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Optical properties of quantum-wire arrays in (Al, Ga)As serpentine-superlattice structures
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Serpentine superlattices with a built-in quantum-wire array have been grown on vicinal (100) GaAs
substrate s by molecular-beam epitaxy. The quantum wires have parabolic cross sections with

0
confinement dimensions on the order of 100 A. The goal of this paper is to make a comprehensive opti-
cal study of two different serpentine-superlattice samples. The serpentine structures have been charac-
terized by low-temperature cathodoluminescence, photoluminescence, and photoluminescence-
excitation measurements. In photoluminescence, a rather sharp peak (typically 7 meV full width at half
maximum) is attributed to excitonic recombination in the built-in quantum-wire array. The linear polar-
ization dependence of the serpentine-superlattice emission has been measured with a photoelastic modu-
lation technique, showing a pronounced polarization anisotropy in both photoluminescence and photo-
luminescence excitation. The serpentine-superlattice photoluminescence emission normal to the vicinal
surface shows a linear polarization along the wires of up to about 30% due to the lateral confinement.
The carrier confinement has been further characterized by measuring the linear polarization dependence
of the photoluminescence normal to the cleaved edges. The measured polarization anisotropy has been
compared with the calculated polarization dependence as a function of intermixing between the lateral
barriers and wells. It is found that there is a substantial intermixing between the barriers and wells, with
at least 30% of the Al intended for the barrier ending up in the well. This results in hole states confined
to one dimension, while the electron states are two dimensional due to coupling through the lateral bar-
riers. Linearly polarized photoluminescence excitation has been used to reveal the laterally induced
heavy-hole —light-hole splitting. Photoluminescence decay-time measurements of the serpentine-
superlattice emission (390 ps) show a longer radiative decay time at low temperature than for a reference
alloy-well structure (260 ps), indicating a reduced recombination rate in the serpentine structure. The
linear polarization of the photoluminescence is found to be rather constant over large areas of the wafer
even though the growth rate varies by a few percent. This indicates that uniform quantum-wire-like
states are formed and demonstrates the intended advantage of the serpentine superlattice, which avoids
the tilt sensitivity of the tilted superlattice.

I. INTRODUCTION

Recently there has been a considerable interest in low-
dimensional quantum structures where the carrier motion
is confined to one (quantum wire) or zero (quantum box)
dimensions. These structures are expected to have
dramatically improved optical and transport properties
with a large potential for future device applications. '

Different approaches have been taken to fabricate quan-
tum structures: by electron-beam lithography, ' focused

ion-beam technology, or by direct growth on either vici-
nal or patterned substrates.

Etched quantum structures have very recently been
made where it is possible to spectrally resolve higher
quantum-wire subbands. ' ' The optical properties of
these quantum wires are also expected to show enhanced
oscillator strengths, nonlinear effects, and increased exci-
tonic binding energies compared to the quantum-well
case due to the peaked nature of the one-dimensional
(1D) density of states. An enhanced binding energy and
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an enhanced reduced mass has been reported for excitons
in etched quantum wires. However, there is no experi-
mental evidence for an enhanced oscillator strength; rath-
er there are several indications of a reduced optical
efficiency and a reduced carrier relaxation in different 1D
systems. ' Another effect of the laterally induced
confinement is that it causes an optical anisotropy in the
plane of the original well. The optical selection rules for
10 systems have been treated theoretically" ' and ex-
perimentally from photoluminscence (PL) and photo-
luminescence excitation (PLE) studies of various types of
quantum wires' ' and are often used as a proof for the
quantum-wire confinement. However, when the lateral
potential is induced by strain, ' the observed optical an-
isotropy can also be explained by the anisotropy of the
strain field. ' '

The growth of A1As/GaAs "tilted superlattices"
(TSL's) on vicinal substrates has provided a promising
way to fabricate quantum-well-wire arrays with a lateral
width of just a few nanometers. ' Cross-section
transmission electron microscopy (TEM) micrographs of
these structures do show evidence of a lateral composi-
tion modulation. A large optical anisotropy in polarized
photoluminescence excitation was reported for a GaAs
quantum well (QW) corrugated with a TSL barrier.
Recent calculations by Citrin and Chang, " however,
showed that much smaller anisotropy is expected, even
for an ideally corrugated QW without any lateral inter-
mixing, and it has since been shown that the claimed po-
larization anisotropy observed in Ref. 20 arose from ex-
perimental artifacts. ' Similar anisotropy was also re-
ported for a single monolayer lateral superlattice inserted
in the center of a QW, which is consistent with the pre-
diction that even elongated A1As islands in GaAs QW's
should cause an optical anisotropy.

One of the major problems when growing an
A1As/GaAs TSL on a vicinal (100) GaAs substrate is the
thermodynamic and kinetic difficulty of having the Al in-
corporate only at the step edge and not out on the ter-
race. This results in incomplete segregation into the la-
teral wells and barriers and a final structure that is not
too different from the average alloy composition. Thus
when the overall average Al composition of the lateral
superlattice is larger than about 40%, this can result in
an indirect band-gap structure. This can be solved by us-
ing digital-alloy barriers, where the barrier is made of an
alternate sequence of GaAs and A1As partial layers in the
vertical direction, as shown in Fig. 1(a). By, e.g. , lower-
ing the intended Al concentration in the barrier to 50%,
the resulting average Al composition in the lateral super-
lattice is 25% for barriers nominally intended to cover —,

'

a step, which will result in a direct band-gap structure
even with incomplete segregation. With the digital-alloy
barrier, this reduction may be accomplished without re-
ducing the width of an already thin barrier. Another
problem intrinsic to the TSL growth geometry is that the
tilt angle is not a well-controlled parameter. The elec-
tronic confinement energies will change with the tilt an-
gle, and as a result the optical and electrical properties
are not well controlled in a TSL. Recently we have
presented a way to avoid this problem by purposely

changing the tilt angle so that a crescent-shaped well is
achieved. ' The resulting structure, which we have
named a serpentine superlattice (SSL), inherently accom-
modates the geometric sensitivity to absolute growth
rates.

A schematic diagram of a parabolic SSL that would re-
sult from a linear sweep of the deposition is shown in Fig.
1(b). The x, y, and z axes are defined as parallel to the
wires, in the periodic direction, and normal to the array,
respectively. The step height is d and the substrate
misorientation angle is o., giving terraces of width
W =d /sina. The linear sweep of the deposition is
characterized by the change in coverage Ap with thick-
ness grown Az. A ramping constant is defined here by
the parameter zo, where 1/zo=bp/bz. The parabolic
arcs that describe the lateral barrier and well interfaces
are given by y =z /2r, where the radius of curvature at
the vertices is r =zotana. The electronic states are
confined near the vertices of the parabolas, where the
height of the wire is given by the span of the arc at a
point halfway between the lateral barriers, as indicated in

lateral well lateral barrier
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FIG. 1. (a) Lateral superlattice with digital alloy barriers.
The GaAs is indicated by the shaded and AlAs by the white
partial layers. The Al content in the lateral A1GaAs barrier is
xb„„„=2. (b) Schematic figure of a serpentine superlattice
(SSL) with a parabolic cross section produced by an alternate
fractional monolayers of A1As and GaAs. The step height is d
and the substrate misorientation angle is cx, giving terraces of
width 8'=d/sina. The parabolic arcs that describe the lateral
barrier and well interfaces are given by y =z /2r, where r is the
radius of curvature at the vertices. The electronic states are
confined near the vertices of the parabolas, where the height of
the wire is given by the span of the arc at a point halfway be-
tween the lateral barriers. The definition of the x, y, and z axes
for the serpentine-superlattice sample used throughout the pa-
per is also shown.



