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Abstract An AlAs layer of two or three monolayers was
inserted beneath the strained InAs layer in the fabrication of
InAs nanostructure on the Ings;GagssAs and IngspAlyssAs
buffer layer lattice-matched to InP(001) substrate using mo-
lecular beam epitaxy. The effects of AlAs insertion on the
InAs nanostructures were investigated and discussed.
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1 Introduction

Self-assembled InAs quantum dots (QDs) on both GaAs and
InP substrates are promising for long wavelength optoelec-
tronic device applications in the range 1.3—1.55 um. The
fabrication of InAs/GaAs QDs has achieved much progress
in recent years. In comparison, the controlling of the emis-
sion wavelength from the InAs/InP QDs still remains a great
challenge due to some complications and difficulties in the
epitaxial growth of InAs/InP using molecular-beam epitaxy
(MBE), metal-organic chemical vapor deposition (MOCVD),
or chemical-beam epitaxy (CBE) [1,2]. The lattice mismatch
between InAs and InP is 3.2 %, relatively small in compari-
son with 7 % in the InAs/GaAs system, and InGa(Al)As or
InGaAsP alloy buffers may undergo spinodal decomposition
[3, 4], resulting in the modification of the surface
nano-morphology [5]. Due to these problems, the control is
difficult for the InAs/InP nanostructures in both structure
and composition, and the formation of InAs quantum dashes
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or wires instead of QDs was often observed on the InGaAs [5]
or InAlAs buffer [6] which are weak in carrier confinement.

The formation of InAs QDs on InP substrate may be in-
fluenced by inserting a thin tensile-strained layer [7,8].
Moreover, in order to suppress the As/P exchange in CBE or
MOCVD and to control both the size and composition of
InAs QDs on the InP substrate, a method was recently pro-
posed in which an ultrathin GaAs layer was inserted be-
tween the InAs QDs and the InGaAsP layer underneath
[9,10]. Using this method, the emission wavelength from the
MOCVD or CBE InAs QDs on InP(001) substrate can be
tuned in the range from 1405 to 1750 nm. Furthermore, the
insertion of an tensile-strained layer, AIAs or GaAs, beneath
the InAs layer significantly alters the surface energy and the
adatom diffusion on the growing surface [11], and remarka-
bly modifies the formation of the InAs islands on InP(001).
Therefore, the investigation on the effects of an AlAs layer
on the formation of the InAs islands may help us gain some
insight into the mechanism of the island formation via the
Stranski-Krastanow mechanism.

In this work, the MBE InAs QDs were fabricated with
inserting an AlAs layer of two or three monolayers (ML)
beneath on the InP(001) substrate; the effects of the AlAs
inserting were investigated, and the using of atomic force
microscope (AFM) was discussed.

2 Experimental details

Seven samples, referred to as A—G, were grown on semi-
insulating InP(001). All these epitaxial structures contain an
InAs strained layer, four or six monolayers (ML) in common
on the surface for the AFM observation. The Ings3Gags7AS
alloy lattice-matched to InP substrate was used as a buffer
for all the samples except sample G in which the
Ing 5,Alg 43As alloy was used. In samples C—G, an AlAs layer,
2- or 3-ML in thickness, is inserted beneath the InAs layer.
The epitaxial structures together with the substrate tempera-



ture 7 for the deposition of InAs are summarized in Table 1.

Table 1 Epilayer structures and the substrate temperatures for the growth
of InAs.
Temperature
Sample  AlAs/ML InAs/ML Buffer 1oC
A None 4 In0_53Ga0_47As 460
B None 4 IH(],53G3.0,47AS 500
C 2 4 In0_53Ga0,47As 460
D 2 4 In0_53Ga0_47As 500
E 3 4 Inq,53Gao,47AS 500
F 3 6 In(]_53Gao,47AS 500
G 2 4 IHO_52A10_48AS 500

