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Effect of growth rate on the spatial distributions of dome-shaped Ge islands on Si„001…
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Ge/Si~001! layers are grown by gas-source molecular beam epitaxy at 600 °C to probe island self-ordering
phenomena. We vary the Ge growth rate by a factor of 40, 1.2–47 monolayers~ML ! min21, and adjust the Ge
coverage, 5.9–8.9 ML, to produce films consisting primarily of dome-shaped Ge islands. Measurements of the
radial and nearest-neighbor distributions are compared to calculated distributions for random arrangements of
circular islands. At low growth rates, island formation is inhibited at small separation. At high growth rates, the
angular distributions of nearest-neighbor islands show pronounced island ordering along^100& directions.
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I. INTRODUCTION

The growth of Ge/Si heterostructures has been inten
investigated in the recent past, due in large part to the
that Ge/Si~4.2% lattice mismatch! serves as a model syste
for the study of lattice-mismatched heteroepitaxy. The stra
driven formation of three-dimensional coherent islands p
vides a method for the self-assembly of semiconductor na
structures which have potential applications in novel dev
architectures.1,2 In many of these applications, control of th
surface spatial distributions of islands is essential. F
quently, the self-ordering of a single layer of islands is lim
ited and therefore methods for enhancing island ordering
being vigorously studied—e.g., selective deposition,3 tem-
plating by dislocation networks,4 strain-driven pattern
formation,5,6 and multilayer growth.7,8

The evolution of islands morphologies in the Ge/Si~001!
system atTs'600 °C is complex but the sequence of eve
is fairly well established. After the formation of
'3.5-monolayer~ML !-thick wetting-layer, island nucleation
initially occurs via the formation of small two-dimension
~2D! islands which transform into 3D islands,'18 nm in
diameter, with an aspect ratio of'0.04.9 With continued Ge
deposition, the small rounded islands quickly transform i
square base pyramidal islands bounded by$105% facets. A
fraction of these pyramidal islands, in turn, evolve10,11 into
coherent circular-base islands, with diameters of 45–100
and an aspect ratio of'0.2, which are commonly referred t
as domes. Domes grow at the expense of pyramids.10 Domes
formed at a given set of growth conditionsR, Ts , and layer
thicknesst tend to be quite uniformly sized in both later
and vertical dimensions.12,13A fraction of the domes eventu
ally relax by the introduction of dislocations and gro
rapidly14 to large sizes (.200 nm), forming ‘‘superdomes.’

We focus our efforts on a fixed growth temperature a
Ge coverage optimized for the formation of uniformly siz
dome-shaped Ge islands. We analyze the effect of gro
rateR on island size, areal density, nearest-neighbor posit
and radial distribution functions. Sizes and areal densitie
Ge islands10,13,15–18on Si~001! have been studied extensive
but we are unaware of prior studies of the spatial distribut
of Ge islands.@Nearest-neighbor angular19 and radial20 dis-
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tributions have been reported for the related system In
GaAs~001!.# In fact, quantitative data21–24for the spatial dis-
tribution functions of islands following film growth are
relatively rare.

II. EXPERIMENTAL DETAILS

We usen-type Si~001! wafers with a miscut of60.25°
and deposit Si buffer layers and Ge overlayers by gas-so
molecular-beam epitaxy~GS-MBE! utilizing Si2H6 and
Ge2H6 precursor gases in a multichamber ultrahigh vacu
~UHV! system. Following substrate cleaning,15 degassing at
600 °C in UHV for .4 h, and flash heating to 1100 °C, w
grow a 50-nm Si buffer layer at 800 °C, followed by G
deposition at 600 °C. The growth rateR increases linearly
with Ge2H6 flux15 sinceTs5600 °C is far above the mono
hydride desorption temperature25 for Ge~001! and the stick-
ing coefficient15,25 is constant atS'0.05. The film thickness
t required for obtaining a island population that is domina
by dome-shaped islands increases slightly with increasinR,
from t55.9 ML at R51.2 ML min21, to t58.9 ML’s at R
547.1 ML’s min21. The areal density of domes increas
almost linearly withR and slowly witht.9,15

The growth temperatureTs5600 °C is chosen to facilitate
the formation of a narrow size distribution of domes wh
avoiding significant alloying16 with the substrate.~At 550 °C
domes coexist with a large population of pyramids.15! Our
best evidence for the lack of alloying effects is the sm
variation in the size of domes withR; at R50.4 ML min21

~15-min growth time!, the dome size is essentially un
changed fromR51.2 ML min21 ~5-min growth time!. To in-
crease the likelihood that our data are free of significant
fects of intermixing with the substrate, we limit our analys
of the island distributions toR.1 ML min21.

