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Abstract InAsIGaAs heterostructures have been simul- 
taneously grown by molecular beam epitaxy on GaAs 
(loo), GaAs (100) with a 2" misorientation angle towards 
[Ol-11, and GaAs (nl l)B (n = 9, 7, 5) substrates. While 
the substrate misorientation angle increased from 0" to 
15.8", a clear evolution from quantum dots to quantum well 
was evident by the surface morphology, the photolumi- 
nescence, and the time-resolved photoluminescence, 
respectively. This evolution revealed an increased critical 
thickness and a delayed formation of InAs quantum dots as 
the surface orientation departed from GaAs (loo), which 
was explained by the thermal-equilibrium model due to the 
less efficient of strain relaxation on misoriented substrate 
surfaces. 
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Introduction 

Self-assembled InGaAsIGaAs semiconductor quantum dots 
(QDs) attracted extensive research efforts due to their 
unique properties as "artificial atoms" [ 1-31. Understand- 
ing and controlling the growth of InGaAslGaAs QDs were 
important both for fundamental studies and in view of their 
potential in optoelectronic device applications. In this 
arena, it is well known that the GaAs substrate orientation 
has a large impact on the formation and properties of the 
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self-assembled InGaAs QDs [3-81. This is due to the dif- 
ferent oriented substrate surfaces that are characterized by 
different chemical potentials thus affecting the kinetics of 
adsorption, migration, desorption, reconstruction, and 
strain relaxation [Y- 121. These differences, in turn, intro- 
duce new optical properties and potential applications 
[I 3-1 61. 

To date, there are many experimental and theoretical 
studies on the influence of GaAs substrate orientation on 
the QDs. However, the formation and evolution of QDs on 
misoriented substrates remain an interesting topic because 
they provide insight for designing a QD device system 
[17]. Previously, Henini's group developed the thermal- 
equilibrium model [18] and theoretically proved that the 
critical thickness of forming InAs QDs on high index 
surfaces increased as the substrate orientation departed 
from the GaAs (100) [19]. This proof was reinforced 
experimentally on GaAs (51 l)B surface (substrate misori- 
entation of 15.8") and GaAs (311)B surface (substrate 
misorientation of 25.2") [19, 201. Nonetheless, our recent 
investigation of InAs QDs grown on patterned substrate 
showed that, with the misorientation angle less than 15", 
the InAs QDs prefer to nucleate on the vicinal surface 
rather than on GaAs (100) [71, '21 .  In this case, it seems 
that the critical thickness of forming InAs QDs on the 
vicinal surface is less than that on planar GaAs (100). 
Thereafter, one question appeared: does the thermal-equi- 
librium model still work well for the substrates with 
misorientation angle smaller than 15.8'? To verify this, 
InAs have been simultaneously deposited on GaAs (loo), 
GaAs (100) with a 2" misorientation angle towards [Ol - 11 
direction and GaAs (nl l)B (n = 9, 7, 5) substrates. From 
the atomic force microscope (AFM) characterization and 
photoluminescence (PL) investigation, a clear evolution 
from QDs to quantum well (QW) was observed while the 
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A first-principles-based scheme is used to investigate the thickness dependency of d o ~ n a i ~ l  width of 
180" stripe domains in Pb(Zr.Ti)O, ultrathin films. Our study shows that (I) more metastable states 
with energy closer to the 180" stripe domain ground state occur in thicker films, (2) the Kitlel law 
is valid fbr 180" stripe domains when the filrn thickness is above 1.6 nm, and (3) below 1.2 nrn. the 
Kitcel law cannot be applied anymore due to the disappearance of domains. The thickness 
dependency of the domain morphology is also discussed. 0 2007 Atnericarl It~.~tit~ile of Physics. 
[DOI: 10.10631 1.2799252] 

Over the past decade, ferroelectric thin films have at- 
tracted considerable research intcrcst bccause of thcir various 
potential dcvicc applications.'-because of the devices' min- 
iaturization. our fundamental understanding on nanoscale 
ferroelectl-ic thin filrns is critical to push forward and ad- 
vance beyond the existing technologies. It is now known that 
fc~~oelectric thin filins usually behavc diffcrently than their 
bulk counterparts because their properties depend on the film 
thickness, mechanical and electl.ical boundary conditions, 
and surfaccs and intcrfaccs (see, c.g., Ref. 4 and rcferenccs 
[herein). Surprisingly, one law. that was developed originally 
for ferromagnetic'.' and then for ferroelectric mcccrr~scopic 
systems,' was recently found to still apply for ferroelectric 
thin. and even ultrathin, filnls-according to the two recent 
measurements of Refs. 8 and 9. This law is usually referred 
to as the Kittel law and states that the domain width is di- 
rectly proportional to the square root of the sample's 
thickness."' Several features related to the Kittel law for 
ferroelectric ultrathin films are currently unknown, despite of 
their obvious importance. For instance, one may wondering 
if there is a critical thickrless below which such law is vio- 
lated, since Ref. 8 investigated 180" periodic stripe domains 
in PbTi03 thin films with thickness ranging betwecn 1.6 and 
42 nm, while Ref. 9 studied 90" stripe domains in single 
crystal BaTi03 thin lamellae with thickness varying between 
70 and 530 nm. One may also wonder how the morphologjl 
of the stripe domains evolves when varying the film's thick- 
ness along the Kittel law. For instance. it is still not clear 
what happens to the vortex kind of dipole arrangement (that 
is predicted to occur in the 180" stripes for ultrathin 
hlms:'"." and that is characterized by dipoles easily rotating 
across the stripes in order to form a kind of vortex structure) 
whcn increasing the film's thickness. Finally, it is worthwhile 
to detemline if metastable states also consisting of periodic 
stripe domains, but with periods different from those pre- 
dicted by thc Kittel law, can occur in thin films. 

The aim of this letter is to use a first-principles-based 
method to investigate the validity of the Kittel law for the 
recently discovered periodic 180' stripe domains in ferro- 
electric ultrathin filmss as well as to provide energetic and 
atomistic insight about such domains. As opposed to the con- 
ventional phenomenological methods based on continuum 
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theory,".'" our method can simulate ultrathin films with do- 
main widths of only few unit cells without using adjustable 
empirical parameters (which are difficult to be determined 
experin~entally." and that can lead to different simulation 
resu~ts'". 

More precisely, we study Pb(Zr0,Tio,,)03 films that are 
grown along the [001] direction (which is chosen to be the ; 
axis) and are Pb-0 telminated a[ all surfaces. 'They are mod- 
eled by L, X L,, x L7 supel.cells, where L, and L, are the num- 
bers of unit cells along the periodic x and ?; axes. respec- 
tively, and L, is the number of finite (001) B layers along the 
nonperiodic : axis. The total energy of such supercells is 
used in Monte Carlo (MC) simulations and is written as 

where u, is the local soft mode in the unit cell i of [he film. 
The MC si~nulations typically run over 40 000 swceps to 
ensure that the simulated systems reach their lowest possible 
free-encrgy state. The {ai) arrangelnellt characterizes the 
atomic configuration of the alloy." The {v;) are inhomoge- 
neous strain-related variables and 17 is the homogeneous 
strain tensor.'" The inplane lattice matching between the 
(001) film and the substrate is simulated by I'reezing 771 

= v2= S and vO=O (in Voigt notation)-with 6 being the 
value forcing the film to adopt the in-plane lattice conbtant of 
the substrate.'' 

The hrsl anti second terms of Eq. (1) represents the 
(alloy effective Hamillonian) intrinsic energy of the film un- 
der itleal operl-circuit (OC) collditio~ls and the effect of re- 
sidual depolarizing field E,,,, on physical properties, respec- 
tively. The expression and first-principles-derived parameters 
of cHeff are those given in Refs. 15 and 17 for 
Pb(Zra,Ti0,d03 (PZT) bulk, except for the dipole-dipole in- 
teractions for which the formula derived in Refs. 18 and ! 9 
for thin film under ideal OC conditions is uscd. Such clectri- 
cal boundary conditions lead to a maxirnum depolarizing 
field (denoted by (Edep)) inside the film. when the dipoles 
point along the [001] direction. (Edep) is exactly derived at an 
atomistic Icvel, following the procedure i~ltroduccd in Ref. 
18. The P parameter is then used to control the degree of 
screening of (Edtp): P = O  corresponds to ideal OC conditions! 
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A method fbr calculation of near-field images of semiconductor surf'aces with an inhomogeneous electron dis- 
tribution is proposed. The method is based on linear response theory. As a result, the solution of the Lippman- 
Schwinger equation for a self-consistent field is presented via the effective susceptibility. Near-field images of 
a modulation-doped 11-type GaAs surface subjected to illuminati011 with pulses uf'a strongly focused laser beam 
are calculated. The developed approach is universal and applicable for the analysis of experimental data on 
time-resolved near-field nlicroscopy. O 2007 Optical Society of America 

OCIS codes: 180.5810, 110.2990. 

1. INTRODUCTION 
Today, novel nondestructive methods for probing the 
nanoscale characteristics of new materials and systems 
are urgently needed. The current development of micro- 
technologies and nanotechnologies in  modern electronics 
needs such methods for investigating surfaces and sub- 
surface domains in  semiconductors. One of these methods 
is near-field scanning optical microscopy (NSOM) [l-61. 
Conventionally, NSOM experiments are  performed with 
stationary light sources. Thus they give little insight into 
fast dynamical processes such as  the relaxation, trans- 
port, and  recombination of carriers in subsurface domains 
of the semiconductor, because this requires both as high a 
spatial resolution as  a temporal resolution. Ultrafast 
NSOM with combined spatial and time high resolution is 
able to satisfy these requirements [7-91. Recently a vari- 
ety of both time- and space-resolved experiments have 
been performed considering the coherent polarization for 
the quantum wire system [10-121. In the case of coherent 
polarizations being neglected, tha t  is, the time resolution 
of the experiment is  less than  the dephasing time of the 
material excitation, the modulating detection in the com- 
bined NSOM allows the measured local-field distribution 
to be considered a s  a static one. Assuming an incoherent 
material excitation, one can use the method of calculation 
of near-field images based on a formally exact analytical 
solution of the Lippn~anSchwinger  equation (LSE) tak- 
ing into account the linear response theory developed ear- 
lier for other problems [13-151. There are  many applica- 
tions of LSE to the  analysis of near-field images, and for 
semiconductor nanostructures [16,17] as  well as  the de- 
velopment of the  theoretical approach by Costiaux et al. 
1181, Martin and Piller [19], and Paulus and Martin [20]. 
However, in our approach of incoherent material re- 
sponse, the LSE solution for the self-consisting field can 
be expressed through the effective susceptibility. While 

the effective susceptibility allows obtaining a near-field 
image for an arbitrary shape of object, the near-field im- 
ages for the surface of n.-type GaAs with Gauss-like dis- 
tribution of carriers in subsurface domain can be calcu- 
lated in the framework of the developed approach. In the 
case when the surface of the 11-type semiconductor is 
acted upon by pulses of a strong focused laser beam, the 
distribution of electrons will be described as Gauss-like. 
Then, the developed approach could be useful for the 
analysis of experimental data  on ultrafast near-field mi- 
croscopy when the surface of the semiconductor is irradi- 
ated by strongly focused ultrafast light pulses. This 
method seems to be a universal one and can be used for 
near-field imaging any object under the surface in NSOM 
experiments. 

2. MAIN EQUATION 
For near-field imaging of semiconductor surface with an 
inhomogeneous electron distribution and simulation of 
the configuration we consider the so-called far-field-pump 
and near-field-probe geometry [21] shown in Fig. 1. Here 
the probe pulse is sent through the fiber while the pump 
is focused down externally on the sample by a far-field 
(f=8 cm) lens. Thus the semiconductor surface is illumi- 
nated by the strong focused femtosecond Gauss-like 
pulses with the energy of quantum greater than the semi- 
conductor bandgap. After absorption of pump pulses in  
the semiconductor, the noneauilibrium carrier distribu- 
tions of both electrons and holes are generated under the 
semiconductor surface. If we consider the n-type semicon- 
ductor and assume tha t  minor carriers (holes) recombine 
rapidly, the nonequilibrium charge distribution will con- 
sist predominantly of electrons. This inhomogeneous elec- 
tron distribution is scanned by a NSOM probe. As a probe 
beam, we consider the light emitted by the tip of a n  un- 
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Crossed transitions between the wetting layer valence band and the quantum dot (QD) clectron 
states are revealed in the photoluminescence from self-assembled Ino,Gq,,As/GaAs QDs. The 
strength ol' these transitions becomes con~parable with the excitonic transitions for below-GaAs 
barrier excitation and decreases significantly with below wetting layer excitation. The observed 
peculiar QD photoluminescence dependences on temperature and excitation density are due partly 
to interdot carrier transfer through the continuum states related to the wetting layer morphology and 
to phonon-assisted processes. O 2007 Amei-ican Iiistitrite of Pl1ysic.s. [DOI: 10.1063/1.2402745] 

I. INTRODUCTION 

Recent studies on the optical properties of single In- 
(Ga)As quantum dots (QDs) coupled to their wetting layer 
(WL) have revealed continuum states spread in energy below 
the lowest quantum state of the quantum dot barrier.'-' As a 
result, coupling between these continuum states and the dis- 
crete QD states can strongly affect intradot relaxation and 
provides decoherence channels that can be harmful to the 
application o l  QDs to quantum infoimation processing. One 
might expect, therefore, that there exists a basic understand- 
ing of the nature and role of the continuum states to further 
developinent of QD technology. However, while the origin 
of the continuum states as well as their effect on QD optical 
propertics have been partly explored in various systems,'-" 
many important aspects remain unre~olved. '"- '~ 

Studies of the continuum states in QD systems have 
been carried out using several different techniques, i.e., near- 
field pl~otoluininescence excitation (PLE),' polarized photo- 
luminescence (PL),' and infrared absorption measurements.' 
These investigations have established the important point 
that the continuum states couple the barrier states to the dis- 
crete QD states providing efficient carrier relaxation froin the 
lowest barrier state into the QD states. As a result, carriers 
excited above the WL absorption edge can very quickly relax 
through the continuum states losing their energy by produc- 
ing longitutlinal acoustic phonons. In this way the carriers 
easily trickle down rapidly reaching the energy region of a 
QD excited state before emitting an integral number of lon- 
gitudinal optical (LO) or localized phonons and transitioning 
to the QD ground state. While the sell-assembled QDs are 
coupled to the WL the density of continuurn states is sug- 
gested to be a very gradual crossover from QW to QD,' and 
it is an intrinsic feature of the single QD and cannot be 
ascribed to the QD ensemble. 

Further micro-PL measurements under cw excitation 
have also demonstrated a strong PL upconversion from 
siilglc InAsIGaAs self-assembled QDs and also from the 
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InAs WL.' In fact, identical features from the WI, and single 
QDs have been observed using upconverted PL signals. evi- 
dencing that the WL continuum states could originate from 
the deep states localized at the rough interfaces of the WL 
quantum well. In this scenario, depending on the roughiless 
of the WL the band tail of localized states can penetrate 
sufficiently deep in the region of discrete lines of the QD 
spectra. 

In addition to this possibility, several alternative expla- 
nations for the origin of the continuum statcs havc been pro- 
posed. For cxainple, low-energy phonon satellites of thc WL 
states have been proposed to result in a continuous back- 
ground intensity which line.arly increases with the WI, 
populat ion.hnother  explanation depends on crossed 

2 electron-hole states that generate a continuous absorption 
background from single QDs without the need for participa- 
tion of sample imperfections. This theoretical model' allows 
for the unambiguous identification of the origin of the con- 
tinuum transitions in the absorption spectra of single self- 
assembled Ino ,5G~,5As  QDS.' For exanlple. it has been dem- 
onstrated that the QD spectra of this system contain a region 
of low-energy transitions up to 50 rneV above the excitor~ 
ground state with sharp atornlike spectra followed by the 
onset of the continuum. The PL features of the continuum 
region have significantly increased full width at half maxi- 
muin (FWHM) values. strong temperature dependence, ant1 
demonstrate field dependent broadening under lhe. applied 
electric field. This behavior has given direct evidence for 
coupling of the confined QD states and the WL states. 

The results discussed above apply mainly to single QDs 
and little. consideration has been paid to the enseinbles of 
QDs. in which inhomogeneity of size obscures the contribu- 
tion of the continuum backgrountl to the behavior of single 
QDs. Nevertheless, recently it has become important to ac- 
count for the continuunl states in more complicated quantum 
systems. For example, for single InGaAs sell-assembled 
quantum rings embedded in a field effect structure it has 
been found that optical transitions anlong electronic shells of 
unpaired symmetry are favored by the presence of a nearby 
Ferrni sea. In this case, crossed transitions between localized 
and delocalized electronic states have to be coilsidcrcd in 

0021 -8979/2007/101(1)~014301/6/$2~.0o 101, 01 4301 -1 O 2007 American Institute of Physics 

Downloaded 26 Feb 2008 to 130.184.237.6. Redistribution subject to AIP license or copyright; see http:lljap.aip.orgljaplcopyright.jsp 



Nanohoies fabricated by self-assembled gallium nanodrill on GaAs(100) 
Zh. M. Wang, B. L. ~ i a n g , ~ )  K. A. Sablon,  and  G. J .  Salamo 
P11)lsics Department, Ul~iversit)~ of'Arknrrsns, Fqvetre~*ille, Arkansas 72701 

(Received 6 December 2006; accepted 9 February 2007; published online 15 March 2007) 

Self-assembled nanodrill technology based on droplet epitaxy growth was developed to obtain 
nanoholes on a GaAs(100) surface. In this technology, the gallium droplets act like "electrochemical 
drills" etching away the GaAs substrate beneath to give rise to nanoholes more than 10 nm deep. 
The driving force of the nanodrill is attributed to the arsenic tlesorption underneath the gallium 
droplet at high growth temperatures and Ga-rich condition. This nanodrill technology provides an 
easy and flexible method to fabricate nanohole templates on GaAs(100) surface and has greal 
potential for developing quantum dots and quantum dot molecules for quantum computation 
applicalions. O 2007 Arnerictrn In,stitute qf Physics. [DOI: 10.106311.27 137451 

There have been enormous worldwide research efforts in 
semiconductor nanostructures in the last decade. The basic 
motivation behind the study of semiconductor nanostructures 
is that the quantum-confinement effect in such low- 
dimensional systems allows devices with promising proper- 
ties lo be engineered.'-" As an example. an intriguing chal- 
lenge that is now being explored is the possibility of using 
the quanlum dot (QD) or closely spaced QDs (namely, "QD 
molecule") as building blocks for future quantum conlputa- 
tion and quantum 111 this casc, site- 
controlled low density QD structures are rcquired to allow 
individual QD or QD ~nolecule to be optically/electrically 
addressed. However, the achievement of site-controlled QDs 
or QD molecules has always presented a challenge due to the 
stochastic nature of self-assembled growth. Commonly, the 
fabrication of nanohole templates is an important technique 
for obtaining site-controlled quantum nanostructures based 
on the control of QD nucleation sites by the patterned nano- 
holes. Several approaches using artificial substrate process 
techniques. such as atomic force ~nicroscopy (AFM) tip ox- 
ide, scanning tunneling probe-assisted nanolithography, and 
electron beam lithography,'0-" have been developed to ob- 
tain nanohole tcinplates for growing ordered ODs or QD 
molecules. The great advantage of these methods is flexible 
control of the nanohole ordering. But these methods require 
complicated and expensive substrate processing instruments 
and also easily induce defects and chemical contamination. 
Recently, our group has begun to dcvelop nanohole Fabrica- 
tion technique based on self-assembly in droplet epitaxy 
growth. By controlling the selective growth of GaAs during 
the cryslallizalion of the Ga dro let we obtained GaAs 
nanoholes of different ~ h a p e r . ~ " ~ T h i s  method is simple, 
flexible, with no requirement for artificial substrate process- 
ing. In this letter, based on droplet epitaxy growth, we ex- 
ploited a nanodrill technique to fabricate nanoholes on 
GaAs(100). 

Droplet epitaxy was first proposed by Koguchi and 
1shigc'%nd Watanabe and Koguchi" with lattice-matched 
nlaterials systems as an alternative approach to grow nano- 
structures. This growth technique has the flexibility to fonn 
versatile nanoholelike quantum structures and has shown 
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promise as a method to achieve site-controlled QDs or QD 
molecules with low density and cxccllent optical 

In this research, all the samples were. grown 
on a semi-insulating GaAs(100) surface by droplet epitaxy 
growth in a ~nolecular beam cpitaxy (MBE) chamber. In or- 
der to obtain nanoholes, we first grew sample A, using 
growth procedures similar to those described in Rcf. 15. Fol- 
lowing oxide desorption and growth of a 0.5 p m  GaAs 
buffer layer at 600 "C, the substrate was coolcd down to 
500 OC. The arsenic (As) valve was fully closed before 
reaching the desired substrate temperature. Once the growth 
temperature was reached, gallium (Ga) flux equivalent to 
fonn 20 ML GaAs was supplied to the substrate surface to 
form Ga droplets. The sample was then annealed at 500 "C  
for 100 s under As flux with the valve 5% opened (corre- 
sponding to a beam equivalent pressure of - 1 . 1  
X lo-' TOIT). Finally, sample A was quenched and taken out 
from the MBE chamber for analysis using AFM. 

The resulting AFM image of sample A in Fig. l(r1) shows 
that the Ga droplets have fully crystallized after 100 s of 
annealing at 500 O C and llallohole structures are observed on 
the sample surface. A typical nanohole structure is shown in 
the inset of Fig. l(a) and its cross-section profiles are given 
in Fig. 1 (b) [the definitions of the width, the depth, and the 
lobe of the nanohole are shown in Fig. l(b)]. The AFM in]- 
age and the profile line both indicate that the holes have an 
average width of s =  160 nm, a depth of d z 5 . 7  nm. and ;I 

number density of -3.3 pm-2. Meanwhile, the nanoholes 
havc an anisotropic lobe structure around the holc, which has 
an average height of h z 9 . 1  ntn along the [Ol-11 direction 
and an average height of h=5.6 nrn along the [Oll] direc- 
tion. Similar shaped nanohole structures have been observed 
previously for droplct cpitaxy growth and the formation of 
the nanoholes was attributed to the selective growth of CiaAs 
around the Ga droplet boundary during the crystallization ol' 
Ga d rop l e t s . " ' ~ '~oweve r ,  when we carefully ar~alyze the 
depth distribution of the nanoholcs, as shown by the histo- 
gram in Fig. l(c), we found that there are some holes with a 
depth much larger than the total GaAs deposition of 20 ML 
(-5.7 nm) and some holes are even as deep at 12 nm. This 
indicates that, to a certain degree, the nanoholes are forincd 
by etching into GaAs substrate. Clearly, these deep holes 
cannot be explained by the growth model r e f~ renced , ' ~~"  in 
which the nanoholes did not extend beyond the 20 MI. of 
total GaAs deposition. Therefore there must bc some differ- 
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A first-principles-derived method is used to study the ~norphology and electric-field-induced evolution of 
stripe nanodornains in (001) BaTiO, (BTO) ultrathin films, and to cornpare them with those in (001) 
Pb(Zr,Ti)03 (PZT) ultrathin filnls. The BaTiO? systems exhibit 180" periodic stripe domains at null electric 
field. as in PZT ultrathin filn~s. However, the stripes alternate along [I-101 in BTO systems versus [010] in  
PZT systems. and no in-plane su~face dipoles occur in BTO ultrathin films (unlike i n  PZT materiz~ls). More- 
ovel; the evolution of the 180" stripe domains in the BaTiO, systems. when applying and increasing an electric 
field along [001], involves four regions: region I for which the magnitude of the "down" dipoles (i.e.. those that 
are antiparallel to the electric field) is reduced, while the domain walls do not move; region I1 in which some 
local down dipoles adjacent to domain walls switch their direction, resulting in zigzagged domain walls-w~th 
the overall stripe periodicity being unchanged; region 111 in which nanobubbles are created. then contract along 
[I 101 and finally collapse: and region IV which is associated with a single monodomain. Such evolution differs 
from that of PZT ultrathin films for which neither region I nor zigzagged domain walls exist, and for which the 
bubbles contract dong [100]. Discussion about such differences is provided. 

I. IR'TRODUCTION 

Ferroelcctric materials arc thc heart of many applications 
such as nonvolatile memories, communication devices, and 
microactuators.' The continuing miniaturization of these de- 
vices has stimulated considerable research attention on ferro- 
electric thin films (see, e.g., Refs. 2 and 3, and references 
therein). Such systems can exhibit striking phenomena be- 
cause of some finite-size effect. For instance, thcy can adopt 
periodic stripe domains with exceptionally small periods 
(i.e.. in the order of a fcw nanonicters). when experiencing 
some specific mechanical and electrical boundary 
 condition^.'-'^ Interestingly, the morphology of such llanos- 
tripe patterns seem to dramatically depend on the materials, 
as suggested by the fdcts that 180" nanostripes are k~lown to 
alternate along the [010] direction in (001) Pb(Zr,Ti)03 
(PZT) and PbTiO, thin fi l m ~ ' . ~ ~ - "  while Ref. 4 predicts that 
such stripes alternate along another direction (namely, along 
[I-101) in (001) BaTiO? (BTO) ultrathin films. The exact 
reason behind such difference, that is reminiscent of distinct 
behaviors found in Pb- vs Ba-based alloys,".'%e~nains to be 
addressed. One may also wonder if other differences c,xist for 
the morphology of the stripe domains in PZT and BTO films, 
and, if 60, why. For instance. do d~poles at the surfaces of 
BTO films also lie in-plane (to close the flux as in PZT 
f i ~ n i ~ ~ * ~  and In the Landau-Lifschitz ~noclel of domains"), or 
rather prefer to all lie along the growth direction (as in the 
Killel model of domains'". or even adopt an latermediate 
case (e.g., form an angle of 45" between the in-plane and 
out-of-plane directions)? Another fundamental question to be 
addressed regarding stripe domains in BTO thin films is their 
precise acomislic evolution under the application of the fac- 
tor that lies at the heart of Inally ferroelectric devices, namely 
an external electric field. More specifically, how do the tlif- 
ferences between the initial stripe domains in BTO and PZT 
films aCfect the (very unusual) stripe-+Eerroelectric 
llanobubble--+ monodomain transition sequence that has been 

recently predicted and docun~cntcd in detail for PZT ultrathin 
films under applied  field^?^ Tn particular, it would be worth- 
while to havc a dccp microscopic insight about thc rnecha- 
nisnis leading to the disappearance of the na~lostripes in fa- 
vor of ferroclectric nanobubbles (that bear reseinblancc with 
ferromagnetic bubbles in ferromagnetic films"), and about 
the evolution of thc ~norphology of thesc fcrl-oclcctric 
nanobubbles, under an electric field in BTO films- 
especially, whcn realizing that BaTiO, bulk is the most ex- 
tensively studied system among all ferroelectrics!bhile 
little is still knowll about the domains4 and their elcctric- 
field-induced domain evolution" in epitaxial BaTi03 ultra- 
thin films. 

The aims of this article are to use first-principles-based 
techniques to (i) provide atoinistic details of domains in BTO 
ultrathin films, (ii) indicate how such domains evolve as a 
function of applied electric field, (iii) compare thc properties 
of BTO ultrathin films with those of PZT ultrathin films. as 
well as to discuss and undcrstand their similarities and dif'- 
ferences. 

Thc remainder of this paper is organized as follows. In 
Sec. 11, the theoretical method is described. The stripe do- 
mains in 20-A-thick BTO thiu films, and their c,nergetic ori- 
gins, are presented in Sec. I11 A, with a special emphasis on 
explaining the difference in ~norphology bctwecn periodic 
nanostripes in BTO and PZT thin films. Section 111 B depicts 
the clectric-field-induccd donlain evolution in the BTO ultra- 
thin films, and compares it with the corresponding domain 
evolution in PZT ultrathin films. Finally. a conclusion is pro- 
vided in Sec. IV. 

11. THEORETICAL METHOD 

The presently studied BTO and PZT ultrathin films are 
assumed to be grown along thc [001] direction ( z  axis) and 
are Ba-0 and Pb-0 terminated, respectively, at all surfaces. 
Thc PZT films are disordered in nature, with a Ti overall 
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Abstract 
The  density of states for InAs/GaAs quantum t l o ~  (QDs) bi-layer arrays 
placed between two AlGaAs barriers is  studied by means of 
photoluminescence (PL) excitation, resonant P L  and lime-resolved PL. By 
varying the excitation energy from above the AlGaAs band gap to values 
resonant with the Q D  energies, the energy of  states in each layer including 
the wetting layer, corresponding localized states, defect states and Q D  state$ 
is determined. The creation of asymmetric pairs of quantum dots caused by 
interlayer coupling is traced starling from the case of weakly correlated 
systems represented by bi-layer QD arrays with a thick GaAs spacer layer 
(50 monolayers) to the case of fully correlated systems with a GaAs spacer 
(30 monolayers). Different mechanisms of  carriel. relaxation related to the 
density of states below the barrier and interlayer coupling are explored. 

Self-assembly of (In,Ga)As quantu~n dots (QDs) grown on 
GaAs has found potential application 11 -61 despite the limiring 
feature of a rather large inhomogeneity in sizc in their 
respective QDs. Moreover. strain-driven vertical alignment 
of QDs in ~nultilayered samples 17, 81 has opened new 
possibilities for thc application of couplcd QD structures. For 
example, the ability to trap, localize, store and transfer carriers 
within QD stacks creates the potential for memory applications 
[9-1 I]. In fact, in this casc the inhcrcntdisadvantagc of abroad 
QD size distribution can even be considered as an advantage 
offering the potential for multiple storage bits [12). 

Driven by both potential application and the interesting 
interplay between QD layers, there have beell sevcral 
investigations on vertically aligned InAs/GaAs bi-layers 
separated by a GaAs spacer of variable thickr~ess [13-151. 
Control of the deposition in each of thc two layers has 
enabled engineering of the relative size and density of the 

Present address: DILAS Diodenlaser GmbH, Galileo-Galilei-Strase 10. 
55 129 Ma~nz. Germany. 

QDs in each layer. For example, in bi-layer samples, the 
first (seed) layer with deposition 8 ,  is used to conrrol the 
island density in the subsequen~ layer via stress-induced. 
vertical self-organization [7], and the InAs deposilion in 
the second layer then determines the average island size in the 
second layer. In this way, the correlation between the relative 
QD size and density in the ~ w o  layers can be systematically 
explored. 

Another interesting reason for the study of bi-layers is t ha~  
QD stacks can be utilized to produce anlore ho~nogeneous QD 
size distribution. Cross-sectional TEM images clearly reveal 
a growing i~niformity from layer-to-layer in multilayered QD 
stacks. The observed narrowing of the size distribution is 
further supported by an improve~nent in the low-temperature 
photoluminescence (PL) at 1.028 eV with a full width a1 half 
~naximunl (FWHM) of 25 ~ n e V  for a 1.74 ML/3.00 ML 11lAs 
bi-layer [13]. In general one must be careful when examining 
the PL fro111 a QD stack. For example. for a sample of 
asymmetric QD pairs, the PL provides evidence of the ~1011- 
resonant energy transfer from smaller QDs in the seed layer 
to the larger QDs in the second layer. even in the case of a 
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Abstract 
Structures containing multiple layers of self-assembled InAs quantum dot 
clusters within a GaAs matrix are investigated on GaAs (1 0 0) by atomic force 
microscopy. Droplet homoepitaxy (GaAs nanostructures on planar GaAs) is 
used to create tiny GaAs nano-mound templates elongated along [0 1 - 11. Due  
to a high density of monolayer steps on the edge of nano-mounds, deposited 
InAs prefer to form in clusters around the nano-mound templates. B y  varying 
the subsequent InAs monolayer coverages and growth temperatures, two 
distinctive sizes of quantum dots (QDs) are formed around the nano-mounds 
for the layer stacking. With a fixed GaAs banier thickness (10nm) in between 
the layers, the resulting Q D s  f rom the stacked layers show significant 
improvement in their size uniformity. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Induced by 3D quantum confinement, electronsholes are 
completely restricted in the tiny nanostructures we call 
quantum dots (QDs), which give rise to discrete energy 
spectrums with a delta function-like density of states [ I  -3,341. 
Hence, QDs are also called artificial atoms. The self-assembly 
of semiconductor QDs has been the focus of much recent 
research due to the exceptional physical and optoelectronic 
properties of the QDs and because of their potential in 
novel device applications [4-61. Because the optoelectronic 
properties of self-assembled QDs are strongly affected by their 
sizes, shapes, density and lateral spacing [7-121, in order to 
enhance the performance of the devices desired one must 
improve their size uniformity and lateral spacing. In QD 
growth based on the Stranski-Krastanov (SK) method, strain 
relaxation of a deposited material encourages an instantaneous 
transition from 2D growth into 3D growth. However, one 
major difficulty of this growth method is an associated random 
lateral spacing of the nucleated QDs. Various approaches 
have attempted to overcome this difficulty; for example, 
using a high index GaAs surface has provided a checker 
board-like lateral arrangement of QDs on the GaAs surface 
[IU]. Also, localization of the QDs in designated areas was 

I Author to whom any correspondence should be addressed. 

achieved by photo-lithographically patterning the surface [ l  I]. 
Furthermore, improving QD size uniformity was accomplished 
by high temperature treatment [ I  21 and also by utilizing vicinal 
surfaces [I.?]. One promising approach involves forming 
vertically correlated QD structures by separating them wlth 
a thin layer called a 'spacer'. Often, QD layers that have been 
vertically stacked multiple times have achieved the high spatial 
density that is necessity for device applications [14-161. Due 
to spatial correlation in this approach, the newly deposited 
QDs tend to nucleate directly above the buried QDs. 'This 
phenomenon is explained by strain transfer of the buried QDs 
through the spacer layer [ I  7. 18, .3 1,371. Multiple stacking 
of QDs can provide better size uniformity and better lateral 
spacing than a normal SK-based self-assembly. Specifically, 
improved size uniformity was demonstrated [I91 and QD 
chain-like structures were achieved by multiple stacking of 
In(Ga)As QD layers [30]. 

