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Vertical InAs/GaAs nanowire (NW) heterostructures with a straight InAs segment have been successfully fabricated
on Si (111) substrate by using AlGaAs/GaAs buffer layers coupled with a composition grading InGaAs segment. Both the
GaAs and InAs segments are not limited by the misfit strain induced critical diameter. The low growth rate of InAs NWs is
attributed to the AlGaAs/GaAs buffer layers which dramatically decrease the adatom diffusion contribution to the InAs NW
growth. The crystal structure of InAs NW can be tuned from zincblende to wurtzite by controlling its diameter as well as
the length of GaAs NWs. This work helps to open up a road for the integration of high-quality III-V NW heterostructures
with Si.
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1. Introduction
III-V semiconductor materials have distinct advantages

compared with Si, such as higher carrier mobilities, a direct
bandgap and a wide range of bandgap engineering. Direct
epitaxy of III-V semiconductors on Si substrate has been at-
tracting a great deal of attention as it could allow the in-
tegration of III-V-based optoelectronics with established Si
microelectronics.[1] However, achieving this integration re-
quires overcoming several specific problems including lattice
and thermal expansion mismatch, and the formation of an-
tiphase domains.[2–4] Benefiting from a small lateral dimen-
sion, nanowires (NWs) can relieve the strain due to the lattice
mismatch via lateral relaxation within the critical diameters.[5]

However, since typical III-V NWs grow preferentially in the
[111]B direction (or [111]A direction), while Si (111) surface
has a nonpolar nature, three equivalent and tilted growth direc-
tions usually occur.[6]

In the previous work, we have successfully grown verti-
cal and high-quality GaAs NWs on Si (111) substrate by us-
ing buffer layers.[7] To realize high-performance Si-based NW
optoelectronic devices, high-quality Si-based NW heterostruc-
tures need to be fabricated. Up to now, two-dimensional (2D)
InxGa1−xAs/GaAs quantum-well heterostructures have been
widely used in optoelectronic devices, especially in optical
communication devices.[8] In comparison, one-dimensional
InAs/GaAs heterostructures are still confronted with some dif-
ficulties. Due to the large lattice-mismatch, the critical di-
ameter of the InAs segment in an InAs/GaAs axial NW het-

erostructure is rather small (about 44 nm).[5] In addition, a
straight InAs-on-GaAs NW heterostructure is rather difficult
to realize in Au-catalyzed growth as the Au/GaAs interfacial
energy is lower than that of Au/InAs in most cases.[9,10] Most
recently, Maria et al. has fabricated straight InAs-on-GaAs
NW heterostructures under the condition that InAs exhibits a
WZ structure, which is similar to the work reported by Hiruma
et al. in 1996.[10,11] However, to fulfill the above require-
ment, some growth parameters, e.g., the NW diameter, the
growth temperature, and the V/III ratio, should be controlled
accurately.[12–15]

In this paper, we successfully fabricated straight
InAs/GaAs nanowire heterostructures on Si substrate by us-
ing AlGaAs/GaAs buffer layers coupled with a composition
grading InGaAs buffer segment. Both the GaAs NW and InAs
NW are not limited by the misfit strain induced critical di-
ameter. The crystal phase of InAs NW could be tuned from
zincblende (ZB) to wurtzite (WZ) by controlling its diameter
as well as the length of GaAs NWs. Other related phenomena
are also discussed.

2. Experiment
The Au-assisted vapor-liquid-solid (VLS) growth was

performed by using a Thomas Swan CCS-MOCVD system
at a pressure of 1.33× 104 Pa. Trimethylgallium (TMGa),
trimethylaluminum (TMAl), trimethylindium (TMIn) and ar-
sine were used as precursors. The carrier gas was hydrogen.
The growth was carried out as the following steps: (i) the
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Si (111) substrate was chemically cleaned with a final treat-
ment in HF/NH4F/H2O (1:5:6) solutions to remove the na-
tive oxide and form a hydrogen-terminated surface; (ii) the
AlGaAs/GaAs buffer layers, which consisted of a 5-nm AlAs
nucleation layer, a 15-nm Al0.5Ga0.5As nucleation layer, and
a 100-nm GaAs buffer layer, were grown on the Si substrate
via a two-step growth;[16] (iii) an Au film with a thickness of
4 nm was deposited on the Si substrate by magnetron sputter-
ing. Then the substrate was loaded into the MOCVD reactor
and annealed in situ at 645 ◦C in arsine and hydrogen ambi-
ent; (iv) after ramped down to the desired temperature, GaAs
NWs were grown via a two-temperature procedure consisting
an initial growth at 510 ◦C for 10 s and a subsequential growth
at 440 ◦C for a certain time;[7] (v) after raising the temperature
to 470 ◦C, a composition grading InGaAs segment was grown
for 200 s, during which the TMGa flow rate was decreased
linearly from 4.1×10−5 mol·min−1 to 6×10−6 mol·min−1 and
the TMIn flow rate was simultaneously increased linearly from
3.8×10−6 mol·min−1 to 3.4×10−5 mol·min−1; (vi) with a
TMIn flow rate of 3.4 ×10−5 mol·min−1, growth of InAs
NWs was initiated at 470 ◦C for 10 s and then proceeded at
400 ◦C for 500 s. The flow rate of AsH3 was kept constant
at 2.87× 10−3 mol·min−1. A schematic diagram of the NW
heterostructure is shown in Fig. 1.