For MBE growth, the InP substrate was deoxided at
540 °C, and the As, beam equivalent pressure (BEP) was
kept at 4 x 10™ Torr throughout the growth, except for mi-
gration enhanced the epitaxy (MEE) of AlAs [12]. After
deoxidation, 7y was reduced to 510 °C for the growth of a
200-nm buffer layer, Ing4;Gags3As or Ings;Alg4gAs, at the
growth rate of 0.84 um/h. Then, T was reduced to 460 °C or
500 °C for the deposition of the subsequent layers, AlAs and
InAs. For the samples A and B, a 4-ML InAs layer was di-
rectly deposited on the surface of the InGaAs buffer layer at
460 °C and 500 °C, respectively. For samples C—G, an AlAs
layer was deposited on the buffer, InGaAs or InAlAs, using
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the MEE method [12], and then a 4- or 6-ML InAs was de-
posited on AlAs at the rate of 0.1 ML/s. The MEE growth
was carried out by alternatively depositing 1 ML Al and 3 s
As, intervened by a 3 s all-stop in between, to obtain a rela-
tively flat AlAs surface. After InAs deposition, 75 was im-
mediately cooled down to 200 °C. The MBE growth is in
situ monitored by using reflection of high energy electron
diffraction (RHEED). Contact-mode AFM is used to char-
acterize the QD surface morphology, and statistics is per-
formed to obtain QD densities, sizes and size dispersions.

3 Results and discussion

3.1 Surface InAs morphology on InP(001) with an AlAs
layer beneath

The InAs nano-morphology on InP(001) is far more com-
plex than that on GaAs(001), and sensitive to many factors
such as the AlAs inserting layer, substrate temperature, arse-
nic atmosphere [13], chemical composition of the buffer [5]
and even the growth method of the buffer [14]. Figure 1
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AFM images of samples A-G in sequence, the scales of (a) and (b) are both 1x1 um?, and the scales of (¢)~(g) are all 0.5x0.5 um?.
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shows the AFM images of samples A-G, respectively.
Without the AlAs layer beneath, as in samples A and B, the
InAs nanostructures are irregular in shape, as shown in Fig.
1(a) and (b), which is similar to the observation on the In-
GaAs buffer as made by Li ef al. [15]. However, as shown in
Fig. 1(c)—(f), with inserting a 2-ML or 3-ML AlAs layer
beneath, 3D InAs islands were formed on the InGaAs sur-
face. The number density N, average island height H, aver-
age length L and width W along [1-10] and [110] directions
on the substrate statistically obtained for the four samples
are summarized in Table 2. However, on the InAlAs surface
(sample G), the InAs wire-like structures were formed in-
stead of islands.

Table 2 Island number density N (cm™), average height H (nm), average
length L (nm) and average width W (nm), together with the relative fluctua-
tions.

N/(10'- H/nm W/nm
Sample cr(rfz) (AH/H) L/mm (AL/L) AW/
C 1.8 2.8 (46 %) 40 (28 %) 16 (43 %)
D 4.6 3331 %) 33 (21 %) 13 (30 %)
E 2.6 2.3 (24 %) 3521 %) 14 (37 %)
F 7.1 3.6 (31 %) 33 (20 %) 16 (34 %)

The size dispersion of the InAs islands on InP(001) is
very large in comparison to that in the MBE InAs/GaAs(001)
system, in which the size dispersion, in general, is below 10
% [16]. Such a small size dispersion in the 3D InAs/
GaAs(001) islands is generally attributed to the size-limiting
effect produced by the lattice mismatch of ~7 % between
InAs and GaAs [17,18]. However, the lattice mismatch in
InAs/InP is only of ~3 %, much smaller than that in InAs/
GaAs. Therefore, the size-limiting effect should be much
less pronounced. As shown in Table 2, the maximum size
dispersion of the InAs/InP islands reaches ~46 %, as in sam-
ple C.

Another prominent feature of the InAs/InP(001) islands
with the AlAs inserting layer beneath is the relatively large
anisotropy in shape. It can be calculated from the data in
Table 2 that the ratio L/W is larger than 2 for all the samples.
InAs wires or dashes are usually observed on the InP sub-
strate with either InGaAs, InAlAs, or InP as a buffer due to
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(a)
Fig. 2 (a) 5x5 um? of sample F; (b) The profile of the pit along the line as marked on (a).

some anisotropy in strain relaxation, atomic diffusion, or
asymmetric spinodal decomposition. The insertion of an
ultrathin AlAs layer beneath may reduce such anisotropies to
some extent, and suppresses effectively the formation of
InAs wires or dashes. However, the anisotropy of any kind
may not be completely erased, and it would still be reflected
by the anisotropic shape of the InAs islands with an AlAs
layer beneath on the InGaAs buffer layer, as observed in this
work.

