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Structural Transition in Large-Lattice-Mismatch Heteroepitaxy
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The mechanisms of island nucleation, growth, and dislocation formation in large lattice-mismatch
heteroepitaxy are analyzed theoretically. It is shown that 2D platelets tend to transform to 3D islands
as they exceed a certain critical size. During island growth, the increase of the strain concentration
at the island edge makes it increasingly difficult for adatoms to reach the island, which leads to the
formation of homogeneously sized islands. The high strain concentration at the island edge is eventually
relieved by growing-in of misfit dislocations. [S0031-9007(96)01513-X]

PACS numbers: 68.55.Jk, 61.72.—-y, 81.10.Aj

The structural evolution of a thin film grown on a sub- homogeneous size distribution of 2D platelets, leading to
strate with a lattice mismatch is a problem of considerablequal size islands assuming that the islands do not change
practical and theoretical interest. It has been demonstrateateir volume during nucleation [10]. However, the growth
experimentally that in large lattice-mismatdb-~2%)  of 2D platelets is a kinetically controlled process; the size
semiconductor systems (e.g., & [1-3], InGaAgGaAs deviation for 2D platelets+50%—-100% [11]) is usually
[4,5], and InGaAsGaAs [6]) the epitaxial growth nor- much larger than that for 3D islands 10%).
mally proceeds via the Stranski-Krastanow mode: A few When coherent islands grow over a certain critical
monolayers (MLs) thick coherent wetting layer first growssize, misfit dislocations are observed to form at island
on the substrate. Coherent (dislocation-free) islands theedges where the highest strain exists [3,4,12]. Theoreti-
nucleate on top of the wetting layer. After these islandsal calculation has shown that the strain concentration
grow over a certain critical size, misfit dislocations format an island edge increases with island size; when it
at the island edges to relieve the misfit strain. It is ob+eaches a critical value, it will induce the formation of
served that the sizes of coherent islands are usually vewy dislocation [9].
uniform (with a deviation 0of~10%); such self-organized We have studied experimentally the structural transition
islands have been used as quantum dots [5]. These iim large lattice-mismatch G&i and InGaAgGaAs sys-
teresting phenomena have, in turn, sparked a significatéms [12,13]. In this Letter, theoretical models are pro-
amount of theoretical work. posed to understand: (i) the island nucleation process, (i)

At the initial stage of Stranski-Krastanow epitaxy, thethe island growth process and the cause of the formation
sum of surface and interfacial energy is first reducedf uniformly sized islands, and (iii) dislocation formation
by the growth of a wetting layer up to a few MLs mechanism in islands.
thick on the substrate surface. However, strain energy Figure 2(a) is an atomic force microscope (AFM) image
is built into the epilayer in order to fit its lattice with the of coherent Ge islands grown on a Si substrate by molecu-
lattice-mismatched substrate. This strain energy can blar beam epitaxy (MBE) at 500C. The islands were
reduced during further growth by the formation of islandscapped with Si at room temperature prior to removing the
due to the possibility of atomic bonding distortion in an samples from the MBE chamber. A cross section trans-
island (as illustrated in Fig. 1), but the surface energymission electron microscopy (TEM) image of a coherent
is increased [7]. The change of the strain and surfac&e island is shown in Fig. 2(b). The experimental details
energy has been calculated, which has shown that theave been reported elsewhere [13].
decrease of strain energy can outweigh the increase of Within the framework of linear elastic theory, the stress
the surface energy when an island exceeds a critical siza lattice-mismatched islands has been calculated
[8,9]. Therefore, it has been proposed that an island witlanalytically [8] and numerically [9,10]. (For a
a certain shape may nucleate by increasing its size [8].
It has also been proposed that a two-dimensional (2D)
platelet can change its shape to form an island [10].

After an island is nucleated, thermodynamic calcula-
tions have shown that the system free energy decreases
monotonically with increasing island size [8,9]. Without a

frer(]e e(;]?rgy mlln'lmu[]n atba Certzlr) 'ISIan 'Slze,tthzrtefotl;e, II:IG. 1. An atomic model illustrating, with exaggeration, the
IS hard to explain why observed island sizes tend to be Sm<ely strain relaxation for atoms in an island (solid circles)

uniform. It has been proposed that 2D platelets may havgonding to substrate atoms (open circles) with a smaller lattice
an energetic minimum at a certain size, which may lead tparameter.
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step, respectively. As an example, the total energy change
E; = Egrain T Esurtace iS calculated for Ge islands on a
Si substrate, and;/E, is shown in Fig. 3 as a function
of the angleB and N;, the number of atoms in eachy
plane inside the islands, whet& is E, under 8 — 0,
which is equal to the strain energy for a 2D platelet
with an equal sizeV;. The g; = 0.8 eV, shear moduli
7.90 X 10" and6.49 x 10'! dyn/cn? , Poisson’s ratios
0.22 and 0.21, for Si and Ge, respectively [15], were used
in the calculation. It can be seen from Fig. 3 that it is
energetically unfavorabl€E; > E;) for an island to form
from a 2D platelet until its size is larger than a critical
sizeN,.

