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Optical properties of single ZnTe nanowires grown at low temperature
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D Institut Néel, CNRS and Université de Grenoble, BP 166, 25 rue des Martyrs, 38042 Grenoble, France
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(Dated: 11 June 2013)

Optically active gold-catalyzed ZnTe nanowires have been grown by molecular beam epitaxy, on a ZnTe(111)
buffer layer, at low temperature (350°C) under Te rich conditions, and at ultra-low density (from 1 to 5
nanowires per um?). The crystalline structure is zinc blende as identified by transmission electron mi-
croscopy. All nanowires are tapered and the majority of them are (111) oriented. Low temperature micro-
photoluminescence and cathodoluminescence experiments have been performed on single nanowires. We
observe a narrow emission line with a blue-shift of 2 or 3 meV with respect to the exciton energy in bulk
ZnTe. This shift is attributed to the strain induced by a 5 nm-thick oxide layer covering the nanowires, and
this assumption is supported by a quantitative estimation of the strain in the nanowires.

PACS numbers: 78.55.Et, 78.60.Hk, 81.15.Hi, 81.05.Dz
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There is currently a wide-spread interest for semi-
conductor nanowires (NWs), driven by their potential
to constitute suitable building blocks for future nano-
electronic and nanophotonic devices.? During the past
decade, selenide and telluride II-VI NWs have been ex-
tensively investigated for various applications such as
nano-pillar solar cells,2 photodetectors? or single photon
sources4 Among II-VI's, ZnTe based NWs are particu-
larly promising as offering a large range of potentialities.
They can be grown by molecular beam epitaxy (MBE)
using gold particles as catalyst. They can be efficiently
doped electrically.® They can also be doped with mag-
netic impurities,®7 while the large difference between the
temperatures suitable for the growth of GaAs NWs and
for the incorporation of Mn as substitutional impurities
makes the growth of (Ga,Mn)As NWs challenging.® As
(Zn,Mn)Te can be doped strongly p-type so that ferro-
magnetism appears and transport studies are feasible in
2D.2 ZnTe-based NWs are attractive for a basic study of
spintronics mechanisms in 1D. In addition, CdTe quan-
tum dots can be incorporated and used as a single photon
sourcel? or as a very sensitive optical probe of the spin
properties.

A good control and the optimization of the growth con-
ditions are prerequisites to improve the electronic and op-
tical properties of the NWs. We present the MBE growth
and the structural analysis of ultra-low density ZnTe
NWs and we show that their high crystalline quality al-
lows us to observe micro-photoluminescence (uPL) and
cathodoluminescence (CL) emission from single NWs.

ZnTe NWs were grown by MBE, using gold particles
as a catalyst. A thin layer of gold was deposited on a
500 nm-thick ZnTe(111) buffer layer previously grown on
a GaAs(111)B substrate. Gold droplets were formed at
350°C and the NWs were grown at the same temperature.
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FIG. 1. SEM image of ZnTe NWs grown at 350°C for 30 min
under Te rich conditions.

As we observed that Te-rich conditions result in a larger
diffusion length on the (111) ZnTe surface,*2 the present
NWs were grown with a Zn:Te flux ratio 1:2.3, for 30 or
60 min. More details are given in Ref. 12.

Typical ZnTe NWs have been imaged by scanning elec-
tron microscopy (SEM), see Fig.[Il This sample presents
an ultra-low-density of NWs, down to 2 NWs per um?.
These NWs grown under Te-rich conditions are tapered,
with a thick base (50-70 nm) and a thin tip (15 nm
roughly equal to the gold particle diameter) . This cone
shape is due to lateral growth induced by the low growth
temperature.2 The NW height distribution is large, from
300 nm to 1.5 pm for a 30 min growth time.

