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In the Stranski—Krastanov system, the lattice mismatch between the film and the substrate causes
the film to break into islands. During annealing, both surface energy, and elastic energy drive the
islands to coarsen: some islands enlarge and others shrink, keeping the total island volume constant.
The islands produced this way are usually uneven in size and spacing. Motivated by several related
studies, we suggest that stable, uniform islands should form when a stiff ceiling is placed at a small
gap above the film. After contacting the ceiling, the islands are constrained to grow laterally and
remain coherent with the substrate, preventing further stress relaxation. In fact, we show that the
role of elasticity is reversed: with the ceiling, the total elastic energy stored in the system increases
as the islands coarsen laterally. On the other hand, the total surface energy decreases as the islands
coarsen. Consequently, the islands select an equilibrium size to minimize the combined elastic
energy and surface energy. We estimate the equilibrium island size by analyzing an idealized
model. © 2001 American Institute of Physic§DOI: 10.1063/1.1415403

The Stranski—Krastanov growth has been used to fabrishape and a similar periodic lattice. Volume conservation re-
cate nanoscale semiconductor particles as quantum dots guires thatd®= g12h, where 8 is a dimensionless number
optoelectronic devices? A thin film of one crystal is depos- depending on the island shape and the type of the island
ited on a substrate of another crystal. The two crystals belontpttice. Consequently,|/h= B(/d)3. When the islands
to the same symmetry group, have different lattice constantsoarsen]/h increases, and so does the spacing-to-diameter
and form a coherent interface. The lattice mismatch induceatio 1/d. Both the film and the substrate are taken to be
an elastic field. To lower the elastic energy, the film breaksubic crystals, with lattice constangs andas, respectively.
into islands. The islands so grown are usually uneven in siz&he mismatch strain isy =(as—ay)/as. Because the total
and spatial arrangement. The nonuniformity causes a sprea/@mme of the islands remains constant, we negd only con-
in the electronic energy levels, which limits potential de-Sider the average elastic ener@g., the total elastic energy
vices. Uniformity improves to some extent when multiple Stored in the system divided by the volume of the deposited
stacks of islands are grown® Despite intense efforts over Mmatte). The average elastic energy takes the form
the last decade, it remains a challenge to fabricate uniform
guantum dots by the Stranski—Krastanov growth.

_— Bgcause islands nuclgatg at random_tlmes and sites, tr\]/vehereE is a representative elastic modulus, a{t/d) is a
initial islands are uneven in size and spatial arrangement. 08. . . : .

. ) ) . imensionless function, which also depends on ratios of
annealing, the islands coarsen: some islands grow and other§n . . i

e . . N ofher elastic moduli td&E. The elastic energy can be calcu-
shrink; over time, the mean island size increases, but th

: : fated from a unit cell containing a single coherent island on a
number of the islands decreasésRandom nucleation and substrate of the shape of a long prism, with zero displace-

coarsening are basic causes for island nonuniformity. lnment normal to the sides of the prism, as required by the

practice the two processes, deposition and annealing, can kf)%riodic boundary conditions. For a fixed island diameter

concurrent. This letter focuses on annealing by itself. That ISthe larger the cell sizkis, the more compliant the system is,

Ue=Ee2,g(l/d), 1

port ”?a“er among islands. . shown by the finite element calculation using an axisymmet-
It is well known that the surface energy drives coarsen-. :

. . . ric unit cell® Combining the above considerations of volume
ing. Coarse islands reduce the collective surface area, a

hereby red h | surf s | ) nservation and elastic relaxation, we conclude that the to-
thereby reduce the total surface energy. It is less appreciatgg o|,qic energy decreases when the islands coarsen. Islands

that, in the Stranski—Krastanov growth, elastic energy als%ometimes change shape during annealing, which does not

drives cqarsening. This is und_erstood as foIIows._Let _the avéppear to stop coarsening. The shape change is ignored in
erage thickness of the deposited materiahbelo simplify

this letter. We also neglect energy change of other origins,

the argument, imagine that the |slano!s are all |dent|c§\I andch as surface stress and line tension, which may play roles
form a periodic lattice. Let the base diameter of each 'Slan%hen the islands are very small.

