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Intrinsic quantum dots in partially ordered bulk (Galn)P
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We present a photoluminescence study with 500 nm lateral resolution on partially ordere@aii
alloys at lattice temperatures 3—60 K, external magnetic fields 0-12 T, and excitation power OuAA100
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.

I. INTRODUCTION rect recombination? its structural origin is a matter of cur-

| dering has b b d rent debate.
Spontaneous long-range ordering has been observed ', this paper we demonstrate that carrier confinement con-

many ternary II-V alloy semiconductors, especially whennected with the APB's in a partially ordered system leads to
grown with metalorganic vapor phase epita®OVPE) un- 3 unique type of quantum dat purely bulkmaterial.

der appropriate conditiofsMost common is the CuRitype

ordering first observed inGalnP by Gomyoet al.? where Il. EXPERIMENTS

alternatir)g Qa-rich gnd In-rich pla}nes are aligned in 'the We report on photoluminescen¢BL) studies with high
[111]g directions. This system—which can be grown lattice atera| resolution f-PL) on partially orderedGaln)P to-
matched on GaAs—is an excellent model system for undergether with variation of lattice temperature, external mag-
standing growth-induced ordering phenome@alnP is  netic field, and excitation density. The-PL resolution of
also of particular interest for applications such as visibleless than 500 nm was achieved by a reflector based objective
light emitter diodes,semiconductor lasefsand high perfor-  within a confocal setup? The imaging as well as the focus-
mance tandem solar cefi§’he ordering can be characterized ing of the exciting laser was done by this objective in shared
by two quantities: the degree of ordering within a given re-aperture mode. The samples were mounted directly on the
gion, usually called domain, and the lateral extent of thesurface of the objective. Therefore it works like an immer-
domains. The former is quantified by the order paramegter sion objective with the refraction index of quartz. Investiga-
which denotes the fraction of gallium and indium in the al-tion of different positions on the sample or mapping of areas
ternating (111y order planes. The latter is well defined in was achieved by rotating two parallel quartz plates around
the case of misoriented substrates, where one of the twihe x andy axes, which scans the image over the pinhole of
variants of CuRy is selected. Here the separation of the do-the confocal setup. Objective and sample were placed in a
mains is defined by antiphase bounda(i&BB’s), where the  variable-temperature helium-flow cryostat equipped with a
sequence of gallium-rich and indium-rich planes is flipped12 T magnet. We dispersed the PL signal with a 0.75 m
within one (or at most a fewmonolayer$. monochromator and detected it with either a photomultiplier
The ordering leads to a reduction of the band-gap energfube or a liquid nitrogen cooled charge coupled device cam-
and a valence-band splitting which can be observed in thera. The spectral resolution of the setup was L@%/. Ex-
emission of the excitonic band-to-band photoluminescence aiitation was done by an Arlaser at 514.5 nm.
low temperature$. Furthermore, an additional, ordering re-  All measurements presented here were carried out on
lated low-energy emissiofLE) is observed, which is char- MOVPE-grown GagsJng P samples with substrate misori-
acterized by(i) a large energy shift of up to 40 meV com- entation of 6° towards §111]g direction. Details of the
pared to the absorption pedl;) a linewidth of 10—20 meV, growth procedure have been described in Ref. 15. Referring
which is wider than that of disorderdé@alnP (5 meV); (iii)  to the probed volume of orderé@GalnP the samples can be
a blueshift of the photoluminescence band with increasinglivided into two classes. Type A samples consist of a 1-2
excitation density(“moving emission’®); (iv) long and  um (GalnP bulk layer on GaAs substrate. The probed vol-
energy-dependent photoluminescence-decay timgdo 10 ume is then given by the optical spatial resolution. In order
m9):;® (v) lateral variation of the spectral distribution on a to further increase the resolution we artificially reduced the
submicrometer scaf¥;!! and (vi) sharp emission lines ap- probed volume of detection by vertically as well as laterally
pearing in microphotoluminescence spectr& Although  structuring of orderedGaln)P. This sample, type B, con-
this emission has up to now been attributed to spatially indisisted of a partially ordere@GalnP quantum well embedded
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FIG. 1. Lower part:u-PL spectra of a highly disorderedy(
~0) and a partially ordere@GalnP-bulk sample. The low-energy
emission splits into a broadband and superimposed narrow lines.
Upper part: macro-PL spectrum of the partially ordered sample fo
comparison.