OPTICAL PROPERTIES OF QUANTUM-WIRE ARRAYS IN. . . 8049

Fig. 1(b). In contrast to the lateral superlattices reported
in Refs. 15, 20, and 22, which will perturb the QW's, ideal
SSL structures are expected to confi'ne states to 1D.
From the polarization anisotropy and diamagnetic shift
anisotropy, 1D confinement effects have been demon-
strated recently for the SSL structure.

The purpose of this paper is to make a comprehensive
luminescence study of two different SSL samples. The
outline of the paper is as follows: In the experimental
part (Sec. II) we describe the growth of the SSL samples
(II A) as well as the experimental techniques used (IIB).
The experimental techniques are based on luminescence
spectroscopy using PL and cathodoluminescence (CL).
In Sec. III we describe the experimental results showing
PL and CL spectra (III A), linearly polarized PL spectra
(III B), and linearly polarized PLE spectra (III C). The
intensity, lifetime, and uniformity dependence of the PL
emission are shown in Sec. III D. In Sec. IV we discuss
the interpretation of the results, showing that the PL
peak is excitonic and originates from the intended
serpentine-superlattice structure (IVA). The amount of
lateral confinement is estimated from the linearly polar-
ized PL data in terms of the intermixing between the bar-
rier and wire in the SSL structure (IVB). Other effects
that are interpreted to be due to the lateral confinement
are discussed in Sec. IV C. This includes the linearly po-
larized PLE anisotropy and a longer radiative decay time
in the SSL structure compared to a reference alloy well.
Growth-rate variations and its inAuence on the uniformi-
ty of the formed quantum wires are discussed in Sec.
IVD. Finally, in Sec. V we summarize our conclusions
from this study and make some suggestions for future
studies.

II. EXPERIMENT

A. Sample preparation

We have studied a number of different SSL structures
grown on vicinal (100) GaAs substrates. The substrates
were misoriented towards the (111) plane, giving Ga-
terminated or "3"-type step edges. The vicinal misorien-
tation angles a investigated were 0.5', 1.0', 1.5, and 2.0,
corresponding to stepped surfaces with lateral periods of
324, 162, 108, and 81 A, respectively. The parabolic cur-
vatures are determined by the misorientation angle and
1/zo, the linear ramping of the per-cycle coverage per
layer thickness. Values of zo studied have ranged from
125 to 509 nm. The digital alloy barriers have had nomi-
nal A1As contents ranging from —,

' to 1. The intended

structures have been observed in TEM diffraction pat-
terns and images, ' though the A1As is seen to be unin-
tentionally present in the lateral wells in addition to the
barriers. The SSL layers are clad above and below with
thick Al Ga, „As layers to confine the photoexcited car-
riers to the SSL region. These cladding layers in turn
contain quantum wells that serve as optical references.

The structure were grown in a Varian Gen. II
molecular-beam epitaxy (MBE) machine, with the
molecular-beam shutters under computer control and
having a shuttering resolution of 20 ms. The SSL's are
grown with an alternating molecular-beam epitaxy
(AMBE) technique, alternating between column-III and
As4 molecular beams. Most other layers in the samples
were grown with the conventional simultaneous
molecular-beam epitaxy (SIMBE) technique. Nominal
column-III cruxes were set to continuous growth rates of
0.25 —0.5 monolayers/s, giving effective growth rates of
0.05 —0.15 monolayers/s during AMBE. The As4 to
column-III Aux ratios were 10:1 to 15:1,and the As4 on
to off ratio was typically 12:1. The substrate tempera-
tures were around 600' to 610 C during SSL growth.
The substrates were smoothed by first growing a few
thousand angstroms of GaAs at 620 C and then a 20-
period 25-A A1As —15-A GaAs smoothing superlattice.

Two SSL samples and an alloy-well model sample are
reported upon in detail in this paper. They are represen-
tative of the samples we have studied. The details of the
structures and compositions for these samples are given
in Table I. Sample 1 contains four successive arrays of
parabolic crescents, forming two successive S shapes, and
was grown on a 2-misoriented substrate. TEM micro-
graphs indicate that the nominal Ga Aux was approxi-
mately 5% higher than assumed during growth, shifting
the arcs upwards and downwards, though maintaining
the intended parabolic cross sections. The ramping con-
stant was 509 nm, with a total SSL layer thickness of
4080 A. The lateral barriers were nominally intended to
cover —,

' of a step and have a digital alloy composition of
x gal rjel 2

The sample was grown without rotating the
substrate. The lower cladding layer is Alo 3Ga07As and

0
contains one 100-A quantum well while the upper clad-
ding was Alo 35Gao 65As and contains four 15-A quantum
wells.

The other SSL structure, sample 2b, contains a single
array of parabolic crescents grown on a 2' misoriented
substrate. The ramping constant was 174 nm, with a to-
tal SSL layer thickness of 510 A. The lateral barriers
were nominally intended to cover —,

' of a step and have a
digital alloy composition of x&„„.„=—,'. The sample was

TABLE I. Sample parameters for the serpentine-superlattice structures used in this paper, grown on vicinal (100)GaAs substrates
tilted towards the (111)plane. a is the substrate misorientation angle, z the growth direction coordinate, and 1/zo the per-monolayer
ramping rate of the coverage.

Sample no.

Substrate
miso rientation

(a)

2

2

Number of
crescents

Barrier/terrace
width
(I)

Al composition
in barrier

(+barrier )

Ramping
constant (zo)

(nm)

509
174

Reference
QW width

(A)

100+15(X 4)
60+ 80
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grown while synchronously rotating the substrate at a
rate corresponding to a full rotation during a given Ga or
Al partial-monolayer deposition. The lower cladding lay-
er is Alo 3Gao 7As and contains one 60-A and one 80-A
quantum well. The companion sample to 2b is sample 2a,
which incorporates the same buffering and cladding lay-
ers and quantum wells, but replaces the SSL with an
alloy-well model structure of the same thickness and
average composition. This model was prepared on a
nominally fiat (100) substrate with the model layers
grown at 540'C by SIMBE to suppress lateral segregation
of Al and Ga, providing a uniform alloy structure.

