S12 CHINESE OPTICS LETTERS / Vol. 3, Supplement / August 28, 2005

Morphology and lateral distribution of self-organized
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The morphology of self-organized InP islands on GalnP buffer layers were probed by the whole island energy
and surface energy. The island morphology was affected by Mismatch between Ga,In;_,P buffer layer and
InP island (MBI). With MBI increasing, the island elongates itself. The calculation also shows that the
island metamorphosis was elongated with the increasing of the island volume. The morphology of different
InP/GagIn;_, P systems, grown on GaAs substrate by metal organic chemical vapor deposition (MOCVD)
method, was consistent with calculations. The self-organized islands at the surface of buffer layers were
analyzed by scaling theories to show a periodical distribution. Buffer layers such as the mismatched GalnP
on the GaAs (100) tilt to (111) 15° could improve the periodicity of the island separation distribution.
The result also shows that the dislocations had different functions in island distribution along different

directions, [110] and [1-10] directions.
OCIS codes: 160.0160, 180.0180, 000.2190.

Semiconductor nanostructure including quantum dots
and quantum wires is of great interest due to their unique
optoelectronic properties for fundamental research and
practical application* 9. It is well known that there are
varies typical shapes of self-organized islands including
pyramid, circle, cone, hut, triangle, etc.B=14. To explain
the evolution of the morphology of self-organized islands,
thermodynamic, kinetics, and Monte-Carlo model have
been introduced*~7l, and the system of Si,Ge; ,/Si,
Ga,Iny_,As/InP, Ga,In;_,As/GaAs, InP/GalnP have
been studied carefully®=1%. Current researches showed
that there are many parameters and mechanisms that in-
fluence self-organized island shape, for instance, surface
energy, growth method, buffer layer, growth temper-
ature, growth speed, and annealing, etc.'2=16].  The
island elongation is especially useful for the growth of
nanowires and should affect the optoelectronic proper-
ties significantly(":?l. Therefore the elongation and the
mechanism of elongation play a key role in understanding
of general process of epitaxy and it is important for us
to achieve the desired islands and nanowires. However,
insight into the island elongation is still limited both in
experiment and theory.

With the growth of computing speed, storage density
and its application in quantum information, the litho-
graphic methods!'”="9] or scanning probe microscopy
(SPM) nanofabrication procedures®®2!] have been en-
gaged in semiconductor epitaxy growth for nanostruc-
ture. Recently the self-organized island formation has
attracted increasing attentions due to its compact and ef-
ficient growth procedures!?2=28!, Although self-organized
island formation has been assessed for the island mor-
phology and formation of island array, much more ef-
fort should be paid for the self-organized heteroepi-
taxy, for example, the research about lateral ordering
distribution!?*]. Our experiment was performed on the
GaAs (100) tilt to (111) 15° at 650 °C and the two-
dimensional periodicity was improved with the change
of Ga content in GalnP buffer layer. The experimen-
tal results demonstrate both InP island morphology and

1671-7694,/2005/0s0012-05

its lateral distribution response to the composition of
Ga,In;_,P buffer layers.

It is commonly agreed that the energetics of strain
relief should play a key role in the growth process!*~7.
The elongation of self-organized islands should associate
with the strain energy of islands. In this paper, InP self-
organized islands were grown on Ga,In;_,P buffer lay-
ers with different Ga contents and the remarkable shape
elongation modulated by the compositional changes was
observed via atomic force microscopy (AFM). To elu-
cidate the mechanism of elongation, we extended an
energetic explanation to our experiment firstly. Inter-
estingly, the experiment is consistent with calculation
results very much. Thus, the present study elucidated
the nanostructrue of islands elongation and its energetic
explanation.

A natural qualitative development of facet growth
model has been proposed for the elongation of islands.
On the other hand, Tersoff et al. presented an energetic
explanation of the islands elongation. The mismatch
between the epitaxial layers and the islands could affect
the relax energy as well as the equilibrium shape, while
the equilibrium shape of stress coherent epitaxial islands
could be achieved by minimizing their total energy with
respect to their shape. Therefore, the energetic explana-
tion should provide a powerful tool in studying energetic
aspects of elongation of islands.

