
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 68, 161304~R! ~2003!
Scaling of three-dimensional InN islands grown on GaN„0001… by molecular-beam epitaxy
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The scaling property of three-dimensional InN islands nucleated on GaN~0001! surface during molecular-
beam epitaxy~MBE! is investigated. Due to the large lattice mismatch between InN and GaN (;10%), the
islands formed from the Stranski-Krastanow growth mode are dislocated. Despite the variations in~residual!
strain and the shape, both the island size and pair separation distributions show the scaling behavior. Further,
the size distribution resembles that for submonolayerhomoepitaxywith the critical island sizei 51, suggesting
that detachment of atoms is not significant. The above results also indicate strain is insignificant in determining
the nucleation and growth of dislocated islands during heteroepitaxy by MBE.
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Crystal growth by epitaxial methods such as molecu
beam epitaxy~MBE! has been a subject of intensive intere
because of the quest of artificially structured materials
special device applications. For such materials, the morp
ogy or the smoothness of the surface/interface is of p
mount importance. This demands a better understandin
growth mechanisms in order to improve the quality of t
film. Recent theoretical efforts have advanced the sca
theory,1 which describes the size and spatial distributions
islands formed during initial stage growth~submonolayer re-
gime!. Specifically, if the system contains only one leng
scale, i.e., the diffusion-limited average island size^s& or
island-island separation̂r &, surface areal density of island
Ns(u), having the sizes at material coverageu ~number of
atoms per unit area, or knowing the areal density of epita
sites, it can be referred to by the number of layers! is1

Ns~u!5
u

^s&2 f i~s/^s&!, ~1!

where f i(u) is the scaling function that depends only on t
scaled island sizeu5s/^s&. Obviously, the density of al
islands, irrespective of their sizes, isN5(Ns , and the cov-
erage isu5(sNs . The average island size is then^s&
5(1/N)(sNs . The exact form of the scaling functionf i(u)
depends on the critical island sizei, which is the size of the
largest unstable island.1,2 This scaling assumption has bee
confirmed by computer simulations1–4 as well as during ho-
moepitaxy of metals5 and semiconductors.6 For heteroepi-
taxial systems such as InAs/GaAs, there are also repor
the scaling behavior in the submonolayer regime7,8 and also
for three-dimensional~3D! islands formed due to the
Stranski-Krastanow~SK! growth mode.9 The latter observa-
tions are surprising and indeed unexpected, as it is not o
ous why scaling theory applies to a strained system wh
more than one length scales are present.7,10,11

In this Rapid Communication, we report the scaling pro
erty of heteroepitaxialInN islands formed on GaN~0001!
surface during MBE. InN/GaN represents a system w
large lattice mismatch (;10%), and the growth follows the
0163-1829/2003/68~16!/161304~4!/$20.00 68 1613
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SK mode where 3D islands nucleate after an initial wettin
layer formation.12 The difference between this system a
InAs/GaAs is that the InN islands are dislocated12,13whereas
they are coherent for InAs.7–9 The residual strain in InN
islands depends on both the size of the islands and the d
sition condition ~e.g., indium ~In! to nitrogen ~N! flux
ratio!.12 Further, the island shape varies dramatically depe
ing on the condition of MBE.13 Despite all these variations
the scaling property of both island size and separation dis
bution is observed. A similar scaling phenomenon has b
reported previously for 3D InAs islands,9 however, there is a
key difference between this experiment and that of Ref. 9
that the 3D InN islands aredislocatedwith the residual strain
in islands varies depending on their sizes, whereas for
InAs islands, they are coherent having constant strain w
they grow.

On a practical note, III–V nitrides represent a family
important material system, which have demonstrated g
promise in electronic/optoelectronic applications.14 InGaN
quantum dots~QD’s! formed by the SK growth mode can b
important ingredients in modern devices, where quantum
fects are utilized. The study of InN dot formation is thus
practical importance in the search of incorporating QD’s
nitride based devices.

