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Abstract

A single AlysGag sAs/GaAs V-grooved quantum wire modified by selective ion implantation and rapid thermal
annealing was investigated by using spatially resolved micro-photoluminescence spectroscopy and magneto-resistance
measurements. The results of spatially resolved photoluminescence indicate that the ion-implantation-induced quantum
well intermixing significantly raises the electronic sub-band energies in the side quantum wells (SQWSs) and vertical
quantum wells, and a more efficient accumulation of electrons in the quantum wires is achieved. Processes of real space
carrier transfer from the SQW to the quantum wire was experimentally observed, and showed the blocking effect of
carrier transfer due to the existence of the necking quantum well region. Furthermore, magneto-transport investigation
on the ion-implanted quantum wire samples shows the quasi-one-dimensional intrinsic motion of electrons, which is
important for the design and the optimization of one-dimensional electronic devices.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, there is considerable interest in the
fabrication and study of quasi-one-dimensional
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(quasi-1D) quantum wires (QWRs) due to their
potential application for novel optoelectronic
devices such as QWR laser array [1,2], etc. Among
the various techniques developed for producing
quasi-1D QWRs, the self-organized growth on
patterned substrates has been proven to be one of
the most promising methods, due to the simplicity
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of fabrication [3-5]. The QWR is fabricated by
direct epitaxial growth on a V-grooved GaAs
substrate. However, due to the nonplanar property
of the substrate and enhanced mobility of Ga
atoms compared to that of Al atoms, some
complicated surrounding nanostructures near the
QWRs, such as vertical quantum wells (VQWLs),
side quantum wells (SQWLs), are also formed
during the wire formation process [6]. These
additional structures decrease the electron capture
efficiency in the QWR region and therefore make
the observation and investigation of pure-1D
behaviors of the QWR more difficult. Due to the
relative large volume of the quantum well regions
in comparison with the wire region in the V-
grooved structure, emissions from the well regions
usually prevent clear observation of the emission
from the wire region, particularly for a narrower
wire structure. To suppress the emission from the
additional structures and get better confinement of
the electrons in QWRs, a technique for post-
growth modification of the materials is required.
We used selective ion implantation of certain dose,
followed by rapid thermal annealing (RTA) to
improve the quantum confinement of QWRs [7].
This enhances significantly the optical emission
from QWR, which was confirmed by the spatially
resolved photoluminescence (PL) measurements.
The results indicate that the selective ion-implan-
tation-induced quantum well interdiffusion re-
duces the efficiency of the photon emission from
the implanted well regions due to irradiation
damage, and therefore results in an efficient carrier
capture in the wire. Furthermore, the magneto-
transport properties of the ion-implanted QWRs
were also investigated. Clear quasi-1D transport
behaviors, which are of considerable importance
for the design and optimization of 1D electronic
devices, were also observed.

2. Experiments

The QWR samples were grown by low-pressure
metal-organic chemical vapor deposition at 700 °C
in a horizontal reactor on a GaAs (100) semi-
insulating substrate. The substrate was patterned
with standard photolithography and wet etching

to form an array of V-grooves of 4um pitch
oriented along the [0 1 —1] direction. The epitaxial
layer consists of a 0.2pum undoped GaAs buffer
layer, a 1 pm undoped AlysGagsAs barrier layer
followed by a Si-doped layer, a 10 nm undoped
Al sGag sAs spacer layer, a 6 nm undoped GaAs
layer, a 0.2 um undoped Al, sGag sAs upper layer.
A 10nm GaAs cap layer was finally grown. At
the bottom of the V-grooves, GaAs QWR were
formed.

After the growth, a self-aligned dual implanta-
tion technique was used to selectively intermix the
SQWLs with As ™ ions of 500 keV at various doses
and room temperature. The ion beam was ar-
ranged to be +50° tilted from the substrate
vertical direction as shown in Fig. 1, so that the
wires were not irradiated. After the ion implanta-
tion, the samples were thermally annealed in an
argon ambient at 900°C for 30s in a RTA
chamber with GaAs proximity cap.

