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ABSTRACT

We directly image the interior of GaAs/AlGaAs axial and radial nanowire heterostructures with atomic-scale resolution using scanning tunneling
microscopy. We show that formation of monolayer sharp and smooth axial interfaces are possible even by vapor-phase epitaxy. However, we
also find that instability of the ternary alloys formed in the Au seed fundamentally limits axial heterostructure control, inducing large segment
asymmetries. We study radial core −shell nanowires, imaging even ultrathin submonolayer shells. We demonstrate how large twinning-induced
morphological defects at the wire surfaces can be removed, ensuring the formation of wires with atomically flat sides.

Free-standing semiconductor nanowires, with tailored elec-
tronic and optical properties, are very promising as compo-
nents for devices in physics, chemistry, and biology.1-8 One
of their most important merits is the possibility to grow a
huge variety of high precision nanowire heterostructures in
a reproducible way.1-8 The GaAs/AlGaAs materials system
with its considerable band gap difference and small lattice
mismatch has (for decades) been of particular interest. Planar
quantum wells and quantum wire structures has been formed
in the GaAs/AlGaAs systems even with the rapid growth
method of metal organic vapor-phase epitaxy (MOVPE)9-10

These systems form the basis for quantum cascade lasers,
THz devices, and high-speed electronics.11-13 Until now,
investigations of AlGaAs/GaAs nanowires were mostly
focused on core-shell type of heterostructure growth, for
which the good lattice matching is of some significance.14-16

AlGaAs, a wider band gap material, is used to cap the
nanowire for passivation, protection against surface related
defects, and as an additional means of altering the energy
structure within the nanowire. Furthermore, by selectively
etching out the GaAs core, this type of structure can be used
to form well-defined AlGaAs tubes.16 Finally, it is funda-
mentally an interesting materials system for investigating
nanowire growth because it is almost completely lattice-
matched, leaving out any considerations of strain effects, and

in addition, it is extremely well studied for planar growth.10

The limits of the interface perfection of nanowire hetero-
structures is still unknown, with some groups reporting 30
nm broad and diffuse interfaces,3 while others report 1-3
nm sharp interfaces.4 In fact, it has been proposed that
generally sharp interfaces will be difficult to obtain for
rapidly growing nanowires. Further, the regularity of the side
facets of the nanowires have recently been seriously ques-
tioned, as it has been shown that the very common twinning
phenomena in nanowires can lead to the formation of large
morphological defects on the side facets of the wires,17

defects which are incidentally only noticed by the correct
tilting of the TEM images.17 To resolve these issues and
define the limits on nanowire segment perfection down to
the atomic scale, experimental methods are required that
directly probe the atomic scale structure and morphology of
the wires. One such method is scanning tunneling microscopy
(STM), which has shown very impressive results for quantum
wells and quantum dots, giving complementary and high-
contrast information compared to other imaging methods.18

We have recently devised a novel crystalline embedding
scheme that allows us to directly image the interior of III-V
nanowires by STM.19 We embed the III-V nanowires in a
lattice-matched ternary III-V alloy, enabling the cleavage
of the wire sample to expose an extremely flat surface for
STM measurements. This method, often termed XSTM,
makes it possible to study the interior of nanowires (and other
III -V nanostructures) with atomic scale resolution.19-20
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The samples were grown by MOVPE on a Si-doped (001)
GaAs substrate, using size-selected Au aerosol particles as
seeds. A H2 carrier gas flow of 6 L/min at a pressure of 100
mbar was used, and a constant flow of arsine was supplied
to the reactor cell during the entire process. Prior to growth,
the samples were annealed at 580°C for 10 min. Following
the scheme described in Figure 1a, the growth then proceeded
in three steps. First, trimethylgallium (TMG) was introduced
and regular free-standing 60 nm diameter GaAs nanowires
were grown at 450°C. Second, TMG flow was turned off
and the temperature was ramped up to 630°C in order to
overcome the kinetic barrier for side facet growth, and the
trimethylaluminum (TMAl) and TMG were introduced
simultaneously. Successively, the growth of both an AlGaAs
segment at the end of the wire as well as an AlGaAs shell
surrounding the wire continued. Simultaneously, an AlGaAs
epitaxial layer grew on the substrate. The growth of GaAs