By using an interfacial lattice mismatch, SK mode- 
based QDs have been successfully grown. However, a 
new epitaxial approach was required for nanostructures when 
using lattice-matched materials since the lattice-matched 
material system may be as technologically important as lattice- 
mismatched ones. Thus, a novel growth method, called 
'droplet-epitaxy', was introduced to fabricate homo- and 
heteroepitaxial nanoshuctures under an insufficient lattice 
mismatch [21]. Using this approach, various configurations 
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Atomic force n~icroscopy and photolun~inesccnce (PL) measurements were carried out to 
investigate the role of the morphology of G ~ A S / A ~ ~ , ~ G ~ , , A S  ringlike nanostructures on their optical 
properties. A small amount of Ga material (less than three monolayers) was used to fabricate single 
ringlike and double ringlike (DRL) nanostructures using droplet epitaxy technique. The height of the 
ringlike nanostructures increased with the increase of the Ga matcrial while the corresponding PL 
emission energy was found to decrease as the ringlike nanostructure height increased. The PL peak 
energy showed a blueshift with increasing excitation intensity that can be understood as duc to state 
filling while increasing temperature showed that the peak energy of the larger DRL nanostructures 
redshifts at a lower ratc than thc small ones due to largcr confinement potential and lower cnergy 
emissions. O 2007 An~el-icar.2 Insritute of Plzysic.~. [DOI: 10.1 Oh3/1.1415 1!)3] 

I. INTRODUCTION morphology of G ~ A S / A ~ ~ , ~ G % , ~ A S  DRL nanostructures on 
their optical properties. To this end, atomic force microscopy 

Semiconductor self-assembled nanostructures have been (AFM) was used to characterize the morphology of the DRL 
widely studied due to their unique electronic and optical na,ostructures while temperature and excitation-power de- 
properties as well as thcir potential for electronic and opto- pendent p~loto~uln~nescence ( p ~ )  lneasurenlents were used to 
electronic devices.'-' Until very recently self-assembled characterize [heir corresponding optical behavior, 
semiconductor nanostructures generally lrferred to quantum 
wires or quantum dots. These semiconductor nanostructures 
are characterized by carrier confinement in two and three 
dimensions, respectively. These structures have generally 
been self-assembled by two very different growth methods- 
the Stranski-Krastanov and droplet-epitaxy techniques. The 
Stranski-Krastanov growth method is typically used in the 
case of lattice mismatched systems, such as the InAsIGaAs 
system.h-"n this case, the growth of the nanostructure is 
driven by strain and strain relaxation. On the other hand, the 
droplet epitaxy method can be used in both lattice mis- 
matched systems as well as lattice matched systems, as is the 
case for the GaAs/AIGaAs syste~n.'"'" Unique to this 
growth approach is that the growth of the nanostructure can 
be strain-free. In the droplet epitaxy of GaAsI AlGaAs, Ga is 
first deposited without arsenic (As) to create liquid Ga drop- 
lets on a AlGaAs surface. After droplet formation, an As flux 
is subsequently supplied to produce GaAs n a ~ ~ o c r ~ s t a l s . ' ~ - ~ ~  
This particular growth approach has expanded the possible 
~norphology of the self-assembled nanostructure beyond the 
more common quantum dot and quantum wire. For example, 
thc most recent attention has focuscd on the fabrication of 
GaAs single ringlike (SRL) and double ringlike (DRL) nano- 
slructures using droplet epitaxy. The growing interest in 
these structures is due their nontrivial g e ~ m e t r ~ . ~ ~ " ~ i n c e  
the optical properties of nanostructures depend directly on 
their electronic state structure, nontrivial geometries are of 
immediate interest.'"." However, little is known about the 
influence of the morphology of DRL nanostructures on their 
physical properties. 

In the present work we investigate the influence of the 

II. GROWTH OF SINGLE AND DOUBLE RINGLIKE 
STRUCTURES 

The samples studied in this work were grown on 
epiready (100) GaAs substrates by a solitl source RIBER 
molecular beam epitaxy (MBE) system equipped with a 
20 kV reflection high energy electron diffraction (RHEED) 
for in situ monitoring of the surface morphology and for 
calibrating the Ga. Al, and As4 fluxes. The surface oxide 
layer was removed by anncaling at 610 "C for 10 min in an 
As, flux from a valve-controlled solid source cell. After ox- 
ide. desorption a GaAs buffcr layer with 680 nm thickness 
was grown at 600 "C  with a growth rate of 0.7 MLIs 
(monolayers per second). The GaAs buffer was annealed at 
600 "C for 5 ~ n i n  under the beam equivalent pressure (REP) 
of 6.4 ~ T o r r  of As4 flux to stabilizc the surface matrix. This 
was followed by 452 nln of Al,,,Gq,,,As, grown at the same 
temperature. as a barrier for the further growth of GaAs 
nanostructures. (2 X 4) surface reconstruction was observed 
for the A10,3Gao,7As layer by in situ RHEED. After 5 ~n in  of 
growth interruption, the substrate temperature was gradually 
decreased to 540 "C followed by the elimination of the As4 
flux to preserve the (2 X4) constructed surface observed by 
RHEED. The substrate temperature was then reduced to 
400 O C  and was followed by the deposition of Ga without an 
As flux and the formation of Ga droplets. Four different 
samples were growl1 by depositing 1, 1.5, 2, and 2.5 ML of 
Ga. Following the deposition of the droplets, the surfacc 
temperature was lowered to 300 " C  and an As, flux was 
supplied to crystallize the Ga droplets to GaAs nanostruc- 
tures. The crystallization of liquid Ga droplets was pes- 
formed for a constant 1 nlin and 40 s for all samplcs. The 
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Shallow Patterned GaAs (1 00) 
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Yuriy Mazur, and Gregory J. Salamo 

Abstract-The formation of "sidewall nanowires" on shallow 
patterned mesa strips with a modulation depth of only 35 nm 
on GaAs (100) was demonstrated using molecular beam epitaxy. 
While self-assembled GaAs sidewall nanowire formation is ob- 
served near mesa strips running along [Oll], relatively thinner 
AlAsIGaAs layers are formed on identical mesa strips running 
along [01-11. Cross-sectional atomic force microscopy (XAFM) 
on (011) and (01-1) and AFM on (100) are used to understand 
the formation of the different morphology of the nanostructures, 
depending on the direction of the mesas. The data indicates that 
anisotropic surface diffusion of adatoms, resulting from the char- 
acteristic (2 x 4) GaAs (100) surface reconstruction, is responsible 
for the sidewall nanowire formation and for the different mor- 
phology observed along different directions. 

lndex Terms-Atomic force microscopy (AFM), GaAs (loo), 
GaAs quantum wires, molecular beam epitaxy (MBE), , , , , , , , . 

I. INTRODUCTION 

T HE GROWTH OF low-dimensional quantum structures on 
GaAs (100) has received significant attention due to their 

distinctive physical properties and potential in novel device 
applications. As a result, A1,Gal-,As/GaAs quantum wells 
[I]-[3] based on the Frank-van der Merwe growth model [4], 
and In,Gal-,As/GaAs quantum dots using the Stranski-Kras- 
tanov growth model [5], have been extensively investigated on 
GaAs (100) substrates [6]-[13]. Both quantum confinement 
and the ability to engineer the bandgap of these nanostructures 
have led to several novel device applications such as lasers, 
detectors, and single photon sources [14], [15]. For device 
applications, the formation of quantum structures at specific 
spatial locations has been particularly challenging. Attempts 
to meet this challenge have focused on the use of prepattemed 
GaAs (100) substrates [Ill-[13]. For example, quantum dots 
can be encouraged to form on the top, edge [I  11-[13], or at the 
bottom of mesa structures 1161 while quantum wires, called 
groove quantum wires, can be guided to form on V-shaped 
grooves [17]. Likewise, quantum wires, named ridge quantum 
wires, can be forced to grow on top of narrow ridges [18], [19]. 
Although the growth of quantum structures has been widely in- 
vestigated on patterned GaAs substrates, these formations have 
typically been demonstrated on deeply patterned substrates. 
However, modulation depths as large as several hundreds of 
nanometers [I 11-[13] have hindered device applications due 
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Fig. 1. (a) A schematic of GaAs nanowire formation embedded in between 
AlAs matrix on shallow patterned strips running along 101 I ] ,  with which pattern 
direction the sidewalls are termed as fast-growing sidewalls. (b) A schematic of 
thinner AIAsIGaAs layers shown near the mesa lines running along (01-I1 on 
GaAs (100) substrate, with which pattern direction the sidewalls are indicated 
as slow-growing sidewalls. 

to the complexity of the fabrication process associated with 
these deep patterns. Consequently, the use of shallow patterned 
substrates has drawn attention due to the corresponding sim- 
plicity of fabrication. Despite this potential benefit, only a few 
studies have been done on localizing quantum dots and wires 
on shallow patterned GaAs substrates. For example, the spatial 
localization of quantum dots and quantum dot chains on the 
sidewalls of the mesa strips of GaAs (100) substrates [20], [21] 
and of GaAs quantum wires on shallow patterned GaAs (3 1 l)A 
[22] have been investigated. 

In this study, we demonstrate spatially localized formation 
of self-assembled "sidewall nanowires" embedded in an AlAs 
matrix on shallow patterned GaAs (100). Fig. l(a) shows a 
schematic to illustrate the formation of layers of GaAs sidewall 
nanowires at the proximity to a mesa strip running along the 
[Olj] direction. These "fast-growing sidewalls" along [Oll] 
are thicker than the quantum wells formed on the bottom or 
top of the mesa strips so as to appear to form, in comparison, 
rather quickly. In sharp contrast, Fig. l(b) shows a schematic 
of layers of AlAsIGaAs formed near the mesa lines running 
toward the [Ol- 11 direction. These AlAsIGaAs layers are 
thinner than the quantum wells formed on the bottom or top 
of the mesa strips and appear to form rather slowly. Hence, 
in this case, the sidewalls are termed slow-growing sidewalls. 
The reason for the formation of two distinctive nanostruc- 
tures on a patterned substrate lies in the adatom incorporation 
process during superlattice growth. As we shall discuss, high 
anisotropic surface diffusion on the GaAs (100) surface induced 

1536-125)(/$25.00 0 2007 IEEE 



Nanoscale Res Lett (2007) 2112-117 
DO1 10.1007/~11671-007-9040-1 . b 

Self-assembled InAs quantum dot formation on GaAs ring-like 
nanostructure templates 

N. W. Strom . Zh. M. Wang - J. H. Lee . 
Z. Y. AbuWaar . Yu I. Mazur - G. J. Salamo 

Published online: 8 February 2007 
O to the authors 2007 

Abstract The evolution of InAs quantum dot (QD) 
formation is studied on GaAs ring-like nanostructures 
fabricated by droplet homo-epitaxy. This growth mode, 
exclusively performed by a hybrid approach of droplet 
homo-epitaxy and Stransky-Krastanor (S-K) based QD 
self-assembly, enables one to form new QD morpho- 
logies that may find use in optoelectronic applications. 
Increased deposition of InAs on the GaAs ring first 
produced a QD in the hole followed by QDs around 
the GaAs ring and on the GaAs (100) surface. This 
behavior indicates that the QDs prefer to nucleate at 
locations of high monolayer (ML) step density. 

Keywords GaAsIGaAs droplet homo-epitaxy 
InAs quantum dots . Molecular beam epitaxy . 
Self-assembly 

Introduction 

In recent times, semiconductor quantum dots (QDs) 
have attracted increased attention because of their 
potential application in optoelectronic devices, such as, 
for quantum computation [I], lasers [2], single photon 
sources [3-51, charge storage devices [6] and single 
photon detectors [7]. Because of the need to control 
the size, shape, and distribution of these zero-dimen- 
sional structures, much effort has been put forth to 
fabricate QDs with uniformity and precision. Different 
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methods have attempted to fulfill this task, including 
chemical synthesis [8], lithography [9-111, STM and 
AFM tip-assisted deposition [12, 131, and self-assembly , 

[14-181. The growth of unique complex structures such ., 
as rings, ensembles of dots, and molecules have been 
successfully demonstrated [16, 19, 201. While these 
techniques have been quite successful, new approaches 
would be welcomed. 

For example, in one method of self-assembly basid 
on the Stranski-Krastanov (SK) growth mode [14, 151, 
lattice strain drives deposited films into thrc;e-dimen- 
sional structures. That is, in this SK-base,! 
mode, one material is deposited on a different material 
surface so that a lattice-mismatch between the.)wo 
materials creates strain and drives the growth 'of .a ' . '  

nanostructure. This technique, howe-IT i~ !imited. 5.7 . ':,. 

the available lattice mismatch, and therefore a ~ ; - i tx . .  . 
ent growth approach is needed both when using lattice- 
matched materials such as GaAs/GaAs and when 
growing nanostructures under inefficient lattice mrs; ' ' . 
match such as GaAslA1,Gal-,As. A new approach 
called "droplet epitaxy," however, overcomes.. \his 
limitation. In droplet epitaxy, a droplet of onc material 
is deposited on a substrate and forms a nanostructure 

. 

after annealing (specifically in an As4 flux in the GaA'sl 
AlGaAs hetero-epitaxy material [16] and G R A S / G ~ . A ~ .  
homo-epitaxy material). In the case of the G ~ A S /  
GaAs material, Ga is deposited in droplets on ,a 
GaAs substrate by molecular beam epitaxy (MB.6.). 
Specifically, the droplet formation is based on the 
Volmer-Weber growth mode [21]. These droplets 'ire 
then subsequently exposed to an As4 flux, forming 
mound structures and crystallizing to the GaAs syr-  
face. With increased As4 flux, the moz::+: +"cn diffxee, 
forming a nano-ring structure. Although work,iv.i :,&it 

. . 
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Dual broadband photodetector based on interband and intersubband . ' ' 

transitions in lnAs quantum dots embedded in graded InGaAs 
quantum wells 

Brandon S. Passmore, Jiang Wu, M. 0. ~anasreh,~)  and G. J. salarnob' 
Department of Electrical Engineering, 321 7 Bell Engineering Center; University of Arkansas, Fayetteville, 
Arkansas 72701, USA 

(Received 21 October 2007; accepted 15 November 2007; published online 6 December 2007) 

Two broadband photoresponse from InAs quantum dots embedded in graded InGaAs quantum well 
photodetectors were observed in the spectral regions of 4-12 pm (midinfrared band) and 
0.5-1.0 p m  (near-infrared-visible band). The midinfrared band is attributed to the intersubband 
transitions within the quantum dots and was observed at temperatures less than 80 K. The 
near-infrared-visible band is attributed to interband transitions and is observed in the temperature 
range of 77-300 K. The room temperature detectivity of the near-infrared-visible band is estimated 
to be on the order of -3.0 X lo8 cm &IW with a bias voltage less than 1.0 V. 0 2007Arnericun 
Institute of Physics. [DOI: 10.1063/1.2822412] 

Intersubband transitions in binary InAs (see, for ex- 
ample, Refs. 1-3) and ternary InGaAs quantum dots (see, for 
example, Refs. 4-7) have been investigated as the basis for 
normal incident infrared photodetectors in the midinfrared 
spectral region. This is mainly due to the breakdown of the 
electron-photon coupling selection rulesg that are normally 
present in quantum well photodetectors.9 Another reason for 
investigating self-assembly quantum dot photodetectors is 
due to their photoresponse at temperatures higher than the 
liquid nitrogen temperature.'"14 

Recently, there were reports15*16 on dual band photode- 
tectors based on multiple quantum wells with operating tem- 
peratures of 40 (Ref. 15) and 80 K . ' ~  In these reports, one 
band is observed in midinfrared spectral region and was as- 
sinned to the intersubband transition and the other band. ob- 
served in the near-infrared-visible spectral region, whichwas 
assigned to interband transitions. However, a dual band pho- 
toresponse based on both intersubband and interband transi- 
tions has not been reported for quantum dot systems. 

In this letter, we report on dual band photodetectors fab- 
ricated from InAs quantum dots embedded into InGaAs 
graded wells. The midinfrared band, due to the intersubband 
transition, is observed at temperatures around 80 K. On the 
other hand, the near-infrared-visible band, due to interband 
transitions, is observed to exist at temperatures as high as 
300 K enabling this class of quantum dot photodetectors to 
operate with a room temperature detectivity on the order of 
-3.0 X 10' cm &/w under a bias voltage less than 1.0 V. 

The sample was grown by the molecular beam epitaxy 
technique on a (100) semi-insulating GaAs substrate. A 
buffer layer made of n-type 0.5 p m  GaAs:Si with [Si]=l.O 
X101scm-3 and 0 .3pm GaAs:Si with [Si]=l.O 
X loi7 cmd3 is grown at the surface of the substrate. 2.2 ML 
of undoped InAs quantum dots were grown using Stranski- 
Krastanov mode followed by the growth of a 20 ML graded 
In,Gal-xAs well, where x is varied from 0.3 down to 0. A 
180 ML GaAs barrier layer is then grown on top of the 

Electronic mail: manasreh@uark.edu. 
Also at Department of Physics. University of Arkansas. Fayetteville, AR 
72701. 

graded well. The I n A ~ l I n ~ G a ~ ~ ~ A s l G a A s  structure is grown 
at 520 "C and repeated ten times to form the active region of 
the photodetector. The cap layer is made of 0.4 prn CaAs:Si, 
where [Si]=l.OX loi7 ~ m - ~ ,  followed by 0.2 p r : l  GaAs:Si 
with [Si]= 1.0 X loi8 ~ r n - ~ .  The buffer and cap layers were 
grown at 580 and 520 "C, respectively. The transformation 
from two-dimensional to three-dimensional growth mode 
was monitored by using in situ reflection hj;:: - :.=y +c- 
tron diffraction. The quantum dot density was estirne;ed frogm 
scanning tunneling microscopy images to be on the order-of 
3.0 X loL0 ~ m - ~ .  The average planar area of the quantum dots 
is -30 X 30 nm2 and the average height of t!ie dots '?s 
-13.5 nm. This height of the quantum dots provides quan- 
tum confinement to a few bound states. Mesa structures on 
the order of 500x500 pm2 were fabricated using wet- 
etching and photolithography techniques. Gold-germanium 
alloy metallization pads were deposited on the 'mesas $or 
wire bonding. 

The photoresponse measurements were made usi& a 
Bruker IFS125 HR spectrometer in conjunction u i:h a con- 
tinuous flow cryostat. A low-noise current preamplifier, Stan- 

' 

ford Research System model SR570, was interfaced with .ti15 
spectrometer. The preamplifier was used to both providp a . , 

bias voltage and to amplify the device output photocurrent. . 
The measurements were made in the normal in~tdent cod-;' - 
figuration. The dark current measurements were made using . ' 

Keithley 4200-SCS. 
Figure 1 displays the two broadbands of :L:C 1,. I ,  ..:d kP. 

tor. The midinfrared band spans the spectral rsgion o 
4-12 pm, which is due to the intersubband transitions from 
the electron ground state (El) to the excited states (E2,'E3, 
and possibly higher states) in the conduction band. In gen; 
eral, the transition from the ground state to the 5e;ond .ex- . 
cited state is forbidden since both states have the same parity. 
The selection rules, however, are broken due to tlie fact that 
the excited states reside in the InGaAs graded well. The vari- 
ous transitions between energy levels in the cond~<clion band 
give rise to this broadband. The photoresponse spectra are 
plotted in terms of arbitrary units since the resuiis are cql- 
lected using a Fourier-transform spectrometer. While the de- 
tector signal is an electrical current, it is difficult r c )  conyert . 

.. 
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We have investigated both theoretically and experimentally the power threshold of discrete Kerr surface 
solitons at the interface between a discrete one-dimensional (ID) (waveguide array) and a continc-. = 'Q 

(slab waveguide) AlGaAs medium. Decreasing power thresholds were predicted and measured for sol~ron 
trapping at sites with increasing distance from the boundary. The thresholda approached asymptotically the 
power required for a discrete soliton of equivalent width in an infinite lattice. The minimum threshold co- 
incided with a minimum in the interchannel coupling strength. Q 2007 Optical Society of America 

OCZS codes: 190.4350, 190.4390. 

Many fascinating new soliton phenomena unique to 
discrete systems have been recently reported in me- 
dia consisting of arrays of channel waveguides 
coupled by a weak overlap of their evanescent fields 
[1,2]. In the past few years the existence of spatial 
solitons propagating along the interface between dis- 
crete and continuous media has been predicted for 
both one-dimensional (ID) discrete systems, and at 
the edge and corner boundaries in twodimensional 
(2D) systems [ M I .  These nonlinear waves have their 
historical roots in 1980s theoretical work on nonlin- 
ear surface waves (spatial solitons) with power 
thresholds guided by single or multiple interfaces be- 
tween dielectric media, a t  least one of which is non- 
linear [7,81. For the discrete case, surface solitons 
with power thresholds can also be peaked a t  non- 
boundary channels in the vicinity of the interface [9]. 
Such discrete surface solitons were k s t  reported ex- 
perimentally in a ID (Kerr) medium in 2005 [9] and 
in 2D (photorefractive and Kerr media) in 2007 
[10,11], verifying the theoretical prehctions [3,5]. 
Subsequently, in one dimension, discrete surface soli- 
tons were also reported in quadratic [12] and photo- 
refractive media [13,14]. 

In this Letter we examine experimentally the key, 
unique behavior of 1D discrete nonlinear surface 
waves, i.e., the threshold power behavior. We mea- 
sured the threshold's dependence on the distance 
away from the boundary a t  which the soliton inten- 
sity peaks and its correlation to the interchannel cou- 
pling strength. 

The underlying nonlinear Schrodinger equation 
that describes this 1D AlGaAs system is [9] 

where U is the envelope of the optical field, and x and 
z are the transverse and propagation axes, respec- 

tively. The second term in Eq. (1) describes the spa- 
tial diffraction process, the third is associated yi th 
the normalized periodic potential (refractive index 
distribution) f i x )  of the semi-infinite array [see Fig. 
l(a)], while the fourth accounts for a Kerr-type non- 
linearity. In addition, k =kon (KO= 2nIAO and n = 3.28 
is the refractive index of our AlGaAs channel 
waveguides) is the propagation wave vector; 6 ~ - 2  
x is the effective index difference between the 
channel (array) regions and the neighboring slab 
waveguide; and r ~ ~ = f i ~ n / 2 7 7 ~  (ri2=: 1.5-tO.31 
x 10-l3 cm2/W) is the Kerr nonlinear coefficient [9]. 
Solving this equation yields the existence curves for 
steady-state surface soliton solutions [9]. Figure l(b) 
shows a threshold power for the exicce7-- nt: discrete 
surface solitons (identifled by the ~ n i r r ~ ; i  o: :.I.!:;' 
curves), which decreases for solitons peakeC at in- 
creasing channel numbers away from the boundarji' . 

In the limit of spatial solitons spanning mariy' 
channels, equivalent to the continuum limit for KRrr 
spatial solitons in ID slab waveguides, the producj? of " 

the peak power and the soliton width is a constant. - , 

Although in the discrete case confinement of the sur- 
face soliton also increases with power, the theoretical 
power-width relationship for excitation of' discrete . 
solitons a few channels wide is not analytical. Hence 
the philosophy adopted here is to show that the well- , 

defined power thresholds for surface solitons peapd 
on channels at  and near the interface and confined 
essentially to a single waveguide are greater than, the 
powers required for exciting equivalent width -sbli- 
tons deep inside the array. In Fig. l(b), such soliton 
states are identified by points A, B, C, and D on the 
corresponding existence curves, with their intensity 
profiles shown in Fig. l(c). _ . . 

The experimental setup used to erfi+n c~l.rfa~_e S O L -  
tons was described previously [9]. In briar wliiir.r ';.;.:;, 
a 1 kHz repetition rate train of 1 ps long pulses;qt , 

1550 n m  was shaped spatially by cylindrical optics to 

@ZOO7 Optical Society of America 
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Spatially Localized Formation of InAs Quantum Dots on Shallow- 
Patterns Regardless of Crystallographic Directions 

By Jihoon H. Lee, Zhiming M. Wang,* William T Black, Vasyl Petrovych Kunets, 
Yuiry Zvanouych Mazur, and Gregory J.  Salamo 

1. Introduction 

In recent years, considerable attention has been directed to- 
ward controlling the size, shape, and distribution of zero-di- 
mensional self-assembled quantum dots (QDS).['-~' This effort 
has resulted in the ability to engineer the energy bandgap of 
nanostructures for device applications, such as, lasers, photo- 
detectors, and the potential for quantum computing.ibq Self- 
assembled quantum dots (QDs), in particular, have attracted 
attention due to their atom-like behavior and three dimen- 
sional quantum c~nfinement.[~-*'~ In fact, QDs are so much like 
an atom that one can even begin to consider clusters and lat- 
tices composed of QD elements that share charge carriers 

In a typical Stransky-Krastanov (S-K) growth mode of self- 
assembled nanostructures, QDs are formed as a result of coher- 
ent strain r e l a~a t ion .~ '~ . ' ~~  Because S-K nucleation takes place 
randomly over the surface, the growth of ordered quantum 
dots (QDs) is somewhat restricted when one relies solely on 
~elf-assembl~.["-~~~ The use of pre-patterned substrates can 
over come this restriction but is thus far limited to seeded 
growth along certain surface directions or shapes, depending 
on the substrate orientation. In this paper, we demonstrate the 
growth of spatially localized self-assembled arrays of zero-di- 
mensional InAs QDs on shallow patterned GaAs (100) sur- 
faces, regardless of patterned direction, from [011] to [Ol-11; or 
patterned shape from linear, to circular, to triangular. 

Molecular-beam epitaxy (MBE) growth on pre-patterned 
GaAs (100) substrates has recently been investigated as a tech- 
nique to form InAs QDs in selected spatial l o c a t i ~ n s [ ~ ~ - ~ ~ ~  To 
provide ordered arrays of Q D  fabrication, most investigations 
have utilized deeply patterned substrates that are on the order 

[+I Dr. 2. M. Wang, J. H. Lee, W. T Black, Dr. V. P. Kunets, 
Dr. Y. I. Mazur, Dr. Gregory J. Salarno 
Materials Research in Science and Engineering Center 
University of Arkansas 
Fayetteville, AR 72701 (USA) 
E-mail: jxll4@uark.edu 

Adu. FUUCC. Mat~f .  1007, 1731 87-31 93 Q XI07 WILEY-VCH VC 

of a few hundred nanometers in depth. In these cases. the InAs 
QDs were preferentially formed on the top edge a r d o r  bottom 
trench of the pattern.122-241 For device fabrication, Iiowever, the 
deeply etched patterns can hamper device fabrication. In con- 
trast, however, the use of relatively shallow-patterned GaAs 
(100) substrates resulted in spatial localization of l nAs ODs on 
faceted sidewalls of the trench or rnesa.lz6' Ir. :his c.a;.c., h i  :q 
calization of InAs QDs was due to the enhanced spatial lo&!:i- ' 

zation of In atoms on surfaces that were not shaded by the pat- 
-: * 

tern during deposition. 
In a previous publication'27J we reported the localizatibn. of 

InAs QDs on shallow mesa line patterns along the GaAs [Oll] 
and (01-11 directions In this case, although InAs ODs were lo- 
calized, the localization was limited to only mesa stripsand 
only along specific directions. In distinction fr!>rn previous 
works, in this paper, we report on localized formation of FnAs 
QDs along the sidewalls of various shallow patteriis regardless 
of the sidewall direction. This was accomplished using a pattern 
depth of only 35 nm on GaAs (100) surfaces. $or exatirple, 
InAs QDs were formed on the sidewalls of mesir and trgach 
line, square, and triangle patterns The localized t'o~rnatio~i'bf 
the QDs in this case was not controlled by shadilig during.de 
position, but rather by limiting the trench or mesa depth'or 
height and sidewall shape during the growth of the GaAs buff- ,. 
er layer and by finding the appropriate In& monblayer (ML) 
coverage. That is the localization of QDs w x  el,.:.u:,r ,I,'. hy 
limiting the sidewall slope angle of mesa and trench patterns :o 
have a large misorientation from that of a singular ~ a ~ s j ( 1 0 0 )  
surface. In fact, we observed a direct correlation between'-%& 
InAs QD density and the degree of sidewall misorimtation! The 
experimental results suggest that this approach can be hseJ to 
fabricate localized InAs QDs on the sidewall of patterns'with 
any crystallographic direction on a GaAs (100) surface. . . ' 

2. Results and Discussion .. . 

Figure 1 schematically illustrates the process' 'of localized 
InAs QD growth, by molecular beam epitaxy (MBE), $'n the 

rlag GmbH & Co. KCaA, Wcinheirn 
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Microstructural Aspects of Nucleation and Growth 
of (ln,Ga)As-GaAs(001) Islands with Low Indium Content 

V.P. KLADKO ,' V.V. STRELCHUK,' A.F. KOLOMYS,~ M.V. SLOBODIAN,' 
W.I .  MAZUR,~.~ 2H.M. WANG,~ VAS. P. KUNETS,' and G. J. SALAMO~ 

1.-Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Prospekt Nauki 45, hj11, 

03028, Ukraine. 2.-Department of Physics, University of Arkansas, Fayetteville, Arkansas 
72701, USA 3.-+mail: ymazur@uark.edu 

Molecular beam epitaxy growth of multilayer IbGal-JdGaAs(001) struc- 
tures with low indium content (x  = 0.20-0.35) was studied by X-ray diffraction 
and photoluminescence in order to understand the initial stage of strain-dri- 
ven island formation. The structural properties of these superlattices were 
investigated using reciprocal space maps, which were obtained around the 
symmetric 004 and asymmetric 113 and 224 Bragg diffraction, and 0.1128 scans 
with a high-resolution difiactometer in the triple axis configuration. Using 
the information obtained from the reciprocal space maps, the 004 wI29 scans 
were simulated by dynamical diffraction theory and the in-plane strain in the 
dot lattice was determined. We determined the degree of vertical correlation 
for the dot position ("stacking") and lateral composition modulation period 
(LCM) (lateral ordering of the dots). It is shown that initial stage formation of 
nanoislands is accompanied by LCM only for [I101 direction in the plane 
with a period of about 50 to 60 nm, which is responsible for the formation 
of a quantum wire like structure. The role of In,Gal& thickness and 
lateral composition modulation in the formation of quantum dots in strained 
1-GalMGaAs structures is discussed. 

Key words: InGaAs, self-organized quantum dots, X-ray diffraction, 
photoluminescence 

INTRODUCTION 
Molecular-beam-epitaxy (MBE)-grown (In,Ga)As 

quantum dots (QDs) have attracted increasing 
attention for a basic understanding of heteroepit- 
axial growth as well as applications in new opto- 
electronic devices.'v2 It is usually assumed that 
coherent (In,Ga)As islands are formed by the 
Stranski-Krastanow (S-K) mechanism, i.e., only 
aRer the formation of a two-dimensional (2D) elas- 
tically strained wetting layer (WL) of some critical 
th i~kness .~  However, a number of recent studies4-' 
have shown that the conventional picture of S-K 

may depend strongly on parameters such as sub- 
strate temperature, growth rate, VIIII ratio,3 In 
content,' and substrate rnis~rientatiou.~ Be2ides 
these parameters, which govern the island forma- 
tion, intrinsic growth phenomena can occur. For 
instance, it is now recognized that surface segrega- 
tion of indium leads to the structural and com'osi- 
tional modiheation of the WL and QDs?-'y..In 
addition, under suitable growth conditions, spo;ta: 
neous lateral composition modulation (LCM) .can 
occur during the growth of 111-V alloys" that Tay 
serve as a suitable template for 1D (quantum 'wire) 
and OD (quantum dot) structures As a result. dur- 

growth may be not too simple, and the growth mode ing the deposition of InAs on GaAs i k  :i .I r d?.pn 

found to be nanoislands elongated aloilg the [I @,' 
direction.13,14 This is a well-known effect, and;was 

(Received April 3, 2007; accepted May 23, 2007; studied in detail in Refs. 15 and 16. Reqently,. InAs 
published online October 2, 2007) QDs shape anisotropy along the [130\ a ~ d   TO] 



P H Y S I C A L  R E V I E W  L E T T E R S  week ending 
PI& 99, 187402 (2007) 2 NOVEMBER 2007 . 

. . 

Resonance Fluorescence from a Coherently Driven Semiconductor Quantum Dot in a Cavity 
. 
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We show that resonance fluorescence, i.e., the resonant emission of a coherently driven two-level 
system, can be realized with a semiconductor quantum dot. The dot is embedded in a planar optical . . 
microcavity and excited in a waveguide mode so as to discriminate its emission from residual laser 
scattering. The transition from the weak to the strong excitation regime is characterized by the emergence 
of oscillations in the fustqrder correlation function of the fluorescence, g ( r ) ,  as measured by interfer- 
ometry. The measurements correspond to a Mollow triplet with a Rabi splitting of up to 13.3 peV. 
Secondader correlation measurements further confirm nonclassical light emission. 

DOI: 10.1103/PhysRevLett.99.187402 PACS numbers: 78.67.H~. 4250.Pq, 78.47.+p. 78.55.-m 

Semiconductor quantum dots (QDs) [l]  have offered 
unique opportunities to investigate sophisticated quantum 
optical effects in a solid-state system. These include quan- 
tum interference [2], Rabi oscillations [3-61, as well as 
photon antibunching [7], and were previously only observ- 
able in isolated atoms or ions. In addition, QDs can be 
readily integrated into optical microcavities, making them 
attractive for a number of applications, particularly quan- 
tum information processing and high efficiency Light 
sources. For example, QDs could be used to realize deter- 
ministic solid-state single photon sources [8] and qubit- 
photon interfaces [9]. Advances in high-Q cavities have 
shown that not only can the spontaneous emission rate be 
dramatically increased by the Purcell effect [lo], but emis- 
sion can be reversed in the strong coupling regime [I 11. 
Despite these efforts, however, quantum dot-based cavity 
quantum electrodynamics (QED) lacks an ingredient es- 
sential to the success of atomic cavity QED, namely, the 
ability to truly resonantly manipulate the two-level system 
[8]. Current approaches can at best populate the dot in one 
of its excited states, which subsequently relaxes in some 
way to the emitting ground state. This incoherent relaxa- 
tion has been addressed theoretically [12], and experimen- 
tally [13] but direct resonant excitation and collection in 
the ground state has so far not been reported as it is very 
challenging to differentiate the fluorescence from same 
frequency laser scattering off defects, contaminants. etc., 
In quantum dots without cavities, coherent manipulation of 
ground state excitons has nonetheless been achieved with a 
number of techniques including differential transmission 
[5], differential reflectivity [14], four-wave mixing [I 51, 
photodiode spectroscopy (61, and Stark-shift modulation 
absorption spectroscopy [16]. However, none of these is 
able to collect and use the actual photon emission which 
Limits their use in many potential applications of QDs. 

This Letter presents the first measurement of resonance 
fluorescence in a single self-assembled quantum dot. 
Described by Mollow in 1969 [17], the resonant emission 

of a two-state quantum system under strong coherent ex- 
citation is distinguished by an oscillatory first-ordcr corre- 
lation function, g(r) ,  that we observe w i h  interlzrometry 
We use a planar optical microcavity to g;;:: 'llz i i : c i t ~ : i ~ ~  
laser between the cavity mirrors and simultanod~lai; cil- 
hance the single photon emission in the orthogonal direc- 
tion. Overcoming previous limitations associated with 
incoherent excitation, our approach enables, for the firSt 
time, true resonant excitation of a single dot in ;1 cav~ty. 

Self-assembled InGaAs QDs were grown ~p~taxially 
between two distributed Bragg reflectors of mrderate re- 
flectivity (Fig. 1). While the sample is maintained at low 
temperature in a He flow cryostat, a single mode optical 
fiber, mounted on a three-axis inertial walkel at ro0.m 
temperature, is brought within a few microns of tlie cleaved 
sample edge. An in-plane polarized tunable continuq(s- 
wave Ti:Sapphire laser is introduced through the fibey to 
excite the dots; it couples efficiently into the high index 
semiconductor and propagates deeply before di\ ~ rg ing  ap- 
preciably. The QD emission is then collected by a conven- 
tional micro-PL setup equipped with a two-dicnens~onal 

t / (a) collection 
lcouoled 1 coupled 1 .  
Ifluorescenced quantum dots 1 fluorescence 

t i c  

FIG. 1 (color online). (a) Apparatus for orthogonal excitation 
and detection. (b) Energy level diagram for two-level quantum 
dot. The two arcs represent the microcavity in which the dots are 
embedded. 