B. Experimental setup

For the PL experiments we used the 2.411-eV (5140-A)
line from an Ar+ ion laser (Coherent Innova 200). The
PLE experiments were performed with a tunable
Ti:sapphire laser (Spectra Physics Model 3900). The
laser beam from the Ar+ ion laser is vertically polarized
whereas the laser beam from the Ti:sapphire is horizon-
tally polarized. The laser beam was focused on the sam-
ple using either a cylindrical or spherical lens with the
power adjusted typically to give an optical power density
of 1 W/cm, unless otherwise stated. The emitted light
was dispersed through a Spex-1404 0.85-m double grating
spectrometer and detected with a cooled GaAs pho-
tomultiplier using conventional lock-in techniques. The
samples were mounted in a variable-temperature liquid-
helium cryostat (Oxford MD3) and usually pumped to a
temperature of 1.4 K. The cryostat windows were made
of fused quartz (Spectrosil WF) and were found to be to-
tally isotropic down to liquid-helium temperature.

Time-decay measurements were performed with a
mode-locked Ar+ ion laser synchronously pumping a
cavity dumped dye laser (Rhodamin 6G or Pyridine 2) re-
sulting in a final pulse width of 5 ps. The luminescence
was detected with a microchannel-plate photomultiplier-
tube with Sl response, and the decays were obtained us-
ing a time-correlated photon-counting technique. The
time resolution of the system is better than 100 ps.

The CL measurements were performed at 15 K in a
modified high-resolution scanning transmission electron
microscope (JEOL JSEM 1200 EXII) operated at 120
keV.

For the polarized PL and PLE experiments we have
used a photoelastic modulator (PEM) (Hinds model FS-5)
whereby the linear polarization of the light is directly
modulated and detected. The experimental setup,
sketched in Fig. 2(a) for PL and Fig. 2(b) for PLE, con-
sists of the PEM followed by a Gian-Thompson polarizer
with the optical axes oriented by 45' to each other. To
detect the linear polarization component of the light, the
2f signal at 100 kHz (twice the modulation frequency) of
the PEM is detected. Since the output intensity after the
PEM depends linearly on the input intensity, a normali-
zation of the polarization spectrum has to be per-
formed. This is done by dividing the collected polariza-
tion spectrum digitally by the measured PL signal taken
with the PEM tuned to the first zero of the zeroth-order
Bessel function. The polarization of the light traveling in
the z direction is defined as

a) F( b) PLE

oI. . 0

FIG. 2. The experimental setup used to measure the linear
polarization of the (a) photoluminescence and (b) photolumines-
cence excitation. The setup involves a photoelastic modulator
(PEM) for direct modulation of the polarization of the emitted
luminescence or exciting laser light (Ref. 29).

I', =(I I )/(I +—I )

where I and I are the intensity of the emission in the x
and y directions, respectively. [The polarization of the
light traveling in the x and y direction, P„and P~, is
defined by a cyclic permutation of the indices of Eq. (1).]
When using the PEM technique the linear polarization is
obtained by measuring the PL intensity (I~L) with the
PEM switched off and on, while tuned to the first max-
imum of the second-order Bessel function. The linear po-
larization in the z direction, P„ is then determined by

[I~L(PEM off)/I~L(PEM on) I
—1

P, =
1+0.28X [I~„(PEM o6')/I~L(PEM on)]

(2)

In the polarized PL experiments the exciting light was
about 15' off normal incidence and the backscattered
luminescence light was detected normal to the surface.
When the polarized PL emission was collected from the
cleaved facets it was important to excite the sample onto
the cleaved facet and not on the vicinal (100) surface to
avoid self-absorption of the edge emitting PL and to
avoid any mixing of the more intense PL emission from
the surface. Therefore we used the same geometry for the
polarized PL experiments on the cleaved facets as from
the surface. In the polarized PLE experiments the excit-
ing light was at normal incidence and the backscattered
luminescence light was detected at about 15 off normal
incidence.

III. EXPERIMENTAL RESULTS

A. Photoluminescence

A PL spectrum taken at 1.4 K of sample 1 (a layer of
four arrays of serpentine crescents) grown on a 2'-
misoriented substrate is shown in Fig. 3. A rather sharp
PL peak at 1.823 eV (labeled A ) with a full width at half
maximum (FWHM) of about 14 meV is observed with
two shoulder peaks at 1.804 eV [B(1)] and 1.792 eV
[8 (2)]. A very broad PL emission (C band) is also seen
at lower energies. The peak at 1.880 eV is attributed to
the four 15-A QW's (22-meV FWHM) in the upper clad-
ding and the peak at 1.556 eV to the 100-A QW (4-meV
FWHM) in the lower cladding, and will be used as refer-
ences in the polarization measurements. The A peak
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FIG. 6. Polarization-dependent photoluminescence spectrum
at 1.4 K of sample 1, The luminescence is collected normal to
the vicinal (100) surface of the sample, along the z direction as
was defined in Fig. 1. The solid line shows the light emitted po-
larized parallel to the wires, along the x direction, and the
dashed line the light emitted polarized perpendicular to the
wires, along the y direction. The 15-A QW and the 8(1) and
B (2) peaks seem to be isotropic whereas the 3 peak and the C
band emit more light polarized along the direction of the wires.

FIG. 7. Photoluminescence spectrum (solid line) and linear
polarization P, (dashed line), as defined in the text, of the 2 SSL
peak in sample 2b. The SSL peak is mainly linearly polarized in
the x direction (parallel to the wires) with a few percent linearly
polarized in the y direction (perpendicular to the wires) at the
high-energy side of the PL emission. The maximum of the
linear polarization, 44%%uo, is redshifted 7 meV from the PL peak
where the polarization is 23/o. The luminescence was emitted
normal to the vicinal (100) surface and the pump intensity was
about 10 W/cm .

wires whereas the 8 (1) and 8 (2) peaks and the reference
100-A and 15-A QW peaks seem to be isotropic. That
the observed polarization is really due to the anisotropic
properties of the sample has been proven by rotating the
sample 90', which rotated the PL signal by 90'. By using
the definition of the linear polarization in Eq. (1), we find
the linear polarization P, of the 3 peak to be 30% and
for the C band to be around 80—90 %.

To enhance the sensitivity of the polarization measure-
ments and analyze the strength of the linear polarization
in more detail we have used the PEM technique. In Fig.
7 the PL emission of the 2 SSL peak from sample 2b is
shown together with the normalized value of the linear
polarization P„as measured with the PEM. The pump
intensity was close to 10 W/cm in these measurements.
It can be seen that most of the PL emission is linearly po-
larized in the x direction (parallel to the wires), with a
few percent linearly polarized in the y direction (perpen-
dicular to the wires) at the high-energy side of the PL
emission. It can also be seen that the maximum of the
linear polarization, 44%%ug, is redshifted 7 meV from the
PL peak where the polarization is 23%. The O' SSL peak
in sample 2a and the 60-A and 80-A QW peak did not
show any linear polarization P, .

