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Misfit dislocations were used to modify the surface morphology and to attain spatial ordering of
guantum dots(QDs) by molecular beam epitaxy. Effects of anneal time and temperature on
strain-relaxed IpGa, _,As/GaAs layers and subsequent spatial ordering of InAs QDs were
investigated. Photoluminescen¢BL) and time-resolved PL was used to study the effects of
increased QD positional ordering, increased QD uniformity, and their proximity to dislocation
arrays on their optical properties. Narrower inhomogeneous PL broadening from the QDs ordered
on dislocation arrays were observed, and differences in PL dynamics were foun200®
American Institute of Physics[DOI: 10.1063/1.1467963

INTRODUCTION dots directly over existing islands when the capping layer is

Quantum dotgQDs) have been the focus of extensive sufficiently thin to maintain a large enough residual strain

research due to their electronic and optical properties. Alsdi€!d on the growth surface. L
The interplay between surface morphology and misfit

their radiation hardness makes them ideal for devices used in

CT ) : S dislocations can also help in the spatial ordering of &Ds.
space applications®> Several emerging device applications, . .
! . Here we report a technique that takes advantage of the intro-
such as lasers, detectors, and memories, using QDs have

5 Qliction of misfit dislocations to form highly ordered patterns
couraged these efforfs® During the self-assembled growth of isolated InAs QDs on strain-relaxed,®a, ,As layers
on planar substrates, quantum dots arrange themselves iNyPown on GaAs substrates. One of the ways to form highly

random manner. While this is acceptable for some QD appliprdered patterns of QDs is to produce them on misfit dislo-
cations, control of the position and ordered QD configuracations deliberately introduced into the structure. During
tions will enable other types of applications and offer newsych growth, a rectangular pattern of misfit dislocations is
functions for QD devices, like new highly parallel computing transferred into well separated rows of sharply aligned quan-
architecturesand single electron transistafs. tum dots. However, dislocations may also have a negative
Recent research on the self-organization of nanostruceffect and act as nonradiative recombination centers, thus
tures has shown that ordering can be achieved through seteducing carrier lifetimes. In the present work we examine
eral mechanisms. Step alignment in bunched steps has prordered quantum dot structures by studying the effects of
duced long-range step alignment in InAs and InGaAs &bs. growth conditions, surface morphology, and surface strain on
Such step bunching-induced alignment has different effectéhe growth of three-dimensioné8D) InAs islands, i.e., QDs.
in Ge/Si dots and results in increased lateral ordéfingth- ~ Time-resolved photoluminescen(feL) was then carried out
out the formation of strings of island on the step edges, duéP Study how the alignment and the introduction of disloca-

to the elastic repulsion between islands found in thitions affect the optical properties and carrier dynamics in

systemt! In contrast to the Ge/Si and InAs/GaAs :systemsthes’e QDs.

