit of k3T < E, is equivalent to theg = 0
gives case above. Varyind@ gives a family of curves which
interpolate smoothly between these extremes.

The variation of the nucleation barridf;, with tem-
perature in Fig. 1b is obscured by the log scale, which
is needed due to the strong dependence.onro better
show the role ofg, Fig. 1c gives the barrigelative tothe
case of no alloy decompositior,= ¢. Note that both
the enhancement of composition and the reduction of nu-
cleation barrier are maximal for intermediateand both
effects disappear in the limig— 1 andc — 0.

For SiGe on Si,E, = 30 meV, so at typical growth
temperatureskzT/E, ~ 2. In contrast, for InGaAs on
GaAs E, is roughly 8 times larger—it has twice the
misfit, andV, in this case is the volumger cation Thus
the typical reduced temperature is closerkgd /E, ~
0.25. From Fig. 1, one sees that both the composition
enhancement and barrier reduction will generally be much
larger for InGaAs than for SiGe, assuming simiéar

The focus thus far has been on nucleation. However,
for quantum-dot applications a crucial issue is the com-
position of the island at its final size, which is generally
much larger than the critical nucleus. As shown above,
the optimum composition is the same at any size. How-
ever, kinetic factors may lead to growth at a somewhat
different composition. Consider growth of SiGe islands
on Si(001). If the growth is limited by surface diffusion,
then since Ge diffuses much more quickly than Si [12],
0.0 &l . . . . the island will bg Qe enriched even beyond the predic-
00 02 04 06 08 10 tion of Fig. 1. This is true for InGaAs on GaAs(001) also

c [13]. However, there are a host of other kinetic issues, in-

FIG. 1. Island nucleation from a planar alloy of composition volving strain effects on diffusion [14] and incorporation

¢, for AB alloy on B substrate witha = 0.4. (a) Compo- [15,16], which compllcat(_e th? problem. !

sition of nucleated island. (b) Energy barrier for nucleation. For quantum-dot applications, typically the alloy film
(c) Energy barrier for nucleatiorelative tothe value for fixed is only a few atomic layers thick. For islamiicleation

compositionc = ¢, to show fractional reduction of nucleation we could safely treat this film as an infinite reservoir.
E":‘;”(elrl)d;]oer ;OSSHSZ}; gfegﬁq%%t;g[‘urhgro;zdz"%?i ng, Beg”'is foByt if island growth takes place after the incident flux is
and 2. Dashed line is the limitzT > E,, equivalent to fixed turned off, then th_e_ islands 9f0W at the expepse of the film,
compositionc = ¢. Solid line is theksT < E, limit, equiva- and the compositional enrichment of the islands leaves

lenttog = 0. behind a compositionally depleted film. For example,
3185

10

Ey /By

1

1.0
0.8
(8]

0.6

0.4

0.2




VOLUME 81, NUMBER 15 PHYSICAL REVIEW LETTERS

. (2)

12 ©OTOBER 1998

dislocated islands may be described by Eq. (2) above,
but with @ approaching 1, and a much larger value of

I' (reflecting the formation energy of the dislocations)

[3]. Thus one may anticipate particularly strong alloy

enrichment for such dislocated islands.

In conclusion, alloy decomposition is a ubiquitous and
important effect in nucleation and growth of strained
islands. It can alter the properties of self-assembled
guantum dots, and exacerbates the problem of strain-
induced roughening of planar layers in electronic devices.
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