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Intrinsic quantum dots in partially ordered bulk „GaIn…P
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We present a photoluminescence study with 500 nm lateral resolution on partially ordered bulk~GaIn!P
alloys at lattice temperatures 3–60 K, external magnetic fields 0–12 T, and excitation power 0.1–100mW. In
the known ordering-induced low energy emission band we resolve narrow optical transition lines with 0.3–1.0
meV width. They show no thermal broadening, a diamagnetic shift with pronounced anisotropy, and biexci-
tonic states. We demonstrate that the transitions are connected with intrinsic quasi-zero-dimensional electron-
hole confinement formed at the antiphase-boundaries in the crystal.
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I. INTRODUCTION

Spontaneous long-range ordering has been observe
many ternary III-V alloy semiconductors, especially wh
grown with metalorganic vapor phase epitaxy~MOVPE! un-
der appropriate conditions.1 Most common is the CuPtB-type
ordering first observed in~GaIn!P by Gomyoet al.,2 where
alternating Ga-rich and In-rich planes are aligned in
@111#B directions. This system—which can be grown latti
matched on GaAs—is an excellent model system for und
standing growth-induced ordering phenomena.~GaIn!P is
also of particular interest for applications such as visi
light emitter diodes,3 semiconductor lasers,4 and high perfor-
mance tandem solar cells.5 The ordering can be characterize
by two quantities: the degree of ordering within a given
gion, usually called domain, and the lateral extent of
domains. The former is quantified by the order parameteh
which denotes the fraction of gallium and indium in the
ternating (111)B order planes. The latter is well defined
the case of misoriented substrates, where one of the
variants of CuPtB is selected. Here the separation of the d
mains is defined by antiphase boundaries~APB’s!, where the
sequence of gallium-rich and indium-rich planes is flipp
within one ~or at most a few! monolayers.6

The ordering leads to a reduction of the band-gap ene
and a valence-band splitting which can be observed in
emission of the excitonic band-to-band photoluminescenc
low temperatures.2,7 Furthermore, an additional, ordering r
lated low-energy emission~LE! is observed, which is char
acterized by~i! a large energy shift of up to 40 meV com
pared to the absorption peak;~ii ! a linewidth of 10–20 meV,
which is wider than that of disordered~GaIn!P ~5 meV!; ~iii !
a blueshift of the photoluminescence band with increas
excitation density~‘‘moving emission’’8!; ~iv! long and
energy-dependent photoluminescence-decay times~up to 10
ms!;9 ~v! lateral variation of the spectral distribution on
submicrometer scale;10,11 and ~vi! sharp emission lines ap
pearing in microphotoluminescence spectra.12,13 Although
this emission has up to now been attributed to spatially in
PRB 610163-1829/2000/61~3!/1992~7!/$15.00
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rect recombination,14 its structural origin is a matter of cur
rent debate.

In this paper we demonstrate that carrier confinement c
nected with the APB’s in a partially ordered system leads
a unique type of quantum dotin purely bulkmaterial.

II. EXPERIMENTS

We report on photoluminescence~PL! studies with high
lateral resolution (m-PL! on partially ordered~GaIn!P to-
gether with variation of lattice temperature, external ma
netic field, and excitation density. Them-PL resolution of
less than 500 nm was achieved by a reflector based obje
within a confocal setup.12 The imaging as well as the focus
ing of the exciting laser was done by this objective in sha
aperture mode. The samples were mounted directly on
surface of the objective. Therefore it works like an imme
sion objective with the refraction index of quartz. Investig
tion of different positions on the sample or mapping of are
was achieved by rotating two parallel quartz plates arou
the x andy axes, which scans the image over the pinhole
the confocal setup. Objective and sample were placed
variable-temperature helium-flow cryostat equipped with
12 T magnet. We dispersed the PL signal with a 0.75
monochromator and detected it with either a photomultip
tube or a liquid nitrogen cooled charge coupled device ca
era. The spectral resolution of the setup was 100meV. Ex-
citation was done by an Ar1 laser at 514.5 nm.