From Ref. [7], the energetic origin of this elon-

gation can be deduced from the equation: % =
20(L + L) — 2ch [1In() + 5111(%)], where Eoral =
Es + E;, T' = 7yecscf — yscot, ¢ = (1 — v)/27u,
and ¢ = e 3/2coth. Eioa is the total energy of the
InP islands, Es is the extra surface energy, and E; is
the energy change concerning with the elastic relaxation.
V is the volume of the islands. [, w, h, and @ are the
length, width, height, and the contact angle of the InP
islands, respectively. 7. and ;s are the surface energy of
the island’s edge facets and the substrate surface energy,
respectively. o is the component of the bulk stress of
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the epilayer. v is the Poisson ratio and u is the shear
modulus of the epilayer.

If the Fiota1/V was minimized only with respect to the
parameters [ and w, l, = we = ephel/" is the tradeoff
between surface energy and stress, which represents the
optimal island metamorphosis. If the contact angle is
fixed, it is [ o e'/¢, where ¢ is associated with wetting
layer, which means that the buffer layer controls /o —
the optimal shape of an island. To our experiment, the ¢
increases with the Ga content in the buffer layer, which
means the optimal island shape would become smaller
with the mismatch increasing.

All parameters are available from Refs. [41] and [42].
The islands volume is 1102x 15 (arbitrary unit), and the
height is 15, and the z values are 0.51, 0.7, 0.9 for three
samples, respectively. The calculation results are shown
in Fig. 1 and the curves 1, 2, 3 represent the samples 1,
2, 3, respectively. When the E/V=-0.6 (a.u.), [/w are
1.11, 1.19, 1.45, respectively. It is clear that the islands
elongated as the content of Ga increased in buffer layer
with the same E/V.

As for the islands with different volumes, we took the
samples with volumes of 1002x13, 1102x15, 1202x17
respectively which have the same Ga content of 0.7. We
calculated them to explore the correlation between elon-
gation and buffer contents. The calculation results are
shown in Fig. 2, which revealed that the [/w of the is-
lands increased from 1.01, 1.10, to 1.41, elongating with
the volume increased at the same energy.

The growth of InP self-organized islands was carried
out in a MOCVD system (Veeco, Emcore TurboDisc).
The growth diameter is listed in Tables 1 and 2. Here
the growth temperature was 650 °C. The growths were
carried out on the GaAs substrate (100) tilt to (111) 15°.
The substrate was heated to 675 °C and stabilized for
5 minutes to remove the oxidation at the surface, then
cooled to 650 °C under the AsHz ambient. GaAs buffer
layer was grown 10 minutes at the growth rate of 1.6
pum/h with TMGa and AsHs. GalnP layer was grown
on the buffer layers for 4 minutes at the growth rate of
1.7 pym/h with TEGa, TMIn, and PHs. Controlling the
flow ratio of TEGa and TMIn grew the GalnP layers
prepared for InP islands. At last the InP was grown
for 0.3 minute with TMIn and PH;. Table 2 gives the
detailed reaction parameters. The composition of GalnP
listed in Table 2 were measured by X-ray diffraction[3!.

Figure 3 shows the represented AFM images of InP
self-organized islands of three samples respectively. The
characteristic feature of InP on the GalnP is that it
stretched along [110] direction and condensed along
[1-10] direction. A statistical result to AFM is listed
in Table 3.

Take sample 1 for example, the {/w is 1.19 when the

diameter of the islands is 467x395 (nm). And the [/w is
1.71 when the mismatch of sample 3 is —6.6%, larger dra-
matically than sample 1 when the diameter of the islands
is 365%213 (nm). It is most likely that the elongation
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Fig. 1. Energy E/V as a function of [/w of island. The
island volume is 110> x15 and the height is 15, E/V = —0.6
(a.u.).
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Fig. 2. Formation energy of islands as a function of I/w of is-

lands. Curves 1, 2, 3 represent the islands with the volume of
1002x13, 110%x15, 120? x 17 respectively, E/V=—1.0 (a.u.).

