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Mixed dimensionality quantum heterostructures grown in axially modulated V grooves

B. Dwir, K. Leifer, and E. Kapon
Laboratory for Physics of Nanostructures, Institute of Quantum Photonics and Electronics (IPEQ), Faculty of Basic Science

Swiss Federal Institute of Technology Lausanne (EPFL), CH-1015 Lausanne, Switzerland
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We developed low-dimensional AlGaAs/GaAs heterostructures, which combine quantum well~QW!, quan-
tum wire ~QWR!, and quantum dot~QD! like structures along the bottom of a single V groove. By varying the
groove geometry~through the use of electron-beam lithography!, we could modify the morphology and control
the size of each part of the grown structure on a submicron scale. We characterized the growth by cross-
sectional atomic force microscopy and established the relation between substrate shape and growth front as
function of grown thickness, as well as the formation of QWs and QWRs. In particular, we demonstrated the
possibility to obtain a thicker, short QWR section in the center of a widening in a V-groove QWR. We
confirmed the structural features, and specifically the lower band gap of the QD-like section, by low-
temperature microphotoluminescence and cathodoluminescence spectroscopies.

DOI: 10.1103/PhysRevB.67.075302 PACS number~s!: 68.65.Hb, 68.65.La, 73.21.La, 73.21.Hb
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I. INTRODUCTION

Quantum wire~QWR! semiconductor structures, whic
utilize two-dimensional~2D! quantum confinement of elec
trons and holes, have attracted considerable interest bec
of the physics they exhibit, as well as their unique featu
useful for electronic and optoelectronic devi
applications.1,2 Most of the experimental effort in this do
main has been devoted, however, to nominally unifo
QWR structures, in which the confining potential profile
ideally kept constant along the wire’s axis. Several use
approaches for realizing uniform QWR structures suita
for 1D system investigations and device applications h
been identified so far. The most successful approaches
relied on thein situ formation of the wire interfaces to ensu
their high quality. The firstin situ growth methods used vici
nal GaAs surfaces, especially the (311)A surface, to form
dense~3–20-nm pitch! arrays of QWRs on nanofaceted su
faces that spontaneously form during growth.3–5 However,
fluctuations in the nanofaceted structure4 lead to relatively
large disorder in the resulting QWRs, resulting in wide ph
toluminescence peaks.5 Moreover, the high density of QWR
in these arrays does not allow to isolate a single QWR, e
for transport applications. Other successful approaches to
fabrication of high-quality, homogeneous single~or arrays
of! QWRs included using cleaved edge overgrowth6 and self-
ordering on V-grooved substrates.7,8 Both types of QWRs
have shown 1D density of states in optical spectroscopy
well as quantized conductance step transport experimen

During the last years, good theoretical understanding
the self-limited growth mechanisms in V grooves has be
achieved.9,10Although the self-limited profile is independen
of the initial form of the V groove, it has been shown th
along the wirethere always exist monolayer steps, spaced
a few hundred nanometers, as well as larger~few nanom-
eters! jumps, spaced by 1–2mm.10 These steps and jump
induce random fluctuations in the confinement poten
along the wire, which result in random fluctuations in th
QWR subbandsalong the wire. The magnitude of these fluc
tuations is important enough to limit the electron mean f
0163-1829/2003/67~7!/075302~10!/$20.00 67 0753
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path in transport experiments11 and cause exciton localiza
tion, observable in optical spectroscopy experiments8,12

However, the random nature of the steps and jumps does
provide a way of controlling their placement, extent,
strength, thus limiting their usefulness in research or for
plications.

On the other hand, QWRs in which this potential varies
a controlled fashion along the axis of the wire would offe
approaches for modifying the electronic band structure, le
ing to optical and transport properties. Several example
such axially modulated waveguides and wires have b
considered theoretically, including curved and twist
wires,13,14 sharp bends,15 single and double 90° wire
bends,16–19 width changes and stubs,19 and multiple ports.20

Periodically modulated QWRs have been shown to prod
gaps in plasmon dispersion21 and lead to localization
effects.22 In all these structures, either the 1D nature of t
carriers is maintained, or 1D-0D transitions are induced~as
in bent wires!, leading to localization or to the formation o
effective quantum dots~QDs!. In this context of changing
dimensionality, 2D-1D transitions should also be consider
As one motivation, we recall that the analysis of transp
properties of electrons in uniform QWRs has recently sho
the importance of the quantum well QW/QWR~2D/1D! in-
terface as a source of contact resistance,7,23 which could be
reduced or eliminated by using adiabatic transition betw
QW and QWR. The possibility of realizing such adiaba
contacts by varying the QWR structure along its axis
therefore very important for future study of transport
QWRs with strong confinement potential. In the domain
pure 1D confinement, we mention as an example that
study of exciton transport along QWRs could also ben
from the possibility of varying the confinement potenti
~i.e., the band gap! along the wire, which could lead to con
trolled acceleration of carriers~electrons or excitons!.

