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The authors report the self-organized growth of InAs/ InAlAs quantum wires on nominal �001� InP
substrate and �001� InP substrates misoriented by 2°, 4°, and 8° towards both �−110� and �110�. The
influence of substrate misorientation on the structural and optical properties of these InAs/ InAlAs
quantum wires is studied by transmission electron microscopy and photoluminescence
measurements. Compared with that grown on nominal �001� InP substrate, the density of
InAs/ InAlAs quantum wires grown on misoriented InP�001� substrates is enhanced. A strong lateral
composition modulation effect take place in the InAlAs buffer layers grown on misoriented InP
substrates with large off-cut angles �4° and 8°�, which induces a nucleation template for the
first-period InAs quantum wires and greatly improve the size distribution of InAs quantum wires.
InAs/ InAlAs quantum wires grown on InP �001� substrate 8° off cut towards �−110� show the best
size homogeneity and photoluminescence intensity. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2711778�

Recently, much effort has been devoted to the growth of
self-organized nanostructures �quantum dots �QDs� and
quantum wires �QWRs�� due to their potential applications in
devices.1–5 A key point for their device applications is to
grow these nanostructures with high density and homoge-
neous size distribution, which presents a challenge because
of the random nature of self-assembled growth process. One
way is to grow nanostructure superlattices.6,7 Another way is
to grow nanostructures on misoriented substrates.8–11 Due to
the preferential nucleation sites along the surface steps pro-
vided by misoriented substrates, nanostructures with high
density have been realized on misoriented substrates for
InAs/ InP, InP/GaAs, and InAs/GaAs QD systems.8–11

As to InAs/ InAlAs/ InP nanostructure system, the
growth control is even more difficult partially due to the
phase separation effect in InAlAs layers and the relatively
weak driving force for island formation associated with low
misfit strain �3.2%�.12,13 Though some effort has been de-
voted to the growth of these InAs/InAlAs/InP
nanostructures,12–16 the growth quality and optical properties
of these nanostructures are still not satisfying. In the mean-
time, most of the work about InAs/InAlAs nanostructures is
focused on the growth of InAs nanostructures on nominal
�001� InP substrates,12–16 little attention has been devoted to
the growth of InAs islands on misoriented �001� InP
substrates.17 In this work, we present a detailed study on the
growth of InAs/ InAlAs nanostructures on misoriented �001�
InP substrates off cut towards both �−110� and �110� with
different off-cut angles.

The structure and growth process of the samples were
the same as those in Ref. 17. To ensure the same growth
parameters, all substrates were soldered side by side with
indium on a molybdenum holder. The structural and optical
properties of the samples were studied by transmission elec-
tron microscopy �TEM� measurement with g=002 and pho-
toluminescence �PL� measurements, respectively, the opera-
tion of which were also the same as those of Ref. 17.

The g=002 cross-sectional dark-field �DF� TEM images
of the samples grown on nominal �001� InP substrate and
�001� InP substrates off cut towards �−110� are shown in Fig.
1. Obviously, InAs/ InAlAs QWRs oriented along the �1-10�
direction are formed in the four samples, the shape of which
is quite different from that of the InAs/ InP nanostructures
�QDs� grown on �001� InP substrate off cut towards
�−110�.8,10 The reasons for this shape difference will be dis-
cussed later. As shown in Fig. 1, the InAs QWR density is
quite different depending on the substrate off-cut angles. The
average densities �for six layers� are 255, 310, 300, and
285 �m for the InAs QWRs grown on nominal �001� InP
substrate and �001� InP substrates off cut by 2°, 4°, and 8°
towards �−110�, respectively. The average densities of InAs
QWRs grown on misoriented �001� InP substrates are all
higher than that grown on nominal �001� InP substrate,
which may be due to the increased number of the surface
steps induced by misoriented �001� InP substrates.9,11,18

