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Magnetophotoluminescence spectra of GaAs quantum wires with lateral and vertical dimensions of 20
and 10 nm, respectively, were measured up to 40 T with three orthogonal magnetic field configurations.
The observed photoluminescence peak shift with increase of applied magnetic field was strongly depen-
dent on the direction of magnetic field, which directly demonstrates the existence of two-dimensional
confinement in the quantum wires. It was found that the excitons were anisotropically shrunk in the
quantum wires, and that the observed magnetic energy shift was consistent with the size of the quantum

wire structure.

PACS numbers: 73.20.Dx, 78.20.Ls, 78.55.Cr, 78.65.Fa

Two-dimensional (2D) confinement of carriers in quan-
tum wires (QWRs) is an important phenomenon in phys-
ics, as well as for applications to semiconductor lasers and
other functional devices [1,2]. Many workers have inten-
sively investigated the realization of QWR structures
with various fabrication techniques [3-7]. In situ fabri-
cation techniques embedding QWRs in barriers are
promising for reducing damage or impurities and the re-
sulting nonradiative recombination at the surfaces or the
interfaces. Recently, by the growth technique of metal-
organic chemical vapor deposition (MOCVD) on V
grooves, GaAs QWRs embedded in AlGaAs have been
produced [4,8,91. The QWRs exhibited clear cath-
odoluminescence (CL) [9] or photoluminescence (PL)
spectra [10], and an anisotropic polarization dependence
of the PL excitation (PLE) spectra.

In order to obtain evidence of 2D confinement in
QWRs, the blueshift or polarization anisotropy of PL or
PLE spectra has been studied [9-12]. However, it is
pointed out that the blueshift or the polarization anisotro-
py itself is not a proof of 2D confinement [13]. Mag-
neto-optical measurements were also carried out for
QWRs prepared by the etching of quantum wells
(QWLs), and the confinement energy or the exciton bind-
ing energy was estimated [14,15]. However, because the
values were estimated from data in low magnetic fields
and for one magnetic field direction, they were largely
dependent on the theory with simplified approximations
and fitting parameters. In order to clarify 2D con-
finement experimentally and more clearly, measurements
with a three-dimensional variation of the direction of
strong external fields on well-defined QWRs, and con-
sistency among the data, are required.

In this paper, we report high field magneto-PL (MPL)
spectra of in situ fabricated GaAs QWRs, where the
orientation of applied magnetic fields was varied in three
independent directions relative to the QWRs. We ob-
served a clear dependence of the PL spectra on both the
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magnitude and the direction of the magnetic fields. It
was found that the excitons were anisotropically shrunk
in the QWRs, and that the size of the QWRs estimated
from the energy changes was consistent with that deter-
mined by the high-resolution secondary electron image
(SEI) of the QWR structure.

A schematic cross section and the SEI of the sample in
this work are shown in Figs. 1(a) and 1(b), respectively.
The QWRs were in situ fabricated by a MOCVD selec-
tive growth technique. This fabrication technique is basi-
cally based on the growth technique reported in Ref. [4],
but here, in order to obtain high-density QWRs with a
smaller period on sharper V grooves, a selective-growth
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FIG. 1. (a) Schematic illustration of the cross section of the
vertically stacked multiple quantum wires, and (b) high-
resolution secondary electron image of the region near the
quantum wires of which the area is corresponding to that sur-
rounded by broken lines in (a).
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FIG. 2. Photoluminescence spectra of the sample shown in
Fig. 1.

technique using SiO,-masked substrates was employed
[10]. As shown in Fig. 1, three vertically stacked
triangular-shaped GaAs QWRs, of which the average
base length and height were about 20 and 10 nm, respec-
tively, were embedded in Alg4GaggeAs layers. Here, the
QWRs were aligned parallel to a {011) direction in an
area of 3x3 mm?, and the horizontal period was 200 nm.

The magnetic fields were generated with a pulsed mag-
net and PL spectra at 4.2 K were detected using an opti-
cal multichannel analyzer system [16], where the PL
spectra were obtained by use of Ar* laser light with a
wavelength of 514.5 nm. The pulse duration of the mag-
netic field was 10 msec and the variation during the mea-
surement was within & 3% at the top of the pulsed mag-
netic field. For the present MPL measurement, three
kinds of configurations W _LBllk, W_LB 1k, and WIIBLk
were taken, where W, B, and k are, respectively, the
direction along the QWRs, the applied magnetic field
vector, and the wave-number vector of the PL spectra
which is equal to the direction perpendicular to the sub-
strate. Note that W.LBIk and W_LB_Lk are different
configurations in this case because of the triangular-
shaped QWRs.