where strain induced ordering is limited by their small elastic

anisotropy'? very good long-range order has been achieved®XPERIMENTAL DETAILS

in lead salt CryStalS, in which Strong elastic aniSOtrOpy leads The QD structures were grown by molecular beam epi_
to the formation of three-dimensional dot lattices, and the dotaxy (MBE) on epi-readyn™ GaAs (100):0.1° and semi-
positioning shows anticorrelation with the underlying dotinsulating GaAs (100} 0.1° substrates that were rotated
layers™ Good vertical alignment has been shown in InAsduring deposition. Figure 1 shows a cross section of the
and InP QDs, in this case a positive correlation aligns thestructure grown. The basic aim is to grow a metastable struc-
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InAs QDs (1.8 ML) Time-resolved PL was carried out at 80 K after excita-
— A N A N N tion at 800 nm by a short laser pulse from a self mode-
GaAs Cap Layer 10 nm locking Ti:saphire lase(pulse duration 80 fs, repetition fre-
quency 95 MHxz A synchroscan streak camera with an
Mo.16G2082AS Matched Layer 50 nm infrared enhanced photocathode, combined with a 0.25 m
spectrometertemporal resolution 3 pswas used for PL
AosGao7As — Marker Layer 7.5 nm detection. The average excitation power of 2 mW used in the
Ing 16Gag gz AS 950 nm experiments corresponds to about< Z0'! electron-hole
: pairs per cr per pulse.
Matched Layer
RESULTS AND DISCUSSIONS
Ing.1sGag g2 As 1000 nm ) ) ) )
Structural analysis shows several interesting features in
Graded Layer the resulting morphology. Lines of ordered QDs appear
Ing 013Gag gz AS along[011] and[0-11]. The higher density of QDs nucleating
along[011] and[0-11] also creates large areas that are de-
GaAs 500 nm nuded of QDs in between rows of aligned QDs. The surfaces
Buffer Layer of the samples are no longer flat but instead exhibit undula-
' tions parallel to thé011) directions. It was also observed for
GaAs longer anneal times and/or higher anneal temperatures that
the thin dislocation slip lines where the QDs align evolve
Substrate into wider and deeper trenches. The annealing process pro-
vides enough thermal energy to cause the layers to relax by
creating misfit dislocations and thus CHPs in the

. . , In,Ga _,As layer, which is metastable due to its gradual
FIG. 1. Cross-sectional representation of the structure of a typical sample. . .. . .
Al structures were annealed prior to InAs QD growth. change in composition. As the anneal proceeds, dislocations
glide to the top surface of the structure where favorable
nucleation sites are formed, resulting in the observed InAs
QD alignment. Figure 2 shows that the InAs QDs form
ture which relaxes during postgrowth annealing through éighly ordered lines along011) for a sample that was an-
self-organized process and leads to the formation of gradualealed for 60 min at 620 °C prior to the deposition of InAs.
surface undulation$also known as cross-hatched patternsAs was predicted by Samonpt al® the surface of the
(CHP39], which act as preferential sites for the nucleation ofsample has undulations that are paralle]@ell] as well as
QDs. First a 500 nm buffer layer was deposited at 580 °Cless noticeable ones that are parallel[@d1]. It has been
The substrate temperature was then reduced to 510 °C andeported that, for InGaAs/GaAs heteroepitaxy, the incorpora-
1000 nm compositionally graded,l@a _,As layer (0.013 tion rate of group Il atoms to th®&-type step, parallel to
<x=0.18) was grown, followed by the deposition of a 950[011], is higher than that to thé\-type step, parallel to
nm In 16Ga g AS layer, a 7.5 nm AJGa, -As marker layer, [0-11].1° This asymmetry in adatom diffusion, implying that
and another 50 nm of jndGa, g/As. Finally, a 10 nm GaAs the surface diffusion length alori@®11] is longer than that
cap layer was deposited. From this point on the variouslong the[0-11] direction, could explain the undulations ob-
samples were treated differently. The structures grownon served. These undulations provide nucleation sites for the
GaAs were annealed, before QDs growth, at 620 °C for 15QDs, thus facilitating alignment of the QDs.
45, 60, 80, and 95 min, respectively. The structure grown on  To study the wider dislocation are@senchegin more
semi-insulating GaAs was annealed for 60 min at 650 °Cdetail, smaller scan images of these regions were taken. AFM
After annealing, the QDs were formed by depositing 1.8analysis showed that, as the anneal time increases, the dislo-
monolayergML) of InAs at a growth temperature of 525 °C. cation lines (where the QDs form develop into wide
GaAs caps of 20 nm were deposited on all samples used inenches were the QDs agglomerate. AFM also showed the
the optical measurements. Control InAs QDs were grown ofQDs to be very uniform. Figures(&—3(d) show height
top of a dislocation-free GaAs layer that was used to commode images, where the brightest areas represent the tallest
pare the QD surface morphology and PL spectroscopy refeatures and the darker areas represent lower features, of a 1
sults. pm region of the sample annealed at 650 °C for 60 min. The
Structural information was obtained from atomic force QDs are seen to nucleate along both side walls and the bot-
microscopy(AFM) (in contact modeand transmission elec- tom of the trenches. This can be clearly seen in Fi®),3
tron microscopy(TEM), both in plan view and in cross sec- which is a 3D representation of Fig(e3. TEM also shows
tion. These show that the QD surface densities diminisfQD nucleation in trenches, seen in Fige)3 TEM examina-
when QDs are formed on a strain-relaxedGa, _,As layer:  tion did not show dislocations within the quantum dots. Fig-
the QD surface densities are only 3%40%cn? in the or- ures 3c) and 3d) are cross-sectional views of Fig(aB
dered structures and 3-410'%cn? in the control or defect- along[011] and[0-11], respectively. Here the surface undu-
free structures. lations parallel to th¢0-11] direction are seen to be more
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FIG. 3. (a) Top view and(b) 3D representation of a region where the
dislocation slip line has become a wide trench in a sample grown on a
semi-insulating GaA$100) wafer and annealed for 60 min at 650 °€),

