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Magnetophotoluminescence spectroscopy of AlGaP-based neighboring confinement structures
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Magnetophotoluminescence~PL! spectroscopy with field strengths of up to 40 T have been carried out on
tensilely strained AlGaP-based neighboring confinement structures~NCS’s!, consisting of adjacent AlP and
GaP quantum wells sandwiched between AlGaP barrier layers. With increasing magnetic field, an anomalous
redshift of PL peak energy and an anomalous reduction of PL intensity, both of which were previously reported
for AlP/GaP superlattices, were clearly observed in unstrained NCS’s. As an unstrained NCS is a nonperiodic
structure, this result reveals that folded conduction bands in superlattices are not important for this phenom-
enon and that localization of excitons is likely essential. Introduction of tensile strain to an NCS was found to
drastically modify magnetic-field dependence. Above a certain magnetic-field strength, the anomalous behavior
stopped and a spectral blueshift and an increase of PL intensity with increasing magnetic field were observed.
A competition between the confinement by magnetic field and the degree of exciton localization would be the
key to explaining the unique magnetic-field dependence of PL spectra of AlGaP-based NCS’s.
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I. INTRODUCTION

It is a challenging problem to synthesize luminesc
semiconductor structures from materials with indirect ba
gaps. There are several different strategies to solve this p
lem. One method is based on a theoretical prediction th
periodic superlattice composed of two indirect-gap semic
ductors provides the folding of the conduction-band mi
mum state into the zone center, which converts indir
semiconductors to direct ones.1 After improvements of
crystal-growth techniques such as molecular-beam epi
~MBE! and metalorganic vapor phase epitaxy~MOVPE!,
short-period superlattices with indirect semiconductors w
grown for lattice-mismatched Si/Ge and lattice-matched A
GaP systems. The former attracts a great deal of interest
to the fact that Si-based light emission would lead to co
bining electronics and optics on the same Si substrate. N
electronic transitions induced by superlattice symmetry w
reported by several groups,2–4 however there is no persua
sive evidence to show that these transitions are direct.
latter system, AlP/GaP, is also intensively studied since
band gap is technologically important especially for opti
devices. Also, technological barriers for crystal growth a
expected to be low since the lattice constants of AlP and G
are almost equivalent and there is no limitation in critic
thickness, unlike the Si/Ge system. Several reports have
ready been done on optical characterizations of MOVP
grown AlP/GaP superlattices, and the observed strong
intensity and electroreflectance signal5,6 were interpreted as
pseudodirect transitions. However, strong PL intensity w
found to be observed not only from AlP/GaP superlattic
but also from nonperiodic AlP/GaP neighboring confinem
structures~NCS’s!, which consist of adjacent AlP and Ga
quantum wells ~QW’s! sandwiched by AlGaP barriers7
PRB 600163-1829/99/60~3!/1879~5!/$15.00
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Therefore, localization of carriers is now recognized to
important for improvements of luminescence efficiency
indirect semiconductors.

Recently, Uchidaet al. have observed an unusual ph
nomenon in the PL spectra of a series of AlP/GaP sh
period superlattices under high magnetic fields.8 In the Far-
aday configuration where magnetic fields are parallel to
growth direction of superlattices, PL intensity was found
decrease with increasing magnetic field. Also, the diam
netic shift was absent and an anomalous redshift was
served. To explain this phenomenon, they proposed th
crossover between two closely located conduction bands,
folded XXY and foldedXZ(G) states, might take place. O
the other hand, they also pointed out that another interpr
tion based on the disordered interfaces would be poss
The first explanation requires the supperlattice symme
but the second is also applicable to nonperiodic samples s
as NCS.

In this paper, we report on a magneto-PL study with fie
strengths of up to 40 T on a series of AlP/GaP NCS’s w
and without built-in tensile strain. Anomalous redshifts of P
peak energy and reductions of PL intensity, which are v
similar to the phenomena observed in AlP/GaP superlatti
were observed in unstrained NCS with increasing magn
field. Introduction of tensile strain to NCS drastically mod
fied magnetic-field dependence of PL spectra. The reds
was quenched at a certain magnetic field, and the usual
magnetic shift was observed. A crossover from a decrea
to an increasing PL intensity was also observed at the s
magnetic field. Since the tensile strain is expected to mod
the degree of exciton localization through potential fluctu
tions due to interface and/or strain randomness and
through a changeover of ground states from heavy hole
light hole, a competition between the confinement of carri
1879 ©1999 The American Physical Society
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inducedexternallyby magnetic fields andinternally by the
potential geometry is likely the key for the explanation of t
experimental observations.