For �001� InP substrates, different off-cut directions with
different off-cut angles can induce different types of surface
steps with different densities. An off-cut towards the
�−110� ��110�� direction will lead to the surface steps run-
ning along the �110� ��−110�� direction. In addition, the av-
erage step widths are 8.4, 4.2, and 2.1 nm for InP substrates
off cut by 2°, 4°, and 8° towards both �−110� and �110�,
respectively.18 So, with the increasing substrate off-cut angle,
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the surface step number will increase and provide more
nucleation sites for InAs nanostructures, leading to higher
nanostructure density.9,11,18 However, as shown in Fig. 1, the
InAs QWR density decreases when the off-cut angle is larger
than 2°, which cannot be explained by the increased number
of the surface steps. In previous works,13,14,17 lateral compo-
sition modulation �LCM� in InAlAs layers is reported to
serve as a nucleation template for the growth of InAs QWRs
and QDs, which suggests that LCM in InAlAs buffer layer
will also influence the nucleation of InAs nanostructures
�i.e., nanostructure density�. From Figs. 1�a�, 1�c�, 1�e�, and
1�g�, one can observe the alternate bright/dark contrast re-
gions in InAlAs buffer layers which reveal a LCM along the
�110� horizontal direction, where the brighter regions are In-
rich and the darker regions Al-rich.14,17 The origin of this
LCM in InAlAs buffer layers has been explained by Wang et
al. with the bunching of surface steps.17 As shown in Fig.
1�c�, the LCM effect in the InAlAs buffer layer grown on 2°
off-cut InP substrate is even weaker than that grown on
nominal �001� InP substrate. The influence of LCM in such
case is weak and can be neglected. The increased number of
the surface steps induced by the 2° off-cut substrate will
provide much more nucleation sites for InAs QWRs, result-
ing in the highest QWR density.11 When the off-cut angle
increases to 4° and 8°, the LCM in InAlAs buffer layers
becomes stronger. Especially, the LCM in the InAlAs buffer
layer grown on 8° off-cut InP substrate develops a well al-
ternate In-rich and Al-rich regions. In this case, the LCM in
InAlAs buffer layers will play a determinant role in the InAs

QWR nucleation process, and the In-rich regions in InAlAs
buffer layers will provide preferential nucleation sites for
InAs QWRs.14,17 So, the average lateral period �i.e., density�
of the first-period InAs QWRs is mainly determined by the
lateral period of the In-rich regions in InAlAs buffer layers
��18, 20, and 22 nm for 2°, 4°, and 8° off-cut substrates
here�.14,17 As shown by Wang et al.,17 the lateral period of
the In-rich regions in InAlAs buffer layers is much larger
than the distance between individual surface steps induced
by offcutting, leading to the decreased density for InAs
QWRs grown on 4° and 8° off-cut InP substrates. The
smaller lateral period for the In-rich regions in InAlAs buffer
layer grown on 4° off-cut InP substrate �relative to that on 8°
off-cut InP substrate� may be related to the formation of
thread dislocations �TDs� in the epilayers of the sample �as
shown in the inset in Fig. 1�e��.17 The formation of TD will
relax the strain and weaken the LCM effect in the
In0.5Al0.5As layer.

Figure 2 shows the g=002 cross-sectional DF TEM im-
ages of the samples grown on �001� InP substrates off cut by
2°, 4°, and 8° towards �110�. InAs/ InAlAs QWRs aligned
along the �1-10� direction are also obtained in these three
samples. Again, the samples demonstrate different InAs
QWR densities for different off-cut angles, where the aver-
age densities �for six layers� are 255, 292, 265, and 268/�m
for the InAs QWRs grown on 0°, 2°, 4°, and 8° off-cut sub-
strates, respectively. This change of QWR density with in-
creasing off-cut angle shows a similar trend to that grown on
InP �001� substrates off cut towards �−110�, which can also
be explained by the competition between the increased num-
ber of surface steps and the LCM effect in InAlAs buffer
layers. However, the densities of InAs QWRs grown on InP
substrates off cut towards �110� are all lower than those
grown on InP substrates off cut towards �−110� at each off-
cut angle, which may be due to the different surface terrace
characteristics for the different off orientations �i.e., the ex-
tending direction of surface terrace is parallel �perpendicular�

FIG. 1. g=002 cross-sectional dark-field TEM images of the samples grown
on nominal InP �001� substrate ��a� and �b�� and misoriented InP �001�
substrates off cut by 2° ��c� and �d��, 4° ��e� and �f��, and 8° ��g� and �h��
towards �−110�. Inset of �e� shows the threading dislocations existing in the
sample.

