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Self-Limiting Growth of Strained Faceted Islands
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We consider the growth of facets associated with coherently strained semiconductor islands.
Surprisingly, the island growth rate is found to rapidly self-limit, which has important consequences for
island size distributions. A new explanation for the elongation of strained faceted islands is proposed
as a natural consequence of facet growth kinetics. [S0031-9007(98)06262-0]

PACS numbers: 68.55.—-a, 81.15.-z

Mechanisms of facet formation and growth are long-supersaturation (i.e., annealing of the planar film in the
standing issues in surface physics and materials scienedsence of deposition). However, the analysis will also
[1]. In particular, faceting governs many key processespply to deposition if the supersaturation is very small,
in crystal growth and etching [2]. More recently, it has which is true for many situations of practical significance
been discovered that facets also play a central role if9]. If the adatom diffusion length is large on the scale of
the growth of coherently strained semiconductor islandshe spatial extent of the island strain field then the energy
[3—7]. Here the situation is particularly intriguing from to form an embryo of sizé is
the growth physics perspective because of the spatial
variation in strain across the surface of the faceted island. AG = afl' + af ¢(R)dR, @
Despite the fact that coherently strained semiconductor embryo
islands are presently receiving considerable attention as
a means of fabricating quantum dot devices [8], insight (a) (b)
into the facet growth mechanisms has remained limited.

In this Letter we identify two surprising consequences /4
of strained facet growth which dramatically influence \ O
island growth kinetics. First, we demonstrate that the 2s /'
island growth rate decreases rapidly with increasing island \ /) ®
size. This implicates an important role of faceting as
a means of inducing self-limiting growth and narrowing 5
island size distributions, even in low misfit systems. AG
Second, a shape instability of strained islands arises as (eV) (C)
a natural consequence of facet growth which provides a 21
new explanation for the origin of elongated hut cluster
shapes observed in strained layer epitaxy [3]. 1 Pt -

Consider the generic model of facet growth illustrated ~ N
in Figs. 1(a) and 1(b). A pyramidal island of half base 0=z
length s is bounded by four facets inclined at an angle \
0 to the surface. The three-dimensional island grows via 1 \
the nucleation of two-dimensional islands of heighon \
the facet surfaces [Fig. 1(b)]. Such an embryo is shown ) \
originating from the bottom left hand corner of the facet ) 10 20 30 40
in Fig. 1(a) which, as discussed later, is an energetically /(nm)
favorable nucleation site. We assume that the embryo
shape is dominated by surface energy considerations suétiG. 1. (a) Schematic representation of strained facet growth.
that the step energy is @ minimum for a direction in  An embryo emerges from the bottom left hand corner of the
the facet plane, inclined at an angeto the base of the facet and expands across the facet with the geometry shown.

island. This i d imati | dient b) The embryo of height increments the basal dimension of
ISland. IS IS @ good approximation as long as gradi€nte jsjand as ‘shown in cross section. (c) Formation energy of

in_ the surfa}ce elaSt?C energy density are small Com_p_al'eﬂﬂle embryoAG as a function of its sizé (solid line) for the
with the anisotropy in step energy. Details of the criticalgeometry shown in (a). The first and second terms of Eq. (1)

nucleus shape will, however, not influence the importangre rep_re_se_ntedoby the dotted and dashed lines, respectively.
qualitative features of the model. The misfit is 2% ands = 40 nm. Elastic constants used

. . _in the calculations are Young's modulus = 102 GJ/m’
We model the growth of strained facets as a direCh,y poisson’s ratiov = 0.27. We assume a{105} facet

transformation between the planar strained film and th@eometry withg = 11.3°, ¢ = 51.5°, acscd = 5.54 A, and
embryo, which is strictly valid in the limit of zero I' = 3.8 meV/A%