be d, and _the spacing between neighporing islandsl .be Coarsening can be stopped by hindering stress relax-
When the islands coarsen, bothand | increase, but the  4ijon e g., by constraining the height of the islands. We are
islands are assumed to maintain a similar three dimensiongl,qvare of any experimental demonstration of the height-

constrained Stranski—Krastanov growth. Several related
dElectronic mail: suo@princeton.edu studies, however, have motivated this letter. Chou and
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Zhuand?® deposited a thin polymer film on a substrate, and 0
placed a stiff ceiling at a small gap above the film. Upon @j
heating, the polymer flowed and self-assembled into a trian-z 03 S
gular lattice of islands, their height being constrained by the g ——i]
ceiling. Electrostatics was implicated for inducing the self- E 081 B 4o
assembly. The gap between the ceiling and the substrate we g _ * O=05
of order 100 nm. The gap was controlled by the height of§ Substrate
spacers, which could be made below 100 nm. In another are% 42
of research, it was observed that when a small amount 0§
matter was deposited on a substrate, monolayer-thick island ~ -1.5 - - \ x \ \
might form, having a uniform size and ordering into a peri- g 100 200 00 400 500 600
odic lattice!*~*#The phenomena were attributed to the com- Normelizedisien Spacing; L
petition between the elastic energy and the edge erterdy. rig 1. inset sketches the axisymmetric model. The island is represented by
We next describe the height-constrained Stranski-a circular disk, and the substrate by an infinitely long cylinder. The normal-
Krastanov growth, following the setup for polyméPsFirst ized _elastic energy is plotted as _functic_)nsilch‘ at two values of the volume
deposit a crystalline film on a crystalline substrate. The twqf;‘zcj(f_' Both curves monotonically increase, and asymptote to zero as
crystals have different lattice constants, but are coherent. The

film need not be perfectly flah being the average thickness.

ey —

Pl {iff ceil ‘ . th bstrat ; capillary pressure on the top surface of the island. The cap-
ace a st ceiling at a spacingirom the substrate surface, illary pressure is much smaller than the typical stress caused

€.g., by wafer bonding_l the ceiling to a spacer il O'ﬂ)y the lattice mismatch, and should have a small effect on
the subs.trate. The ce|I|ng can even be a fu'nct|onal parF of thglastic energy, so that we take the top surface to be traction
final device. To prevent impurities from being trapped in thefree. This letter does not consider the case where the island is

structure, wafgr bqndlng should be carried oqt inan UItrahIgrhlso coherent with the ceiling, although the principle remains
vacuum. The film is then annealed to break into islands. Afy o same

ter contacting the ceiling, the islands grow in two dimen- agqume that the film and the substrate have identical
sions. The materials are so selected that, during annealing|,stic constants and are isotropic, with Young's modus

atoms of the film diffuse on the surface, but atoms of the;nq pgisson’s ratio. The average elastic energy now takes
substrate and the ceiling remain immobile. The growing iSihe form

lands remain coherent with the substrate. It may be necessary 5
that the ceiling be amorphous, or of the same crystal sym- Ue=Eeyf(C,I/h), 2

metry, so that the ceiling does not affect the crystalline perThe dimensionless functioh also depends on Poisson’s ra-
fection of the islands. From now on we will only consider tio. we will take the blanket film as the energy reference
the process after the islands contact the ceiling. state, so thaf(C,»)=0 for pancakes, anéi(C,0)=—1/(1