A spatially resolved PL spectrometer equipped
with a microscope was used to measure the micro-
PL spectra of QWR samples, by which the
excitation laser spot can be focused to about
1 um in diameter, and the excitation wavelength
was 633 nm.

The magneto-transport measurements were car-
ried out on the samples at 4.2K. The Ohmic
contacts on wires are fabricated by evaporating
Au-Ge film on the samples followed by RTA at
400 °C. The separation between the contacts is
500 pm.

3. Results and discussion
3.1. Spatially resolved PL from QWR

In order to resolve and identify the photo-
response from a single quantum wire, we have
employed the micro-PL spectrometer to measure
the PL spectra of QWR samples at room
temperature. Fig. 2 is the micro-PL spectra
obtained at room temperature by scanning the
excitation light spot across a single QWR. The
spectra show the PL signals from different regions
of the sample. The PL from individual quantum
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Fig. 1. Schematic structure of the V-groove QWR.

wire which may not be resolved in conventional
PL measurements, is easily identified.

When the excitation spot is focused on the
unpatterned region, the emissions locate at 1.637
and 1.420¢eV (this peak is from GaAs substrate).
When the excitation spot is focused on the
patterned region, the PL peaks appear at 1.572,
1.668 and 1.760eV. Spatial scanning across a
single V-groove indicates that the 1.572, 1.668 and
1.760 eV PL peaks are from the QWR, SQWL, and

VQWL, respectively [8]. They are attributed to the
transitions between the first heavy hole sub-level
(1hh) and the first electron sublevel (le) in the
QWR, SQWL, and VQWL, respectively. The
QWR PL emission at 1.572¢V is consistent with
the theoretical expectation [9] of Ejph_1e =
1.5713eV for the QWR with the wire width of
20 nm.

Fig. 3 shows the micro-PL spectra obtained
from the quantum wire regions and SQW regions
at room temperature for the samples implanted
with different dose density of As’ ion. The
assignments of the peaks are indicated in the
figures. No characteristic PL signal from the
quantum wire can be seen for the as-grown
sample. However, after the ion implantation, the
PL response from the QWR appears and its
intensity is enhanced monotonously with increas-
ing the dose density. For the VQWL and SQWL,
their PL intensities increase at first with ion
implantation, and then decrease rapidly with
further intensifying the ion beam. The reason for
the ion-implantation-enhanced quantum wire PL
signal is that the interface intermixing, which is
induced by As® ion-implantation, increases the
sub-band energies of the SQWL and VQWL and
thus reduces the carrier confinement in these
regions. This conclusion can be confirmed by the
significant blue shift and intensity suppressing of
the SQWL and VQWL PL peaks, as shown in
Fig. 3 and its insets. This blue shift is caused by the
interface intermixing, which is very useful to
increase the confinement of carriers in the QWR
region for optoelectronic device application.
Furthermore, since the QWR are unimplanted
and less affected by the RTA process due to its
larger thickness, more photo-generated carriers
could relax into the quantum wire before they
recombine in the SQWL and VQWL. From the
above investigation, it is clearly shown that the
selective ion implantation will effectively decrease
the number of carriers occupied in the SQWL and
VQWL.

3.2. Carrier transfer from SQWL to QWR

The lateral confinement of QWR is caused by
the necking quantum well region, which blocks the
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Fig. 2. PL spectra with different optical excitation positions, with excitation spots scanning away from the V-grooved region to the
unpatterned regions, excited with the 633 nm line of an He—Ne laser. The QWR sample with the ion implantation dose density of
10" em™2. (a)~(c) correspond to the beam spots focusing on the QWR region, the top quantum well and the unpatterned QWL,
respectively. The solid line is the fitting curve and the dots are the experimental data, the dash lines are the involved individual

transition.

carrier transfer from the SQWL to the QWR
region. The blocking effect on the carrier transfer
process from the SQWL to the QWR by the
necking region is directly observed by injecting the
carriers into the small SQWL region at very low
carrier density. By observing the carriers trapping
process from the SQWL to the QWR, we can
prove whether the necking region exists or not in
QWR samples treated by ion implantation.