All measurements presented here were carried out
MOVPE-grown Ga0.52In0.48P samples with substrate misor
entation of 6° towards a@111#B direction. Details of the
growth procedure have been described in Ref. 15. Refer
to the probed volume of ordered~GaIn!P the samples can b
divided into two classes. Type A samples consist of a 1
mm ~GaIn!P bulk layer on GaAs substrate. The probed v
ume is then given by the optical spatial resolution. In ord
to further increase the resolution we artificially reduced
probed volume of detection by vertically as well as latera
structuring of ordered~GaIn!P. This sample, type B, con
sisted of a partially ordered~GaIn!P quantum well embedde
1992 ©2000 The American Physical Society
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PRB 61 1993INTRINSIC QUANTUM DOTS IN PARTIALLY ORDERED . . .
in ~AlGa!InP barrier material, which has a band-gap diffe
ence of about 200–250 meV with respect to partially orde
~GaIn!P. The vertical structure of the type B sample cons
of a 700 nm (Al0.42Ga0.58)InP, a 10 nm~GaIn!P well, 10 nm
(Al0.42Ga0.58)InP, and a 5 nmGaAs cap layer. In addition
the 10 nm~GaIn!P layer was structured laterally via electro
beam lithography and ion implantation, which has alrea
been described in detail elsewhere.16 This structure consists
of 12 rectangular areas (2003400 mm). Within each area
uniform cylinders of partially ordered~GaIn!P embedded in
a disordered~GaIn!P matrix are formed. The cylinders hav
a periodic distance of 1mm, a height of 10 nm, and a diam
eter of 55–320 nm depending on the chosen area. Within
m-PL setup the type B sample offers the possibility to inv
tigatesinglepartially ordered~GaIn!P cylinders.

In the type A samples the degree of order ranges fr
h'0.32–0.5,17 and the maximum domain sizes from 50 n
up to 500 nm. The type B sample had an order paramete
h'0.42 and a domain size up to 200 nm.

One important structural property of ordered~GaIn!P, es-
pecially for the unusual features we report on in this pap
are the APB’s. They are aligned almost parallel to the al
nating Ga-rich and In-rich order planes, which is along
@111#B-direction. Therefore, in as-grown samples, the APB
lay under an angle of about 50° with respect to the@001#
surface plane. In order to apply a magnetic field parallel a
perpendicular to the planes of APB’s two pieces of one ty
A sample were bevel polished. In these samples APB’s ar
turn aligned almost parallel or perpendicular to the sam
surface, respectively, i.e.,BW iAPB andBW'APB.

III. RESULTS

A. Narrow emission lines inµ-PL

First we present the experimental results on the type
bulk samples and concentrate on the characterization of
unique feature we found inm-PL. For comparison, Fig. 1
shows in the upper part a typical macro-PL spectrum of p
tially ordered~GaIn!P (h'0.32). The low-energy emissio

FIG. 1. Lower part:m-PL spectra of a highly disordered (h
'0) and a partially ordered~GaIn!P-bulk sample. The low-energ
emission splits into a broadband and superimposed narrow li
Upper part: macro-PL spectrum of the partially ordered sample
comparison.
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~LE! of this spectrum is the ordering induced PL, the hig
energy emission~HE! is the excitonic band to band trans
tion. In the lower part of Fig. 1~left hand side! a typical
m-PL spectrum of the same sample is presented. In con
to macro-PL, high spatially resolved spectra show that
LE consists of two parts: a broad underlying PL-ba
~shaded area! and superimposednarrow emission lines.

On the right hand side of the lower part of Fig. 1 we s
a m-PL spectrum of a disordered sample. These samples
not show any sharp features. Narrow emission lines h
only been observed in partially ordered samples withm-PL.
The lines have a Lorentzian shape with full width at h
maximum~FWHM! of 0.3–1.0 meV.

In order to make discussion easier we introduce the
lowing abbreviations for the different parts of the PL spec
seen in Fig. 1:~i! HE, which is found in macro- as well as i
m-PL, ~ii ! LEL for the new narrow low energy emissio
lines, and~iii ! LEB for the broad low-energy emission ban

In the following part we further concentrate on the orig
and nature of LEL and LEB. At this point we want to em
phasize that the broad PL band in the low-energy reg
does not consist of unresolved narrow lines. Instead, th
are two different kinds of transitions in the same ener
range. This can be directly seen from the magnetic-field
pendent measurements presented later in this paper.

B. Correlation of the number of LEL to APB density

Partially ordered~GaIn!P is mainly characterized by th
order parameterh and the domain size or the density
APB’s within a given probed volume. In order to search f
correlation of the LEL with these parameters we investig
type A samples with differenth and different APB density.
The latter is taken from transmission electron microgra
~TEM! images. Fig. 2 summarizes the results.

