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Strain-driven decomposition of an alloy layer is investigated as a means to control the structural and
electronic properties of self-organized quantum dots. Coherent InAs/GaAs islands overgrown with an
InGa(Al)As alloy layer serve as a model system. Cross-section and plan-view transmission electron micros-
copy as well as photoluminescen(®l) studies consistently indicate an increase in height and width of the
island with increasing indium content and/or thickness of the alloy layer. The increasing island size is attrib-
uted to the phase separation of the alloy layer driven by the surface strain introduced by the initial InAs islands.
The decomposition is enhanced by the addition of aluminum to the alloy layer. The ground-state transition
energy in such quantum dots is significantly to 200 meV redshifted compared to the original InAs/GaAs
guantum dots, allowing to reach the 1uBn spectral region maintaining the high PL efficiency and the low
defect density typical for Stranski-Krastanow growth. The possibility of degradation less stacking of such
quantum dot layers enables injection lasing on the ground-state transition with a differential efficiency of 57%
and a continuous-wave output power of 2.7 W.

I. INTRODUCTION or covered with a thin cap layer. For typical growth condi-
tions, the bulk diffusion coefficients of atoms are several
The formation of InAs/GaAs quantum dot®D’s) in orders of magnitude smaller than surface ones, and thus bulk
highly lattice-mismatched epitaxy in the Stranski-Krastanowdiffusion plays only a limited role during growth. Structural
growth mode has attracted increasing interest in recent yearishomogeneities, e.g., inclusions of a foreign material in a
This growth mode provides an efficient means to fabricathost matrix or composition modulations in an alloy, may
dense arrays of virtually defect-free uniform QD's. Suchgarise due to the particularities of the surface kinetics at the
self-organized QD’s enabled us to take advantage of fulhdvancing surface and persist after overgrowth. Such inho-
three-dimensional  confinement in opticdllyand then mogeneities create long-range strain fields, which direct the
electrically pumped laser devices, demonstrating the presyrface migration of adatoms. These strain fields are known
dicted superior temperature stability of the threshold currenfy ennance phase separation in growing alloys, both
density? Indeed, QD-based injection lasers are suitable CaNpttice-matchet 16 and lattice-mismatcheéd® to the sub-
didates for the realization of low threshold current densitiessirate. For example, the growth of multisheet arrays of QD’s
(Jw) and ultrahigh temperature stability at room proceeds in such a way that formation of new islands is
temperaturé.® The self-organized growth provides, how- griven by the strain fields of the buried islands, resulting
ever, only limited control of the interrelated size and densityeijther in vertical correlatioli—22or vertical anticorrelatioft

cally important 1.3um region(for a recent review see, e.g., spacer thicknes¥

Ref. 6 and references thergifExtensive investigations have  Here we report a detailed study of the surface-strain-

been conducted to overcome these limitations and to optigriyven phase separation of an IN@BAs alloy cap layer
mize the properties of QD arrays. Several approaches havgtivated by predeposited InAs islands formed by Stranski-
been exploited to generate high-area densities of QD's prograstanow growtit® The growth approach allows the con-
viding sufficient localization for electrons and holes. In mo-tro|led modification of the structural and optical properties of
lecular beam epitaxyMBE) the alternating deposition of ge|f-organized QD's, ultimately providing an effective means
group-l1l atoms and group-V molecules, e.g., by using altero fapricate uniform high-density QD ensembles for the

nating beams of In, As Ga, and Ag "~*as well as the use of 1 3.,m region, maintaining high optical quality.
a seed layéP'! have been successful. In metal organic

chemical vapor deposition suitable large QD’s can be real-
ized by the deposition of iGa, _,As (Ref. 12 or by the
periodic deposition of InAs and GaAs monolayéts.

The growth of large QD’s is mostly based on exploiting  The investigated samples were grown by solid-source mo-
the strain fields generated by nanoislands either free-standigcular beam epitaxXy (MBE) on GaA$001) substrates us-

