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Alternateshort-periodGaAs-InAs deposition following InAs pyramid formation on a GaAs~100! surface
leads to the creation of vertically split pyramids. This splitting is driven by the energetics of the Stranski-
Krastanow growth mode. The strain energy is reduced due to the successive transfer of InAs from the buried
part of the pyramid to the uncovered part. The resulting arrangement represents a laterally ordered array of
nanoscale structures inserted in a GaAs matrix, where each structure is composed of several vertically merging
InAs parts. Results of optical studies demonstrate the expected electronic coupling in vertical direction. Cou-
pling is found todecrease the radiative lifetimeand to result in low-energy shifts of the corresponding peaks
in luminescence and absorption spectra. Vertically coupled quantum dots exhibit injection lasing at very low
current densities.@S0163-1829~96!03136-0#

I. INTRODUCTION

There is a growing interest in spontaneous formation of
ordered nanostructures in crystals. It has been shown that
spinodal decomposition of unstable alloys can result in the
formation of quasiperiodic structures in bulk crystals1 and
epitaxial films.2 More recently, ordered nanostructures have
been fabricated by utilizing self-ordering phenomena on
crystal surfaces,3–12 One mechanism relevant forlattice-
matchedgrowth is faceting3,4 where a planar crystal surface
rearranges to a periodic hill-and-valley structure in order to
decrease the surface free energy.5,6 Another class of effects is
related to the formation of periodically ordered structures of
surface domains,7 e.g., of ordered arrays of monolayer-height
islands in heterophase systems,8–10 or flat multilayer
islands.11 Recently ordering effects have been revealed in
Stranski-Krastanow~SK! growth which proceeds on a
lattice-mismatchedsubstrate via formation ofessentially
three-dimensional islands.12–21 The authors of Refs. 16–19
have reported that coherent strained InAs islands formed by
Stranski-Krastanow growth on GaAs~100! substrates after
deposition of GaAs maintain their pyramidlike shape. Spon-
taneous ordering in size is caused by elastic relaxation due to
the discontinuity of the intrinsic surface stress tensor at facet
edges and by strain-induced renormalization of the surface
energy of facets.17,19 Lateral ordering is a result of repulsive
interaction between islands.

Another degree of freedom is related to stacking of dots in
the vertical direction. If InAs islands are completely covered
with a sufficiently thick GaAs layer~;100 Å!, InAs islands
formed during the next deposition cycle exhibit a tendency to
form vertically correlated structures.12,21 However, as both

electron and hole wave functions are effectively localized
inside each quantum dot, this arrangement does not result in
a modification of the basic properties of the structures, such
as radiative lifetime, energy spectrum, carrier capture, and
relaxation mechanisms or material gain. This fact initiated
attempts to fabricate electronically coupled quantum
dots.19,22

In this paper we reportan island shape transformation
effect in SK growth which results in spontaneous formation
of laterally ordered arrays of structures composed of several
vertically merging InAs parts in a GaAs matrix. Formation
of these vertically coupled quantum dot structures~VCQD’s!
is shown to result in a significant modification of electronic
properties as compared to dots formed by a single-cycle InAs
deposition.

II. EXPERIMENT

The samples studied in this work were grown by elemen-
tal source molecular-beam epitaxy~MBE! by using a
Riber-32 MBE machine.16 Growth rates were 0.8mm/h for
GaAs and 0.3mm/h for InAs. Arsenic pressure was
2–331026 torr. After oxide desorption, a 0.5-mm-thick
GaAs buffer was grown at 600 °C, then 200 Å of
Al0.3Ga0.7As was deposited, followed by a 20 Å/20 Å
GaAs-Al0.3Ga0.7As superlattice~five periods! and a 1000-Å
GaAs layer. Then the substrate temperature was lowered to
480 °C and desired amounts of InAs and GaAs were depos-
ited. Afterwards 100 Å of GaAs was grown at 480 °C, then
the substrate temperature was increased to 600 °C and a 150-
Å-thick GaAs layer was grown. This layer was followed by a
20 Å/20 Å GaAs-Al0.3Ga0.7As superlattice~five periods! and
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200 Å of Al0.3Ga0.7As; a 50-Å GaAs layer was grown on the
top for surface protection. Reflection high-energy electron
diffraction ~RHEED! patterns were monitored during the
growth. InAs was deposited by using a submonolayer@0.3
monolayer~ML !# deposition mode with 10-s growth inter-
ruptions introduced after each deposition cycle. Growth in-
terruption after each GaAs deposition cycle equals 10 s. For-
mation of dots started after the deposition of a;4.5-Å-thick
InAs layer and led to the transformation of a streaky RHEED
pattern to a dashed one. Further InAs deposition resulted in
well-developed diffraction spots typical for a three-
dimensional growth mode.