; FIG. 2. u-PL spectra of partially ordered samples with different
domain sizes and degrees of order. Also shown are the related
TEM'’s.

in (AlGa)InP barrier material, which has a band-gap differ- LE) of this spectrum is the ordering induced PL, the high-
ence of about 200—250 meV with respect to partially ordere nergy emissiorfHE) is the excitonic band to band transi-
(GalnP. The vertical structure of the type B sample consistsjon. |n the lower part of Fig. Xleft hand sidg a typical
of a 700 nm (A} 452 59 INP, a 10 nmGalnP well, 10 nm , _p| spectrum of the same sample is presented. In contrast
(Alo.4GasgINP, ad a 5 nmGaAs cap layer. In addition, to macro-PL, high spatially resolved spectra show that the
the 10 nm(Galn)P layer was structured laterally via electron- | £ consists of two parts: a broad underlying PL-band
beam lithography and ion implantation, which has already(shaded areaand superimposedarrow emission lines
been described in detail elsewhéfelhis structure consists On the right hand side of the lower part of Fig. 1 we see
of 12 rectangular areas (280100 um). Within each area, 4 ;,-p| spectrum of a disordered sample. These samples did
uniform cylinders of partially orderedSalnP embedded in ot show any sharp features. Narrow emission lines have
a disgrdgrqualn)P matrix are fprmed. The cylinders have only been observed in partially ordered samples witPL.
a periodic distance of L.m, a height of 10 nm, and a diam- The |ines have a Lorentzian shape with full width at half
eter of 55—-320 nm depending on the chosen area. Within OYhaximum(FWHM) of 0.3—1.0 meV.
u-PL setup the type B sample offers the possibility to inves- |y order to make discussion easier we introduce the fol-
tigate single partially orderedGalnP cylinders. lowing abbreviations for the different parts of the PL spectra
In the type A samples the degree of order ranges ffonyeen in Fig. 1(i) HE, which is found in macro- as well as in
7~0.32-0.5," and the maximum domain sizes from 50 nm u-PL, (ii) LEL for the new narrow low energy emission
up to 500 nm. The type B sample had an order parameter Qfnes, and(iii) LEB for the broad low-energy emission band.
7~0.42 and a domain size up to 200 nm. In the following part we further concentrate on the origin
One important structural property of orderé@@alnP, es-  and nature of LEL and LEB. At this point we want to em-
pecially for the unusual features we report on in this paperphasize that the broad PL band in the low-energy regime
are the APB's. They are aligned almost parallel to the alteryoes not consist of unresolved narrow lines. Instead, there
nating Ga-rich and In-rich order planes, which is along theare two different kinds of transitions in the same energy
[111]g-direction. Therefore, in as-grown samples, the APB’Srange. This can be directly seen from the magnetic-field de-
lay under an angle of about 50° with respect to [881]  pendent measurements presented later in this paper.
surface plane. In order to apply a magnetic field parallel and
perpendicular to the planes of APB’s two pieces of one type
A sample were bevel polished. In these samples APB’s are in
turn aligned almost parallel or perpendicular to the sample Partially orderedGalnP is mainly characterized by the
surface, respectively, i.eB||/APB andBL APB. order parametet and the domain size or the density of
APB’s within a given probed volume. In order to search for

correlation of the LEL with these parameters we investigate
lll. RESULTS type A samples with differenyy and different APB density.
The latter is taken from transmission electron micrograph
(TEM) images. Fig. 2 summarizes the results.

First we present the experimental results on the type A First, the energetic position of the spectra reflects the de-
bulk samples and concentrate on the characterization of thgree of order. A high-order parameter corresponds to a
unique feature we found im-PL. For comparison, Fig. 1 large value of band-gap reduction and for that reason shifts
shows in the upper part a typical macro-PL spectrum of parthe spectra to lower energies. But if we concentrate on the
tially ordered(GalnP (#~0.32). The low-energy emission number of LEL a dependence on the density of APB's is