Attempts to realize axially modulated 1D wires have
far been rather limited, mainly due to the technological d
ficulties involved. Several tests of theoretical predictio
have been performed in electron waveguides,15,17,18by mea-
©2003 The American Physical Society02-1
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suring conductivity in gated18–20,24or etched25,26 QW struc-
tures. However, in gated structures the confinement pote
is rather weak, and there is no independent control of
confinement potential and wire shape. Etched structures
the other hand, exhibit large scattering due to the etc
interfaces, and are limited in size and potential abruptnes
surface states.

In this paper, we present an approach for the realizatio
various types of modulated QWR structures, which co
bines the advantages of V-groove growth~self-ordering, the
formation of a well-controlled QWR of nanometer-sized d
mensions at the bottom of the groove! with those of nano-
lithography ~control over position on a sub-mm scale!, to
produce high-quality, well-controlled structures of mixed d
mensionality. In this approach, we use the dependence o
evolution of growth in a groove on the groove’s shape
generate controlled variations in a QWR along its axis
modulating the shape of the V groove. A 3D structure rec
struction, using cross-sectional atomic force microsco
~AFM!,27 yields the details of the 3D growth with nanomet
spatial resolution and permits the identification of seve
types of nanostructures: QWs, QWRs, and QD-like sh
QWR segments. The evolution of both structural featu
and the band gap are further studied by growing a sin
GaAs/AlGaAs heterostructure, which is then characteri
by AFM, photoluminescence, and cathodoluminescence~CL!
spectroscopies.

II. SUBSTRATE FEATURES

Our electron-beam lithography~EBL! technique and the
details of substrate preparation and organometallic chem
vapor deposition~OMCVD! growth have been presente
elsewhere.28 To produce variable-width V grooves, we fir
write by EBL, on a~100! GaAs substrate, an array of ope
variable-width lines in a PMMA resist layer,28 oriented in the

@011̄# direction. Wet chemical etching~using the anisotropic
etchant H2SO4:H2O2:H2O) of the substrate through th
open lines leads to the formation of an array of V groov
whose widths vary along their axes, as can be seen in the
AFM image of a substrate@Fig. 1~a!#. Analysis of the sub-
strate profile across@Figs. 1~b! and 1~c!# and along@Fig.
1~d!# the grooves reveals that the groove has indeed
shape at the narrow part, with a top width of 0.3mm. The
wide part has a top width of 0.65mm and flat bottom width
of 0.2 mm. The depths of the two parts are not equal,
narrow and wide parts being 0.25- and 0.4-mm deep, respec
tively. This is a consequence of the anisotropic etching p
cess. The length of the wide part is 0.7mm at the top and 0.4
mm at the bottom. Due to the high resolution of the EB
process, and the faceting of GaAs, the substrate exhib
relatively abrupt transition from a narrow to wide groov
over a length of 0.2mm, which will promote the formation of
intermediate ~e.g., $311%! crystalline planes between th
$111% facets of the V-groove sidewalls and the$100% planes
of the flat bottom.
07530
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III. STRUCTURE AND MORPHOLOGY

To investigate the growth features of AlGaAs and GaAs
variable-width V grooves, we grew a thick superlattice, ma
of alternating 5-nm GaAs and 24-nm Al0.3Ga0.7As ~nominal!
layers, on the patterned substrate, using low press
OMCVD.9 The array of patterned grooves~2-mm pitch! was

positioned in the~100! plane with a 1.2° angle to the@011̄#
direction @Fig. 1~e!#, so as to produce a staggered array
which the wide part in the groove is shifted~along the wire!
by 21 nm from one line to the next. In this way, cleaving t
sample after growth allows to scan a sequence of AFM cro
sectional images of the grooves, where moving from o
groove to the next is equivalent to probing the structu
along the modulated groove, at 21-nm intervals. The diffe
ent oxidation rates in air of AlGaAs with different Al con
tents give rise to the contrast necessary for observing
growth evolution.27 The complete series of 100 grooves th
allows to probe the entire length of the structure, which
peats every 2mm.