Il. SAMPLES AND EXPERIMENTAL SETUP
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ing a Riber-32 MBE machine. GaAs and InAs were depos- a) D =1.8-4 ML InAs
ited at growth rates of 0.8 and Qw3n/h, respectively, and at
an arsenic pressure of (2—8)0 ® Torr. After oxide de-
sorption, an 0.5em-thick GaAs buffer was grown at 600 °C b)
followed by a 2-nm/2-nm GaAs/AlAs short-period superlat-
tice with six periods and a 100-nm GaAs spacer. Subse-
quently, the substrate temperature was lowered to 480 °C for
the deposition of InAs, generating the InAs nanostressors.
Different from conventional Stranski-Krastanow growth,
these QD’s are overgrown with an In@d)As layer of vari-
able composition and thickness. As will be shown below,
this alloy layer undergoes strain-driven decomposition modi-
fying the structural and optical properties of the InAs nanos- o ) _ _
tressors. The first 10 nm of the subsequent GaAs cap layer FIG._ 1. Schgr_natlc diagram |IIustrat|ng_ activated aII_o_y phase
were grown at the same temperature before the substraf@parat'on'(a) Initial InAs.stre.ssors(b) parthl des:ompo.sm.on of
temperature was increased back to 600 °C for the growth OTe alloy layer due to strain-driven surfgce migration of indium, and
20 nm of GaAs, a 2-nm/2-nm GaAs/AlAs short-period su- ©) the final structure after GaAs capping.

perlattice with six periods, gnd a ﬁnal 5-nm-thick GaAs layery migrate away from the QD’s towards pseudomorphically
for surface protection. The investigated laser structures wergained regions, having an in-plane local lattice constant

grown on Si-doped GaA80]) substrate as described in de- g5 to that of unstrained GaAs. A similar effect should
tail in Ref. 27. These structures consist of a pr-thick . r during the overgrowth of InAs QD’s by an In@&)As
graded-index separate confinement heterostructure Wavgioy: Indium atoms will accumulate at the InAs QD's in-
guide region confined by 1.am-thick Alp G&6AS cladding  ¢reasing their lateral size. When the QD’s are completely
layers, which serve as- and p-type emitters of nonequilib- - ¢oyered the tensile strain on top of the QD’s will favor in-
rium carriers. A 0.6um-thick GaAsp™ contact layer was  gjym accumulation from the growing alloy, probably in-
grown on top. _ creasing the effective height of the islands. Thus, we expect
Transmission electron microscOpyEM) measurements  ihat AAPS increases the indium concentration in the vicinity
were performed in plan-view and cross-section geometryyt he isjands on the expense of the indium concentration in
with a Phillips EM 420 microscope at an acceleration voltagge INAl,Ga _,_,As alloy. In other words, AAPS poten-
of 100 kV. The average QD width was determined from ayja|ly increases the width and height of the InAs islands pro-
histogram of sizes estimated from plan-view TEM imagesiing for enhanced localization of electrons and holes. Fig-
for 100-200 dots. For photoluminescen@@L) measure- e 2 supports the expected trend showing plan-view TEM
ments the samples were mounted in a closed-cycle He Cry5ieyres of the original InAs islands covered by Gdpanel
ostat providing temperatures between 8 and 320 K. PL wagy] 45 well as of such islands covered by a 5-nm

excite_d2 by an Ar laser With_ an excitation d_en_sity 0f200 Ing 1:Ga 7sAs layer [panels(b) and (c)]. Images(a) and (b)
Wem “if not stated otherwise. For PL excitatioRLE) ex-  ayen atg=220 show a strong contribution of the local

periments the samples were mounted in a continuous-floWyain: image(c), taken under diffraction conditions far away
He cryostat at 7 K. The light of a tungsten lamp dispersed by,o the exact Bragg orientation, allows for a more precise
a 0.27-m double-grating monochromator served as tunablgetermination of the island size and shape. The TEM images
low-excitation-density(<0.005 Wcm ) light source. The  gpqy 4 clear increase of the width for islands capped with an
luminescence was detected through a 0.5-m smgle-gra\tlnﬁhxeal_XAS alloy. The estimated increase of the width from
monochromator and a 0.3-m double-grating monochromator_1» 1" ~18 nm supports the above-described qualitative

for PL and PLE measurements, respectively, using a coolef,;qel of AAPS. Below we will always quote QD widths and