We measure Ge coverage by Rutherford backscatte
spectrometry and image surface morphology byex situ
tapping-mode atomic force microscopy~AFM!. We mount
AFM specimens with the scan direction along@110# @see Fig.
1~a!# and measure island diameters from the resulting AF
images by reducing the vertical scale of the image to 2 n
resulting in sharp contrast between the island perimeter
surrounding wetting layer. We then measure island hei
©2002 The American Physical Society07-1
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FIG. 1. 232 mm2 AFM images of Ge/Si~001! layers grown at
varying deposition ratesR: ~a! 1.2 ML min21 with layer thickness
t55.9 ML and island area densityr510.9mm22; ~b!
6.6 ML min21, t58.0 ML, r568.2mm22; ~c! 47.1 ML min21, t
58.9 ML, r5154.4mm22. Dome-shaped islands appear as lig
disks. Small pyramidal-shaped islands are visible in the backgro
of ~b! and ~c!.
19540
referenced to the 2D wetting layer by analyzing a cro
sectional view of the same AFM image. From compariso
of island diameters measured from AFM images with tho
measured from plan-view TEM images,12 we determine that
our AFM measurements overestimate actual lateral dim
sions by approximately 5 nm due to the effects of tip conv
lution.

We calculate nearest-neighbor distribution functio
N(r ), radial distribution functionsG(r ), and nearest-
neighbor angular orientation functionsA(u) from the (x,y)
coordinates of the center of each dome-shaped island
determine the radial distributionG(r ), we use the coordi-
nates (x0 ,y0) of a given island as a reference, and record
distancer from (x0 ,y0) to all neighboring islands within a
given range~0.5 or 0.25mm, depending on island density!.
The reference island position is chosen so that the meas
ment area does not intercept edges of the AFM image. F
lowing the measurement, we take a new island position
the reference and repeat the process. The new referenc
land position is chosen at a sufficient distance from form
reference positions to eliminate double counting. After p
forming a sufficient number of measurements~typically
.3500 reference islands are needed to overcome statis
noise!, we obtain the radial distribution functionG(r ) by
normalizing a histogram of all recorded separations
2psrDr , wheres is the number of scans,r the distance from
(x0 ,y0), andDr the histogram bin size.

The nearest-neighbor distribution functionN(r ) and an-
gular distribution functionA(u) are determined in essentiall
the same manner as the radial distribution function, exc
we only consider the nearest-neighbor to a given refere
island. We convert histograms of nearest-neighbor separa
and angular orientation into the functionsN(r ) andA(u) by
normalizing histogram values bysDr and sDr /2p, respec-
tively. Angular orientation measurements range from 0
2p, with 0 andp indicating alignment of islands along th
horizontal axis of the 2D AFM image, andp/2 and 3p/2
orientation indicating alignment along the vertical axis. Th
values ofu50, p/2, p, 3p/2, and 2p correspond tô110&
directions, whileu5p/4, 3p/4, 5p/4, and 7p/4 correspond
to ^100& directions.

We compare our experimental results to computer sim
lations of random nucleation that include the effects of
exclusion zones equal to the area of the island.~We note that
analytical solutions of this problem can be derived in cert
cases26 but our computer simulations are flexible and simp
to implement.! Using the average island diameter obtain
from AFM measurements, we place circular islands one
time in randomly generated locations. The only constraint
positioning is that island perimeters cannot overlap. If
newly determined random island position overlaps an ex
ing island, we discard this position and generate another
dom (x,y) coordinate until one is found that does not res
in overlap of an existing island. We repeat this process u
the areal density of islands in the simulation matches
experimental value. We then determineG(r ) and N(r ) of
these simulated island arrays in the same manner as
scribed above.@The simulatedA(u) is constant.#
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III. RESULTS

Typical AFM images for films deposited at varyin
growth rate are shown in Fig. 1. By careful control ov
growth rateR and total amount of deposited materialt, we
are able to grow layers where the majority of islands
uniformly sized domes. Pyramidal islands are completely
sent at the lowest growth rates. At the highest growth rate
minority population of pyramids coexist with domes, s
Fig. 1~c!. A small change in coverage or growth temperatu
might alter the number of pyramids, but since the volume
Ge in the pyramids is a negligible fraction of the Ge volum
in the domes, we do not believe that these residual pyram
significantly effect our results for the distributions of dom
shaped islands.

The effect of growth rate on island densityr and island
size is shown in Fig. 2.r increases with increasingR, rang-
ing from r57 at R50.4 to r5154.4mm22 at R
547.1 ML’s min21. The average dome diameterdavg and
heighthavg both decrease with increasing growth rate, w
the diameter ranging from 73–48.7 nm and height from 1
10.1 nm as determined from AFM images. The distribut
of island sizes is narrow; in most cases, the standard de
tion of the height or diameter is,7%.

Plots of N(r ) vs nearest-neighbor separationr nn for ex-
perimental and simulated data are shown in Fig. 3. The
perimentalN(r ) are only slightly narrower than the simula
tions of random placement that include the effects of
exclusion zone. For our complete set of data for six grow
rates, the peak in the experimentalN(r ) is shifted to larger
r nn by 2068% relative to the peak in the simulatedN(r ).