The linear polarization of the PL emitted from the per-
pendicular directions has been measured by focusing the
laser light onto the cleaved facets and analyzing the light
emitted normal from the (011) surface (x direction) and
normal from the (011) surface (y direction). The PL in-
tensity was then measured at the peak of the emission,
with the PEM switched off and on, while tuned to the
6rst maximum of the second-order Bessel function and
calculated by using Eq. (2). This has been determined for
the A peak and the 100-A QW peak in sample 1 and for
the 2' SSL peak and the 60-A QW peak in sample 2b,

C. Linearly polarized photoluminescence excitation

The PLE (dotted line) and PL (dashed line) spectra at
1.4 K of the 3 peak in sample 1 are shown in Fig. 8. The
spectrum is obtained by detecting at the low-energy side

TABLE II. Linear polarization of the PL [P, = (I»—I, )/(I +I, ), P =(I,—I )/(I, +I„), and P, =(I —I )/
(I„+I~)] emitted normal from the three perpendicular direc-
tions, as defined in the text, as measured at the peak of the PL
emission. The measurements have been done on the SSL peaks
as well as for the reference QW's.

Linear
polarization

Sample 1

A peak 100-A QW
Sample 2b

2' SSL 60-A QW

P. (%)
Py (%)
P, (%%uo)

24
—44

30

62
—70

0

36
—57

23

67
—76

0

with the values of the linear polarization P„,P, and P, at
the peak of the PL emission listed in Table II.

%'hen the linear polarization spectra from the cleaved
facets were measured, an interesting observation was that
the energy position of the maximum polarization was red
shifted for the SSL peaks (as seen for the P, polarization
in Fig. 7) whereas the energy position of the maximum
polarization of the QW peaks coincided with the PL peak
position.

Further, all the polarized PL spectra of sample 1 and 2
were independent of the polarization of the exciting laser
light, a result that is expected from above-band-gap exci-
tation (2 411 eV), whereby the carriers are frequently
scattered (losing any polarization memory) before recom-
bining in the SSL structure.
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FIG. 8. Photoluminescence (dashed line) and photolumines-
cence excitation (dotted line) spectrum at 1.4 K of the A peak in
sample 1. The solid line shows the linear polarization P, of the
PLE signal. At a few meV below the PLE peak, the absorption
is stronger parallel to the wires (19%),and a few meV above the
PLE peak the absorption is stronger perpendicular to the wires
(
—9%). At higher energies the absorption seems to be indepen-

dent of the polarization of the exciting light. The laser excita-
tion was normal to the vicinal surface and the pump intensity
was about 10 W/cm .

FIG. 9. Photoluminescence (dashed line) and photolumines-
cence excitation (dotted line) spectrum at 1.4 K of the 2' SSL
peak in sample 2b. The solid line shows the linear polarization
P, of the PLE signal. At a few meV below the PLE peak, the
absorption is stronger parallel to the wires (16%), and a few
meV above the PLE peak, the absorption is stronger perpendic-
ular to the wires ( —7%). At higher energies the absorption
seems to be independent of the polarization of the exciting light.
The laser excitation was normal to the vicinal (100) surface and
the pump intensity was about 10 W/cm .

(1.818 eV) of the SSL peak (A peak at 1.823 eV) and scan-
ning the Ti:sapphire laser to higher energies. The laser
excitation is ten times higher (10 W/cm ) than was used
to measure the spectrum in Fig. 3, saturating the B peaks.
The laser excitation is normal to the vicinal (100) surface
with the PEM used as shown in Fig. 2(b), while detecting
the PLE signal at the chopper frequency, so that the hor-
izontally polarized laser light from the Ti:sapphire is un-
polarized before exciting the sample. There is a broad
Stokes shift of the ground-state transition of approxi-
mately 9 meV, with no indication of any higher subband
structure. However, by using the PEM to directly mea-
sure the linear polarization of the PLE signal, a large an-
isotropy is observed around the absorption peak, as seen
in Fig. 8 (solid line). At a few meV below the PLE peak,
the absorption is stronger parallel to the wires (19%),and
at a few meV above the PLE peak the absorption is
stronger perpendicular to the wires (

—9%). At higher
energies the absorption seems to be independent of the
polarization of the exciting light. The separation between
the maximum and minimum polarization in Fig. 8 is
found to be about 8.5 meV.

The PLE (dotted line) and PL spectra (dashed line) of
the SSL peak in sample 2b are shown in Fig. 9. The laser
excitation is normal to the vicinal (100) surface with the
PEM used in the same way as was described above, with
the detection at 1.731 eV. Again there is a broad Stokes
shift of the ground-state transition (5.0 meV), with no in-
dication of any higher subband structure. By using the
PEM to measure the linear polarization of the PLE sig-
nal, a large anisotropy is observed around the absorption
peak as shown in Fig. 9 (solid line). At a few meV below
the absorption peak, the absorption is stronger parallel to
the wires (16%), and a few meV above the absorption
peak, the absorption is stronger perpendicular to the
wires ( —7%). At higher energies the absorption seems to

be independent of the polarization of the exciting light.
The separation between the maximum and minimum po-
larization in Fig. 9 is found to be about 4.6 meV. When
the parallel and perpendicular excited PLE spectra are
compared, the Stokes shifted peaks display a relative shift
of 2.0 meV.

Neither the reference QW's nor the alloy-well peak in
sample 2a showed any PLE anisotropy when excited nor-
mal to the vicinal (100) surface.

D. Intensity, lifetime, and uniformity
of photoluminescence emission

The integrated intensity dependences of the A and
B (2) peaks and the C band of sample 1, as a functions of
the laser power (P,„,), are shown in a log, p(IpL )-

log, p(P,„,) plot in Fig. 10. The pump power was varied
from 0.1 to 14 W/cm and the temperature was kept at
1.4 K. The solid lines are obtained by fitting the mea-
sured power dependence of the luminescence intensity by
an II,L -P,„,law. The 3 peak shows a super linear in-
crease (k =1.35) whereas the B (2) peak (k =0.9) and
the C band (k =0.7) show a sublinear increase with in-
creasing laser power.

The integrated PL intensity dependence of the 2 SSL
peak in sample 2b as a function of the laser power (P,„,)
is shown in a 1 g, po(Ip )-1Lg, o(P,p„, ) plot in Fig. 11. The
pump power was varied from 0.3 to 90 W/cm and the
temperature was kept at 1.4 K. The solid line is obtained
by fitting the measured power dependence of the lumines-
cence intensity by an I&L-P„, law. This shows that the
integrated SSL peak intensity varies linearly (k =1.0)
with pump power over more than two orders of magni-
tude.

Decay-time measurements of the observed SSL peaks
and the reference QW's have been performed at 1.6 K.