The experiments are conducted in a multichamber ul
high vacuum~UHV! system, where the MBE reactor an
scanning tunneling microscope~STM! are interconnected via
UHV interlocks. In MBE, Knudsen cells for gallium~Ga!
and In and a plasma unit for N source~Oxford Applied Re-
search, HD-25! are incorporated. The MBE reactor also co
tains a reflection high-energy electron-diffraction~RHEED!
facility allowing real-time surface and strain analyses. Pr
to InN deposition, a thick (;1mm) GaN buffer film is
grown at 650°C under a Ga-rich flux condition.15 The sur-
face is then briefly (;1 min) annealed at the growth tem
perature before it is dropped to 370°C for subsequent
growth. The purpose of the annealing procedure is to rem
excess Ga atoms from the buffer film surface, which
known to exist under the MBE conditions employed he
Excess-Ga removal is revealed in RHEED by a patt
©2003 The American Physical Society04-1
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FIG. 1. STM images showing 3D InN islands formed on GaN~0001! following deposition at 370°C under~a! excess-N and~b! excess-In
flux conditions. The line profiles reveal the island shapes~note the difference in scale between the two plots!. Image size: 200 nm
3200 nm.
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change from pseudo-(131) to (232).16 For InN deposi-
tion, N flux is fixed at the growth-rate equivalence of 0.0
bilayers ~BL’s!/s. To investigate the scaling property of 3
InN islands, two sets of samples are grown. In the first
the In flux less than that of N is chosen (In/N;0.3), while
the nominal coverage is varied from 3.3 BL’s to 10.9 BL
For the second set, excess-In flux is adopted (In/N;1.7) and
the nominal coverage ranges from 3.3 BL’s to 10.1 BL
Island density measurements as well as STM examinatio
the surfaces indicate that coalescence occurs for the hig
coverages (.9 BL’s!, which are thus excluded from the sca
ing analysis. In addition, two more samples are prepared
der the In/N flux ratios of;0.6 and;1.0, respectively, but
for a single and the same nominal coverage of 4.4 B
During deposition, the evolution of strain in the film is mon
tored by RHEED, which shows relaxation before the co
mencement of 3D islanding.12 After growth, the sample is
thermally quenched. STM imaging of the surface is co
ducted in an adjacent UHV chamber at room tempe
ture under the constant current mode. The tunneling cur
is 0.1 nA and the sample bias is22.0 V for all the STM
measurements.

Figure 1 shows surfaces containing 3D InN islands, wh
are typical for growth under~a! excess-N and~b! excess-In
flux conditions. The nominal thicknesses of InN are 8.3 B
and 6.7 BL’s for~a! and~b!, respectively. By monitoring the
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RHEED,12 it is found that transition from two-dimensiona
~2D! wetting layer to 3D islanding takes place at the thic
ness of 2.9 BL’s for the former and 2.3 BL’s for the latt
cases. The shape of the 3D islands are different between
two ~refer to the line profiles in Fig. 1!. In the case of using
excess-N flux~a!, the islands are pyramidal and the sidewa
are seen to be composed of stacks of double bilayer st
akin to GaN mounds.17 For islands formed using excess-
flux, they are pillars showing flat tops. This difference
shape is accompanied by distinctly different behavior in
pect ratios of islands as they grow.13 In general, when
excess-In flux is used, the islands show lower aspect ra
than those formed under excess-N condition. Further, w
increasing island size, the aspect ratio shows a decrea
trend for both cases, which can be attributed to a grad
relaxation of strain in islands as they grow.13

Figure 2 shows the scaled island density for a total of n
sets of data, covering a~nominal! coverage ranging from 3.3
to 8.3 BL’s, a growth-rate range from 0.009 to 0.033 BL’s
and also In/N flux ratios between 0.3 and 1.7. The unsca
density curves are given in the inset for only five datasets
clarity. In the figure, each curve represents a distribution
100–500 islands. Note that in plotting Fig. 2, the coveragu
has been calculated according tou5(sNs rather than using
the nominal values, as in this way the amount of mater
taken by the wetting layer is subtracted. In passing, it
4-2
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worth mentioning that materials transfer from the wetti
layer to 3D islands upon 2D-3D transition has been not
which is similar to that of InAs/GaAs~001!.18 In the plot,
island size has been referred to by its volume rather than
number of atoms conventionally adopted.1,2 However, the
two are equivalent, having known the atomic density of
material~For InN, it is '3.2531022 cm23). In fact, in plot-
ting the scaled quantities, the precise unit one chooses to
is immaterial as long as it is kept consistent. From Fig. 2
is seen that reasonable collapse of the data is observed,
gesting that the scaling form of Eq.~1! is followed by 3D
InN islands. This is despite the variations in island shape
residual strain as noted earlier. Theoretical investigati
have predicted that strain can cause a restraint in growt
larger islands19 and also a preferential size of the islands.20 If
so, scaling of island sizes would not generally follow.7,10,11

The result of Fig. 2 is thus surprising. It suggests that str
is insignificant in determining the nucleation and growth
3D InN islands and the system remains diffusion domina
As noted earlier, straindoesexist in the islands and is foun
to be about 1–2% according to RHEED measuremen12

Thus, it is puzzling why the preferential size is not observ
and that the scaling property is unaffected. We believe
explanation may lie in the dislocated nature of the islan
Indeed, because the islands are defected, significant am
of strain is relieved by dislocations. As islands grow, n
dislocations are introduced and so more strain is reliev
The continuous relieve of~residual! strain then makes reach
ing the preferential size of islands unattainable. Large lat
mismatch leads to formation of dislocated islands
general,21,22 so we expect the scaling behavior to hold
many of such heteroepitaxial systems.

