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Shape Transition of Germanium Nanocrystals on
a Silicon (001) Surface from Pyramids to Domes

Gilberto Medeiros-Ribeiro, Alexander M. Bratkovski,
Theodore |. Kamins, Douglas A. A. Ohlberg, R. Stanley Williams*

Chemical vapor deposition of germanium onto the silicon (001) surface at atmospheric
pressure and 600 degrees Celsius has previously been shown to produce distinct families
of smaller (up to 6 nanometers high) and larger (all approximately 15 nanometers high)
nanocrystals. Under ultrahigh-vacuum conditions, physical vapor deposition at approx-
imately the same substrate temperature and growth rate produced a similar bimodal size
distribution. In situ scanning tunneling microscopy revealed that the smaller square-
based pyramids transform abruptly during growth to significantly larger multifaceted
domes, and that few structures with intermediate size and shape remain. Both nano-
crystal shapes have size-dependent energy minima that result from the interplay between
- strain relaxation at the facets and stress concentration at the edges. A thermodynamic

model similar to a phase transition accounts for this abrupt morphology change.

The deposition of Ge onto Si(001) has
been described (1, 2) as a classic Stranski-
Krastanow process (3), for which a uniform-
ly strained Ge film (the wetting layer)
grows pseudomorphically to a thickness of
about three monolayers, followed by a tran-
sition to the growth of three-dimensional
(3D) nanocrystals on top of the uniform
film. Interest in this particular system, for
which Ge has a 4% larger lattice constant
than Si, increased dramatically with the
reports in 1990 by Eaglesham and Cerullo
(I) that the nanocrystals were free of dislo-
cations up to some maximum size and by
Mo et al. (2) that there was an intermediate
phase of metastable clusters that formed
before the appearance of micrometer-sized
Ge crystallites. However, the nanocrystal
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Fig. 1. (A) STM topograph [surface height h{x, y) as a function of position] of
strained Ge nanocrystals on Si(001), showing both pyramids and domes. The
gray scale is proportional to the local surface curvature as determined by the
Laplacian V2hix, y). positive curvature is white, flat areas are gray, and
negative curvature is black. This visualization mode emphasizes the nano-
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shapes reported by the two groups were
entirely different; in the former, they were
rounded domes, and in the latter, they were
mainly elongated “huts” bounded by (105)
planes. Tomitori et al. (4) systematically
determined the phase diagram of the
nanocrystals for Ge depositions of 1 to 8
equivalent monolayers (1 eq-ML = 6.3 X
10'* atoms/cm?); substrate temperatures of
300°, 400°, and 500°C; and typical deposi-
tion rates of 1 to 5 eq-ML/min. Their dia-
gram revealed that different structures dom-
inated for different deposition conditions,
but that huts and domes could coexist for
deposits of more than 6 eq-ML and a sub-
strate temperature of 500°C.

This behavior is considerably more com-
plex than that of the idealized Stranski-
Krastanow model, which is primarily an
empirical classification of one commonly
observed growth mode out of many. The
details of whether deposited material on a
flat surface will form planar films, rough

surfaces, or islands with particular orienta-
tions, shapes, and size distributions are still
matters of significant research and debate
(5). In particular, the fact that both ther-
modynamic and kinetic effects may be im-
portant in any particular system can cause
considerable confusion and lack of repro-
ducibility among research groups. The sub-
strate preparation, temperature of the sub-
strate, rate of material deposition, chemical
form of the depositing species, and ambient
conditions can all affect the growth of films
and lead to dramatically different morphol-
ogies for the same combination of materials.

Kinetic limitations, in the form of low
surface diffusivities or high deposition rates,
can roughen a film that is energetically
favored to be flat or lead to the formation of
many small islands for a system in which
the thermodynamically stable configuration
is a single large crystallite sitting on the
substrate (5). In the latter case, the islands
are only metastable; as the growth proceeds,
the smallest ones dissolve as the relatively
larger ones grow. This process is known as
Ostwald ripening or coarsening because
both the average island size and the width
of the size distribution increase with time as
the number density decreases. If coarsening
dominates for nanocrystal islands, the at-
tempts by many researchers to grow stable
and uniform nanostructures on surfaces by
chemical self-assembly may be futile. This
study was initiated to determine if any of
the observed types of Ge nanocrystals on
Si(001) are actually stable or if they are
simply transient structures that form and
eventually disappear.