Table 1. The Growth Parameters of GaInP Buffer Layers

Sample GalnP Epilayer InP Islands The Composition
TEGa Flow (x107%) TMIn Flow (x107°) TMIn Flow (x107°) of GayIn; P
1 3.11 2.46 1.64 0.51
3.11 1.64 1.64 0.69
3 3.11 0.82 1.64 0.92
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Table 2. The Growth Results of InP Islands on GalnP Buffer Layers.
Mismatch is Measured by X-rays. The Ratios Are the Roughly Statistical Results
Sample Lattice Mismatch D110 (nm) D1_10 (nm) D110/D1_10
to InP Islands (%) (110) Direction (1-10) Direction
-3.7 335 420 0.79
—4.9 291 411 0.71
—6.6 206 402 0.51
Table 3. A Statistical Result of the Islands Diameter Transformation Along [110] and [1-10]
Sample 1 2 3
Mismatch Between InP and Wetting Layers (%) -3.7 —4.9 —6.6
l/w 1.02 (57x56 (nm)) 1.06 (5653 (nm)) 1.08 (55%51 (nm))
I/w 1.04 (146x141 (nm))  1.27 (127x99 (nm))  1.34 (134x101 (nm))
l/w 1.19 (467x395 (nm)) 1.31 (520x398 (nm)) 1.71 (365x213 (nm))

of islands should be highly correlated with the mismatch
between the wetting layer and self-organized islands.
According to the statistical results, when the content of
GalnP is 0.69, the [/w experiences a significant increase
from 1.06 (56x53 (nm)) to 1.27 (127x99 (nm)) and to
1.06 (56x53 (nm)) finally, suggesting that the elongation
becomes more significant as the volume of the islands
increases.

The stress in the self-organized system is very impor-
tant for the growth of the islands at specific positions
because the stress-induced surface could not only dic-
tate the development of a desired morphology, but also
affect the nucleation on its surface, including the island
nucleation mechanism, nucleation place, the distribu-
tion of the island(®~13]. The effective interactions under
stress among steps on vicinal surface could form step
bunches!'*15] making them to be suitable sites for the
nucleation of nanometer-size islands. The corresponding
experimental results have been seen in the systems of
Ge/Sil*3] InGaAs/GaAsl®], Si/GaAsl®™ etc., and as-
sociated lateral distribution of islands were along the
step bunch direction[?0:38].  The faceted islands (3D
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Fig. 3. SEM images of InP/GalnP samples’ surface.
numbers are associated with the samples in Table 3.

The

island matrix) would appear on the film surface if the
step bunches could not enough to release the stress be-
tween buffer layer and substrate[26]. The islands mainly
formed with {105} facets and distributed regularly on the
film surface. This kind of island matrix would be more
regular and apparent if the stress-induced superlattice
was employed?*39]. The dislocation would be inevitable
when the spontaneous roughness and 3D islands are not
enough to release the stressl*®*1. The dislocation regu-
lations of the self-organized island have been reported at
Ge/Si, InP/GalnP systems!28:39:42],

The island separation distribution abides the scaling
theory when the reactants migrate and aggregate at
the surface. While the islands nucleate and grow in a
large diffusion rates, the island separation distribution n,
which gives the probability of finding an island separated
by a distancer from another island, is associated with the
density of islands N and scaling function!?*].