——

| 1 1 1
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where I' = y,sing cscd + ygsinncscd + yycotd —  tion of the substrate. Apex nucleation will become increas-
yscsco if € > a. The surface energiey, and y, ingly likely for higher aspect ratio islands associated with
correspond to the island facet and substrate (or wettingreater apex relaxation and basal stress concentrations.
layer) energies, respectively, so that the first term simply The growth rate of strained faceted islands depends on
reflects the additional surface energy created [10]. Théoth the frequency at which 2D nuclei form on the surface
second term involves the elastic relaxation of the materia{nucleation limitation) and the rate at which they expand
comprising the embryo wher&(R) is the elastic energy to cover the surface (growth limitation). In the latter case,
density at the surface of the embryo minus the elastithe basal stress concentration in Fig. 2(a) can increase the
energy density of the planar strained layeR is a two-  energy barrier for adatom diffusion [13]. This limits the
dimensional vector in the facet plane [Fig. 1(a)]. island growth rate by restricting the flow of adatoms to

To calculate the elastic energy change in creating théhe 2D nuclei on the island surface. Island growth is,
embryo, we evaluate the elastic energy density at th@owever, nucleation limited if the time taken for the new
surface of a pyramidal island by finite element analysis
(FEA) [11]. This is also a good approximation to the
surface elastic energy density of the pyramid plus embryo, (a)
provided that the lateral dimensions of the critical nucleus
are appreciably greater than its heighti.e., we neglect
self-relaxation of the embryo). Using this approximation,
we then integratet(R) over the surface of the embryo
and evaluate the total energy chan§y& using Eg. (1)
as a function of the embryo dimensiofy as shown
in Fig. 1(c). Clearly, the energy increases initially and
reaches a maximum valukG* at a critical nucleus size
¢*. Hence there is an energy barrier to complete the
strained facet.

The physical origin of this barrier can be deduced from
the finite element calculation of the elastic energy density
displayed in Fig. 2(a) [12]. The elastic energy density
of the planar film is71 MJ/m?* which corresponds to the
dark pink shading in the figure. Material in the proximity
of the island peak is therefore relaxed relative to the
planar film but a significant stress concentration occurs
at the base of the pyramid, extending from the red to
the yellow regions. To grow the facet it is necessary to
cover the surface with a monolayer of material which is

initially strained to the dark pink level of the planar film. * 6 ' ' '
In order to cover the highly strained levels close to the AG (b) 4%
base, this material has to be further compressed to vaIues(eV) 37 -
between the red and yellow levels. This will initially cost 4
energy until the embryo can expand into more relaxed ] i
regions of the surface. Eventually, this reduction in elastic 3
energy dominates the positive surface energy contribution i
in Eq. (1), as shown in Fig. 1(c), which is the physical 7. 29 |
origin of the energy barrier. 0

The energy barrier to complete the facet is therefore 14 |
directly associated with the strain energy distribution on
the island surface. In this regard, the apex region of 0
the triangular facet is also a particularly favorable nu- 10 20 30 40 50

cleation site since here the material is significantly re- s (nm)
laxed compared with a corner close to the base [Fig. 2(a)].
However, Eq. (1) implies that the positive strain energyriG. 2. (a)(color) Elastic energy density associated with half
gradient away from the apex will facilitate the formation the triangular facet of a pyramidal islarid = 40 nm) at 2%
of a partially complete, metastable layer, which is not seemisfit. The elastic energy density is represented by a color
experimentally [3]. We attribute this to the increased valu%Cale which decreases linearly frét MJ/m" (red level) at the
of I (and henceAG*) associated with embryo formation ase tol§ MJ/m- (white level) close to the peak. . (b) Energy

; ) Y . barrier to complete the faceG™ as a function of island size
at the top of the facet since, unlike basal corner nucleatioR and misfit strain. Other parameters are listed in the Fig. 1

(Fig. 1), itis not possible to gain energy by covering a por-caption.
5157



VOLUME 80, NUMBER 23 PHYSICAL REVIEW LETTERS 8 UNE 1998

layer to cover the facet is small compared with the period 0.5
between successive nucleation events. 590°C
Scanning tunneling microscopy studies of /S&001) 0.4

growth do not show partially complete layers ¢r05} o
facets indicating that, after an initial nucleation event, %
the freshly nucleated layer completes rapidly [3]. =
Furthermore, the island number density was found to <
increase significantly with increasing Ge dose while Z
the islands grow only slowly [3]. These observations 0.14
strongly support nucleation limited growth and we now

consider the important implications of this mechanism for 0 . : . : . 1
island growth kinetics. 0 5 10 15 20 25 30 35
The magnitude of the stress concentration at the base Island area A (x100 nmz)

of the island increases with increasing misfit strain.
Furthermore, the spatial extent of the stress concentratiofiG. 3. Island size distributions corresponding to regions of a
increases as the islands grow larger. The energy barri%rggméhf":k 656-593151\,&(2‘%;"”1 on S'((iOlt)ha”“ea'gd at f57(|) ar(ljd