Recently, Kamins et al. (6) examined
the growth of Ge nanocrystals on Si(001)
by chemical vapor deposition (CVD) at
substrate temperatures of 550° and 600°C,
Ge coverages up to 20 eq-ML, and various
gas pressures and flow rates. Atomic force

crystal edges, which appear black and clearly frame the gray facets of the
nanocrystals, showing that edges contain a significant fraction of the atoms
on the surface of the nanocrystals. (B) Higher magnification images of the
nanocrystals: (left) a mature dome and (right) a nanocrystal entering the
transition stage and a small pyramid.
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microscope topographs of their surfaces re-
vealed a bimodal population of nanocrystal
sizes, with a significant discontinuity in the
height distributions separating shorter and
taller nanocrystals. A scatter plot of the
diameters of the nanocrystals versus their
heights for Ge coverages from 5.5 to 11
eq-ML revealed two distinct families of
nanocrystals: The smaller grew with a con-
stant aspect ratio up to a maximum height
of 6 nm, and the larger formed a relatively
narrow height distribution, with an average
of 15 nm and a standard deviation <1 nm
that was relatively independent of Ge dep-
osition as long as both types of crystallites
were present. Transmission electron micro-
scope images showed that both types of
nanocrystals were free of dislocations (6).
We investigated these nanocrystal fami-
lies with higher spatial resolution and with-
out air exposure by depositing Ge onto
Si(001) using physical vapor deposition
(PVD) in ultrahigh vacuum (7) and exam-
ining the nanocrystals that formed in situ
with a scanning tunneling microscope
(STM) to measure the surface height h(x, y)
quantitatively with a lateral resolution of
1.25 nm or better (Fig. 1A). Depositing the
Ge onto Si(001) at approximately the same
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Fig. 2. Histogram of over 1000 nanocrystal vol-
umes determined from topographs (lateral resolu-
tion of 2.4 nm) for a surface covered with 10 eq-
ML Ge (top) and the corresponding scatter plot of
the surface area of the nanocrystals as a function
of their volume (bottom). The solid lines superim-
posed on the volume distributions are fits to Eq. 3.
The scatter plot reveals the two families of nano-
crystal shapes. The spread in the scatter plot data
is mainly caused by digital noise in the measure-
ments of the volume and the surface area resulting
from the finite pixel density. The bulk density of Ge
is 44.3 atoms/nm3.
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substrate temperature, deposition rate, and
amounts as for the CVD studies, we ob-
tained bimodal height distributions similar
to those in (6), even though the back-
ground pressures in the two experiments
differed by ~11 orders of magnitude. With
the resolution of the STM, we determined
that the smaller nanocrystals were square-
based pyramids and the larger nanocrystals
were multifaceted domes (Fig. 1B). We did
not observe the elongated hut clusters (2)
for the growth conditions used.

Figure 2 shows the volume histogram for
over 1000 nanocrystals grown at 600°C
with 10 eq-ML of Ge and the scatter plot of
the nanocrystal surface area versus volume,
which is an energetically relevant measure
of size and shape (8). The scatter plot re-
veals two distinct nanocrystal shapes. There
is a significant gap of nearly 2000 nm? in
the measured volume distribution between
the largest pyramid and smallest dome,
which corresponds to ~90,000 Ge atoms.
Examination of ~1000 nanocrystals re-
vealed only two to four that are intermedi-
ate in size and shape between the pyramids
and domes (for an example, see Fig. 1B).
This gap has been reproducibly observed
over many different samples and prepara-
tion procedures. Both the pyramids and
domes have maximum sizes and distribution
widths that are nearly independent of the
amount of Ge deposited as long as both
coexist (6), which indicates that in these
cases, neither experiences Ostwald ripening
because their free energies have local min-
ima with respect to nanocrystal size; both
are stable over some regime of surface
coverage.

Tersoff and Tromp (9) predicted that a
square-based pyramid should be unstable
with respect to ripening and spontaneous
elongation to form huts. However, at
growth temperatures above 550°C, Ge
(105) pyramids transformed only into
domes at larger volumes. Tersoff and Le-
Goues (10) stated that in some cases, one
could expect the formation of a series of
pyramids or prisms with increasingly steep
facets as the volume of the nanocrystal
increased. The major dome facets we ob-
served in our STM topographs are (113)
and (102) planes, which form angles of
25.2° and 26.6°, respectively, with the
(001) substrate plane, compared to 10.9°
for the (105) pyramid facet. The dome
shape appears to be a compromise between
two nearly degenerate pyramids rotated
45° with respect to each other and with
the sharp apex blunted. The dome may be
more stable than a (113) or (102) pyramid
with the same volume because it has less
oblique, and thus lower energy, edges.