The Ceiling reverses the I’Ole Of elaStiCity: the eIaStiC en-— V) for need'es_ When the is|ands are between the two ||m_
ergy now drives the islands to refine, rather than coarsers, the stress field cannot be determined analytically. We use
This trend is readily understood by considering two limits:the finite element packagesaQus instead. The mismatch
pancakes and needles. When the islands are pancekes ( straing,, is represented by assigning different coefficients of
>1), the stress state approaches that of the biaxial stress fRermal expansion to the two crystals, and then subjecting
the blanket film. When the islands are needlgés<1), the  the system to a temperature rise. Poisson’s ratio is assigned
stress in the system vanishes. One can also see readily thatbe »=0.3. Figure 1 shows the normalized elastic energy
the total surface energy decreases when the islands coars@g. a function of the normalized island spacing @#0.5
It is the competition between the refining driven by elasticand C=0.75. Indeed, the functions increase monotonically.
energy and coarsening driven by surface energy that resultsoth approach the analytic value B$—0, and to zero as
in an equilibrium island size. l/h—o0.

To estimate the equilibrium island size, we now analyze  Next consider the change in the surface energy during
an axisymmetric model. The inset in Fig. 1 illustrates a cir-annealing. In the idealized model, the edges of the islands
cular disk of diameted lies on an infinitely long cylinder of are taken to be vertical. As the islands coarsen laterally, the
diameterl. They represent an island and a unit cell of thevolume of all islands remain constant, so that the area is
substrate. Cylinders do not fill space, unlike prisms. Theconstant for each of the following interfaces: islands—
elastic energy stored in an axisymmetric cell, howeversubstrate, islands—ceiling, substrate—vacuum, and ceiling—
should not differ too much from that in a prismatic cell, so vacuum. Consequently, the surface energies of these inter-
long as the two cells have the same volume. Thugpre- faces do not affect the energetics of the island coarsening.
sents the effective spacing between the neighboring islandgvetting layers, of a few monolayer thickness, may cover the
The ratioC=h/s sets the volume fraction of the matter in substrate—vacuum interface and the ceiling—vacuum inter-
the gap between the substrate and the ceiling, and remaiifisce. Because these interfaces have constant areas as the is-
constant during annealing. Volume conservation requires thaands coarsen laterally, the presence of these wetting layers
d=IC. As islands coarsen the spacing-to-diameter fdtio does not affect the energetics of coarsening. The change in
remains constant, in contrast to the three dimensional islandbe surface energy is the surface energy density of the
considered above. The curved surface of the substrate has land—vacuum interface;, times the total area of the island

radial displacement and shear stress. The ceiling exerts edge. The change in the surface energy per unit volume is
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fraction. The equilibrium island diameter is given by

”mg 0.75 1 dozlo\/a The height-constrained growth offers is a means
5 05 to tune the island size and spacing. The average film thick-
? 0.25 1 nessh is controlled by the amount of deposited matter. The
& 0 volume fractionC is controlled by the gap between the sub-
§ -0.25 - strate and the ceiling. The Griffith number can be varied by
3 -05- varying the mismatch strain, or by varying the surface energy
E 075 with a surfactant. For InAs on GaAs, takirig=1.3x 10
3 4 N/m?, y=1 N/m, ey,=7%X10 2, andh=2x10"° m, we

1.25 ‘ ‘ , ‘ ‘ ‘ find that the Griffith number ig\ =1.3. For the volume frac-

0 10 20 30 40 50 60 70 tion C=0.75, Fig. 3 gives the equilibrium island spacing

Normalized Island Spacing, I/h ~20 nm. The equilibrium island diameterdg~17 nm, and