A sample of six AFM cross-sectional images are shown
Figs. 2~A!–2~F!; these were taken at several positions alo
the groove, spanning the region between the center of
wide part and the narrow part, as indicated by the lines A
in Fig. 1~a!. The GaAs layers, of dark contrast, sandwich
between AlGaAs layers, of light contrast, are numbe
1–10 in Fig. 2. The measured thickness of a GaAs/AlGa
layer pair is;50 nm at the bottom of the narrow groove an
;35 nm in the planar regions, about 20% higher than
nominal thickness. The relatively thin GaAs layers show
evolution of the growth front, enabling us to visualize th
different crystalline planes which form at different stages
the growth.

Study of the evolution of the growth planes in the wid
intermediate, and narrow parts of the groove at differ
heights from the substrate leads to the following obser
tions:

~i! In the narrow groove@Fig. 2~F!# the self-limiting
AlGaAs growth9 leads to the formation of a sharp V-shap
growth front, with planes close to$111%A. GaAs growth
leads to the formation of a crescent-shaped QWR, exactl
the same manner as in a uniform V groove. This struct
maintains itself up to at least 500-nm total thickness. M
surements of the GaAs layer thickness at the center of
groove show an almost constant thickness of 14 nm for
layers~for 5-nm nominal thickness!, a value similar to QWR
thickness in uniform V grooves.

~ii ! In the widest part of the groove@Fig. 2~A!#, the flat
bottom leads to planar~100! AlGaAs growth, on which a thin
GaAs ~100! QW (thickness'7 nm) forms, with some GaAs
thickening at the corner, where the transition to the s
$111%A QWs occurs~layers 1–6!. The higher-index planes
($311%A and $111%A) eventually catch up and reduce th
width of the$100% region. At about 350 nm from the bottom
of the groove, this reduction is followed by considerab
thickening in the GaAs QW~up to 20 nm!, which is now
surrounded by$111%A planes, due to coalescence of th
thicker QW edges~layers 7 and 8!. Finally, at a total thick-
ness of 450 nm, we observe a thick crescent-shaped Q
2-2
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FIG. 1. ~a! AFM image of a substrate with a 2-mm-pitch variable-width V-groove array. The lines b–d denote cross sections acros
along the grooves, with corresponding profiles shown separately in graphs~b!–~d!, respectively. The schematic~e! shows the principle of

cross-sectional AFM sequencing, based on a series of tilted grooves~at 1.2° to the crystal direction@011̄#), which then produce a sequenc
of shifted AFM images in a single cleave. Lines A–F in~a! denote the positions along the groove of the AFM images, which are dep
in Fig. 2 below.
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~layers 9 and 10!. The QWR thickness~37 nm! is almost
three times the usual self-limited GaAs QWR thickness~14
nm!, probably due to extra Ga diffusionalong the structure,
which does not occur in uniform V grooves.9,28

~iii ! Cross sections at intermediate distances from the c
ter of the wide part of the groove show a gradual transit
between the extreme cases of Figs. 2~A! and 2~F!. An inter-
esting intermediate state occurs when the$311%A facets re-
place the$111%A ones at the bottom of the groove@upper
layers in Figs. 2~D! and 2~E!#. In this case, the GaAs laye
does not show any thickening at the center of the groo
However, effective 2D quantum confinement can still
maintained in such a V-shaped QW layer through the Ga-
AlGaAs barrier at the central part of the groove,9 as well as
by electrostatic effects of the curved shape of the layer.29

Another way to visualize this 3D structure is to reco
struct the developmentalong the grooveof the shape of a
GaAs layer deposited on a buffer layer of a certain thickne
Layers deposited on a thin buffer~e.g., layers 1–3 in Fig. 2
up to about 150 nm from the bottom! show at the center o
07530
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the wide groove a QW structure, with two thicker QWR-lik
parts at the edges, where the$100% and$111%A planes meet.
Moving along the structure towards the narrow part, the Q
becomes narrower, until the two side QWRs fuse togethe
form a single QWR at the center of the narrow V groov
This situation is somewhat modified when the buffer
thicker ~e.g., layers 4–6 in Fig. 2, at 200–300 nm from t
bottom!, since the initial wide part is already narrower. Th
QW therefore disappears at a smaller distance from the
ter of the wide part, leading to the formation of$311% planes
meeting at the bottom of the groove as an intermediate st
ture between the coalescing QWRs close to the center
the regular QWR forming at the narrow part. At a still high
position~buffer thickness;450 nm, e.g., layers 7–10 in Fig
2!, no QW is formed at the center of the wide part; instead
very thick QWR section is formed there, which transforms
$311% QWs, then finally to a regular QWR in the narrow pa
All these structural changes occur on a relatively short len
scale ~a few hundred nanometers!, and lead to significant
changes in the thickness of a deposited GaAs layer. Th
2-3
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FIG. 2. A sequence of AFM
cross-sectional images of a
AlGaAs/GaAs multilayer struc-
ture grown on a 2-mm-pitch
variable-width QWR array. Dis-
tance from the center of the wid
region is~A! 0, ~B! 130, ~C! 240,
~D! 300,~E! 435, and~F! 500 nm.
The image height is 500 nm for al
the images@scale on right of~F!#,
and the GaAs layers~dark con-
trast! are numbered from 1 to 10
@top left of ~A!#.
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thickness variations would lead to significant energy-g
changes in thin AlGaAs/GaAs heterostructures grown
these grooves.