O 2007 The American Physicd Sociery 
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Two-dimensional ordering of (In,Ga)As quantum dots in vertical multilayers, 
grown on GaAs(100) and (n l l )  

P. M. Lytvyn, V. V. Strelchuk, 0. F. Kolomys, I. V. Prokopenko, and M. Ya. Valakh 
I! Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Kiev 03028, Ukraine 
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Germany 

(Received 7 June 2007; accepted 5 October 2007; published online 25 October 2007) 

We have investigated lateral self-assembling in h~,,~Gao,~As/GaAs quantum dot (QD) multilayers, 
which were grown by molecular beam epitaxy on GaAs(100) and (nl1)B substrates with n 
= 9,8,7,5,4,3.  The lateral self-assembling and the QD size distribution have been studied by 
atomic force microscopy depending on substrate orientation and the number of periods within the 
multilayers. The observed two-dimensional ordering can be described by a centered rectangular 
surface unit cell. Derived autocorrelation functions exhibit the most pronounced lateral QD 
assembling along the elastically soft directions [ino]. This can be attributed to elastic interaction, 
the particular elastic anisotropy of the high index substrates, and the minimization of the strain 
energy. O 2007American Institute of Physics. [DOI. 10.1063/1.2802567] 

Self-organized growth of InGaAs/GaAs dot structures in 
the Stranski-Krastanov (SK) growth mode of strained-layer 
heteroepitaxy attracts great interest for their potential appli- 
cations in micro- and optoelectronics.'" Because of the sta- 
tistical nature of SK growth mode, self-assembled dots are 
sometimes not very uniform in size, shape, and interdot spac- 
ing. This fact poses significant limitations for device appli- 
cations. While self-assembled quantum dot (QD) multilayers 
have shown that the vertical alignment throughout subse- 
quent layers can be engineered to be nearly the 
lateral ordering tendency was found to be much less 
pronounced.s Furthermore, it was found that the QDs in a 
consequent la er tend to grow larger than those in the pre- K ceding layers. A different type of arrangement, i.e.. an anti- 
correlation of dots on subsequent la ers, has been observed 
for II-VI, IV-VI, and UI-V system!' This was modeled by 
considering the elastic interactions as a function of the spacer 
thickness. It was further demonstrated that the elastic aniso- 
tropy of the materials plays a crucial role for the lateral and 
vertical self-organizations in QD s~~er l a t t i ce s .~  

We have recently shown that laterally ordered InGaAs 
QDs can be realized in the course of even the first periods of 
the InGaAslGaAs(100) m ~ l t i l a ~ e r s . ' ~  By varying now the 
number of periods, the thickness of separating layer andlor 
the In content, one can ensure the spontaneous formation of 
laterally self-assembled and uniform dot chains or quantum 
wires. However, most studies focus on QDs grown on (100) 
oriented substrates with a fourfold crystallographic symme- 
try. Only a few studies deal with the effects of lateral self- 
assembling on higher index surfaces as e.g., ~ a ~ s ( 3 1 1 ) , "  
GaAs(n1 1),12 and G ~ A s ( s s ~ ) B . ' ~  

In this letter, we present a lateral ordering scenario of 
QDs as a function of substrate orientation and the number of 
vertical periods. It includes both anisotropy effects of the 
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strain fields and adatom diffusion, as well as the elastic in- 
teraction of neighboring QDs. Generally, the balance be- 
tween strong repulsive elastic interaction of adjaxnt in~tial 
dots and, on the other hand, the minimization of the total 
strain energy acts as the main driving force for the lateral-' 
(and vertical) self-assembling. Investigating the strong im- 
pact of high index surfaces on the formation of or.dcred QD 
arrays is expected to provide a more detailed ulldzrstanding 
of the underlying growth kinetics. It thus I...:;,'.'. ii+ir, ro i~~r:, 
prove the mechanical and optical properties r i  ~ c i l ~ i -  

dimensional structures. 
Multilayered ho,4Ga,-,6As QDs have been grown simul- 

taneously under identical growth conditions on GaAs(lO9) 
and (nl l)B (n=9,8,7,5,4,3) substrates using snlid-source I 
molecular beam epitaxy. After removing the oxide, 11 0.5 prn' 
thick GaAs buffer layer was grown at 600 " C ,  and this was 
followed by reducing the substrate temperature down .to 
540 "C for the growth of 10 ML of Ino,4G~.6As at a growth 
rate of 0.36 MLls, whereas the two-dimensional (2D) -to 
three-dimensional (3D) transition was in situ rnuriitored by 
high energy electron diffraction. The multilayered structures 
consist of 16.5 periods of 10 ML Ino,4Gao,6As QDs and 120 
ML GaAs spacer. Generally, the QD top layer was uncapped 
for morphology characterization by atomic force :uicroscopy 
(AFM). By varying the growth conditions, hfferent 
of lateral ordering can be achieved on GaAs(100) alone. For 
example, by using As2 molecules instead of As4 as il back- 
ground flux, a hexagonal pattern of lateral ordciing is ob- 
served after QD multilayering on GaAs(100). ' 

Our AFM studies indicate no well-ordered QD arrange 
ment at the surfaces of the 1.5 period structures (Fig. I): $t 
the same time, the differences in density. shape. and size.&f 
QDs grown on differently oriented substrates were well prq- 
nounced. Table I summarizes the statistical anal;@ of h e  :' 
QD geometry (height and diameter), as well as the spatial 
QD density. A variation of the growth surface fro:n (100).'to 
(91 1)B, (711)B, (51 1)B, and (31 l)B [increase of the angle of ' 
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We have studied the shuctural properties of ordered InGaAslGaAs(OO1) quantum dot chains multilayer by 
high-resolution X-ray dihction. Two systems of lateral satellites, one of which being inclined with re- 
spect to the sample surface normal, i.e. the growth direction [OOl], were observed. The measured inclina- 
tion of 30.0' f 2.5' does not affect the diffiction profile b m  planar superlattice (SL), i.e. SL peaks U.L 

not inclined with respect to the GaAs substrate peak. We identify the splitting of coherent SL satellites for 
all orders as weU as for two perpendicular directions. This splitting most likely indicates that two discrete 
periods exist in SL structure. 

O 2007 WILEY-VCH Verlag GmbH & Co. KGaA. Weinhcim 

1 Introduction 

High-Resolution X-ray diffraction (HRXRD) is a non-destructive method for investigation of periodical 
nanoscale structures like quantum dots (QDs) or quantum wires (QWRs) synthesized using the Stranslu- 
Krastanow growth mode in highly mismatched systems [l-31. Application of this technique allows to 
estimate both technological parameters (layer thickness, composition) and structural ones such as strain 
in the layers and the ordering degree of QDs or QWRs in vertical and lateral directions [4-71. However, 
despite great amount of experimental and theoretical studies, there are a lot of questions about interpreta- 
tion of X-ray data obtained from self-ordered structures with QDs or QWRs. In particular, the splitting of 
coherent superlattice (SL) satellites was observed in [I, 21. This effect was explained by the existence of 
two different spatially separated structural areas, appearing either due to the lateral composition modula- 
tions (LCM) in short-periodical superlattices [l] or the presence of two superlattices with slightly differ- 
ent periods [5]. Nevertheless, the detailed mechanism of the satellites splitting is absent. 

The aim of our work was to apply coplanar high-resolution X-ray reciprocal space map (HR-RSM) 
measurements around the symmetrical 004 and asymmetrical 224, 11 3 reciprocal lattice points (RLPs) to 
explain the splitting of both coherent SL satellites and diffuse scattering peaks of QDs in InGaAslGaAs 
QD multilayer structures with QD chains. 

2 Experiment 

The InGaAsfGaAs QD chains were grown by molecular-beam epitaxy on semi-insulating GaAs(100) 
substrate with a miscut angle smaller than 0. lo, using procedure similar to that described in Ref. [8]. 
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Tuning the optical performance of surface 
quantum dots in InGaAsIGaAs hybrid structures 
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Abstract: GaAs spacer thicknesses are varied to tune the coupling between 
InGaAs surface quantum dots (QDs) and multilayers of buried QDs. 
Temperature and excitation intensity dependence of the photoluminescence 
together with time resolved photoluminescence reveal that coupling 
between layers of QDs and consequently the optical properties of both the 
surface and the buried QDs significantly depend on the GaAs spacer. This 
work provides an experimental method to tune and control the optical 
performance of surface QDs. 

9 2 0 0 7  Optical Society o f  America 

OCIS codes: (160.6000) Semiconductors, including MQW: (300.6470) Spectroscopy, 
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quantum rings 
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The authors have investigated a shape transformation during the vertical stacking of InGaAs 
quantum rings (QRs) on GaAs(001). Samples have been grown by means of molecular beam 
epitaxy. The initial QR layer exhibits nearly round-shaped, flat disks. Especially for a very thin 
spacer layer of 2 nm, the topmost QRs in a twofold stack tend to be of ellipsoidal shape with 
preferential elongation along the [ I  TO] direction. Grazing incidence diffraction and corresponding 
x-ray scattering simulations prove an asymmetry in the shape of the buried QRs with respect to 
different (110) directions. This clearly indicates a significant shape transformation during the 
overgrowth process from circular toward ellipsoidal QRs. 0 2007 American Institute of Physics. 
[DOI: 10.1063/1.2760191] 

Overgrowth phenomena of low-dimensional semicon- 
ductor structures are essential in the course of any optical 
device application.' Interestingly. it was recently found that 
the case of partial capping of InAs quantum dots (QDs) with 
GaAs may result in circular or ellipsoidal rings." Of course, 
the ring geometry is especially attractive for magneto-optical 
device applications.4 Since the shape of the quantum ring 
(QR) is significant, it is important to understand the effects 
that can affect the formation of self-organized QRs, such as 
diffusion, strain. surface and interface energies, and capping. 
We can try to control all of these effects by developing a 
good understanding of their role and by a proper choice of 
growth parameters. 

Generally the observed shape transition from QDs to 
QRs takes place between two limiting scenarios. On the one 
hand, there is a kinetically limited process considering 
d i f f~s ion .~"  However, from a thermodynamics one 
must consider the balance of surface free-energy along the 
three-phase contact line substrate-QD vacuum. Although it 
seems more than obvious that an additional overgrowth step 
may also significantly alter the initial QRs as well, there is 
less knowledge about related structural changes. In this work 
we focus directly on how capping of QRs alters the morphol- 
ogy of the buried ring structures and the subsequently grown 
layers of LnAs QRs. 

The InGaAs QR samples were grown using a Riber 32P 
solid-source molecular beam epitaxy system. A 0.5 p m  
GaAs buffer layer was deposited on semi-insulating 
GaAs(O0 1) substrates at 580 " C after oxide desorption. This 
was then followed by 2.2 ML of InAs and the formation of 
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QDs at 520 "C obtained using the standarc! Stranski- 
Krastanov growth mode. C cles of 0.14 ML of InAs plus 2 s J interruption under As2 flux were repeated until the total 2.2 
ML of InAs were deposited. The QDs were next annealed for 
30 s to further improve the size distribution. We applied in 
situ reflection high-energy electron diffraction to monitor the 
QD evolution. The QDs were then buried with 4 nrn of GaAs : 
cap layer at 520 "C, followed by 40 s of growth iiltcrruption 
to produce the QRs. InAs and GaAs growth rates were set-to 
0.065 and 1 ML/s, respectively. Three samples were grown: . . 

a reference sample which consists of only one layer of QRs 
' . " 

and two samples that are obtained by stacking twti !ayers o i  
QRs with a GaAs spacer thicknesses of 2 and 10 nm, respec- 
tively. The second layer was left uncappe; ,.. ' , , ,t,dieaic i:ii ~ 

. ? morphology of the grown nanostructures. . . . . 

Figure l(a) depicts the single QR layer and t!te twofold . ' '  

stacks of QRs with different spacer layers [(b) an!i (c)]. , f i e  ,. 

single layer sample contains rather round-shaped, very .fl&: 
QRs. The inner and outer diameters Din and D,,, are nearly . . 

equivalent with respect to the different (110) directions .(ske 
Table I). However, statistic evaluation proves th:!t even' for 
the single layer, the QRs tend to be slightly elongated along ' .' 

[1 TO]. Both twofold QR stacks confirm this tendency in thci; 
' 

topmost layer [Figs. l(b) and l.(c)]. In the case of ihe ve~y  
thin 2 nm spacer [Fig. l(b)], the topmost QRs a;.xar.elon- 

gated along the [1 TO] direction, while the QRs on the thicker 
10 nm spacer are round shaped again (c). This is expected 
since we know that the thinner the spacer layer, th:: stronger 
the impact of buried layers and the better the replica. c'f the . 

' 

underlying QR pattern, which indicates an elongaiion of (!ye 
buried QRs as well." 

The instability of three-dimensional (3D) islantlr during 
GaAs overgrowth is due to the preferenti& i r l 1 .  ' . . : , . ;cm o l ' ~ , ~  

0003-695 112007/91(4)1043 103/3/$23.00 91, 043103-1 (B 2007 American Institute of ~ h ~ s i c s  
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Initial stages of chain formation in a single layer of (In,Ga)As quantum dots 
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The self-organized formation of III,-,~G~,~,,AS quantum dot chains was investigated using x-ray 
scattering. Two samples were compared grown on GaAs(100) by molecular beam epitaxy. The first 
sample with a single layer of Iq,~aGao.60As dots shows weak quantum dot alignment and a 
corresponding elongated shape along [ ~ i j . ] ,  while the top layer of a multiayered 
Iq,,aG%,6,,As/GaAs sample exhibits extended and highly regular quantum dot chains oriented 
along [o i l ] .  Numerical calculations of the three-dimensional strain fields are used to explain the 
initial stages of chain formation by anisotropic strain relaxation induced by the elongated dot 
shape. 0 2007 American Institute of Physics. [DOI: 10.1063/1.2775801] 

In the Stranski-Krastanow growth mode, the growth con- 
ditions can be optimized to produce semiconductor nano- 
structures of nearly identical size and shape. However, often 
only a random spatial distribution is observed for a single 
layer of quantum dots (QDS).' This is caused by kinetic limi- 
tations which are particularly relevant at high growth rates 
and low growth temperatures. On the other hand. growth at 
elevated temperature may lead to ordering phenomena. As an 
example, extended chains of QDs arranged along the [o i l ]  
direction have been observed in the growth of multiple layers 
of (In,Ga)As on GaAs The formation mechanism of 
these (In,Ga)As QD chains-in particular the initial stages of 
ordering-is not fully understood yet. 

Growth at high temperatures and at low growth rates 
ensures conditions close to thermodynamical equilibrium. 
This reinforces the role of energy minimization and thus the 
importance of lattice strains in the evolution of QD ordering. 
Surface diffusion and strain relaxation are often correlated: 
For example, adatom diiusion on a GaAs(100) surface 
shows a pronounced anisotropy which is caused by the (2 
X 4) surface reconstruction. In particular, the adatom diffu- 

sion along [o i l ]  is larger than that along [Oll]. This leads to 

greater strain relaxation along [o i l ]  which is-during fur- 
ther multilayer growth---transferred to succeeding layers, 
eventually leading to an asymmetric separation between 
neighboring dots. The evolution of highly ordered QD chains 
could thus be a result of both anisotropic surface diffusion 
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and anisotro ic vertical strain inheritance in the multiple lay- 
t 5  ers of QDs. 

In this letter, we will demonstrate that the ru?isotropic 
strain field of a QD which is elongated along [ O ~ I ]  plays gn 
essential role in the formation of QD cha;,;; I . r ~ . l ; ? i i a y ~ ~ ~ C  
samples. We will focus on two samples grown under lcltr!il- 

cal conditions. Sample 1 consists of a single In(, . l O ~ a ~ l , h o ~ s  
QD layer, while sample 2 represents a stack of 115.5 periods 
of Lno,aG~.6,,As QDs embedded in 120 ML thick GaAs : 
spacer layers with the top layer consisting of ho,40~ao,60As 
QDs. Both samples were grown by solid-source molecular - 
beam epitaxy on GaAs(100) substrates. The growth condi- 
tions are described in detail Briefly, after de- 
sorption of the native oxide at 580 OC, a half ruicromcter 
thick GaAs buffer layer was grown at 600 "C. Fo: the depo- 

' '  

sition of the I n ~ , , ~ G a ~ , ~ & s  QD structure (0.36 ML s-'1,. the 
' 

substrate temperature was lowered to 540 "C. For sampla; 2, 
' '  

the GaAs capping of the QDs was performed with the firsr60 
ML at 540 "C and the last 60 ML at 600 OC. 

The atomic force micrograph (AFM) of sample I [Fig. 
l(a)] shows that the QDs lign up into short chains that we - .  

directed along [oil]. Moreover, short fragments of 'OD 
chains oriented along the planar (001) directior-s are also 
observed. By contrast, the top layer of the multilavered stack 

" 

of (In,Ga)As QDs consists of extended QD ,!I~.:.: .;irl .+id . 
along [oil]  [Fig. l(b)]. These chains contain monudispeac 
islands, they are highly regular, and their mutual spaci.&s .. 

along [Oll] are well defined. A quantitative analysis of b~th '  
AFM images [Figs. l(a) and l(b)] reveals that the dots Zi- 
hibit an approximate height of h=7 nm. However, while the 
multilayered sample contains rotationally sym~lctric dots 
with a base diameter of about w=60 nm, the dots of the 

single layered sample are slightly elongated along 1~0i1] wi th  
approximate bases of ~ [ ~ i ~ ] = 6 0  nm and 11=40 n m .  ;:: 
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A method for calculation of near-field images of semiconductor surfaces with an inhomogeneous electron dis- 
tribution is proposed. The method is based on linear response theory. As a result, the solution of the Lippman- 
Schwinger equation for a self-consistent field is presented via the effective susceptibility. Near-field images of 
a modulationdoped n-type GaAs surface subjected to illumination with pulses of a strongly focused lascr h m - m  
are calculated. The developed approach is universal and applicable for the analysis of experimental data o i ~  

time-resolved near-field microscopy. O 2007 Optical Society of America 
OCIS c d 8 :  180.5810, 110.2990. 

1. INTRODUCTION 
Today, novel nondestructive methods for probing the 
nanoscale characteristics of new materials and systems 
are urgently needed. The current development of micro- 
technologies and nanotechnologies in modem electronics 
needs such methods for investigating surfaces and sub- 
surface domains in semiconductors. One of these methods 
is near-field scanning optical microscopy (NSOM) l1-61. 
Conventionally, NSOM experiments are performed with 
stationary light sources. Thus they give little insight into 
fast dynarnical processes such as the relaxation, trans- 
port, and recombination of carriers in subsurface domains 
of the semiconductor, because this requires both as high a 
spatial resolution as a temporal resolution. Ultrafast 
NSOM with combined spatial and time high resolution is 
able to satisfy these requirements [7-91. Recently a vari- 
ety of both time- and space-resolved experiments have 
been performed considering the coherent polarization for 
the quantum wire system [10-121. In the case of coherent 
polarizations being neglected, that is, the time resolution 
of the experiment is less than the dephasing time of the 
material excitation, the modulating detection in the wm- 
bined NSOM allows the measured local-field distribution 
to be considered as a static one. Assuming an incoherent 
material excitation, one can use the method of calculation 
of near-field images based on a formally exact analytical 
solution of the Lippmandchwinger equation (LSE) tak- 
ing into account the linear response theory developed ear- 
lier for other problems [13-151. There are many applica- 
tions of LSE to the analysis of near-field images, and for 
semiconductor nanostructures [16,17] as well aa the de- 
velopment of the theoretical approach by Costiaux et al. 
1181, Martin and Piller [19], and Paulus and Martin 1201. 
However, in our approach of incoherent material re- 
sponse, the LSE solution for the selfconsisting field can 
be expressed through the effective susceptibility. While 

the effective susceptibility allows obtaining a ,lear-field 
image for an  arbitrary shape of object, the neav-field im- . 
ages for the surface of n-type G ~ A B  with Gausr-like d ~ s -  
tribution of carriers in subsurface domain can be calcu- 
lated in the framework of the developed approach. In the 
case when the surface of the n-type semico~ductor is 
acted upon by pulses of a strong focused laser beam, the 
distribution of electrons will be described as Gauss-likk. 
Then, the developed approach could be useful for tpe 
analysis of experimental data on ultrafast nea- -field m5- 
croscopy when the surface of the semiconductor 1s ~rradi- 
ated by strongly focused ultrafast light pulses. This 
method seems to be a universal one and can be used for 
near-field imaging any object under the surface in NSOM 
experiments. 

2. MAIN EQUATION 
For near-field imaging of semiconductor surface with an 
inhomogeneous electron distribution and simulation of 

' ,  

the configuration we consider the so-called far-field-pump 
and near-field-probe geometry [21] shown in Fig. 1. Her: 
the probe pulse is sent through the fiber while Slle pump 
is focused down externally on the sample by a far-field 
(f=8 cm) lens. Thus the semiconductor surface is illunli- 
nated by the strong focused femtosecond Gauss-like 
pulses with the energy of quantum greater than the semi- 
conductor bandgap. After absorption of pump pulses h 
the semiconductor, the nonequilibrium carrier dist~ibu- ,$ 
tions of both electrons and holes are generated undcr the ' 

semiconductor surface. If we consider the n-type scrnicon- 
ductor and assume that minor carriers (holes) reiombine 
rapidly, the nonequilibrium charge distribution wili con- 
sist predominantly of electrons. This inhomogeneous elec- 
tron distribution is scanned by a NSOM probe. 4 s  n pr&e 
beam, we consider the light emitted by the tip a i  an u+ . 
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Abstract 
We present a study on the formation of In droplets on GaAs(100) substrates as 
functions of substrate temperature and monolayer (ML) deposition by using 
molecular beam epitaxy (MBE) and atomic force microscopy (AFM). We 
specifically reveal the change in critical thickness of Ln deposition to form 
In droplets at different substrate temperatures. At a relatively high substrate 
temperature, the critical thickness of In droplets becomes relatively thinner as 
the amount of As atoms on the surface decreases. The control of the size and 
density of In droplets is also systematically discussed. This study provides an 
aid in understanding the formation of In droplets and thus can find applications 
in the formation of quantum structures andlor nanostructures based on droplet 
epitaxy. 

1. Introduction 

Because of their potential application in optoelectronic devices such as lasers, detectors, 
and other novel quantum dot based devices, lowdimensional quantum dots (QDs) have 
attracted an increased attention [14] .  As a result, In,Gal-,As/GaAs quantum dots grown 
on GaAs(100) substrates using the Stranski-Kr:stanov (SK) growth mode [5] have been 
extensively investigated [6-121. In SK mode based InAs QD growth, which is one of the 
most widely investigated QD fabrication methods, it is generally accepted that QDs are 
formed through a coherent surface deformation after deposition of at least 1.6 ML of InAs 
on GaAs(100) surface. This portion of material that is believed to induce the compressive 
strain by lattice mismatch is called the twodimensional (2D) wetting layer. The amount of 
wetting layer, in fact, is less than the nominal thickness due to material transfer into QDs to 
compensate the reduction of strain in the film and the expansion of surface area [13]. With 
a 2D to 3D transition, the material in the film is sucked into the relaxed QDs, which more 
rigorously occurs around island sites, thus reducing the thickness of the wetting layer. The 
2D to 3D transition, namely from the 2D wetting layer to low-dimensional QD formation, is 
typically observed by reflection highenergy electron diffraction (RHEED). In a RHEED study, 
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Electronic states of layered InGaAslGaAs(001) quantum wire and quantum dot chain structures 
have been investigated by electroreflectance and surface photovoltage spectroscopy. Band-gap 
shrinkage and heavy-holellight-hole state splitting have been observed in the GaAs barrier material. 
This can be understood by shear strain existing in the GaAs bamer due to strain relaxation and 
anisotropy within the wires or dot chains. By comparing the experimental results with theoretical 
calculations, we found that the strain relaxation in the direction perpendicular to the wires or the dot 
chains has a stronger effect on the heavy-hole-light-hole splitting than on band-gap modification in 
the InGaAs wires and dot chains. The piezoelectric field induced by the shear strain is also 
discussed. Q 2007 American Institute of Physics. [DOI: 10.1063/1.2437574] 

I. INTRODUCTION strained in a matrix material without dislocations in the 

There have been extensive studies concerning thin film 
growth with different lattice constants. One of the model 
material systems is thin InGaAs layers grown on GaAs sub- 
strates. In such a system, e.g., a quantum well (QW) or a 
superlattice (SL) structure, the InGaAs epitaxial layers sus- 
tain a uniform biaxial strain, while the GaAs barrier is con- 
sidered to be free of strain. The biaxial strain leads to an 
atomic structural change from a cubic structure to a tetrago- 
nal one. This strain-induced symmetry reduction results in a 
band-gap change and a valence band splitting in addition to 
those changes caused by quantum confinement.'" If the 
thickness of the epitaxial InGaAs layer exceeds a critical 
value: the strain is relaxed through the creation of disloca- 
tions in the InGaAs layer and the top covering GaAs bamer 
is also strained. Such a strain relaxation leads to a band-gap 
change at the top GaAs layer.' In this case, the quantum 
confinement potentials for electrons and holes are modified, 
thus the confinement states of the well are changed accord- 
ingly. 

In quantum dot (QD) structures, the dots are coherently 

Electronic mail: zmaOlbl.gov 

Stranski-Krastanov growth mode. In such a nonqat hetee;: 
structure the biaxial strain is a function of position, decaying 
away from the interface; that is, the bamer rnatenal sur- 
rounding the QDs is also strained. In a layered QD structute, 
where the thickness of the barrier layer is v!fficie!rtlv small, 
the QDs can be vertically stacked6.' because 01 ;ii. : ,',::I . 
penetration from layer to layer. In the region witllout QDs, 
the strain is uniformly confined within the wetting layers 
(WLs), as it is in a QW or a SL structure. 

I : 

Similar to the QD structure. the vedically stacked quan- 
tum wire (QWR) structures can be formed by the penetrated 
strain, but the strain distribution reveals an anisotr&yc 

that is, the strain is released to some extent in the 
direction perpendicular to the wires but remains along the 
wires, leading to the formation of triaxial strain in wires.lQ In 
an etched QWR structure," not only the wire, btlt a1so"the 
barrier material, is significantly deformed, which i s  tiiffkent . . 
from its QW counterpart. 

The strain-induced effects, such as change of band &a$, 
state splitting of heavy hole (hh) and light hole (th),"-'" '\?d - 
piezoelectric (PZ) field,lZvi5 have been extensively studied 

In the wcl; material, experimentally and t h e ~ r e t i c a l l ~ ' ~ * ' ~ - ~  ' 
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Abstract-The surface morphology and optical properties of the (In,Ga)As/GaAs(lOO) multilayer structures 
with self-organized quantum dots and quantum wires, which were grown by molecular-beam epitaxy, are inves- 
tigated It is found that the ordered arrangement of quantum dots in the heterointerface plane starts to form dur- 
ing the growth of the first periods of the multilayer structure. As the number of periods increases, quantum dots 
line up in series and form wires along the [0 i 1 ] direction. An increase in the lateral ordering of the structures : 
under consideration correlates with an increase in the optical emission anisotropy governed by relaxation 
anisotropy of elastic strains and by the shape of nano-objects. A possible mechanism of lateral ordering of quan- 
tum dots and wires in multilayer structures, which includes both anisotropy effects of the strain fields and ada- 
tom diffusion, as well as the elastic interaction of neighboring quantum dots, is discussed. 
PACS numbers: 68.65.Hb. 68.65.La. 78.67.Hc, 78.67.Lt, 78.55.Cr 
DOI: 10.1 1341s 1063782607010150 

1. INTRODUCTION era1 ordering. For example, inclined vertical alignment 
of size-uniform (In,Ga)As/GaAs(lOO) QDs was real- 

Self-organized growth of quantum dots (QDs) and ized [3], and QD-based three-dimension?' '?ttlrg: were 
quantum wires (QWrs) of the (In,Ga)As alloy accord- obtained in the PbSeIPbEuTe system [4]. 
ing to the Stranski-Krastanov mechanism in the case of ~ ~ ~ ~ ~ a l  ordering can increase in dense QD arrays 
molecular beam epi ta~y of strained heterostructures is due to elastic interaction of neighboring Q D ~  
One the most promising methods of nanotechnolog~. because of overlap of their strain fields in the substrate 
These are interest due to the ProsPects of [ S ] .  For example, in the case of the sing1~-layer 
their use O~toelectromcs. The and urnfor- InAs/GaAs(lOO) structures, this effect leads to a higher 
m i t ~  QDs and QWrs* as well as their ordered degree of correlation of short-range ordering of mutual 
arrangement* are im~o*ant in this case- Since the area QD arrangement along the rigid crystallographic dxec- 
of "collection" of adatoms determines the QD size, the 
size u ~ o ~ t y  of Q D ~  can be attained by ordering the tions [0 i  1 1 and [Oil] compared with the soft duection 
nucleation sites of QDs. On growing the QD multilayer [lo01 [61. The problems of lateral ordering in the sin- 
heterostructures, the sites of preferential nucleation of &layer InAs/GaAs(100) structures were considered 
self-organized QDs on the growth surface are deter- in i 7 9  8]. 
mined by the local distribution of elastic surface strain We have recently shown that lateral QD allpnent- 
caused by the QDs of the previous layer (barrier QDs). could be attained for the multilayer (In,Ga)AdGaAs(lOO). 
Sufficient thinning of the separating layer leads to ver- structures [9]. In this case, we used growth intenuption 
tically correlated alignment of the QDs [I]. In this case, at initial stages of deposition of the separating GaAs 
the spread of the QD sizes decreases somewhat while layer. This procedure led to anisotropy of the strain field 
their average radius increases. However, lateral QD of the separating layer, which was caused by the shape 
ordering in the heterointerface plane and, more so, asymmetry of barrier QDs. A similar effect was also. 
alignment into one-dimensional chains or the formation observed during thermal annealing of nit; , I  : ' ;-\A< 
of an ordered surface two-dimensional network remain QDs coated with a thin G a s  layer [lo]. HoweTrer, LYlt: 

topical problems. Earlier, it was shown for multilayer mechanism of this spontaneous lateral ordering i% not 
structures [2] that, depending on the degree of elastic fully understood. 
anisotropy and thickness of the separating layer, the We investigated the laterally ordered multilayer 
spatial QD distribution could vary from vertically cor- (In,Ga)As/GaAs nanostructures by atomic force . 
related to anticorrelated with considerably higher lat- microscopy (AFM) and the photoluminescencc (PL) 
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Abstract 
Structures containing multiple layers of self-assembled InAs quantum dot 
clusters within a GaAs matrix are investigated on GaAs (1 0 0) by atomic force 
microscopy. Droplet homoepitaxy (GaAs nanostructures on planar GaAs) is 
used to create tiny GaAs nano-mound templates elongated dong [0 1 -11. Due 
to a high density of monolayer steps on the edge of nano-mounds, deposited 
InAs prefer to form in clusters around the nano-mound templates. By varying 
the subsequent InAs monolayer coverages and growth temperatures, two 
distinctive sizes of quantum dots (QDs) are formed around the nano-mounds 
for the layer stacking. With a fixed GaAs barrier thickness (10nm) in between 
the layers, the resulting QDs from the stacked layers show significant 
improvement in their size uniformity. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Induced by 3D quantum confinement, electronslholes are 
completely restricted in the tiny nanostructures we call 
quantum dots (QDs), which give rise to discrete energy 
spectrums with a delta function-like density of states [I-3,341. 
Hence. QDs are also called artificial atoms. The self-assembly 
of semiconductor QDs has been the focus of much recent 
research due to the exceptional physical and optoelectronic 
properties of the QDs and because of their potential in 
novel device applications [ G I .  Because the optoelectronic 
properties of self-assembled QDs are strongly affected by their 
sizes, shapes, density and lateral spacing [7-121, in order to 
enhance the performance of the devices desired one must 
improve their size uniformity and lateral spacing. In QD 
growth based on the Stranski-Krastanov (SK) method, strain 
relaxation of a deposited material encourages an instantaneous 
transition from 2D growth into 3D growth. However, one 
major difliculty of this growth method is an associated random 
lateral spacing of the nucleated QDs. Various approaches 
have attempted to overcome this difficulty; for example, 
using a high index GaAs surface has provided a checker 
board-like lateral mangement of QDs on the GaAs surface 
[lo]. Also, localization of the QDs in designated areas was 
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achieved by photo-lithographically patterning the surface [ I  I.]. 
Furthermore, improving QD size uniformity was accompiished 
by high temperature treatment [12] and also by utilizing vicinal 
surfaces [13]. One promising approach involves forming 
vertically correlated QD structures by separating them with 
a thin layer called a 'spacer'. Often, QD layers that have been 
vertically stacked multiple times have achieved the high spatial 
density that is necessity for device applications [14-161. Due 
to spatial correlation in this approach, the newly depl)sited 
QDs tend to nucleate directly above the buried QDs. This 
phenomenon is explained by strain transfer of the buried QDs 
through the spacer layer [17,18,31,32]. Multiple stacking 
of QDs can provide better size uniformity and better lateral 
spacing than a normal SK-based self-assembly. Specifically, ' 

improved size uniformity was demonstrated [19] and QD 
chain-like structures were achieved by multiple stacking of 
In(Ga)As QD layers [20]. 

By using an interfacial lattice mismatrh @Y . z c~ I s -  
based QDs have been successfully grown. huwew...;, ;I 

new epitaxial approach was required for nanostructures when 
using lattice-matched materials since the lattice-matched 
material systemmay be as technologically important as I~ttice- 
mismatched ones. Thus, a novel growth method, called 
'dropletepitaxy', was introduced to fabricate homo- and 
heteroepitaxial nanostructures under an insufficient lattice 
mismatch [21]. Using this approach, various configurations 
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Using high-resolution x-ray diffraction (HRXRD), Raman scattering, photoluminesccncc, and 
atomic-force microcopy, we investigated In,Gal-,,As/GaAs quantum dot (QD) stacks grown by 
molecular-beam epitaxy with nominal I11 contents of 0.30 and 0.35. Thc analysis of x-ray-diffraction 
rocking curves using syrninetrical (004), asymmetrical (1 13), and quasiforbidden (002) reflections 
within the framework of dynamical theory allowed us to dcternlinc the averagc values of strains 
parallel and perpendicular to the growth direction. We also measured nonuniform In profiles in the 
In,Gal-,As layers along the growth direction. This observation confirms the important role of 
surface segregation of In atoms and interdiffusion of Ga atoms from GaAs layers in  the formation 
of In,Ga,,As QDs. Both HRXRD and Raman scattering in In,Ga,-,,As/GaAs-stacked QD 
structures demonstrate that the InGaAs inserts in these structures can be modeled effectively as 
sublaycrs with two diffcrent compositions: sufficiently thick ln,Gal-,As sublaycr with the In 
concentration lower than the nominal one, which includes the thin layer of InGaAs islands with the 
In concentration much higher than the nominal one. 0 2006 Anlerican Institute o f  Physics. 
[DOI: 10.1063/ 1.2 16?009] 

I. INTRODUCTION 

The In(Ga)As/GaAs material system has becii the focus 
ol' research interests because it can result in self-assembled 
confined structures, such as quantum dots during epitaxial 
growth.1 Quantum dots (QDs) offer the potential for applica- 
tion as electronic and optoelectronic devices, such as  laser^,^ 
optical memories,' and infrared photodetectors.4 

QD formation in mismatched heteroepitaxial systems 
such as In,Ga,-,As/GaAs is generally considered to take 
place when the reduction of the elastic strain in the deposited 
two-dimensional (2D) epitaxial layer is larger than the in- 
crease in surface energy associated with the three- 
dimensional (3D) QD formalion. However, the process of 
QD formation is much more complex than the simple picture 
based on the principle of free-energy miniinization would 
imply. For example, intermixing and segregation of In atoms 
are intertwined with energy considerations and play a signifi- 
cant role in detelmining t l~c  strain distribution, the critical 
thickness t3&) for the 2D to 3D transition,%he surface 
density. a~ ld  the size and shapeb-s of the QDs. Investigations 
of intermixing for InAs QDs grown on GaAs (001) sub- 
strates (420 " C < T,s <500 "C) using transmission electron 
microscopy.9 scanning tunneling and x-ray 
diffraction"'12 show a substantial mass transfer from the wet- 
ting layer and the GaAs substrate to the QDs. In fact, it has 
been shown that the Ga content in the InAs QDs can reach 
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50%-60%. This can be understood by the segregation of In 
atoms during the growth of InAs, which is accompanied by 
the generation of vacancies. The vacancies are in turn filled 
by migrating Ga atoms from the GaAs buffer layer.9 Of 
course, the whole process is intimately connected to the 
strain distribution. 

