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Single-crystal ZnSe nanowires are grown on a prepatterned gold catalyst by molecular-beam
epitaxy. Optimum selectivity and maximum nanowire densities are obtained for growth
temperatures in the range 400–450 °C, but gold-assisted growth is demonstrated for temperatures
as low as 300 °C. This suggests a diffusion process on/through the catalyst particle in the solid state,
in contrast to the commonly assumed liquid phase growth models. Straight wires, as thin as 10 nm,
nucleate together with thicker and saw-like structures. A gold particle is always found at the tip in
both cases. ©2005 American Institute of Physics. fDOI: 10.1063/1.1897053g

One-dimensionals1Dd semiconductor nanostructures are
receiving increasing attention because of their potential ap-
plications in electronics and photonics.1,2 Device perfor-
mance typically depends on the material structure and crys-
tallinity, but nano-object assembly is also a critical issue for
applications. Direct manipulation of nanostructures into de-
vices is difficult and expensive. Thus, the full potential of
nanostructures will only be realized when they can be di-
rectly grown into devices. This requires a deep understand-
ing and accurate control of the growth processes. Low
growth temperatures would widen the range of possible sub-
strates, including more delicate materials such as
polymers.3,4

Fabrication of several types of 1D nanostructures, such
as nanowiressNWsd, nanorods, and nanoribbons, has been
demonstrated for elemental semiconductors, such as Si and
Ge, as well as for III-V and II-VI compounds. Among II-VI
semiconductors, ZnSe and related alloys are known to be
suitable materials for blue-green light emission. ZnSe NWs
deposition has been reported using vapor phase growth,5

metalorganic chemical vapor deposition,6,7 molecular-beam
epitaxy sMBEd,8 and thermochemical processes.9

MBE is currently the technique of choice to fabricate
ZnSe-based lasers with best performance and lifetimes.10

However, it has rarely been used for NW synthesis. Com-
pared to many other deposition techniques, MBE allows an
extremely accurate control of the growth parameters and
therefore is the ideal method to study the growth of nanoma-
terials. Chanet al.8 reported MBE growth of ZnSe NWs on
GaPs111d substrates with a Au catalyst using a ZnSe
compound-source effusion cell. They proposed the minimum
growth temperature for ZnSe NWs to be 530 °C, which was
argued to allow the formation of a liquid Au-Zn-Se eutectic,
as required by the vapor-liquid-solidsVLSd nucleation

model.5,8,11 Such a temperature was argued to allow the for-
mation of a liquid Au-Zn-Se eutectic8 from which the NW
would nucleate—at the liquid-solid interface—upon super-
saturation of the alloy with the impinging gaseous
reactants.5,8,11 However, it is known that optimum MBE
growth temperatures for epitaxial ZnSe layers are close to
300 °C, since higher temperatures degrade the optical prop-
erties of the material.12 Thus, the MBE growth temperature
of ZnSe NWs needs to be significantly lowered as compared
to Ref. 8.

Here we show that the controlled formation of 1D ZnSe
nanostructures by catalyst-assisted MBE is possible at much
lower growth temperatures than previously proposed. Opti-
mum selectivity and maximum NW densities are obtained
for growth temperatures in the range 400–450 °C. However,
NWs with relatively high aspect ratios are observed for
growth temperatures as low as 300 °C. As a consequence,
we suggest a growth mechanism governed by diffusion pro-
cesses on or through a solid Au catalyst, in contrast to the
generally assumed VLS model.

All samples were grown by solid-source MBE using
equipment and methods that have been utilized for the syn-
thesis of a variety of state-of-the-art II-VI heterostructures.
For NWs growth, elemental Zn and Se were evaporated on
the sample surface for 1 h, with a II/VI beam pressure ratio
of 0.4, corresponding to an equivalent two-dimensional ZnSe
growth rate of 0.45mm/h.