To analyze more quantitatively the changes in Ga
thickness along the wire, we plot in Fig. 3 the thickness
the 10 GaAs layers at thebottom (center) of the grooveas a

FIG. 3. Thickness of the GaAs layers~dark layers in Fig. 2!, as
measured from a sequence of 13 AFM cross-sectional images s
ning almost 1mm along the QWR. The graphs for the 10 GaA
layers have been shifted vertically by 10 nm for clarity, and
point x50 denotes the center of the wide region.
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function of the distance along the groove. The data w
measured from a sequence of 13 AFM cross sections, w
represent a total distance of6500 nm from the center of the
QWRs wide part. At the left and right extremes~where the V
groove is narrow and regular QWRs are formed! we observe
the usual self-limited QWR thickness of 14 nm, independ
of layer number. In the central~wide! part of the groove,
however, we see that the first five layers have all the sa
and almost constant thicknesses~about 7 nm!. Layers 7 and 8
show each two 100-nm-long sections of an increased th
ness~25 nm! at specific positions along the QWR. The
sections correspond to the thickened QWs as in Fig. 2~B!,
layers 7 and 8. The top layer shows a much-increased th
ness~37 nm! at the central part of the groove, along a secti
of about 100 nm. This section corresponds to the thic
crescent-shaped QWR in Fig. 2~A!, layer 10. This QWR is
almost three-times thicker than the one formed in the nar
V groove.

The GaAs marker layers grown and characterized in
previous discussion are too thick to show distinctive pho
luminescence peaks of the QWRs. To be able to easily
tinguish the QWR peak, and especially to be able to sepa
the ‘‘normal’’ from the thick QWR peaks, a single GaA
layer should be used, and its thickness should be as sma
possible; we chose to use a value of 1.5 nm~nominal thick-
ness!. Such thin GaAs layer is not visible in AFM cros
sections, but we could still use the AFM to obtain atop view
of the structure. Such imaging of the top surface is of cou
indicative of a single AlGaAs thickness~the total thickness
of the growth!, so we had to use separate growths in orde
image different feature heights. We grew three samp

an-
2-4
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FIG. 4. ~a! Top AFM images of~a! 200, ~b! 250, and~c! 300 nm of AlGaAs~capped with 1.5-nm GaAs! grown in a variable-width V
groove. The arrows denote the positions where line profiles of the top surfaces are shown across the grooves~b! and along the grooves~c!,
in the positions marked by arrows in~a!. All line plots are relative to the substrate (Z50, bottom line!, and contain both a narrow and a wid
part of the groove, as indicated.
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~A–C!, containing an AlGaAs buffer of nominal thickness
200, 250, and 300 nm, respectively, followed by a 1.5-
GaAs cap. These nominal thicknesses correspond to the
of GaAs layer numbers 7, 9, and 11 in Figs. 2 and 3, resp
tively. In Fig. 4 we show top view AFM images of thes
samples, as well as the surface profiles derived from th
images. A few structural features are evident: the planar
tion of the structure occurs first in the narrow part~between
200- and 250-nm buffer thickness!, while the wide part does
not planarize even at 300 nm. Still more interesting is
significantshorteningof the widened region of the V groove
from ;500 nm in sample A, to;150 nm in sample B, and
07530
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;100 nm in sample C, as can be seen in the profile p
@Figs. 4~b! and 4~c!#. This important shortening, couple
with the thickening of the GaAs layer, can lead to the form
tion of a QD-like structure, which will confine electrons an
holes by the combined effect of composition and thickn
variations, leading to a lower effective energy level with r
spect to both the surrounding AlGaAs~5lateral confinement!
and neighboring QWR~5longitudinal confinement! and
length ~5quantized longitudinal states!.