Indium-atom segregation also explains the formation of 
islands with increased (up to -60%) In conceiitration in the 
core of QDs during the growlh of Ino,,G~,,sAs on a GaAs 
(001) substrate (T,7=540 " c ) . ' ~  While In segregation and 
In-Ga interdiffusion and their corresponding relationship 
with strain, definitely, play a complicated role in [he forma- 
tion of InGaAs QD structures, the mechanism for intermnix- 
ing in InAs QDs is not certain and additional quantitative 
studies on the indium anti gallium distributions are needed to 
understand and control QD formation. 

In this paper we reporl our investigations of the indium 
(In) distribution in self-assembled. multiple layered, 
Tn,Gal-,As/GaAs QD structures. We report on high- 
resolution x-ray-diffmction (HRXRD) investigations that 
give evidence for a nonmonotonic In content in the InGaAs 
layer. In particular, we show tha1 the In content can be mod- 
eled as a bimodal distribution i l l  a InGaAs layer composed of 
a In-poor 2D layer with x, <s,,,,, and an In-riched layer will1 
x2>x,,,,. In addition to the HRXRD data wc also report 
Rarnan data, which further support the existence of a birno- 
dal In distribution. 
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The electric-field-induced evolution of the recently discovered periodic 180" nanostripe domain 
structure is predicted in epitaxial Pb(Zro,,Tio,,)O, ultrathin films from first principles. This evolution 
involves (1) the lateral growth of majority dipole domains at the expense of minority domains with the 
overall stripe periodicity remaining unchanged, (2) the creation of surface-avoiding nanobubbles, and 
(3) the formation of a single monodomain state. Analogies and differences (i) with ferroelectric thin films 
made of BaTi03 and (ii) with ferromagnetic thin films under magnetic field are discussed. 

DOI: 10.1 103irhysRevLe~~.96. 137602 PACS numbers: 77.22.Ej, 68.55.-a, 77.80.Bh, 77.84.D~ 

Ferroelectric thin films are receiving an enormous 
amount of attention because of their technological promise 
in leading toward miniaturized and efficient devices [I]. 
An ongoing intensive fundamental effort has also been 
made to determine if (and understanding how) properties 
of these low-dimensional systems can differ from those of 
the corresponding three-dimensional bulk. As a result, 
recent studies revealed striking unusual features that are 
related to a particular characteristic of thin films, namely, 
their internal depolarizing fields. An example of such 
features is the prediction of a minimal critical thickness 
below which no ferroelectricity can exist [2]. Another 
example is the occurrence of an unusual dipole pattern 
[3,4], which consists of 180" stripe domains that, unlike 
domains in bulks, are periodic (and thus propagate 
throughout the entire material) with its periodicity being 
exceptionally small, that is, on the order of a few nano- 
meters. Despite its obvious technological and fundamental 
importance, we are not aware of any study revealing how 
this peculiar stripe pattern evolves-and depends on the 
inherent parameters of the film-when applying the exter- 
nal factor that lies at the heart of many ferroelectric de- 
vices, namely, an external homogenous electric field. In 
particular, one may wonder if a phenomenon seen in 
ferromagnetic films under magnetic fields also occurs in 
ferroelectric films under electric fields, that is, the forma- 
tion of so-called bubbles [5]. The discovery of such bub- 
bles would make ferroelectric thin films of even broader 
interest, and would rise the questions of similitude or 
difference between the morphology, size, shape, and for- 
mation mechanism of bubbles in ferromagnetic versus 
ferroelectric thin films. 

The aim of this Letter is to reveal from first principles, 
as well as to provide unprecedented detailed atomistic fea- 
tures of, the stripe domains' evolution in Pb(Zr0,5Ti0,5)03 
(PZT) ultrathin films under external electric fields. Such 
evolution does involve ferroelectric bubbles-as well as 
other features-that possess some striking differences (of 
technological promise) with respect to magnetic bubbles. 

As in Ref. [3], the Pb(Zr0,5Ti0,5)03 films are simulated to 
be grown along the [001] direction (which is chosen to be 

the z axis) and assumed to be Pb-0 terminated at all 
surfaces. They are modeled by 40 X 24 X m supercells 
that are periodic along the x and y axes (which are chosen 
along the [loo] and [O 101 pseudocubic directions, respec- 
tively) and where m is the number of finite (001) B layers 
along the nonperiodic z axis. The total energy of such 
supercells is used in Monte Carlo (MC) simulations, which 
typically run over 100000 sweeps, and is written as 

where ui is the local soft mode in the unit cell i of the 
film-whose product with the effective charge Z* yields 
the local electrical dipole in this cell. The {ui) arrangement 
characterizes the atomic configuration of the alloy [6]. The 
{vi)'s are the inhomogeneous strain-related variables inside 
these films [7]. 7 is the homogeneous strain tensor, which 
is particularly relevant to mechanical boundary conditions 
since epitaxial (001) films are associated with the freezing 
of three of the six components of 7 (in Voigt notation), 
which are v6 = 0 and q, = v2  = 6, with 6 being the 
value forcing the film to adopt the in-plane lattice constants 
of the chosen substrate [3,8,9]. E H ~ ~ ~  is the (alloy effective 
Hamiltonian) intrinsic energy of the ferroelectric film. Its 
expression and first-principles-derived parameters are 
those given in Refs. [6,10] for Pb(Zr0,5Ti0,5)03 bulk, except 
for the dipole-dipole interactions for which we imple- 
mented the formula derived in Refs. [11,12] for thin film 
under ideal open-circuit (OC) conditions. Such electrical 
boundary conditions naturally lead to the existence of a 
maximum depolarizing field (to be denoted by (Edep) )  in- 
side the film, when the dipoles point along the [001] 
direction. (Edep)  is exactly derived at an atomistic level, 
following the procedure introduced in Ref. [ l l ] .  The sec- 
ond term of Eq. ( I )  mimics a screening of (Edep)  thanks to 
the p parameter. More precisely, the residual depolarizing 
field, resulting from the combination of the first and second 
term of Eq. (I), has a magnitude equal to (I - P)I(Edcp)l. 
In other words, p = 0 corresponds to ideal OC conditions. 

O 2006 The American Physical Society 
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Long chains of quantum dots forincd in InGaAsIGaA~(100) multiple layers have bmll 
systeinatically investigated by scan~ling eleclron, transmission electron, and atomic force 
inicroscopies. In addition to the usual two-di~nensional wetting layer involved in the 
Stranski-Krastanov growth, we have directly observed a one-din~ensional poslwetting layer along 
the [Ol- 11 direction that strings together the quantum dots in each chain. In sharp contrast with the 
two-dimensional wetting layer. which exists before the quantum-dot chains forn~. lhis 
one-dimensional postwetting layer develops during the GaAs capping of the existing dot chains. 
This one-dimensional layer forms through the anisotropic surface diffusion of In atoms that 
accompanies the change in strain profile during capping and therefore produces the steady-state 
material distribution that includes a one-dimensional postwetting layer as a result. O 2006 A1nericar.l 
Itzstitute oJ'Physic.7. [DOI: 10.1063/1.216986X] 

I. INTRODUCTION 

The growth of InGaAs on GaAs(100) with sufficient lat- 
tice mismatch typically proceeds in the Stranski-Krastanov 
mode. In the Stranski-Krastanov growth mode, the first few 
monolayers of InGaAs form a pseudomorphic two- 
dimensioilal layer, traditionally called the wetting layer. After 
a critical thickness, the development of three-dimensional 
InGaAs islands, which partially relieve the built-up strain, is 
more energetically favorable than continuous layers. Such 
three-dimensional islands standing on the two-dimensional 
wetting layer usually referred as sclf-assclnbled quantum 
dots have been commonly used for low-dimensional semi- 
conductor research in the last Generally, such In- 
GaAs quantum dots are randomly distributed on the two- 
di~neilsional wctting layer due to thc stochastic nature of 
self-assembly. Recently, great efforts have been made to 
grow InGaAs quantum dots that are aligned into laterally 
ordered arrays, both forced by l i t h ~ g r a ~ h ~ ~ - ~  and by natural 
self-organi~at ion.~- '~ One intcrcstiilg structure, long chains 
of TnGaAs quantum dots over 5 p m  in length, has recently 
been demon~trated.~ These chains of quantum dots provide a 
unique system to study one-dimensional carrier interaction. 
Based on photoluminescence characterization, the existence 
of a one-dimensional wetting layer (a common continuous 
base of the quantum-dot chain) has been This 
layer has been further supported by anisotropic photoconduc- 
tivity inea~urements . '~  However, an additional direct evi- 
dence of the existence of this layer, as well as an understand- 
ing or how it develops, is desirable. 

In this paper, scanning electron microscopy (SEM), 
transn~ission electron ~nicroscopy (TEM), and atoinic force 
~nicroscopy (AFM) arc combined to structurally ckanctcrize 

"'~lectronic mail: zmwang@uark.edu 

the InGaAs quantum dols. From this we prove tL~at there is 
indeed a continuous one-dirnensional common base on 
which the quanlum dots are positioned. However, rather than 
developing before the dot formation as initially expected. 
this one-dimensional layer develops after the dot formation, 
during the deposition of a GaAs capping layer (or spacer 
layer before subsequent quantum-dot layers). This finding is 
very surprising and reiterates the need to better understand 
the complicated effects of capping layers as they bury layers 
of quantum dots. This is especially important because 
quantum-dot structures must be capped for optical or elec- 
tronic applications. 

II. EXPERIMENT 

The samples used in this work were grown by 
molecular-beam epitaxy (MBE) on semi-insulting 
GaAs(100) substrales. The structures are characlerized as su- 
perlattices consisting of 17 layers of 1.8 nln InGaAs (the 
nominal In content of 0.5) spaced by 17 nm GaAs. While 
TEM analysis is able to access the buried InGaAs quantum- 
dot layers, the final dot layer was uncapped for SEM and 
AFM analyses. The layer structures and growth conditions 
were optimized for long chains of quantum dots. including 
intentionally repeated interruptions introduced during the 
deposition the of GaAs spacer or capping layers. Tt is impor- 
tant to note that the first layer consists of spatial random 
quantum-dot structures. The chainlike lateral alignment of 
dots is gradually developed during the growth of first seven 
TnGaAs layers. The quantum-dot chains tend to self-replicate 
at the subsequent InGaAs ~nultiple layers as a result of rc- 
sidual strain effects. The control on the vertical and lateral 
spacings between dot chains and bctwecn thc dots in the 
chains was demonstrated by varying In content. spacer layer. 
alld substrate tempcrature.12 For example. by increasi~lg the 
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ABSTRACT Highly epitaxial Ba0.~Sro.~Ti0~ (BST) ferroelec- 
tric thin films were fabricated on (001) Mg0 substrates by 
pulsed laser deposition. The nonlinear optical absorption coef- 
ficients (p)  and refraction indices (y) of the BST thin films on 
(001) MgO substrates were investigated using the single beam 
Z-scan technique with femtosecond laser pulses at the wave- 
lengths of 790 nm and 395 nm, respectively, at room tempera- 
ture. The nonlinear absorption coefficients of BST thin films 
were measured to be - 0.087 crn/GW and - 0.77 cm/GW 
at 790nm and 395 nm, respectively. The nonlinear refraction 
indices of BST thin films exhibit a strong dispersion from apos- 
itive value of 6.1 x c m 2 / ~ w  at 790 nin to a negative value 
of - 4.0 x lop5 cm2/GW at 395 nm near band gap. The dis- 
persion of y is roughly consistent with Sheik-Bahae's theory 
for the bound electronic nonlinear refraction resulting from the 
Lwo-photon resonance. These results show that the BST film 
is a promising material as a candidate for nonlinear optical 
applications. 

PACS 42.70.M~; 78.20.-e; 81.05.-t 

I Introduction 

Dielectric Bal -,Sr,Ti03 (BST) thin films have 
been considered to be an important material for use in tunable 
microwave devices such as tunable phase shifters, filters, os- 
cillators, and antennas because of its high dielectric constant, 
relatively low dielectric loss tangent, and large electric field 
tunability [I-31. BST thin films exhibit a large microwave 
tunability even up to 23.7 GHz [3], a feature that motivates 
the study of the nonlinear dielectric properties in optical fre- 
quency range. Recently, electro-optic (E-0) characterizations 
of BST films reveal an E-0 coefficient with a very large sat- 
uration value of the field-induced birefringence at the wave- 
length of 632.8 nm [4]. Optical second-harmonic generation 
(SHG) has also been observed in the NIR (near infra-red) 
wavelength range using a high peak power Q-switched Nd- 
YAG laser at 1.06 p,m [5] and a mode-locked Ti:Sapphire laser 

€4 Fax: 479-5754580, E-mail: mxiao@uark.edu 
*Mol~ed to: Superconductivity Technology Center, Los Alamos National 
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at 760 nm [6,7]. Even more recently, the nonlinear optical ab- 
sorption and refraction of the polycrystalline Ba0.7Sr0.3Ti03 
film on quartz substrate have been measured [8]. However, 
less effort has been taken to study the third-order nonlinearity 
of epitaxial BST thin films. The quantitative measurements of 
both nonlinear refraction index and adsorption coefficient of 
high quality epitaxial BST thin films have not been reported. 

Several kinds of ferroelectric oxide thin films have already 
been investigated as the promising candidates for applications 
in nonlinear optics such as SrBi2Ta209 [9]. BiMn03 [lo], 
Bi2Nd2Ti3012 [ l l ] ,  PLT30 [12], (Pb, La)(Zr, Ti)03 [13], 
PbZr.rTil-x03 [14], BaTiOs [15], Ce:BaTi03 [15. 161, and 
Fe:BaTiOB (171. Ba.6Sr0.4Ti03, a ferroelectric solid solu- 
tion of BaTi03 and SrTi03, is nominally in its paraelectic 
state at room Leinperature. Bao,6Sr0.4Ti03 thin films are highly 
transparent from near ultraviolet to infrared. The Curie tem- 
perature of (Ba, Sr)Ti03 may be continuously tailored by se- 
lecting different mole content ratio of Ba and Sr. This versatile 
property enhances the potential applications of (Ba, Sr)Ti03 
in different temperature environments. Compared to lead- 
contained ferroelectrics where lead is a volatile constituent 
and poisonous. (Ba, Sr)Ti03 is non-volatile and easy to be 
fabricated. Moreover, (Ba. Sr)Ti03 thin films are compat- 
ible with various microwave devices, which are beneficial 
to the future integration of optoelectronics with microwave 
electronics. 

2 Experimental details 

Dielectric BaO 6Sr0.4Ti03 thln films were grown 
by using pulsed laser ablation by a KrF excirner laser with 
a wavelength of 248 nm. An energy density of - 2.5 J/cm2 
and a repetition rate of 5 - 10 Hz were used for the film depo- 
sition. A stoichiometric BST (60:40) target with a density o f  
95% was used. Since the Z-scan technique is sensitive LO crys- 
talline defects, surface imperfections, and inhomogeneities, 
single-crystal double-side polished (001) cubic MgO sub- 
strates were selected for the epitaxial growth of BST thin 
films. Such substrates maintain excellent crystalline quality 
and are still highly transparent even when they are heated 
for more than one hour at the deposition temperature (higher 
than 820 "C) in a low oxygen-pressure chamber environment 
(200 - 300 mTorr). The crystalline quality and epitaxial be- 
havior of the as-grown BST thin films were characterized 
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Abstract 
New morphologies of InAs quantum dot (QD) ensembles forming on 
self-assembled GaAs nano-holed island templates are demonstrated. 
Droplet homoepitaxy (GaAs/GaAs) is used to generate holed 
nanoscale-sized mounds that appear to elongate along [0 1 I]. Depending on 
the InAs monolayer (ML) coverages, subsequent InAs deposition forms 
different sizes and shapes of QD ensembles. While we initially observe the 
formation of the QDs at the hole sites when less InAs is deposited, QDs 
form around the edges of the mounds with greater InAs deposition. By 
varying the InAs depositions and growth temperatures, we demonstrate an 
ability to control the size and density of QDs. The observed decrease in the 
necessary critical thickness required for the InAs 2D-3D transition may be 
due to the higher density of monolayer steps on the sidewalls of the holes 
and on the edges of the mounds. This hybrid growth approach overcomes 
some limitations of typical QD growth on planar GaAs surfaces and may 
find applications in optoelectronics. 

1. Introduction 

Quantum-confined semiconductor nanostructures, specifically 
those with two and three confined dimensions, have received 
considerable attention in the last 15 years due to their unique 
physical and optoelectronic properties [l-131. Several novel 
device applications have emerged because of our ability 
to engineer both the quantum confinement and the band 
gaps of the nanostructures [ l ,  21. These low-dimensional 
structures have been synthesized in different ways, namely by 
photolithography, chemical synthesis and self-assembly [3-51. 
One of the most valuable methods of self-assembly involves 
strain relaxation in epitaxial films based on the Scanski- 
Krastanow (SK) growth mode [6-101. In this SK growth 
mode, nanostructures are formed as a result of deformations 
in uniformly deposited films due to surface strain relaxation. 
These nanostructures take the form of dots, wires or dot 
chains, depending on the specific growth conditions [ll-131. 
The growth of ordered nanostructures, specifically the growth 

I Author to whom any correspondence should be addressed 

of ordered quantum dots (QDs), can be stymied, however. 
because the SK strain relaxation takes place randomly on the 
surface [C510]. In order to enhance optoelectronic device 
performance, one must be able to control the size, shape 
and distribution of the quantum dots. Different approaches 
have attempted to overcome this stochastic nature of SK- 
based QD growth; for example, pre-patterning the surface 
photolithographically enables one to localize the QDs in 
designated areas [I?, IS]. However, photolithography in 
general requires many additional steps in order to prepare 
the substrates and also can sometimes cause unacceptable 
interfacial defects. 

While SK-based QDs have been grown by using 
lattice-mismatched material systems [6-101, a new epitaxial 
approach was required for nanostructures of lattice-matched 
materials. A novel growth method, called 'droplet epitaxy', 
was introduced to fabricate nanostructures of homoepitaxial 
material systems and of heteroepitaxial material systems 
with insufficient lattice mismatch, e.g., GaAs/GaAs and 
GaAs/Al(Ga)As [16-191. In recent times, GaAs single 
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Several distinctive self-assembled InGaAs quan~um dot ~nolecules (QDMs) are studied. The QDMs 
self-assemble around nanoscale-sized GaAs moundlike templates fabricated by droplet 
homoepitaxy. Depending on the specific InAs monolayer coverage, the number of QDs per GaAs 
mound rangcs from two to six (bi-QDMs to hcxa-QDMs). The Ga contribution from thc n~ounds is 
analyzed in determining the morphologies of the QDMs, with respect to the TnAs coverages ranging 
between 0.8 and 2.4 ML. Optical characterizatio~i shows that the resulting nanostructurcs are 
high-quality nanocrystals. 0 2006 Amer.ican hsti tute o f  P l ~ y ~ i ~ . s .  [DOT: 10.1063/ 1.23880401 

To fabricate nanostructurcs under an insufficient lattice 
mismatch, a growth technique, called "droplet epitaxy," was 
introduced for homoepitaxial and heteroepitaxial material 
systems. such as GaAs/GaAs and G ~ A ~ / A ~ ( G ~ ) A S . ' - '  In 
droplet cpitaxy, under the abscnce of an As4 flux, a nlolccu- 
lar beam of Ga applied to a surface f o n ~ s  liquid Ga droplets 
based on Volmer-Weber growth mode.; These droplets are 
thcn subsequently exposed to an As, flux al~d crystallized to 
form GaAs. However, this process can be substantially inore 
complicated and interesting. For example, a GaAs/AI(Ga)As 
droplet epitaxy results in various shapes depending on the 
growth conditions during the AS, annealing process of the 
liquid Ga droplets. Some of these droplets fonn elongaled 
islands along [01-I]. both with and without nanoscale holes, 
whilc other droplets form single and double ringlikc 
nano~tructures.~-~ 

These various shape droplcts can subsequently serve as 
te~nplates for further growth? without the need for further 
ex situ surface preparation. This approach overcomes sevcral 
limitations of t pica1 quantutn dot (QD) growth on planar 
GaAs surfaces." This can be significant since semiconduc- 
tor QDs have received considerable attention due to their 
unique electronic and optoelectronic properties."'2 In fact, 
several important devices have already been demonstrated 
using QDs. such as lasers, transistors, sensors, and 
photodetectors.'"'5 Furthermore, the use of the spin of an 
electron as a basic unit for quantum computations is in- 
tensely being cxplorcd using both electrical and optical tech- 
niques to localize and manipulate a single spin in QDS."-" 

For this application, traditional self-assembly of QDs 
based on the Stranski-Krastanov (SK) growth mode can be a 
good candidate for quantum cornputal ion~.l~-~ '  Characteris- 
tically, however, SK-based growth generally has random lat- 
eral spacing, which hinders the QD functionality for such 
applications as a q bit. 

In this letter, we adopt a hybrid growth approach utiliz- 

mound can be effectively controlled by varying the InAs 
monolayer coverage. For example, we demonstrate QDMs 
coinposed of two to six QDs pcr mound. Physically, we find 
that intcrrnixing of Ga from the GaAs mounds contributes to 
the ~norphology of the InGaAs QDMs. This behavior is sys- 
tematically analyzed from the initial mixing stage to the neai- 
elimination of the GaAs mounds. The corresponding photo- 
luminescenct: (PL) measurements indicate that the InGaAs 
QDMs arc high-quality crystalline nanostructurcs. 

All samples were grown on epitaxy-ready semi-insulated 
GaAs (100) substrates by solid-source MBE. After 330 nm 
of GaAs buffer, 3 ML of Ga (based on an equivalent amount 
of GaAs with As, flux) was applied to thc GaAs surface al 
the surface temperature of SO0 " C  without As, flux to form 
liquid Ga droplcts 011 the GaAs surfacc. Subscqucntly, 80 s 
of annealing followed, and the substrate ternperature was 
lowercd to 150 OC. The Ga droplets wcre tbcn exposcd lo 21 

beam equivalent pressure (BEP) of 1.3 X 1 O-' TOIT of As4 
for 100 s in order to fully crystallize the Ga droplcts and to 

ing both droplet homoepitaxy and SK growth to overcome 
some of thelimitations-of the S~-base>  QD growth mode FIG;. I .  (Color online) Su~face morphology [two d~mens~onal and three 

dimensional (3d)l by AFM and corresponding line profiles indica~ed as 'lone On a planar GaAs surface' Using epi- black lines in Figs, (a-l), (b-l), and (c-1). Tile ]"As monolayer covcrapcr is 
taxy (MBE) self-assembled TnGaAs quantum dot molecules varied. (a) 0 o ML, (b) (1.8 ML. and (c) I .4 ML dcposltion at 500 l ~ a ( . t e l  3 
(QDMs) are realized around GaAs nlounds formed by drop- ML of Ga deposition at 500 " C  (equlvalen1 'mount ot' GaAs when As, was 

let epitaxy on GaAs (100). The number of QDs per GaAs supplied) and crystallization at 150 "C. Figures (a-I), (b-I), and (c-I) are 
2(x) X 1.5G)) Fm2, and Figs (a-2), (b-2), and (c-2) are (enlarged 3D) 
300(~)X250b)  nni'. Black l~ties in the 2 X 1.5 /Lni' tigures corl.espond to 

$1) Electronic mail: zmwang@uark.edu the line protiles shown in Figs. (a-3), (b-3), and (c-3). 
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Coupling between the surface and the buried cluantuin dots (QDs) is studied by photoluminescence 
(PL) measurement for a heterostructnre with InAs surface QDs sitting above four layers of buried 
QDs. Temperature and excitation intensity dependences of the PL together with the PI, temporal 
decay behavior rcveal fast carrier transfer from the buricd QDs to thc surfacc QDs. Thc PL signals 
from the surface and buried QDs are shown to be closely correlated with each other and very surface 
sensitive. Thcsc features support thc prolnisc this heterostructure holds for scnsor devices. 0 2006 
Anlericarl Insriture of Physics. [DOT: 10.1063/1.2408653] 

Semiconductor quantum dots (QDs) attractcd cxtcnslve 
rcscarch ~ntcrcst duc to thcir uni uc h sical properties and '-I P y  
ellonnous application potential I -  Generally. se~niconductor 
QDs are buried (BQDs) in wide band gap materials confining 
the wave function in all dimensions. However, when the QDs 
are very close to the surface,"' or directly exposed to air 
(surface quantum dots or SQDS),'-" the optical and elec- 
tronic behavior is very sensitive to fluctuation in the surface 
potential. Such surface-sensitive QD structures are expected 
to play an important role in futurc sensor applications." For 
cxarnple, watcr-suluble colloidal SQDs have rcceivcd much 
attention as biological markers and  sensor^.'"'^ :For In- 
(Ga)As selniconductor SQDs, reports indicate that the SQDs 
exhibit a much weaker and broader emission peak at signiii- 
cantly lower energy,'"x" than their deeply buried counter- 
parts. Very recently, we studied the optical properties of 
SQDs through a series of samples with uncapped InAs QDs 
sitting on a variable number of BQD layers. We observed 
that the optical performance of InAs SQDs was improved as 
the number of stacked BQD layers increased." Howcvcr, a 
complete picture of the carrier coupling in such a hybrid 
structure is still lacking. Given the exciting potential for ap- 
plication, studies of the carrier transferring properties are in- 
dispensable in understanding the performance of optoelec- 
tronic devices based on this hybrid structure. In this letter we 
report an investigation of the carrier coupling in an 
InAstGaAs quantum hctcrostructurc composed of lnAs 
SQDs and [our layers ol' BQDs. The carrier transfer from the 
BQDs to the SQDs makes the BQDs and the SQDs. each has 
a differcnt optical behavior than what would bc obscrvcd if 
they were independent. As a result, we uncover a physical 
picture of the carrier transfer that enhances the opportunity 
for the development of useful surface sensor devices. 

The sample was grown on semi-insulating GaAs (100) 
substrates by a solid-source molecular beam epitaxy (MBE) 
system. After oxide desorption and the growth of 0.5 pin of 
GaAs buffcr, 2.0 ML of 1nAs was deposited at the substrate 
temperature of 530 "C  and then capped by 10 nm GaAs. 
This growth was repeated four times to foinl the four layers 
of BQDs. A fifth layer of 2.0 ML of InAs formed the SQDs 
on the top of the sainple without any capping. The growth 

ratcs of GaAs and TnAs are 0.47 and 0.013 MLts. respec- 
tively. It is well documented that the vertical self-alignment 
among different layers of QDs will happen under this growth 
condition due to the strain field transmitted through the 
10 nm spacer layer.""" The vertical alignment in the struc- 
ture is very important in enhancing the coupling between the 
SQDs and BQDs, thus improving the electrical and optical 
behavior of the SQDs. One reference QD (RQD) sample, 
that is the same five-layer TnAs QD structure with a final 
70 nnl ol' capping GaAs, was also grown and comparatively 
investigatcd. 

For continuous wave photoluminescence (PL) ineasure- 
ments, samples were mounted on the cold finger of a close- 
cycled cryostat. An yttrium aluminutn garnet laser operated 
at 532 nm was employed as the excitation source. The PL 
signal was dispersed by a monochromator and then detected 
by a charge coupled device detector. For tirne-resolved PI., 
n~easureinents, the excitation source was switched to a 
mode-locked Ti:sapphire laser operated at 750 nni and the 
PL was detected by a C5680 streak camera. 

Figure 1 (a) shows the (4 X 4 pm2) atomic force micros- 
copy (AFM) imagc of the SQDs. The number density of the 
SQDs is estimated to be -6.2 X lo9 ~ n i - ~ .  Thc SQDs exhib- 
ited a rounded shape with a diameter of 81.2k5.2 nm and a 
height of 13.7 k0.9 nm. Meanwhile, due to the "filter effect" 
for the vertically aligned QD structure," the SQD size dis- 
tribution pointed to a single shape much narrower than typi- 
cal height distribution, as shown by the statistic histogram in 
Fig. l (b). Tn addition, based on the AFM image and the size 
distribution, there was no evidence for large dislocated or 
incoherent islands in this SQD sample. 

FIG, 1. (Color online) (a) 4  X 4  pm' AFM image and a magnified perspec- 
" ~ u t h o r  to whom col.sespondence should be addressed; electronic mail: tive view of I X  I prn' AFM image o f  the SQDs. (b) Histogram of the 

z1i1wang@uak.edu height distribution of the SQDs. 
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Significant surface pitting and a degraded surface roughness are altnost always observed on GaAs 
(100) surface after convcntio~~al thermal oxide desorption. Hcrc wc report on thc usc of a 
Ga-triggered low temperature oxide desorption method that can be used to preserve the atomic 
~nonolaycr (ML) steps. By providing an external supply of atomic Ga at a relatively low substrate 
temperature of -450 "C without an As4 overpressure, this technique resulted in an atornicaliy 
smooth GaAs ML steps wit11 a root mean square roughness of 0.25 nm, ncarly identical to as-grown 
GaAs surface (0.2 nm). The demonstrated results show the potential for applications in 
optoclcctro~~ics such as regrowth and pattcrncd substrate growth. 0 2006 American Institute of 
Physics. [DOT: 10.1063/1.240 16491 

I. INTRODUCTION 

One of the major advantages of molecular beam epitaxy 
(MBE) growth is that under optimum growth conditions ep- 
itaxial growth is known to progress monolayer by monolayer 
(ML) producing aton~ically smooth steps or terraces. For ex- 
ample, the atomic smoothncss of homoepitaxially grown 
GaAs has been observed using it1 situ scanning tunneling 
inicroscopy (STM) under ultrahigh vacuum (UHV).'" Even 
after exposure to air, atomic force m i c r o s c o p y 3 ' ~ ~ ~ ~ )  in- 
vestigations have denlonstratcd that the resulting gallium ox- 
ide (Ga?O,) is observed to mirror the GaAs ML steps. How- 
ever, the revcrse is not so true. For example, to prcpare a 
GaAs substrate for growth, a temperature of -580 " C  is 
typically uscd for thermal oxide (Ga,03) desorption under an 
As4 overpress~re .~-~  However, regardless of the substrate 
surface index, oxide desorption is always accompanied by 
"surl'ace pitting" which degrades the substrate surface 
morphology.x.' This is particularly troubling when using a 
patterned substrate to encourage the spatial location of quan- 
tum dot (QD) nucleation. Surfacc pitting is understood to 
occur according to7-' 

Ga?03 + 4GaAs + 3Ga20T + ?-As? (or As4)T (1) 

At a relatively high temperature of 580 "C, surface arsenic 
atoms are not stable and desorb from the GaAs surface ma- 
trix. The remaining surface galliuin atoms then react with 
Ga203, generating Ga,O. The Ga,O then leaves the surface 
leaving behind surface pits. As a result, simple thermal oxide 
desorption results in pitted substrates for growth. 

Due to its potential application as a substrate for growth, 
oxide desorption l'rom (he GaAs (100) surface malrix has 
been widely studied.'-") However, as discussed, due to pit- 
ting on the surface,, oxide desorption presents a significant 
challenge for atomically smooth ML steps. Recently, ap- 
proaches to remove the surface oxide on GaAs a1 low tenl- 
peratures, without severe degradation of the surface, have 
been explored. For example, application of atomic hydrogen 
to substrates during oxide desorption at around 450 "C was 
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also observed to reduce surf;ice roughness."'-i' Even more 
recently, the rerno\lal of Ga,03 under direct exposure to a 
bcam of Ga at substrate temperature of -350 "C resultcd 7 ~ ~ )  in 
a GaAs substrate surface without extensive pitting: 

In a previous we reported that we could 
dramatically reduce the pitting that occurs when the oxide i h  

dcsorbcd from a GaAs substrate. Howcvcr. in this case. al- 
though the GaAs surface was left smooth it was not so 
smooth to show ML islands. We, in this investigation. dem- 
onstrate the preservation of atomic MI, steps on GaAs (100) 
surface with a rms roughness or 0.25 nnl by using Ga- 
triggered low temperature oxide desorption method at the 
subslrate temperature of 450 "C. This Ga-triggered tech- 
nique provided significantly improved surface roughness 
with atomically smooth steps and only a few shallower sur- 
face pits were formed. This result can be important for soinc 
optoelectronic applications. For example, this technique can 
be used for growth on patterned substrates. In this case, after 
patterning on a buffered surface, since the ML steps can be 
preserved after Ga treated desorption, one can use the pat- 
terned surface direclly ant1 maintain (he pattern. The required 
amount of Ga dcposition for controlled oxide dcsorptio~l is a 
function of the amount of oxide formed on the surfaces." 
Fortunately, thc amount of Ga deposited during Ga-triggcrcd 
low temperature oxide desorption can always be efficiently 
opti~nized by observation of the in situ reflection high-cnergy 
electron diffraction (RHEED) pattern to determine the GaAs 
growth rate. 

Il .  EXPERIMENTAL DETAILS, RESULTS, 
AND DISCUSSIONS 

The GaAs substrates were initially prepared using tradi- 
tional oxide desorption of an epiready GaAs (100) wafer. A 
250 nm of GaAs buffer was grown at thc substrate tempcr;l- 
ture of 610 "C and held there for 5 min for stabilization of 
thc surface matrix. During this time the sample was under 
the beam equivalent pressure (BEP) of 10 f lo r r  of As, sup- 
plied by a valve-controllcd solid source cell. The substrate 
temperature was then gradually decreased with a careful ob- 
scrvation of the RHEED pattern while also dccrcasing the 
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axy growth of GaAs 

The authors 
a template for 
show that the 
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re3ort on the use of GaAs islands, formed by the droplet epitaxy growth technique, as 
the growth of clusters of InAs quantum dots. Surface morphology measurements 

:shape and dimensions of the GaAs islantis and consequently [he formation of InAs 
depend strongly on the annealing tempcraturc and annealing time. This can bc 

tl-e diffi~sion of gallium atom during the annealing process and the selective formation 
dots on thc rnisoricntcd GaAs island sidcwalls. O 2006 American htstitrate oj' 

10.1063/1.2396918] 

particular, QD clusters of closcly spaccd lnAs QDs can act as 
"QD molcculcs," which arc intcrcsting both as a new play- 
ground for studying Interacting electronic syslema and aa 
building blocks to perform complex quantum ~nformat~on 
processing operations. In this letter we report on the effect of 
the annealing temperature and annealing time on the forma- 
tion of GaAs droplet islands with different shapes and their 
use as a template for the growth of different types of InAs 
QD structures. 