8054 H. WEMAN et ai.

10
~~
C

~ ~
M

Q 0.1C

104'

cr, 103

102

z
z

101

e No. 1

A

10&

104

Zj 103

z
C4

10 =

(b)

Sample No. 1

Temp= 1.6K =

6853 A

6900 A

0.01
0.1

Laser Power (W/cm'}
10

1Oo

TIME (ns)

1O'
100

TIME (ns)

200

FIG. 10. The integrated photoluminescence intensity depen-
dence of the 3 and B (2) peak and the C band of sample 1, as a
function of the laser power (P„,). The pump power was varied
from 0.1 to 14 W/cm and the temperature was kept at 1.4 K.
The solid lines are obtained by fitting the measured power
dependence of the luminescence intensity by an IpL-P,"„law
(Ref. 30). The A peak shows a superlinear increase (k =1.35)
whereas the B(2) peak (k =0.9) and the Cband (k =0.7) show
a sublinear increase with increasing laser power.
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FIG. 11. The integrated PL intensity dependence of the 2'

SSL peak in sample 2b as a function of the laser power (P,„,).
The pump power was varied from 0.3 to 90 W/cm and the tem-
perature was kept at 1.4 K. The solid line is obtained by fitting
the measured power dependence of the luminescence intensity
by an Ip&-P,"„,law (Ref. 30). The integrated SSL peak intensi-

ty varies linearly (k =1.0) with pump power over more than
two orders of magnitude.

The PL emission intensity in sample 1 of the A, 8(l),
8 (2) peaks and at three different energy positions of the
C band, as a function of the time after the excitation
pulse, are shown in Fig. 12. The sample was excited with
5-ps pulses at 2.104 eV using a Rhodamin 6 dye. The de-
cay of the A peak, 6776-A curve in Fig. 12(a), has an ini-
tial fast exponential decay, resulting in a lifetime of
Tpl

=300+20 ps, with a weak nonexponential tail. The
exponential lifetime did not vary significantly by increas-
ing the pump power by two orders of magnitude.

FIG. 12. (a) Measured decay time ~» in sample 1 of the 3
0

peak (6776 A) as a function of the time after the excitation
pulse. (b) Measured decay time ~~~ of the B(1)and B(2) peaks
(6853 and 6900 A, respectively) and at three different energy po-
sitions of the C band (7130, 7350, and 7650 A). The sample was
excited with 5-ps pulses at 2.104 eV using a Rhodamin 6 dye.
The decay of the A peak has an initial fast exponential decay,
resulting in a lifetime of 7p] 300+20 ps, with a weak nonex-
ponential tail. The decay of the B(1)and B(2) peaks and the C
band are all nonexponential and much longer.

The decay of the 8 (1) and 8 (2) peaks, 6853-A and
6900-A curves in Fig. 12(b), are both nonexponential and
much longer than the A peak, resulting in a measured PL
lifetime (measured as the time between maximum PL in-
tensity and where the intensity has decreased by I /e) of
60 and 80 ns, respectively. The very fast initial decrease
of the 8 (1) peak is due to a spectral overlap of the decay
from the 3 peak. The C band, measured at 7130, 7350,
and 7650 A in Fig. 12(b), also shows a nonexponential de-
cay, which is increasing with decreasing energy, from 100
ns at 7130 A to 400 ns at 7650 A. The decay of the 100-
A QW showed an exponential decay time of about 400 ps,
a value in agreement with previous studies of exciton
recombination in QW's. '

The PL emission intensity of the 2' SSL peak in sample
2b and the alloy-well peak (O' SSL) in sample 2a as a func-
tion of the time after the excitation pulse is shown in Fig.
13. The sample was excited with 5-ps pulses at 1.823 eV
using a Pyridine 2 dye. The decays of both peaks have a
fast initial decay with a weak tail component with a
much longer lifetime. By making exponential fits to the
initial decays, result in lifetimes of ~ 1=390+20 ps for the
2 SSL peak and ~„1=260+20 ps for the alloy-well peak.
The 60-A and 80-A QW's had exponential decays with a
measured PL decay time on both substrates of
7 pI

=250+20 ps, a value that is also in agreement with
previous studies of exciton recombination in QW's. '

The given exponential lifetimes are the best least-squares
fits to the decay time measured between the points where
the PL intensity has decreased to —,

' and —,
' (one order of

magnitude) of the maximum PL intensity. It was also
found that the lifetimes did not vary significantly by in-
creasing the pump power by two orders of magnitude.
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FIG. 13. Measured decay time 7 p] for the 2 SSL peak in sam-

ple 2b and the alloy-well peak (0 SSL) in sample 2a, as a func-
tion of the time after the excitation pulse. The sample was ex-
cited with 5-ps pulses at 1.823 eV using a Pyridine 2 dye. The
decays of both peaks have a fast initial decay with a weak tail
component with a much longer lifetime. By making exponential
fits to the initial fast decays results in lifetimes of 7p] 390+20
ps for the 2' SSL peak and ~»=260+20 ps for the alloy-well

peak.

The peak position as a function of the spatial position
in the y direction (Ly) for the A peak and the 15-A QW
peak in sample 1 are shown in Fig. 14. This sample was
grown without any rotation, and it can be seen that there
is a linear energy shift of the peak position for both
peaks. The straight lines are least-squares fits to the data
points giving a slope of 1.3 meV/mm for the A peak and
1.7 meV/mm for the 15-A QW.

The PL peak energy position as well as the linear po-
larization of the 2' SSL emission as a function of the spa-
tial position in the y direction (Ly) for sample 2b are
shown in Fig. 15. This sample was grown under rotation,
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FIG. 14. The peak position vs spatial position in the y direc-
tion (L~) for the 3 peak (open squares) and the 15-A QW (filled
triangles) in sample 1 (grown without rotation) at 1.4 K. The
straight lines are least-squares fits to the data points giving a
slope of 1.3 meV/mm for the 3 peak and 1.7 meV/mm for the
15-A QW.
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FIG. 15. The peak position (filled triangles) and linear polar-
ization P, (open triangles) vs spatial position in the y direction
(L~) for the 2' SSL peak in sample 2b (grown with rotation) at
1.4 K. The peak position is varying with about 1.5 meV/mm on
one side of the sample and is almost uniform on the other side.
The value of the linear polarization P, seems to be independent
of the PL peak position and varying with about +3% around
20%, as measured at the same spatial positions.

and we find that the peak position is varying with about
1.5 meV/mm on one side of the sample and is almost uni-
form on the other. The value of the linear polarization
P„as measured at the same spatial positions, seems to be
independent of the peak position and varying with about
+3% around 20%.

IV. DISCUSSION

A. General photoluminescence properties

The recombination in the SSL structures is mainly ra-
diative and the intrinsic PL from the SSL is excitonic.
The excitonic PL lifetimes of the SSL 3 peak in sample 1

and the SSL peak in sample 2b are independent of the ex-
citation intensity. Applying the principle of detailed bal-
ance in the steady state implies the lifetimes are indepen-
dent of the concentration of free carriers generated by the
exciting laser. The concentration-independent SSL life-
time is therefore that of monomolecular excitonic recom-
bination.