was then resumed at the same temperature as the AlGaAs
by switching off the TMAl flow. This results in GaAs growth
on the wire, shell, and substrate until the lower part of the
wire including the AlGaAs structure is completely embedded.
Two different sets of samples were grown with different
AlGaAs growth times, thus the TMAl was turned on in 20
s and 100 s, respectively, for the two sets of samples. After
growth, the samples were transferred to our ultrahigh vacuum
(UHV) STM system and cleaved to expose the interior of
the nanowires. Images were recorded using commercial
Omicron STM1 and XA STM microscopes operated at
room temperature. The STMs are positioned inside ultrahigh
vacuum systems with base pressures<1 × 10-10 mbar. STM
tips used in these experiments were all electrochemically
etched tungsten tips, additionally cleaned by Ar sputtering.
All images shown were recorded in constant current mode
at voltages around-2 to -3 V (filled state imaging) and a
feedback current of 0.1-0.2 nA.

As both the core of the nanowire and the embedding
material is GaAs, the strong contrast of the AlGaAs in STM18

is used to clearly identify the wires. In the STM image in
Figure 1b, one can see a GaAs nanowire surrounded by an
AlGaAs shell extending out from the AlGaAs film along
the substrate. The wire makes an angle of 35.3° with the
substrate, consistent with one of the usual, [1-11] [-111]
growth directions for this type of nanowire on GaAs(001).19

In Figure 1c, we show a STM image of the AlGaAs segment
belonging to the wire in Figure 1b. The segment is found at
a distance of 800 nm away from the substrate as measured
along the wire. The segment is 130 nm long, but in the top
50 nm, a gradual decrease of the Al content is observed,
thus the length of the homogeneous part of the segment is
80 nm.

The high-resolution STM topography of an AlGaAs
segment shown in Figure 2 reveals the rows of As atoms
inside the wire. First, it can be seen that the As rows visible
in Figure 2a, spread in two different directions in well-
defined areas. The boundaries of these regions are parallel
to the wire growth plane. The two different directions of
the As row directions indicate areas of the two different twin
crystallites that will generally be found inside III-V nano-
wires grown in the{111} directions.17,19 The onset of the
AlGaAs can be clearly identified, as the introduction of Al
leads to a strong corrugation along the As rows of the
AlGaAs as compared to the smooth As rows of the GaAs.18

It can be observed from Figure 2b that the lower boundary
between the GaAs and the AlGaAs segment is monolayer
(ML) sharp and smooth. The XSTM results here present a
direct way of identifying such sharp interfaces. In the vapor-
liquid-solid or vapor-solid-solid models, which are often
applied to nanowire growth,21,22 the 1D growth is based on
a supersaturation of wire material in the seed Au particle,
leading to an excess of growth material at the interface
between the Au particle and the wire. Because the growth
rate of the wire is 2-5 monolayers per second, this implies
that the Al saturation of the Au particle occurs in less than
a second, which is in fact consistent with the high diffusion

Figure 1. (a) Schematic model of the growth of nanowire
heterostructures, which proceeds in three steps after the initial Au
nanopartice deposition: GaAs nanowire growth, AlGaAs segment
and shell formation, GaAs overgrowth. The wire grow in the [1-11]
and [111] directions with 35.3° angles to the substrate. In the model,
only the [1-11] direction is shown corresponding to the wire
imaged in (b) and (c): (b) 400× 400 nm2 STM image of the base
of the nanowire; (c) 400× 400 nm2 STM image of the AlGaAs
segment inside the nanowire
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rates of Al even in solid Au.23 We can therefore conclude
that the formation of the sharp first interface is due to the
instantaneous (<1 s) Al saturation of the Au particle and
the subsequent constant release of Al into the wire resulting
in the homogeneous AlGaAs segment. The constant Al
release continues as long as the Au particle is Al saturated,
i.e., as long as Al is supplied from the gas phase. The
extremely sharp and smooth interface is also an indication
of a layer-by-layer growth mode in the wire. This would
indicate a high mobility of the III-V species at the Au-
III -V interface and considerable mass transport along this
interface. Because As is practically insoluble in the Au
particle (at these temperatures), the transport of As to the