All sanlples in this investigation wcrc grown on semi- 
insulated GaAs (100) substrates in a Riber 32P MBE growth 
chamber equipped with iri situ reflection high-energy elec- 
tron diffraction. A valve-controlled As source enabled Instan- 
taneous change in the As flux. Following the growth of a 
300 nm GaAs buffer layer at 610 "C, the substrate was 
cooled down to 500 " C .  The As valve was fiilly closed be- 
fore reaching the desired substrate temperature. Once the 
growth temperature was reached, a Ga flux equivalent to 10 
ML GaAs was supplied to the GaAs surface to form Ga 
droplets. In order to crystallize thc Ga droplets into GaAs 
nanocrystals. [he sample was kept at 500 "C  lor 100 s with 
the As valve 20% open (As beam equivalent pressure - 1.2 
X Torr). Then with the As valve fully opened (As beam 
equivalent pressure -7.OX Torr), the substrate was 
heated to 530, 550, and 600 "C; respectively. and followed 
by annealing. After the annealing stage, 1.3 ML of InAs was 
deposited on the GaAs template at 500 "C to form InAs 
QDs. Thc achieved morphology was qucnched and ambient 
measurcments of atomic forcc nllcroscopy (AFM) werc car- 
ried out on the samples once they were removed from the 
MBE chamber. 

To begin, we investigated the effect of the allnealirlg 
temperature on the shape of [he GaAs droplet islands. 
Samples A , ,  El, and C, were grown with 80 s of annealing 
respectively at 530, 550, and 600 "C after the formation of 
Ga droplet. The resulting 2 X 2  ,um2 AFM images are shown 
in Fig. 1. In order to obtain a more detailed picture of the 
surface evolution. an amplified i~iiagc is plotted to show tlic 
three-dimensional features of single droplet island in the in- 
set for each AFM. The dimensions of this droplet island are 
provided by the cross section line profiles i11 the following 
figures. Figures l(a)-l(c) show that the GaAs droplet is- 
lands, which randomly distribute on the GaAs buffer layer 
surface with a density of 4.1 X 10' cm-', are characterized by 
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Abstract. Strain relaxation mechanisms for the growth of m-layers of 
In0.~8Ga~.~2As/GaAs on a GaAs(100) substrate, tilted 2" towards the [O-111 
direction, have been studied by molecular beam epitaxy (MBE) and atomic 
force microscopy (AFM). While dislocations alone provide a strain relaxation 
mechanism for nominal GaAs(1 00), additional strain relaxation mechanisms were 
observed for a vicinal GaAs(100) substrate. For m < 8, step bunching provided 
a mechanism for strain relaxation. For m 310,  in addition to the step bunching, 
bunched comers along two [05 11 and [O-1-51 directions provided the mechanism 
for strain relaxation. These surface patterns provide potential to act as a template 
for the growth of more uniform and organized nanostructures. For m = 16, the 
formation of dislocations provided an additional route for strain relaxation. 
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One of the difficulties in understanding energy transfer in bilayer quantum dot structures is the complex 
role of carrier tunneling. This limitation is due to the fact that, for most studies to date, QDs in each layer 
have only one confined energy level making it difficult to study resonant tunneling effects. In this work, 
we have investigated the low growth-rate technique to produce dislocation-free very large QDs in the sec- 
ond layer that are characterized by several confined energy levels. The high quality surface morphology 
and optical behavior of these structures were demonstrated by AFM and PL measurements. 

0 2006 WILEY-VCH Verlag GmbH & Co. KGaA. Wclnhelm 

1 Introduction 

In recent years, many investigations have been made on the fabrication, characterization and exploitation 
of self-organized InAsIGaAs quantum dot (QD) bilayer heterostructures [I -61. Fabrication of artificial 
molecules by coupling two vertical aligned QDs not only opens a new way to investigate quantum phe- 
nomena over a wide range of configurations [7] but also provides a potential method to implement quan- 
tum entangled states [8]. Bilayer InAsIGsAs QD structures also enable independent control of the QDs 
density and size as well as improved uniformity in the top layer and succeeding layers [9, 101. These 
advantages make the bilayer InAsiGsAs QD structures an interesting choice for QD device applications. 
For example, one important application is for QD lasers emitting above 1.3 pm [ l  I]. QD lasers prefer 
nanostructures with nearly identical electronic and optical properties, i.e., QDs possessing equivalent 
morphology and size. Most recently, via a low InAs growth rate (<0.02ML/s) [12, 131, researchers have 
achieved bilayer InAsJGsAs QD structures emitting above 1.3 pm with a significantly improved homo- 
geneous QD size distribution. In fact, a photoluminescence (PL) linewidth as narrow as 10.5 meV has 
been reported for the bilayer InAsiGaAs QDs structure [14]. 

Despite such amazing achievements and significant potential applications, a complete picture of the 
energy and carrier transfer in such bilayer InAsIGaAs structures is still not clear. Yet studies of the en- 
ergy transfer properties are indispensable when attempting to understand the performance of optoelec- 
tronic devices based on such bilayer InAsIGaAs QDs structures. One of the difficulties in understanding 
energy transfer in bilayer systems is the complex role of carrier tunnelling. For example, our previous 
studies of carrier tunnelling in bilayer InAsiGaAs quantum dots structures were severely limited by the 
ability to study resonant tunnelling effects [15-171. This limitation is due to the fact that, for most stud- 
ies to date [ I ,  15, 171, QDs in each layer tended to have only one confined energy level making it diffi- 
cult to use tuning methods to cause overlapping energy levels. Although challenging, one solution to this 
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Tntersubband transitions in GaNI ALN short period superlattices prepared by n~olecular beam epitaxy 
were investigated using the optical absorption technique. The pcak position wavelengths of thesc 
transitions are found to span the spectral range of 1.35-2.90 pm for samples cut into 45' 
waveguides with GaN quantum well thicknesses ranging betwccn 1.70 and 2.41 nm. Thc Fcr~ni 
energy levels are estimated from the carrier concentrations, which were measured using an 
electrochemical capacitance-voltage profiler. The well widths were inferred from comparing the 
measured peak position energy of the intersubband transitions and the bound state energy levels 
calculated using [he lransfer matrix rnelhod. O 2006 Anierican Itrs t i t~~te of P1lysic.s. 
[DOI: 10.1063/1.1358929] 

Intersubband transitions in GaNI A1N multiple quanlum 
wells have been investigated for their a plication in the near 
infrared 1.3- 1.5 p n  specwal region.'-'Reaching this range 
is made possiblc due to the large conduction band energy 
offset. which is on the order of 1.70 eV, between these two 
binaries. In principle, this large energy offset allows one to 
design quantum structures with intersubband transitions for 
wavelengths longer than 0.70 pm. However, the technical 
difficulties associated with the epitaxial rowth, doping, and 
the inherited large dislocation densities5'in TIT-nitride mate- 
rials hinder the production of good quality materials and im- 
pede the progress of the device performance. Despi~e these 
lechnical issues, a progress, though slow. has been made in 
fabricating detectors based on the intersubband transitions in 
GaN.bascd systelns.".3'7~s 

In this letter, we rcport on the optical absorption of the 
intcrsubband transition in Si-dopeci GaNIAlN short pcriod 
superlattices grown by the molecular beam epitaxy (MBE) 
on c-plane sapphire substrates. The Fer~ni energy levels in 
the GaN wells are calculated directly from the two dimen- 
sional electron gas densities, which are measured using an 
electrochemical capacitance-voltage (ECV) technique. Ow- 
ing to a lack of sample rotation, a variation is observed 
across  he wafer. The quantum well thickness was estimated 
from fitting the observed transition energy to that calculated 
from the transfer matrix method. This then allowed the cal- 
culation of the two dimensional electron gas density. A single 
intersubband transition is observed in superlattices with well 
widths smaller than 2.0 nm, while two intersubband transi- 
tions were observed in samples with well thicknesses (LlV) 
on the order of 2.4 nm, as expected. The oscillator strengths 
of the ground state (Eo) to the first excited state (El) were 
calculated assuming a symmetrical quantum well. The sec- 
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ond intersubband lransilion observed in samples wilh I,,, 
-2.4 nm is attributed to the transition between E, and the 
second excited state (E l ) .  This transition is norrnally not al- 
lowed in syrmnctric quantum wclls, but since the GaN quan- 
tum wells are Loo thin, the symmetry breaks down allowing 
the electrons to make the (Eo+E2) transition. Additionally, 
the electric field which is present could also break the sym- 
metry bascd sclcction rulcs. 

The GaNIAIN samples were growt~ on c-plane sapphire 
substrates by rf MBE with rf plasma N2 as an actlve 
nitrogen source. The substrates were not rotated during the 
growth, which resulted in nonuniform growth rale across [he 
wafer. The typical buffer layer grown on the nitrided sub- 
strate is a co~nbination of AlN, AloSGq),sN. and two sets of 
AlGaNIAIN superlattices introduced to reduce the defects. 
This buffer layer is followcd by growth of 300 nln A1GaN:Si 
as a bottom contact layer. The GaNIAIN superlattices (active 
regions) were grown on top of the A ~ G ~ N : S ~  laycr followed 
by 200 nm A1GaN:Si layer, which acts as the cap and the top 
contact layer. The details of a set of five samples investigated 
here are shown in Table 1. The active regions of the samples 
consist of Si-doped GaN quantum wclls with variable th~ck- 
nesses depending on the saniple, while the A1N barrier thick- 
ness was fixed at 2.0 nm for all samples except for sample 
1293, where the barrier is 10 nm Al0.,G% ,N. 

Thc optical absorption lncasurcmcnts wcrc obtained at 
room temperature using a Bruker TFS 125HR spectrometer. 
The samples were mounted in a continuous flow cryostat 
The samples were cut into waveguide geometry with the 
bcvclcd facct having bccn polished at 45". Thc carrier con- 
centrations were measured using Accent ECVPro eleclro- 
chemical capacitance-voltage profiler with a maximum 
etched depth resolution determined by the Debye length. The 
cncrgy levcls of thc bound statcs wcre calculatcd uslng a 
transfer matrix method," whlch is also known as propagat~on 
inatsix method. l0 
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Peculiar n~echanisn~ of carrier transfer, excitonic trapping, from quantum well (QW) states to 
quantum dot (QD) states is clearly observcd for thc intentionally dcsigncd strained 
1 n A ~ : I n ~ ~ G q , . ~ A s / G a A s  QD:QW structure. This transfer occurs very efficient at low excitation 
densities and low tc~npcratures and explains the cxcitation dcnsity and nonmonotonic tcrnperature 
dependences of the QW photoluminescence. O 2006 Americarz blstit~rte of Phy.rics. 
[DOI: 10.1063/1.1360914] 

Usage of semiconductor quantum dots (QDs) in high- 
performance lascrs.'" quantum computations,%r single 
electron transistorsJ normally implies carrier trapping from a 
continuum of states of a barrier into the discrete atomiclike 
states of QDs at the first stage with further carrier transfer 
betwecn coupled QDS.'-~ Efficiency of carrier trapping is 
determined to a great extent by the strength of coupling be- 
tween the QD array and a carrier reservoir. For example, a 
quantum  well"^^) or QW wetting layer9 that collects car- 
riers can act as a carrier reservoir from which lateral JifCu- 
sion leads to capture by QDs. In fact, strain-induced QW 
nanostructures, such as a QD array grown on top of a single 
QW (QD:QW or QWDs), are considered as a good candidate 
for such a reservoir."'-" In view of the significantly compli- 
cated structure of the QDs:QW systcm, a clear picture of 
carrier relaxation has to be carefully constructed. In this let- 
ter, we present the results of spectroscopic study of the QD- 
s:QW system Conned by a single Ino,3G+,7AslGaAs QW be- 
neath a layer of InAs QDs followed by capping the QDs by 
a GaAs layer. Due to a well-delined QD to QW coupling the 
dependence of the photolu~ninescence (PL) spectra on tem- 
perature and excitation density is used to develop a clear 
picture of carrier relaxation. 

The QDs:QW heterostructures grown on GaAs (100) 
substrate consists of 7.5-nm-thick Ino,3G%,7As QW and 2.5- 
ML-thick InAs QD layer, separated by 4.5-nm-thick GaAs 
barrier. The growth details are described in Ref. 14. For com- 
pariaon two reference samples were grown also preserving 
the same growth conditions as in the case of QDs:QW sys- 
tem, one of which only has the self-assembled InAs QDs 
grown on a GaAs buffer layer and the second one just has an 
Ino sGao ,As/GaAs QW. 

The PL measurements were performed in a variable tem- 
perature or  8-300 K closed-cycle heliirin cryostat. The exci- 
tation was a frequency-doubled neody~niu~n-doped yttrium 
aluminum garnet laser. The laser spot diameter was or 
-20 p m  and the optical excitation power was in the range of 
-(lo-" 10') mnW. For the PL excitation measure~nents a 
tunable Ti:sapphire laser was used. 

Figure 1 shows the PL spectrunl of the QDs:QW [Fig. 
l(a)] along with the PL spectra of the InAslGaAs QD and 
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1n ,~~3G~7As /GaAs  QW reference samples [Fig. I (b)]. PI, 
excitation (PLE) spcctra measurcd with optical excitation at 
the energy positions of the QD and QW PL maximums are 
given in Fig. l(a). From comparison of data presented in 
Figs. I(a) and I(b) we can conclude that the QD PL band in 
the InAs:Ino,3G~,7AslGaAs QDs:QW structure (E,,,,, 
=1.248 eV, full width at half maximum (FWHM)=38 meV) 
possesses (i) a smaller FWHM and (ii) its maximum is 
shiftcd (by -13 mcV) towards lowcr energy when compared 
to the corresponding parameters in the reference sample 
(Em,,= 1.263 eV, FWHM=51 meV). These PL modificatio~~s 
could be related (i) to the narrower QD size distribution i n  
the QDs:QW sample and (ii) to a little bit higher amount of 
In and larger QDs in the QDs:QW sample in comparison 
with the reference sample. Indeed due to a surface 
segregation"( the In will bc on thc surfacc when thc dot laycr 
is grown. It can lead to a shorter two dimensional (21)) three 
dimensional transition for the QDs: QW sample compared 
with the QD reference sa~nplc and to largcr QD sizcs result- 
ing in the PL redshirt. Parameters of the QW PL band do not 
change appreciably. 

Figurc 2 shows thc transformation of the QDs:QW PL 
spectrum (h,,=532 nm) under elevation o l  the excitation 
intensity at low temperature (T= I0 K). For convenience 
each spectrum in Fig. 2 is normalized with respect to the QD 
band ~naximu~n and shifted up. It is seen that at lowest ex- 
citation deilsities the QW PL band is absent whereas the QD 
PL signal is still reliably detected. Inset in this figure shows 
the behavior of the ratio of the integrated PL intensity for the 
QDs to the PL intensity of the QW as a function of the 
excitation density. The ratio clearly starts high and then dra- 
matically decreases. This behavior although expected is very 
difrerenl Crom the behavior of the reference samples where at 
low excitation densities the PL signal from the QW sample 
appears much before the PL signal from the QDs. In addition 
to the different behaviors of the PL ratio with excitation den- 
sity there is also a significant blueshift (up to -24 meV) ol' 
the QD PL maximum observed for high excitation densities 
tor the QDs:QW sample. 

Figure 3 shows that a strong ~lorlmonotonic temperature 
dependence ol' the QW PL in the QDs:QW sample is 
observed at low and moderate excitation densities (A,,, 
=532 nm). For co~lvenience again the PL spectrum at each 

0003-6951/2006/89(15)/151914/3/$23.00 89, 151914-1 O 2006 American Institute of Physics 
Downloaded 26 Feb 2008 to 130.184.237.6. Redistribution subject to Alp license or copyright; see http:llapl.aip.orglapllcopyrlght.jsp 



Nanotechnology 17 (2006) 3973-3976 dot: IO.IORR!ll~25i-?JI;J!I7iI5!06~ 

Evolution between self-assembled single 
and double ring-like nanostructures 
J H Lee, Zh M Wang, Z Y Abuwaar, N W Strom and G J Salamo 

Depdrtlllcnl of Physics. University of ~\rkanbas. Fayetteville. AR 72701. USA 

Received 28 April 2006, in final form 19 June 2006 
Publ~shed 11 July 2006 
Online at st ack\.iop.org/Natlo/ 1 713973 

Abstract 
The cvolution between lattice-matched GaAs/Alo,3Gao,~As single and 
double ring-like nanostructures is studied, with an emphasis on the 
construction and destruction of the observed outer ring. Using droplet 
epitaxy, this was achieved by directly con~rolling the Ga surface diffusion on 
GnAs(100). Double ring-like nanostructures were observed at relatively low 
temperatures under a fixed As4 flux (beam equivalent pressure (BEP) of 
6.4 ~ ~ T o r r )  and at a iixed temperature under a high As4 flux. The  construction 
of the outer ring can be  controlled through surface diffusion by varying the 
substrate temperature o r  the As3 flux. Single ring-like nanostructures were 
realized both at relatively high temperatures under a fixed As4 flux, and at 
low tcmpcratures undcr a relatively low As4 flux. 

1.. Introduction 

Photolithography is a well-known top-down process that has 
been widely uscd in conventional se~niconductor fabrication 
duc to its reliable pc~formance and broad application in small- 
scale device manufacturing. However, it Paces technological 
limitations when fabricating optically and electronically active 
nanostructures [I: 21. To fulfil the demands of the next 
generation of device applications. novel techniques are 
required. The renowned, bottom-up process of self-assembly 
can be uscd to create defect-free nanostructures. Based 
on the Stranslu-Krastanow (SK) growth mode. the self- 
assembly method of quantum dot formation is one of the 
most-rcsearchcd approaches to se~niconductor nanocrystal 
development [3--51. Bccausc one would havc the ability 
to tailor physical properties 01' the dots by engineering 
the quantum confinement and band gaps, self-assembled 
semiconductor quantum dots (QDs) have become very 
attractive. The selr-assembly method has led to such novel 
device applications as the QD laser and the mid-IR detector, 
and has opened up opportunities in the fieIds of single QD 
optics and quantum information processing [6-81. 

In this speciaI case of SK growth, a thin film of 
sen~iconductor is deposited on a semiconductor substrate, 
creating a lattice mismatch at the interface of the two materials. 
The inlerlayer lnismatch strain is parlially relaxed, however, 
when new epitaxial layers form [9, 101. This strain relaxation, 
in turn, encourages the formation of three-dimensional 
quantum structures like quanrum wires, quantum dots. and 
quantum dot chains [ lO].  These lattice-mismatched quantum 

structures have been succcssf'ully f'abricaied by the SK growth 
mode using such materials as In(Ga)As/GaAs [6--101. A 
different growth method, however, is required for lattice- 
matched material like AI(Ga)AslGaAs, as lattice-matched 
nanostructures can become very important technologically. 
Droplet epitaxy has opened up new possibilities in epitaxial 
growth of zero-dimensional quantum structures without 
sufficient Iattice mis~nacch 112-161. In droplet epitaxy of 
GaAs/A1,Gal-,As nanostructures, Ga ~nolecular beams arc 
initially applied to an A1,Gal-,As surface in the absence 
of As4 flux, creating liquid Ga droplets [11-101. Based on 
the Volmer-Weber growth mode. the bonding energy between 
incoming atoms is stronger than the bonding energy between 
the surface and the incoming atoms [I I]. Newly formed 
liquid Ga droplets arc then crystallized through dircct exposure 
to all appropriate As4 flux, creating various shapes of CiaAs 
nanostructures. This method has been used to creare GaAs 
single and double ring-like nanostructures, which recently 
have attractcd some attention due to thcir unique physical 
properties [ 13-1 61. Theoretical study has also been performed 
on the magneto-optical properties of the structures during the 
transition between the single and the douhle ring [I 61. Bccausc 
the optical and electronic properties of these nanostructurcs 
depend on their enerEy states, and because these energy 
slates are determined by the structural characterislics of the 
nanostructures, the energy levels, and thus the optical and 
electronic properties of thc nanostructul-es can be controlled 
by varying their sizes and shapes 1 121. 

In this paper, we study the evolulion belween GaAs/Alo 3 

Gao7As single and double ring-like nanostructures. We use 
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I. INTRODUCTION 

Optical properties of nanostructures such as quantum dots 
(QDs) and quantum wires (QWRs) are directly dependent on 
their size and shape. To optimize growths of novel nano- 
structures, information on morphology is fundamental. Also, 
the atomic scale study requires the ability to examine us- 
grown surfaces of novel nanostructures. To investigate 
contamination-free atomic scale surface morphologies, a 
quick and reliable sample transfer mechanism is needed to 
move samples from a molecular beam epitaxy (MBE) 
growth chamber to a scanning tunneling microscopy (STM) 
chamber, without exposing the samples to air. 

We describe a STM sample transfer design and its inte- 
gration into a vertical MBE system instead of horizontal 
growth chambers,'" with which successful in situ surface 
images of QDs and QWRs (Refs. 4 and 5) were reported. 
This system enables us to transfer STM tips. STM samples 
for UHV cleaving, and STM sample plates between a MBE 
and a STM machine. 

11. MBE SYSTEM DESCRIPTION 

The MBE system (SVTA, model BLT-N35) consists of 
three functional modules; load lock, preparation, and growth 
chambers. The growth chamber has a vertical configuration 
with the source cells pointing vertically upward. The growth 
front is on a horizontal plane, i.e., the wafers are always 
horizontal, facing down during the loading, transferring, and 
growth processes. 

Samples are introduced into the preparation chamber 
through a quick access hatch located on top of the cylindrical 
load-lock chamber. The unmodified, factory supplied. cas- 

'No proof corrections received from author prior to publication. 
On leave from Department of Physics, Kunsan National University, Korea. 
Author to whom correspondence should be addressed: electronic mail: 
yang@cc.usu.edu 

sette can accommodate up to ten 4 in. wafer.. inc,  LL~;.? IkIi.:; 
chamber sits on top of the preparation chamber, wh~ch i ,  
attached to the growth chamber at right angle. A rack and 
pinion linear transporter or "elevator" in the preparation 
chamber moves the cassette vertically frornlto the load-lock 
chamber to/from the preparation chamber. A magnetic linqar 
motion drive in the preparation chamber is used to transfer 
samples horizontally f rodto  the MBE growth c;lamber.-'To 
unload a sample from the cassette, a factory-prov+ikd 
sample-handling fork at the end of the magnetic drive goes 
between the stacks of the cassette, "lifts" one moly pl;ten 
when the cassette moves down, and moves out of cassette 
horizontally. Then the magnetic drive loads the sample into a 
sample heater in the prep chamber andlor into ~ h c  growth 
chamber. 

Ill. STM SYSTEM ATTACHMENT .< .  : 

A commercial STM (Omicron RT-STM) systenl was a< 
tached to the prepacation chamber for dj:: , . i' *ll i iahla;iy. 

grown samples. A custom made. 13 in. diametrr ~gfi;r&zl 
vacuum chamber connects the STM imaging station chamber 
and the MBE preparation chamber. This chamber has a t o ~ l  
of 16 ports with two 8 in., one 6 in., three 4.5 in. and ten 
2.75 in. metal seal flanges. These ports can accept various 
viewports, vacuum pumps, manipulators, e-beam guns, jnd 
vacuum measurement gauges. The STM system is rnounkd 
on a rubber vibration isolator to reduce vibrational noise 
from the floor. 

Two blank 8 in. UHV Conflat (CF) metal seal flanges ge 
modified to hold 2.75 in. CF flanges with 1.5 in. inncr diapl- 
eter opening along the centerline (see Fig. 1). Tbi. 2.75 in. 
CF flanges allow mounting a 12 in. long rotatable wobble 
stick (Thermonics, FWS4R-275-2) and a 48 ft long rn&- 
netic liner-transfer drive (VG Scienta) on a flange oppositc to 
the STM chamber. The 2.75 in. 0.d. glass view.,art flatige 
and an UHV electrical break are mounted on tht! modified 
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Abstract The spontaneously formation of epitaxial 
GaAs quantum-dot pairs was demonstrated on an 
AlGaAs surface using Ga droplets as a Ga nano- 
source. The dot pair formation was attributed to the 
anisotropy of surface diffusion during high-tempera- 
ture droplet epitaxy. 

Keywords Quantum dots . Droplet epitaxy 

Self-assembly of epitaxial semiconductor nanostruc- 
tures has been an intensive field of research. In par- 
ticular, the Stranski-Krastanov (SK) growth mode 
based on the use of lattice-mismatched materials has 
played an important role in the formation of nano- 
structures, the investigation of quantum confinement 
effects, and has made possible applications of nano- 
structures [I-31. While the SK growth mode has been a 
very powerful and beautiful technique, there has been 

Z. M. Wang (a) . K. Holmes . Y. I. Mazur . 
K. A. Ramsey . G. J. Salamo 
Department of Physics, University of Arkansas, 
Fayetteville, AR 72701, USA 
e-mail: zmwang@uark.edu 

a significant, but perhaps less well-known, parallel 
development using lattice matched materials as an 
alternative approach for the growth of nanostructures 
called "droplet epitaxy" [4-71. Here liquid mgtal 
droplets are first formed as an inter media!^ growth 
step before being converted into semirondu~tor 
nanostructures. While the two growth m~roaches are 
very different, both the SK and the droplet :t:p:>.r. >'I!'. 
are similar in that they both suffer from the stochastii, 
nature of self-assembly. As a result, the control of 
spatial ordering of semiconductor nanostructures 'has r 
been extremely challenging while desirable for appli- 
cations, such as, the fabrication of quantum-dot (QU) 
molecules for quantum computing [B]. Consequen~ly, 
there has been much recent effort to control the latefal 
arrangement of QDs using a range of techniques;>:&h 
as, lithography [g-121, templating [13, 141, and n@i- 
fied versions of self-organization [IS-191. Recently,.tlie 
approach of droplet epitaxy has shown promise to .she 
achieve local ordering of quantum nanostruiture? [ti, 
71. In this letter, we report on the use of droplet epitaxy 
and anisotropic surface diffusion to fabricate QD psus. 

All of the samples used in t h s  study were grownin a 
molecular beam epitaxy (MBE) system equipped with 
reflection high-energy electron diffrp~tion (RH.EF,T)) ., 
and a highly accurate (*2 "C) optical tram~!?l:~;i~il 
thermometry system for substrate temperature deter:. 
mination and control. Our growth approach was to first 
grow a 500 rim GaAs buffer layer on a semi-insulaGng 
GaAs (100) substrate, followed by a 50 nrn &c'k 
&.3Gao.7As layer. This was followed by the deposition 
of Ga and the formation of Ga droplets at the subdate 
temperature of 550 "C with the arsenic source fully 
closed. We used a valved arsenic source to provide 
precise and fast control for over three ~rders  of 
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InGaAs quantum dot molecules around self-assembled GaAs 
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Several distinctive self-assembled InGaAs quantum dot molecules (QDMs) are studied. The QDMs 
self-assemble around nanoscale-sized GaAs moundlike templates fabricated by droplet 
homoepitaxy. Depending on the specific lnAs monolayer coverage, the number of QDs per GaAs 
mound ranges from two to six (bi-QDMs to hexa-QDMs). The Ga contribution from the mounds is 
analyzed in determining the morphologies of the QDMs, with respect to the InAs coverages ranging 
between 0.8 and 2.4 ML. Optical characterization shows that the resulting nanostructures ar: 
high-quality nanocrystals. 6 2006 American Institute of Physics. [DOI: 10.1063/1.2388049] 

To fabricate nanostructures under an insufficient lattice 
mismatch, a growth technique, called "droplet epitaxy," was 
introduced for homoepitaxial and heteroepitaxial material 
systems, such as GaAsIGaAs and ~ a ~ s l A l ( ~ a ) ~ s . ' ~  In 
droplet epitaxy, under the absence of an As4 flux, a molecu- 
lar beam of Ga applied to a surface forms liquid Ga droplets 
based on Volmer-Weber growth mode.' These droplets are 
then subsequently exposed to an As4 flu and crystallized to 
form GaAs. However, this process can be substantially more 
complicated and interesting. For example, a GaAs/Al(Ga)As 
droplet epitaxy results in various shapes depending on the 
growth conditions during the As4 annealing process of the 
liquid Ga droplets. Some of these droplets firm elongated 
islands along [Ol-I], both with and without nanoscale holes, 
while other dro lets form single and double ringlike 
nanostructures. 4.2' 

These various shape droplets can subsequently serve as 
templates for further growth, without the need for further 
ex situ surface preparation. This approach overcomes several 
limitations of t ical quantum dot (QD) growth on planar 
GaAs surfaces.' l%s can be significant since semiconduc- 
tor QDs have received considerable attention due to their 
unique electronic and optoelectronic properties.8-12 In fact, 
several important devices have already been demonstrated 
using QDs, such as lasers, transistors, sensors, and 
photodetectors.13-'5 Furthermore, the use of the spin of an 
electron as a basic unit for quantum computations is in- 
tensely being explored using both electrical and optical tech- 
niques to localize and manipulate a single spin in QDS.'~"' 

For this application, traditional self-assembly of QDs 
based on the Stranski-Krastanov (SK) growth mode can be a 
good candidate for quantum  computation^.'^-^^ Characteris- 
tically, however, SK-based growth generally has random lat- 
eral spacing, which hinders the QD functionality for such 
applications as a q bit. 

In this letter, we adopt a hybrid growth approach utiliz- 

mound can be effectively controlled by varying the InAs 
monolayer coverage. For example, we demonstratc QDMs 
composed of two to six QDs per mound. Physicaliy, we find 
that intermixing of Ga from the GaAs mounds contributes to 
the morphology of the InGaAs QDMs. This behavior is sys- 
tematically analyzed from the initial mixing stage to the near 
elimination of the GaAs mounds. The corresponciing photo- 
luminescence (PL) measurements indicate that the InGaAs 
QDMs are highquality crystalline nanostructures. 

All samples were grown on epitaxy-ready semi-insulated 
GaAs (100) substrates by solid-source MBE. After 330;dA 
of GaAs buffer. 3 ML of Ga (based on an equivalent amomt 
of GaAs with As4 flux) was applied to the GaAs surfaceat 
the surface temperature of 500 "C without As4 flux to form 
liquid Ga droplets on the GaAs surface. Subsequ;litly:XO s 
of annealing followed, and the substrate temperature A s  
lowered to 150 "C. The Ga droplets werc ?':;-- r.-.~ns-,d :c 2 

beam equivalent pressure (BEP) of 1.3 X 16"' 'I 1 . x  :,' ,i ;, 
for 100 s in order to fully crystallize the Ga drople~s and$ .. . 

\ 

',. -. 
SO IM.-!TT.~+ZC 

, , 
30. 
2& (C.3) /" 

;, ,? ... , ,' . - 
1% r' 

. I i'.. - 50 IDO -.i511 ?u; 
Wldlh : n u )  

inn both droplet homoepitaxy A d  SK mow&-to overcome - .  
of the)imitations of the SK-base;d QD growth FIG. 1. (Color online) Surface morphology [two dimensiolal - . r r  tl:ce 

alone on a planar ~d~ surface. using molecular beam epi- dimensional (3d)I by AFM and corresponding line profiles in'licated a; 
black lines in Figs. (a-1). (b-l), and (c-1). The InAs monolayr:. coverage.is.. 

taxy @fBE) InGds quantum dot varied: (a) 0.0 ML, (b) 0.8 ML, and (c) 1.4 ML deposition at SO0 "C after 3 ' 
(QDMs) are realized around GaAs mounds formed by drop- ML of Ga deposition at 500 OC (equivalent amount of Gar\s when AS wxs- . .. 
let epitaxy on GaAs (100). The number of QDs per G A S  supplied) and crystallization at 150 "C. figures (a-I), (b- l i ,  and (c-1 ['are 

2 ( x ) X  l.S(y) pm , and Figs. (a-2), (b-2). and (c-2) are (enlarged 38)  
300(x) X 250Cy) nm . Black lines in the 2 X 1.5 pm figures cor; espond !o 

Electronic m i l :  zmwang@uark.edu the line profiles shown in Figs. (a-3). (b-3). and (4). 
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ABSTRACT 

We report direct spectroscopic evidence for the formation of onedimensional (ID) wetting wires (WWs) during the Stranskv-Krastanov yowth' 
of InGaAdGaAs quantum dot (QD) chains. 'The wire-like nature of these I D  WWs was demonstrated by their I D  density of statt.~ etll. 1.,*.rtr. 4- 
anisotropies from the photoluminescence excitation measurements. Two groups of QDs were found sitting on top of these I D  \"r .N: and tne 
traditional twodimensional wetting layers, respectively, with size-dependent emission polarization anisotropies of ca. 6-25% becal~se of their 
elongated shapes. 

Zero-dimensional (OD) self-assembled quantum dots (QDs) 
have attracted more and more research efforts in recent years 
because of their atomic-like fundamental properties and 
practical applications in lasers, photodetectors, and quantum 
technology .I In a typical Stransky-Krastanov (S-K) growth 
of self-assembled QDs. the lattice mismatch strain provides 
a driving force for the transition from two-dimensional (2D) 
layer-by-layer to three-dimensional (3D) islanding growth 
mode after the critical layer thickness of a few monolayers 
(MLs) is ex~eeded.~ For a long time, the resulting system 
has been described as a random distribution of OD QDs lying 
above an ultrathin 2D wetting layer (WL) and no other 
intermediate growth modes have ever been observed beyond 
this 2D-to-3D mode transition scenario. 

Only recently was it proposed that by appropriately 
controlling strain in the S-K growth of multilayer InGaAs/ 
GaAs QDs another new growth mode could occur, leading 
to the formation of one-dimensional (ID) WLs (hereafter 
denoted by ID wetting wires (WWs) because of their wire- 
like properties discussed later) on top of the traditional 2D 
WL and serving as bases for the formation of QD chains3-' 
(see Figure la). Although the existence of such 1D WWs 
was suggested previously from the transmission electron mi- 
croscopy (TEM) measurements and the temperature-depend- 
ent behaviors of carrier transfer among QDs,~ no direct 

- - - - - - - - - 
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Figure 1. (a) Schematic diagram for the arrangemen1 , ~ f  2D Wi., 
ID WWs, and OD QDs in the InGaAsIGaAs QD chain sample 
Only one layer of QDs was shown for simplicity. The dimension 
of each component was not drawn to scale. (b) 450 x 450 nln' 
AFM image of the InGaAsIGaAs QD chains. Left. J:c~ght scale 
bar of the AFM image. 