B. Correlation of the number of LEL to APB density

A. Narrow emission lines inp-PL
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found while we did not find a systematic dependencenon
For samples with a low APB density, with a domain size FIG. 5. (a) u-PL spectra in the presence of an external magnetic
<500 nm (Fig. 2 in the middlg¢ only a few LEL are ob- field along the growth directiorib) Top: peak energy of a Gaussian
served. If the APB density increases the number of LELfit to the low-energy broadband emissidiEB, dashed lines itta)]
increase, too, as can be seen on the right-hand side from ti{&rsus B field; bottom: energy for a narrow low-energy h&L),
spectrum of a sample with a domain size200 nm. For a the solid line is a parabolic fit with the indicated curvature.
sample with domains<50 nm(left-hand sid¢there is still a o
structure in the PL signal, but single narrow emission lines D. Magnetic-field dependence
cannot be resolved any more. A systematic study of 30 spec- To get further information about the system we performed
tra of each sample type is shown in Fig. 3. We clearly seenagnetou-PL from O T to 12 T at lowtemperatures of 3 K.
that the number of LEL increases with increasing APB den-The experiments for ordered bulkGalnP samples with a
sity or decreasing domain size. From these analyses we camaximum domain size-100 nm are summarized in Fig. 5.
conclude that the existence of LEL is linked to the APB’s In (a) a typical spectrum for four different magnetic fields in
and that there is no relation tg. the LE energy range is shown. The peak energy of the LEB
(dashed linesis plotted in(b), top, and for a narrow emis-
sion line of the same spectra {b), bottom. Here we see
C. Temperature dependence most clearly that there are two different kinds of transitions

To investigate the nature of the LEL we compared their'r: thetsl_ame e?].ef;g% raLné]E:hwhlle tpeil LEB _?hqwsl; ah strong
thermal broadening with that of the LE@etermined from a ahmos mEarfs Id e'h h ave;l u yfexm _(c)fnlc _e azwor
Gaussian fjt via heating of the crystal fra 3 K to 60 K. t %t '(I:'in e fitte IW't fth_e 3_ua ratic _uncht_lf rE‘X)_k?X 30
These measurements are shown in Fig. 4. In striking contra%fﬁ' ¢ mean \Il.a ue of this |an1agnft|c sh t/ 02r about
to the LEB the narrow LEL do not show any broadening for ! erent. narrow lines amounts tn)—7(__2) '.“ev T
lattice temperatures up to 60 K within an accuracy*dd.1 | The ImearB depend_enc;e of the LEB "?d'cates the behav-
meV. This is an unambiguous spectroscopic evidence for 9r ,?)f 3 qglasﬁrez ca'rrler in aI rr.1agEet|c f/|eld and .Cﬁm be de-
fully confined zero-dimensional system having a S¢foed by Landau's formu aAE=(ug/m;)B with m
s-function-like electronic density of states. =m*/my, the electron massny, the Bohr magnetorug

This is proof that LEL and LEB belong to different types — 2/-881€V/T, and the effective carrier mass*. If we

of transitions in the same energy range, as mentioned beforg/culatem® from the experimental value of the slope, 0.28
meV/T we getm* =0.20m,. This is in good agreement with

the calculated valence-band mas§ =0.21m, of (GalnP

o * by Joneset al® It can be interpreted as only the holes are
il s ¢ responsible for the Landau-like magnetic-field dependence.
all LEB ¢ * That is, the holes are quasifree carriers, whereas the electrons
% ; " I feel strong structural confinement like local potential
£ . minima, restricting the electron cyclotron motion.
=
= »
o 2 E. Zeeman-splitting
T8 a 6 o LE‘L Y The externaB field leads for some of the narrow emis-
0 : ’ ; : - - sion lines to a Zeeman splitting linearly wiBinto two lines
0 10 20 30 40 50 60

[Fig. 6(@]. In this case of energy splitting due to spin a
circular polarization dependence of PL is expected and can
FIG. 4. Thermal broadening of the low-energy broadband emisb€ observed in our measurements in Fi@) Gshown at 8 T.

sion(LEB) and the narrow low-energy linésEL). The latter show ~ The lower transition isr~ and the higher transitionr™ cir-
no thermal broadening, which is evidence fowdike density of  cular polarized in agreement with the quantum dot system
states. of Heller and Bockelmanf® The energy splitting versus

Lattice Temperature (K)
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FIG. 6. Zeeman splitting of a LEL(a) Spectra of a LEL for
different magnetic fields. At 68 T spectrum the difference of the
two transitions with respect to circular polarization is show).
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different configurations we observe a purely diamagnetic
shift, but with different curvature. With increasing angle

betweenB-field and APB orientation (0° for APHB) the
value of diamagnetic shift increases from #17) weV/T?

to 4(=1) weV/T? for the perpendiculaf(c), APBL L5>] to

the parallel[(b), APB|B] case, respectively.