II. NEIGHBORING CONFINEMENT STRUCTURE
WITH TENSILE STRAIN

An NCS consists of adjacent QW’s to separately confi
electrons and holes as shown in Fig. 1. This quantum st
ture was originally proposed by Issikiet al. to improve lu-
minescence efficiency of AlGaP-based semiconduc
heterostructures.7 Since the AlP/GaP heterointerface
type-II where the conduction-band edge of AlP is loca
below that of GaP, AlP~GaP! QW’s with GaP~AIP! barriers
confine only electrons~holes!. However, by adopting NCS
both carriers can be confined in neighboring QW’s. In sp
of the spatial isolation of carriers, an appropriate choice
sample structure results in an overlap of the envelope fu
tions which is comparable to type-I QW’s. Moreover, stro
G-X mixing effects can be expected by inserting a pair
AIP/GaP QW’s, which leads to a breakdown of translatio
symmetry and therefore efficiently relaxes the selection r
of optical transitions. In fact, PL intensity of a single pair
NCS is reported to be comparable to AIP/GaP superlatt
with a few hundred periods. NCS’s have also been succ
fully applied to another indirect semiconductor syste
SiGe/Si, and a remarkable enhancement of PL intensity
no-phonon dominant PL spectra have been reported.9

Recently, Ohtaet al.have applied tensile strain to AlGaP
based NCS’s by using relaxed-InGaP buffer layers for f
ther improvement of luminescence efficiency10

Deformation-potential theory predicts that the introducti
of tensile strain brings two beneficial modifications. The fi
is the enhancement of theG-X mixing effect through the
different sign of hydrostatic deformation potentials ofG and
X points. Another is the increase of spatial overlap of en
lope functions of electrons and holes through the decreas
the band offset at AIP/GaP interface. As expected, O
et al. observed an enhancement of PL intensity by the in
duction of an appropriate amount of tensile strain. Unexpe
edly, they observed the increase of the activation ene

FIG. 1. Band structure of AlGaP-based NCS. Electrons a
holes are separately confined in adjacent quantum wells.
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against thermal quenching in the strained NCS in spite of
decrease of the band offset. The formation of the deep bo
states in the strained NCS was pointed out to be a poss
explanation for the increase of the activation energy.

III. EXPERIMENTS

The samples were grown by gas-source MBE~VG-
Semicon V80H! with phosphine (PH3) for group-V sources
and solid Al, Ga, and In for group-III sources. PH3 was in-
troduced to the growth chamber through a cracking cel
1000 °C for thermal decomposition. The sample structure
illustrated in Fig. 2. The samples consist of a 3000-Å G
buffer layer, 1-mm-graded and 1-mm-uniform InxGa12xP
buffer layers (x50.053 to 0.25!, 10-Å-GaP/10-Å-AlP QW’s
embedded between 200-Å-AlGaP barrier layers, and a 50
GaP cap layer. Since the lattice constant of InGaP is lar
than that of AlGaP, all the layers on relaxed InGaP are t
silely strained. The amount of strain was controlled
changing In composition in the relaxed-InGaP buffer. T
growth temperature was chosen as 630 °C for the NCS
obtain good crystal quality, and that of the InxGa12xP buffer
layer was lowered to 550 °C forx50.093 and 500 °C forx
50.13 and 0.26 to avoid reevaporation of In atoms. T
composition of relaxed InGaP was measured by doub
crystal x-ray diffraction.

Magneto-PL was performed under pulsed magnetic fie
up to approximately 40 T at 4.2 K. The excitation was pr
vided by an argon ion laser of 351 nm. PL spectra w
collected with an optical multichannel analyzer~EG&G
PARC OMA III! with exposure time of 1 ms at the top of th
12-ms field pulse. Since the variation of magnetic fields d

d

FIG. 2. Sample structure of AlGaP-based NCS with tens
strain. The amount of the tensile strain is controlled by In com
sition of strain-relaxed InGaP pseudosubstrates.
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ing this exposure is typically less than 1%, it would be re
sonable to believe that PL spectra were measured at a
stant magnetic field. More detailed description of t
instrumental setup can be found elsewhere.8

IV. RESULTS AND DISCUSSIONS

Figure 3 shows the PL spectra of~a! an unstrained NCS
and~b! a strained NCS (x50.093) with three different mag
netic fields of 0, 20.4, and 40.9 T. All the spectra are dom
nated by no-phonon transitions, and phonon replicas
barely identifiable. The spectral features show that the se
tion rule of optical transitions is efficiently relaxed by th
potential geometry of an NCS. The spectral linewidth of t
strained sample is larger than that of unstrained sam
showing that significant inhomogeneity was induced by
strain. With increasing magnetic field, two drastic chang
can be clearly observed. The PL peak shifts to lower ener
and the PL intensity decreases. It is worth mentioning t
the observed tendency is quite similar to the recent res
reported by Uchidaet al. for AIP/GaP superlattices.8 Al-
though they speculate that a crossover between the fo
and unfolded conduction bands is responsible for t
anomalous phenomenon, it should be emphasized that
sample contains only a single pair of AIP/GaP and the fo
ing of the conduction bands cannot be expected.