. : : ° or min. represents € numper or Islands
to Complete the faget W'.” therefore _alsq Increase Withy iy, projected areas betweeh (= 4s%) and A + dA. N, is
increasings and misfit strain as shown in Fig. 2(b). Since the total number of islands surveyed.

the island growth rat® o« exp(—AG*/kT), this implies

a strong self-limiting growth effect in W_hich large islands during our annealing process is principally a kinetic ef-
will grow more slowly than smaller islands. Smaller fact Now, all of the original planar film is transformed,
islands must then catch up to the larger islands in sizgnq transitions to higher order facets [5,18] and coarsening
which will narrow the island size distribution. mechanisms [19] dominate.

Unusually narrow island 'size distributi_ons have Nnow \we now consider the remarkable phenomenon of island
been _observed for sever_al different mater_lals systems [1_4$]hape elongation during strained layer epitaxy, which was
and, in some cases, this has been attributed to specifigst reported by Moet al. for Ge deposition on Si(001)
models of self-limiting growth which do not require (31 Ge islands were found to elongate along elastically
faceting [13,15]. Such models are particularly applicablesoft (100) directions, giving rise to so-called “hut cluster”
to high misfit systems(>4%) in cases where self- ghapes with rectangular rather than square bases (Fig. 4).
limiting growth sets in before well-defined facets form. A energetic explanation for the elongation of isolated
The interesting feature of our model is the appreciablgsjands of fixed height has already been proposed [20].
magnitude of the self-limiting effect which is present for yere we suggest an alternative explanation which is a
faceted islands, even at relatively low misfits. This iSpatyral qualitative development of our facet growth model.
because an embryo effectively integrates over the elastic |t he growth of a square-based pyramidal island is
energy of the facet surface and hence magnifies the effeyited by the nucleation of new layers on the facets, elastic
of misfit strain. o _ interactions with neighboring islands, steps [3,6,21], or

To investigate this possibility experimentally we have its [22] will produce a variation in energy barriers across
annealed 2 nm thick §iGeys alloy layers on Si(001) at he jsjand. Consider, for example, the reduction in basal
590 °C for 6 min. The layers were previously deposited atgress concentration due to E00] step of heightl.36 A
the relatively low temperature @0 °C to ensure a nomi- |gcated 1 nm from an islants = 20 nm). This can be
nally planar surface. The small temperature gradient ofptzined by superimposing the strain field due to a 4%
20 = 5 °C from the center to the edge of the wafer, as meayiscontinuity in misfit strain at the step [23] on the island

sured by NiCr-NiAl thermocouples, leads to a significantsirain field calculated by FEA. Integrating the embryo over
variation in the number density of square-based islands,

consistent with thermally activated nucleation [16]. How- N /
ever, an increased size uniformity is observed in the hotter 2
region as revealed by atomic force microscopy measure- A

ments of island size distributions in Fig. 3. The largest is- : ! t
lands are bounded Hy05} facets while the smaller islands C
have lower aspect ratios [17]. Interestingly, the maximum Al A

sizes in both distribution curves are almost unchanged,

consistent with growth by strained facets. These obser- D
vations demonstrate that, in the presence of faceting, nar- t L

row island size distributions are attainable even for low v 2

misfit systems. A bimodal island size distribution is Ob'FIG. 4. Plan-view schematic of a hut cluster with a rectan-

served on annealing the sample at a much higher tempergalar base. Shaded regions at the base of the facets represent
ture (=650 °C), indicating that the size uniformity attained areas of high stress concentration (see text).
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