First, the energetic position of the spectra reflects the
gree of order. A high-order parameterh corresponds to a
large value of band-gap reduction and for that reason sh
the spectra to lower energies. But if we concentrate on
number of LEL a dependence on the density of APB’s

s.
r

FIG. 2. m-PL spectra of partially ordered samples with differe
domain sizes and degrees of order. Also shown are the rel
TEM’s.
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found while we did not find a systematic dependence onh.
For samples with a low APB density, with a domain si
,500 nm ~Fig. 2 in the middle! only a few LEL are ob-
served. If the APB density increases the number of L
increase, too, as can be seen on the right-hand side from
spectrum of a sample with a domain size,200 nm. For a
sample with domains,50 nm~left-hand side! there is still a
structure in the PL signal, but single narrow emission lin
cannot be resolved any more. A systematic study of 30 sp
tra of each sample type is shown in Fig. 3. We clearly
that the number of LEL increases with increasing APB d
sity or decreasing domain size. From these analyses we
conclude that the existence of LEL is linked to the APB
and that there is no relation toh.

C. Temperature dependence

To investigate the nature of the LEL we compared th
thermal broadening with that of the LEB~determined from a
Gaussian fit! via heating of the crystal from 3 K to 60 K.
These measurements are shown in Fig. 4. In striking con
to the LEB the narrow LEL do not show any broadening
lattice temperatures up to 60 K within an accuracy of60.1
meV. This is an unambiguous spectroscopic evidence f
fully confined zero-dimensional system, having a
d-function-like electronic density of states.

This is proof that LEL and LEB belong to different type
of transitions in the same energy range, as mentioned be

FIG. 3. Relation between the number of narrow emission li
per spectrum and the maximum domain size for different samp
The shaded area represents the variation of the values taken fro
spectra of each sample.

FIG. 4. Thermal broadening of the low-energy broadband em
sion ~LEB! and the narrow low-energy lines~LEL!. The latter show
no thermal broadening, which is evidence for ad-like density of
states.
L
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D. Magnetic-field dependence

To get further information about the system we perform
magnetom-PL from 0 T to 12 T at lowtemperatures of 3 K.
The experiments for ordered bulk~GaIn!P samples with a
maximum domain size.100 nm are summarized in Fig. 5
In ~a! a typical spectrum for four different magnetic fields
the LE energy range is shown. The peak energy of the L
~dashed lines! is plotted in~b!, top, and for a narrow emis
sion line of the same spectra in~b!, bottom. Here we see
most clearly that there are two different kinds of transitio
in the same energy range: while the LEB shows a stro
almost linear shift the LEL have a fully excitonic behavi
that can be fitted with the quadratic functionf (x)5ax2

1b. The mean value of this diamagnetic shift for about
different narrow lines amounts toa57(62) meV/T2.

The linearB dependence of the LEB indicates the beha
ior of a quasifree carrier in a magnetic field and can be
scribed by Landau’s formula:DE5(mB /mr)B with mr
5m* /m0, the electron massm0, the Bohr magnetonmB
557.88meV/T, and the effective carrier massm* . If we
calculatem* from the experimental value of the slope, 0.2
meV/T we getm* 50.20m0. This is in good agreement with
the calculated valence-band massmV* 50.21m0 of ~GaIn!P
by Joneset al.18 It can be interpreted as only the holes a
responsible for the Landau-like magnetic-field dependen
That is, the holes are quasifree carriers, whereas the elec
feel strong structural confinement like local potent
minima, restricting the electron cyclotron motion.

E. Zeeman-splitting

The externalB field leads for some of the narrow emis
sion lines to a Zeeman splitting linearly withB into two lines
@Fig. 6~a!#. In this case of energy splitting due to spin
circular polarization dependence of PL is expected and
be observed in our measurements in Fig. 6~a!, shown at 8 T.
The lower transition iss2 and the higher transitions1 cir-
cular polarized in agreement with the quantum dot syst
of Heller and Bockelmann.19 The energy splitting versus

s
s.
30

-

FIG. 5. ~a! m-PL spectra in the presence of an external magn
field along the growth direction.~b! Top: peak energy of a Gaussia
fit to the low-energy broadband emission@LEB, dashed lines in~a!#
versus B field; bottom: energy for a narrow low-energy line~LEL!,
the solid line is a parabolic fit with the indicated curvature.
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magnetic field for four different transitions is plotted
Fig. 6~b!. The best linear fit to the data has a slope
90(64) meV/T. This splitting corresponds to an effec
ive excitong factor of 1.5.19

From the experimental findings so far we deduce that
LEL the transitions are due to excitonic quasi-ze
dimensional states spatially connected with the APB’s.