Au

InAs NW

        compostition 
InxGa1↩xAs buffer segment

GaAus NW

AlGaAs/GaAs
buffer layer

Si substrate

Fig. 1. Schematic diagram of the InAs/GaAs axial NW heterostructure
on Si substrate.

In step (v), the growth time of GaAs NWs at 440 ◦C was
set to 400 s, 200 s, and 50 s for sample A, B, and C, respec-
tively. To investigate the influence of the AlGaAs/GaAs buffer
layers as well as the InGaAs segment on the characteristics of
the NWs, two samples were prepared as counterparts. Sam-
ple D without buffer layers was prepared by carrying out steps
(i), (iii), (iv), (v), and (vi) Sample E without the composition
grading InGaAs segment was prepared by carrying out steps
(i), (ii), (iii), (iv), and (vi). Growth parameters of the five sam-
ples are listed in Table 1.

Morphologies of the samples were characterized by Field
Emission Scanning Electron Microscopy (FESEM). Structural
and compositional characteristics of the samples were investi-
gated by Transmission Electron Microscopy (TEM) and En-
ergy Dispersive Spectroscopy (EDS). TEM specimens were
prepared by ultrasonicating the samples in ethanol for 5 min,

followed by spreading drops from the suspension onto a holey
carbon/Cu grid.

Table 1. Growth parameters of the five samples.

Sample Buffer layers GaAs NW InGaAs segment InAs NW
A Yes 400 s Yes 500 s
B Yes 200 s Yes 500 s
C Yes 50 s Yes 500 s
D No 400 s Yes 500 s
E Yes 400 s No 500 s

3. Results and discussion
Figures 2(a) and 2(b) show the SEM images of sample

D. We can see that these NWs are random in growth direction
and only a small proportion of them are vertical to the sub-
strate. These orientations correspond to four 〈111〉 directions
for a (111) oriented crystal with one orientation perpendicular
to the surface and three orientations inclined to the substrate.[6]

However, the single NW is straight along the growth direction
as shown in the inset of Fig. 2(b). By growing AlGaAs/GaAs
buffer layers on the Si substrate before NW growth, most of
the NWs are vertical to the substrate as shown in Figs. 2(c)
and 2(d). However, Au movement along with a downward or
branched growth occurs on the upper part of most NWs, which
has been commonly observed in the growth of axial InAs-on-
GaAs NW heterostructures.[9,10] Figures 2(e) and 2(f) show
the SEM images of sample A which was grown by using the
buffer layers coupled with a composition grading InGaAs seg-
ment. We can see that over 80% of the NWs are perpendicular
to the Si substrate. Most of the NWs are straight and without
Au movement or downward/branched growth as shown in the
inset of Fig. 2(f).

Comparing sample A with sample D and E, we can see
the great contributions of AlGaAs/GaAs buffer layers and the
composition grading InGaAs segment to the formation of ver-
tical and the straight InAs/GaAs NW heterostructures on Si
substrate. The high-quality buffer layers by a two-step pro-
cess have be proved to be helpful to modifying the nonpo-
lar nature of Si (111) surface which contributes to the vertical
growth.[7] The composition grading InGaAs segment is criti-
cal to the formation of straight InAs NW on GaAs NW. Based
on the theory proposed by Paladugu et al., the interfacial en-
ergy between Au and GaAs is much smaller than that between
Au and InAs. Thus, the Au particle would move sideways with
further growth of InAs by preserving an interface with GaAs
which results in a downward/branched growth of InAs.[9] By
growing a composition grading InGaAs segment varying from
GaAs to InAs before the growth of InAs NW, the large in-
terfacial energy difference between Au/GaAs and Au/InAs is
divided into many tiny ones between two adjacent InxGa1−xAs
slices. As the upper slice can easily grow on the lower one due
to a rather small interfacial energy difference, the InAs NW
can certainly grow on the topmost InxGa1−xAs slice and the
straight InAs-on-GaAs NW axial heterostructure is realized.
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Fig. 2. SEM images of sample D, sample E, and sample A. (a), (c), and (e) show the top view SEM images of sample D, E, and A,
respectively. (b), (d), and (f) show the cross sectional SEM images of sample D, E, and A, respectively. The inset in (b) shows the
TEM image of a single NW from sample D. The insets in (d) and (f) show the amplified SEM image of the top parts of the NWs in
(d) and (f), respectively. Rectangular frames in the inset in (d) indicate the dropping Au particles.