The majority (about two thirds) of the NWs are ori-
ented (111), and most of the remaining NWs oriented
(112). Transmission Electron Microscopy (TEM) was
performed on a Philips CM300 microscope equipped with
a CCD camera and operated at 300 kV. Images reveal a
zinc-blende crystal structure, see Fig. 2l Some NWs do
not present any defect, but many of them show twins,
as frequently observed in (111) zinc-blende NWs. We
systematically observe an amorphous layer (5 nm thick)
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FIG. 2. (a) Low Resolution TEM image of a ZnTe NW grown
for 30 min. (b) High Resolution TEM image, and (c) Fourier
transform. (d) A ZnTe NW grown for 60 min, at the same
scale than in (a).

all around the NW, which we attribute to oxidation af-
ter growth (see Fig. b). ZnTe(111) surfaces tend to be
rapidly oxidized either by forming TeO, or/and ZnO22.
In the case of ZnTe NWs, the formation of a partially
crystallized ZnO shell has been reported, 24 although the
presence of Te-oxide in the outermost part was also sug-
gested by electron energy loss spectroscopy analysis. In
our samples, energy dispersive x-ray analysis (EDX) also
detects the presence of Zn oxide and of some Te oxide.12

The cone shape of these NWs indicates that, under
these growth conditions (low temperature and Te excess),
the diffusion length of adatoms on the facets of the NW
is not large.X2 This could limit the range of NW length
which can be achieved. Nevertheless, NWs grown for a
longer time (60 min) exhibit a larger length, as shown
in Fig. 2ld. For the same size of the gold droplets, the
average diameter at the base of the NWs was increased to
80 — 100 nm, and the length distribution to 0.8-2.1 um.

The optical properties of single NWs have been char-
acterized by low temperature pPL and CL. ZnTe NWs
were first deposited on a patterned silicon substrate by
rubbing as-grown samples on the silicon surface. Iso-
lated NWs were identified and precisely located on the
substrate using a high-resolution SEM, see Fig. [Bla.
Then low temperature (6 K) spectra of these NWS were
recorded using a cold-finger cryostat and a confocal nPL
set-up. The NWs were excited by 100 uW of a 488 nm cw
laser beam focused to 4 um? on the selected single NW
using a microscope objective and a piezoelectric scan-
ner. The light emitted by the NW was collected by the
microscope objective and sent to a 0.46 m Jobin-Yvon
spectrometer equipped with a CCD camera.

CL images of the same NWs deposited on the silicon
substrate were recorded using an FEI Quanta 200 SEM
equipped with a CL accessory and a low temperature
Gatan stage able to cool down the sample to 6 K.2¢ The
single NW was excited by an electron beam of 30 keV and
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FIG. 3. (a) Superposition of the high resolution SEM image
and the CL image (yellow pixels) of a ZnTe NW deposited
on a patterned silicon substrate. (b) pPL spectra of the NW
shown in (a), recorded at 6K using a 488 nm laser excitation
at 25uW/um?. The dashed line is a Gaussian fit with a main
peak at 2383.7 meV and a satellite line at 2378.4 meV. (c)
Dependence of the PL intensity on the angle 6, shown in (a),
between the NW axis and the direction of the linear polar-
ization of the laser excitation (closed circles) or the emitted
light (open circles). The solid line is the dependence expected
from dielectric screening. (d) Strain imposed by the substrate
on an epitaxial layer (top) and by the shell on the NW core
(bottom), schematically depicted by the arrows, and their ef-
fect on the heavy hole (hh) and light hole (lh) recombination
energy (and the average, dashed line) as a function of lattice
mismatch.

a current of typically 250 pA. In comparison with high
resolution field-effect SEM images, the spatial resolution
of the CL images is limited by the low spatial resolution
of the thermionic SEM. The CL light was collected by
a parabolic mirror and sent to an avalanche photodiode
synchronized with the electron beam scan.

As shown in Fig. Blb, pPL spectra are dominated by
a single emission peak close to the ZnTe exciton band
edge. The spectrum has been fitted using two Gaus-
sian lines having a full width at half maximum equal to
4 meV. The main peak is at 2383.7 meV, very close to
the bulk exciton at 2381 meV:2%2! we will discuss it be-
low as originating from a free or slightly localized exciton.
The small satellite peak, observed 5 meV below the main

peak is attributed to bound excitons.2!