Radial distribution functionsG(r ) for experimental and
simulated data~solid lines! are shown in Fig. 4.G(r )50 at
r ,davg ~the minimum center-to-center distance between
lands is the island diameter! and approaches the area dens
r asr→`. For R,6.6 ML min21 (r,68.2mm22), the ex-
perimentally determined radial distribution functions i
crease monotonically withr, with the rate of increase slowly
decreasing with increasingr asG(r )→r. As the island den-
sity increases, so does the rate of increase inG(r ) observed
at r .davg . However, the simulatedG(r ) curves increase
much more rapidly than the experimental data. This is m

FIG. 2. Average heighthavg , diameterdavg , and areal densityr
of Ge/Si~001! islands as a function of growth rateR. Error bars on
havg anddavg denote the standard deviation of the measuremen
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evident at low island density: the separation between
experimental and simulated curves is most significant ar
510.9mm22 (R51.2 ML min21).

The angular distribution functionA(u) for nearest-
neighbor islands is shown in Fig. 5. Atr510.9mm22, no

.

FIG. 3. ~a!–~c! Filled symbols are the nearest-neighbor distrib
tion functionN(r ) plotted as function of the nearest-neighbor isla
separationr nn for the Ge/Si~001! layers shown in Figs. 1~a!–~c!,
respectively.~Note that the scale of thex axis is different in each
figure.! Open circles areN(r ) for computer simulations of the ran
dom placement of circular islands with an exclusion zone given
the measured average diameter of the islands.
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preferential nearest-neighbor orientation is observed. As
island density increases, peaks appear in the^100& direc-
tions. The degree of ordering is particularly striking at t
highest island density, see Fig. 5~c!.

IV. DISCUSSION

We use the random placement of circular islands a
baseline for comparison with the experimental data. By
cluding an exclusion zone equal in size to the measured
erage diameter of an island, we find reasonably good ag
ment between the simulations and the measured ra
distributions of Ge dome-shaped islands; i.e., the meas
radial distributions are approximately random. Island form
tion is inhibited, however, at small separations; this eff
is seen in bothN(r ) @the peak inN(r ) shifts to greaterr nn]
and G(r ) @G(r ) is suppressed at smallr ]. The size of the
excess excluded zone relative to the simulations is diffic
to assign precisely but decreases from'40 nm at R
51.2 ML min21 to '25 nm at 2 ML min21 to '7 nm at
47 ML min21, see Fig. 4.

Similar behavior is well known from studies of the dep
sition of noble metals on alkali-halide substrates.23,24,27 In
this case, the suppression of island nucleation at short
tances is usually attributed to the capture zone of an isla
the supersaturation of adatoms is reduced within a diffus
length of an existing island thus suppressing nucleation
new islands in the adjacent region. Our situation is com
cated by the presence of the Ge wetting layer, shape tr
formations between pyramids and domes,11 and ripening that
occurs simultaneously with growth.10 Nevertheless, we be
lieve that the concept of a diffusion length is useful. T
formation of dome-shaped islands is suppressed in a re
surrounding an existing dome because the lower chem
potential of the elastically relaxed dome enables the dom
grow at the expense of the surrounding wetting layer a
pyramids.

FIG. 4. Island radial distribution functionG(r ) for experimental
~filled symbols! and the simulated random placement of circu
islands~solid lines!. The experimental data are labeled by the co
eraget, growth rateR, and island areal densityr. The island areal
densityr also labels the simulated data.
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The small length scale of the exclusion zones is somew
surprising. We have recently studied denuded zones in
island densities on laser textured28 Si~001! substrates; the
size of the denuded zones adjacent to a vicinal surfac
determined by the diffusion length during the time scale
the formation of the wetting layer.15 The width of this de-
nuded zone is, however, nearly 100 times the length of
exclusion zone discussed above. For example, atR
51.2 ML min °C, the denuded zone adjacent to a vicin
surface is 4mm wide.15

We can similarly discuss the increased degree of isl
ordering along^100& directions at high island densities i
terms of surface mass transport. Meixner and co-worke29

r
-

FIG. 5. ~a!–~c! Angular distributionA(u) of nearest-neighbor
islands for the Ge/Si~001! samples shown in Figs. 1~a!–~c!, respec-
tively. The growth rateR and areal density of islandsr are listed at
the top of each figure.
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have recently reported strong^100& ordering in Si0.75Ge0.25

islands grown by liquid phase epitaxy and attributed t
ordering to anisotropic strain-induced modification of t
surface chemical potential. Using numerical finite elem
calculations, they showed that the strain energy density f
pyramidal island has a local maximum near the island e
in the elastically hard̂ 110& directions.29 In contrast, the
strain field in thê 100& directions decays monotonically wit
distance from the island perimeter. At island boundaries,
elevated strain energy density in regions oriented al
^110& directions effectively corresponds to regions of high
chemical potential than those oriented along^100&. Thus
mass transport is toward sites oriented in^100& directions
relative to existing islands, and nucleation is suppresse
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