Figure 3 shows the TEM images of sample A and sample
D. Figures 3(a) and 3(b) show the TEM images of the foot of
a single NW from sample A. The NW exhibits a high quality
and no threading dislocation or twins is observed. In contrast,
a lot of threading dislocations and twins can be seen appar-
ently in the NW from sample D, as is shown in Figs. 3(c) and
3(d). In addition, as reported by Chuang et al., well-aligned
GaAs NW can be grown on Si substrate if and only if its di-
ameter is smaller than the critical diameter (about 100 nm),
beyond which the lateral relaxation of the NW is not able to
accommodate the misfit strain between GaAs NW and the Si
substrate.[17] However, for sample A, an NW with a diame-
ter of 110 nm grows successfully without defects as shown
in Fig. 3(a). The high-quality and large-diameter NWs from
sample A should be attributed to the AlGaAs/GaAs buffer lay-
ers as the misfit strain between GaAs and Si can be accom-
modated via generating dislocations in the buffer layers. Thus
high-quality GaAs NWs can be grown epitaxially on the buffer
layers without misfit strain.

Based on Glas’s theory, there is a critical diameter (about
44 nm) in InAs/GaAs axial NW heterostructures caused by
the misfit strain due to the large lattice mismatch between
GaAs and InAs.[5] Beyond this value, dislocations and stack-
ing faults will emerge in the InAs NW. This limitation can
be solved by using the composition grading InGaAs segment.
Figure 3(f) shows the InAs segment of a single NW from
sample A. The InAs NW with a diameter of about 96 nm ex-
hibits a high crystal quality without dislocations or stacking
faults (detailed analyses of the crystal structure will be dis-
cussed later). It can be concluded that the composition grad-
ing InGaAs segment could effectively relieve the stress and
strain resulting from the large lattice mismatch and reduce the

d=110 nm

d=96 nm

 nm  nm

 nm

 nm

(a) (b)

(c) (d)

(e) (f)

sample A

sample D

sample A

20 nm

Fig. 3. TEM analyses of sample A and sample D. (a) and (b) show
the foot of a single NW from sample A, (c) and (d) show the middle
of a single NW from sample D, (e) and (f) show the InAs segment
of a single NW from sample A. Threading dislocations and twins
are indicated by black and white arrows, respectively. The inset in
(f) shows the HRTEM of the top part of the InAs NW.

total strain energy, thus the critical diameter increases remark-
ably. Besides, according to the latest report by Messing et al.,
InAs NW can grow straightly on top of a GaAs NW only when
the InAs segment has a WZ crystal structure.[10] However,
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from the inset in Fig. 3(f), we can determine that the InAs
NW here exhibits a pure ZB structure. This further supports
our conclusion that the composition grading InGaAs segment
can help to overcome the large interface energy difference be-
tween Au/GaAs and Au/InAs and lead to straight InAs NW on
GaAs NW, independent of the crystal structure of InAs NW.

Figure 4 shows the SEM images of sample A, sample
B, and sample C. GaAs, InGaAs, and InAs segments, which
are determined by EDS line scans shown in Fig. 5, are indi-
cated in the figures. The lengths of the GaAs segment are
estimated to be 2.1 µm, 880 nm, and 200 nm, respectively,
as estimated from the Scanning Transmission Electron Micro-
scope (STEM) images in Fig. 5 (the actual length of the NWs
is probably longer as NWs may be broken during ultrasoni-
cating). The growth rates of the three samples are 5.3 nm/s,
4.4 nm/s, and 4 nm/s, respectively, which are comparable to
those of GaAs NWs grown on Si substrate by using buffer
layers while much lower than those on GaAs substrate.[7,18]

The difference in the growth rate may be due to the differ-
ent surface conditions between the AlGaAs/GaAs buffer lay-
ers grown on Si substrate and the GaAs substrate. The lengths
of the InAs NWs from the three samples are estimated to be
850 nm, 1.15 µm, and 960 nm, which are much shorter than
those on the GaAs NWs grown on GaAs substrate.[18] We be-
lieve that this is related to the special surface characteristics

of buffer layers. It is well known that for VLS growth, there
are two major contributions, i.e., direct impingement of the
precursors onto the alloy droplet and adatom diffusion from
the substrate surface and sidewalls to the top.[19,20] In this ex-
periment, the lower growth rate of InAs NWs is probably due
to the much lower contribution of adatom diffusion from the
substrate surface. As reported by Kim et al., the In diffu-
sion length on the GaAs (111)B surface is limited to about
6 µm.[21] As shown in Fig. 4, the surface of AlGaAs/GaAs
buffer layers is uneven and full of bumps and holes, which
means that the surface area is much larger than the smooth
GaAs surface and the corresponding surface distance between
two certain points is much longer. Thus the In adatoms could
be consumed more sufficiently at the same length and much
less adatoms can reach the Au particle. In addition, it has been
demonstrated that In adatoms preferentially incorporate onto
those concave areas constructed by high-index surfaces of the
GaAs NW sidewalls to minimize the local surface energy.[22]