From Figs. 2–4 we see that, for an AlGaAs buffer thic
ness of.250 nm, a short and thick QWR section is forme
at the center of the widened groove region. According to
2-5
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FIG. 5. ~a! PL spectra atT510 K, taken at four different positions along a uniform QWR~curve 1! and a variable-width structure~curves
2–4!, as indicated in the inset diagram~the circles shows the approximate size of the PL excitation beam, 1mm; the wide QWR size is
exaggerated!. The arrows marking a–g denote peaks and groups of peaks that are referred to in the text.~b! PL spectrum atT510 K, taken
at position ~curve 4! in ~a!, with long integration time~full line!. The dotted line represents the degree of linear polarization of
luminescence signal. Inset: PL spectra~thin line! and degree of polarization~thick line! for three uniform QWRs of thicknesses 4.1, 8.8, a
14.1 nm~from Ref. 31!.
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cross-sectional AFM images, its width and height are ab
24 and 7.5 times the nominal grown GaAs thickness, resp
tively. Therefore, for a 1.5-nm nominal GaAs layer, as gro
in samples A–C~Fig. 4 and the luminescence spectra! we
expect the QWR dimensions to be;100335311 nm
(length3width3height), small enough to confine carriers
an effective QD~and too small to be observable by AFM!.
This structure corresponds to the thickened short QWR s
at layers 9 and 10 in the cross section, Fig. 2~A!. We can thus
use a narrow V groove with a short wide part as a temp
for making a QD connected on both sides to QWRs. Alt
natively, from the observation of the lower layers of Fig.
we can also suggest another method for obtaining s
GaAs QWR sections: They could be formed at the bottom
a narrow groove section, between two adjacent wider gro
sections, when grown on a thin AlGaAs buffer~e.g., 100
nm!. In this case, the short section would be of the us
QWR type@grown in a narrow V groove, Fig. 2~F!#, and it
would be coupled to planar~100! QWs, possibly with thick-
ened edges@Figs. 2~A!–2~C!#. Such structures have bee
grown on V grooves tapered along several micrometers
have indeed shown the predicted structural features.30
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IV. OPTICAL CHARACTERIZATION

For luminescence studies we grew a variable-width QW
structure with a single GaAs layer of nominal thickness 1
nm, sandwiched between an AlGaAs buffer layer of 250-
~nominal! thickness and a top 50-nm~nominal! AlGaAs
layer. The surface of the GaAs layer in this structure cor
sponds approximately to the surface of the sample depi
in Fig. 2, layer 9, and in Fig. 4, sample B. In this way, th
luminescence studies are performed on samples whose
phology has already been characterized. Low-tempera
~10 K! microphotoluminescence~mPL! measurements wer
performed on this structure, using an Ar1-ion laser emitting
at 514-nm wavelength with a spot size of,1 mm as excita-
tion source, and a single 50-cm monochromator with cha
coupled device camera as detector.

Figure 5~a! shows a series ofmPL spectra taken at differ
ent positions on a variable-width QWR structure~curves
2–4!, part of an array of 5-mm longitudinal pitch, as well as
on a uniform narrow V groove~curve 1!, part of an array of
uniform structures grown simultaneously and on the sa
substrate. In the energy range of interest, 1.53–1.83 eV,
2-6
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MIXED DIMENSIONALITY QUANTUM . . . PHYSICAL REVIEW B 67, 075302 ~2003!
distinguish many features, denoted by letters a–h on to
~a!. The uniform QWR luminescence spectrum@Fig. 5~a!
curve 1# comprises the peaks c, d, g, and h. These peaks
already been observed in many uniform V-groove sample
similar GaAs thickness and Al mole fraction.31 Their identi-
fication is therefore straightforward: peak c corresponds
luminescence from the QWR, peak d to the side~thicker!
$311% QWs, the group of peaks g to the side~$111%! and top
QWs, and peak h to the vertical QW. The vertical QW pe
h confirms the grown Al mole fraction in the samp
~31.5%!. The relatively narrow~7-meV! QWR peak c shows
the good uniformity of the sample on the scale of themPL
measurement~a few micrometers!. Note that peaks c, g, an
h appear in all other spectra as well, sometimes with sli
energy shifts~a few meV!. Peak d also appears in all spect
but its position varies between samples, consistent with
fact that the$311% planes are varying in thickness betwe
narrow, wide, and intermediate parts of the groove.

Spectrum 2, taken in the middle of the narrow part of t
structure~i.e., 2.5mm away from the wide part!, is almost
identical to spectrum 1. Small variations in peak g, as wel
a marked change in peak d, might show the influence
longitudinal diffusion of adatoms during growth on the thic
ness of the$311% planes and side~$111%! QWs.