Ge diode. heights derived from TEM images taken under diffraction
conditions far away from the exact Bragg orientation, similar
to Fig. Ac). Figure 3 shows cross-section TEM images for
samples with 2.1 ML InAs initial islands capped either with
In the present paper we study a new growth approaclkia) 5 nm of Iny 1:Gay ggAs or (b) 5 nm of Iy 1Al 1:Gay 7AS.
giving control of the structural and electronic properties of The effect of adding Al will be discussed in detail in Sec.
self-organized QD’s, which we refer to as activated alloylll D. Note that the cross-sectional TEM images provide only
phase separatidAPS). A sheet of strained InAs islands is a rough estimate for the height of the islands due to the
formed on the GaAs surfa¢€ig. 1(a)] by the depositio,s  uncertain In concentration profile generated in the AASP
of 1.8—3.2 monolayer ML/InAs in the conventional Stranski- process. Detailed high-resolution electron microscopy
Krastanow mode and subsequently overgrown with afHREM), corresponding modeling, and cross-section scan-
Al In,Ga, _,_,As alloy layer[Figs. 1b) and Xc)]. The lat-  ning tunneling electron microscopy studies will be necessary
erally varying surface strain caused by the InAs islands afto clarify the actual In profile.
fects the overgrowth with an InGal)As alloy layer by From the above discussion it is clear that the AASP pro-
strain-driven surface migration. One may expect the follow-cess will sensitively depend on the size and density of the
ing qualitative picture of the alloy phase separation activatednAs nanostressors, i.e., the initial InAs deposition amount,
by stressors. For the conventional overgrowth of InAs QD’sas well as on the thicknestlj and compositionX,y) of the
by pure GaAs it has been foutfdhat gallium atoms prefer AlyIn,Ga _,As alloy layer. Below we will describe in de-

In,Ga, _y_xAIyAs
In

Ill. EXPERIMENTAL RESULTS
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FIG. 4. (a) The ground-state transition energy of Stranski-
Krastanow InAs/GaAs QD'’s vs the average InAs deposition amount
D,s, (b) PL spectra of InAs/GaAs QD islands formed by depositing
2.3 ML InAs in continuous mode and 2.2 ML InAs in submono-
layer mode(T=10 K).

sure of 2x10 ® Torr leads to a dense array of equilibrium
QD'’s, having a pyramidal shape with principal axes of the
square base close {6400 and(010) directions*?** The av-
erage pyramid base length is 12—14 nm and its height is 5—-6
FIG. 2. Plan-view TEM images ofa) the initial Stranski- nm. A decrease of the InAs deposition to 2 ML produces
Krastanow islands antb,c) QD’s formed during the overgrowth much smaller and less uniform islands with pyramid base
with 5 nm of Iny ;<Ga gsAs. Images(a) and (b) were taken ag  lengths of 8—9 nm. The change of the QD size is directly
=220, whereas imagéc) was taken at diffraction conditions far reflected in the ground-state transition energy, which at 10 K
away from exact Bragg orientation. decreases monotonically from 1.26 to 1.09 ENg. 4(a)]
while the InAs deposition increases from 1.8 to 4 FfiinAs
tail the dependence of the structural and photoluminescencgepositions in excess of 4 ML lead to significant concentra-
properties of QD’s formed by AAPS on the above- tions of plastically relaxed InAs islands due to the increased

mentioned growth parameters. formation of extended defeci®.g., dislocation loopsand
threading dislocations. Theoretical calculations of the elec-
A. Effect of the initial islands tronic properties of such strained InAs pyramids w91}

side facets showed good agreement with the above-

Th I ical i f InA D’
e structural and optical properties of INAS/GaAs QD's entioned experimental data.To first order, the QD

formed in the Stranski-Krastanow growth mode have bee -
extensively studied in recent ye&r@-3L For the growth ground-state transition energy can be taken as a measure for

conditions applied in this work the continuous deposition 0fthe island volume to relate structural and optical data. How-

4 ML of InAs on GaA$001) at 480 °C and an arsenic pres- €Vel: the exact shape as well as the indium concentration
profile in and around the QD’s will have to be taken into

account for detailed predictions of the transition energies.
The corresponding changes in the local strain distribution
might have a pronounced effect on the electronic properties
of the AASP QD’s.
One way to increase the size of the initial InAs islands for
a given deposition amount is to reduce the growth rate ap-
plying a submonolaye(SML) growth mode or alternating
pr beams of In, Ga, and AS~° Figure 4b) compares PL spec-
, tra of InAs/GaAs islands for 2.2 ML InAs SML deposition
w and 2.3 ML InAs continuous deposition. Obviously the SML
growth mode generates larger islands than the conventional
FIG. 3. Cross-sectional TEM images of samples with an initialContinuous one. Furthermore, the QD size can be affected by
InAs deposition D,s=2.1 ML overgrown either with 5-nm(a) a growth interruption following the InAs deposition. For in-
INg 15Ga gsAs or (b) Ing 1Al 18Gay 7AS. stance, for our growth conditions a 100-sec growth interrup-
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FIG. 5. PL spectra of AAPS QD'’s for various InAs deposition
amountsD,s (SML mode for constant thicknessH=2.5 nm) and FIG. 6. PL spectra of AAPS QD'’s for various In concentrations
composition &=0.18) of the InGa,_,As alloy. The inset shows X of the alloy for a constant InAs deposition amound ¢

the width and height of the QD’s determined from TEM images. =2.1ML) and thicknessi =4 nm) of the InGa, _,As alloy. The
inset shows the width and height of the QD’s determined from