Figure 1 shows field-emission scanning electron
microscopysFE-SEMd plan-view images of ZnSe 1D nano-
structures grown onn-doped Sis100d wafers coated with a
20-nm-thick SiO2 sputtered layer. A thin 0.5–1.5 nm Au film
was thermally evaporated onto the SiO2 surface13 and pat-
terned using ultraviolet and e-beam lithography prior to load-
ing the substrates in the MBE chamber. Figures 1sad–1sdd
show samples grown at substrate temperaturesTg=300, 400,
450, and 550 °C. The boundary region between the Au pat-
tern and the bare SiO2 substrate is shown in all cases.
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At 300 °C fsee Fig. 1sadg, thin, constant-diameter NWs
with high aspect ratio, as well as tapered, triangularly shaped
nanostructures, are observed. For growth temperatures in the
400–450 °C rangefsee Figs. 1sbd and 1scdg, larger densities
of longer, straight, and thinner NWs nucleate from the Au
pattern and extend to the surrounding areas. Very few tapered
nanostructures are observed. At 550 °Cfsee Fig. 1sddg, the
NW density is significantly lower.In situ x-ray photoelectron
spectroscopysXPSd, as well as energy dispersion x-ray spec-
tra snot shownd, confirm the formation of stoichiometric
ZnSe for the whole range of growth temperatures explored.

Figure 1sed graphically illustrates the high degree of se-
lectivity of the Au-catalyzed process and the optimum NW
morphology and density at 450 °C. ZnSe NWs only grow on
the lithographically predefined Au “nanowire” pattern. In or-
der to further quantify the selectivity of the growth, we
probed thetotal coverage of ZnSe on the catalyst-free re-
gions by means of XPS and photoluminescencesPLd. Only
relatively thin layers of ZnSesat most a few nanometers
thickd were observed by XPS for growth temperatures down
to 400 °C, while no PL emission was seen for Au-free areas.
At Ts=300 °C, higher amounts of ZnSe were found on Au-
free surface regions, and a small PL signal was also detected.
We stress that, despite the presence of Zn and Se XPS signal,
no tridimensional structures were observed on catalyst-free
regions, in the whole range of growth conditions investi-
gated.

The crystalline morphology of the 1D ZnSe nanostruc-
tures, was probed by a JEOL 4000Fx transmission electron
microscopesTEMd operated at 400 kV. To prepare the TEM
samples we used two different strategies. One is to scratch
the as-grown ZnSe NWs off the Sis001d substrate to transfer
them onto the TEM grid. Alternatively, we grew NWs at
450 °C directly on a Mo TEM grid, to allow a detailed and
accurate analysis of the as-deposited NWs. A 20-nm-thick
SiO2 layer was sputtered on both sides of the grid. A thin Au
film s0.5–1.5 nm thickd was then thermally evaporated onto
the surface facing the MBE fluxes. By scratching the NWs
off the Si substrate, we generally obtain only a low density of
measurable nanostructures. In addition, some of these are
often only partial sections of broken wires, missing impor-
tant information on their overall morphology. Figure 2sad
shows, for example, a bright-field TEM image of a single
NW scratched off the Si substrate. We emphasize that it is
often not straightforward to detect the catalyst particle, nor to
conclude if a tip-growth or base-growth mechanism has
taken place. We get much clearer results by examining the
NWs directly grown on a TEM grid edgefFig. 2sbdg. Here,
the number of observable NWs is far higher, and two com-
peting 1D morphologies are clearly seen. Most of the nano-
structures are micrometer-long wires, with diameters as low
as 10 nm. Some larger and tapered nanosaws, with onesor
mored irregular edgessd, are also found. As indicated by the
arrows in Fig. 2sbd, Au nanoparticles arealwaysdetected at
the tip of both typesof nanostructures.