Transmission electron microscopy~TEM! studies were
performed by using a high-voltage JEOL JEM1000~1 MV!
microscope. Calorimetric absorption spectroscopy24 ~CAS!
was carried out atT5500 mK. The absorption due to the
GaAs substrate has been subtracted from the CAS spectra.

III. FORMATION OF VERTICALLY COUPLED
QUANTUM DOTS

A. Geometry

In Fig. 1 we show plan-view~a! and cross-section~d!
TEM images of InAs VCQD’s formed by three-cycle InAs-
GaAs deposition. Average thickness of the InAs deposited in
each cycle equals 5.5 Å. Each GaAs deposition cycle corre-
sponds to an average thickness of 15 Å. As can be seen in
Fig. 1~a!, the average lateral size of the islands is close to
170610 Å. The islands have a square base with main axes
along @001# and @010#. The histograms of nearest-neighbor
dot orientation@Figs. 1~b! and 1~c!# prove that the dots are
arranged in a two-dimensional~2D! square lattice with
primitive lattice vectors along the same directions. This or-
dering is clearly observed in all parts of the TEM image.
Although the nature of lateral ordering can be much more
complex than in the case of a single sheet of dots,23 we
believe it still has the same main reason,17 i.e., repulsive
interaction of strained islands via elastically anisotropic sub-
strate. Each VCQD is composed of three vertically aligned
parts separated by 2–4-ML-thick GaAs regions@see Fig.
1~d!#. The upper parts have a larger lateral size~;170 Å!
than the lower part~;110 Å!. The resulting arrangement of
InAs insertions can be considered as anartificial three-
dimensional semiconductor crystal.

Vertically correlated stacking of well-separated InAs is-
lands in a GaAs matrix is reported in literature since
1985.12,21 Recently stacking of very closely spaced islands
has also been reported.22 However, even in that case, the
thickness of the GaAs separating layer was larger than the
pyramid height by;15 Å. In our case the height of the
single pyramidlike island is;50 Å.18,19 The average thick-
nessof only 15 Å of GaAsdeposited is not sufficient to cover
the InAs pyramid. Thus the deposition mode described here
cannot be considered as simple vertically correlated
stacking12,21,22and another explanation for the final arrange-
ment is required.

B. Energetics of Stranski-Krastanow growth for InAs
and GaAs deposition cycles

Single-cycle deposition of InAs on the GaAs~100! sur-
face above the critical thickness~;4.5 Å! leads to the for-

mation of pyramid-shaped InAs islands on the InAs wetting
layer. The further growth of GaAs on a surface with wetting
layer and locally formed islands is affected by theinhomo-
geneous strain fielddue to the pyramids.25,20The strain field
modulates the surface chemical potential for Ga adatoms as
follows ~see, e.g., Ref. 25!:

mGa~r !5Fm0
Ga1

Ye t
2~r !V

2 G1gVk~r !. ~1!

FIG. 1. Vertically coupled InAs quantum dots~VCQD’s! in a
GaAs matrix. ~a! Bright-field plan-view transmission electron mi-
croscopy ~TEM! micrograph under@100# zone axis illumina-
tion. ~b! 2D histogram of two nearest neighbors’ center to center
distance and direction for the VCQD’s from~a!. ~c! Projection of
~b! onto the angular axis. Maxima in@100# and @010# directions
prove VCQD arrangement on a 2D square lattice.~d! High-
resolution electron microscopy@001# cross-section image formed
by nine beams, defocusing is 60 nm; note the different spot density
in InAs and GaAs regions.
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Here m0
Ga is the chemical potential of Ga adatoms on the

reference flat surface with the lattice parameter equal to that
of the bulk GaAs. The second term in the square parentheses
is the elastic energy correction tom0

Ga, where et~r ! is the
tangential component of the local strain defined with respect
to unstrained GaAs,Y is Young’s modulus, andV is the
atomic volume. The third term is the surface energy contri-
bution to the chemical potential, whereg is the surface en-
ergy andk~r ! is the local curvature of the surface. Due to the
elastic energy correction tom0

