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Observation of electronic subbands in dense arrays of quantum wires grown

by organometallic-chemical-vapor deposition on nonplanar substrates
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We report luminescence and absorption properties of dense arrays of narrow (14 nm), crescent-
shaped GaAs/Al;Ga~ —,As quantum wires (QWRs) grown by organometallic-chemical-vapor deposi-
tion on nonplanar substrates. Low-temperature photoluminescence (PL) spectra of the samples are
dominated by emission from the QWRs, indicating efficient carrier transfer into the wires from the
surrounding quantum wells and barriers. PL excitation spectra of the wires exhibit enhanced absorp-
tion at the electron-heavy-hole subbands with a measured subband separation of 34-39 meV, in good
agreement with calculated values. Achievement of such large subband separations, on the order of
ksT at room temperature (for electrons), is important for investigations of quasi-one-dimensional sys-
tems in which only the ground state of the QWR is populated.

Low-dimensional semiconductor heterostructures have
attracted increasing interest in recent years because of
their novel properties and potential device applica-
tions. 1 3 Our approach for preparing quantum wires
(QWRs) and dots by epitaxial growth on nonplanar sub-
strates allows in situ formation of their interfaces, thus
avoiding interface damage introduced by the more con-
ventional etching and regrowth techniques. This is par-
ticularly important for optical studies, since interface
damage can severely reduce carrier lifetime and degrade
quantum efficiency. Crescent-shaped QWRs grown by
organometallic-chemical-vapor deposition (OMCVD) on
V-grooved substrates exhibit efficient luminescence and
radiative carrier lifetimes comparable to that of conven-
tional quantum well (QWL) heterostructures. Furth-
ermore, QWR lasers incorporating such wires oscillate at
room temperature with sub-mA threshold currents' and
their spectra show evidence for two-dimensional (2D)
quantum confinement. " However, these studies have
been limited so far to QWR structures with relatively
small electronic subband separation (less than kaT at
room temperature) and to QWR arrays of relatively low
density (several pm pitch). Increasing the energy separa-
tion between the subbands is important for achieving
quasi-1D carriers which populate predominantly the
QWR ground state. Decreasing the wire spacing to less
than the carrier diffusion length allows carrier thermaliza-
tion into the wires, thus avoiding competing recombina-
tion and trapping in the wire barriers. Both effects will be
useful for improving the performance of optical and elec-
tronic devices relying on QWR structures.

In the present paper we discuss the optical properties of
arrays of GaAs/AI„Ga~ —,As QWRs of 240 nm pitch and
only 14 nm effective width. In contrast to arrays with
pitch greater than the carrier diffusion length, photo-
luminescence (PL) spectra of these structures are dom-
inated by recombination in the QWRs due to lateral car-
rier thermalization from the surrounding QWLs into the
lower-energy QWR. PL excitation spectra clearly show
the first two electron-heavy-hole QWR transitions with
34-39 meV (total) subband separation. The measured

subband separations are in good agreement with model
calculations based on transmission electron microscopy
(TEM) cross sections of the wires. The electron subband
separation in these structures are of the order of ka T at
room temperature.

Figure 1 shows TEM cross-sectional images of the
QWR structure discussed here. The structure was
prepared by first patterning a (100) semi-insulating GaAs
substrate with periodic corrugations of 240 nm pitch and
120 nm depth using holographic photolithography and
wet chemical etching. The grating grooves were orient-
ed along the [011] direction. Atmospheric-pressure
OMCVD was then used to grow a 150-nm-thick Aloq-
GaosAs lower cladding layer, followed by I-nm-thick
GaAs QWL layer and 30-nm-thick upper AlnsGan, sAs
cladding layer. All layers were nominally undoped and
thicknesses correspond to growth rates on planar surfaces
(for more details on the growth procedures see Ref. 12).

Growth on the patterned substrate results in formation
of 2.8-nm-thick, crescent-shaped GaAs wires intercon-
nected by much thinner (-1 nm) GaAs QWL regions.
The wires are formed due to enhanced migration of Ga
species to the bottom of the grooves during the OMCVD
growth step. ' Additionally, this migration leads to for-
mation of a Ga enriched vertical stripe in the Al„-
Ga~ —„Asabove and below the QWR crescent (see verti-
cal dark stripes in Fig. 1). The lateral tapering of the
QWL at the crescent gives rise to a lateral potential well
that defines the QWR. This is illustrated in Fig. 2, which
describes a model of the 2D quantum confinement in these
wires. The lateral thickness distribution of the QWL cres-
cent was measured from the TEM cross sections. The re-
sulting lateral potential wells for each carrier type were
then evaluated by calculating the confinement energies
E„„qfor each thickness using a finite-well model in the
effective-mass approximation. ' The lateral potential
wells were fitted with 1/cosh profiles which allow analyti-
cal solution of the eigenenergies and wave functions for
the QWR subbands. The total (i.e., transverse plus la-
teral) confinement energies for the four lowest QWR
states are summarized in Table I. The energy levels of the
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FIG. 2. Model of the quantum wire shown in Fig. 1(b). (a)
Lateral thickness distribution of the quantum well at the cres-
cent. (b) Lateral distribution of confinement energy E„„&for
electrons, heavy holes, and light holes, calculated from part (a)
(circles, squares, and triangles, respectively). Lines are I /cosh'
fits of the lateral potential wells. Horizontal bars represent the
quantum wire subbands for electrons.
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Measurements of the recombination dynamics' yield
sub-ps carrier capture times and carrier lifetime of 0.3 ns.