These results apparently contrast with previous studies
performed with ZnTe/(Zn,Mg)Te core-shell NWs,” where
a band edge emission is observed at 2.31 eV. A line at
lower energy might be ascribed to trapped excitons or
complexes, but the position of the line in the present
study, slightly above the exciton in bulk ZnTe, cannot
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FIG. 4. (a) High resolution SEM image of 3 broken ZnTe
NWs deposited on a silicon substrate. (b) CL image of the
NWs shown in (a) recorded at 6 K.

be ascribed to the influence of lateral confinement, which
remains negligible for the present range of NW diameters.
Indeed such a difference in the exciton energy is expected
from the high sensitivity of the band edge emission to the
strain induced by the presence of a shell around the NW.

According to Ref.[22, the stress induced in the core by a
lattice mismatched shell covering an infinitely 1ong cylin-

drical NW is uniform, equal to: o = 2x0 = 3K+4# K (1-

2
g—g) /- Here o is the component of the core stress paral-

lel to the NW, and o, the perpendicular component; K
is the bulk modulus and g is the shear modulus of the
core and the shell materials, assumed to have the same
isotropic elastic properties; f is the lattice mismatch be-
tween the core and the shell (f > 0 if the shell has a larger
lattice parameter); D, is the core diameter and Dy the
external diameter of the core-shell structure. For semi-
conductor NWs, a more complete calculation,?? which is
beyond the scope of this paper, shows that the previous
expressions can be used for (111) oriented semiconductor
NWs using the bulk modulus K = (c11 + 2¢12)/3 and a
shear modulus g = %% + %C44, where c¢11, ¢12 and
cqq are the stiffness coefficients of a cubic semiconduc-
tor. This leads to an hydrostatic shift of the band edge
emission Ajpyq and a heavy hole-light hole splitting Agy,
proportional to the lattice mismatch f, reduced by the

g—g), i.e., the ratio of the shell to

12 D?
3K+M4# (1_ D2 )fv

geometrical factor (1 —

the total cross section areas : Apyq = —

2
\/_3I?f4u(1 - g_é)f'

For the deformation potentials in ZnTe, we take the
values?® ¢=5.3 eV and d/\/_—2 5 eV; and for the stiff-
ness coefficients,?* ¢11=73.7 GPa, ¢12=42.3 GPa, and
c44=32.1 GPa. Then the excitonic emission of a (111)
oriented cubic ZnTe NW is (in meV, with f in %)

Enyw = 2381 — 8§( gg)f for the heavy hole and

Enw = 2381—44(1 - 25) f for the light hole. The heavy

hole is the ground state if f >0, i.e., as noticed in Ref. B,
if the core is under tensile strain.

and AHL

For the NWs studied in Ref. [7, with D, = 70 nm,
D, =130 nm, and f = 1.04% corresponding to the lat-
tice mismatch between a ZnTe core and a Zng sMgg o Te
shell,22 we obtain 2.31 eV for the heavy-hole exciton, in
agreement with the observed PL line. One can note that
in this core-shell geometry, the position of the heavy-hole
emission is more sensitive to the strain than in an epi-
taxial layer under compressive biaxial strain: the shifts
of the heavy-hole state due to the hydrostatic and the
shear strain add, while they partially compensate in the
epitaxial layer. For the NWs studied in this work, we
expect a compressive strain induced by the oxide layer
around the NW. For instance, the Zn-Zn distance is 20%
smaller in ZnO than in ZnTe. The shell thickness is
small, 5 nm, resulting in a small geometrical factor, less
than 0.2. Moreover, the shell is complex, amorphous and
probably strongly relaxed. The band edge emission ob-
served at 2383.7 meV can be interpreted as the influence
of a small residual compressive strain f = —0.4% on the
light hole exciton. Hence, even if the nature of the lines
observed in PL here and in Ref. [7 cannot be assessed
without a complementary study such as PL excitation
or photoconductivity, their position well agrees with the
effect expected from the strain induced by the shells.