F. B-field anisotropy

We performed magnetom-PL measurements up to 12 T
low temperatures~3 K! by applying the magnetic field in
different directions with respect to the APB’s. The results
summarized in Fig. 7.

In Figs. 7~a!, 7~b!, and 7~c! the energetic peak position
of the narrow LEL are plotted vs the magnetic field, whi
is directed at an angle of'50°, parallel, and perpendicula
to the APB’s, respectively. TheB-field orientation with re-
spect to APB’s was achieved by using bevel-polish
samples and is sketched in Fig. 7~lower right!. In all three

FIG. 6. Zeeman splitting of a LEL.~a! Spectra of a LEL for
different magnetic fields. At the 8 T spectrum the difference of th
two transitions with respect to circular polarization is shown.~b!
Linear dependence of the splitting for four different LEL’s with
mean value of 90meV.

FIG. 7. Diamagnetic shift for different orientations of the a
plied magnetic field with respect to the APB’s.
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different configurations we observe a purely diamagne
shift, but with different curvature. With increasing ang
betweenB-field and APB orientation (0° for APBiBW ) the
value of diamagnetic shift increases from 11(62) meV/T2

to 4(61) meV/T2 for the perpendicular@~c!, APB'BW ] to
the parallel@~b!, APBiBW ] case, respectively.

The anisotropic diamagnetic shift can be interpreted fr
two points of view: ~i! by means of anisotropic effectiv
masses or~ii ! anisotropic geometry of the above-mention
quantum dots. The first model assumes the optical transi
to be dominantly effected by the barrier material Ga12xInxP.
Theoretical20 and experimental21 investigations show that the
ordering of~GaIn!P induces a strong anisotropy of the effe
tive masses. Takingh50.5 into account the ratio of the ef
fective masses parallel and perpendicular to the APB’s
'1.3. This in turn could explain the ratio of the diamagne
shift of '2.7.

Besides anisotropic effective masses an anisotropy of
geometry of quantum dots~QD’s! could explain the ob-
served diamagnetic shifts. Calculations on diamagnetic s
of quantum dot systems by Halonenet al.22 show that a con-
finement potential leads to a weakening of the influence
magnetic field on line shifts. Experimentally this has be
observed by Zrenneret al. in quantum-well geometries23 and
by Wanget al. in self-assembled quantum dots.24

The intrinsic QD investigated here were shown to be c
nected to APB’s, i.e., to Ga- or In-rich regions. Based on t
fact the second model assumes that the optical transitio
dominated by the dot material, leading to zinc-blende-l
effective masses for the carriers.

In this framework the anisotropic diamagnetic shift can
interpreted consistently by a QD with weaker confinem
within the APB plane than perpendicular to it. This picture
a disk-shaped QD is supported by TEM studies25 which have
shown that the APB’s are mostly two-dimensional structu
aligned along@ 1̄12# and curved irregularly with a preferenc
along ~110!.

G. Excitation density dependence: Biexcitonic transitions

The type A samples studied so far are bulk material. F
this reason the probed volume is determined by the spa
resolution of the setup. In our experiments this resolution
diffraction limited and the minimal probed volume is re
stricted to'(500 nm).3

For the investigation of the dependence of the LEL
excitation density we have to address the problem that
underlying LEB dominates the spectra for stronger excitat
densities, whereas the LEL saturates and cannot be reso
above the LEB PL signal. To minimize the LEB PL sign
we artificially reduced the probed volume of partially o
dered material to cylindrically structured areas of 10 n
height and a diameter of 55–320 nm. These are the typ
samples described above. The influence of structuring on
qualitative appearance of the spectra can be neglecte26

With our high lateral resolution of 500 nm we are able
address single structured cylinders.

A typical spectrum of such a single cylinder and its d
pendence on excitation density is shown in Fig. 8~a!. At very
weak excitation only one transition line is observed~circles!.
With increasing excitation density new lines develop on
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high-energy side~triangles!. They are spaced equidistantly
each other within an accuracy of 200meV. However, for
various positions on the sample the value of this spac
varies in the range of 2–4 meV. A series of spectra of sin
cylinders from different patches is plotted in Fig. 9. The P
line which is marked by a black arrow is the line that dev
ops first with increasing excitation density.