PL spectra of the sample shown in Fig. 1 are plotted in
Fig. 2. Here, the PL peak at 1.560 eV corresponds to the
first subband state of the GaAs QWRs, the PL peak at
1.514 corresponds to a GaAs bulk transition, probably
(Do, X) [17,18], and that at 1.493 eV may correspond to
the transition at carbon impurities. A broad peak at 1.75
eV and its shoulder at 1.66 eV correspond to GaAs
QWLs grown on (111)4 sidewalls and their top regions,
respectively. These assignments are qualitatively con-
sistent with the CL investigation [9]. On the other hand,
a PL peak at 2.046 eV originates from Alg4Gagg¢As, and
the broad one around 2.00 eV may be from AlGaAs
grown near the bottom of the V grooves with a little
smaller Al composition. The energy difference between
the PL peak of the QWRs and that of the bulk was 46
meV, which is in good agreement with the calculated
quantized energy for the present QWR structure [19].
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FIG. 3. Magnetophotoluminescence spectra of the GaAs
quantum wires and the GaAs bulk for WLB1k. Each spec-
trum was measured at the magnetic field indicated on the
right-hand side of the spectra. Spectra for WIBLk and
W LBIik are also shown for the highest magnetic field by dotted
and dashed lines, respectively.

The large PL intensity of the QWRs is realized by their
high density structure.

Typical experimental recordings of MPL spectra are
shown in Fig. 3, where each spectrum was measured at
the magnetic field indicated on the right-hand side of the
spectra with the configuration W_L1B_Llk. Spectra for
WIBLk and W_LBIk are also shown for the highest
magnetic field for comparison. The PL peak positions for
the three configurations are plotted as a function of mag-
netic field in Fig. 4, to show clearly the energy shifts. As
shown in this figure, the bulk PL peak shifts are almost
equally independent of the configuration in all the mag-
netic field regions. However, the PL peak shifts of the
QWRs clearly depend on the configuration.

In the low magnetic field region the PL peak positions
were diamagnetically changed, and from the data under
10 T the diamagnetic coefficients were determined as
16.3, 7.0, and 4.5 peV/T? for WLBIk, W.LBLk, and
WIIB LK, respectively. These values are not only much
smaller than that in the bulk, 103.9 ueV/T? but also
comparable to or smaller than that in QWL with a thick-
ness of about 6 nm [20,21]. In the high magnetic field re-
gion the energy shifts of the QWRs changed almost
linearly against the magnetic field, in the same way as the
bulk regarding the Landau level shift. In particular, en-
ergy change of the QWRs for W _LBIlk became almost
parallel to that of the bulk. This behavior cannot be ex-
plained in terms of the change of the band structure re-
lated to the GaAs bulk state [13]. It is considered that
the exciton or the cyclotron radius becomes much smaller
than the width of the confinement potential in the high
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FIG. 4. Photoluminescence peak positions from the quantum
wires and the bulk as a function of applied magnetic field for
various configurations, where circles, triangles, and squares with
error bars represent the data for W.LBlk, WLBLlk, and
WIB LKk, respectively, and the dashed curves are guides to the
eye.

magnetic field region.

Magnetic field effects can be treated as a small pertur-
bation in the low magnetic field region. Then, the dia-
magnetic energy shift is written as follows in first-order
perturbation theory assuming anisotropic hydrogenlike
excitons [22]:

2442
€ MMk
where A, € and e are the Planck constant, dielectric con-
stant, and charge of the electron, respectively, and u is
defined as
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with py, u,, and p, anisotropic reduced exciton masses.
Here, these masses are phenomenologically introduced to
include the effect of anisotropic confinement and resulting
band mixing. This approximation is appropriate under
the condition that the exciton confinement is not extreme-
ly large and that y; =hw./R* is small, where w.; =eB;/
(yjuk)'/z (i,j,k=x,y,z) and R* are the cyclotron fre-
quency and the exciton Rydberg constant, respectively.
By using experimentally determined diamagnetic shifts
and Egs. (1) and (2), the reduced exciton masses u,,
Uy, and p, were estimated as 0.293mg, 0.126mo, and
0.081m, respectively, while that in the bulk was
0.059m¢, where my is the free electron mass, and x and z
are defined to be parallel to k and W, respectively. Here,
for the dielectric constant g, the static dielectric constant
of GaAs, 13.1g, is employed because the binding energy
of the exciton is much smaller than the LO-phonon ener-
gy 36.8 meV [23], where g is the dielectric constant in
vacuum. From these values, R* or the ground-state
binding energy E, =e*u/32n2h%e? was estimated as 10.1
meV, and the Bohr radius ag; =4rh %s/e’u; (i=x,y,z) as
2.4, 5.5, and 8.6 nm, respectively, while for the bulk
Ey=4.7 meV and ap=11.8 nm. Here, note that the Bohr
radius of excitons in the directions of confinement in the
QWRs is much smaller than that in the bulk correspond-
ing to the width of the QWR structure; however, that in
the free direction of the QWRs is slightly smaller but al-
most equal to that in the bulk. Thus, the excitons are an-
isotropically shrunk in the QWRs by the 2D confinement
effect.

On the other hand, in order to interpret the experimen-
tal results in the high magnetic field region, where the
Coulomb interaction can be approximately neglected, the
following parabolic potential is employed as the 2D
confinement potential:

3)

where m* (=0.067mg [24]) is an effective mass of an
electron, and wox and wg, are resonant frequencies.
Here, the contribution by holes is assumed to be small
and neglected because their effective mass (0.48m) is
much larger than that of electrons in GaAs [24]. When
the magnetic field is applied perpendicularly to the
QWRs and parallel to the x or y direction, the energy
shift is analytically solved as follows [25]:

L % 2 2,1 %_ 2 2
V=sm oigx"+37m ogy~,

4)
(5)

where NV and M are zero or positive integers, and w.; =eB;/m* (i=x,y) is a cyclotron frequency. The kinetic energy in
the z direction is omitted for optical transitions. Concerning the energy shift by the magnetic field, by fitting Eqgs. (4)
and (5) to the experimental data at more than 30 T (y, =3.4, y, =2.2) for W LBllk and W LR Lk, the confinement en-
ergies for the lowest subband, # wq,/2 and A wox/2, were estimated as 18 and 62 meV, respectively. These energies cor-
respond to the well widths of L, =17.7 nm and L, =9.5 nm for the square potential with infinite height. These values
are a little small but qualitatively in good agreement with the base length (20 nm) and the height (10 nm) of the trian-
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gular-shaped QWR structure, respectively.
When the magnetic field is applied parallel to the
QWRs, the energy shift is represented as follows [26]:

E=(N+M+1)} (0wl +40d)'?
+(N—-M)+ho., Blz, 6)

where this equation is for the cylindrical-symmetry case
(wox =woy =wyp). By fitting Eq. (6) to the experimental
data at more than 30 T (y,=1.8) for WIBLk, the
confinement energy for the lowest subband A wo was es-
timated as 104 meV. This value is a little larger than the
total confinement energy, hwox/2+ hwey/2 =80 meV, be-
cause the data in this configuration include a compara-
tively large diamagnetic contribution, but they are
reasonably close, which supports the present model for in-
terpreting the experimental results. The obtained con-
finement energy minus the QWR exciton binding energy
plus the bulk exciton one at B=0 (73.8 meV) is larger
than the energy between the PL peak position of the
QWRs and that in the bulk (46 meV). This discrepancy
may be due to the neglect of the contribution of holes, the
application of parabolic potentials, and the difference be-
tween the cross section shape of the actual QWR struc-
ture and that in the calculation in the second model.
However, this discrepancy will be eliminated by more
rigorous calculations [27] or experiments using higher
magnetic fields in which the condition y>1 is fully
satisfied.

In conclusion, the observed anisotropic magnetic field
dependence of the PL peak shift of the QWRs demon-
strates a direct evidence for the existence of 2D
confinement in the QWRs. The measurement of aniso-
tropic magnetic field dependence is a useful method for
confirming 2D and further 3D confinement.
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FIG. 1. (a) Schematic illustration of the cross section of the
vertically stacked multiple quantum wires, and (b) high-
resolution secondary electron image of the region near the
quantum wires of which the area is corresponding to that sur-
rounded by broken lines in (a).