Figure 4 shows that magneto-PL spectra of hig
strained NCS,~a! x50.13 and~b! x50.26. In contrast to PL
spectra in Fig. 3, phonon replicas can be clearly observ
indicating that the degree of localization of carriers is sma
than that in NCS with smaller tensile strain. This would
due to the fact that the changeover of ground states f
heavy hole to light hole takes place at aroundx50.10 ~Ref.
10! and the wave function of holes in the growth direction
significantly expanded. PL spectra of an NCS with exc
tensile strain can be seen to show quite different magne
field dependence. With increasing magnetic field from 0
20.5 T, the PL intensity slightly decreases and the PL p
shows almost no shift. However, a further increase of m
netic field up to 40 T results in a drastic increase of

FIG. 3. PL spectra of~a! unstrained NCS and~b! strained NCS
(x50.093) with three different magnetic fields of 0, 20.4, and 4
T.
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intensity, and spectral blueshift is clearly seen.
Figures 5 and 6 summarize the NP peak energy and

normalized PL intensity as a function of magnetic field. It
apparent that the four samples measured here are div
into two groups as symbolized with circles and triangles. T
solid (x50) and dotted lines (x50.13) are calculated result
based on a standard perturbation treatment of magnetic
for free excitons11 where the heterointerfaces are assumed
be perfectly smooth and the magnetic field is treated lik
harmonic confinement potential. The envelope functions
electrons and holes in the growth direction were obtained
numerically solving the Schro¨dinger equation with the poten
tial geometry of the NCS deduced by the model so
theory.12 Then, the binding energy of excitons was variatio
ally calculated with a hydrogenlike 1S trial function with
one variational parameter,l,

fex~r !5S 2

p D 1/21

l
e2r /l,

FIG. 4. PL spectra of highly strained NCS~a! x50.13 and~b!
x50.26 with three different magnetic fields of 0, 20.4, and 40.9

FIG. 5. Magnetic-field dependence of NP peak energy of N
samples with various amounts of tensile strain. Calculated res
based on a standard perturbation theory for free excitons are
shown.
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wherel corresponds to the two-dimensional exciton radi
The PL intensity was calculated by assuming that it is p
portional toufex(0)u2. As can be seen in Figs. 5 and 6, th
free-exciton picture predicts that the PL peak monotonica
shifts to higher energies and PL intensity increases with
creasing magnetic field.

These predictions are totally different from the expe
mental results and only describe the nature of the PL spe
of an NCS with large strain~triangles! and high magnetic
field larger than 20 T. It is reasonable that excitons in
NCS with smaller strain~circles! are strongly localized, as
can be imagined from the no-phonon dominant spec
shape. On the other hand, excitons in a highly strained N
~triangles! are less localized since the PL spectra cont
phonon replicas. Therefore, to fully explain the experimen
results, it is important to consider excitons which are loc
ized due to the interface roughness and/or the strain rand
ness. This is especially necessary for an NCS with sm
strain.

Recently, Kobayashiet al.calculated the PL intensity an
the exciton binding energy of AIP/GaP superlattices in
magnetic field by considering bound excitons.13 Their model
includes a two-dimensional square well along the interf
due to the interface roughness, and an assumption tha
electrons are trapped in the well and bound excitons
formed through Coulomb interactions. By using an infin
barrier for the in-plane QW’s and products of a Gaussian
a trial function, they deduced that the binding energy

FIG. 6. Magnetic-field dependence of PL intensity of NC
samples with various amounts of tensile strain. The PL inten
was normalized by that without magnetic field.
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creases with increasing magnetic field. They also succee
in reproducing the reduction of the PL intensity with increa
ing magnetic field. This was brought by the decrease of
spatial overlap of wave functions of electrons and holes si
they assumed that the in-plane electron charge distributio
determined by the lateral size of the well and only ho
experience lateral shrinkage with application of magne
fields. The superlattice potential is included in the Ham
tonian for the variational calculation, however the resulta
wave function in the growth direction is not spread o
through the whole superattices but localized almost in
single period. Therefore, the same tendency is expected t
obtained by using the potential geometry of an NCS. Ho
ever, an in-plane square well with an infinite barrier is u
likely to be formed by the interface roughness since 1-M
roughness gives change of the quantized energy of arou
few tens of meV, which is much smaller than the band off
in the growth direction. Therefore, it is not appropriate
apply their model directly to our experimental results, bu
does support the conclusion that the localization of excit
plays an important role for both superlattices and NCS’s.
explain the experimental results of highly strained NCS’s
would be necessary to develop a model to describe an in
mediate state between localized and free excitons.

V. SUMMARY

Magneto-PL spectroscopy with field strengths of up to
T was performed on a series of nonperiodic AlP/GaP N
with and without built-in tensile strain. With increasing ma
netic field, an anomalous redshfit of PL peak energy and
anomalous reduction of PL intensity, both of which we
previously observed in AIP/GaP superlattices, were obser
in unstrained NCS’s. In highly strained NCS’s, a crosso
from a decreasing to an increasing of PL intensity and fr
a redshift to a blueshift of PL peak energy was observed
certain magnetic field. It was pointed out that localized e
citons are likely to play an important role to predict the e
perimental results.
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