Shchukin et al. (11) derived an expres-
sion for the energy of a strained nanocrystal

on a lattice-mismatched substrate that ex-
plicitly includes the bulk strain, the facet
and interface energies, and the elastic in-
teraction of the edges (12); we parameter-
ized the equation in the following form

AE(n) = Cn + Bn®*® + An"In(a./n'®)
(1)

where AE is the difference between the
energy of the partially relaxed (and defect
free) nanocrystal that contains n atoms and
the energy of those n atoms if they formed a
single monolayer patch (2D island) on top
of the 3 eq-ML Ge wetting layer; A is a
positive coefficient determined by the mag-
nitude of the edge energy; a. is an elastic
cutoff parameter; B is determined by the
nanocrystal facet and interface energies;
and C is a negative coefficient determined
by the bulk energy of the atoms in a
strained nanocrystal with respect to those
in a pseudomorphic 2D island on top of the
wetting layer. The coefficient B contains
two contributions: one (a positive facet en-
ergy) from the higher number of broken
bonds on the nanocrystal facets compared
with those on the wetting layer with the
same area as the base of the nanocrystal,
and the other (a negative contribution)
that comes from the fact that the Ge atoms
in a strained nanocrystal facet can relax
more than those in a pseudomorphic film.
Thus, the net facet contribution to the
energy of a nanocrystal can be either posi-
tive or negative, depending on the specific
case (11). The pyramids and domes are each
described by their own set of parameters for
Eq. 1, and for the domes, the parameters
represent averages over many facets and
edges.

However, we want to understand the
behavior of an ensemble of nanocrystals on
a surface, not a single nanocrystal. If N is
the area density of the atoms deposited onto
the wetting layer to form an ensemble of
nanocrystals, then the difference in the area
density of the energy between that ensem-
ble and a uniform 2D film formed from
those atoms (11) is

A%(n) = (N/n)AE(n)

= N[C + Bn™'® + An"?PIn(a./n'?)]
(2)

where A%4(n) is the energy difference per
unit area and N/n is the area density of
nanocrystals, each with n atoms. Conserva-
tion of mass acts as a thermodynamic con-
straint on the ensemble that would be ig-
nored when minimizing the mechanical en-
ergy of a single strained nanocrystal on a
surface. A local minimum for Eq. 2 is as-
sured if B is negative (11), that is, when the
relaxation energy is greater than the facet

. broken bond energy. The ensemble with
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the most stable nanocrystals of size ny can
be found by minimizing Eq. 2 with respect
to n. Thus, the interplay between the facet
(~—n"'3) and edge (~+n"2?) relaxation
energies averaged over the atoms deter-
mines the characteristic size n, (if there is
one).

If surface diffusion is fast compared with
the incident flux of Ge, then the ensemble
of nanocrystals may be close to equilibrium,
and the distribution of nanocrystal sizes
would have an approximately Bolzmann
form:

AE(n) _ AE(ny)

No
)

N
Q(n) = o Q(ng)expl

where {}(n) is the probability density of
finding a nanocrystal with n atoms, AE(n,)/
ng is the minimum per-atom energy of the
nanocrystals from Eq. 2, kg is the Boltz-
mann constant, and T is the substrate tem-
perature during deposition. We performed
least-squares fits of the observed pyramid
and dome volume distributions for Eq. 2
substituted into Eq. 3 (Fig. 2).

We used the above fits to determine
the volume dependence of the pyramid
and dome free energies. We expect kinetic
factors, especially the nucleation density
of pyramids, to play a role in determining
the nanocrystal size distributions, so the
resulting fitting parameters are only qual-
itatively correct (13). We have also in-
ferred the existence of an activation bar-
rier along the reaction coordinate for the
shape change, because the base widths of
the smallest domes are 20% smaller than
those of the largest pyramids. This barrier
is assumed to be equal to the energy re-
quired to remove from a pyramid the num-

Fig. 3. A model free-energy sur-
face for Ge nanocrystals on
Si(001), plotted with reference to
a pseudomorphic 2D island on
top of the wetting layer. The size
axis for the pyramids and domes
is plotted using Eq. 2, with the
parameters determined from fit-
ting the size distributions to a
Boltzmann  distribution.  The
shape axis is a reaction coordi-
nate that includes an activation
energy barrier to account for the
rearrangement of atoms 1o
change the size of the base of
the pyramid to that of an equal-
volume dome. The saddle point in
this energy surface, which repre-
sents the transition state of the
shape change, occurs at a volume
thatis between those of the largest
pyramid and the smallest dome.
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ber of atoms necessary to yield an inter-
mediate prism structure with the same
base area as a dome (Fig. 1B), which is
estimated to be at least 30,000 atoms for
the largest pyramids. Figure 3 is a qualita-
tive representation of the energy for the
pyramids and domes. The volume depen-
dence is plotted along one axis using Eq. 2
with the parameters determined from the
least-squares fit. The shape dependence is
plotted along a reaction coordinate 0 that
takes the nanocrystals from pyramids to
domes through some intermediate struc-
ture. The functional form for the activa-
tion barrier is chosen to be Easinze, where
E, is the energy of the transition structure
estimated from the number of atoms that
need to be moved to change the shape of
the nanocrystal, and 6 is the parameter
that determines the shape of the nano-
crystal. The zero of the energy scale is the
energy of the atoms in a 2D island on top
of the wetting layer.