We sorted the islands into different categories in terms
of their volume and the formation mechanisms!?*. Fig-
ure 4 shows the type-B statistic results. There is no
significant difference about the island distribution with
the separation r among the 3 samples. Distributed is-
lands of three samples are all abide the distribution
function completely or nearly completely. Surprisingly,
there are apparent differences existed along [110] and
[1-10] directions with Ga content increasing in GalnP
buffer layer, as showed in Fig. 5. The islands become
more and more orderly averaged along [110] direction
with Ga increasing. The fluctuation of island separation
distribution along [110] on sample 1 surface is smoother
compared with the samples 2 and 3. The distribution of
sample 2 fluctuates along [110] direction and reaches the
top at 1, 2.69, 4.15, and 5.61 pm respectively, supplying
about 1.5-um periodicity. The sample 3 has only several
separated distribution positions: 0.98, 2.69, 4.4, 5.61,
and 6.84 pm.

The regular distribution along the [1-10] direction is
more significant at sample 3 surface than samples 1 and
2 though the regular distributions also could be found
on these two sample surfaces. The sample 1 reaches
the top at 1.22, 2.2, 3.17, and 4.02 um separately with
about 0.98-um distribution. The sample 2 peaks at 0.98,
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Fig. 4. Scaled radial distribution function for the type-
B islands of samples. The solid line is given by 1 —
(K(r/M)/K(ro/M)), where K is the modified Bessel func-
tion of order zero, M = (1/47xN)"/?, and ro = 0.1R.
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Fig. 5. Separation distribution function along (a) [110] and
(b) [1-10] for type-B islands.
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Fig. 6. The AFM result of sample 3 and the height profile
through two islands along [110] direction.

1.96, 3.04, and 4.88 um separately with about 0.96-um
distribution. The sample 3 has top distribution at posi-
tions of 1.22, 2.2, 3.17, and 4.15 um with about 0.98-um
distribution. The periodic distribution along this direc-

tion is less apparent compared with the research of Varma
et al.24,

The result along [1-10] direction seems consistent with
Varma’s conclusion that the misoriented substrate could
be employed to regulate the self-organized island along [1-
10] direction though the mechanism is still not clear. One
more result can be obtained that the island distributed
periodicity along [1-10] was not much affected by mis-
match and dislocation, only the regularity was improved,
though it could be affected apparently along [110] direc-
tion.

The dislocations appear when the epitaxial layer ex-
ceeds the critical thickness, which could be calculated by
Matthews and Blakeslee equation(*!]. The thicknesses of
samples 2 and 3 have exceeded greatly their correspond-
ing critical thicknesses (about 7 and 1.3 nm respectively).
The results that samples 2 and 3 have more ordered trend
compared with sample 1 which has no mismatch lead to
the conclusion that the dislocation plays a key role to reg-
ulate self-organized InP island separation distribution on
the mismatched buffer layer surface. Figure 6 reveals that
the islands are located along the edges of ridge/trough
lines. The ridge/trough lines are straight along [1-10]
direction, which show a pretty sharp distribution of is-
lands along [110] direction just as the similar result ob-
tained by Shiryaev et al. at Ge/Si system[*?l. There
are many efforts paid to obtain ordered distribution, in-
cluding the dislocation regulation at Ge/Si system[4>43],
Sio.55Geo.45/Si superlattice to Ge quantum dots!*4, and
the pretreatment to the substrate or mask covering!*3:45,

In summary, the elongation of InP self-organized is-
lands could be achieved by the compositional modula-
tion of GagIn;_,P buffer layers successfully. The opti-
mal island volume was found shrinking with increaseing
mismatch, and the islands elongated and [/w increased
with island volume. With increasing mismatch, the is-
land elongated too. Interestingly, the experimental re-
sults could be explained by a Tersoff’s theory in our sys-
tem. This work presented a novel application of ener-
getic explanation for the growth of island elongation. By
changing the composition in GalnP buffer layers, it was
found the shape and distribution of InP islands on GalnP
could be controlled by the stress between GalnP buffer
layers and InP islands. The misoriented substrate and
the mismatched buffer layer are useful to regulate the
two-dimensional ordered self-organized structure. With
Ga content increasing in GalnP buffer layers, the island
regularity was improved both along [110] and [1-10] di-
rections.

S. Liu’s e-mail address is liush@scnu.edu.cn.
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