The N. can also be derived analytically. It can be
easily proved [9] thaE, = Egyain + Esurface = €9N:if +
N,-2/3s, wheref ands are dimensionless quantities which
depend only on the island shape and materials properties,
but not onN; or g, the lattice mismatch.9E;/08 =
e2N;af /9B + N2 as/aB, whereaf/a is negative but
ds/aB is positive. FrompE,/dB = 0, it can be obtained

that
FIG. 2. (a) An AFM image of Ge islands grown on a Si
substrate: (b) A cross-section TEM image showing a Ge island 1 (af/3B 3
on a 6 MLs thick Ge wetting layer on a Si substrate: (c) The N.=—— < > . ()
boundary of Ling’s “mound” and a contour diagram showing go \9s/3B /p=o
the calculated strairz,, in the system: (d) The variation of
surface strairg; along the system surface. When a 2D platelet grows over the critical si2é.,

dE,/0B < 0, it becomes energetically unstable. During
further deposition, the adatoms deposited on the wetting
layer surface should tend to diffuse and hop to the top of
nanometer scale island, the stress calculated by cofhe platelet, then a 3D island would be formeth situ
tinuum elastic theory should be considered as arcanning tunneling microscopy has observed that the 3D
estimation.) ~ An analytic solution of the stress fieldisjands are formed on the base of 2D platelets abruptly
in a 2D “mound” on a strained semi-infinite substrateyhen they grow to a critical size [2].
is given by Ling [14]. The boundary of the “mound”  The nucleated island density can be calculated as a
is defined by x = Rsinh()/[costr) + cod2B)],  function of deposition coveragé. According to the
y = Rsin(2B)/[costr) + cod2p)], with —o =<1 = »,  gcaling law [11], the density for the 2D (or multilayer)
whereR is the island radius3 is defined in terms of the platelets with a siz&/ p(N, §) = (a/ﬁz)d)(N/N) where

“mound” heighth and radiusR as tariB) = h/R. AS  @(n/N) is a scaling function which is independent with
shown in Fig. 2(c), it can be fitted well to the Ge island

shown in Fig. 2(b) by allowing3 = 21°. Therefore, the
corresponding plane strain obtained from Ling’s solution
[14] can be treated as an approximation to the strain for
a 3D island. A contour plot of the absolute value of the
calculated straire,, is also shown in Fig. 2(c), and the
calculated surface tangential straép along the system
surface is shown in Fig. 2(d). It can be seen that the
strain ¢, caused by lattice mismatch in the island is
partially relaxed at the cost of inducing an extra strain in
the substrate and increasing the strain in the wetting layer
near the island edge.

The strain energyEs..in for islands with different
boundaries defined by Ling can then be calculated by
integrating the corresponding strain energy density over

the whole syste'm. The _surface energy chamggrace FIG. 3. The calculated,/E, for a Ge island on a Si substrate
for the system is approximately equal 2&4h/ho, the vs the island sizeN; and the angleB. The trace of the

sum of dangling bond energy,,;, at each atomic step, minimum E,/E, for islands with different size®V; is shown
whereh and kg are the heights of the island and a singleby the bold line.
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N. Then the 3D island density; at a coveragé® since adatoms tend to diffuse on a surface away from sites
(" with a higher strain to sites with a lower strain [7,16].
pi(0) = _ p(N,0)dN After an island forms, the strain relaxation in the island

c

o causes a strain concentration at the island edge [as shown

= = ] _ ®(u)du, withu = (2) in Fig. 2(d)], therefore, the adatoms deposited on the wet-
N Jn./N ting layer surface will have to overcome an energy barrier

As an example, the density of InAs islands grown on aAus before they can attach to the island.; can be es-

GaAs substrate is calculated as a function of coveragémated quantitatively. _ o

6 by assuming thatb(ux) = 1.1uexp(—0.27u>7), N « The island e_dge is ge_ometrlc_ally similar to a r_lotch.