In Fig. Blc, we plot the variation of the intensity of
the band-edge emission peak when rotating the linear
polarization of the laser excitation (solid symbols) or of
the detection (open symbols) with respect to the NW
axis (determined by SEM, using substrate marks). The
maximum of the emission intensity is reached when the
polarization is parallel to the NW axis (zero angle). Po-
larization rates of about 70% are observed for emission
and detection, in agreement with the value reported with
II1-V standing NWs.2¢ These effects result from the di-
electric screening induced by the characteristic aspect ra-
tio of the NWs.27

For small objects such as the present NWs, the CL
excitation efficiency is more than three orders of mag-
nitude lower than the pPL one. The ratio between the
electron-hole excitation density in CL experiments and in
P/3 X "e . Here P. ~ 2pW/um? is the
mean value of the electrlcal power density of the CL elec-
tron beam when recording a typical image, from which is
it generally conbidered that about one third gives rise to
luminescenceX? Py, ~ 254 W /um! is the laser power den-
sity used in the p.PL experiment. The excitation in pPL
is non-resonant, 160 meV above the ZnTe gap, so that we
consider that a good order of magnitude of the absorption
by an object of thickness D (the NW diameter) is given
by npn = apnD, where apy, &~ 4 x 10* em™! is the value
for bulk ZnTe.X8 The effect of electrons can be calculated
using a Monte-Carlo simulation software (CASINOL2).
An incident electron has a very small probability to be
scattered inelastically and create an electron-hole pair
in the NW; most of its energy is deposited in the sub-
strate where it is scattered many times and propagates
randomly. As a result, the creation of electron-hole pairs
in the NW is also proportional to D, and much smaller,

nPL is given by
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FIG. 5. (a) (color online) NW diameter as a function of the
position along the NW axis for the two NWs shown in Fig. 3
and Fig. 4. (b) CL intensity (integrated over a 12 nm x 120
nm window) as a function of the square of the NW diameter.

with an a. ~ 4 x 102 cm~2. This low excitation density
prevents any spectral analysis of the CL images for the
small NWs studied in this work. Note finally that the
CL signal integrated over the NW width corresponds to
an energy deposited in the NW proportional to D?.

Low temperature, polychromatic CL images were
recorded in order to assess the homogeneity of the opti-
cal properties. CL emission was systematically observed
from the NWs, as shown in Fig. @b for the three isolated,
broken NWs of Fig. @la. For thin cone-shaped NWs like
the one labelled NW; in Fig. Bla, and NW5 in Fig @l
the CL intensity decreases from the base to the tip. The
local diameter D of NW; and NWs, determined from
the high resolution SEM images, are shown in Fig. bla
as a function of the position along the NW. Both NWs
display a similar cone shape with the same angle value.
Fig. Blb shows that the CL intensity integrated across
the NW diameter at different positions along its axis is
proportional to the square of the diameter. This suggests
that the radiative efficiency remains constant along the
NW, with a CL intensity determined by the excitation
density which is proportional to D?2.

To conclude, ultra-low density ZnTe NWs have been
grown by MBE at low temperature. These NWs feature
a high crystalline quality that is reflected in their opti-
cal response. CL of single ZnTe NWs deposited on Si
substrates was obtained indicating an homogeneous ra-
diative efficiency along the NWs. Near band edge PL
emission was observed from single NWs. A small blue
shift (2-3 meV) of the PL energy is attributed to the
strain induced by the amorphous oxide layer surrounding
the NWs. This assumption is supported by a quantita-
tive calculation of the excitonic shifts induced by strain
in core-shell NWs.

Most of this work has been done within the CEA-
CNRS joint team “Nanophysique & Semiconducteurs”.
We acknowledge the help of the technical teams of Insti-
tut Néel, Nanofab (clean room) and Optical Engineering
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