FIG. 2. g=002 cross-sectional dark-field TEM images of the samples grown
on misoriented InP �001� substrates off cut by 2° ��a� and �b��, 4° ��c� and
�d��, and 8° ��e� and �f�� towards �110�. The arrows in �c� denote the thread-
ing dislocations existing in the sample.
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to the �1-10� direction for InP substrates off cut towards
�110� ��−110��. As shown in Figs. 1 and 2, no matter what
the off-cut direction of substrates is, the LCM in the InAlAs
buffer layer only forms along the �110� direction. In addition,
the In-rich regions, which extend along the �1-10� direction,
will provide the preferential nucleation sites for the first-
period InAs islands, leading to the formation of InAs QWRs
in the samples even for InP substrates off cut towards
�−110�.

PL spectra of the samples measured at 77 K are shown
in Fig. 3. The PL peak is centered at 0.77, 0.86, 0.83, and
0.82 eV for InAs QWRs grown on nominal �001� InP sub-
strate and InP substrates off cut by 2°, 4°, and 8° towards
�−110�, respectively. And, the full widths at half maximum
�FWHMs� of the PL spectra are 173, 176, 171, and 113 meV
for 0°, 2°, 4°, and 8° off-cut samples, respectively. The small
PL FWHM of InAs QWRs grown on 8° off-cut InP substrate
indicates a homogeneous size distribution for the InAs
QWRs, which can be attributed to the strong LCM effect in
InAlAs buffer layer. As shown in Fig. 1�g�, well alternate
In-rich and Al-rich regions are developed in the InAlAs
buffer layer, and the In-rich regions will provide preferential
nucleation sites for the first-period InAs QWRs, which
greatly reduces the random nature of Stranski-Krastanov
growth model and leads to a very homogeneous size distri-
bution for InAs QWRs. Figure 3�b� shows the 77 K PL spec-
tra of the samples grown on nominal �001� InP substrate and
InP substrates off cut towards �110�. The PL peak is centered
at 0.77, 0.825, 0.773, and 0.78 eV for InAs QWRs grown on
the 0°, 2°, 4°, and 8° off-cut substrates, respectively. In ad-
dition, the PL FWHMs are 173, 208, 149, and 120 meV for
the 0°, 2°, 4°, and 8° off-cut samples, respectively. The de-
creased PL FWHMs of InAs QWRs grown on the 4° and 8°
off-cut substrates can also be explained by the role of nucle-
ation template provided by the LCM effect in InAlAs buffer
layers. Compared with that of InAs QWRs grown on nomi-
nal �001� InP substrate, the PL intensities of InAs QWRs
grown on misoriented InP substrates are all improved. The

InAs QWRs grown on InP substrate 8° off cut towards
�−110� show the strongest PL spectrum �more than three
times that grown on nominal �001� InP substrate�, indicating
a high growth quality.

In conclusion, the growth and optical properties of
InAs/ InAlAs QWRs on misoriented �001� InP substrates
have been studied. Misoriented InP�001� substrates with
small off-cut angles are helpful for the enhancement of InAs
QWRs density, but are not good for the improvement of size
distribution and optical properties of the nanostructures. Mis-
oriented InP�001� substrates with high off-cut angles �4° and
8°� are very useful for the enhancement of size homogeneity
due to the strong LCM effect in the InAlAs buffer layers.
InAs QWRs grown on �001� InP substrate 8° off-cut towards
�−110� demonstrates the best size homogeneity and PL
efficiency, indicating that InP substrate 8° off-cut towards
�−110� can be used to achieve InAs/ InAlAs QWRs with
high quality.
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