growth interface must occur through the interface between
the Au and the III-V surface.

While the first interface of the AlGaAs segment is sharp,
the second boundary is very diffuse with a gradual decrease
of the Al content over 50 nm, or∼150 GaAs monolayers,
as seen in Figure 3. In addition, we find that increasing the
AlGaAs deposition time a factor of 5 leads to no change in
the length of the 50 nm diffuse tail, while the homogeneous
part of the AlGaAs segment, the AlGaAs shell, and the
AlGaAs substrate film all increases in thickness. The AlGaAs
film growing epitaxially on the substrate simultaneously with
the wire segment has atomically sharp interfaces at both the
top and bottom. If the 50 nm diffuse tail in the wire was a
result of residuals in the MOVPE system, an asymmetry
should also be found in the AlGaAs at the substrate despite
its slower growth rate (asymmetries in AlGaAs films down
to the monolayer level have previously been detected with
XSTM18). Therefore, the slowly decreasing Al content in
the top of the wire segment is not related to residual Al
material in the MOVPE system. Residual material from the
wire sides or the substrate can also be excluded, as this
should also lead to a graded upper interface of the AlGaAs
at the base of the wire, which has also not been observed in
our measurements. Instead, the diffuse boundary must be
related to the Al stored in the Au particle. Studying the
diffuse part of the AlGaAs segment on the atomic scale as

Figure 2. (a) 200× 200 nm2 STM image of a nanowire AlGaAs
segment and shell. Lines perpendicular to the [1-11] wire growth
direction are due to the two types of twin domains. Surface steps
due to the cleavage are found with a∼45° angle in the image. (b)
High-resolution 18× 18 nm2 STM image of the lower interface
between the AlGaAs in the segment and the GaAs in the wire.
The atoms seen in the image are As atoms. Thus the strong
corrugation in the AlGaAs region is due to the influence on the
electronic structure in the As rows due to the Al. The different
directions of the As rows indicates areas of the two different types
of crystal twins found in this system.

Figure 3. (a) AlGaAs segment and upper diffuse boundary of a
nanowire. It can be seen that that the upper boundary extends over
50 nm. (b) Zoom in on Al-related defects in the diffuse tail at the
upper boundary. A defect indicative of Al in the first Ga layer is
marked by a red circle. This type of defect has been counted to
give the Al concentration profile in Figure 4.
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in Figure 3c, we notice a particular recurring defect (marked
by a red circle). This defect is only found in the AlGaAs
and is most easily identified in the tail when the Al density
is low. The defect geometry has its center in the sites of the
top Ga layer, indicating that it is related to changes in this
Ga lattice. Considering various possible defects in the Ga
lattice and comparing to previous XSTM work on bulk
structures,18 we conclude that this defect is related to Al in
the first Ga layer. By counting the defects indicative of Al
in the first layer, the Al concentration in each GaAs layer of
the wire can then be quantified, as shown on the graph in
Figure 4. The nonlinear decrease in Al concentration is
consistent with a model in which the Al from the Au particle
is gradually incorporated into the nanowire as it continues
to grow with the TMAl source off. A crude model can now
be developed to fit the segment tail: without a continuous
supply of Al to the Au particle from the TMAl, the Al
concentration in the particle is diminished as the Al is used
for new AlGaAs layers in the nanowire. As discussed above,
the diffusion of Al in the Au is so rapid that the Al
concentration inside the Au particle has time to equilibrate
in between the growth of each layer. As a result, the
diminishing concentration of Al in the Au particle will be
directly expressed in a diminishing Al concentration in
subsequently grown layers in the wire. Assuming this
relationship to be linear, one can derive the expression of
CAl(L + 1) ) CAl(L)(1 - b) for the concentration of Al in
theLth layer of the wire (L ) 0 is the last monolayer grown
before the source of TMAl is turned off).b is the ratio
between the amount of group III material in the Au particle
and the amount of group III material being incorporated in
one layer at nanowire growth front (wire/Au interface).
Further we note that the Al and Ga concentrations in ternary
AlAuGa alloys can be varied linearly for both high and low
Al and Ga concentrations24 and we assume thatb is
independent of the Al concentration in the Au particle. By
finally setting the concentration of Al in the homogeneous
segment toa, CAl(0) ) a and the expressionCAl(L) ) a(1 -