Photoluminescence excitation (PLE) spectra of the
QWR sample, detected at 696 nm (1.782 eV), are dis-

played in Fig. 4. The spectra were measured using a tun-
able DCM-dye laser, with the pump beam polarized
parallel (II) and perpendicular (I ) to the wire axis. The
strong increase in the PLE signal at —1.96 eV is due to
absorption in the thin QWL layers between the wires, and

possibly also in the vertical (Ga-enriched) AI„Gai—,As
stripes above and below the wires. Carriers captured in

these regions subsequently diffuse and thermalize at the
deeper potential well of the QWR, where they recombine
radiatively. The smaller peaks near 1.8 eV are due to ab-
sorption at the QWR subbands. The ratio of I:10 be-
tween the QWR and QWL absorption peaks is consistent
with the ratio of the corresponding areas, implying com-

FIG. l. (a) Transmission electron microscope cross section of
the quantum wire array. (b)Magnified view of a crescent-

shaped wire.

TABLE I. Confinement energies (meV) for electrons, and

heavy and light holes for the QWR crescent of Fig. l.

Subband index l

283. 1

86.3
193.8

263.8
79.8

180.9

242.6
73.2

166.7

219.6
66.5

151.1

Electrons
Heavy holes
Light holes

electron subbands are also indicated by the horizontal
lines in Fig. 2. A measure of the effective width 8',g of
these tapered QWR structures is given by the lateral sepa-
ration between the points at which the lateral wave func-
tions become exponentially decaying. For electrons in the
ground state, we calculated &dr =14 nm, which is consid-
erably narrower than the geometrical width of the wire.

Figure 3 shows the PL spectrum of the sample at T =5
K. The spectrum is dominated at low temperatures by
luminescence from the QWR emitted at 1.76 eV. In con-
trast to previous studies of arrays of crescent-shaped
QWRs with ium size pitch, ' we observe only very weak
luminescence from the surrounding QWL layers, even at
low temperatures. This is well explained by the fact that
the QWL sections connecting the wires are much shorter
compared to the carrier diffusion length. Thus, all car-
riers absorbed in the QWL are collected in the low-energy
QWRs before they can recombine in the QWL layers.
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FIG. 3. Photoluminescence spectrum of the quantum wire ar-

ray, excited with an argon-ion laser. Arrow indicates detection
energy of the spectra in Fig. 4.
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parable absorption coefficients for the wires and wells.
Two absorption peaks are clearly observable in the PLE

spectra at 1.80 and 1.84 eV. Their positions are deter-
mined more accurately from the second derivative of the
PLE spectra (dashed lines in Fig. 4), obtained using a
spline approximation. The second derivatives of the spec-
tra also reveal two additional absorption peaks at higher
energies. The calculated transition energies correspond-
ing to electron-heavy-hole and electron-light-hole transi-
tions, derived from Table I assuming Es(GaAs) =1.519
eV (neglecting excitonic effects), are indicated by the ar-
rows in Fig. 4. Good agreement is obtained for the posi-
tions of the two lowest-lying QWR states. The lower (by—10 meV) measured energy of the ground state com-
pared to the calculated value may be due to excitonic
effects. The Stokes shift of -40 meV is consistent with
the relatively broad luminescence line (46-meV full width
at half maximum). This line broadening is attributed to
thickness as well as alloy composition fluctuations in these
very thin and narrow wires. Note that the lowest-lying
electron-light-hole QWR transition energy is well sep-
arated from those of the lowest-energy electron-heavy-
hole ones. Therefore, we expect little mixing between
valence band levels originating from the lowest-lying
light- and heavy-hole states, ' and thus better agreement
with our simple model which does not account for such
mixing. Comparison of the two polarized spectra in Fig. 4
reveals only small anisotropy in the absorption features.
This is consistent with the fact that our crescent-shaped
wires have asymmetric cross sections (i.e., thickness much
smaller than width), which should greatly reduce anisot-
ropy effects. ' ' However, it should be noted that elec-
tromagnetic grating effects might also introduce polariza-
tion anisotropy, which should be properly accounted for
when interpreting the data.

I n summary, we have reported luminescence and

C
1.0-

Im 1.80 1.90 I 3e-3h
Ef)ei gy (ep) 2e-2hh f

CO

1e.1hh t

LLI

CL

]4
/g I

I
I ) I

l I
I Ir I l ~ mM ~ ~ W ~ ~P% M I0.01.75 1.80 1.85 1.90 1.95

Energy (eV)

FIG. 4. Photoluminescence excitation spectra (solid lines) of
the quantum wire array and their second derivative (dashed
lines), measured at 5 K. Data are shown for pump beam polar-
izations (u) parallel and (b) perpendicular to the wires. Heavy
arrow shows detection energy. Light arrows indicate energy po-
sitions of the calculated electron-heavy-hole (e-hh) and
electron-light-hole (e-lh) quantum wire transition energies. In-
sets display the entire measured spectra, showing absorption at
the quantum wells connecting the quantum wires.
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absorption properties of dense arrays of 14-nm-wide,
GaAs/AI, Ga1 —,As QWRs grown on nonplanar sub-
strates. Carrier thermalization from the surrounding
QWL and barrier material into the wires and high-quality
wire interfaces result in efficient luminescence from these
wires. PLE spectra of the QWRs exhibit transitions be-
tween electron and heavy-hole QWR levels, with mea-
sured energy separation of 34-39 meV, in good agreement
with model calculations. The lowest QWR electron sub-
bands are separated by 23 meV, on the order of ka T at
room temperature. Such large subband separations are
important for minimizing the thermal population of
higher-level subbands, which is essential for room-
temperature applications of these quantum structures.

Present address: Instituto de Fisica de Sao Carlos, Universi-
dade de Sao Paulo, 13 560 Sao Paulo, Sao Paulo, Brazil.
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