Figure 3 shows high-resolution TEM micrographs of the
two types of ZnSe nanostructures grown at 450 °C. The lat-
tice imaging in Fig. 3sad reveals the single-crystal nature of a
straight NW, 9 nm thick. The parallel fringes are tentatively
assigned to the zinc-blendeh111j planess3.276 Åd, in agree-
ment with previous reports on ZnSe NWs grown along the
s111d direction.5 The same high crystallinity is found for
nanostructures grown at 300 °C, but their average diameter
is typically higher. Figure 3sbd shows a highly crystalline
tapered nanosaw about 40 nm wide at the base and 10 nm
wide at the tip. Large-angle grain boundaries due to different
crystallographic twinning appear related with the formation
of the saw teethfsee inset, Fig. 3sbdg, which are typically
8 to 10.5 nm deep. The lattice fringes correspond to the
h111j planes of zinc-blende ZnSe. Within the experimental
uncertainty, however, the plane spacing in Figs. 3sad and 3sbd

FIG. 1. Plan-view FE-SEM images of ZnSe nanostructures showing the
boundary region between the Au-pattern and the barc SiO2/Si substrate.
Growth temperatures aresad 300 °C; sbd 400 °C; scd 450 °C; sdd 550 °C.
sed Demonstration of process selectivity at 450 °C.

FIG. 2. sad Bright-field TEM image of a single ZnSe NW scratched off the
Si substrate. Scalebar 50 nm.sbd Bright-field TEM image of as-grown NWs
and nanosaws on the edge of a Mo TEM grid. Metallic droplets of similar
size s,10–20 nmd are always visible at the tip. Scalebar 200 nm.
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could also be consistent with a wurzite ZnSe structure. Elec-
tron energy loss spectroscopy shows that all the structures
are always surrounded by a thin oxide layer, probably
formed following exposure to atmosphere.

The VLS mechanism is often used to describe catalytic
growth of semiconductor NWs. Liquid metallic droplets of a
catalyst present on the substrate would alloy with the im-
pinging gaseous reactants.11 The minimum growth tempera-
ture in the VLS model is given by thessize-correctedd eutec-
tic point of the wire and catalyst elements. For Au-catalyzed
ZnSe NW growth on GaPs111d, Chan et al.8 proposed
530 °C as the minimum possible growth temperature.

Here, we demonstrate a ZnSe NW growth temperature as
low as 300 °C. Such a temperature is far lower than the
Au-ZnSe eutectic temperature quoted in Ref. 8s530 °Cd,
and well below the eutectic temperatures found in the Au-Zn
binary phase diagramss650–683 °Cd.14 Furthermore, the
size of our Au particless10–20 nmd is still too big to pro-
duce a massive drop in the melting temperature.15 The Au-Se
binary phase diagram does not exhibit an eutectic point, but
only stoichiometric compounds with comparatively high
melting temperatures.14 We therefore suggest that the Au
catalyst particle is in the solid state during our low-
temperature growth of ZnSe NWs, and that a solid-phase
diffusion process, either in the bulk or on the surface, or
both, must be responsible for NW nucleation. Our findings
are conceptually similar to a previous report by Kaminset

al.16 of Ti-promoted Si NW growth for temperatures below
the Si-Ti eutectic point, and to what was previously found
for the low-temperature catalytic growth of carbon
nanofibers.3,17 A solid-state diffusion mechanism was also
recently proposed18 to explain the Au-catalyzed growth of
GaAs NWs by chemical-beam epitaxy. MBE occurs in con-
ditions far from thermodynamic equilibrium; thus,in situ
investigations of the NW growth steps will be necessary to
conclusively address the details of the growth mechanism.

We further suggest that the growth of the ZnSe nanosaws
happens via the nucleation of a straight Au-catalyzed NW
with the size of the Au droplet determining its initial diam-
eter, followed by an additional epitaxial growth of ZnSe on
the wire sides. A similar idea was proposed for CdSe
nanosaws grown by thermal evaporation,19 and would ex-
plain the triangular profile of the thickest nanostructures. The
controlled formation of nanosaws could have very important
device applications, since the varying surface potential in
nanosaws could define “natural” nanodots isolated by tunnel
barriers due to surface depletion. So far, such multiple quan-
tum dot structures have been fabricated only by using com-
plicated nanolithography processes.20

In summary, we reported the MBE Au-catalyzed,
selected-area growth of ZnSe NWs several micrometers long
and 9–10 nm wide. High-quality ZnSe NWs are obtained at
temperatures as low as 300 °C, a potentially important step
in the improvement of their optical quality and integration.
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