3.2 Effects of the ultrathin AlAs layer on the surface energy

The lattice mismatch between AlAs and InP is ~3.7 %, and
the ultrathin AlAs layer is tensile-strained on the surface of
InGaAs or InAlAs lattice matched to InP(001). During the
MBE growth of a 2- or 3-ML AlAs layer on the buffer,
RHEED patterns along the [1-10] azimuth was streaky,
which shows that the tensile-strained AlAs layer can be
grown in two-dimension up to 3 ML. Figure 2(a) is the 5 X 5
um’ AFM image of sample F with a 3-ML AlAs layer be-
neath, and there are a large irregular pit with the number
density of ~2 x 10® cm® on the surface. Figure 2(b) is a pro-
file along the line across one of the pits as shown in Fig. 2(a).
It shows the pit as deep as ~40 nm. Such deep pits are pre-
sent in samples E and F, in which the AlAs layer is 3 ML in
thickness. However, for samples C and D with the 2-ML
AlAs layer, there are no such pits. It should be noted that
these large pits are apparently different in size and depth
from that as reported in Refs. [19,20], the nucleation
mechanism of which was attributed to the elastic strain. The
formation of these large pits may be explained as follows.
The tensile-strain in an ultrathin AlAs layer enhances sig-
nificantly the surface energy. The larger the thickness of the
AlAs layer, the more the surface energy is enhanced. For the
3-ML AlAs layer, the surface energy is enhanced so much
that, at some sites, a large chemical-potential difference was
produced between the AlAs surface and the regions beneath.
Therefore, a large amount of matters are thermodynamically
dug out of the buffer layer beneath. For the 2-ML AlAs, the
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surface energy is not enough for the large-pit formation.

The RHEED pattern demonstrated that the critical InAs
deposition for the two- to three-dimensional transition is
~2.7 ML, slightly larger than 2.5 ML as usually reported on
the InP(001) substrate. This shows that although the surface
energy may be greatly enhanced, the critical thickness is not
significantly altered in the InAs/InP system.

The growth conditions for samples D and E are the same
except the AlAs thickness, which are 2- and 3-ML, respec-
tively. Therefore, the surface energy of the latter should be
larger than that of the former. Usually, for the self-assem-
bling of InAs islands on a substrate [21], whether InP or
GaAs, the less the surface energy, the easier the formation of
the islands. Furthermore, the larger the surface energy, the
larger the lateral size of the islands for the same parameters
of growth and material. N is 4.6 x 10'° cm® in sample D,
almost twice that of sample E. In addition, the lateral sizes
of the islands in sample E are slightly larger than that of
sample D. The distinction between the two samples in both
N and lateral size is consistent with the general trend for the
self-assembling of InAs islands on GaAs(001) or InP(001).

3.3 Effects of substrate temperature 7

T, has a significant impact on N, the island size [22] and the
shape in InAs/GaAs(001) [23], and if 7 is raised by thirty or
forty degrees, N may be reduced by an order of magnitude
or even more. The effect of changing 7 on the InAs/GaAs
nano-morphology is generally regarded as kinetic and at-
tributed to the enhancement of the atomic diffusion at rela-
tively high 7. However, the case of InAs/InP is distinctively
different. InAs was deposited at 460 °C in sample C with
N~1.8 x 10" cm?, less than that for sample D by 40 °C with
N~4.6 x 10" cm?. Strikingly, in contrast to InAs/GaAs, N is
apparently reduced due to the decrease of 7y in InAs/InP.
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Furthermore, the InAs islands in sample C are larger in the
average lateral size (40 nm in length, 16.4 nm in width), in
contrast to the case of InAs/GaAs, while smaller in the av-
erage height (2.8 nm) than that of the sample D (33 nm in
length, 13.3 nm in width and 3.3 nm in height). Figure 3
shows the histograms of height, length and width of samples
C and D, respectively. Changing T; has another obvious ef-
fect on the shape of the islands. As shown in Fig. 1(c), the
InAs islands in sample C are nearly a parallelogram in shape,
similar to that of MOCVD InAs islands grown on the In-
GaAs buffer on InP(001) [24], and significantly different
from that in sample D with InAs deposited at 500 °C. In the
latter, the shape of the islands is closer to an ellipse.