(d) View directly into the(011) directions where it can be seen that the
trenches open alon@®-11] and QDs do not show a preference of where in
the trench the will nucleatée) TEM cross-sectional image of InAs QDs on

a trench formed as a result of dislocation slip plane step bunching.

60.000 nm

¢
/j/ and anisotropic residual strain on the surface, it is difficult to
separate the effects of these two mechanisms on QD nucle-
ation.
Room temperature continuous wavelen@ttv) and low
b temperature time-resolved PL were observed from QD states
FIG. 2. (8) 5 um AFM image of a sample that was annealed for 60 min at In some Of_these Strucwres', Flgurea‘ylShOWS PL spectra
620 °C prior to the deposition of InAs. The InAs islan@Ds) align along ~ from two different samples in which the InAs QDs were
(011) and large denuded areas start to appéar3D representation ofa); grown on strain-relaxed InGaAs layers. This is compared to
here undulations are seen to form more prominently a[dig. PL spectra obtained from InAs QDs grown on defect-free
GaAs. The PL spectra from the ordered InAs QDs grown on
the dislocation arrays are narrower that the one obtained
prominent. Longer anneal times and higher anneal temperdrom the “control” InAs QDs (grown on defect-free GaAs
tures mean increased diffusion kinetics, which allow theThe 80 K QD PL spectra show a single peak centered at 1.22
samples to achieve a more energetically favorable configuraV with a full width at half maximum(FWHM) of 36 meV
tion. In the Si/Ge system it is known that atoms diffuse awayfor the sample with dislocations compared to 1.19 eV and
from the highest strain regions and create trenches. 128 meV for the reference sample. The reference sample has
In dislocation-induced ordering like that in this work and large inhomogeneous broadening since the growth was not
in Ge/Si quantum doté the alignment observed is difficult optimized to obtain good size uniformity. High QD surface
to explain by the strain field from dislocations, since thedensities also contribute to increased inhomogeneous broad-
dislocation core is far from the dot nucleation sites and theening. A narrower PL peak of the ordered QD sample sug-
strain field of dislocations decreases abruptly with distancgests smaller QD size variations and perhaps reduced en-
from their coret’ Here alignment could be a result of pref- semble interactions with neighboring QDs. This observation
erential nucleation on the shear steps that form on the suagrees with the better uniformity of the QDs on the arrays
face. The cross-hatched patterns have been explained by iobserved by AFM imaging, and also with the observed
homogeneous strain fields associated with the underlyingsparse” regions without QDs, which would imply fewer
dislocations which lead to spatially nonuniform growth ratesdifferences from an altered strain environment due to effects
at the growth front. Since both of these are present, slip steffsom neighboring QD$2 The PL peak from the disordered
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12 F (a)‘ L ordered QDs (1) ] (contro) QD _e_nsemble is broader than average, but since the
[ ordered QDs (2) l growth conditions were not changed during growth of the

i Son0rol OPs (disordered) § QDs other than deposition on strain-relaxed layers, we be-

lieve that this reduction in inhomogeneous PL broadening

would also occur with optimized control samples.