Spectrum 4, taken at the center of the wide part, show
few extra peaks~a1, b, and f!, which are absent in spectra
and 2. The most intriguing is the weak low-energy peak a
1.55 eV, which we assign to luminescence from the thic
QWR section at the center of the wide part of the V groo
@Fig. 2~A!, layers 9 and 10 and Fig. 4, sample B#. As we
show below, this assignment fits well with the structural da
and is also supported by CL imaging. Peak b is the ‘‘usu
QWR peak ~c!, coming from narrow regions outside th
wide groove, as we see below, but downshifted in ene
probably showing QWR thickening due to adatom diffusi
during growth. The PL spot is large enough to show b
peaks b and c at the central part of the wide regions; to be
distinguish their source we use the CL technique descri
below. Finally, peak f is probably related to the narrow$311%
QW at the intermediate region next to the wide part. Sp
trum 3, taken at about 1mm from the wide part, shows
essentially the same features as the combined spectra 2
4, as expected.

A more detailed spectrum of the wide QWR region, me
sured with lower excitation intensity@0.1 vs 10mW in Fig.
5~a!# and longer integration time, is shown in Fig. 5~b!.
Peaks a1, b, and c are again clearly seen, in the same po
as in the previous spectrum, but are more easily resol
Peak a1 is split in two; we suppose that this splitting o
meV could be due to exciton localization in the relative
long ~80–100-nm! thick QWR section. Looking at the polar
ization data, we note that both peaks a1 and c do not s
any polarization anisotropy, while peak b does. When co
paring with data from Ref. 31@inset, Fig. 5~b!#, we note that
thin QWRs ~top curve in the inset and our peak c! do not
show significant polarization, while thicker QWRs d
~middle and bottom curves in inset, our peak b!. This is
explained by larger disorder in the thin QWRs, leading
stronger localization of the excitons.12,31 In our sample, we
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could thus interpret the absence of polarization anisotrop
the thickest structure~peak c! as an indication of exciton
localization, i.e., the formation of QD-like states.

V. CATHODOLUMINESCENCE CHARACTERIZATION

To identify the structural origin of the photoluminescen
peaks with a higher spatial resolution, we performed cath
oluminescence~CL! spectroscopy on the same sample. T
CL measurements were carried out on a Cambridge S-
scanning electron microscope~SEM! equipped with a He-
cooled stage~10 K! at an acceleration voltage of 5 kV and a
electron-beam current of 1 nA. In Fig. 6~a! we show three
CL spectra, taken at positions on the sample similar to
positions where PL spectra were taken: spectrum 1 is fro
uniform V groove, spectrum 3 from the center of the wi
region, and spectrum 2 from about 1mm away. These spectr
are very similar to the PL spectra in Fig. 5~a! and the peaks
of the same wavelengths were numbered with the same
ters~a–g!. The main changes between PL and CL spectra
the following: Peak a from the thick QWR appears at
shifted energy, and accordingly, is marked a2. Peak e, rel
to intermediate$311% planes, does not appear in either spe
trum 2 or 3; this is related to the higher spatial resolution
the CL system and the limited spatial extent of this pe
Due to the same reason, peaks c and h, which appea
spectrum 1~and belong to the narrow V groove!, are missing
in spectra 2 and 3.

The CL systems lets us to acquire wavelength-dispers
CL imagesof the QWR samples, thus allowing more preci
localization of the spatial extent and structural feature as
ciated with each spectral feature. To this end, we too
series of CL images of an array of 1-mm-pitch QWRs, with
10-mm space between wide parts, as shown in Fig. 6~b!. The
detection wavelengths in each picture correspond to on
the PL/CL peaks in Figs. 5~a! and 6~a! and are marked with
the corresponding letter~a–g!.