Another observation in Fig. 2 is that the distribution r
sembles well the one forhomoepitaxial2D islands in the
submonolayer regime. The solid curve in the figure rep
sents the analytic expression of Amar and Family2 with the
critical island sizei 51. This is despite the fact that th

FIG. 2. Scaled density of 3D InN islands~The average volumes
range from 1700 nm3 to 65 000 nm3). The inset shows unscale
densities for five selected datasets, representing different cove
and different deposition conditions. The solid curve in the main p
is the analytic expression of Ref. 2 with critical island size oi
51, while the lines in the inset connecting each data point
shown to guide reader’s eye.
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theory considered no strain in the analyses.1,2 The critical
island size ofi 51 means that only monomers diffuse whi
dimers or islands with larger sizes do not and are stable. T
would imply that no detachment of atoms occurs under
condition employed in this study (T5370°C). However, as
pointed out by Koduvely and Zangwill,23 if the parameterl
is adopted, which is defined as the ratio between the
detachment rate from an island and the net attachment ra
an island,24 the above observation may simply reflect th
l;1 or less, which can be satisfied even for systems w
significant detachment rates.23

Since the islands do not have constant aspect ratios,13 the
scaling in size~volume! does not suggest the same for t
basal areaA and heighth of the islands. However, as seen
Fig. 3, the two quantities do scale as well. In particular,
basal area follows closely the scaling function of the volum
while the height is much narrowly distributed. The sol
curves in the figure are again the theoretical expression
Ref. 2, withi 51 andi 513, respectively. Note, however, th
quantityu* in these latter two cases do not have the origi
meaning of being material coverage. Instead, it is merel
measure of the productN^s* &, whereN is the overall areal
density of islands as before, while^s* & is the average value
of the quantity of interest~basal areaA and heighth). Since
island volume is the product of the basal area and he
~with different prefactors, depending on island shape!, the
distribution of the volume is simply a convolution of th
distribution functions of the latter two quantities~area and
height!. The resemblance of the distribution curves betwe
the volume and the basal area is a direct result of the nar
distribution for height. Indeed, had all islands taken the sa
height~i.e., d-distribution function!, the distributions of vol-
ume and basal area would be exactly the same.

Finally, scaling of spatial separation of InN islands is al
investigated. According to the scaling assumption, isla
separation distribution function is1

N~r !

N
5gS r 2r 0

^r & D , ~2!

ges
t

e

FIG. 3. Scaled density distribution for~i! basal area~average
values range from 650 nm2 to 3700 nm2) and ~ii ! height ~average
heights range from 2.6 nm to 13.8 nm! of the 3D InN islands. The
solid curves are analytic expression of Ref. 2, withi 51 for ~i! and
i 513 for ~ii !.
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which gives the probability of finding an island whose cen
is a distancer away from the center of another island. In th
equation,̂ r &;N21/2 is a measure of average separation
tween islands whiler 0 is the average radius of islands. Th
scaling functiong(z) has the property thatg(0)→0, and
g(`)→1. Figure 4 shows the collapse of data togeth
with a theoretical curve ~solid line! given by 1
2K0(lr /^r &)/K0(lr 0 /^r &), whereK0 is the modified zero-
order Bessel function,1 andl is a fitting parameter, which is
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'6 here. This expression is derived without considering
strain, so the agreement between the experiment and the
oretical curve suggests again that strain is irrelevant in
system. From Fig. 4, one observes no clustering of island
any azimuthal directions, rather they are randomly distr
uted on the surface.

To summarize, for the highly strained system of InN
GaN, dislocated 3D islands nucleate under the SK gro
mode. Despite variations in strain and shape of the islan
scaling behavior is observed for both island size and spa
distribution. This implies that strain does not play a sign
cant role in determining the nucleation sites and growth
the islands. The cause may lie in the dislocated nature of
islands, so that the constantly decreasing residual strai
islands does not reach the critical strength required to af
the scaling properties of islands. This means that scaling
havior may well be more general than hitherto thought,
curring in many heteroepitaxial systems.
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