. . . . TEM images.
tion after the deposition of 2 ML InAs increases the QD size

from 7-9 to 12—-14 nm with a correspondingl70-meV
redshift of PL line*? It was, however, impossible to shift the
PL maximum further beyond 1.4m at 10 K using conven- Figure 6 compares PL spectra of samples for which the
tional InAs/GaAs QD’s. initially deposited 2.1 ML InAdcontinuous depositiorhave
Figure 5 shows the effect of the amouDjfs of INAs de-  been overgrown with a 4-nm-thick J&a _,As alloy layer
posited in the SML mode on the PL spectra of samples overwith indium composition between 0 and 0.25. The initial
grown with 2.5-nmlg G gAs. The QD PL shifts to islands =0) show PL at 1.14 eV with a full width at half
lower energies with increasir,s. The inset shows the con- maximum (FWHM) of 100 meV. With increasing indium
comitant variation of QD size and height obtained from TEM contentx the PL peak shifts to lower energies and becomes
studies to be in qualitative agreement with the PL data. Th@arrower. The weak emission line appearin@00 meV
width (heighy of the QD’s increases from 15(4.9) to 16.6  above the QD ground-state transition is attributed to the
nm (6.0 nn) increasingD s from 2.2 to 2.7 ML. WherD,s  quantum well(QW) formed by the InAs wetting layer cov-
exceeds 2.7 ML the redshift saturates and the PL intensitgred by the residual J&a _,As alloy layer. The identifica-
starts to decrease. TEM images suggest a sudden increasetioh of the QW peak is confirmed by PLE studies, as will be
the dislocation density above a critical deposition62.7  shown below. The thickness of the QW layer is constdnt
ML, providing an efficient means for local strain relaxation. nm), and thus the redshift of the QW emission peak with
The dislocation density was estimated tox10®cm™2 for  increasing indium composition is attributed to the decreasing
2.7 ML InAs deposition. Such dislocations have a significantband gap of the alloy layer.
effect on the island evolution on the surface since they attract Interestingly, the QD and QW PL peaks behave differ-
InAs from both the alloy and already formed QD’s. Ulti- ently with increasing indium content, also suggesting struc-
mately, the QD size and height saturate or may even deural changes. For indium concentrationgn excess of 0.2
crease again. Simultaneously, the redshift of PL line satuthe QW emission is still redshifted, reflecting the increased
rates at 2.7 ML and the PL intensity drops. FBrg In content of the residual alloy layer, whereas the QD emis-
=3.0MLInAs the dislocation density increases to sion is again blueshifted. The insert shows the QD width and
3x10° cm 2 Note that the initially elastically strained InAs height obtained from TEM images via the indium content.
islands become dislocated only during overgrowth. The totalhe QD width(heigh) increases from 13.2.8) nm to 14.1
strain energy increases due to the additional InAs accumuld3.7) nm increasing the indium content from 0.1 to 0.2, and
tion at the islands, favoring dislocation formation. subsequently decreases to 1&6l) nm forx=0.25 in quali-
Figure 5 suggests an optimum InAs deposition amount fotative agreement with the evolution of the QD transition en-
achieving efficient long-wavelength emission maintainingergy. The changing QD volume correlates to a changing lo-
the low dislocation density. The optimum will, however, de- calization of the exciton wave function and transition energy.
pend also on the compositiox)( and thicknessKl) of the = The decrease of the QD width and height well as the
alloy layer. corresponding blueshjfobserved forx>0.2 is attributed to

B. Effect of alloy composition and thickness
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The inset shows the width of the QD’s determined from TEM im-

ages. FIG. 8. Dependence of the ground-state transition enéfgy
=300 K) of AAPS QD'’s on(a) the InAs deposition amoumid,g as

the increased formation of dislocations that absorb indiuntvell as(b) the In conten and(c) thicknessH of the InGa, ,As

from the alloy and maybe also from already formed AAPSalloy layer.

QD’s.