The lowest-energy luminescence peak~a2!, at 1.565 eV,
originates from the center of the wide part of the groove. T
width of the luminescence area~averaged from 20 regions! is
450650 nm. However, we know from the AFM cross
sectional study~Fig. 2! that the realwidth of the luminescing
region at this wavelength range, i.e., a quantum wire, is o
on the order of 10–20 nm, so its apparent width is a go
measure of the excitation area of the electron be
~5effective CL resolution!. The length of the area~averaged
from 20 regions! is 0.9560.25mm, which corresponds to
the length of the entire wide part of the groove. This poin
to an effective carrier transfer to the QWR from the AlGaA
volume of the wide part, and possibly from the QWs in t
wide part, but not beyond this range. This ‘‘cut out’’ could b
associated with the transition from$311% A planes in the
intermediate zone@Fig. 2~F!#, where the effective gap in the
QW is larger than in the QWRs@Fig. 2~F!#. A CL image
taken at 1.55 eV, corresponding to PL peak a1, is alm
identical to the one taken at 1.565 eV, but shows lower
tensity; the luminescence at the two wavelengths could
due to peak width@e.g., in Fig. 6~a!, the CL intensity at 1.55
2-7
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FIG. 6. ~a! CL spectra atT510 K, taken at three different positions along a variable-width structure~spectra 1–3!, as indicated in the
inset diagram~the circles show the approximate size of the CL excitation area, 0.4mm; the wide QWR size is exaggerated!. The arrows
marking a–g denote peaks and groups of peaks that are referred to in the text.~b! SEM secondary electron image~top left! and a series of
CL images of a variable-width QWR array. The grooves are vertical, with a horizontal pitch of 1mm, and the wide parts are spaced at 10-mm
intervals ~along the grooves! and displaced by 1mm along the groove to form a diagonal pattern. All CL images are taken at the s
magnification~33400!, but at different detection wavelengths:~a1! SE image;~a2! CL, 1.565 eV;~b! CL, 1.585 eV;~c! CL, 1.61 eV;~d! CL,
1.66 eV; ~e! CL, 1.70 eV;~f! CL, 1.74 eV;~g! CL, 1.78 eV;~h! CL, 1.82 eV. To help localize the structural features in the images,
diagonal rows of wide grooves are denoted by arrows.
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eV is not zero# or perhaps due to luminescence from high
QWR subbands.

As we already mentioned, peak b at 1.585 eV in the
spectrum can be attributed to the QWR just outside the w
part and extending about 2.060.4mm beyond it. From the
image it can be seen that this luminescence segmen
clearly separated from the QWR in the wide part. When
detection wavelength is increased to 1.61 eV~peak c!, the
QWR in the central part of the narrow groove luminesc
This central segment has a length on the order of 5mm, and
is similar in luminescence energy to ‘‘standard’’ QWR
grown in narrow V grooves. The difference between peak
and c leads us to believe that there is some thickening of
QWR towards the wide part, lowering the CL energy, due
longitudinal Ga diffusion during growth.

Higher-energy features~peaks d–g! are related to quan
tum wells at different parts of the structure. For example,
relatively localized spectral features at 1.66~d! and 1.74 eV
~f!, which are composed each of two segments in the w
region ~but not exactly at its center!, are probably related to
the $311% A and$111% A side QWs, respectively, both in th
intermediate part of the wide region. As we saw in the PL/
spectra, peak d exists also in the spectrum from the nar
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part @e.g., spectrum 1 in Fig. 6~a! taken from thesame
sample#; however, its height is lower there, making it le
visible in the CL image of the narrow part.

At an emission energy of 1.70 eV~e! we observe the
$311% A facet luminescence of the outer part of the narrow
groove. The energy difference between peaks d and e c
also be attributed to the same Ga diffusion described ab
being responsible for the differences between peaks a an
The $100% ridge ~top! QWs between the grooves can be ide
tified on the CL images taken at 1.78 eV~g!. This spectral
feature is very uniform in the image, and is present eve
where except~of course! at the center of the groove, wher
the QWR passes.

Finally, at 1.82 eV~h!, only the center of the narrow par
emits. This feature can be attributed to the vertical Q
~VQW! since the emission energy corresponds to the em
sion of an AlGaAs alloy containing about 20% Al. This is
typical Al concentration in a VQW that is formed in
Al0.3Ga0.7As at these growth conditions.32 More accurate
modeling shows the Al concentration to be 31.5% in t
cladding and 20% in the VQW. In the wide part there is
VQW emission since the structure is less planarized th
hence the VQW is very short and carrier transfer is theref
very fast to the QWR.
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TABLE I. Correlation between peak energies in PL and CL spectra~Figs. 5 and 6! and structural features observed by AFM~Fig. 2!. For
each peak, the effective QWR or QW thicknesses were calculated and compared with measured AFM thicknesses~scaled to the nomina
GaAs layer thickness!. The error bars correspond to the accuracy of our model calculation~for QWs! or interpolation~for QWRs!.

Peak number Placement Type

Peak
energy
~eV!

PL thickness
~nm!

AFM thickness
(nm60.5) Identification

a1
a2

center of wide
part

QWR 1.55~PL!,
1.565~CL!