%'hen both radiative and nonradiative recombination
are occurring and the available recombination channels
are not saturated, the PL intensity IpL for above band-
gap excitation will exhibit a power-law dependence on
the excitation power P„, IpL P ~

' Again apply-
ing detailed balance, the power k will be between 1 and 2,
where k =1 corresponds to when radiative recombina-
tion dominates and k =2 to when nonradiative recom-
bination dominates. The SSL 3 peak of sample 1 has a
superlinear intensity dependence, k =1.35, indicating a
nonradiative contribution to the recombination. The
linear PL intensity dependence, k =1, of the SSL peak in
sample 2b for over two orders of magnitude indicates that
recombination is dominated by radiative excitonic emis-
sion.

The B and C features in the PL spectra of sample 1

come from the SSL structure and are from defect-related
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recombination. The CL line scan for peak 3 of Fig. 4
clearly associates this feature with the SSL layer. The
B (1) and B (2) peaks and the C band are present only for
excitation energies that are at or above the 3 peak ener-
gy, showing these spectral features are related to 3 and
thus also come from the SSL structure. Luminescence
from defects and impurities will saturate with excitation
power as an appreciable fraction of the centers become
occupied in steady state, giving k (1. Examples of this
behavior include donor-acceptor pair (DAP) or free-to-
bound (FB) emission. The B(2) peak, k =0.9, and C
band, k =0.7, thus have the power dependences of
defect-related luminescence. Long lifetimes are also an
impurity signature and can be used to distinguish DAP
and FB emission from bound-exciton emission, which
will have a short lifetime close to that of free-exciton
emission. The B(1) and B (2) peaks, with lifetimes of 60
and 80 ns, and the C band, with lifetimes of 100—400 ns,
clearly behave as defect-related centers and could involve
DAB or FB transitions to different impurity-trapped elec-
trons or holes in the SSL structure. A DAP lifetime will
be a decreasing function of energy as more distant pairs
live longer due to the decreased overlap of the wave func-
tions. This is consistent with the C band lifetime
dependence on the energy. More can be discerned about
the B and C defects by considering their polarization.
The B peaks did not show any linear polarization, which
excludes free-hole-to-donor-electron transitions, but is
consistent with free-electron-to-acceptor-hole and DAP
transitions. The strong linear polarization of the C band
of up to 90% along the wires can be due to a preferential
defect orientation and is probably not a SSL
confinement effect. The defects which give the B and C
spectral features may be due to an increase in uninten-
tional impurities or to the AMBE growth of the SSL it-
self. Typical impurities in (Al, Ga)As MBE growth are
carbon, as an acceptor, and oxygen, as a deep donor.
At the time that sample 1 was grown, the MBE machine
had a very small intermittent leak, raising the base pres-
sure to the mid-10 ' -Torr range, which could be an ex-
planation for the defects. Furthermore, the concentra-
tions of these impurities are expected to be higher in the
SSL structure than for optimally grown MBE material
because the effective SSL growth rate is more than an or-
der of magnitude smaller. Foxon et al. have recently
shown that A1As/GaAs QW's grown by AMBE exhibit
much more extrinsic recombination than if grown by
SIMBE. Defects related to the AMBE growth could
include vacancies and antisite defects associated with
turning off the As molecular beam. The PL spectrum of
sample 2b shows, however, that the AMBE SSL growth
may be accomplished without noticeable defect-related
recombination at low temperature.

The measured linewidths of the 60-A and 80-A QW
peaks (4—7 meV) are somewhat broader than normally
observed, which is perhaps since they are not grown un-
der conditions that are optimized for gW luminescence.
We also notice that the 60-A and 80-A QW linewidths
are somewhat broader on the 2 vicinal substrate com-
pared to the Aat substrate, probably induced by the pseu-
dosmooth quality of the terraced (of 80 A length) inter-

faces on the 2 substrate. However, this seems not to have
affected the decay time of the excitons which showed
similar lifetimes (250+20 ps) for the 60-A and 80-A QW
on both substrates. The larger linewidth of the 2' SSL
peak (7.5 meV) compared to the alloy-well peak (3.5 meV)
is, however, a more dramatic eff'ect than for the QW's,
and is Inost likely due to the inhomogeneous fluctuations
in the lateral SSL potential due to both geometrical and
compositional variations.

B. Estimate of lateral intermixing and electronic structure
from linear polarization of photoluminescence

The observation that the SSL emissions in the z direc-
tion are linearly polarized along the wires for Figs. 6 and
7 is in qualitative agreement with the selection rules for
one-dimensional heavy-hole-to-electron transitions, but
can in principle also be caused by strain-induced effects
or elongated island structures. We can rule out any
strain-induced effects on the optical anisotropy, since the
lattice mismatch between A1As and GaAs is less than
O. l%%uo. Elongated island structures may also be ruled out
because of the poor lateral separation of the material into
GaAs wells and barriers. First this will reduce the lateral
potential fluctuations that the carrier will experience, a
reduction by more than an order of magnitude. Second,
the higher Al alloy content of the layers pushes the
valence-band confined states out from between the is-
lands, reducing the degree to which the hole states ex-
perience the lateral fluctuations further. It is the hole
states that cause the in-plane polarization dependence.
Our calculations for the effect of elongated islands show
explicitly that poor segregation minimizes the polariza-
tion effects of islands. Therefore we can with confidence
claim that the linear polarization P, observed for the SSL
peaks is due to the lateral confinement of the excitons.
This is also supported by the fact that the alloy-well peak
and the QW transitions were all isotropic in this
geometry.

The expected value of the polarization for the intended
SSL structure (no lateral intermixing) depends on the ex-
act geometry and actual potential of the crescent. This
has been quantified by calculating the energies and wave
functions for the SSL in the envelope approximation as-
suming decoupled conduction and valence-band states.
The optical polarization has then been calculated for the
conduction-band to valence-band recombination. From
TEM micrographs we know that there is a substantial
intermixing between the lateral barriers and wells, which
we have introduced by calculating the optical polariza-
tion as a function of the amount of intermixing between
the barrier and the well. This large intermixing will
strongly modify the achieved electronic structure result-
ing in a weaker lateral confinement, which will weaken
the polarization anisotropy and make it more two-
dimensional-like. The intermixing has been considered
by a rectangular composition profile (sharp interfaces)
where the Al is uniformly removed and uniformly redis-
tributed into the well. The linear polarization (P, P,
and P, ) has then been calculated in all three perpendicu-
lar directions for the electron —heavy-hole transition
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(solid lines) and electron —light-hole transition (dashed
lines) as a function of the difference in the Al composition
in the SSL barrier and well, Ax =x&„„„—x,&&, as plot-
ted in Fig. 16 for sample 1 and 2b. It should be noted
that we can expect considerable polarization even for rel-
atively large intermixing. By using the experimentally
determined values of the linear polarization (Table II) of
the PL indicated by the plus marks in Fig. 16, the actual
amount of intermixing between the lateral barriers and
wells in the SSL structure has been estimated. The in-
ferred amount of intermixing in the three perpendicular
directions are in rough agreement with each other. For
sample 1 we get an average composition difference
Ax =0.054 (x~„„„=0.245, x,s=0. 191) compared to
the intended hx =0.50. For sample 2b we get an average
composition difference b x =0.081 (x~„„;„=0.207,
x„,&&