The observed, clearly nonstatistic energetic distribution
the lines which are almost equidistant and the way the sp
trum develops with increasing excitation density start
with a single transition line leads to the assumption that
observe spectra of individual,single quantum disks. We then
attribute the first line to the transition from the lowest lyin
electron-hole excited state to the crystal ground state and
higher-energy lines to transitions from higher excited sta
of the same confinement region. This behavior is compara
with recently reported results on the excitation density
pendence of single GaAs/AlxGa12xAs and InAs/
Al xGa12xAs quantum dot spectra of Bockelmannet al. and
Dekel et al., respectively.27,28

In Fig. 8~a!, also on the low-energy side of the first lin
another line develops~squares! and exceeds the former i
intensity. Its peak intensity versus excitation density
creases with slope 2 in the double logarithmic plot@Fig.
8~b!#, whereas all other lines show slope 1 behavior. T

FIG. 8. Dependence on excitation density:~a! full spectra and
~b! peak intensities in a double logarithmic plot. Slope 2 for t
low-energy transition~squares! indicates a biexcitonic state.

FIG. 9. m-PL spectra of different single cylinder structures
partially ordered~GaIn!P in sample type B.
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quadratic dependence of emission intensity on excita
density is the typical characteristic of a biexcitonic transiti
observed in many confined systems,29,30and the difference in
transition energy of typically 3 meV with respect to th
electron-hole excited state is a plausible value for the bi
citon binding energy. From measurements on GaAs-b
-quantum wells, and -quantum dots we know that the c
finement of excitons leads to a significant increase of bi
citon binding energy.30 Therefore, biexcitonic states becom
an important elementary excitation of a zero-dimensio
system.28,30,31 As can be seen from Fig. 9, almost eve
single cylinder spectrum shows such a biexcitonic transit
line lying on the low-energy side of the first transitio
~marked by black arrow!.

Due to the connection of LEL to the APB’s we conclud
that every single structured cylinder which shows a spectr
like those of Fig. 9 is crossed by an APB, and the PL lin
are the transitions of a single quantum disk located at
APB. Indeed TEM images presented elsewhere16 of a com-
parable structured sample, grown with the same parame
show that almost every ordered area is crossed by an A
But also a few cylinders with no APB are existent. The
remain dark in a PL map.12

IV. DISCUSSION

The magnetom-PL experiments clearly show the exis
tence of confinement potentials located at the APB’s in
partially ordered alloy semiconductor. This is consistent w
the following model of the microstructure of this materi
~Fig. 10!: In an ordered~GaIn!P crystal an APB is a double
layer of one of both cations. Therefore two types of APB
can exist, Ga and In APB’s@Fig. 10~a!#. An In-APB in an
ideally ordered crystal can be seen as a two monolayer
quantum well in~GaIn!P barrier material aligned in@111#B
direction. In partially ordered crystals the given quantu
well would show thickness fluctuations due to the finite d
gree of ordering which introduces Ga in the In-rich plan
generating disklike islands of InP@Fig. 10~b!#. This geom-
etry is comparable to thin GaAs/AlxGa12xAs quantum wells,
where several authors have shown the existence of natu
formed quantum disks due to thickness fluctuation of the 1
monolayer thick GaAs layer.23,32,33

Even more closely related to our model of InP-quantu

FIG. 10. Model for the occurrence of quantum disks at I
APB. ~a! Ideally ordered crystal with double layers of InP and Ga
~b! Development of an InP disklike structure due to disorder.
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wells represented by APB’s in~GaIn!P is the system of InP–
Stranski-Krastanow dots grown on~GaIn!P. In the regions
between the fully developed pyramidal dots a remaining
wetting layer with a mean thickness of a few monolay
exists. Its thickness fluctuations also lead to naturally form
quantum dots and to sharp emission lines in the PL spe
which have been observed in optical experiments34. The
above-mentioned model is based only on general struct
properties of partially ordered ternary semiconducto
Therefore we expect the described optical features to o
in other III-V compounds as well.

V. SUMMARY

To summarize, we have performedm-PL experiments on
partially ordered~GaIn!P-bulk samples. We found that fo
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high spatial resolution the known LE luminescence sp
into a broad emission band, LEB, and superimposed nar
emission lines, LEL. The latter can be characterized by~i! a
FWHM of 0.3 to 1.0 meV,~ii ! no thermal broadening up to
60 K, ~iii ! an anisotropic diamagnetic shift,~iv! the existence
of biexcitonic states with a typical binding energy of 3 me
and ~v! Zeeman splitting of190 (64) meV/T. We at-
tribute these narrow emission lines to zero-dimensional
quantum discs naturally formed at In-In antiphase bounda
embedded in~GaIn!P.
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