As described above, the effect of 7, on the density N in
InAs/InP is opposite to InAs/GaAs, and this implies that T
influences the atomic diffusion on the growing surface in a
more complex manner. The thermodynamic equilibrium
shape of self-assembled islands is currently unknown [25].
However, in the thermodynamic equilibrium, the shape of
the InAs islands should mainly be determined by the lattice
mismatch strain and the relevant material parameters, and
the effect 7 should be less significant [22]. If the island
shape is kinetically limited, 7§ should have an important role
in determining it. Lowering of 7 may significantly suppress
the atomic diffusion and redistribution inside an InAs island
on InP(001). The effect of 7 on the island shape, as ob-
served on samples C and D, demonstrated that the island
shape should be kinetically determined and far from ther-
modynamic equilibrium.

3.4 Effects of the InAs coverage

Both samples E and F were grown at 500 °C on the InGaAs
buffer with 3-ML AlAs inserted beneath the InAs layer. In
sample E, the InAs thickness is 4 ML, while in sample F it is
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Fig.3 Histograms of the size of InAs islands in samples C and D, (a) and (d) height, (b) and (e) length, (¢) and (f) width.
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Fig. 4 Histograms of the size of InAs islands in samples E and F, (a) and (d) height, (b) and (e) length, (c¢) and (f) width.

6 ML. It can be seen from Table 2 that the 2-ML-InAs
increment increases significantly N from 2.6 x 10'® cm? in
sample E to 7.1 x 10'° cm® in sample F. In addition, the av-
erage island height was also increased by 1.3 nm with in-
creasing InAs coverage, while the lateral dimensions is
slightly different from one another.

Another effect of increasing InAs coverage is on the size
distributions of the islands. Figure 4 shows the island distri-
butions in height, length and width for samples E and F, re-
spectively. In sample E with 4 ML InAs, the island height
distribution is obviously biased weighted on the low-sized
end, and the width distribution is scattered. In comparison,
both the island height and width distributions of sample F
with 6-ML InAs are closer to a Gaussian type.

It is well known that two- to three-dimension (2D-3D)
transition is completed within ~0.2 ML InAs increment after
the critical InAs deposition in MBE InAs/GaAs(001). After
the 2D-3D transition, the island number density is nearly
saturated, and the island size distribution is almost a Gaus-
sian type with a nearly constant average size within a certain
range of InAs increment [17]. The Gaussian distribution and
a constant average size are characteristics for a matured
InAs island ensemble before island coalescence occurs [26].
However, with the critical InAs deposition of ~2.7 ML for
the 2D-3D transition in InAs/InP with an AlAs layer beneath,
after more than 1.3 ML further InAs deposition beyond the
critical InAs deposition, the InAs islands still evolves dras-
tically until 6 ML InAs deposition. Therefore, the 2D-3D
transitional process in the InAs/InP system should be elon-
gated considerably in comparison with that in InAs/GaAs.

3.5 Effects of the buffer composition

The surface of nano-morphology is wire-like on the surface

of sample G with the Ings;AlgssAs buffer instead of
Ing 53Gag 47As as in other samples. This implies that inserting
an AlAs layer beneath InAs almost has no effect in sup-
pressing the formation of the InAs wires or dashes on the
Ing 5,Alg4sAs buffer, in contrast to Ing 53Gag 47As.

A remarkable distinction between InAlAs and InGaAs is
on the chemical instability of the alloys due to a positive
enthalpy of mixing AH,, = x(1—x)£2 . The larger the interac-

tion parameter (2, the easier for the alloy decomposition to
happen. The value of (2 for InAlAs is ~3 600 cal/mol, sig-
nificantly lager than that of InGaAs (£2 ~2 490 cal/mol).
Therefore, the (InAs),(AlAs),_, nanostructure resulting from
the spinodal decomposition in the InAlAs alloy is more sig-
nificant than the corresponding (InAs),(GaAs);_, one in the
InGaAs alloy. The nanostructure in the InAlAs or InGaAs
alloy is generally anisotropic along the [1-10] and [110]
directions [27-29], and it may be the mechanism for the
formation of InAs wires on the InP substrate [4]. It seems
that such a mechanism can be effectively suppressed by the
insertion of an ultrathin AlAs layer on the InGaAs buffer,
while it still plays an important role in the self-assembling of
InAs wires on the InAlAs buffer on the InP substrate.

4 Conclusion

The MBE InAs nanostructures on InP(001) with an ultrathin
AlAs layer beneath were investigated using AFM. The ef-
fects on the InAs nanostructures of the ultrathin AlAs layer,
substrate temperature, InAs coverage and buffer composi-
tion were revealed and discussed.
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