=0.126) compared to the intended Ax =0.333.
The lateral composition modulations obtained from the

calculations may be expressed as lateral energy barrier
heights. Assuming that an alloy difference of Ax =0.3
corresponds linearly to a 240-me V conduction-band
offset, we get a lateral potential-energy barrier height in
the conduction band of approximately 40 and 60 meV for
samples 1 and 2b, respectively. According to our calcula-
tions this indicates that the hole states are confined to 1D

while the electron states are coupled through the lateral
barriers because of the lighter effective mass and are
confined to 2D. It should be noted that we have used the
linear polarization values at the SSL peak position, which
is not at the maximum of the polarization, as was seen in
Fig. 7. The linear polarization peak has been found to be
redshifted from the PL peak, achieving a linear polariza-
tion of almost a factor 2 larger at the low-energy tail of
the SSL emission, in all the samples we have studied so
far. This indicates that there is a distribution of quantum
wires with different quality within the SSL peak. More
wirelike states (due to, e.g. , a larger local segregation)
with a larger lateral confinement would lead to a larger
polarization and a lower ground-state transition energy.

The values of the linear polarization P and P of the
60-A QW are expected to be polarized 100% along the
QW plane, but experimentally values around 70%%uo were
observed (Table II). This breakdown of the optical selec-
tion rules for excitons in QW's has been reported previ-
ously and explained to be due to valence-band mixing
effects of the exciton wave function, which has not been
included in our calculations so far. Valence-band mixing
will of course also affect the optical selection rules in the
samples investigated here. We also have to keep in mind
other effects that might lower the linear polarization,
such as structural irregularities of the wires. The Stokes
shift between the PL and the PLE peaks indicates that
the excitons in the SSL structures are not free, but rather
localized in potential fluctuations similar to what is typi-
cally observed for excitons in QW's. " This localization
of the free exciton will reduce the linear polarization.
Therefore by using the measured linear polarization as
described above this will overestimate the amount of the
intermixing.
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FID. &6. Calculated linear polarization (a) Px& (b) py and (c)
P, for the electron heavy-hole transition (solid lines) and elec-
tron light-hole transition (dashed lines) as a function of the
difference in the Al composition in the SSL barrier and well
x&„„„—x„,&~. The experimentally determined values of the
linear polarization (Table II) of the PL in samples 1 and 2b are
indicated by the plus marks. The inferred segregations in the
three perpendicular directions are in rough agreement with
each other.

C. Lateral confinement eft'ects
on linear polarized photoluminescence excitation,

recombination lifetime, and energy shift

As was shown in Figs. 8 and 9 the PLE spectra did not
show any structure that could be directly assigned to any
higher one-dimensional subbands nor any heavy-
hole —light-hole splitting. This is not surprising because
the linewidths of the SSL peaks [11 meV for sample 1
(Fig. 8) and 7 meV for sample 2b (Fig. 9)] are greater than
the expected subband splittings. The first-to-second elec-
tron subband spacing is close to 5 meV for the lateral
conduction-band potential calculated for the intermixed
SSL's above. However, from the polarized PLE experi-
ments and by referring to the calculated electron —light-
hole transition as a function of the intermixing (dashed
lines in Fig. 16), we have other evidence for the lateral
confinement in the SSL structure. From Fig. 16 it was
observed that for light traveling in the z direction the
heavy-hole state is resonantly excited with light parallel
to the wire and the light-hole state with light perpendicu-
lar to the wire. This is in qualitative agreement with the
linear polarization P, of the PLE as was observed in Figs.
8 and 9, where the positive maximum would correspond
to the electron —heavy-hole state and the negative
minimum to the electron —light-hole state. We therefore
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take the peak shift between the maximum and minimum
polarization as an indication of the heavy-hole —light-hole
splitting. However, because of the rather broad linewidth
of the SSL peaks and the nonresonant signal contribution
to the resonant signal, this separation is likely to be
overestimated.

When analyzing the PL decay times it should be noted
that the measured lifetime in the experiments is the total
decay time 7p] which is related to the radiative ~, and
nonradiative decay time ~„,by

1/r, = 1/r„+ 1/r„, . (3)

Comparing the measured lifetime for the 2' SSL peak
(390 ps) and the alloy-well peak in sample 2 (260 ps), we
find that the measured lifetime at 1.6 K is longer in the
serpentine sample than in the alloy-well sample. The life-
time at low temperatures was systematically found to be
longer from the 2 SSL peak than from any of the QW's
or the O' SSL peak in sample 2. This seems to indicate
that the exciton recombination rate is reduced in the ser-
pentine structure, which is consistent with calculations
by Citrin of exciton recombination in quantum wires. '

In our case this longer lifetime can be explained by the
significant mismatch between the electron and hole wave
function in the SSL structure compared to the alloy
quantum well. The interpretation gets, however, fur-
ther complicated by the fact the SSL excitons are local-
ized in potential Auctuations, which also tends to increase
the recombination lifetime, ' and it is not possible at this
point to say which effect that dominates. This prelimi-
nary lifetime study is now being extended with a more de-
tailed study (including the temperature dependence) on
specially designed SSL samples, which will be published
elsewhere.

The SSL PL peak energy will be lower in energy than a
corresponding alloy structure, where the redshift depends
on the SSL geometry and the amount of composition
modulation. To verify if the SSL peak is redshifted com-
pared to a similarly grown alloy well, the 60-A and 80-A
QW's in sample 2 were used as markers to ensure that the
growth rate has been about the same. From Fig. 5 it can
be seen that the 2 SSL peak is redshifted with about 12
meV compared to the alloy-well peak grown on the Hat
substrate. These spectra were intentionally measured on
spatial positions that made the QW's to line up at the
same energy position. The QW peak position can be
determined to an accuracy of 5% of the FWHM or to
about +0.35 meV for the 60-A QW. Such an energy shift
could be caused by either a thickness variation of the
GaAs well width or a composition change in the
Alo 3Gao 7As barrier (or a combination of both). A 0.35-
meV QW shift can occur if the Ga and Al growth rates
are off causing a composition change in the barrier of
Ax =+0.005. This means that the average alloy compo-
sition in the 2 SSL sample and the alloy-well sample can
be off by about Ax =+0.005 at the points where the 60-A
QW peaks seem to line up. By using the calculations of
the band gap vs composition for Al Ga& As alloys by
Aspnes et al. , the band gap (the 1 band) is found to
shift with about 7 meV for a change in the Al composi-

tion by Ax =0.005. Therefore even if we attribute 7 meV
of the observed 12-meV redshift in Fig. 5 to be due to a
growth rate difference, at least 5 meV must be due to the
lateral confinement in the 2' SSL sample. This is true un-
der the assumption that the peak position of the SSL is
largely determined by the average Al composition in the
SSL layers. For a 5-meV energy shift we calculate
hx =0.10 in the SSL (xb„„„=0.218, x„,~~

=0.115),
which corresponds to a potential-energy difference be-
tween the barrier and the well of approximately 82 meV
in the conduction band. This is a somewhat larger poten-
tial difference than was estimated from the PL polariza-
tion, which was argued to underestimate the potential
difference.

