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This paper presents the methods that have beeii developed for directly growing quantum
vrires and quantum sized dots in 111-V compound semiconductors. Both methods described
i this paper rely on understanding aid carefully controlling the growth kinetics during
riwlecular beam epitaxy deposition. Ultra high density quantum wire arrays with dimen-
sions below 10 nm have beeii obtained with the AlGaAs-GaAs and AISb-GaSh systems
and their one dimensional characteristics have been investigated by optical and magneto-
optical tecliniques. Quantum sized dots have also been grown from InGaAs strained layers
ou GaAs surfaces. The transition of tlie two to three dimensional layer growth is detected
by reflection high energy electron diffraction and is used to msure growtli of anarrow size
distribution of the In GaAs dots. The dot size and densities are adjustable. The structural
aad luminescence properties of these structures are presented.

1. Introduciion

Self asseribling semiconductor structures offer an
attractive approach for obtaining ultra high density ar-
rays of quantum structures where carriers are two aiid
three dimens onally confined. With the required con-
finement dimensions below few tenth of nanometers,
the conventicnal lithography based techniques are in-
deed very diflicult and time consuming to realize.

The direct growth of lateral superlattices (LSL) ei-
ther by molecular beam epitaxy (MBE)!!:? or metalor-
ganic vapor ceposition (MOCVD)!! offers a new and
rich range of opportunities for novel quantum struc-
tures aiid devices. These lateral superlattices are pro-
duced by depositing fractioiial monolayers of two semi-
conductors with different band gaps on an ordered vic-
inal surface aiid are used i0 produce quantum wire su-
perlattices (QWS). With this approach, QWS showing
a two diniensional carrier confinement have beeii real-
ioed for the GaAs-AlGaAs systeml!], tlie GaSh-AlGaSh
system(®) and the InGaAs-InAlAs(6] pseudomorphic sys-
tem.

Recent experiments on tlie LSL and QWS have
pointcd out tl at tlie perfection of these structures re-

lies heavily or a control of their growth kinetics and
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o thc deposition parameters, eg. flux uniformity, flux
measurements. In this paper, we discuss the kinetic re-
actions that are presently limiting the perfection and
properties of tlie as grown quantum wire superlattices.
We present experimental evidence and Monte Carlo
modeling of tlie cleposition that provides good insight
on the growtli kinetics.

The direct growth of quantum dot structures has
recently been pioneered by using selective growth on
patterned GaAs substrates using MOCVD of AlGaAs
and GaAs!™. This technique relies on litliograpliy and
is limited by tlie dot density that can beobtained. The
novel approach discussed in this paper makes use of a
two to tliree dimensional growth transitiori to obtain a
high derisity of quantum dots. This 2D to 3D growth
transition is associated with tlie misfit strain of an In-
GaAs layer tliat is cleposited on a GaAssubstrate. The
optical properties of these quantum dots are discussed.

II. L ateral superlattices growth kinetics and op-

tical properties

Tlie direct growth of lateral superlattices such as
the serpentine superlattices (SSL) or the tilted super-
lattice (TSL) has been used to produce quantum wire



Figure 1: A) Cross section TEM micrograph of asingle cres-
cent SSL. Black represents areas that are GaAs ricli while
white regioiis correspond to tlie Al ricli digital alloy barrier
layers. Arrows in M indicate @ meandering o the iiiterface.
B), C). aid D) are respectively the computer simulated SSL
structure B) and tlie computed density distributions of elec-
trons confined 10 the ground state C) and first excited states
D) (after referencel!!l).

superlatticestt 4. From tlie transmission electron mi-
croscopy (TEM) measurements and polarized photo-
luminescence measurements we have found that two
sources of imperfections are present in these structures.
The TEM micrograph in Fig. 1Jdentifies the rough-
ness Of the interfaces between the wells and barriers
for an AlAs-GaAs serpentinc superlattice as one of the
problems. This interface roughness has been corre-
lated through scanning tunneling microscopy (STM)
studies®? with tlie step edge roughness of tlie vici-
nal surface on which tlie LSL is deposited. Fig. 1 also
indicates tlie nature of tlie second problem: tlie con-
trast between well and barrier regions is not as large as
would be expected if the lateral compositional modula-
tion was 100%. T'his poor lateral compositional mod-
ulation lias also been detected .by photoluminescence
measurements(® 10l

To understand tlie intermixing origin, we have ex-
plored the effects of elemental surface exchange reac-
tions during growth. In fact. AlAs-GaAs dliort pe-
rioc superlattices e.g. monolayers or bilayers deposited
by MBE on a (001) vicinal surface have been found
to self organize into a lateral superlattices with a pe-
riod corresponding to the step periodicity'. This self
organization process into a LSL has also been found
in tlie GaSh-AlSb and InGaAs-AlGalnAs sliort periocl
superlattices('3]. Thus this self organization is agencric

phenomenon which if understood could lead to im-

proved LSL structures.
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Figure 2: Cross section transmission electron micrograph
o (GaAs): (AlAs); short period superlattice grown in the
ABE mode (A) and in tlie conventional MBE mode (B). In
(A) alateral superlattice with a period of - 160 A is clearly
observed.