"" . 
spectroscopic evidence has ever been provided. Z loreo\er. ':. 
i f  such novel quantum nanostructrures of 1D C\ Ws real,lj 
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The authors report on x-ray diffuse scattering at nominally strain-free GaAs(001) quantum dot 
molecules (QDMs). Alo,3G+,7As deposited by molecular beam epitaxy on GaAs(001) acts as barrier 
layer between the GaAs(001) substrate and subsequently grown QDMs; the adjusted thickness of 
50 nm preserves the in-plane lattice parameter. Pairs of lenselike quantum dots are created with 

preferential orientation along [ l  TO] placed on shallow hills. Grazing incidence diffraction along 
with kinematical scattering simulations indicate completely strain-free QDs which prove a strongly 
suppressed intermixing between QDMs and the underlying AlGaAs barrier layer. 0 2006 American 
Institute of Physics. [DOI: 10.106311.2240 1 141 

Semiconductor quantum dots (QDs) have pushed an 
overwhelming interdisciplinary research effort, which com- 
prises a large variety of fabrication techniques132 and analyti- 
cal tools. Possible technological applications exploit the im- 
proved electrical and optical properties compared with bulk 

Self-formation of QDs via the Stranski- 
Krastanov process5 provides an elegant and simple alterna- 
tive to ex ensive and time-consuming template based B approaches. Often the QD formation is accompanied by pro- 

9 nounced lateral,' vertical,' or three-dimensional assembling 
on an extended length scale. Quantum dot molecules 
(QDMs), on the other hand, are individual groups of QDs 
with a particular local arrangement.''-" They are frequently 
discussed as storage device for quantum bits (qubits).'?he 
simplest QDM (just a pair of QDs) seems a rather promising 
candidate to locally implement two qubits. However, elec- 
tronic properties are related to the QDIQDM morpholo 
which can be investigated by x-ray diffuse scattering. ?Yi 
Namely, the isostrain method'"'16 and scattering simulations 
based on numerical calculations using linear elasticity 
theory17 are well-established approaches towards three- 
dimensionally resolved strain and composition profiles of 
QDs and QDMs. 

Here we present a structural investigation of nominally 
zero-strain QDM in the system GaAsIAlGaAs. The samples 
were grown on epiready GaAs(100) substrates by molecular 
beam epitaxy applying a droplet epitaxy. After the growth of 
a 500 nm GaAs buffer layer, 50  nm of Al0,,G+,,As were 
deposited at 600 "C. After a cooling to 550 "C, Ga atoms 
were supplied to form small liquid droplets on the 

aJElectronic mail: hanke8physik.uni-halle.de 
''~lectronic mail: zhmwang@qmail.com 

Alo,3G+,7As surface, corresponding to the amoull! necessary 
for the growth of 10.0 ML GaAs. Afterwards, the sample was 
annealed under arsenic flux to form GaAs QDMs. A detailed 
description and explanation of the growth scenario is given 
in Ref. 18. Briefly, the Ga droplets act as Ga nanosource for 
further growth of GaAs. However, owing to the high tem- 
perature involved, the crystallization process is accompanied 
by strong material redistribution. m he crystallization of Ga 
droplets proceeds at a much faster rate at high tempcrature so 
that surface processes on the GaAs surface can play a more 
important role in the shape evolution of the GaAs nanostruc- 
ture. At the beginning of the crystallization process the sur- 
face tension of the Ga droplet quickly decreases, injucing an 
abrupt collapse down the center of the droplet, pushing the 
material away from the center. Eventually, this leads to the 
formation of  square holed round coins. With furthcr anneal- . 
ing and crystallization the material from the edges of the 
square holed object tends to fill the centei il":- !IIII :)I differ- 
ent rates depending on direction. After 45 s annealing Galls 
quantum dot pairs are formed (Fig. 1). Since the l&tice mis- ' 

match between the GaAs substrate and the AlGaAs layer is 
very small (Aala=4.6 X the thin AI,~G~,,:,A~ layer is ' 
grown coherently onto the GaAs substrate, thus ensuring 
nominally strain-free growth of the QDMs on top of the Al- 
GaAs layer. 

The x-ray scattering experiments were perfornied using 
highly brilliant synchrotron radiation provided by the ID01 
undulator station of the European Synchrotron Radiation Fa- 
cility (ESRF) in Grenoble, France. An x-ray energy of 8 keV 
was selected by a Si( l l1)  double crystal mo~iochromator 
with a relative bandwidth of better than AEIE= In or- 
der to be particularly sensitive to the QDMs located at the 
surface and to suppress scattering from the underlying mate- 

0003-6951/2006/89(5)/053116/3/$23.00 89, 053116-1 0 2006 American Institute of Physics . ':' 
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AbstractSelf-assembled quantum dots (QDs) in double-layer InAsIGaAs structures are studied by resonam 
photoluminescence and photoluminescence excitation spectroscopy. A weakly correlated (50%) double-layer 7 

system with an array of vertically coupled QDs (asymmetric quantumdot molecules) was formed in a structure 
consisting of the 1.8-monolayer-thick first and the 2.4-monolayer-thick second InAs layers separated by 
50 monolayers of GaAs. The nature of discrete quantum states in this system was studied and resonances cor- 
responding to vertically coupled QDs were clearly observed for the first time. 
PACS numbers: 68.66.Hb, 78.67.H~ 
DOI: 10.1 134/S1063782606010143 

1. INTRODUCTION 

Two quantum dots (QDs) so closely spaced that 
wave functions of the charge carriers localized in the 
dots overlap form a so-called "artificial molecule", 
which may be considered, in particular, as a quantum 
bit (qubit) in optical computers [l-31. In these kinds of 
structures, coupling originates from the tunneling of 
electrons and holes between adjacent QDs separated by 
a thin barrier [4,5]. In real systems, securing the condi- 
tions for resonance quantum-mechanical tunneling is 
problematic due to the inevitable spread in QD size, 
composition, and stress distribution present in the 
structures after molecular-beam epitaxy (MBE). For 
example, self-assembled QDs obtained by growing 
hlghly strained (In,Ga)As epitaxial layers on GaAs 
(100) substrates are typically characterized by a size 
variance of - 10% 16-91. New possibilities for creating 
coupled quantum structures are offered by the effect of 
vertical alignment of nanoislands, which was recently 
discovered in multilayer systems [lo, 111. The elastic- 
stress fields induced by QDs from lower-lying layers 
cause vertical alignment. An increase in the QD size in 
the upper layer and a reduction of the effective critical 
thickness for the 2D-3D transition are related to the 
accumulation of elastic energy in this layer. Recent 
advances in the technology of growing the correlated 
QD systems make possible the fabrication of 
InAsIGaAs QD molecules with quantum-mechanical 
coupling energy on the order of tens of rnillielectron- 

volts, which is comparable to the value of inhomoge- 
neous broadening [5]. 

A more detailed understanding of the quantum- 
mechanical coupling of QDs into QD molecules can be 
gained from the studies of double-layer InAslGaAs 
structures that incorporate QDs of differ??+ r;?cs ir: thy 
first (seed) and in the second layers sepwatei~ t; , 
GaAs spacer of variable width [12-141. In such a slruc- 
ture, the density and size distribution of QDs in the sec- 
ond layer can be controlled independently. 

In this paper, we report the results of a systelnatic 
study of the conditions for the formation of asymmetric 
quantumdot molecules (i.e., artificial molecules com- 
posed from two QDs differing in size) in weakly corre- 
lated QD systems that can be formed in doublr-layer 
structures with sufficiently thick GaAs spacers. Chan- 
nels for energy transfer in asymmetric quantttm-dot 
molecules from small QDs in the first layer to large 
QDs in the second layer are not yet adequately under- 
stood [12, 151. To identify these channels unambigu- 
ously, one needs to reliably distinguish the QD-mole- 
cule states among the complex set of discrete states 
manifesting themselves in photoluminescence (PL) or 
the photoluminescence excitation (PLE) spec-tra of 
weakly correlated double-layer InAsJGaAs QD sys- 
tems. For this purpose, the additional ct:;J?--;:cnt cf 
charge carriers by AlGaAs barriers is introduced. .XI- i; .I 

prevents carrier diffusion from the QD region into the 
GaAs substrate and the cap layer and favors erficient 
population of QD states under optical excitation. Fur- 
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Observation of Discrete Surface Solitons 
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We report the first observation of discrete optical surface solitons at the interface between a nonlinear 
self-focusing waveguide lattice and a continuous medium. The effect of power on the localization process 
of these optical self-trapped states at the edge of an AlGaAs waveguide array is investigated in detail. Our 
experimental results are in good agreement with theoretical predictions. 

DOI: 10.1103ffhysRevLett.96.063901 PACS numbers: 42.65.Tg. 4265.Sf. 42.82Et 

Surfaces waves are known to display properties that [10,11]. The stability of these waves at a singla iaterficc 
have no analogue in the bulk [I]. Over the years, this was also investigated [12]. Yet, so far, direct observation of 
ubiquitous class of waves has been the subject of intense these nonlinear optical surface waves has been hindered by 
study in diverse areas of physics, chemistry, and biology. experimental difficulties (because of proper ~xcitatioff, 
In condensed matter physics, quantum surface states were high power thresholds, etc.). As a result, most of the 
first predicted by Tarnrn in 1932 by considering the ne- activity in this area has remained theoretical. Clearly, it 
glected edge effects in a semi-infinite Kronig-Penney is of interest to develop new configurations capable of 
model [2]. Subsequently. Shockley showed how such states supporting this family of waves. 
can emerge from atomic orbitals and demonstrated that In the past few years, discreteness in nonlinear periodic 
the associated surface levels can lead to surface bands in systems has opened up unique opportunities for observ- 
three dimensional crystals [3,4]. In general, these surface ing new phenomena that are by their nature impossible 
waves arise from the abrupt break in translational symme- in continuous media [16]. A prime example of such a 
try and are localized at the interface (with exponentially nonlinear discrete structure is that of an array of evanes- 
decaying probability) in both the outer and inner region of cently coupled optical waveguides. Discrete solitons ai$ 
the crystal. In linear optics, TammShockley-like surface modulational instability [17,18], anomalous diffra'c- 
waves were suggested in periodic media [5] and were tion and diffraction management [19], as well as incoher~ 
successfully observed in AlGaAs multilayer structures ent self-trapped waves, have been observed in s err, 
[6,7]. Unlike plasmon-polariton waves [8] that are tightly photorefractive, quadratic, and liquid crystal nonlinear . 
bound to a metal surface, optical surface waves in periodic waveguide lattices [20,21]. Quite  re^^,::;. i h ~ .  uossl- . . 

lattices are confined due to the fact that their propagation bility of discrete surface solitons in 1D array srr,~ciusi:.~ 
eigenvalues fall within the forbidden band gaps of the has been theoretically predicted [22]. These self-localized 
system [7]. states are located at the edge of a semi-infinite array 

In nonlinear optics, nonlinear surface waves have also and exhibit a power threshold property similar to that 
been extensively studied [9-151. In particular, nonlinear encountered by nonlinear surface waves at a s  interface 
TE, TM, and mixed-polarization surface waves traveling between continuous media. Hence, this approach may be 
along single dielectric interfaces were theoretically pre- utilized to experimentally explore the dynamical behavi,or 
dicted and analyzed in several works [9]. These waves are a of nonlinear surface waves. Observation of such interface 
direct outcome of nonlinearity and have no analogue what- solitons would open the way to study surface solitin 
soever in the linear domain. This is exemplified in the case interactions, their instabilities, new ways to implemerit 
of nonlinear TE surface waves that cannot exist under nonlinear spectroscopies specific to interfaces, defect ef- 
linear conditions at the interface of two dielectric media fects, etc. 

003 1-9007/06/96(6)/063901(4)$23.00 063901-1 O 2006 The American Physical Society, .? . . . . 
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Controlling Planar and Vertical Ordering in Three-Dimensional (In,Ga)As 
Quantum Dot Lattices by GaAs Surface Orientation 
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Anisotropic surface diffusion and strain are used to explain the formation of three-dimensional 
(1n.Ga)As quantum dot lattices. The diffusion characteristics of the surface, coupled with the elastic 
anisotropy of ,the matrix, provides an excellent opportunity to influence the dot positions. In particular, 
quantum dots that are laterally organized into long chains or chessboard two-dimensional arrays vertically 
organized with strict vertical ordering or vertical ordering that is inclined to the sample surface n o m i  .(I. 
accurately predicted and observed. 

DOI: 10.1 103/PhysRevLett.96.066 108 PACS numbers: 68.65.-k, 61.10.4, 68.35.F~. 81.15.Hi 

During the last decade semiconductor quantum dots 3D ordering of QDs. In particular, we examine the forma- . 
(QDs) have attracted increasing attention because of po- tion and development of 3D squarelike lattices of 
tential applications as novel semiconductor devices [1,2]. (In,Ga)As QDs in a GaAs matrix. The square lattices are 
Besides time consuming techniques using electron beam created by vertically stacking QD layers whilc simulta- 
lithography and subsequent etching to fabricate QDs, self- neously introducing surface steps in each layer in order to 
organized growth techniques have captured research inter- vary and control the symmetry of the diffusion and strain 
est [2-61. In the Stranski-Krastanow growth mode, while pattern in each layer. Our findings show that by using 
the growth conditions can be optimized to produce nano- different high index substrates we can in fact use surface 
structures of near identical size and shape, often only a steps to fine-tune surface diffusion and strain it1 order to 
random spatial distribution of the QD is observed for a encourage 3D organized growth that can take the form 
single layer of QDs [7]. However, for multiple layers a ranging from a chainlike pattern to a squarelike 1attice:of 
range of different results, from near perfect QD chains to QDs. For example, for multilayered growth on the (100) 
three-dimensional (3D) lattices, have been reported and surface of GaAs the 3D array of QDs is laterally aligned as 
discussed [8-111. In this case, it has been suggested that a dot chain while vertically aligned directly along the [I001 
the anisotropy in surface diffusion for (In,Ga)As QDs on direction [9,13,14]. This situation is drar r-tipsl! ;; cbmged, 
GaAs (loo), which is mainly caused by the (2 X 4) surface however, when the substrate surface orientallon I; d.4 f.i!:,:~r 
reconstruction with dimer rows running along [oT 11, is from (100). Indeed, for a (31 1) substrate orientation the TIj 
responsible for the formation of QD chains along the array is laterally aligned in a squarelike lattice while [h 
[oil]  direction [9,12]. In particular, the surface diffusion predicted [15]] the vertical alignment of the 3D QDS 
length along [oil] is larger than along [Oil]. This leads to forms an inclination angle of a = 10" to the surfaie 
greater strain relaxation along the [oil] direction, produc- normal, towards the [ 2 m  direction. In fact, our obser?a'- 

' 

ing an elliptical strain relief that is transferred to succeed- tions show that a varies substantially when the surfate : 

ing layers. This eventually causes an asymmetric sepa- orientation is systematically changed from (100) in the 
ration between neighboring dots and consequently leads direction towards (111)B and is in good agreelnent with . 
to QD chain structures. Another example of the outcome theoretical simulations based on linear elasticity theory. .. 

of multiple layers of QD growth is the PbSe/PbEuTe In order to probe the 3D ordering of QD lattices, x-ray 
system where a nearly perfect 3D lattice is reported diffuse scattering has been monitored three dimcllsionally 
along with the suggestion that the self-organized result is by a special multidetection technique using a CCD dc- 
caused by anisotropic strain transfer from QD layer-to-QD tector [16]. The experiments were camed out using highly 
layer [10,11]. In each case the explanation is qualitative brilliant synchrotron radiation from beam lines W). and 
and a quantitative understanding of the role of diffusion BW2 at HASYLABIDESY at a wavelength of 1.55 A. The 
and strain and the corresponding ability to design 3D QD surfaces under investigation are GaAs (100) and GaAs .. 

structures is still lacking. (nl l)B, where n is equal to 9, 7, 5, 4, and 3. The high 
In this Letter, we report on experiments that use natural index surfaces are tilted towards (1 1 ! \ R sl~rf'.!ce v!.hikh 

, .. . surface steps on high index substrates to further uncover forms B-type steps running along [Oll] dnec\l,~n, : ,,I.< 

the role of both surface diffusion and strain in producing the direction perpendicular to the step edges is [Zt l i i ] .  :-.: , , 

003 1-9007/06/96(6)/066108(4)$23.00 066108-1 Q 2006 The American Physical ~0~ ie i . y  . . 
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Fields of deformation anisotropy exploration 
in multilayered (In,Ga)As/GaAs structures 
by high-resolution X-ray scattering 
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The results of investigation of I&,,Gq,,As/GaAs superlattice by high-resolution X-ray scattering are pre- 
sented. The influence of lattice distortion on difiiaction curves P C )  were analyzed with dynamical dif- 
h t i o n  theory. It allowed to explain azimuth dependence of experimental dimaction curves. Anisotropic 
changes in the shape of InGaAs lattice unit cell were shown and measured. The influence of smooth bor- 
ders between hetero-layers were analyzed Comparative analysis of different gradient function: -7 'he 
hetero-border influence on difiaction curves was done. Parameters of heterojunction in investigated scirll- 

ples were determined with the help of DC modelling. 

0 2006 WILEY-VCH Verlag GmbH & Co. KGaA. Wrinheim 

1 Introduction 

The task of grown superlattice structure definition is far fkom unequivocal realization and isotropic 
methods of the multilayered structures analysis widely applied today can yield doubtful results about 
sample structure. The influence of miscut on diffraction curves (DC) is well known [l] but it is usually 
accompanied by additional local layers misorientation [2]. Layers with different lattice parameters could 
minimize its strain energy by anisotropic deformation in unit cell [3]. If this fact is not considered, some 
false conclusions about investigated structure could be made. Besides, azimuthal scanning of the sample 
could give additional information h m  DC. This fact is described before [2, 31, but not for so small mis- 
cut angle and not all parameters were determined. 

Extra information that could be obtained from DC analysis is structure gradient between layers with 
different composition [4]. The penetration depth and the shape of this gradient could be obtained from 
curves intensity analysis. 

2 Experimental technique 

All investigated samples were grown on thick GaAs substrate (100 oriented) with MBE and consisted 
fkom 17 periods of In,,,Ga,,,As/GaAs layers with thicknesses 331189 angstroms. More information about 
these samples could be found in [5 ] .  

Correspondmg author: e-mail: efa@hotbox.ru, Phone: +38 044 452 6964, Fax: +38 044 525 5758 
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coupled to InGaAsIGaAs quantum well 

Yu. I. ~ a z u r , ~ )  B. L. Liang, Zh. M. Wang, G. G. ~arasov,~) D. Guzun, and G .  J. Salam0 
Deparlmenr oJ' Physics. Universit.~ ofArkansas, Fayetreville, Arknrrstrs 72701 

T. D. Mishima and M. 6. Johnson 
Homer L. Dodge Department of Pl~.y,vsicr and Astronomy, U~~/,river.ritj of OkLzlto~rra, No,-man, Okklhoma 
73019 card Centt.1. for Serriicorrtiuctor Plzysics in Narrosrr.ucr~~res. University ~ f 'Okluhon~i~,  Norrrrim, 
Oklahorncc 73019 

(Received 25 February 2006; accepted 7 July 2006: published online 14 September 2006) 

Time-re.solved photoluminescence measurements are carried out for InAs quanlurn dots (QDs) 
coupled through a GaAs barrier to an Ino,,Gao7As quantum well (QW). It is found that decay time 
of pl~otoluminescence response from the QW is significantly shorlened when cc)n~pared lo a 
reference sample only containing a QW with similar parameters while the decay time of 
photoluniinescence response for the QD layer is significantly lengthened compared to relere~lce 
sample only containing a QD layer. A rate equation model is developed to describe the observed 
behavior via carrier capture from QW to QD states in the QD:QW structure. O 2006 Americrrll 
Irzsiitule of Phvsics. [DOI: 30.106311.2345167] 

I. INTRODUCTION 

Structures that coupled quantum dots (QDs) to a quan- 
tinn well (QW) through the transfer of carriers from the QW 
to the QDs are now exploited in various optoelectronic 
devices.'-' There are at least two ways to fabricate such a 
QD:QW systen~. For example, one way is to immerse QDs 
directly into the QW."~ A second approach is to separate the 
QD layer from the QW with a thin barrier.8x9 This second 
approach is particularly interesting because it allows for 
more independent control of the density and sizes of the 
QDs. as well as the ability to independently tailor the QD to 
QW coupling strength by changing the barrier thickness. 
This second approach has been used to investigate 
I nP / InGaAs : lnP / InG  (Refs. 8 and 9) and 1nAs:InGaAs 
(Ref. 10) QD:QW systems. Interestingly, it has been demon- 
strated that in the 1nAs:InGaAs QD:QW system one finds a 
reduced QD size distribution as well as brighter and nar- 
rower QD photoluminescence (PL) due Lo an increased cap- 
ture rate for photogenerated carriers in QD:QW structure in 
co~nparisvn with an InAsIGaAs QD reference 
While this earlier w o ~ k  is impressive. few studies to under- 
stand the carrier transfer mechanisms and corresponding 
transit times in such systems have been reported. In this Let- 
Ler, we have investigated the carrier dynamics in the 
InAs/ GaAs : InO~,Gao,7As/GaAs QD:QW structure using 
time-resolved PL. Our results demonstrate substantial 
changes in the PL decay times for the QD:QW system as 
compared to reference samples containing comparable single 
QD or QW layers. 

II. SAMPLE CHARACTERIZATION AND EXPERIMENT 

The QD:QW structure was grown using a Riber 32 mo- 
lecular beam epitaxy (MBE) system on a GaAs (100) sub- 

"'~lecfronic mail: ymnzur@~~ark.cdu 
h ' ~ n  leave from Institute of Semiconductor Physics, National Acadrmy of 

Sciences, Prospect Nauki 45, 03028 Kiev, Ukraine. 

strate. Tt is composed oP a 300-nm-thick GaAs buffer layer, 
7.5-nm-thick Ino,3Ga,,7As QW, 5.5-nm-thick GaAs barrier: 
2.7-ML-thick (ML denotes monolayer) InAs layer, and a 
20-nm-thick GaAs cap layer. Growth conditions were: sub- 
strate temperature of 500 "C; growth rates of 0.28. 0.38, and 
0.1 ML/s for GaAs, InGaAs. and InAs la)fers, respectively. 
In order to investigate the QD to QW coupling two reference 
samples were grown, one with only a QD layer and the other 
with only a QW layer, with each layer possessing parameters 
corresponding to those of the QD:QW structure. All of the 
measurements for the QD:QW system were compared with 
corresponding measurements on these reference samples. 

A JEOL JEM-2000FX transmission electron ~nicroscope 
(TEM) was used to obtain the structural information for the 
samples. TEM specimens were prepared by mechanical thin- 
ning and dimpling, followed by Arf ion milling. Figurz ](a) 
shows a cross-sectional TEM image of the QD:QW sample 
using a dark-field 200 reflection imaging condition. The dark 
layers corresponding to the InAs QD and l n u , 3 G ~ 7 A s  QM' 
layers are labeled. These layers are separated by the bright 
GaAs barrier layer. The partial swellings of the InAs layer 
directly reflect that the QDs are formed in this layer. The 
QD:QW sample was also viewed under a plan-view TEM 

FIG. 1 .  (a) Cross-sectional and (h) plan-view TEM images o i  the QD.QW 
sample. (c) Plan-view TEM irnnge of ttie reference sa~r~ple soldly wilh In& 
QD layer. A 200-series reflection was used to take these dark-field TEM 
images. The scale bar in (a) is applicable to (b) and (c ) .  
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Time-resolved photolunlinescence (PI,) measurements are carried out for the InGaAs quantunl dots 
(QDs) grown on (001) and (311) oriented GaAs substrates. The detection energies scan the spectral 
region from the energy of the QD excitonic transition up to the wetting layer absorption edge. A 
convex-shaped decay of the PL signal in this region gives evidence of carrier relaxation through the 
coiltinuum states below the wetting layer similar to a cliffusion process. Strong dependence of the 
decay time 011 the excitation density obscrved for the QD ground-state PL is consistcilt with a 
presented theoretical model. O 2006 Arneric~trl Institute qf Phj~sics. [DOI: 10.1063/1.2345165] 

I. INTRODUCTION 540 " C  and growth ratc of 0.38 MLls for InGaAs. Aftcs 

Details of carricr relaxation proccsscs in self-assemblcd 
In(Ga)As quantum dot (QD) stnictures are of fundamental 
intcrcst due to their immediate implications on thc photolu- 
minescence (PL) efficiency and performance of optoelec- 
troilic devices. Generally, the carrier dynamics in such sys- 
tems can be considered as carrier transfer from a carrier bath, 
created in the substrate and/or wetting layer (WL) to the 
discrete electronic states of the QDs. This transfer typically 
takes place through an energy gap separating the WL states 
and the QD discrete states, by me~ms of multiphonon pro- 
cesses iilcluding LO- and acoustic phonon Au- 
ger or carrier-carrier scattering6-"nd interaction with 
de~ec ts .~""  

However, recent studies of PL excitation (PLE) and 
micro-PL spectra of In(Ga)As QD systems reveal the con- 
tinuum states within this energy gap even in casc of singlc 
dots."-'"he density of these states decreasing significantly 
from the absorption edge of WL penctratcs deeply in the 
spectral region of discrete QD levels, thus influencing the 
carrier relaxation paths. For example, with below barrier cx- 
citation the carriers can reach the QD ground states relaxing 
first within continuum states and finally resonantly cmitting 
LO phonons. Although the continuum states are widely 
d i s c ~ s s c d ' " ~ ~  as the intcrincdiatcd states for thc carricr rc- 
laxation in the QD system, there is still much to learn about 
their origin and properties. In this papel; we prcsent results 
of time-resolved PL ~neasurements for the spectral range of 
the continuu~n stales in InGaAslGaAs QD structures in order 
to uncover the transfer of carriers through these states. 

II. EXPERIMENT 

The Ino,4Gao,6As/GaAs QDs are grown on (100) and 
(3 1 l)B GaAs under similar conditions in a Riber 32 molecu- 
lar beam epitaxy (MBE) system by deposition of 10 ML 
(monolayer) Ino4Gao,6As at the substrate temperature of 

- 
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10 s growth interruption, a 20 nrn GaAs capping layer was 
grown on the (1n.Ga)As laycr before the sainplc was healed 
up to 580 " C  for growth of 80 nm GaAs. Finally, the (In- 
,Ga)As QD layer was again dcpositcd at 540 " C  on top of 
the GaAs surface for morphology characterizatioil by atomic 
force microscopy (AFM). 

The PL measurements were performed in a variable tern- 
pcrature 8-300 K closed-cyclc helium cryostat. T l~c  532 nrn 
line from a Nd:YAG (yttrium aluminum garnet) laser was 
used for continuous-wavc PL excitation. The laser spot di- 
ameter was of -20 ,urn and the optical excitation power was 
in the range o l  lo2 mW. The PL signal lrom the 
sample was dispersed by a 0.5 n~ single-grating inonochro- 
rnator and detected by a liquid nitrogen (LN)-cooleti InGaAs 
photodiode detector array. For the PL excitation rneasure- 
menrs a tunable Ti:sapphire laser was used. Oplical excita- 
tion for the transient PL measurements was provided by 2 ps 
pulses at h,,,=752 nm from a mode-locked Ti:sapphire laser 
producing an optical pulse train at 76 MHz and an excitation 
density that was varied between 10"ad 2 X lO'"hotons/ 
(pulse X cm2) and a Harnamatsu synchroscan streak camera 
C5680 with an inlrared enhanced S1 cathode for signal de- 
tection. An overall time resolution of system was - 15 ps. 

Ill. RESULTS AND DISCUSSIONS 

A comprehensive AFM analysis performed on both 
Ino4Gao.6As/GaAs QD ensembles grown on (1 00) and 
(311)B GaAs substrates indicates a comparatively narrow 
QD size d i s t r i b ~ t i o n . ~ ~  The QDs on a (100) substrate have a 
density of 4 X 10"' an average diameter or 40k5  nm, a 
hcight of 8.1 t 1.1 nm, and a shape that is slightly elongated 

in the [ ~ l i ]  direction. Meanwhile, the QDs on (31 l)B GaAs 
possess a slightly smaller density of 2.0 X I OLO cm-l but dif- 
fcr in shapc with an arrowhcadlike taper with well-dcvclopcd 
facets. These QDs have averages of 551t5 nm long. 
3525 nm wide, and 8 .82  1.1 111n high. 
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Abstract 
Using (100) GaAs substrates as  a reference, w e  present a study of the 
formation of G a  droplets on (31 l ) A  and (51 l ) A  GaAs substrates in which the 
ellect of both the subslrale ~emperature and the amount of Ga  supplied on the 
droplet density and height for the three different surfaces have been 
investigated. Droplets on (100) substrates show a round shape; howevcr, they 
appear as elongated balls with tails along the ~2331  direction of the (31 l)A 
substrate and the ~5551 dircction of the (511)A substrate. It has been found 
that the Ga droplets on (5 1 l )A  surfaces have lower densities and higher 
heights than those on (100) substrates. In contrast, Ga  droplets on (31 l ) A  
surfaces have lower heights and much higher densities compared to those for 
both (100) and (51 1)A. We observed that the decrease in the droplet density 
with increasing growth temperature for both (3 11)A and (51 l ) A  is more than 
twice that for the (100)GaAs surface due to the larger drop in the nucleation 
rate. Based on these observations, w e  offer a physical explanation based on 
thc theinlodyna~nics and thc anisotropy of thc high-index surfaces. 

(Some figures in this article are in colour only in the electronic version) 

1. Introduction 

Great interest has been focused on nanometre-scale semicon- 
ductor crystals due to their potential for electronic and op- 
toclectronic device applications. The optoelectronic proper- 
ties of semiconductor nanostructures can be modilied by struc- 
turally engineering the size and shape of nanostructures [ I ,  21. 
Various self-asse~nbled growth n~ethods have been performed 
to achieve nanostxuctures exhibiting quantum confinement in 
three dimensions. The most commonly used self-assen~bled 
growth methods are Stranski-Krastanov (SK) and droplet epi- 
taxy. The SK growth method can bc uscd only in the case 
of mismatched systems such as the InAsIGaAs system. On 
the other hand. droplet epitaxy can be used in both lattice- 
mistnatched systems as well as lattice-nlatched systems, as in 
the case for the GaAsIAlGaAs system. In the droplet epitaxy 
of GaAsIAlGaAs, Ga is first deposited without arsenic (As) to 
create liquid Ga droplets on the AlGaAs sufiace. After droplet 
fonnation, an As Hux is subsequently supplied to produce 
GaAs nano-crystals [3-71. It is important to undersland the 
Ga droplet fornlatiort and growth conditions such as thc sub- 
strate temperature and the amount of Ga supplied, because it 
is thc key point in understanding the densily, shape and size of 

the GaAs nanostructures. Ga droplet formation on GaAs( 100) 
substrates has been studied by a few groups [ 8  101, but i t  has 
not been explored on high-index GaAs substrates. It is known 
that the tilt towards the ( I  1 l)A plane forms (100) planc terraces 
terminated by (1 I l)A step edges. For (31 l)A and (51 l)A. the 
tilt angles are 25" and lbO, respectively. High-index semnicon- 
ductor substrates have the poten~ial to act as templates for the 
growth of quantum dots. This potential is based on the unique 
surface morphology of high-index surfaces which can influ- 
ence the size. shape, uniformity and position of self-assernbled 
nanostructures 1 1  1-15]. Therefore, it is inmportant to control 
the Ga droplet growth conditions on high-index substratcs In 
this paper, the cffects of both the substrate temperature armd thc 
arnourlt of Ga supplied on the droplct fonnation, shape. sizc 
and dcnsily on the GaAs(100), Ga.As(3 1 1 )A! and GaAs(5 I 1 )A 
substrates were invcstigated. 

2. Experimental details 

The samples uscd in this study were grown on epi-ready (100). 
(3 1 I )A. and (5 1 l)A GaAs substrates by solid-source o~olecular 
bean1 epitaxy (MBE). Growth was monitored using a 7-0 kV 
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Erratum: "Low density lnAs quantum dots grown on GaAs nanoholes" 
[Appl. Phys. Lett. 89, 043113 (2006)l 
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[DOT: 10.1C~63lI ,235431 I ]  

Reference 12 should have read .'P. Jin, X. L. Ye, and Z. G. Wang. Nanotechnology 16, 2775 (2005)." 
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Correlation between surface and buried lnAs quantum dots 
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Dr?prlrtnrent of Elecrricrll Enginer?ri,~g. Universiq ofArkansas. Fnvctreville, Arka~wrcs 72701 

(Received 18 April 2006; accepted 9 June 2006; published online 28 July 2006) 

The optical properties of uncapped InAsIGaAs quantum dots sitting on multiple layers of buried 
quanlum dots are investigated through a series oT samples with a different number of buried 
quantum dot layers. Two photoluminescence peaks are observed, one from surface quantum dots 
and one from buried quanlum dots. Close spatial and optical correlations between surface and buried 
quantum dots are demonstrated. Due to the carrier transfer from buried to surface quantum dots, the 
photolurninescerice emission from surface quantum dots is significantly improved. As a result, the 
surface quantum dot-buricd quantum dot salnple shows potential for biological sensing. O 2006 
American hqstitute of PPlzv.sic.s. [DOI: 10.106311 ,224311651 

For the last decade, se~niconductor rcscarch has incrcas- 
ingly focused on the unusual but potentially useful behavior 
of materials observed at the nanometer scale. Although ex- 
citing, the observed difference in material properties between 
bulk and nanoscale structures is perhaps not surprising, given 
the dramatic increase in the material surface to volu~ne ratio. 
Simply understood, the increased role of the surface can 
cause dramatic changes in the energy lcvcl structure of the 
nanosize material. providing increased flexibility in our abil- 
ity to design material properties. As a result, however. the 
optical and electronic behaviors of semiconductor nanostruc- 
tures can be highly sensitive to variations in the local envi- 
ronment. Although potentially problematic, this increased 
surface sensitivity of nanostructures to the environment can 
in fact find useful application. For example, quantum dots 
(QDs) grown via colloidal chemistry have been extensively 
investigated for applications as biological markers and 
sensors.'.' However, it is difficult. if not impossible, to suc- 
cessfully inlegrate colloidal QDs into the semiconduc~or in- 
dustry. While there certainly have been efforts to embed col- 
loidal QDs in senliconductor ~ubstratcs .~~'  they have shown 
little environmental sensitivily. This is unforlunate since self- 
assembled QDs have been successfully used in lasers and 
detectors and many other device  structure^,^ holding the 
pronlise for the ncxt generation of optoelectronic devices duc 
to the quantum confinement effect in the nanoscale. To com- 
bine both the processing capability of colloidal QDs and the 
proccssing capability of self-assembled QDs would open 
some unique applications. For example. an interesting hybrid 
structure with surface bonded colloidal QDs and buried self- 
assembled QDs has been proposed3 for sensing biological 
agents via the colloidal surrace QDs (SQDs) while simulta- 
neously processing the sensed information through buried 
self-assembled QDs (BQDs). While this is a clevcr idea, its 
imple~nentation requires the developlnent of a corresponding 
idea to provide both structural and optical correlations be- 
tween the surface colloidal QDs and the buried self- 
asselnbled ODs. 