D. SSL uniformity: Insensitivity to growth-rate variations

The four arrays of crescents in sample 1 were intended
to be formed while the coverage changed from 1.1 to 0.9
monolayers over the 102-nm span of the arcs. From the
TEM micrograph (Fig. 1 in Ref. 25) it was estimated that
the actual range of coverage was from 1.15 to 0.95 mono-
layers over the span of arcs. This shows that there is a
systematic error of 5% in the nominal coverage, which
still gave the intended SSL cross section, only shifting the
crescents upwards and downwards. The intended aver-
age Al composition in the SSL structure in sample 1 is
21.4%, which corresponds to a band gap of about 1.829
eV. Our data show that the 3 peak can be observed at
energies from about 1.794 to 1.823 eV depending on the
spatial position (Figs. 3 and 14). With the amount of in-
termixing that was estimated for the SSL structure in
sample 1 (Sec. IVB) the PL peak is expected to be red-
shifted by only 2—3 meV from the band gap of an alloy
with the same average Al composition. Including some
redshift due to the exciton binding energy (5 meV), we es-
timate the average Al composition to be varying from
about 19% (at 1.794 eV) to close to the intended 21.4%
(at 1.823 eV) across the wafer. The TEM micrograph
which showed a 5% nominal increase in the monolayer
coverage indicates a higher Al and/or Ga growth rate
than the intended. To be consistent with the PL results it
seems like the Ga growth rate has been slightly larger
than intended across most of the wafer.

The intended Al composition in the alloy-well struc-
ture in sample 2a was 16.7%, which corresponds to a
band gap of about 1.776 eV. Adding the energy due to
the vertical confinement (16 meV for a QW with well

width 510 A) and subtracting for the exciton binding en-

ergy (4 meV), the expected PL peak position should be
close to 1.788 eV. The observed peak position of the
alloy-well was at 1.747 eV in Fig. 5, which corresponds to
a decrease in the Al composition of hx =0.03, which in-
dicates that there is a decrease in the Al growth rate
and/or an increase in the Ga growth rate. The growth
rate in the SSL structure in sample 2b is probably off by a
similar amount, since the QW peaks were used as mark-
ers in Fig. 5 to ensure that the alloy compositions were
fairly similar.

From Fig. 14 it can be seen that the SSL peak energy
shift in sample 1 ( A peak) is about the same as the nar-
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row 15-A QW. Sample 1 was grown without rotation
and is expected to have spatial variations of the growth
rate on the substrate, due to the spatial dependence on
the distance and angle to the Al and Ga source. The
variation of the Al composition has been estimated from
the slope in Fig. 14 and by using the calculations of the
band gap vs. composition by Aspnes et al. By assum-
ing that the peak position of the SSL is largely deter-
mined by the average Al composition in the SSL layer,
the energy shift (1.3 meV/mm) of the A peak corre-
sponds to a variation of the Al composition in the SSL re-
gion of about hx =0.01 across 1 cm of the sample. This
spatial variation of the Al composition can be overcome
somewhat if the sample is grown under rotation, as was
done for sample 2, shown in Fig. 15. The rotation of the
sample was synchronized with the molecular-beam
shutters as explained in Sec. II A. As can be seen in Fig.
15 this may result in regions with almost no variation in
the peak position of the SSL (between position 0.6 and 1.2
cm as observed in Fig. 15). On the other hand, some re-
gions see variations similar to the shifts observed in sam-
ple 1 (1.5 meV/mm between position 0.0 and 0.6 cm in
Fig. 15). The 10-meV energy shift across 1.2 cm of sam-
ple 2b corresponds to a variation of the Al composition in
the SSL region of hx =0.008. More important, however,
is the uniformity of the linear polarization observed over
the same region in the sample. The linear polarization P,
is found to be close to 20+3%, and seemingly indepen-
dent of the SSL peak position. This means that
quantum-wire-like states are formed over large regions of
the sample, independently of the variations of the growth
rate that was observed on one side of the sample. This
shows the intended advantage of the SSL structure com-
pared with the tilted superlattice, where the linear polar-
ization is weaker and not very uniform, so that there
are even locations with no linear polarization P, (where
the TSL s are strongly tilted). This is due to the sensitivi-
ty of the tilt angle on variations of the growth rate for the
TSL, which is inherently accommodated by the SSL
geometry.

tic modulation technique, which shows a pronounced po-
larization anisotropy in both PL and PLE. The serpen-
tine PL emission shows a linear polarization along the
wires of up to about 30% due to the lateral confinement.
The measured polarization anisotropy has been compared
with the calculated polarization dependence as a function
of segregation between the lateral barriers and wells. It is
found that there is a substantial intermixing between the
lateral barriers and wells, with at least 30% of the Al in-
tended for the barrier ending up in the well. This results
in hole states confined to 1D, while the electron states are
2D due to coupling through the lateral barriers. From
linear polarized PLE we have been able to reveal the la-
terally induced heavy-hole —light-hole splitting. PL de-
cay time measurements of the SSL structure (390 ps)
show a longer (radiative) decay time than for a reference
alloy-well structure (260 ps) at 1.6 K, indicating a re-
duced recombination rate in the serpentine structure.
The linear polarization of the photoluminescence is found
to be rather constant over large areas of the wafer even
though the growth rate is varying with a few percent.
This indicates that uniform quantum-wire-hke states are
formed and demonstrates the intended advantage of the
serpentine superlattice which avoids the tilt sensitivity of
the tilted superlattice. The principal limitation of the SSL
structures grown to date is the amount of intermixing be-
tween Al and Ga on the terraces. This problem might be
improved by growing on other vicinal surfaces than (100),
such as the (110) (Ref. 45) and (111)Bplanes. Also there
are other III-V compound semiconductor systems to ex-
plored, such as the (Al, Ga)Sb system that has recently in-
dicated an improved segregation over the (Al, Ga)As sys-
tem 46,47

In this paper we have also described an all optical tech-
nique that allows the lateral confinement (and amount of
intermixing) of these structures to be determined and
should be very useful in any future studies aimed to im-
prove the growth of SSL and TSL structures.
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