b)L can be derived for the Al concentration in theLth
monolayer of the AlGaAs segment tail. By fitting the model
expression, as seen in the graph in Figure 4, we find thata
) 0.096 andb ) 0.05. Parametera indicates that the
concentration of Al in the wire segment is∼10% (which
can be confirmed by direct estimates of the Al in the segment
from the images). In addition, as the number of group III
atoms in one nanowire layer is known, parameterb can give
the total number of group III atoms in the Au particle, which
results in a group III concentration in the particle of 10-
20%. This is in reasonable accord with the∼10% Ga content
found previously in the Au particle for GaAs wire growth.25

Further, the amount of Al incorporated into the wire after
the TMAl source is turned off can be estimated by integrating
the tail of the curve in Figure 4 and multiplying with the
number of group III atoms in this section of the wire. This
amount of Al corresponds to an Al concentration in the Au
seed particle of roughly 1-2%.

Having understood the origin of the nonsharp interface, it
is possible to devise general strategies on when and how it
can be avoided. First, it is important to note that the problem
will only occur when the switching materials are incorporated
into the Au particle. The solubility of group V materials in
Au is generally negligible, and therefore no group V material
reservoir can build up in the particle and all heterostructure
interfaces can be sharp. Indeed, there is strong evidence that
no such diffuse boundary exists in the case of InP segments
in InAs nanowires and GaP segments in GaAs, where the
group V material is switched.4,26However as escape of group
III material from the Au particle seems to happen mostly
through growth of the nanowire, our results show that some
degree of asymmetry in the heterostructure segments could
inherently be hard to avoid for systems where the ternary
alloys in the Au particle are not stable.

Turning to the AlGaAs shell, it can be seen in the STM
image in Figure 1b that the shell is much thinner than the
AlGaAs layers on the substrate and the AlGaAs segment in
the wire. The nanowire shell is generally found to be 10
times thinner than the AlGaAs film at the (001) substrate
and 30 times thinner than the AlGaAs segment inside the
wire. Changing the amount of AlGaAs results in the same
relationship between the thicknesses of the AlGaAs shell,
segment, and substrate film. Interestingly, by using similar
growth parameters, but switching substrate to the GaAs-
(111)B, the AlGaAs shell is found to be 20 times thicker.
This dramatic difference could be explained by the greater
affinity for growth on the GaAs(001) substrates compared
to GaAs(111)B substrates. While epitaxial growth is kineti-
cally hindered on the GaAs(111)B, it is more easily achieved
on GaAs(001). For chemical beam epitaxy (CBE) growth,
it has previously been shown that, for III-V nanowires, up
to 80% of the material is supplied from the substrate.16 While
the abundance of materials is larger for MOVPE growth, it
is still conceivable that the rapid AlGaAs growth on the (001)
substrate will lead to a reduced supply of material for growth
of the wire shell, compared to growth on a (111)B substrate.