An alternative approach which we have investigated is to 
make use of the fact that self-assembled InAs QDs are sen- 

" '~lectronic mail: zrnwang@uark.edu 

sitivc to thc changcs in thc surfacc environment when they 
are near the surface.' In fact, we can expect that Lhe optical 
properties of surface 1nAs QDs (without capping at all) 
would be extremely sensitive to variations in the surface en- 
vironment. With this in mind, InAs SQDs may be a better 
candidate for sensing biological agents than surface bonded 
colloidal QDs. The problem is that the optical behavior of 
InAs SQDs is very poor due to surface states, as shown by 
their weak and broad photoluminescence (PL).'-'(I In this 
letter, we report on an approach that overcomes this limita- 
tion. In particular. we obscrve an increase in the intensity and 
a narrowing in the linewidth of the PI, spectra from InAs 
SQDs through stacking several layers of InAs BQDs under- 
neath. Moreover, a close correlation of the PL spectra from 
the SQDs and BQDs is demonstrated. indicating both spatial 
and optical correlations for information cxchange betwcen 
SQDs and BQDs. 

The samples wcrc grown on semi-insulating GaAs (100) 
substrates by a solid-source molecular beam epitaxy system. 
Rcflcction high encgy clectron diffraction (RHEED) was 
used for in sit11 monitoring of the growth process and for 
calibrating the Ga, In, and As fluxes. Thc Asl prcssurc was 
held constant for all the growths at 6.OX lo-' Torr. Ttie 
growth rates of GaAs and InAs arc 0.47 and 0.013 MLls. 
respectively. Four of the samples investigated are illustrated 
in Fig. 1. where rt=O, 1, 2, zhd 4. ~ddi t iona l  threc samples 
with n=O, 1, and 4 were grown but capped with 70 nm of 
GaAs. For all layers of InAs, thc growth is performed at tile 
substrate temperature of 530 "C, and the QD formation is 

lnAs SQD 

lnAs BUD 
x n 

0.3 pm GaAs buffer 

L-J 
I GaAs(100) substrate I 

FIG. I .  (Color online) Schematic illustration of  he layered InAsiGaAs 
nnnoslruccure, emphasizing Ihe struclural correlat~on between lnAa BQDa 
(buried qua~itum dots) and SQDs ( su~ l i c e  quantum dots). The numbe1.s of 
BQD layers (n) for the samples investigated arc 0, I .  2, and 4. 
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Low density lnAs quantum dots grown on GaAs nanoholes 
B. L. Liang, Zh. M. ~ a n g , ~ '  J. H. Lee, K. Sablon, Yu. I. Mazur, and G. J. Salarno 
Plrysics Department, UltiversiQ~ of Arkansas, Fa)~etteville, Arkansas 72701 

(Received 24 April 2006; accepted 15 June 2006; published online 27 July 2006) 

A growth technique cotnbining droplet epitaxy and lnolecular beam epitaxy (MBE) is developed to 
obtain a low density of InAs quantum d o ~ s  (QDs) on GaAs nanoholes. This growth technique is 
simple, flexible, and does not require additional substrate processing. It makes possible separate 
control of the QD density via droplet epitaxy and the QD quality via MBE growth. 117 this letter the 
authors report the use of this technique to produce InAs QDs with a low density of 2.7 
X lo8 cmF2 as well as good photolurninesce~ice properties. The resulting samples are suitable for 
single QD device fabrication and applications. 0 2006 A~nericnn Instilute of'Ptlysics. 
[DOI: lo. 10631 1.22440431 

Self-assembled semiconductor quantum dots (QDs) are 
the subject of increasing interest based on their potential for 
optoelectronic devices.',' For example, recent research ef- 
forts have focused on single QD and corresponding devices 
for application in the fields of quantum computing and quan- 
tum cryptography.'-' It is therefore ol. utmosl ilnportance to 
develop simple and reliable growth procedures, suitable for 
attaining the low density of QD structures, needed to isolate 
single QD for study and correspondi~ig dcvicc fabrication. 

Scveral tcchniqucs have been developed to obtain low 
dcnsity QD structures for singlc QD device fabrication. The 
most common procedure involves Stranski-Krastanow (SK) 
self-assembled growth of QDs on a substrate patterned with 
m e s a / h ~ l e s . ~ ~ ' "  This method requires substrate processing 
and can be limited by defect formation. An alternative 
method is to control the substrate rotation or temperature 
distribution durino the growth to form a QD density gradient 
on the substrate."" In this case, [he growth condition has to 
be controlled precisely and the QD size distribution is not 
unifolm. Low density QDs can also be obtained by growing 
SK QDs closc to the onsct of the two dimensional to three 
dimensional (2D-3D) growth transition. This approach has 
its merits but is limited to QDs of small dimensions.'%e- 
cently. Mantovani et al. exploited a modified droplet epitaxy 
method to achieve a low QD density.I5 This method offers 
the possibility of formation of low density quantum dots with 
both lattice-mismatched and lattice-matched systems. How- 
ever, droplet epitaxy rcquires growth at low temperature that 
restricts thc QD optical quality. In this letter, to overcome 
limitations and achieve low density self-assembled QDs of 
high oplical quality, we investigated a growth technique that 
combines droplel epitaxy a id  molecular beam epitaxy 
(MBE) growth modes. This technique is simple and flexible 
and makes possible separate control of the QD density via 
droplet epitaxy growth and high optical quality QDs via 
MBE growth. Utilizing this combination approach we report 
on thc controlled growth of high optical quality InAs QDs at 
a low density of 2.7 X 10' c w 2 .  

For the growrh technique of droplet epitaxy of GaAs 
quantum structures, a gallium (Ga) n~olecular beam is ini- 
tially supplied to a GaAs surface without arsenic (As) anlbi- 

ence. leading to the formation of liquid Ga droplets on the 
substrale surface. An As flux is then supplied to crystallize 
the Ga droplets into GaAs nanocrystals. Previous reports'6-1x 
indicate [hat, as sche~naticdly illuslrated in Fig. l(a), a low 
As fi ux can enhance the downhill Ga transportation from Ga 
droplets and more effective crystallization occurs at the Ga 
droplet boundaries. As a result, depending on the growth 
condition. Ga droplets may form GaAs islantls with a con- 
cave center shape. In fact, by controlling the annealing pro- 
cedure after the formation of Ga droplets, as illustrated in 
Fig. I (b), a nanohole can be created on the GaAs droplets. In  
the work reported here we have used a low densily of nano- 
hole GaAs droplets as a template to provide nucleation 
sites 19.20 for the coi~esponding MBE growth of a low dens~ty 
of high optical quality InAs QDs, as shown in Fig. I (c). 

All samples in this invesligation were grown on semi- 
i~lsulated GaAs(100) substrates in a Riber32 MBE growth 
chamber equipped with a reflection high-energy eleclron dif- 
fraction (RHEED). A valve controlled As source enabled in- 
stantaneous change in [he As flux depenclinp on the vahe 
position. Following the growth of a 300 nm GaAs buffer 
layer at 610 O C ,  the substrate was cooled LO 500 "C. The As 

FIG. I .  (Color online) Schematic illustration 01 the ror~naliorl of rianohole 
" ~ u t h o r  to who111 co~l-erpondence should be addl.essed: electronic mail: structure via droplet epitaxy (the sche~iiatics are with different scales ill the 

zii~wang@u~rk.edu vertical and lateral directions). 
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Abstract 
Self-organized InGaAs quantum dot chains grown by molecular beam 
epitaxy were investigated using vertical stacking techniques on pre-patterned 
GaAs(100) substrates. The results demonstrate the fo~mat ion of quantum dot 
(QD) chains only on desired spatial regions. In addition to QD chains, the 
results show that almost any shapc of lines of QDs are possible depending on 
the faceted pre-patterned substrate. The experilne~ltal results suggest that this 
approach has the potential to be  used to fabricate single QD chains or 
necklaces or almost any pattern. 

1. Introduction 

The growth of quantum structures has received significant 
attention due to their unique physical properties and potential 
lor electron~c and optoelectronic devices [l-31. In particular, 
self-assen~bly of InGaAs quantunr dots (QDs) on GaAs 
substrates using tlie Stranski-Krastanov (SK) growth mode has 
been extensively investigated [4]. However, (he SK growth 
mode is generally characterized by large fluctuations in QD 
size and random spatial distribution [5]. As a result, the 
lack of homogeneity reduces the potential of self-assernbled 
QDs for optical and electronic device applications. Orle 
novel approach to overcome this difficulty has rclied on the 
technique of vertical stacking of QD layers [6-Y] to achieve 
spatial organization as well as improved size hornogcneity. 
For example. tlie self-organized QD vertical stacking approach 
has led to the Sonnation of beautiful QD chains in which 
11lGaAs QDs are laterally aligned in colurnns along the lOlJ] 
direction [8]. 

While results via self-assembly coupled with vertical 
stacking have been re~narkable, the formation of QDs in 
specific patterns or at particular spatial locations is still a 
significant challenge [9]. Notably, QD growth on substrates 
that are pre-patterned by techniques such as photolithography 
or nano-indentation havc been used to makc progress on this 
issue [IO-I?]. 

In this study, relatively shallow trenches that were pre- 
pattcrned on Ga.4s(100) suhstratcs were used to fabricate 
InGaAs QDs. The resulting layer of QDs was then used as 

the seed layer at the bottom of a vertical stack of ten layers 
of QDs in order to induce specific lateral spatial QD patterns 
in the top layer. Although the selective fomiation of InCaAs 
QDs has been widely investigated on pre-parterned GaAs(l00) 
substrates, these structures utilized a deep nlodulation of 
several hundreds of nanometres [ I  0-123 and cons~sted oluiily 
a single layer of InGaAs QDs. Here we den~onstrate that the 
use of shallow-patterned substrates imodulation depth of only 
35 nrn), coupled with the growth of multiple layers. leads to 
the sclcctivc formation of InGaAs QD chains [8,9]. 

2. Experimental details 

The samples wcrc grown by soljd sourcc nlolccular bcain 
epitaxy (MBE) on pre-pattelxed GaAs(100) substrates The 
patterns were prcpared by photolithography and were etched 
in H2S04 for 30 s. The patterns used in this investigation were 
composeduf. 1.5 g m  wide lines along both the [OI I] and [OIi] 
directions. The lines wcrc typically 5 Icln ill lcngth for above 
(mesa) and below (trench) su~face lines and squares with tlie 
height or depth of 35 nm for both line and square-structures. 
Atomic force i~nagcs of line pattcrns along the [OI 11 direction 
and mesa squares, before QD growth, are shown in figures 1 (a) 
and (b). 

The spacing between line patterns was 2.5 ~1111 for 1.5 p11i 
wide lines along the [011] and [Oli] directions. 5.5 ~ ~ 1 1 1  SOT 
mesa squares. and 3.5 g m  for trench squares. The tops of the 
patterns are slightly naiyower than the botto~ns by 0.1 prn for 
rnesa structures and vice versa for trench structures. 
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Ga-triggered oxide desorption from GaAs(100) and non-(100) substrates 
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(Received 16 February 2006; accepted 4 May 2006; published online 21 June 2006) 

Surface pit formation is observed to occur for conventional thermal oxide desorption, regardless of 
the GaAs surface index. The resulting surface roughening call be substantially reduced by depositing 
an appropriate amount of Ga in the absence of As flux. The amount of Ga required to optimize the 
quality of the oxide-free GaAs surface is found to be different for difcerenl indexed suhslrates and 
is dependent on the oxide thicknesses. Due to the flexibility of the GaAs surface reconstruction, the 
Ga-triggered oxide desorption is observed LO be much more robust than was previously believed. 
0 2006 Anzerica~z Institute oJ' Physics. [DOI: 10.1003/1.12 13 1541 

A GaAs substrate exposed to air is covered by a layer of 
surface oxide. The layer of oxide has to be removed before 
epitaxial growth. For molecular bean1 epitaxy (MBE) of 
GaAs, thermal desorption of the surface oxidc at a high tem- 
perature (-580 "C) with an overpressure of As is the most 
frequently used method before growth of a GaAs buffer 
layer.!-' In fact, the temperature at which the surface oxide is 
desorbed is widely used for thermal calibration 
For GaAs(I.OO), the thermal desorption of oxide is acconlpa- 
nietl with a degradation of the surface topogra hy, which is 

2-d) characterized with surface pit formation. Incomplete 
snloothing of the initial roughness due to the thermal oxide 
dcsorption rcsults in the formation of surface mounds, evcil 
after a thick GaAs buffer growth."6 The formatioit of pits on 
thc surfacc is incvitable for thcrinal oxide. desorption of 
stable Ga203 at high temperatures around 580 "C.  To avoid 
the formation of pits. different approaches to remove the 
GaAs surface oxide at low temperatures are being explored. 
For example, exposure to hydrogen at low temperatures 
(around 450 "C) is able to produce atonlieally smooth GaAs 
surfaees."%ost recently, it has been demonstrated that the 
oxide layer of GaAs(100) can be removed by direct Ga beam 
irradiation at the substrate temperatures around 450 "C. 
without the formation of surface While the Ga source 
is always available in a MBE chamber for GaAs growth, 
additional investigations are necessary to develop the Ga- 
triggered procedure as a routine approach for GaAs oxide 
desorption. 

While the GaAs oxidc desorption has been cxtcnsivcly 
studied. most studies have focus on ~ a ~ s ( 1 0 0 ) . ' - ' % ~ r e n  
by intensive interests to understand and control the self- 
organization of quantum dots for optoelectronic aitd elec- 
tronic devices, non-(100) GaAs substrates have been widely 
utilizcd as tent lates for the growth of ITT-V semiconductor 

Yl-L* nanostructures. As a resull, it is important to also inves- 
tigate oxide desorption from GaAs non-(100) surfaces. 111- 
deed, a recent observation of hydrogen cleaning of non-(100) 
GaAs surfaccs indicatcs that the oxidc laycr may, in fact, be 
different for non-(100) orientations. 19 

In Lhis letter. we demonstrate that the formation of sur- 
face pits during the thermal oxide desorption is a common 
phenomenon for all investigated GaAs surfaces, regardless of 

indices. We also demonstrate that Ga-triggered oxide desorp- 
tion is able to maintain the surface flatness prior to MBE 
growth of a buffer layer. However. different amounts o l  Ga 
deposition are required for GaAs surfaces with different in- 
dices due to a corresponding difference in oxide thickness. 

Our experiments were carried out 011 epiready 
GaAs(.?ll)A, (5 11)B. (11 l)A, and (100) substrates. All sub- 
strates were analyzed by atomic force inicroscopy (AFM) 
before loading into the MBE chamber. AFM images indi- 
cated that all surfaces were relativelv smooth, with a root 
mean square (rms) roughness of about 0.2 nm, as shown in 
Table I. Figure l(a) shows an AFM image and a correspond- 
ing line profile of the GaAs(31 l)A topography. representing 
the general surface features for all investigated substrates 
before heing placed in the MBE chamber. 

In the MBE chamber, the thermal oxide desorption was 
performed at the substrate temperature of 610 "C under an 
As overpressure for 5 min. The resulting surface morpholo- 
gies of GaAs(3 1 l)A, (5 11)B, and (1 1 I)A are revealed by 
AFM images in Figs. 1 (b), 2(a). and 3(a), respectively. The 
forination of surface pits is observed, which can be attributed 
to localized GaAs consumption during thermal desorption of 
the oxide via the conversion of stable Ga203 to a volatile 
Ga20: Ga,03+4GaAs-+ 3Ga20 T +2As2 (or As4) T.'.'~ AS a 
result, line profiles of the surfaces after therinal oxide de- 
sorption show an undulating topography of over 6 nm am- 
plitude. The undulating amplitude is significanily bigger than 
the value of about 1.2 nm for preoxide desorption of the 
surfaces, as shown in the line profile of Fig. I(a). Corre- 
spondingly, the rins roughness increases after thermal oxide 
desorption, as shown in Lable I, becoming 0.7 nin for 
GaAs(311)A, 0.92nm for GaAs(511)B. 0.51 nnt for 
GaAs(lll)A, and 0.90 Itin for GaAs(100). Given the ob- 
served uniform roughness for all the preoxide desorption sur- 
faces, the obvious variety of the rlns values a f~er  the therinal 
oxide desorption is interesting. The surface roughness ob- 

TABLE I. nix roughness (nm) su~iiniarized for investigaled GaAs su~faces 
with diffcrcnt indices. 

(311)A (511)B (111)A (100) 

As received 0.22 0.20 0.19 0.20 
Thermal oxidc desorption 0.70 0.92 0.5 1 0.90 

8 ML Ga-triggered oxide desorption 0.25 0.19 1.03 0.20 
" ~ u t h o r  to whom co~~espondrnce should be addressed: electronic mail: 10 ML ca-triggUcd oxide desorpton 0.21 11.21 

zmwang@uark.edu 
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Localized formation of lnAs quantum dots on shallow-patterned GaAs(100) 
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Yu. I. Mazur, and  G. J. Salamo 
L)ef~c~~-rrnenr (g Physics. University of'Arkansns, F~zverteville, Arknrrscls 72701 

(Received 10 January 2006; accepted 22 February 2006: published onlinc 5 June 2006) 

Selective forination of InAs quantum dots on the sidcwalls of mesa strips along both [Ol- 11 and 
[Oll] directions of a GaAs(100) surface is demonstrated. This result is in sharp contrast to 
observations on traditionally deep-patterned substrates, where quantum dots are formcd on top 
mesas and at bottom trenches. This distinction is explained kinetically and energetically. These 
results may encourage application of organized arrays of quantum dots. O 2006 Antericatl Ittstitl.cte 
of P11ysic.s. [DOI: 10.1063/1.2'L09157] 

lnAs quantum dots (QDs) on GaAs(100) by strain- 
driven self-assembly have emerged as a material with poten- 
tial for optoelectronics and electronic devices.' One draw- 
back to fabrication by self-assembly is that it yields InAs 
QDs that are distributed in a random manner on a flat 
GaAs(100) surface. As a result, one way to realize applica- 
tions such as gain coupled distributed feedback QD lasers,' 
is to encourage the formation of InAs QDs into designed 
arcas. With this benefit in mind, molecular-beam epitaxy 
(MBE) on prepatterned GaAs(100) substrates has recently 
been investigated as a technique to form InAs QDs in se- 
lected spatial locations.'-' Most previous studies have uti- 
lized relatively deeply etched patterns. on the order of a few 
hundreds of nanometers in height modulation,'-' to provide 
prepatterned surfaces for growth. In these cases, the InAs 
QDs wcrc preferentially formed on the top edge and bottom 
trench, as illustrated in Fig. l(a). In distinction from previous 
works, we report in this letter the localized formation of InAs 
QDs only along the sidewalls of shallow-patterned 
GaAs(100) surfaces, as comparatively illustrated in Fig. l(b). 
Although the shallow-patterned approach has been used to 
achieve GaAsIAlGaAs sidewall quantum wires on 
GaAs(31l)A, it has until now failed to realize the selective 
area formation of InGaAs QDs on G a ~ s ( l 0 0 ) . ~  While favor- 
able formation of InAs QDs on faceted sidcwalls was ob- 
served for deep-pattcmed substrates,' its origin was duc to 
increasing the deposition along the sidewalls versus the top 
or bottom of the patterned strip-a very different mechanism 
from that described here. 

In this work, samples were epitaxially grown by MBE 
on prepatterned GaAs(100) substrates with mesa strips of 
1.5 p m  wide and 35 nm tall along both [Ol-I] and [Oil] 
directions. The separation between strips is 2.5 pm. The pat- 
terns are formed by photolithography followed by wet etch- 
ing. The patterned substrates were soldered with indium to a 
nlolybdenum block and degassed prior to loading into the 
MBE growth chamber. The surface oxide was desorbed at 

mation of InAs QDs, as demonstrated bclow. After the GaAs 
growth, the substrates were cooled to 535" C for InAs depo- 
sition. The no~ninal growth ratc of InAs was 0.013 ML, as 
determined by in sit14 reflection high energy electron diffrac- 
tion (RHEED). The RHEED pattern becarnc spotty after the 
deposition of the 1.5 ML, indicating the nucleatiorl of self- 
assembled InAs QDs due to strain relaxation. 

Figures 2 and 3 show the atomic force microscope 
(AFM) images ot 1.6 ML lnAs QDs grown on 500 nrn buff- 
ered GaAs surfaces with mesa strips along [OI - 11 and [0 I I ], 
respectively. The initial mcsa strips are the same along both 
directions but remarkably different after growth of the GaAs 
buffcr as the result of thc high surface anisotropy of borh 
atom diffusion and i n ~ o r ~ o r a t i o n . ~  Based on the measure- 
ments of line profiles, the height and width of the mesa strips 
along [ O l -  11 are nearly constant. although the top portion of 
the strips is more rounded. Meanwhile, the sidewalls of the 
mesa strips are profiled as vicinal GaAs(100) surfaces wilh a 
misorentation of about 3.0". In comparison, the mesa strips 
along [Oll] grow to have a width of more than 2.0 pm, and 
the height has been decreased about 5.0 nm. The profile of 
these sidewalls is characterized as vicinal GaAs(100) surl'ace 
with a misorientation of about 1.5". For both strip directions. 
the selective area of InAs QD formation is observed to be 
distributed on the sidewalls, either along [Ol-11 or [01 I].  
Only a few InAs QDs are trapped at the bottom trench or on 
the mesa top due to the natural roughness of GaAs(l00). For 

the substrate temperature of 610" C under a beam equivalent (b) f-.hkSi TOPS 
pressure (BEP) of 10 @Ton: of As4 Subsequently, a GaAs / Sidewt~~is  ,-\ 
buffer layer nrrs gronn nith thc growth rate of 1.0 MLIs 
(monolayer per second). The resulting surface n~odulation 
depends or. the thickness of the GaAs buffer layer. which 
plays an important role in deterinining the selective area for- 

FIG. 1. Schematic illustrations of selective fonnalion uf self-assembled 
InAs ODs on GaAs(100) substrates, decp pauerned (a) and shallow pst- 

"~lectronic mail: zrnwang@uark.edu rerned (b), respectively. 
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The unpoled photorefractive stronlium barium niobate crystal exhibiting quadralic electro-optic 
properties is characterized. It is used to form one-dimensional and two-dimensional bright 
photorefractive spatial solitons for either positive or negative low applied electric field. Solitons 
induce long-lived index changes in the medium which forins waveguidcs that can be tuned using an 
external voltage. O 2006 Ainerican Institute qf Phvsics. [DOT: 10.1063/1.22021 101 

INTRODUCTION 

The ferroelectric crystal strontium barium niobate 
(S1;.Ba1-,Nb206) is extensively used as a photorefractive me- 
dium due to its strong linear electro-optic coefficients. Both 
bright'-3 and dark4 photorefractive spatial solitons were dem- 
onstrated in this crystal due to the possibility of switching 
the photorefractive nonlinearity from focusing to defocusing 
by simply changing the sign of an external de applied elec- 
tric field. More recent experimcnts also have taken advantage 
of the versatility of this crystal to photoinduced one- 
dimensional - - (1 D) and two-dimensional (2D) photonic lattice 
structures.'-' Strontium barium niobate (SBN) belongs to the 
tetragonal unfilleti tungsten-bronze category. It undergoes a 
phase transition from a ferroelectric phase at low tempera- 
tures to a paraelectric phase at high tcmperaturcs. When in 
the ferroelectric phase, SBN has the 4 ~ n m  point symlnetry 
group, and its linear electro-optic effect is dominant if the 
crystal is poled. As a consequence of the fact that SBN crys- 
tals are in the ferroelectric phase at room temperature: poleti 
SBN crystals exhibit a doininant linear electro-optic efiect at 

9 room temperature. However, photorefractive crystals with a 
dominant quadratic electro-optic can have interesting fea- 
tures even when unpoled. For instance, once a space charge 
field has been photoinduced in such a medium, the induced 
structure can be tuned or switched using an external applied 
electric field.'" This property can be useful to realize electro- 
optic integrated optical components." One way to obtain a 
dominant quadratic effect in ferroelectric crystals is to raise 
their temperature above the Curie temperature to take advan- 
tage of the paraelectric phase as it was achieved in potassium 
tantalate niobate (KTN).1021' Meanwhile, another approach. 
proposed in this paper. is to use an unpoled ferroelectric 
crystal at a tenlperature below its phase transition or Curie 
tcmpcrature. 

111 this paper we report the ineasurement of the quadratic 
electro-optic coefficient and the dielectric constant of an un- 
poled SBN sa~nplc and the formation of ID and 2D bright 
screening photorefractive solitons under moderate applied 
fields of both polarities. Once solitons are turned off, we 
observe that the induced space charge field is stored in the 
crystal for days. The index changc associated with this space 
charge field can be tuned using an external applied field so 
that the soliton induced waveguide depth is adjustable and 
even switchable. 

SAMPLE CHARACTERIZATION 

The Sro,sBao,zsNb20, (SBN:75) crystal used in our ex- 
periincnt was supplied by Red Optronics. It is dopcd with 
0.02% cerium and is 5 mm long along both the u and b axes 
and 10 ~ n m  long along the c axis. To characterize it, we first 
analyze its electro-optic properties at room temperature using 
an optical intcrfcronleter at a wavelength of 514 nm. The 
crystal is placed in one arm of the interferometer and the 
phase change induccd by a dc electric field applied along thc 
crystal c axis is measured for both ordinary and extraordi- 
naly polarized lights. The deduced iildcx change as a func- 
tion of applied field is plotted in Fig. 1. The application of 
the electric field always yields a decrease of the refractive 
index. Moreover, the fitting curves reveal a quadratic electro- 
optic effect. This electro-optic behavior is unexpected since 
poled SBN crystals usually possess a linear electro-optic 
effect."he dominant quadratic electso-optic characterist~c 
of our crystal is undoubtedly due to its unpoled nature. Note 
that during the electro-optic characterization no poling was 
observed even for the applied electric field as high as 
2 kV1cm. The high coercive field inay be due to a combina- 
tion of composition. dopant. and analytic behaviors away 
froin the Curie temperature. 

In ordcr to better characterize the sample we have mca- 
sured its low-frequency dielectric constant E ,  as a function of 
tempcrature. The results are presented in Fig. 2 along with 
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Abstract 
We systematically investigated the correlation between rno~phological and 
optical properties of lnGaAs self-assembled quantum dots (QDs) grown by 
solid-source molecular beam epitaxy on  GaAs (n11)B (n = 9 , 8 , 7 ,  5,3,3-) 
substrates. Remarkably, all InGaAs QDs o n  GaAs(rr 1 l )B  under investigation 
show optical properties superior to those for ones on GaAs( 100) as regards 
the photoluminescence (PL) linewidth and intensity. The morphology for 
growth of InGaAs QDs on  GaAs (n1 I)B, where n = 9, 8 , 7 , 5 ,  is observed to 
have a rounded shape with a higher degree of lateral ordering than that on  
GaAs(100). The optical property and the lateral ordering are best for QDs 
grown o n  a (5 1 l )B  substrate surl'ace, giving a strong correlation between 
lateral ordering and P L  optical quality. Our  results demonstrate the potential 
for high quality InGaAs QDs on GaAs(n 1 l ) B  for optoelectronic applications, 

1. Introduction 

Self-assembled InGaAs quantum dots (QDs) have unique 
physical properties as well as great potential for novcl 
electroniclphotonic device applications due to their special 
three-dimensional confinement structure [ I ,  21. In this 
area, it is well known that substrate orientation has a 
large impact on the optical and structural properties of sclf- 
assernbled InGaAs QDs. This is a result of the fact that 
differently oriented substrate surfaces are characterized by 
different chemical potentials, thus affecting the lunetics of 
adsorption, migration, desorption. reconstruction and strain 
relaxation [3-81. These differences, in turn, introduce 
new optical propertics and potential applicatio~~s [9-141. 
For example, InGaAs QDs grown on high index surfaces 
have exhibited stronger photoluminescence (PL) than similar 
structures grown on a GaAs(100) surface 19, 1.01, although 
the B-type surface has been shown to be much better than 
A-type ones for growth of QDs with good uniformity and 
optical emission efficiency [IS- 171. Moreover, high index 

Author to whom any col~espondence should be addressed. ' On leave from: Institute of Semiconductor Physics, National Acade~~iy of 
Sciences of Uha~ne .  Prospect Nauki 45,03028 Kiev, Ukraine 

surfaces have also been shown to provide increased control of 
spatial ordering of QDs structures [ I  1.--131 than is possiblc on 
a GaAs(100) surface. 

Although there have already been many expenmenla1 and 
theoretical studies on the ordering and size unifo~mity of 
QDs on B-typc high index GaAs surfaces, the cl~oicc of the 
indexed substrate for optimum optical properties remains an 
interesting question. Some researchers have showl~ that i31 1)B 
is the best [I 5, 181 while others iudicated that ( 5  1 I )B may be 
better [19]. To the best of our knowledge. there is no systematic 
investigation of the correlation between morphological and 
optical properties of InGaAs QDs grown on (100) versus 
(n l  l)B substrates. For example, it is unclear whether B-type 
substrates are simultaneously suitable for QD orderir~g and size 
uniformity, as well as good optical properties. For this reason, 
a syste~natical investigation of the n~orphology and optical 
properties of QD structures as a function of high index surfaces 
can have significant application value as well as providing a 
better understanding of the correlation between n~orphology 
and optical properties. 

In this work, Ino,4Gal~,6As QDs have been sirnultaneously 
growl by solid-source molecular beam epitaxy OII GaAs( 100) 
and GaAs(n1 l)B (71 = 9, 8, 7. 5, 3, 2) substrates. Atomic 
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Abstract: A method to probe the guiding characteristics of waveguides 
formed in real-time is proposed and evaluated. It is based on the analysis of 
the time dependent light distribution observed at the exit face of the 
waveguide while progressively altering its index profile and probed by a 
large diameter optical beam. A beam propagation method is used to model 
the observed dynamics. The technique is applied to retrieve the properties of 
soliton-induced waveguides. 

02006 Optical Society of America 
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Recently, droplet heteroepitaxy of GaAslAlGaAs has at- 
tracted much due to its demonstrated capability 
of producing nanostructures with interesting geometrical 
shapes such as quantum single and double ringlike struc- 
tures. In the droplet-heteroepitaxy approach, Ga is deposit- 
ed on an AlGaAs surface to create liquid Ga droplets, and 
these droplets are exposed to an As flux that transforms the 
droplets into GaAs nanocrystals. In principle, this same ap- 
proach can be modified into a similar process of GaAs 
homoepitaxy, which also allows one to structure GaAs sur- 
faces at the nanometer scale. In this droplet-homoepitaxy 
approach, the nanostructures formed by the droplets can 
then be used to encourage the growth of subsequent hetero- 
nanostructures such as self-assembled InAs quantum dots 
(QDs). In this self-assembly process, the lattice mismatch 
between InAs and GaAs encourages the spontaneous for- 
mation of QDs once InAs deposition reaches a critical 
thickness.IM] These self-assembled InAs QDs have been ex- 
tensively investigated for the past decade because of their 
applications in advanced devices such as lasers, infrared de- 
tectors, and quantum computers.[681 However, the stochastic 
nature of self-assembly only permits a random distribution 
of InAs QDs on GaAs surfaces, which presents a major ob- 
stacle for applications such as quantum computing. Recent- 
ly, much effort has been put forth to localize QDs on de- 
signed regions of substrates.[e111 By combining the self-as- 
sembly approach with certain lithography 
InAs QDs can be restricted to growth in specific substrate 
regions due to GaAs surface height modulations induced by 
the lithography. In this paper, however, we propose and 
demonstrate an approach using only self-organizing tech- 
niques to localize the QDs, a hybrid process of GaAs drop- 
let epitaxy and strain-driven self-assembly of InAs QDs. By 
using droplet epitaxy, GaAs(100) surfaces are structured 
with nanoscale mounds elongated along the [011] direction. 
The GaAs mounds then induce localized formations of 
InAs QDs, and these quantum-dot clusters (QDCs) are ob- 
served around the GaAs mounds. The density of QDCs and 
the number of QDs in the clusters can be adjusted by con- 

trolling the growth conditions of the Ga droplets. Photolu- 
minescence (PL) measurements reveal atypically good opti- 
cal properties of these QDCs. 

The samples were grown by molecular-beam epitaxy 
(MBE) on epitaxy-ready GaAs(100) substrates. All growth 
began with a 300-nm GaAs buffer layer, which was followed 
by 10 monolayers (ML) of Ga deposition to form the liquid 
droplets. Subsequently, the Ga droplets were exposed to an 
As molecular flux and annealed for 2 min at the substrate 
temperature of 530°C to fully crystallize the droplets into 
GaAs surface nanostructures. At the same substrate temper- 
ature of 530°C, InAs was then deposited until the QDs 
formed after reaching a critical coverage of 1.7 ML. The re- 
sulting surface morphologies were imaged by atomic force 
microscopy (AFM) under ambient conditions. For PL mea- 
surements, the resulting InAs QDs were capped with 
100 nm of GaAs. Each PL measurement was performed at a 
temperature of 10 K by using 532-nm laser excitation. 

While Ga deposition with a concurrent As molecular 
flux encourages two-dimensional homoepitaxial growth on 
GaAs surfaces, Ga deposition without the concurrent As 
flux results in the formation of liquid droplets, as schemati- 
cally represented in Figure 1 a. After these droplets subse- 
quently react with the As, they are transformed into GaAs 
nanostructures, normally taking an anisotropic shape due to 
the droplets' orientation-dependent surface diffusion on the 
GaAs crystal surfaces. Figure 1 b shows a schematic repre- 

[*] Dr. Z. M. Wang. B. Liang. K. A. Sablon. 1. Lee, Dr.Y. I. Mazur, Figure I. a) Schematic representation of Ga droplets on a GaAs sur- 
N. W. Strom, Dr. G. I. Salamo face. b) Schematic representation of elongated GaAs islands on a 
Department of Physics GaAs surface. c) 5 x 5 pm' AFM image of the surface topography of 
University of Arkansas the sample when 10-monolayer (ML) Ga droplets were formed at 
Fayetteville, AR 72701 (USA) 500°C. additional annealing took place for 2 min at 530°C, and 
Fax: (+ 1) 479-575-4217 1.4 ML of lnAs were deposited.The enlarged AFM image in the inset 
E-mail: zmwang@uark.edu reveals the atomic layers of the island sides. 
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First Principles Study of Size Effect in BaTiO, Ultrathin Films 
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ABSTRACT 

Properties and phase transition behaviors of ferroelectric thin films that are different from 
that of their bulk form is usually referred to as size cffect. A first-principles-based scheme is 
used to investigate the effects of four important factors contributing to the size effects in 
epitaxial (001) BaTiO, ultrathin films: misfit strain, existence of surface, film thickness, and 
electrical boundary conditions. 

INTRODUCTION 

Ferroelectric thin films have attracted a lot of research attention because of their potential 
in applications such as memories [I] and radio-frequency devices [2]. To incorporate 
ferroelectric thin films into current semiconductor processing technology, one has to choose 
suitable substrates, electrodes, buffer layers, and a thermal processing procedure to deposit high- 
quality films ranging from several micrometers down to several monolayers. The use of 
substrates and thermal processing inevitably introduces strains into films, which can significantly 
affect their properties.   or instance, compared to their bulk counterpart, higher paraele&ic-to- - 

ferroelectric transition temperatures have been reported for epitaxial thin films under tensile 131 - - 
and compressive strains [4]. In fact, many other factors (e.g.,'thickness, electrical boundary 
conditions, surface termination, interface roughness, and charge transfer at the free surface and 
interface) [5-71 have also been associated with the decrease in dimensionality when going from 
bulk to thin films. The properties of real thin films are a combinedresult of these factors and the 
effect of each factor is usually very difficult to be evaluated from experimental results. 