The effect of the thickness of the,/@a, _,As alloy layer  the strong>100-me\j redshift of the PL line occurs already
on the AAPS-formed QD’s is shown in Fig. 7 for an indium when D g increases from 1.8 to 2.0 ML. For such a high
compositionx=0.18 and a SML InAs deposition of 2.2 ML. indium content dislocation formation is already enhanced for
The increase of the thickness of thg®a, _,As alloy layer D,s=2.0 ML (pgis=1.4% 10°) limiting the potential of such
from 1 to 2.5 nm leads to ar-100-meV redshift of the samples for practical applications.
ground-state transition. Further increasing the thickness re- Figure 8b) shows the effect of the indium concentration
sults only in a decrease in the PL intensity for practicallyon the ground-state transition energy, for an alloy thick-
constant transition energy. The initial low-energy shift for ness of 4 nm and indium depositioBss of 2.0 and 2.1 ML
small alloy thickness is connected to an increase of the islan@EML mode. Both data show an intermediate blueshift for
width (inse). The increase in QD width and corresponding 0.2<x< 0.3, i.e., for indium contents higher than the critical
redshift of the PL line saturates at a certain critical thicknessone for enhanced dislocation formation. Very high indium
Further increasing the thicknesses leads only to a decrease @dmpositions x>0.3) allow reaching of the 1.3 wave-
the PL vyield, suggesting enhanced dislocation formationlength region. The high dislocation densityps=(3
Again, this effect is attributed to the total strain energy ex-—9)x 10°] of such samples leads, however, to a dramatic
ceeding a critical value for dislocation formation. (>100 times decrease of the PL yield. Interestingly, a small

increase irD g leads to a significant redshift of PL transition
o for large x in agreement with the results presented in Fig.
C. Optimization of growth parameters 8(a.

Figures 5—7 suggest that the three-parameter space given The effect of the alloy thicknesll on the ground-state
by D\s, X, andH enables us to generate QD’s with highly transition energy¥p, depends drastically on the indium con-
efficient long-wavelength emission. However, due to the intent x [panel(c)]. For large indium concentrations£0.18
tricacies of the AAPS process all three parameters are inteand x=0.2) the saturation of the redshift or even blueshift
related, Fig. 8. Pandh) summarizes the dependence of QD begins already atl=4 nm|[see also Fig. ®)], whereas for
transition energy Ep) on D;g. For x=0.13 and H x=0.15 it is not observed up to 6 nnD(s=2.2 ML, SML
=5.5nm the dependence B, on D g is qualitatively simi- ~ mode or 8 nm O,s=2.1 ML, continuous mode
lar to that presented in Fig. 5. An increaselpf from 2.25 The PL and TEM data presented in Figs. 5—8 suggest a
to 2.5 ML results in a very strong 100-meV redshift of the narrow range ofnterrelatedvalues for the InAs deposition
PL line, approaching 1.am at 300 K. A further increase in (D,5) as well as the IgGa _,As alloy thickness ) and
Dis to 3.0 ML leads only to a decrease of the PL intensitycomposition &) allowing to achieve emission in the 18n
due to formation of dislocations. For=0.3 andH=4nm  spectral region maintaining a high PL efficiency and low



16 676 M. V. MAXIMOV et al. PRB 62

I N T = 300K

T=300K i\
| T=300 D=25ML i 200 Wem'®
E x=0.13 N 5nmIn, ,;Ga, AAl, ;;As

H=5.5nm

..

o

.....

1=200W/cm2 |
Snm In, ,.Ga, ..As

X

N
~ .
...........

PL intensity (arb. units)
PL Intensity (arb. units)

11 1.2 13
Photon Energy (eV)

09 10 Ll 1z 13
Photon energy (eV)

) _ _ FIG. 10. PL spectra for AAPS QD’s formed by activated alloy
FIG. 9. PL spectra of AAPS QD’'sd;s=2.5ML, x=0.13,H - )
b QD'ss phase separation of an gpGagAs (solid curveg and

=5.5nm) for various excitation densities.
) Ing 15Al .15Ga, 7As (dashed-dot curveslloy layer. For all samples,

. . . . . iti f2.1 ML InAs i
dislocation density. For the growth conditions used the optl—:ﬂg gal\;l]fsnt:s;zors were formed by the deposition o nasin

mal parameters aBg=2.5-2.7 ML, x=12-15%, antH
=4-6 nm.