Our understanding of this self-organization is based
on a series of experimentsin which samples are grown
by MBE on GaAs (001) substrates which are mis-
oriented on 1° or 2° towards (111)A. The substrate
temperature is 600°C and the As flux 5 x 10~ Torr.
Tlie GaAs and AlAs growth rates are 0.21ML/s and
0.25ML/s respectively. The (GaAs), ({AlAs), with m
and ia < 2, short period superlattices are grown either
by conventional MBE or by alternate beam epitaxy
(ABE)4. In the ABE deposition, the group V flux
is shut off while the group III element flux is imping-
ing on the surface. TO compensate fOi measurement
errors, in the growth flux, the serpentine superlattice
flux ramping method!"] was adopted: the deposition
parameter p= m + n is linearly varied with time from
p=1—-pgto p=1+4 py witli py = 8%. As shown in
the TEM micrographs (Fig. 2a), the (GaAs); (AlAs),
superlattice deposited by MBE shows a random alloy
with no chemical contrast modulation. Hoivever, the
(GaAs); (AlAs); superlattice in which the AlAs and
GaAs are deposited in the ABE and MBE mode respec-
tively shows a lateral superlattice (LSL) for the same

deposition rate ramping (Fig.2b).

The chemical contrast modulation for this LSL is
qualitatively similar to that of a conventional SSL!MI.
This type of lateral inodulation is observed whenever
the deposition of the Al is taking place on an As de-
pleted surface. The self organizing LSL has also been
observed in GaSb-AlSh and InGaAs-AllnGaAs short
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period superlattices for similar deposition conditions.
We have proposed a surface excliange reactioii to ac-
count for these observations. The Monte Carlo mod-
eling of this orocess is based on the following assump-
tions:

a) the vicinal surface is composed of N steps with
unit heiglit monolayer. The deposition of Ga and Alisa
randoin process and tlie atoins are not allowed to cross
from one terrace to another. Periodic boundary condi-
tions are usel as previously described. Tlie modeling
isapplied to tlie case of a constant coverage parameter
with m =n == 1.

b) areaction in which tlie impinging Al is exchang-
ing place with a surface Ga atom is applied. The dis-
placed Gaatcmisthen attached immediately to the ter-
race step rise*. with no possibility of further exchange.
An Al or a Ga. atom impinging on an Al occupied sur-
face site will not exchange. Tlie atoms tliat have not
exchanged are immediately attached to the step riser of
the terrace.

Fig. 3a shows tlie deposition of alternate com-
pletc monolayers of AlAs (black dots) and GaAs (white
arcas) in the case where no excliange reactions are
present. Tlie average chemical composition obtained
for each atomic column is also shown. Tliisideal alter-
nate monolay«r superlattice does not exhihit any lateral
composition riodulation. The small fluctuations at the
step edges are due to tlie random nature of the deposi-
tion.

Fig. 3b sl ows the simulation for tlie same growth
sequence as that of Fig. 3a with the excliange reac-
tion process i1cluded. She average chemical composi-
tion obtained for each column is also plotted. A lateral
compositional fluctuation that is similar in amplitude
to that measured in the TEM micrograph is clearly ob-
served (Fig. 2).

Exchange reactions between Al and Ga have been
reported for AlAs deposited by MBE on GaAs {110)
substrates!!5] and for Al epitaxially deposited by MBE
on GaAs {100} surfaces!'®=18]. These thermodynam-
ically driven excliange reactions which appear in a
large number ¥ lieterostructure systems will therefore

limit the lateral barrier heights in tlie QWS struc-
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Figure 3: @) Monte Carlo simulation of a {GaAs); (AlAs);
superlattice deposited on avicinal surface with no exchange
reaction included in tlie model. b) Monte Carlo simulation
with an excliange reaction included during the deposition o
tliesame superlattice. The superimposed line plots for these
two simulations tlie AlAs fraction in each atomic column.

tures grown on vicinal surfaces. In fact, the polar-
ized photoluminescence measurements carried out on
tlie GaAs-Al 3Ga 7As QWS indicate a lateral barrier
AFE, = 7T0meV in the conduction hand. The corre-
sponding barrier and well material intermixing yield a
difference in the Al content Az = 0.1 between the wire
and barrier regions. Similar measurements on GaSb-
AISb QWS indicate a lateral barrier AE, = 350meV for
the concluction electrons which translatesinto Ax = 0.3

between the wire and harrier materials.