FIG. 2. Combined surface and elastic energy as a functiéthofWhen the the gap between the substrate and the ceilirg2.67 nm.
Grih;ith. number is sufficiently large, the co%:/bined energy reaches a mini- In Sqmmary’ we have descrlbe,d an, approach to grow
mum, selecting an equilibrium island spacing. uniform islands, and analyzed an idealized model to help
plan experiments. The model determines the equilibrium is-
land size by minimizing the combined surface and elastic
:4_7_ (3) energy. Consequently, the islands so grown circumvent the
1JC randomness in nucleation and annealing. Although the model
does not address the issue of spatial ordering, on the basis of
the observations of monolayer-thick islarfds® we expect
that the elastic interaction will order the equal-sized islands
into a periodic lattice. Furthermore, several intriguing possi-
U 4 bilities demonstrated by Chou and Zhu&hépr polymers
EoZ (I/h)A\/E+f(C'I/h)' (4) have analogs for the Stranski-Krastanov systems. The ceil-
ing can be prescribed with a coarse pattern of variable
The Griffith numberA =hEe,/ vy, measures the relative im- heights by using conventional lithography. Island arrays
portance of the elastic energy and the surface energy. of different sizes may form on the same wafer. We have
Figure 2 plots the combined energy as a function of thealso developed a model for the electrostatics-driven
normalized island spacing foE=0.5. When the Griffith self-assembly’ We hope that experiments will soon succeed
number is small, the surface energy prevails, and the conin realizing the potential of this approach.
bined energy decreases monotonically as the island spacing ) _ _ )
increases, so that the islands coarsen indefinitely. When the 1his work is supported by the National Science Founda-
Griffith number is sufficiently large, the combined energy tion through Grant No. CMS-9820713.
rgaches a minimum, .s_eI(.ectin.g an equiIi_brium island size..y ; Eaglesham and M. Cerullo, Phys. Rev. L84, 1943 (1990.
Figure 3 plots the equilibrium island spacirlg, as a func-  2p. Leonard, M. Krishnamurthy, C. M. Reaves, S. P. DenBaars, and P. M.

tion of the Griffith number, at two values of the volume Petroff, Appl. Phys. Lett63, 3203(1993.
3J. Tersoff, C. Teichert, and M. G. Lagally, Phys. Rev. L&8, 1675

(1996.

Us

The surface energy decreases as the islands coarsen.
The combined surface energy and elastic enetdy,
=U+ U, takes the dimensionless form

18 4F. Liu, S. E. Davenport, H. M. Evans, and M. G. Lagally, Phys. Rev. Lett.
S 6 82, 2528(1999.
o 5G. Springholz, M. Pinczolits, P. Mayer, V. Holy, G. Bauer, H. H. Kang,
S 14 { and L. Salamanca-Riba, Phys. Rev. L&#, 4669 (2000.
& 8F. M. Ross, J. Tersoff, and R. M. Tromp, Phys. Rev. L&®.984(1998.
g 124 7J. A. Floro, M. B. Sinclair, E. Chason, L. B. Freund, R. D. Twesten, R. Q.
2 40 ] Hwang, and G. A. Lucadamo, Phys. Rev. L&4, 701 (2000.
E 8D. Wong and M. D. Thouless, J. Mater. S8R, 1835(1997.
s 8- V. A. Shchukin and D. Bimberg, Rev. Mod. Phyal, 1125(1999.
= 105, Y. Chou and L. Zhuang, J. Vac. Sci. Technol1B 3197(1999.
g 61 K. Kern, H. Niebus, A. Schatz, P. Zeppenfeld, J. George, and G. Comsa,
§ 4] C=05 Phys. Rev. Lett67, 855(1991).
= C=075 12K, Pohl, M. C. Bartelt, J. de la Figuera, N. C. Bartelt, J. Hrbek, and R. Q.
E 24 Hwang, Nature(London 397, 238(1999.
2 BA. Li, F. Liu, D. Y. Petrovykh, J.-L. Lin, J. Viernow, F. J. Himpsel, and M.

0 i ‘ ‘ ‘ ‘ G. Lagally, Phys. Rev. LetB85, 5380(2000.

Y 2 4 6 8 10 12 Y¥R. Plass, J. A. Last, N. C. Bartelt, and G. L. Kellogg, Natdd®, 875
(2009).

The Griffith Number, A = £ 150. L. Alerhand, D. Vanderbilt, R. D. Meade, and J. D. Joannopoulos,

Phys. Rev. Lett61, 1973(1988.
FIG. 3. Equilibrium island spacing as a function of the Griffith number for ¥Z. Suo and W. Lu, J. Nanoparti. Re%.333(2000.
two values of the volume fraction. 177. Suo and J. Liang, Appl. Phys. Left8, 3971(2001).

Downloaded 13 Nov 2001 to 128.112.36.168. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