Figure 9 shows PL spectra of a sample emitting near 1.8g gallium with aluminum does not alter the strain distribu-
um as a function of the excitation density. At the lowesttion and the increased barrier height should cause a blueshift.
excitation density the emission mainly originates from theCross-sectional TEM images of the samples with a 5-nm
ground-state transition with a energy shoulder resolved onlyng 1:G&, gsAs and In 1Al 1:G& 7As alloy layer are com-
in a logarithmic scale. With increasing excitation density thepared in Figs. @) and 3b), respectively. AAPS QD’s
ground-state transition starts to saturate and subsequently thermed from the 1g,Ga, gsAs alloy have a width of 18 nm
first and second excited-state transitions gain intensity. Emisand a height of 4—5 nm. Adding aluminum increases the
sion from quantum well leads to a weak peak at 1.27 eVyjdth slightly to 18.5 nm and the height considerably to
Each of the high-energy QD peaks is likely to be a superpos 5_6.5 nm. The increasing QD height supports an enhance-
sition of two or more closely located peaks from transitionsment of AAPS effects in the Aln,Ga,_,As alloy layer. The
involving different electron and hole subleyéfsA conclu-  jryation is more complex in case of a thicker alloy layer
S'Vef dlsc_ussmn of the electronic properties of the A'_APS(H=8 nm). Here, the increased strain energy enhances dis-
QD's W'”vS%hO‘NeV.eF depend on detailed numen(_:al location formation, accumulating indium. Correspondingly,
calculat_|o_n_ > In add_mon to the a_ltered structural properties the PL energy remains unaltered or even blueshifts, adding
of the initial InAs islands studied here, also the alteredaluminum or increasing the alloy thickne@ig. 10
redistributiori®3” and the partial lowering of the barrier band 9 y 9- 20 .
gap®“0due to the InGa,_,As alloy layer will play a role. The overgrowth of InAs S'_[rar_lsk|TKrastan_ow_ islands with

pure AlAs leads to a redistribution of indium on the
_ surface*®*3 Aluminum atoms substitute indium atoms in the
D. Effect of aluminum wetting layer, which then accumulate at the three-

Further experimental insights into the effect of the altereddimensional(3D) islands, increasing the island volume. A
structural properties of the AAPS QD’s on the electronicpossible explanation might be that the total surface energy of
properties can be obtained adding aluminum to the alloyan ultrathin AIA$100) layer is smaller than that of the InAs
layer, changing the chemical compositi@nd the band gap  wetting layer at the growth temperature. The redistribution of
of the alloy layer for a constant lattice mismatch. Aluminumindium atoms predominantly increases the island height and
is known to enhance the effect of phase separation in strainatlay be considered as transition from a Stranski-Krastanow
In Al,Gay _,_yAs quantum wellé! Figure 10 shows the ef- to a Volmer-Weber-like island arrangement. The present re-
fect of adding 15% aluminum to the JpGa gsAs alloy on  sults (Figs. 3 and 1D suggest that the relatively smalk (
the PL spectra. Initially 2.2 ML InAs were deposited in SML =0.15) aluminum content is sufficient to drive the redistri-
mode and overgrown with alloys of thicknebs=5 and 8 bution of indium atoms increasing the island height.
nm. Although the 1§ 15Al5.1£G& -AS band gap is about 150 Adding aluminum to the alloy layer should dramatically
meV larger than that of §yGa gsAS, increasing the barrier alter the properties of the QW composed of the InAs wetting
potential, the QD ground-state transition energy decreases bgyer and the alloy layer. A pronounced blueshift of the QW
~60 meV forH =5 nm. This redshift is a clear fingerprint of transition is expected, and effective-mass calculations indi-
an increase of the volume of the AAPS islands and thereforeate the possibility of suppressing any bound states in the
altered surface kinetics in the presence of aluminum. Replad@W structure. Indeed, the PL spectra shown in Fig. 10 show



PRB 62 TUNING QUANTUM DOT PROPERTIES BY ACTIVATED . .. 16 677

(a) T=7K matrix x=0.15, H=4 nm 5 nm GaAs spacer
! Dg=2.2ML —— 2QD sheets
! = N 1 QD sheet
3L0 ' E | x40
210 E] =
l { : FAERN
— [N ! £ / Svamees 5
[ NS 8@ s 0 T
— AY ) o 1 1 Pubad, 9 L
c \ ' 3‘
3 1 N , 5 [(b) . x=0.13,H=5.50m 30 nm spacer
g } S . s Dg=25ML —— 5QD sheets
8 | b o\ U e 1.QD sheet
> T T L) T L) T : 'l
"q;; (b) 3LO0 a ",'
S 2L0 ) 1 \ v [ matrix ; s
1 |} ] r - N
s 1 ' / N
= Y ¥ < B

.

