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We report the molecular beam epitaxy (MBE) growth of
ZnSe nanowires (NWs) on a ZnSe(100) epilayer assisted
by gold catalyst. Gold dewetting assists in the formation
of nanotrenches along the [0-1-1] direction in the ZnSe
buffer layer. Nucleation of the gold catalyst in the
trenches leads to the growth of NWs preferentially in di-

1 Introduction This paper is dedicated to a detailed
optimization of the epitaxial growth of ZnSe nanowires
(NWs) including CdSe insertion. The motivation of this
work is the possible use of CdSe quantum dots (QDs) as
photon emitters for quantum optics. Indeed, excitons in
CdSe QDs exhibit a large binding energy and the splitting
between exciton and biexciton energies is clearly marked.
This last feature is required for an efficient spectral filter-
ing of the exciton line and allows the use of CdSe QDs as
single photon emitters. For instance, self-assembled
CdSe/ZnSe QDs, isolated in a 2D layer, have shown pho-
ton emission anti-bunching up to 200 K with normalized
dip values of 81% [1]. CdSe nanocrystals have demon-
strated room temperature single photon emission but they
are limited by blinking effect [2]. In both examples men-
tioned above, other limitations occur such as mastering the
localization of the emitter or the possibility of electrical in-
jection which is a key point for realistic devices. A very
promising approach consists in the inclusion of QDs in
NWs. Indeed, in NW the QDs can be located on demand at
defined positions along the wire and moreover the 1D ge-
ometry of the NWs is highly favorable for electrical injec-
tion of carriers in the dots.

rections orthogonal to the trenches. The wires adopt
mostly the wurtzite type structure and grow along the c-
axis. CdSe quantum dots were inserted in the ZnSe NWs.
The CdSe insertions systematically adopt a cubic zinc-
blende arrangement with a [111] growth axis, as con-
firmed by transmission electron microscopy.
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Recently, 1I-VI compound semiconductor NWs have
been synthesized by different methods such as metal-
organic chemical vapor deposition (MOCVD) [3] and mo-
lecular-beam epitaxy (MBE) [4]. The MBE technique is
well suited for a precise control of the QD insertion. Previ-
ous studies of CdSe/ZnSe nanowires grown on GaAs or Si
oxidized substrates have demonstrated their potential as
single photon emitters up to 220 K [5]. However, to go fur-
ther a precise control of the diameter and of the orientation
of the NWs with respect to the substrate is required. This is
the purpose of the present paper where we report on the
growth of NWs on a GaAs (100) substrate capped with a
ZnSe (100) buffer layer. We investigated the crystallo-
graphic relationship between the NWs and their substrate
which was not observed up to now but which is the key
point to master orientation. The location and the diameter
size dispersion of the NWs as well as the density of the
gold nanoparticles used as NW catalyst were also investi-
gated.

2 Growth and characterization ZnSe NWs were
grown using gold particles as catalysts. Prior to the growth,
the (100) GaAs substrates are deoxidized by thermal
flashes at 580 °C. A 30 nm 2D ZnSe buffer is deposited at
280 °C in a MBE system. The ratio Zn:Se beam equivalent
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Figure 1 SEM images of a 30nm ZnSe buffer layer: without Au and heated for 10min at 530 °C (a), with a 0.1 nm thick Au layer and
heated for 10 min at (b) 400 °C, (c) 530 °C. Scale bar valid for all images.

pressure (BEP) is of the order of 1:4 and the pressure is in
the 107 Torr range. The thin gold layer is deposited at room
temperature by e-beam metal deposition in a metal
deposition chamber directly connected to the MBE
chamber.

In order to generate gold nanoparticles, the gold layer
of a thickness of approximately 0.1 nm is heated under
ultra high vacuum. Gold dewetting was characterized by
scanning electron microscopy (SEM). At 400 °C (see Fig.
1b) the gold layer has dewetted and nanotrenches of
20-30 nm long can be observed on the surface. These
nanotrenches all follow a common orientation along
[0-1-1], but are not strictly parallel and their shape is
irregular. Most of the gold particles of about 5 nm in
diameter and with a density of about 50x10"/cm’ are not
located in the trenches. At 530 °C, (see Fig. Ic)
nanotrenches are longer (ranging from 50 to 200 nm long)
and perfectly parallel along the [0-1-1] axis as it was
reported previously [6]. Surprisingly, the gold particles are
now all localized at the extremities of the trenches. The
diameter of the gold particles is on average 15 nm and the
density of the gold particles is in the 2x10"/cm’ range. It is
worth noting that when the Au thickness is reduced below
0.1 nm some nanotrenches have no gold nanoparticles
inside.

The formation of the nanotrenches was attributed by
Chan et al. [6] to a reaction between Au and Zn, but we
have observed that nanotrenches are also present on the
surface when a bare ZnSe (100) epilayer is heated for 10
minutes at 530 °C (see Fig. la). Such striations were
observed previously after growth of ZnSe at 500 °C [7].
The nano-trenches were related to the c(2x2) surface
reconstruction observed during the ZnSe sublimation [§]
and correspond to a Zn stabilized surface. Alternatively the
trenches can be a replica of the pits originated during the
deoxidation of the GaAs substrate.