Many theoretical studies have been performed to evaluate the size effect. The effect of 
misfit strains on single-domain and two-domain (001) BaTiO, thin films have been studied by 
Pertsev et al. [8,9] using a phenomenological method. Phase transition behaviors that are 
different from bulk were observed and five crystallographic phases, shown in Table 1, were 
obtained in their temperature-misfit strain phase diagrams. However, it was pointed out by 
Dieguez ef al. [lo] that different sets of parameters were used in Refs. 8 and 9, which result in 
different low temperature phase behaviors. They thus decided to use ab  initio approaches to 
avoid such dependency on experimentally deduced parameters. However, the result obtained by 
the ab  inifio method [lo] is actually for bulk because of the use of periodic bulk supercells; while 
the phenomenological method can only apply to thin films thicker than 100 nm. Therefore, the 
theoretical schemes of these works are not suitable for study two important factors associated to 
ultrathin films: the existence of surfaces and film thickness. Both works also assume ideal short- 
circuit (SC) conditions. Under SC conditions, there is no internal depolarization field. For thin 
films sandwiched between metallic electrodes, the depolarization field is actually not equal, but 
close, to zero. [l 11 The purpose of this report is to evaluate the effects of misfit strain, existence 
of surface, film thickness, and electrical boundary conditions on the phase transition behaviors of 
epitaxial BaTiO, ultrathin films, by using a first-principles-derived method. 
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We have observed the incoherent interaction between a highly confined (blocker) soliton and wide, moving 
signal beams of a different wavelength in a one-dimensional discrete Kerr medium. Digital switchmg of the 
blocker solitons to successive adjacent channels was measured with increasing signal power via both one 
and two cascaded interactions in an AlGaAs waveguide array, operations equivalent to a reconfigurable 
three-output router. O 2005 Optical Society of America 

OCZS codes: 190.5530, 190.3270, 190.4390. 

The incoherent interaction between a highly localized 
soliton and a wider, moving soliton in discrete arrays 
of weakly coupled waveguides is of considerable in- 
terest for optical switching and routing applications. 
In Ref. 1 an all-optical routing scheme was proposed. 
and operations were optimized based on using dis- 
crete solitons in a two-dimensional array geometry. 
The highly confined discrete soliton can be used to 
block, reflect, or redirect a wide, moving low-power 
soliton in a two-dimensional network of discrete 
waveguides. An alternative outcome of the interac- 
tion occurs when the moving soliton has enough en- 
ergy to discretely drag (in a digitized fashion) the 
highly confined soliton toward itself by one or more 
channels. Both of these interactions could be used in 
the realization of all-optical routers or signal proces- 
sors for reconfigurable three-dimensional optical cir- 
cuitry. 

We previously studied experimentally the outcome 
of this kind of interaction with coherent beams in a 
simpler, one-dimensional geometry.2 For practical ap- 
plications incoherent, i.e., phase-insensitive, interac- 
tions are desirable. To demonstrate this kind of inter- 
action we excited an AlGaAs array with two 
orthogonally polarized beams of different wave- 

lengths, shown in Fig. 1. We were able t.. ,,; , t  --/- t h ~  
incoherent dragging of the blocker soliton its  ell nr 
the partial reflection of the wider beam during the in- 
teraction. 

The conditions for altering the energy transfer 
across an array of the kind illustrated in Fig. 1 are 
based on the properties of the well-known, ~ W Q -  

channel nonlinear directional coupler.3 A complete 
energy exchange between neighboring waveguides in 
a nonlinear directional coupler (and hence an array) 
is possible only when all waveguides are identical. 
The excitation of a single waveguide in  a period~c Al- 
GaAs waveguide array with a high-power beam lo- 
cally changes the refractive index that is due to the 
Kerr nonlinearity of the material and hence detunes 
its propagation wave vector from that of its neighbor- 
ing channels. This detuning leads to the fom~ation of 
highly confined discrete solitons.44 A beam propagat- 
ing a t  an angle across the array toward such a high$ 
codned discrete soliton encounters a detuned wave- 
guide, a defect, in its path. Complete ene rq  transfer 
across the perturbation caused by the f , b ~ ~ $  ,, i z  ?,! 

possible, and the beam is partially reflect2d anc 
, 

transmitted. If, however, the second beam itself hSs 
enough power to locally detune the waveguides that 

0146-9592/05/2331743/$15.00 Q 2005 Optical Society o f  America 
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1. Introduction 

Semiconductor quantum dots (QD's) are expected to dra- 
matically improve the performance of optoelectronic de- 
vices due to 3-D quantum confinement. So far, two meth- 
ods are mainly used for fabricating QD structures. One 
method utilizes the complicated lithography, etching, and 
then regrowth processes [l]. Due to the limitation imposed 
by the current lithographic techniques, the QD's fabri- 
cated by this method usually have larger sizes and lower 
densities than the desirable values. Furthermore, the QD's 
can be contaminated during the etching process and they 
may have high defect densities. Another method utilizes a 
phase transition from a deposited layer of a few monolay- 
ers thick on a buffer layer to 2-D islands due to lattice mis- 

match between the two epitaxial layers. For example; Ikhi . 
QD's can be readily formed on the top of a C;;tAs ,buffer 
layer [2]. Such a type of the QD's can be incorporated into 
many optoelectronic devices with greatly-improved per- 
formances. For example, a laser diode based on the QD.'s 
exhibits a much lower threshold [3]. This simple method 
has an advantage of reaching small sizes ;!? ;: ,.i!,S ~ ~ P ? s I -  

ties. However, as a result of self-assembling pro:esl. die 
size of the QD's usually fluctuates within f 10% [ 2 ] ;  ;f:- .. . 

Recently, strain-induced quantum-well (QW) nan@- 
tructures, i.e. self-assembled quantum dots grown on . ~ e  
top of a single quantum well (QD1s:QW or QWD'sj, h i ~ i  
attracted much attention since such structures can be in 
principle defect-free [4-111. So far, most of the QD's:QW 
are based on the InGaAs and InGaP QW's atrained by 

Corresponding author: e-mail: yudZ(@lchigh.edu 



Photoluminescence lntermittency of 
InGaAslGaAs Quantum Dots Confined in 
a Planar Microcavity 
X. Y. Wang) W. Q. Ma,$ J. Y. Zhang: G. J. Salarno: Min Xiao: and C. K. Shih3t 

Department of Physics, The University of Texas at Austin, Austin, Texas 78712, and 
Department of Physics, University of Arkansas, Fayelleville, Arkansas 72701 

Received June 2. 2005; Revised Manuscript Received August 9, 2005 

ABSTRACT 

Photoluminescence intermittency, or "blinking", was observed in semiconductor InGaAslGaAs quantum dots (QDs) inside a planar rnicrocavity. 
Most of the blinking QDs were found around defect sites such as dislocation lines naturally formed in the GaAs barrier layers, and the carrier 
traps responsible for blinking had an excitation threshold of -1.53 eV. The blinking properties of epitaxial QDs and colloidal nanocrystal QDs 
were also com~ared by performing laser intensity dependent measurements and statistics of the "on" and "off" time distributio!is. 

Semiconductor quantum dots (QDs) have attracted a lot of 
interest recently for both their fundamental physics and 
potential applications ranging from quantum information 
science to optoelectronic devices. The spontaneous emission 
of QDs can be greatly affected by their local environment. 
For example, photoluminescence (PL) intermittency, or 
"blinking". has been universally observed in colloidal 
nanocrystal QDs (NQDs) and is attributed to the ionization 
and neutralization processes sequentially happening under 
the influence of trapped carriers.' Compared with colloidal 
NQDs, epitaxially grown semiconductor QDs using molec- 
ular beam epitaxy (MBE) or metalorganic vapor phase 
epitaxy (MOVPE) are robust against blinking due to their 
more ideal interfaces with surrounding materials. So far, from 
the limited reports in the literature, most o f the  blinking 
properties of epitaxial QDs, such as the necessary presence 
of nearby carrier have been consistent with the 
models established for colloidal NQDs. However, blinking 
studies of epitaxial QDs have also made some new discover- 
ies that are helping to set up a unifying picture for the 
blinking mechanisms of both colloidal NQDs and epitaxial 
QDs. In colloidal NQDs, it is still debated whether the carrier 
traps are located on the NQD surface or in the surrounding 
matrix. It was recently shown in epitaxial InPIGaInP QDs 
that in many cases blinking QDs were near artificial scratches 
on the sample surface: thus directly specifying the physical 
locations of those carrier traps. 

In this paper, we report optical studies of the blinking 
behaviors of epitaxial InGaAsIGaAs QDs inside a planar 
microcavity where the density of observable QDs was greatly 

* Corresponding author: shih@physics.utexas.edu. 
:The University of Texas at Austin. 
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reduced by the coupling between the QDs and (he cavily 
modes. Most of the blinking QDs were observed tcj be arotind 
defect sites such as dislocation lines naturally forrned in  he 
GaAs barrier layers during the sample growth process. whjle 
the carrier traps responsible for blinking have energ) letek 
below -1.53 eV. Laser intensity dependent mea;;~iremen& 
and statistics of the "on" and "off' time distriburions were 
also performed to compare the blinking properties of epitaxial 
QDs and colloidal NQDs. 

The microcavity sample containing InGaAs/C,aAs QDs 
was fabricated using MBE on a semi-insulating G~IAs (I;(-)(!) 
substrate (see Figure la). AAer the native oxide was desorticd 
at 580 "C in an As atmosphere, the temperature dga; .! .. I r :.:. 
to 600 "C for the growth of a 5000 A GaAs b~~t'l'dr lay,ar. . . 
This was followed by the bottom distributed Bragg reflector . 

(DBR) consisting of an 18-period AlAs (770' AjiGa~s. . .  
(644 A) multilayer structure. Another GaAs layer of 53i3 . , 

A was then grown, and the temperature was redut ed to 540 
"C in 2 min for the subsequent growth of GaAs(200 AV . . 

InojsG&.6sA~(30 A)/GaAs(l70 A)/Ino~sG&.65As(30 A )/<>a.4s- ' - . 

(170 A ) / I I I ~ ~ ~ G ~ . ~ ~ A S ( ~ O  A)/G~As (6228 a) and the top 
DBR consisting of an 11-period AIAs(770 A)/Ga.45(644 &I 
multilayer structure. During the growth of the tlirec: I I I ~ ! ~ -  
GassAs (30 A) QD layers, after every deposition ofan l n Q 3 c -  
Ga065.4~ layer, 3 monolayers (MLs) of GaAs were deposited. 
without interruption to suppress the In segregation. Then aft&' 
10 s of interruption, the rest of the GaAs layer \\'as gro\\ii. 

' 

For the whole structure, an AsJGa beam equiv:llent prcs- 

sure ratio of I5 was maintained and the growth rille of both 
GaAs and AlAs was 1 MLIs. For comparison, a ~.:ference 
sample was also grown using the same procedures as 
described above except without the tor - 1 , ;  ' ) c ) t : . ~ ~  

DBRs. 

10.1021/n1051026x CCC: $30.25 O 2005 American Chemical Soaety . ., 
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We report the observation of large self-deflection of 2-D bright photorefractive solitons in LiNbO crystal 
under a dc applied field. Beam deflection as large as 300 pm after a 7 mm propagation distance is reported, 
leading to formation of curved 2-D waveguides. We attribute this large deflection to the low level of impurity 
acceptors present in the samples, as confirmed by numerical results from a time-dependent photorefractive 
model. 0 2005 Optical Society of America 

OCIS codes: 190.0190, 190.5330, 190.5940, 160.5320, 160.2260. 

In the past decade photorefractive solitons have 
attracted much attention. Although the first 
o b s e ~ a t i o n s ' ~  and the most advanced experi- 
mentsa were realized in strontium barium niobate 
crystal, it was recently demonstrated that LiNb03 is 
an excellent candidate for forming narrow bright 
screening spatial solitons.' Soliton-induced 
waveguides in LiNbOa have the potential to bring 
about new ways to design and realize photoinduced 
optical components. Indeed, this mature material, 
which is available in good optical quality with large 
electro-optic, nonlinear, and acousto-optic coeffi- 
cients, has already found extensive application in op- 
tical components used in the optoelectronic and tele- 
communication industry. However, soliton-induced 
waveguides could make possible novel optical compo- 
nents and, above all, provide access to the third 
spatial dimension, allowing 3-D optical circuits in- 
stead of 2-D, as achieved with standard integrated 
technology. 

In this Letter we show that self-focused beams in 
LiNb03 can give rise to curved photoinduced 
waveguides. Although beam bending has already 
been reported in the literature, it typically identifies 
a weak beam deflection of about 10-20 pm for a typi- 
cal 1 cm long crystal.' In such experiments the deflec- 
tion is essentially attributed to charge diffusioag In 
this Letter we report the observation of a giant de- 
flection (=300 ,urn) of a screening soliton in LiNb03 
that depends on the amplitude of the applied field. 
This deflection is not due to the photorefractive 
charge diffusion process but instead is attributed to 
the low concentration of acceptor impurities present 
in photonic-grade L m 0 3  crystals. 

The optical setup is similar to that in Ref. 7. The 
sample used for the experiment comes from an un- 
doped z-cut photonic-grade congruent L i m o 3  wafer 
whose absorption at 632 nm is lower than 0.12 cm-l. 
It is 1 mrn thick along the c axis ( x )  and 7 mrn long 
along the beam propagation direction b). ~lectrodei 

are laid on the x crystal faces and the sample is 
placed in silicon oil to avoid arcing when an external 
field Eo is applied. The light beam from a Hc-Ne la- 
ser at 632 nm, linearly polarized along the crystal c 
axis, is focused with a 70 mm focal length lens at the 
entrance face of the crystal to a 10 pm FWHM spot. 
A CCD camera in combination wth , .I  ;,-,am'cg 
lens is used to observe the beam at  the exit iace o.C 
the crystal. 

When a positive 30 kV/cm electric field is applied 
along the crystal c axis, the beam diameter at the 
exit face gradually focuses down to 10 pm, jimilarTy 
to the report in Ref. 7, and a spatial soliton 1s formed. 
However, when the same experiment is replicated us- 
ing a higher applied field, intriguing beam changes 
are observed a t  the exit face. A typical obsel vation. is 
depicted in Fig. 1 for a 100 pW incident beam an$ a 
50 kVIcm external applied field Eo. In the initial 
stage, the beam at the exit face gradually focuses 
[Figs. l(a) and l(b)J and a 10 pm diametex circgar 
spot is reached after about 1 h. During this time, a 
small beam shift (15 pm) opposite to the c axis is also * 

observed. Then, in a second stage, the bean1 is fairly 
stable in position and width for a few holirs [Fig. $ 
l(c)]. Thorough examination of the beam diameter, 
however, reveals that the beam continues t,o slowly 
self-focus during this stage. Then the entire beam 
shifts and diffracts [Figs. l(d) and - \ ~ j ;  T; I':?'?- , 

quently, a large beam shift takes place ac~r?c-.~aned 
by a refocusing effect [Figs. l(fl and l(g)l. Pinally at 
steady state a tightly focused beam of about 7 Lap 
FWHM displaced by over 200 pm in the direction:op- 
posite to the crystal c axis is formed. 

For better insight, the evolution of the beam width 
and the position of the beam maximum have been. 
plotted in Fig. 2 as a function of time. The only pa- 
rameter that differs from the preceding experiment is 
the applied field, which is now set to 40 kV:'cm. The 
general behavior is identical, but two major diffe'r: 
ences are to be noticed. First, the anomalous bea'k 

0146-9592/051151977-31$15.00 Q 2005 Optical Society of America ! .  . . -  
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1. Introduction 

One- and two-dimensional (1D and 2D, respectively) ar- 
rays of weakly coupled channel waveguides have many in- 
teresting properties unique to discreteness [ I  ]. Light travels 
along the channels and can spread throughout the array via 
discrete diffraction. The evanescent tails of the individual 
channels overlap the neighbouring channels and light 
"leaks" from channel to channel [2]. For "plane waves", 
this results in periodic dispersion relations for the trans- 
verse (Bloch) wavevector in terms of the longitudinal prop- 
agation constant [1,3]. This in turn leads to ranges of prop- 
agation angles that exhibit "anomalous" as well as "nor- 
mal" diffraction. This feature, the existence of "anoma- 
lous" diffraction, has interesting repercussions on nonlinear 
optics in discrete systems. 

I t  has been well-known for many years now that spatial 
solitons and modulation instability (filamentation) are mani- 
festations of the same physics in media with a self-focusing 
nonlinearity [ M I .  Spatial solitons, self-trapped beams, are 
formed when diffraction and self-focusing are balanced ro- 
bustly. This occurs when a finite cross-section beam is inci- 
dent in a self-focusing material with a peak intensity compa- 
rable to that required for self-trapping. However. if the beam 
at some intensity is much wider (quasi-plane wave) than re- 
quired for a spatial soliton, noise on the beam envelope leads 

t-l  JUbe to filamentation (break-up) of the broad beam [7]. B ', 

spatial solitons are the natural eigenmodes of high il~lctlsity 
beams in nonlinear media, each of these filaments ~,vulves 
towards a spatial soliton if indeed solitons are stable in that 
geometry. Otherwise filaments are formed which con~irltic to 
change shape and intensity during propagation. Thi< I#tter 
case, for example, occurs in a bulk medium govemefl by a 
pure Kerr nonlinearity. 

The transition between these two effects which depend 
on the trade-off between input power and beam ~ l d t h .  
soliton generation and modulational instability hit\ been 
demonstrated using the cascading second order nonlit~eurity 
[$I. Both spatial solitons and modulational instabili~! hove 
been observed separately near the phase-matching co111111ion 
for second harmonic generation by launching into ~ I I L -  siim- 
ples high intensity beams at the fundamental frequency 191. 
By increasing the input intensity of a fundamental bca111 to 
well beyond the soliton threshold, the progression rl~~ough 
single soliton generation, multiple soliton &CT.::.-'~.JII and 
then filamentation has been observed in LiNbOJ ~la'i, 
waveguides (ID case) [8,10]. Dramatic differences. in Ihc 
nature of the filamentation would be expected for di;?lete 
systems because "anomalous" diffraction is allowed I I 1,121. 
By analogy to the case of nonlinear temporal effects iu fibers 
where temporal dispersion can be either normal or :lnotlia- 
lous [13], and filamei?tation only occurs in the anon~:~lous 
temporal dispersion regime, spatial filamentation should no1 
occur in the anomalous diffraction regime. 

Opto-Electron. Rev.. 13, no. 2. 2005 J. Meier 
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The excitation and propagation of both scalar and vector optical waves in onedimensional nonlinear arrays of 
channel waveguides was investigated both theoretically and experimentally. In this arrangement vector dis- 
crete solitons are also poesible through the coexistence of two orthogonally polarized fields. At high input power 
levels a rapid collapse of the power back to the incidence channel occurred over a small power range for both 
scalar and vector inputs. (B 2005 Optical Society of America 

OCZS codes: 190.5530, 190.3270, 190.4390. 

1. INTRODUCTION 
One- and two-dimensional (1D and 2D, respectively) ar- 
rays of weakly coupled channel waveguides have many 
interesting and unique properties due to their 
dis~reteness."~ Although light propagates along the indi- 
vidual channels, the overlap of the evanescent fields of ad- 
jacent waveguides leads to the exchange of energy be- 
tween neighboring sites. This discrete diffraction process 
allows light to spread throughout the arraya3 When only a 
single channel is excited, radiation spreads throughout 
the array in the form of two prime radiation lobes with 
only a small amount of energy between them.lb3 In Kerr- 
nonlinear waveguides a t  high powers, the intensity- 
induced index change detunes neighboring channels and 
hinders energy transfer between them.4r5 The balance be- 
tween discrete diffraction and nonlinear detuning gives 
rise to the formation of discrete solitons. In fact, the exci- 
tation of discrete scalar solitons was predicted in the 
1980s4 and reported in the 1990s.~ In a previous study, 
the theoretical properties of single-channel vector discrete 
solitons and their excitations were reported.6 In this pa- 
per we discuss in detail the excitation of highly localized 

scalar and vector solitons in arrays of self-locus rip :' ,I( 

nel waveguides. 
In the past few years the properties of vector bulk soli- 

tons in Kerr slab waveguides have been stutlied by a 
number of authors.7v8 In such systems solitons polarized 
along the fast axis are known to be weakly unstable as a 
result of four-wave mixing. At high power levels, because 
of this instability the polarization state (TE or TbI) flips 
from the fast to the slow a x k g  On many occasions, these 
instabilities are rather weak and thus can not be ex en- . 
mentally observed over the available sample lel~gth." 01: $ 
the other hand solitons polarized along the slow axis are 
known to be always stable and free of such pola-ization 
instabilities, even a t  high intensity levels. 

In this study we systematically investigate the proper?: 
ties of scalar and vector discrete solitons in nonlinear- 
waveguide lattices. A series of experiments were per- 
formed in AlGaAs channel arrays. The collapse dynamics 
of scalar beams into single-channel solitons was obsen;ed 
under both single-channel and multichannel excltat~on 
conditions. Experiments were also perruli: 1 ' --*h both 

input polarizations simultaneously present, dr.4 ;nclr 

8 2005 Optical Society of America 
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Abstract 
X-ray diffuse scattering from a 17-fold InGaAsIGaAs quantum dot (QD) 
multilayer grown by an advanced molecular beam epitaxy process was 
investigated. The QDs in each layer form extended chains that are oriented 
along the [ l i ~ ]  planar direction. A prominent threedimensional satellite 
structure in the x-ray diffuse scattering is found, which is caused by a strong 
lateral chainxhain correlation and vertical correlation of the lateral chain 
positions in the multilayer. In contrast, the dot-dot correlation within the 
chains are comparatively small. Numerical x-ray scattering simulations have 
been carried out. A comparison with corresponding experimental intensity 
patterns provides information on the QD size and QD spatial distribution. 

1. Introduction 

Strain-induced growth and self-organization of semiconductor 
quantum dot (QD) structures is still the focus of interest 
as these mechanisms offer a way of fabricating defect-free 
devices with unique optical and electronic properties, which 
are caused by quantum confinement phenomena [I]. The self- 
organized growth is often realized by exploiting the Stranski- 
Krastanow growth mode. By using this technique, regular 
islands. coherently attached on a substrate, with a narrow size 
distribution can be generated. The size distribution can be even 
improved by growing multilayered structures of QDs that are 
separated by thin spacer layers [2,3]. It is assumed that the 
strain fields from the lower QD layer penetrate the spacer layer 
above and thus determine the energetically favourable location 
for the QD in the next layer [4]. However, this strain-induced 
self-organization mechanism-which is typical, for example, 
of III-V semiconductor structures such as (In,Ga)ks QDs 
embedded into a GaAs (100) matrix-appears to be inefficient 
in controlling the lateral ordering, and only vertical inheritance 
can be observed [5] .  That is why other methods utilizing 
substrate pre-panerning (such as lithography) are also often 
used to produce regular QD structures [6,7]. 

Most recently, a novel self-organized process for the for- 
mation of highly ordered QD structures was demonstrated. By 
employing special growth conditions, multilayered (h,Ga)As 
QDs embedded in a GaAs matrix laterally arrange in well- , 

ordered and oriented chains more than 5 pm in length [&-lo]. 
In order to understand the self-ordering in more detail, 

sophisticated characterization techniques are necessary. Scan- 
ning probe techniques such as atomic force microscopy (.4FM) 
or scanning electron microscopy yield highly resolved itnages 
of the sample surface. On the other hand, the internal 
structure of the three-dimensional QD ensemble can be 
nondestructively characterized by x-ray scattering :.t 6,.1 .L,J:? 

with high statistical relevance. Owing to the special fcatcres 
of x-ray scattering, morphological details, such as size, shape. 
positional correlation, as well as information about the lattice 
strains are available 1111. L 

In this paper, we present very recent experilnental', . 
results of x-ray investigations of a 17-fold molecular . 

beam epitaxy (MBE)-grown ho.~sGao,s2As/GaAs structure ' . . 
consisting of very regularly distributed and oriented chains of 
QDs. We will focus on the discussion of structural paranicrers, 
such as mean dot-dot distances, mean chain-chain distances 
and QD size and height. 

0022-372710SISA0154+06S30000 Q 2005 IOP Publishing Ltd Printed in the UK A1 54 
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Abstract 

This work presents the dependence of spatial soliton formation in AlGaAs slab waveguide versus significant param- 
eters such as wavelength, light power, and pulse duration. Comparison between theory and experiments reveals the 
importance of multiphoton absorption to understand the soliton behavior. Experimental measurements establish some 
limits of soliton formation such as usable wavelengths and pulse durations. 
O 2005 Elsevier B.V. All rights reserved. 
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1. Introduction 

In materials that exhibit optical Kerr effect, for 
which the nonlinear index change is proportional 
to the light irradiance, optical fields localized in 
space or time can self-trap due to an optically in- 
duced positive index change [I]. If the nonlinear 

'Corresponding author. Tel.: +33381666230; fax: 
+33381666423. 

E-mail address: virginie.coda@univ-fcomte.fr (V. Coda). 

effect exactly balances diffraction or di;persi&, 
respectively, spatial or temporal optical solitons 
exist, resulting in propagation without change of 
profile [2]. Solitons have received a great deal of , '  

attention due to their unique physical properties 
and a number of possible novel applications, such 
as long haul data transmission in optical fibers or 
light-induced reconfigurable waveguide structures 
[3]. One of the main reasons for the interest in sol- 
itons is their remarkable stability, which leads to a 
particle-like behavior [4,5]. 

0030-4018/$ - see front matter O 2005 Elsevier B.V. AU rights reserved. 
doi:10.1016/j.optcom.2005.02.060 
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Abstract 

We report on the use of reflection high-energy electron diffraction (RHEED) and scanning tunneling microscopy 
(STM) study that indicates that the GaAs (7 1 l)A is right at the transition between vicinal GaAs (1 00) anci vlc~nal 
GaAs (5 1 l)A surfaces and that a variation of the As overpressure switches the surface morphology between the two 
vicinal surfaces. The steps on the vicinal(10 0) surface have a width of 1.5 nm creating a staircase surface with excellent 
possibilities for growth of quantum wells. As-rich conditions can be described by vicinal(5 1 l)A surfaces with a width 
of 3.5 nm. This surface could find applications as a template for quantum wire growth. The observation sug~csts that 
the transition between these two morphologies is understandable based on the increase in surface energ: , .'ci-q! 
(1 0 0) surface as the step separation approaches the dimer reconstructed separation. 
0 2005 Elsevier B.V. All rights reserved. 

PACS: 81.OS.Ea; 81.15.Hi 
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1. Introduction 

Epitaxial growth on  GaAs (1 00) has been 
extensively investigated for its applications in 
optical and electronic devices. One common 
difficulty, however, has been the formation of 
micron-size three-dimensional structures during 

'Corresponding author. Tel.: + 1 479 575 4217; 
fax: + 1 479 5754580. 

E-mail address; zmwang@uark.edu (Zh.M. Wang). 

growth on singular GaAs (100) [I-31. Fortu- ' 

nately, a misorientation from GaAs (1 0 0) has . 
been observed to result in a smooth grow, h front " 
[1,2]. For example, GaAs (1 0 0) surfaces that are . +  

misoriented by 2"-4", called vicinal GaAs (1 0 O) ,  
have been widely used in practical devicc struc- 
tures, such as lasers, giving improved performance. 
Vicinal GaAs (1 0 0) surfaces are characterized by 
a staircase array of steps with (1 00)  terrace5 [4,5] 
and a step density that increases with L ~ - L  ,' I,,.:? q!' 

misorientation. The resulting smaller terrace., limit 

0022-02481% -see front matter 0 2005 Elsevier B.V. All rights reserved. 
doi: 10.1016/j.jcrysgro.2005.02.059 
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We investigate experimentally and numerically the interaction of a highly localized, singleehamel mscrete 
soliton (blocker) with a wide, tilted beam in a one-dimensional AlGah array. In agreement with theory the 
blocker is observed to discretely shift its poeition by multiple channels, depending on the intensity and rela- 
tive phaee of the tilted beam. O 2005 Optical Society of America 

OCIS codes: 190.5530,190.3270,190.4390. 

Light propagation in arrays of identical weakly 
coupled channel waveguides exhibits many unique 
features owing to discreteness.' In such systems light 
diffracts in a discrete manner through tun- 
n e h g  (tousling) effects between nearest-neighbor 
waveguides. In general, energy transfer among 
waveguides occurs with propagation distance and is 
most efficient provided that all the sites exhibit the 
same propagation wave vector. There are three im- 
portant repercussions to this weak coupling process. 
First, it leads to dispersion relations that are periodic 
with the transverse wave vector. This in turn results 
in angular regions of normal and anomalous diffrac- 
tion and allows a direction for which diffraction is ef- 
fectively zero. Second, the light is spatially localized 
(or digitized) in discrete sites; i.e., the intensity is a 
maximum in individual channels. Third, it is possible 
to excite discrete spatial solitons in such periodic sys- 
tems. This is possible through nonlinear processes, 
such as the Ken effect, that locally perturb the 
propagation wave vector and hence detune the cou- 
pling between neighboring channels.%' Of particular 
interest are highly localized solitons in which the 
light is confined to essentially a single channel with 
only weak tails in the nearest neighbors. 

Recently it was demonstrated that optical switch- 
ing networks may be possible based on the unique 
properties of two-dimensional (2D) waveguide 
arrays.' The concept utilizes the transverse motion of 

a wide signal soliton, or a weak nondifiacting benm, 
whose routing is controlled by a sequence of highly 
localized or blocker solitons at junction points inside 
a 2D array. In such systems it is often requir ed that a 
blocker soliton be able to deflect a weaker signal 
beam into a different path within the netwuk. Or, if 
transmission along already blocked paths is desir- 
able, then perhaps interaction with a weak control 
beam could be used to remove the UIIII '-. vlitons 
from the path.s For coherent interactions t l l e s i s  
blocker functions are dependent on the relat~ve phase 
between the interacting Here wc. investi- 
gate experimentally for the first time to our howl- 
edge the coherent interaction between a blocker and 

Blocker 

Fig. 1. Geometry for the interaction between a blocker 
beam essentially localized to a single channel and a signal 
beam a few channels wide crossing the array at, the zero- 
diffraction angle. 

0146-9592/05/091027-3/$15.00 (9 2005 Optical Society of America 
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Abstract: The interaction between parallel beams in one-dimensional 
discrete Kerr systems has been investigated using arrays of coupled channel 
waveguides. The experiments were performed i n  AlGaAs waveguides at 
1550 nm which corresponds to photon energies just below one half the 
semiconductor's bandgap. The input intensity and relative input phase 
between the input beams was varied and the output intensity patterns were 
recorded. Observed was behavior ranging from a linear response, to soliton 
interactions between moderately and then strongly localized spatial solitons. 
Finally the influence of multiphoton absorption and asymmetric beam 
inputs on these interactions was investigated at very high intensities. 
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Abstract-Electrons in shod-period type-11 GaAsIAlAs superlattices jump fiom the quasi-X states to the quasi-I- 
states by absorbing inlerface longitudinal optical phonons. Such a transition is characterized by several unique 
features. First of all, the photoluminescence intensity for the quasi-direct transition drastically increases as the 
temperature or the pump power increases. Secondly, the dependence of the integrated photoluininescence inten- 
sity on the pump power exhibits a square power law. 

1. INTRODUCTION 

F& sernicondtictor GaAsIAlAs superlattices (SLs), 
whel, each of the alternating layers is sufficiently thick, 
optimized spatial overlap between electrons and heavy 
holes can lead to high luminescence efficiencies [ I ,  21. 
However, when the thickness of the alternating layers is 
less than -12 monolayers (MLs), i.e., in the case of . shorl-period GaAsIAlAs SLs, the X states of AlAs mix 
with the r states of GaAs. As a result, the lowest elec- 
tronic state in the conduction band becomes a quasi-X 
gate (type-I1 SLs). In this case, the type-I1 SLs become 
stnt1,mres with effective indirect bandgaps [3-101. For 
example, nonequilibrium populations of both confined 
and ' jnterface phonons generated by picosecond laser 
pulscs in ultrathin GaAsIAlAs multiple quantum wells 
were itudied in detail [ll]. In most of the previous 
expei'lments on the type-I1 GaAs/AIAs SLs, a typical 
phottrluminescence (PL) spectrum was dominated by a , 
strong quasi-indirect transition peak with an extremely 
weak quasi-direct emission peak appearing as a shoul- 
, . c::. 111 {he spectrum [ I ,  3-10]. It was demonstrated that 

the PI., Intensity for the quasi-direct peak could be 
increased slightly (by less than a factor of two) by 
increding the temperature of the type-I1 
(GaAhl,d(AIAs),o SLs to 180 K [6]. Such a slight 
increase in the PL intensity was attributed to the fact 
that the electrons started to thermally populate the 
quasi-r' states from the quasi-X states as the tempera- 
ture was increased [6]. Obviously, such a mechanism 
dominates only when the lowest quasi-r state is close 
to the lowest quasi-X state by the thermal energy, kBT 

111 this proceedings paper, we review our most recent 
I results on the detailed studies of type-11 GaAs/AIAs 

SLs [ f  21. In particular, we have demonstrated that the 
quasi-direct emission intensity in short-period type-I1 
GaAslAlAs SLs can be dramatically enhanced by 

t increasing the S L  temperature or the pump power, espe- 
cially when the energy difference between the lowest 

quasi-r state and quasi-X state is much larger than the 
thermal energy. Furthermore, we have found that the 
enhanced quasi-direct PL intensity exhibits a quadratic 
dependence on the pump intensity for the type-I1 SLs. 
Our experimental results cannot simply be explained by 
the mechanism of thermal transfer proposed in [6]. 
Instead, we have proposed a new mechanism of phonon- 
assisted resonant up-transfer of electrons from the 
quasi-X state to the quasi-I- state. Based on this mecha- 
nism, we have derived the quasi-direct emission rate and 
compared it with our experimental results. Furthermore, 
we have also presented some preliminary results on the 
amplification of the PL by optical pumping. 

Type-I1 structures could be used to reduce thresh- 
olds for lasers [13] or to achieve passive Q switching 
[14]. It is also conceivable to use phonon-assisted up- 
transfer for cooling semiconductor devices by effi- 
ciently removing interface optical phonons. So far opti- 
cal cooling has been observed in GaAsIGa, -,Al,As 
quantum wells with a pump beam with the photon 
energy resonating with the energy of heavy-hole exci- 
ton and emission at the energy of light-hole exciton 
[I 51. In principle, the conduction-band electrons have a 
much longer decay time in type-II structures than in 
type-I structures. Therefore, the conduction-band elec- 
trons in type-I1 stnictures have a higher probability to 
absorb phonons and then to up-transfer to higher energy 
levels, e.g., from theX subband to the r subband. More- 
over, one can design a novel structure that uses the den- 
sity of interface optical phonons to control the popula- 
tion of the electrons in the r and X subbands, and, there- 
fore, to achieve a Q-switched high output power 1161. 

2. SUPERLATTICE STRUCTURES 
AND OUR EXPERIMENTS 

Each of the eight samples of the short-period 
GaAs/AIAs SLs studied here (see table) consists of 