1 L
09 1.0 11 12 13
Voo \ Photon Energy (eV)

FIG. 12. PL spectra of single-layer and multiply stacked AAPS
QD structures. The thicknesses of the GaAs spacer separating the
QD layers arga) 5 nm and(b) 30 nm.
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Photon Energy (V) 50-meV blueshift accompanied by a 40-times decrease in PL

FIG. 11. PL and PLE spectra of AAPS QD's formed by acti- Yi€!d in the stacked sample. In contrast, applying thiel80
vated alloy phase separation of da) InGa _,As and (b) NM GaAs spacers maintains the emission wavelength and
In,Al,Ga,__,As alloy layer. The detection energies of the PLE the high PL efficiency under the used growth conditions
spectra are indicated by arrows. [Fig. 12(b)]. The altered strain dlst_rlbutlon around the AAPS
QD'’s provides for a smaller amplitude of the lateral modu-
lation of the surface stress and, therefore, for less strain in-
teraction in the multilayered samples. Furthermore, the
stacking of QD’s is limited by the formation of large dislo-
‘cated clusters. Even small densities of such clusters in the
first QD sheet can result in a dramatic deterioration of the

;(rer(rennihsa?pzlesti ':'g'nli’ suppc:irt th'? |r|1rtnerptretat|ic;ril. tsrtftlrgﬂ tructural and optical properties of subsequent sheets in mul-
0 € detection energy a series ot aimost equidista ilayered QD structure¥. The formation of such large clus-

resonances evolves with increasing excitation energy. ThFErs might, however, be suppressed by a special annealing

energy spacing between the resonances32 meV is close technique’ ; .
; que.’ The annealing step was performed as follows:
to the InAs QD LO-phonon enerdy.For the sample with an the QD's were overgrown with a thin GaAs layé nm at

Ino 15Ga g5 alloy layer[panel(a)] a strong resonance is 480°C and then the substrate temperature was raised to

observed at 1.35 eV, independent of the detection energyng oc. The thi :
o . . The thin cap layer only partly covers the large dis-
The transition is attributed to the QW formed by the COM-|5cated InAs clusters, allowing the InAs to evaporate in the

bined wetting layer and alloy layer. For the samplle. Wit.h aNannealing step. The smaller coherent D’s, being completel
InXGai*X*_YAI yAs alloy layer[panel(b)] no QW transition is _ covered,gare 2nly weakly affected. A((:?:ording togdeeplolevely
;elvria;e?n”:ot?r?e Zlﬁg srp;ectl:a _Lrj]p tg, 1'42 e'(;/'ﬁ Tguz’e iqgr']ngransient spectroscodpLTS) studies of the structures sub-
aIIL;/ Ai;h Iocalizationyexsgejirllg aoos r‘l?1e\\//I v:/it?] réSpgclt tojOT'TCteOI 0 this procedur&L 2 andEL3 traps, associated with
. islocations are completely suppressed in the DLTS spectra,
both the 2D and 3D continuum states. and the concentration of deep traps associated with point
defects is reduced by more than an order of magniffide.
E. Stacking of AAPS QD’s Panel(b) compares PL spectra for a single- and fivefold QD
An important aspect of QD formation is the potential to Str;gg;rfhizzﬁégge;fw;g g:ﬁw%\]’;'t?htizﬁ ?giélrmgr:\t/?a%tin?hi
achieve three-dimensional packing. For example, the satus-z radation of the PL inteﬁsit the qul?ashift pand/or the
rated modal gain of a single QD dense layer of only a fe nbrc?adening of the PL line Lase?/’studi(we beIO\b,/confirm

inverse centimeters is not sufficient to achieve lasing i he hiah structural and ontical lity of h il d
short-cavity devices. For conventional Stranski-Krastanow '€ Nigh structural and optical quality of such multilayere

growth it is necessary to apply small spacers in order toQD structures.
maintain or improve the optical properti€&*> However,
small (Al, Ga)As spacers provide for strong electronic cou-
pling and each stack of QD’s can be considered as a single
quantum-mechanical objett.In order to achieve the inher- InAs QD’s grown on GaAs substrates are very promising
ent benefits from three-dimensional packaging it is necessamandidates to replace the traditional InP-based long-
to increase the spacer thickness to some 10 nm, avoidingavelength QW devices38-4949-53The performance of
electronic coupling of the QD'¥ state-of-the-art InP-based QW devices is limited by a strong
In contrast, stacking of AAPS QD’s allows the use of temperature sensitivity of their characteristics caused by in-
thick spacer layers without degradation of the optical prop-sufficient electron confinement in the active regiér® In
erties; see Fig. 12. Pan@) shows the effect of a rather thin contrast, InAs/GaAs QD’s providing much stronger carrier
spacer of~5 nm. The ground-state transition experiences docalization might potentially improve the poor temperature

a weak resonance at-1.27 eV for samples with an
In,Ga _,As alloy layer, which is missing aluminum to the
alloy in agreement with the behavior expected of the QW
Photoluminescence excitatidi’LE) measurements on dif-