Ga, the incorporation of GaAs
on the facets of elastically relaxed InAs pyramids is energeti-
cally unfavorable. The gradient of the surface chemical po-
tential leads to a locally directional migration of Ga adatoms
away from the InAs islands@Figs. 2~a! and 2~b!#. The latter
results in a reduction of the growth rate and in a curved
growth front in the vicinity of the islands.20 When the InAs
islands are partly covered with GaAs, the effect of the strain
inhomogeneity on the profile of the growing surface de-
creases, and the planar growth front is completely reestab-
lished after the deposition of;60 Å GaAs.16,18,19

The situation changes drastically if the GaAs growth is
interrupted well before the dots are completely covered with
GaAs, and another InAs deposition cycle is introduced~or
just the growth interruption time is chosen to be long enough
to let the system come to equilibrium!. According to the SK
InAs-GaAs growth mode, it is energetically favorable for
InAs to evaporate from the InAs islands and to cover the free
surface of GaAs, forming a second wetting layer. The sur-
face chemical potential of In atoms is equal in this case to

m In~r !5Fm0
In1

Y@e t~r !2e0#
2V

2 G1gVk~r !2
zVq~r !

a
.

~2!

Herem0
In is the chemical potential of In adatoms on the un-

stressed~completely relaxed! surface, where the lattice pa-
rameter is equal to that of InAs. The elastic energy correction
is minimum for a completely relaxed surface, whereet~r !5e0
~e0 being the lattice mismatch between InAs and GaAs!. The
third term in Eq.~2! is the same as in Eq.~1!. The last term
represents the effect of wetting, wherez is the energy benefit
per unit area due to the formation of the wetting layer,a is
the lattice parameter, andq~r !51 on the GaAs surface and
q~r !50 on the InAs surface.

The last term in Eq.~2! plays the dominant role in the
directed migration of indium atomsbefore the second wet-
ting layer is formed. According to this term there exists a
thermodynamically favored tendency for indium atoms to be
detached from the InAs island and to cover the free GaAs
surface. As the InAs pyramids are only partly covered with
GaAs, the InAs of the upper part of the InAs island are
available and the top of the pyramid can be completely dis-
solved at this stage. Since the second wetting layer is formed
only partially, the directional migration of both In and Ga
atoms is possible. Further evaporation of indium from the
InAs pyramid will occur from the part laterally confined by
GaAs unless the enhanced curvature of the nearby GaAs re-
gion, and, consequently, enhanced surface energy@last term
in Eq. ~1!# will make the planarization~partial or complete!
of the GaAs surface by directional migration of Ga adatoms
energetically more favorable. Then the rest of the InAs island
will be completely confined by GaAs. Directional migration
of Al and Ga adatoms was also found to result in spontane-
ous formation of the upper AlxGa12xAs cladding onflat
InxGa12xAs islands during growth interruptions,

11 indicating
that in the2D case~flat islands! this arrangement can also be
energeticallybeneficial.2

Formation of split islands is possible only if the kinetics
of surface exchange reactions is fast enough. After the GaAs
is deposited, and the new InAs deposition cycle is just
started, most of the surface is InAs-free, and the directed
migration of In and Ga adatoms continues. At our substrate
temperature~480 °C! and for the growth mode chosen
~0.3-ML InAs deposition cycles with 10-s growth interrup-
tions after each cycle! the kinetics is fast enough to produce
severe morphological modifications even on a much larger
geometrical scale.19

Simultaneously with the shape transformation of the InAs
islands, the deposition of extra InAs occurs, finally resulting
in a formation of acompleteInAs wetting layer~;1.5 ML!.
Then, after the second wetting layer is formed, the second
term in Eq.~2! provides the tendency forexcessIn atoms to
attach to the region of locally modulated lattice parameter
due to existing pyramid. According to this energy term the
formation of InAs islands atnew positions is energetically
unfavorable. As a result, a vertical arrangement of two InAs
islands separated by a several-monolayer-thick GaAs layer
~split pyramid or VCQD! can be formed. Then the process
can be continued. Schematically, the formation of the VCQD
structure is illustrated in Figs. 2~a!–2~d!.