The anisotropic diamagnetic shift can be interpreted from
two points of view: (i) by means of anisotropic effective
masses ofii) anisotropic geometry of the above-mentioned
guantum dots. The first model assumes the optical transition
to be dominantly effected by the barrier material, Gdn,P.
Theoreticad® and experimentat investigations show that the
ordering of(Galn)P induces a strong anisotropy of the effec-
tive masses. Takingy=0.5 into account the ratio of the ef-
fective masses parallel and perpendicular to the APB'’s is
~1.3. This in turn could explain the ratio of the diamagnetic

Linear dependence of the splitting for four different LEL’s with a Shift of ~2.7.

mean value of 9Q.eV.

Besides anisotropic effective masses an anisotropy of the
geometry of quantum dot§QD’s) could explain the ob-

magnetic field for four different transitions is plotted in served diamagnetic shifts. Calculations on diamagnetic shift

Fig. 6b). The best linear fit to the data has a slope ofof quantum dot systems by Halonehal ** show that a con-
90(+4) ueV/T. This splitting corresponds to an effect- finement potential leads to a weakening of the influence of

ive excitong factor of 1.5

From the experimental findings so far we deduce that fo

magnetic field on line shifts. Experimentally this has been

pbserved by Zrennest al.in quantum-well geometriédand

LEL the transitions are due to excitonic quasi-zero-by Wanget al.in self-assembled quantum ddfs.

dimensional states spatially connected with the APB’s.

F. B-field anisotropy

The intrinsic QD investigated here were shown to be con-
nected to APB’s, i.e., to Ga- or In-rich regions. Based on this
fact the second model assumes that the optical transition is
dominated by the dot material, leading to zinc-blende-like

We performed magnete-PL measurements up to 12 T at effective masses for the carriers.

low temperatureg3 K) by applying the magnetic field in

In this framework the anisotropic diamagnetic shift can be

different directions with respect to the APB’s. The results argnterpreted consistently by a QD with weaker confinement

summarized in Fig. 7.

within the APB plane than perpendicular to it. This picture of

In Figs. @), 7(b), and 7c) the energetic peak positions a disk-shaped QD is supported by TEM stuffeshich have
of the narrow LEL are plotted vs the magnetic field, which shown that the APB’s are mostly two-dimensional structures

is directed at an angle of50°, parallel, and perpendicular, aligned alond 112] and curved irregularly with a preference

to the APB'’s, respectively. ThB-field orientation with re-

along(110).

spect to APB’s was achieved by using bevel-polished

samples and is sketched in Fig(l@dwer righ). In all three
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G. Excitation density dependence: Biexcitonic transitions

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

For the investigation of the dependence of the LEL on
excitation density we have to address the problem that the
underlying LEB dominates the spectra for stronger excitation
densities, whereas the LEL saturates and cannot be resolved
above the LEB PL signal. To minimize the LEB PL signal
we artificially reduced the probed volume of partially or-
dered material to cylindrically structured areas of 10 nm
height and a diameter of 55—-320 nm. These are the type B
samples described above. The influence of structuring on the
qualitative appearance of the spectra can be neglétted.
With our high lateral resolution of 500 nm we are able to
address single structured cylinders.

A typical spectrum of such a single cylinder and its de-
pendence on excitation density is shown in Fi@) 8At very

FIG. 7. Diamagnetic shift for different orientations of the ap- weak excitation only one transition line is obsen(eitcles.
plied magnetic field with respect to the APB’s.

With increasing excitation density new lines develop on the
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o ) APB. (a) Ideally ordered crystal with double layers of InP and GaP.
FIG. 8. Dependence on excitation densitg) full spectra and () Development of an InP disklike structure due to disorder.
(b) peak intensities in a double logarithmic plot. Slope 2 for the
low-energy transitiorisquaresindicates a biexcitonic state. quadratic dependence of emission intensity on excitation

hiah détrianales. Th d distantly t density is the typical characteristic of a biexcitonic transition
igh-energy sidetriangles. They are spaced equidistantly 10 o eq in many confined systefs®and the difference in

each other within an accuracy of 2Q@eV. However, for angjtion energy of typically 3 meV with respect to the

various positions on the sample the value of this SPaCNG|actron-hole excited state is a plausible value for the biex-

var_ies in the range of 2—-4 meV. A series O.f spectra of Single‘citon binding energy. From measurements on GaAs-bulk,
cylinders from different patches is plotted in Fig. 9. The PL-quantum wells, and -quantum dots we know that the con-

line \]f‘.’h'Ch .'Sh marked .by a bldek. arrgw IS the line that devel'finement of excitons leads to a significant increase of biex-
ops first with increasing excitation density. iton binding energy® Therefore, biexcitonic states become