Figures 4b) and 4c) show differences in PL transients
from these different types of QD structures measured on long
and short time scales. From these transients, the PL rise and
decay times are extracted. The 80 K carrier lifetimes are 170
and 460 ps for the ordered and disordered QD samples, re-
spectively. In both cases the carrier lifetimes are too short to
be determined solely by radiative recombination. This obser-
vation implies the presence of defects in the dots or at their
interfaces. The 80 K PL rise times are 5 ps for the ordered
Energy (eV) QDs and 14 ps for the control InAs QDs. A probable reason
1.2 e for the reduced PL rise time is reduced carrier transport time
i (b) ] because of reduced transport distance. For above band gap

,,,,,,, g:g::g 882 8 . excitation, the PL rise time accounts for carrier transport,
control QDs (disordered) | | capture, and relaxation. The absorption depth for the exciting

S radiation in GaAs is about 0.am, and it is from this depth

1 that the carriers are collected into the dots in the reference
7 sample with uniform and defect-free GaAs barriers. In the
] ordered QD samples, carriers are collected basically from the
] 20 nm thick GaAs cap layer, because the 10 nm thick GaAs
] layer, on which the QDs are grown, acts as a barrier for
carriers generated in the InGaAs layers deeper in the struc-
tures. In addition, dislocations may act as concurrent trap-
ping centers, further diminishing the volume from which car-
riers are collected into the QDs.
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Normalized PL intensity

02 [
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0 500 1000 1500 2000
Time [ps] CONCLUSIONS
L ordered QDs (2) . . . )
12 (C) _________ ordered QDs (1) I.n conclusmn., we ha\{e used. AFM imaging and cross
control QDs (disordered) sectional analysis combined with photoluminescence to

] study the effects of dislocations on the morphology, spatial
] ordering, and optical properties of InAs QDs on strain-
relaxed InGa, ,As layers grown by MBE. We observed
that, by annealing the metastablgG® _,As/GaAs struc-
ture, the surfaces of the samples develop undulations along
the(011) directions, which induce alignment of QDs. As this
] ordering develops, areas denuded of QDs begin to appear. By
] increasing the annealing time and/or temperature the dislo-
] cation lines widen and transform into trenches. QDs nucle-
: ation is concentrated in these trench regions with no apparent
: : B— preference for the side walls or the bottom of the trenches.
0 Ty 05) 100 150 Narrower PL peaks were obtained from the ordered QD
structures formed on strain relaxed,@g _,As layers.
FIG. 4. Photoluminescence results for ordered InAs QDs grown on strainShorter PL rise and decay times were also observed at low
relaxed InGaAs layers and annealed under different condifidisl5 min temperatures. Shorter rise times are explained by decreased

at 620 °C and?2) 60 min at 650 °¢ compared to a spectrum obtained from ier t t 1 ithin the barri di th
InAs QDs grown under similar conditior{§25 °C and 1.8 ML of InAsbut carner transport umes within the barrers surrounding the

on dislocation-free GaAga) Low temperaturg80 K) PL spectra of InAs QDs.
QD structures formed on dislocation arrays and the control InAs randomly
formed on defect-free GaAs buffer layers show much less inhomogeneou
broadening for the two ordered QD structures; time-resolved PL transient

measured offb) longer and(c) shorter time scales that demonstrate full PL Part of this research was carried out at the Jet Propulsion
transients and PL rise times for QDs formed on dislocations and for QDs P

formed on a planar, defect-free GaAs buffer layer. Laboratory, California Institute of Technology, under a con-
tract with the National Aeronautics and Space Administra-
tion. Financial support from the Swedish Foundation for In-
ternational Cooperation in Research and Higher Education
(STINT) is gratefully acknowledged.
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