This conclusion also applies equally here, since the top of the
buffer layers is a layer of GaAs which contains a lot of concave
regions for In adatoms’ adhesion. Based on the two mecha-
nisms aforementioned, it can be concluded that the coarse and
rugged AlGaAs/GaAs buffer layers act as a reservoir for In
adatoms, which decrease the adatom diffusion contribution to
the InAs NW growth.

InAs NW

InAs NW

GaAs NW GaAs NW

buffer layer
Si substrate

buffer layer
Si substrate

InGaAs

InGaAs

InAs NW

GaAs NW
buffer layer
Si substrate

InGaAs

(a) (b) (c)

3 mm 3 mm 2 mm

Fig. 4. SEM images of (a) sample A, (b) sample B, and (c) sample C.
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Fig. 5. EDS analyses of a single NW from (a) sample A, (b) sample B, and (c) sample C. The grey rectangular area in every image indicates the
InGaAs segment.
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Fig. 6. (color online) TEM analyses of InAs NWs with different
diameters from sample A. (a) and (b) show a single NW with a di-
ameter of 45 nm, (c) and (d) show a single NW of 66 nm, (e) and
(f) show a single NW of 96 nm. Stacking faults are indicated by
black arrows.

Figure 6 shows the TEM images of InAs NWs with differ-
ent diameters from sample A. For the thinnest one with a diam-
eter of 45 nm (Fig. 6(a)), the structure is a WZ with very little
stacking faults. Increasing the diameter to 66 nm (Fig. 6(b)),
the structure is composed of a mixture of ZB and WZ phases
and a lot of stacking faults can be observed. Finally, for the
thickest one with a diameter of 96 nm, the NW exhibits a pure
ZB structure with nearly no stacking faults or other defects.
The dependence of crystal structure of InAs NW on diame-
ter was also observed by other groups.[12–14] As discussed by
Shtrikman et al., for GaAs and InAs NWs, the free energy of
the wire is lower for WZ than for ZB, thus, the WZ phases
occur during growth. However, when the diameter increases,
the inside volume cohesive energy, which is lower for ZB than
for WZ, becomes dominant thus stacking faults and ZB seg-
ments are likely to form.[22] Figure 7 shows the TEM images
of InAs NWs from sample B and C. For the NW with a diame-
ter of 76 nm from sample B (Fig. 7(a)), the structure is mainly
a WZ with dense stacking faults. While for a much thicker
NW (the diameter is about 93 nm) from sample B (Fig. 7(b)),
the structure is also a WZ but the density of stacking faults
is much lower than that in Fig. 7(a). Comparing the structure
characteristics of InAs NWs among sample A, B, and C, we

can conclude that the crystal phase of InAs NW is also influ-
enced by the length of the nether GaAs NW. At a large diam-
eter, the NW exhibits a phase transition from the pure ZB to
mainly WZ with the decrease of the length of GaAs NW. This
phenomenon has been discussed in our previous work that the
GaAs NWs with different lengths could control the adatom
diffusion contribution, especially the adatom diffusion from
the sidewalls to the top, which further affects the crystal phase
of InAs NW.[18]

d=76 nm d=93 nm

(a) sample B sample C
(b)

 nm  nm

Fig. 7. TEM analyses of NWs from (a) sample B and (b) sample C.
Stacking faults are indicated by black arrows.

4. Conclusions
In conclusion, we have successfully fabricated straight

InAs/GaAs NW heterostructures on Si substrate by using Al-
GaAs/GaAs buffer layers coupled with a composition grading
InGaAs segment. The GaAs NWs exhibiting high crystal qual-
ity as the misfit strain between GaAs and Si can be accommo-
dated via generating dislocations in the buffer layers. Both the
GaAs and InAs segments are not limited by the misfit strain
induced critical diameter. The low growth rate of InAs NW
is attributed to the rugged AlGaAs/GaAs buffer layers which
dramatically decrease the adatom diffusion contributed to the
InAs NW growth. We also demonstrate that the crystal struc-
ture of InAs NW could be tuned by controlling its diameter as
well as the lengths of GaAs NWs. This work helps to open
new possibilities for the integration of high-quality III-V NW
heterostructures on Si substrate.
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