The observed, clearly nonstatistic energetic distribution ot | important elementary excitation of a zero-dimensional

the lines which are almost equidistant and the way the specs-ystemzs.so,sl As can be seen from Fig. 9, almost every

trum de_velops W't.h. Increasing excitation den5|_ty Startlngsingle cylinder spectrum shows such a biexcitonic transition
with a single transition line leads to the assumption that weq lying on the low-energy side of the first transition
observe spectra of individuaingle quantum disk&Ve then (marked by black arrow

attribute the first line to the transition from the lowest lying Due to the connection of LEL to the APB's we conclude

e!ectron-hole e>.<C|ted state tc')'the crystal ground State and t'}ﬁat every single structured cylinder which shows a spectrum
higher-energy lines to transitions from higher excited state§e those of Fig. 9 is crossed by an APB, and the PL lines
of the same confinement region. This behavior is comparablg{re the transitions of a single quantum disk located at this

with recently reported results on the excitation density de—APB Indeed TEM images presented elsewHeoé a com-
pendence of single GaAs/fba_,As and INAS/ o anie structured sample, grown with the same parameters,
Al,Ga ,As quantum dot spectra of Bockelmaenal. and gy that almost every ordered area is crossed by an APB.

; 7,28
Dekelgt al, respectively. . o But also a few cylinders with no APB are existent. These
In Fig. 8(@), also on the low-energy side of the first line, remain dark in a PL maf?

another line developgsquares and exceeds the former in
intensity. Its peak intensity versus excitation density in-
creases with slope 2 in the double logarithmic plBtg.
8(b)], whereas all other lines show Slope 1 behavior. This The magnetoM-PL experiments C|ear|y show the exis-
tence of confinement potentials located at the APB’s in a

IV. DISCUSSION

Type B partially ordered alloy semiconductor. This is consistent with
2100nm the following model of the microstructure of this material
M 2160nm o 0 (Fig. 10: In an orderedGalnP crystal an APB is a double
S o L J\JL layer of one of both cations. Therefore two types of APB’s
a can exist, Ga and In APB’FFig. 10@]. An In-APB in an
3 g’ VAN 21000 ideally ordered crystal can be seen as a two monolayer InP
2 2160nm guantum well in(Galn)P barrier material aligned in111]g
2 o A /,Mmm direction. In partially ordered crystals the given quantum
<"c-’v 0= 1 well would show thickness fluctuations due to the finite de-
- wi60nm JM\\’\ gree of ordering which introduces Ga in the In-rich planes,
2100nm generating disklike islands of InfFig. 1Qb)]. This geom-
0 o 45 P YRRRRRREPE -+ Tos 200 etry is comparable to thin GaAs/&ba, _,As quantum wells,
Energy (eV) where several authors have shown the existence of naturally

formed quantum disks due to thickness fluctuation of the 1-3
FIG. 9. u-PL spectra of different single cylinder structures of monolayer thick GaAs layer:3233
partially orderedGaln)P in sample type B. Even more closely related to our model of InP-quantum
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wells represented by APB’s ifGalnP is the system of INnP— high spatial resolution the known LE luminescence splits
Stranski-Krastanow dots grown di&alnP. In the regions into a broad emission band, LEB, and superimposed narrow
between the fully developed pyramidal dots a remaining InRemission lines, LEL. The latter can be characterizedipg
wetting layer with a mean thickness of a few monolayersFWHM of 0.3 to 1.0 meVii) no thermal broadening up to
exists. Its thickness fluctuations also lead to naturally formedO K, (iii ) an anisotropic diamagnetic shifty) the existence
guantum dots and to sharp emission lines in the PL spectraf biexcitonic states with a typical binding energy of 3 meV,
which have been observed in optical experimetftsThe and (v) Zeeman splitting of+90 (+4) ueV/T. We at-
above-mentioned model is based only on general structuratibute these narrow emission lines to zero-dimensional InP
properties of partially ordered ternary semiconductorsgquantum discs naturally formed at In-In antiphase boundaries

Therefore we expect the described optical features to occiembedded i(GalnP.

in other IlI-V compounds as well.

V. SUMMARY
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To summarize, we have performedPL experiments on sample surface preparation for the magnetic-field orientation
partially ordered(GalnP-bulk samples. We found that for experiments.
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