It seems that the trenches are more probably related to
a sublimation mechanism of the ZnSe layer alone. How-
ever, the Au particles increase the length of the nanot-
renches and tend to align them along the [0-1-1] direction.
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The increase of the gold particle diameter, when increasing
the dewetting temperature from 400°C to 530°C, is consis-
tent with the decrease of the gold particles density. Ac-
cording to the Au-Zn phase diagram the melting points are
much higher than the growth temperatures used for the
NWs [9]. Therefore only Au or Au-Zn alloys in the solid
phase should occur. However it is well known that size ef-
fects can modify the melting temperature. Calculations of
the dependence of the melting point for Au and y and
AuZn phases with the particles size reveal a significant de-
crease for particles under Snm [10] [11]. The lowering of
the melting temperature can account for the dewetting ob-
served at 400°C. Nevertheless, up to now, there is no con-
clusive evidence that the catalyst particle is either in the
solid or liquid phase. For this reason growth may either oc-
cur via the vapor liquid solid (VLS) or the vapor solid solid
(VSS) mechanisms.

Figure 2 SEM images of ZnSe NW growth after a) 2min (plan
view) b) 7 min (65° tilted view). Scale bar valid for both images.

The density of Au particles of the order of 10'%/cm? is
low enough to ensure the growth of well separated ZnSe
NWs.

ZnSe NWs were grown on a 30 nm ZnSe buffer layer
covered with a 0.1 nm thick gold layer dewetted at 530 °C.
The NWs were grown at 400 °C with an excess of Se
(Zn:Se 1:3). Figure 2 shows SEM images of the first steps
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of the growth (2 min and 7 min of deposition). At this
temperature the NW diameter remains constant along the
wire following the diameter of the gold particle. Diameters
in the range 12 to 15 nm i.e. close to the CdSe exciton
Bohr diameter (11 nm) are commonly observed. For these
short times the growth rate appears to be constant and of
the order of 25 nm/min. It is worth pointing out that the
nanotrenches cover the whole buffer layer surface and that
the NWs present the same density as the gold particles.

Figure 3 a) TEM image of a ZnSe NW dispersed on a carbon
grid. b) HRTEM zoom of the dotted square.

After a 2 min growth, half of the ZnSe NWs are
oriented perpendicular to the nanotrenches (see Fig. 2a) but
some of them are also vertical (white circles on Fig. 2a).
These preferential orientations can remain for longer
growth times, as can be observed after 7 min on the tilted
view of Fig. 2b. The wires perpendicular to the trenches are
in fact along the <111> directions while the vertical ones
are along the [001] direction as seen on Fig. 2b.

The NWs were dispersed and observed by HRTEM as
shown on Fig. 3. Most the ZnSe NWs adopt the hexagonal
wurtzite (WZ) type structure with only few stacking faults
and the growth axis is along the c-axis.

CdSe inclusions were inserted along the NWs. After
7min of ZnSe NW growth, the CdSe insertions were grown
in 30 s with an excess of Se (Cd:Se 1:3), followed by
another 2 min30 sec growth of ZnSe. The presence of a
CdSe insertion is rather difficult to detect as it does not
present a different contrast from ZnSe on HRTEM images
(Fig. 4a). However, the analysis of the HRTEM images
with the Geometrical Phase Analysis (GPA) method [12]
(Fig. 4c) in order to get the interplanar spacing variations
along the wire axis reveals very clearly a change of 4.2%
in a region corresponding to 5 monolayers (1.5nm) at about
50nm from the top of the wire.

A closer analysis of the HRTEM image in the same
region (Fig. 4b) reveals the presence of a cubic zinc blende
(ZB) arrangement. Furthermore the measured interplanar
distance difference corresponds to the difference between
d(0001) ZnSe and d(111) CdSe. These features enable us
to associate this region to the CdSe insertion.

Note that the CdSe insertion interface is abrupt at both
sides of the inclusion (Fig. 4a and c) and that the growth
rate is much smaller than the growth rate of the ZnSe NW
(for similar BEP conditions).

3 Conclusion Growth of ZnSe NWs with CdSe in-
sertion was successfully demonstrated on a ZnSe (100)
buffer layer. Gold dewetting contributes to the formation
of nanotrenches with gold particles of nanometer size lo-
calized at the extremities of the trenches. The ZnSe NWs
oriented in the <111> directions of the ZnSe layer or per-
pendicularly to the surface present a wurtzite structure
while the CdSe insertions are of the ZB type.

Figure 4 Analysis of a ZnSe NW with a CdSe insertion a) TEM image of the NW tip, b) HRTEM zoom of the square zone of image

a), ¢) interplanar spacing along the wire using the GPA method.
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