Tlie weak lateral confinement for the conduction
band electrons does not allow for the formation of a
1D subband in the GaAs-AlAs QWS. However, the
Az value is sufficient to produce a 2D confinement
of tlie heavy holes. The low temperature magneto-
luminescence properties of these quantum wire arrays
have also been studied!!®] in magnetic fields up to 10
Teslas. The diamagnetic shift from the SSL was found
to be smaller than for a reference alloy quantum well
witli tlie same Al content, indicating an increase in the
binding energy of the exciton due to the lateral con-
finement in the SSL structure. A diamagnetic shift
anisotropy is observed when the magnetic field is ap-
plied in the three perpendicular directions of the wire.
Thisis adirect observation of the one dimensionai prop-
erties of the excitonic wave function. The PL linewidth

increase with the applied magnetic field is dependent on
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the direction of the applied field. These properties are
consistent with tlie way tlie exciton volume is probing
the potential variations in the SSL structure.
Obviously, improvements in the QWS structures
produced by tlie direct growth method will depend on
a better control of tlie growth kinetics and minimizing

tlie surface exchange reactions.

IIT. Growth and properties of self assembling

quantum sized dots

Tlie method uses the 2D to 3D transition during the
initial growth of a highly strained In 5Ga 5As deposited
by MBE on GaAs. This 2D to 3D transition corre-
sponds to the formation Of islands after an initial layer
growth regime. This is the S0 called Stranski-Krastanov
growth regime which has already heen observed for In-
GaAson GaAsl2%21] and Geon Sil?2. Within a narrow
range of growth conditions, the islands may be grown
free of misfit clislocations. Tlie island nucleation comes
as tlie first strain relief mechanism before tlie onset of
misfit dislocation generation.

Tlie samples are prepared by MBE and tlie
InsGasAs layer is grown at 530°C while tlie GaAs
cladding layers were grown at 600°C and 450°C (for
the top capping layer). The samples aso include two
In;7Ga 73As test quantum wells located 1000A and
20004 helow tlie InsGasAs layer. Tlie InsGasAs
layer was deposited 0.5 monolayers at a time with a 0.5
second As; pause repeated until the RHEED showed
a transformation to a spotty pattern that indicate the
3D growth of islands on the surface. The transition
from the 2 to 3D growth occurred after deposition of 3
monolayers.

Thestrain contrast observed in the TEM (Fig. 4) is
characteristic of strain coherent centers with a radially
symmetric strain field. The island size measured from
tlie TEM niicrograplis is centered around 270A with a
remarkable size uniformity {gaussian distribution with
astandard deviation of 284 ). The cross section TEM
micrographs indicate tlie existence Of the pseudomor-
phic In 5Ga sAs pseudomorphic layers and show that
the island strain filed is distributed in both cladding
layers.
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Figure 4: Transmission electron micrographs o coherently
strained islands. a) Plan view and b) Cross Section view of
tlie samples.

Tlie photoluminescence measurements carried out
at 1.4°K with tlie 488nm line of an Art ion laser in-
dicate a strong luininescence from the In 5Ga 5As dot
layer (Fig. 5) in addition to the two lines associated
with the two test quantum wells The sample with the
pseudomorphic In 5Ga.bAs layer only shows the lumi-
nescence from the two test quantum wells. The dot di-
mensions aresmall enough to produce quantum confine-
ment. The presence of strain in the quantum dot struc-
ture produces a buried stressor structure which will in-
duce a blue shift of the photoluminescence!®®! in addi-
tion to the blue shift expected from the quantum con-
finement. Presently, the demonstration of OD confine-
ment remains to be donein such structure, however the
narrow size distribution and the excellent luminescence
efficiency should enable this type of measurements to
be performed in the near future.

Improvementsin the growth kinetics understandiiig
should enable an even narrower size distribution for the
dot structures and permit a clear demonstration of the
OD quantum size effects.

1V. Conclusions

We have discussed two crystal growth methods that
allow the direct processing of quantum wire superlat-
tices and quantum sized dots structures in 111-V com-
pound semiconductors. Tlie limitations and optical

properties of these structures have been discussed.
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