FIG. 2. ~a!–~d! Schematic diagram of progressive stages of the
formation of the coupled quantum dot structure. Efficient exchange
reactions on the surface due to the energetics of Stranski-Krastanow
growth occur during growth interruption on stage~c!. Dark-field
~g5400! @011# cross-section TEM image of the structure formed by
5-Å InAs–15-Å GaAs–5-Å InAs deposition is shown in the inset.
The period of the upper AlAs-GaAs superlattice equals 40 Å.
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C. Strain energy of VCQD structures

The possibility to fabricate the VCQD structure depends
also on the energetics of the split pyramid in respect to other
possible arrangements. We compare the energetics of several
possible final states. Figure 3~a! depicts the case where no
splitting occurs. Figures 3~b!–3~d! refer to the situation
where the buried part of the pyramid floats up partially@3~b!,
3~c!# or completely@3~d!# and is replaced by GaAs. We es-
timate here the gain in the elastic energy for structures of
Figs. 3~b!–3~d! with respect to that of Fig. 3~a!. This gain is
due to the fact that a certain volume of InAs is transferred
from the buried region, where it is not relaxed, to the uncov-
ered pyramid, where it is partially relaxed. The elastic energy
for each of the structures of Fig. 3 is determined by

Eel5
1
2l i j lm

~2! E
~2!

@e i j ~r !2e0d i j #@e lm~r !2e0d lm#dV

1 1
2l i j lm

~1! E
~1!

e i j ~r !e lm~r !dV. ~3!

Here indices~1! and~2! denote GaAs and InAs, respectively;
li j lm is the tensor of elastic moduli;e05(a(2)2a(1))/a(1) is
the lattice mismatch;di j51 if i5 j , and di j50 otherwise;
ei j ~r ! is the strain tensor defined via the displacement vector
ui~r ! as follows:

e i j ~r !5
1

2 F]ui~r !]r j
1

]uj~r !

]r i
G .

The displacement vectorui~r ! in the heterophase system
obeys equilibrium equations of the elasticity theory in each
material,

l i j lm
~1,2!

]2um~r !

]r j]r l
50 ~4!

obeys boundary conditions at the interface and at the free
surface, and vanishes in the depth of the substrate. The
boundary conditions at the InAs-GaAs interface read1

l i j lm
~2! nj~r !F]um~r !

]r l
2e0d lmGU~2!

5l i j lm
~1! nj~r !F]um~r !

]r l
GU~1!

,

~5a!

where n~r ! is the outer normal to the InAs region at the
interface, and the boundary conditions at the free surface of
InAs are as follows:2

l i j lm
~2! mj~r !F]um~r !

]r l
2e0d lmGU~2!

50, ~5b!

wherem~r ! is the outer normal to the free surface. We solve
Eqs. ~4! with the boundary conditions~5a! and ~5b! by the
finite element method, calculate the strain tensorei j ~r !,
evaluate the elastic energy from Eq. 3, subtract the elastic
energy of the two wetting layers, and thus obtain the net
elastic energyof each of the structures displaced in Fig. 3.

If we denote the net energy of the nonsplit pyramid of
Fig. 3~a! asE0, then the net energies of split pyramids are as
follows: 0.89E0 for Fig. 3~b!, 0.76E0 for Fig. 3~c!, and
0.61E0 for Fig. 3~d!. The energy gain per one transferred In
atom equals, respectively, 42, 49, and 47 meV.

To analyze other possible shape transformations of the
pyramid, we have calculatedEel for several split structures,
where InAs from the buried part of the pyramid is transferred
not to the uncovered part of the pyramid, but is redistributed
between two planar wetting layers. Such a splittingdoes not
lead to a reduction of the elastic energy, but, to the contrary,
results in the increase of the elastic energyup to 1.20E0.

The cross-section TEM image of VCQD’s formed by 5.5
Å InAs–15 Å GaAs–5.5 Å InAs deposition is shown in the
inset of Fig. 2. Then the process can be repeated~see Fig. 1!.
The volume of each island progressively increases with suc-
cessive deposition cycles of InAs due to the transfer of InAs
from the buried part of the structure.

The theoretical analysis performed demonstrates that the
elastic energy for structures like those of Figs. 3~b!–3~d!
with respect to those of Fig. 3~a! is gained when at the final
stagea certain volume of InAs is transferred from the buried
region where it is not relaxed to the uncovered pyramid
where it is partially elastically relaxed. This general conclu-
sion is not affected by possible deviations of the real shape
of islands from the simplified shapes of Fig. 3. Although the
maximum energy gain would correspond to the complete
transfer of the buried InAs to the uncovered part of the pyra-
mid, the actual resulting shape of the island strongly depends
on the kinetics of the growth process involved. Thus the
strain energy calculations also support the total energy re-
duction due to splitting of the pyramids, in addition to the
energetics of the Stranski-Krastanow growth itself. At the
same time, for high deposition rates and low substrate tem-
peratures, the splitting can be suppressed because of the
slower kinetics of surface exchange reactions.