The detailed atomic scale structure of the AlGaAs shell
is shown in Figure 5, and it can again be observed that the

Figure 4. Graph showing the Al concentration profile in the axial
AlGaAs segment in a nanowire. The concentration profile was
created by counting the Al atoms in the first layers which can be
identified as the feature seen in the red circle in Figure 3b.
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As rows, seen in Figure 5c,d (and also Figure 2b,c), run in
two different directions identifying the two distinct twin
regions. The structure of the twin segments extends beyond
the wire into the embedding AlGaAs and GaAs, with the
embedding materials adopting the exact crystal structure of
the nanowire.

In areas with many alternating twin segments, the thickness
of the AlGaAs shell is observed to be far from homogeneous.
While long stretches of a submonolayer thin shell exists, a
number of large side pockets of AlGaAs extending into the
wire can be observed in Figure 5b. It can also be observed
that the deepest point of these pockets (into the wire)
coincides with the boundary separating the two different
types of twins. Further, the slope of the sides of the pockets
are seen to be along the As rows in the two twins. To explain
this observation, it can be noted that similar types of
imperfections on the sides of the nanowire have also been
detected in TEM.17 This type of faceting was found to be a
consequence of the switching from one nanowire twin to

another. As twinning is very difficult to avoid in nanowire
growth, the side pockets will also be hard to avoid.17

Interestingly, it is observed that the AlGaAs in the side
pockets do not extend beyond the original dimensions of the
nanowire. When they are filled up and aligned with the
“normal” AlGaAs shell, the rapid growth in the pockets
comes to a halt. Previous studies of GaAs/AlGaAs pyramid
growth from a masked GaAs(111)B surfaces27 can be used
to understand these results. The AlGaAs was found to grow
from triangular openings in a SiO2 mask as a truncated
pyramid with{110} side planes and a (111)B top facet. As
the pyramid grows, the (111)B facet becomes smaller and
eventually disappears. Similarly, each side facet in the
pockets can act as the openings did in the (111)B surface
did, allowing for growth of pyramids with{110} side planes.
Incidentally, the previous TEM studies indicated that the
pocket facets would be{111}, which is consistent with the
directions found in this study. The pyramids will eventually
grow together to fill the pockets, forming smooth (110) sides.
This is an important observation, as it means that the
morphological defects due to twin formation on a GaAs
nanowire can be removed by adding an AlGaAs shell. Our
measurements demonstrate that such a core-shell structure
has an extremely smooth surface where all the significant
sidewall defects of the original GaAs wire has been removed
to within 1 ML. Generally, nanowires with perfectly smooth
sides could be important ingredients in a number of applica-
tions, for example, the emerging field of nanowire sensors,
where single-molecule recognition will set high demands on
the wire surface homogeneity. In the case of pyramid growth
out of holes on the (111)B surface, it was further observed
that AlGaAs could be exchanged with GaAs to continue the
pyramid growth,27 indicating that GaAs could presumably
also be used to fill the pockets.

In the present study, AlGaAs/GaAs nanowire heterostruc-
tures with both AlGaAs segments and AlGaAs shells have
been directly imaged with atomic-scale resolution by STM.
We have shown that the first interface between the GaAs
and AlGaAs segments is monolayer sharp, while the second
interface between the upper part of the AlGaAs segment and
GaAs wire at the top is found to be diffuse, showing a
gradual decline in Al concentration over 50 nm. The diffuse
second interface was directly related to the Al interdiffusion
from the Au seed particle. Furthermore, we presented a study
of AlGaAs shell formation and observed huge differences
in growth speed between wire segment, substrate, and wire
shell. Interestingly, we can also compare the thickness of
the shell for core-shell nanowires grown on different
substrates and find more than an order of magnitude higher
growth rate of the AlGaAs shell on GaAs(111)B as compared
to GaAs(001). Finally, our measurements indicate an ap-
proach to remove large morphological defects at the wire
surface, tailoring wires with atomically flat side facets even
in the presence of twin defects.
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