6 [11], and N. = 5.1 X 10° atoms [as estimated from Based on the linear elasfuc solqtlon for the strain field in

Eq. (1)]. The calculatecp;(6) is shown in Fig. 4, and @ notch [17], the tangential strainy on the wetting layer

compared with the experimentally measured data [§]. Surface at a distance from the island edge with < R

is taken to be equal t.6 X 10%6 to fit the experimental has the form [9,17]

0

Zll=

data. n

As N increases with9 to a value close tav,, the den- & = BSO(}) ) 3
sity of the platelets with sizes larger thah, and there- )
fore the density of islands increases dramaticallyysee ~Where n and B are constants determined only by the
Fig. 4). SinceN, « 1/88 (see Eq. 1), thev. at small lat- angle 8. n varies from O to 0.46_3 ag changes fror_n
tice mismatches is much larger than that at large lattic@” 10 49" B Is a preconstant, VYh'Ch can be determined
mismatches. Therefore, at small lattice mismatch, platelet®y comparing Eq. (3) with Ling’s solution [9,17]. The
merge with each other to form a complete 2D epilayer pechemical potentlal for an atom (l)n a strained surface
fore they can reach the critical sizg, then the growth will  can be written as [7]us = uo + 2 0cer, where w
proceed by the layer-by-layer mode. The island nucleatio#$ the chemical potential on the surface with the same
process could also be suppressed when the atomic surfa@grphology but without strain() is the volume of a
diffusivity is reduced, e.g., by lowering growth tempera- lattice site, and; is the stiffness. By substituting Eqg. (3)
ture and/or using surfactant. The original kinetic surfacdnto the later equation, the energy barri®p, which is
morphology and local surface strain distribution may alsc@Pproximately equal tg; — uo at an atomic dlSt%nC@o
have a profound influence on the island nucleation proced§om the island edge, can be derived&a, = C&iR>",
[1,16]. with C = Q¢,B2/243". (Because of the large magnitude

SincedE,/aN; — eif + 2s/</N; decreases monotoni- Of the strains at the island edge, the calculated, is
cally with &;, during island growth it is energetically only a first order approximation, but it should capture
favorable for adatoms to attach to a larger islanid.  important qualitative physics.) Then the island growth
situ observation of the island growth process has showtiate takes the form
that islands grow rapidly during the initial growth state;
however, the growth rate slows down after the coherent
islands reach certain sizes [3]. This experimental pheno- ) . )
menon cannot be explained by the thermodynamic modefvhereF is the deposition ratel is the growth tempera-

During island growth, the evolution of surface mor- ture, L is the free diffusion length for adatoms on the

phology is also influenced kinetically by the surface stres§/etting layer surface. The first term on the right side
of Eq. (4) is due to the accumulation of adatoms directly

deposited onto the island surface; the second term is due
to the accumulation of adatoms which are deposited on
the wetting layer surface and then diffuse to the island.
Adatoms deposited on the wetting layer surface within
a distanceL from the island edge could overcome the
energy barried u, to attach to the islands.

] As an example, the growth ratéR/dr for a Ge is-
land on a Ge wetting layer on a Si substrate is calcu-
] lated based on Eq. (4) and shown in Fig. B.= 500 °C,

F =03ML/s, ¢, = 12.61 X 10" dyn/cn? [15], and

. L =~ 400 A (the experimentally measured average dis-
tance between the Ge islands) were used in the calcu-
lation. As shown in Fig. 3, the increase of anghk

CeRY )

i ~ 7R*F + L2Fexp<—
_] T T kT

(4)
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! 1.2 14 1.6 1.8 2 with respect to sizeV; is dramatic during the nucleation
Coverage 6 (ML) process but becomes minor during growth (as observed
FIG. 4. Island density vs deposition coverage during the€xperimentally [2,5]), therefore, as a approximation, it
island nucleation stage. is assumed that during growi = 21°, it can then be
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100 In summary, during initial epitaxial growth, the
adatoms tend to attach to the edges of 2D atomic platelets
to reduce dangling bond energy (or surface energy).
When a platelet grows over a certain critical size, it
becomes energetically favorable for adatoms to diffuse
to the top of the platelet to form a 3D island to reduce
] the misfit strain energy. However, the strain relaxation
. in the island causes a strain concentration near the island
edge, which then results in a kinetic barrier for adatoms
to diffuse to the islands, therefore island growth rate is
slowed down gradually as island size increases, leading
to the formation of homogeneously sized islands. When
100 islands grow further, the increasing strain concentration
Island Radius ( A ) at the island edge eventually makes it energetically
favorable for adatoms to attach to a crystallographically
FIG. 5. Island growth rate vs island radius for a Ge islanduwrong" position to nucleate a misfit dislocation.
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