FIG. 3. ~a!–~d! Schematic representation of several possible fi-
nal states for multilayer InAs~black!–GaAs ~gray! deposition.
Relative dimensions used in calculations of the elastic energy are as
follows: d53 W, L524 W. The tilt angle of the pyramid facets is
45°. We show that a reduction of the elastic energy for structures
of ~b!–~d! with respect to that of~a! occurs, caused by InAs transfer
from the buried part to the uncovered part of the pyramid. No total
energy reduction is induced by simple splitting without InAs trans-
fer.
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IV. OPTICAL PROPERTIES OF VCQD’s

The impact of the InAs-GaAs 2D-3D growth transition on
the photoluminescence~PL! spectrum is the appearance of
an intense@see, e.g., Fig. 4~a!, upper curve# luminescence
where the intensity maximum is strongly shifted towards
smaller photon energies in comparison with the energy ex-
pected for the uniform InAs quantum well of the same aver-
age thickness.12 This luminescence was attributed to radia-
tive recombination of confined carriers in three-dimensional
nanoscale islands, i.e., quantum dots.12

This conclusion was confirmed by results of
photoluminescence,13,15 time-resolved PL,19 luminescence
polarization,19 and absorption15 studies. Observation of ul-
trasharp luminescence lines due to single quantum dots
which do not show broadening with temperature increase
manifested the formation ofelectronicquantum dot.16

In Fig. 4 we show PL spectra of single-cycle quantum
dots and of VCQD structures with the same separating GaAs
average layer thickness~dGaAs!, but with different number of
periods~a!, and for the same number of periods~n53!, but
with differentdGaAs ~b!. The PL decay time as a function of
number of deposition cycles for thedGaAs515 Å case is
shown in the inset of Fig. 4~a!. A CAS spectrum and a PL
spectrum at high excitation density are shown in the inset of
Fig. 4~b!. From the comparison of the PL spectrum and the
CAS spectrum one can conclude that there is a pronounced
absorption peak whichcoincides in energywith the main PL
peak. For high excitation densities, additional peaks appear
on the high-energy side of the PL spectrum. These features
are marked ‘‘QD* ’’ and ‘‘WL’’ and attributed to the excited

state of the quantum dot exciton~QD* ! and to the heavy hole
exciton in the InAs wetting layers16 ~WL! coupled via the
thin GaAs barrier, respectively. One can see that the increase
in the number of InAs deposition cycles results in a shift of
the PL line towards lower photon energies. Similar results
have been recently observed in.22 In the present work we
also found similar behavior in the calorimetric absorption
spectra. CAS are much less affected by the inhomogeneity of
the system due to different shape of islands and different
strain fields for dots in different stacks. The peak in the ab-
sorption spectrum corresponds to themaximum in the density
of states, while in PL spectra it can correspond to the state
with the lowest energy.

From Fig. 4 one can see that significant decoupling occurs
with increase indGaAs, however, the PL peak energy does
not approach the value characteristic for the single-cycle
deposition even fordGaAs545 Å. Even more important is the
PL decay time decrease with the increase in the number of
InAs deposition cycles: 1.8, 1.1, and 0.8 ns for one, two, and
three cycles, respectively. The exciton radiative lifetime in
an isolated pyramidally shaped quantum dot is close to;1.5
ns for dots in a relatively broad range of lateral sizes of
;80–120 Å and PL transition energies of;1.3–1.1 eV,
respectively.19 If carriers were effectively confined in differ-
ent InAs parts of VCQD structures and no wave-function
overlap occurred, the observed lifetime decrease could not be
explained by, e.g., variation of shape between each InAs part
in the VCQD. Thus our results demonstrate an increase in
the oscillator strength due to vertical coupling. The increase
in the exciton oscillator strength can be explained on the
basis of exciton coherence in symmetrically coupled quan-
tum wells and dots.26 The exciton coherence effect concen-
trates oscillator strength in the ground-state exciton.

V. ELECTRON AND HOLE LEVELS IN THE VCQD

To investigate the wave-function coherence across the
split island we calculated the electronic states in the coupled
quantum dots. In Fig. 5~a! we depict the assumed geometry

FIG. 4. Photoluminescence~PL! spectra of VCQD’s grown with
different number of InAs deposition cycles~a!, and with different
average thickness of the GaAs separating layer~b!. The dependence
of the PL decay time on the number of InAs deposition cycles for
GaAs layer thickness~dGaAs! of 15 Å is shown in the upper inset.
Circle corresponds to a value obtained fordGaAs545 Å. A PL spec-
trum at high excitation density of;500 W cm22 and a calorimetric
absorption spectrum~CAS! of the VCQD structure are shown in the
lower inset.