Fig. 4 shows the evolution of the spectra with
the excitation power density at 4 K. When the laser
beam of 1.8 W/cm? focus onto the SQWL region,
only two pronounced emissions could be observed,
which were from the SQWL and the VQWL. With
increasing the excitation power intensity to 181 W/
cm?, the emission from the QWR could be
observed, because of many carriers injecting into

the SQWL trapping into the QWR region by
overcoming the necking barrier before recombina-
tion in the SQWL. These results show that the
QWR has strong lateral confinement from the
necking quantum well after treatment by ion
implantation.

3.3. Magneto-resistance of QWRs

In order to investigate the 1D electronic
behavior in the QWRs and confirm further the
improvement of the carrier accumulation in
QWRs, we measured the magneto-resistance in
two sets of configurations. First, the sample was
rotated around the axis which lied in the substrate
plane but was perpendicular to the wire orienta-
tion. The magneto-resistance for different tilted
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Fig. 3. (a) PL spectra for the QWR region, the inset is the ion
implantation dose dependence of the peak energy of VQWL
signal; (b) PL spectra for the SQWL region, the inset shows the
ion implantation dose dependence of the peak energy of SQWL

signal.

angles is plotted in Fig. 5(a). Second, we measured
the magneto-resistance with the sample tilting
around the axis along the wire direction. The
results were displayed in Fig. 5(b). The measure-
ment of configurations for both cases are also
illustrated in the insets of the figures. The
magneto-resistance in both cases shows no oscilla-
tion, different from the results obtained by Maciel
et al. [10] and Tsukernik et al. [11]. Since the
magneto-oscillation may correspond to the oscil-
latory screening effect of a dense 2D electron gas,
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Fig. 4. Excitation power density dependence of the PL spectra
at 4K for the QWR sample with the ion implantation dose

density of 10"*cm™, and the excitation wavelength was 633 nm.
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Fig. 5. Magnetic field dependence of the resistance of the QWR
sample with the ion implantation dose density of 10'*cm™2. The
magnetic field configuration is for the sample shown as in the inset.
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this implies that the electron accumulation and
mobility in the SQWLs and VQWLs of our
samples is less. In Fig. 5(a), the magnetic field
dependence of sample resistance shows a max-
imum at B ~ 5T when the tilted angle of the wire
orientation relative to the magnetic field is small
(<45°). The magnetic field corresponding to the
maximum shifts to the higher magnetic field, i.e.
B~ 5/cos(0) T while increasing the tilted angle.
At 90°, the magnetic field dependence of the
resistance curve becomes nearly linear in the range
of 0—11T. For the measurement configuration
illustrated in Fig. 5(b), the sample resistance
reaches a maximum at about 5T. In this case,
the QWR are always perpendicular to the mag-
netic field, whereas the angle between the SQWLs,
VQWLs and the magnetic field changes, while
rotating the sample. The resistance maximum
hardly shifts, i.e. the tendency of the magneto-
resistance for different tilted angles remains similar
to the curve with 0° tilted angle as shown in Fig.
5(b). This phenomenon strongly suggests that the
contribution from the electrons in VQWLs and
SQWLs to the conductivity of the sample is small
and the transport behavior mainly results from the
electrons in QWRs.

4. Conclusions

In conclusion, the ion implantation followed by
a RTA was introduced to improve the electron
confinement in GaAs V-grooved QWRS. Spatially
resolved PL results indicate that the ion-implanta-
tion-induced quantum well intermixing raises
significantly the electron sub-band energies of the
SQWL and VQWL. Processes of real space carrier
transfer from the SQWL region into the QWR
region showed the blocking effect of the necking
quantum well region. Furthermore, a more effi-

cient accumulation of electrons in QWRs is
achieved. Our magneto-transport measurements
on the ion-implanted QWR samples also suggest
the quasi-1D motion of electrons in the structure.
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