IV. ELECTROLUMINESCENCE AND LASING IN QD’s
FORMED BY AAPS
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FIG. 14. True continuous-wave light-current characteristics of a
laser based on three-fold stacked AAPS QD’'sTat300K. The
inset shows a lasing spectrum at 7 A.
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FIG. 13. (a) Emission wavelength anh) threshold current den-
sity for lasers based on three-fold stacked AAPS Q@mir-side  current density and temperature. A strong increase of nonra-
cleaved-edge geomejtylasing spectra at 293 and 384 K are diative recombination was observed with increasing current
shown in the insets of panéh). density and temperature. This effect may be attributed to an
increased concentration of nonradiative recombination cen-

characteristics of the present 1.3- and 166-emitting la-  ters in QD structures. Such nonradiative leakage would ex-
sers. Moreover, the InAs-GaAs-AlAs material system allowsPlain the low differential efficiency~2%) and the switching
for the fabrication of monolithic high-contrast lattice- from ground- to excited-state lasing at 1.18 times the thresh-
matched GaAs-AlAs distributed Bragg reflectors for vertical-0ld current (y,) in corresponding laser devices.
cavity surface-emitting lasersVCSEL's) and cavity- In contrast, the improved material quality achieved with
enhanced photodetectors. The need to increase the size € AAPS growth approach yields differential efficiencies as
such InAs/GaAs QD's to reach the technologically importanthigh as 57% at 15 °C, which decreases only slightly to 53%,
spectral regions generally caused enhanced formation of déaising the temperature to 60 1€ig. 15. Ground-state las-
fects and dislocated clusters, which severely affect the eled0d is observed up tdat least 90 °C (Fig. 13 and up to
trical and optical properties. The large dislocated clustersdriving currents as high as 6y, (Fig. 14). These results
comprising the smallest band-gap regions, are sources §HPPOrt the high optical and structural quality of QDs formed
nonradiative leakage currents. However as shown above, tHy AAPS and demonstrate their potential for u8 edge-
AAPS growth approach allows us to reach the a8 region ~ emitting lasers for telecommunications.
avoiding enhanced defect and dislocation formation. The High-performance long-wavelength QD laser have also
AAPS QD’s are thus ideally suited for the realization of been realized by the dots-in-the-welDWELL) growth
high_performance GaAs-based :luﬁq injection lasers. teChniquea,g_AO which seems to be similar to AAPS. In the

Figure 13a) shows the threshold current density and
emission wavelength for an injection laser based on threefold
stacked AAPS QD’s as a function of temperature. The device
was fabricated with four cleaved edges to minimize mirror
losses. The insets depict lasing spectra at 293 and 384 K,
revealing lasing at 1.28 and 1.3@m, respectively. In the
investigated temperature range the lasing wavelength is close
to the ground-state transition energy observed in PL spectra
at low excitation densities. Obviously lasing occurs via the
QD ground-state transition. Par(g) depicts the temperature
evolution of the threshold current density. The threshold cur-
rent density and the characteristic temperafligeat room
temperature are, respectively, 80 Achand 160 K. Figure
14 shows the light-current characteristics and lasing spectra
for a 1.9-mm-long shallow-mesa stripe laser obtained in un-
der true continuous-wave operation. The differential effi-
ciency is ~57% and a maximum output power of 2.7 W
limited by thermal rollover is achieved.

In Refs. 51 and 52 the spontaneous emission characteris- FIG. 15. Temperature dependence of the differential efficiency
tics of 1.3um-emitting QD’s grown using alternating beams of a laser based on three-fold stacked AAPS QD’s. The stripe
of In, As,, Ga, and Ag were studied as a function of the length and thickness were 1900 and 2@, respectively.
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DWELL growth approach the initial islandsD(s=2.4 ML to lead to a partial decomposition of the alloy layer increas-

InAs) were formed on a 5-nm-thick }Ga_,As (x ing the size of the initial InAs nanostressors. This growth

=0.15,0.20) buffer and then overgrown with a 5-nm-thick approach allows achieving highly efficient emission at 1.3

In,Ga _,As alloy. The emission wavelength was 1.26n  um and exciton localization energies in excess of 400 meV

with a threshold current density of 26 Acrand a differ- for GaAs-based structures. The high material quality

ential efficiency of 3194840 achieved with the AAPS growth technique permits ground-
Very recently pulsed lasing at 1,8m has been demon- state transition lasing up to 90 °C and up to driving currents

strated for vertical-cavity surface emitting lasers with the ac-as high as 18, (at room temperatuje

tive region based on three sheets of QD’s formed by AAPS.

The threshold current was 1.8 mA for ax8-um? oxidized

aperture. A differential efficiency of 45%20°C) was ACKNOWLEDEGMENTS
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