We can now use this model to under-
stand the observed shape transition. The
2D Ge islands on top of the wetting layer
act as a reservoir; the nanocrystal ensem-
ble is an open system that can exchange
energy and atoms with these islands. The
pyramids nucleate and grow to a maximum
volume that is smaller than the volume for
which the domes are more stable than the
pyramids plus a fourth Ge monolayer on
the wetting layer. After a particular pyra-
mid has reached the maximum size, addi-
tional Ge atoms that are deposited or dif-
fuse nearby form 2D islands until the pyr-
amid plus these reservoir atoms can form a
dome, and the transition from pyramid to
dome occurs relatively abruptly.

The process is conceptually similar to a
structural phase transition, for instance,
when a solid transforms into a different
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crystal structure under applied pressure
(14). It is possible to exceed the phase
transition pressure because the movement
of all the atoms required to form the new
crystal imposes a significant activation en-
ergy barrier to the transition. A fluctuation
in the system allows the transition to take
place, and then it occurs quickly. Similarly,
in the present case, Ge atoms are continu-
ally diffusing back and forth between a crit-
ical-size pyramid and the surrounding 2D
islands, and a large enough fluctuation in
the number of atoms arriving at the pyra-
mid can cause a shape transition to a larger
volume dome.

Note added in proof: A phase diagram
based on Eq. 2 has recently been presented
(15).

REFERENCES AND NOTES

1. D. J. Eaglesham and M. Cerullo, Phys. Rev. Lett. 64,
1943 (1990).

2. Y.-W. Mo, D. E. Savage, B. S. Swartzentruber, M. G.
Lagally, ibid. 85, 1020 (1990).

3. E. Bauer, Z. Kristallogr. 110, 372 (1958).

4. M. Tomitori, K. Watanabe, M. Kobayashi, O. Nish-
ikawa, Appl. Surf. Sci. 76/77, 322 (1994).

5. M. Zinke-Allmang, L. C. Feldman, M. H. Grabow,
Surf. Sci. Rep. 16, 381 (1992).

6. T.I. Kamins, E. C. Carr, R. S. Williams, S. J. Rosner,
J. Appl. Phys. 81, 211 (1997).

7. For the PVD studies, small rectangles of about 1.5
mm by 10 mm were cut from (001)-oriented Si wa-
fers. The samples were mounted on a holder and
introduced into the ultrahigh-vacuum (UHV) prepa-
ration chamber. The holder and sample were heated
to 550°C for 8 hours to degas them, and the sample
was then cleaned by flashing to 1250°C for 30 s. The
base pressure in the chamber was typically <2 X
108 Pa, and the pressure during the sample flash
was <5 X 10~8 Pa. The Ge was deposited by an
UHV mini electron beam evaporator. Depositions
were performed at Si substrate temperatures of
600°C, as determined with a calibrated optical py-
rometer. The amounts of Ge deposited ranged from
8 to 12 eqg-ML, which we determined by counting Ge
atoms with the STM at low coverages to calibrate the
deposition rate.

8. To obtain quantitative size and shape information on
a statistically significant number of nanocrystals, we
wrote a program, based on existing code [R. Mirim,
thesis, University of Califomia, Santa Barbara
(1996)], to analyze the topographs. This program
locates the (x, y) position of the nanocrystals, mea-
sures their height and base width along two orthog-
onal axes, and integrates to find their surface area
and volume.

9. J. Tersoff and R. M. Tromp, Phys. Rev. Lett. 70,
2782 (1993).

10. J. Tersoff and F. K. LeGoues, ibid. 72, 3570 (1994).

11. V. A. Shchukin, N. N. Ledentsov, P. S. Kop'ev, D.
Bimberg, ibid. 75, 2968 (1995).

12. V.|. Marchenko, Zh. Eksp. Teor. Fiz. 81, 1141 (1981)
[Sov. Phys. JETP 54, 605 (1981)].

13. The fact that two different growth techniques [CVD
(6) and PVD] with the same temperature and growth
rates produced very similar nanocrystal size distribu-
tions suggests that energetic effects determine the
final configuration for this particular system, whereas
kinetics determines the initial configuration.

14, C.-C. Chen, A. B. Herhold, C. S. Johnson, A. P.
Alivisatos, Science 276, 398 (1997); S. H. Tolbert
and A. P. Alivisatos, ibid. 265, 373 (1994).

15. |. Daruka and A.-L. Barabasi, Phys. Rev. Lett. 79,
3708 (1997).

15 August 1997, accepted 14 November 1997

355