11.661,
9.461

11.2 thick QWR at center
of wide part

b narrow groove,
outside center

QWR 1.585 6.760.7 thickened QWR in
narrow part

c narrow groove,
center

QWR 1.61 4.360.5 4.4 ‘‘standard’’ QWR in
narrow part

d narrow groove QW 1.66 4.160.2 3.8 side QW$311%
e outside wide

part
QW 1.695 3.460.2 3.6 side QW$311%

f outside wide
part

QW 1.74 2.760.2 2.2 side QW$111%

g narrow groove QW 1.77 2.260.2 2.0 top QW
h narrow groove QW 1.82 760.2 vertical WQ
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VI. LINKING STRUCTURAL AND SPECTRAL FEATURES

The complexity of the structure, as observed by the AF
cross-sectional study~Fig. 2!, leads naturally to the very rich
PL/CL spectra described above~Figs. 5 and 6!. Most of the
spectral features were linked to specific parts of the struc
by observation of the spectrally resolved CL images. To f
ther test these assignments, we tried to deduce from the A
study the thickness of QW or QWR related to each spec
feature, and compare it to the thickness inferred from
peak energy observed in PL and CL spectra. In doing so,
scaled the width of each structural feature, as measure
the AFM images~Fig. 2!, according to the ratio of nomina
GaAs grown thickness~5 nm in the AFM sample; 1.5 nm in
the PL sample!. The QW widths were deduced from a simp
finite quantum well model, using the Al mole fractio
~31.5%! measured by x-ray diffraction and corresponding
the VQW luminescence. In the QW model we took into a
count the different electron and hole effective masses
GaAs and AlGaAs, but neglected crystal anisotropy and
citonic effects. The QWR widths were deduced by interp
lation between the data of several uniform QWRs of
same Al mole fraction as our samples and of different siz
which have been measured in the past in our laborato31

therefore, the results show larger error bars. The results
summarized in Table I and in Fig. 7 where we plot the Q
and QWR thicknesses~from both AFM and PL data! as
a function of PL peak energy. The peaks are marked
the same letters used in Figs. 5 and 6. The overall corres
dence between AFM and PL data is quite good, especi
for the QWs, thus supporting the validity of our pea
identification. The thick QWR AFM data show better corr
spondence with peak a1~1.55 eV! of the PL spectrum; as we
suggested previously, peak a2 could be a higher subb
excited by the high CL current. As for peak b, since w
assume that it results from thickening of the ‘‘uniform
QWR in the narrow groove, it is situated outside the range
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the AFM cross-sectional range, so no data was available
comparison.

VII. CONCLUSIONS

We have developed a method for fabrication of mix
dimensionality heterostructures by OMCVD growth in ax
ally modulated V grooves fabricated by EBL. Our meth
combines the flexibility and precision of EBL with the clea
defect-free interfaces of small-size QWRs grown

FIG. 7. QW and QWR thicknesses, as calculated from the
sition of PL-peaks in Fig. 5~a! ~marked a–h!, compared to measure
thicknesses from the AFM images in Fig. 2~scaled to the grown
GaAs layer thicknesses!. The error bars correspond to AFM mea
surement accuracy~QW and QWR AFM!, model accuracy~QW
PL!, and interpolation accuracy~QWR PL!. The dotted lines are
guides to the eye.
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OMCVD in grooved substrates. We showed that growth
AlGaAs/GaAs heterostructures in grooves of varying wid
leads to the formation of narrow and wide crescent-sha
QWRs at the bottom of the narrow and wide parts of
groove, respectively. These QWRs are accompanied
QWs, growing along the$311% A and $111% A facets. Mass
transport along the groove leads to the thickening of
GaAs QWR in the center, as well as to significant shrink
in its length and in the size of the wide parts of the groo
These growth modes can be used to produce different ty
of nanostructures, such as short and thick QD-like sectio
as well as different QWs and QWRs.

Measurements of photo- and cathodoluminescence s
tra showed the signature of all structural features, and
roborated their identification by AFM. Specifically, they co
firmed the formation of a short, QD-like segment of a thick
QWR at the center of the wide part of the groove, w
band-gap energy lower by up to 50 meV than that of
self-limited QWR. However, the strong faceting of the su
s
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strate and grown structure could prevent the efficient tran
of carriers along the QWR to the wider part, at least at l
temperatures and for the thin GaAs layer thickness used

These structures could be eventually used in several w
in either fundamental or applied studies, e.g., by using
QW with thickened edges~Fig. 2! as a double QWR in a
Bohm-Aharonov interferometer scheme, or by combini
$311% and$111% QWs with amphoteric dopants to create ele
tron and hole gases at close distances. These structures
open the way to experiments in mixed dimensionality~QW-
QWR-QD! structures.
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