FIG. 5. Numerical simulation of coupled quantum dots:~a!
geometry of the structure~i.e., In concentration!, ~b! ~100! cross
section of the contour plot for 25% and 70% of the ground-state
electron wave-function orbital,~c! three-dimensional view of the
ground-state electron wave function, and~d! three-dimensional
view of ground andu001& and u002& excited hole states.
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of the three islands and the wetting layers. A numerical cal-
culation of strain in the system of coupled islands is per-
formed, using the same approach as described in Ref. 27.
Subsequently the strained confinement potentials are calcu-
lated and then the three-dimensional Schro¨dinger equation is
solved. We find that only one electron state is localized in
the quantum dot; excited electron states largely extend into
the wetting layers. In Fig. 5~b! contour plots for 25% and
70% of the ground-state electron wave-function orbital are
shown together with a three-dimensional view@Fig. 5~c!#. It
is clear that the wave function is coherent over the entire

island stack. Spin-splitting effects28 induced by the low sym-
metry of the system and resulting in split electron levels with
spins up and down were not considered in the current calcu-
lations. Such effects will not affect the results qualitatively.
For the holes we find several localized states due to their
larger mass. Their wave functions are shown in Fig. 5~d!.
The first two excited hole states have their nodes inz direc-
tion and exhibit a separation from the ground state of 25 and
65 meV, respectively. In first-order perturbation theory the
exciton binding energy in the threefold stack is 16 meV, i.e.,
comparable to the hole level separation. We expect therefore

FIG. 6. ~a! Typical plan-view transmission electron microscopy image of the In0.5Ga0.5As/GaAs vertically coupled quantum dots.
Average thickness of the InxGa12xAs deposited per each cycle: 12 Å. Average thickness of the separating GaAs: 45 Å. Number of
deposition cycles: 6. ~b! Threshold current density vs number of periods in VCQD structure. Results for quantum dot lasers based on
InAs/GaAs, In0.5Ga0.5As/GaAs, and In0.5Ga0.5As/Al0.15Ga0.85As quantum dots are presented. Lasing wavelength vs temperature dependence
is shown in the upper inset. Emission spectrum of the InxGa12xAs/AlxGa12xAs VCQD laser at 300 K is presented in the lower inset.
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strong Coulomb correlation which will lead to an increase of
ground-state oscillator strength compared to uncoupled dots.

VI. INJECTION LASING IN VCQD STRUCTURES

The advantage of InAs-GaAs and InxGa12xAs-GaAs
VCQD’s is particularly important at high excitation densities
and observation temperatures, when single deposition cycle
dots ~SQDs! and VCQD’s were introduced in the active re-
gion of GaAs-AlxGa12xAs double heterostructure lasers. The
main objectives to use these structures are~i! to increase
modal gain~possibly keeping the transparency current the
same!, ~ii ! to increase the quantum dot~QD! exciton oscilla-
tor strength~to decrease radiative lifetime!, and~iii ! to avoid
thermal depopulation of QDs by increasing the relative den-
sity of QD-induced states compared to GaAs matrix-induced
states~to maintain QD exciton lasing up to room tempera-
ture!.

As was shown in Ref. 29, the introduction of a dense
two-dimensional array of quantum dots in the active region
of a GaAs-AlxGa12xAs double heterostructure laser allows
realization of lasing via the ground state of QDs at low tem-
peratures. Lasing was found to occur near the maximum of
the quantum dot PL spectrum recorded at low excitation den-
sities, and the threshold current was found to be practically
temperature insensitive in a wide temperature range up to
;80 K for InAs QDs and up to 150 K for InxGa12xAs QDs
in agreement with theoretical predictions.30,31 At the same
time, at elevated temperatures, thermal evaporation of carri-
ers from QDs resulted in a strong decrease in the QD related
gain for constant injection current, and, thus, in a remarkable
increase in the threshold current density. The lasing energy
was close to one corresponding to the wetting layer heavy
hole exciton energy at 300 K.19

In this work the laser structure geometry is kept essen-
tially the same as in Refs. 19 and 29, but VCQD’s~Refs.
32–34! are introduced in the active region. In Fig. 6~b! we
demonstrate the influence of the number of periods (N) in
VCQD structure on the threshold current density at 300 K
for InxGa12xAs and InAs VCQD’s in a GaAs matrix, and for
In0.5Ga0.5As VCQD’s in an Al0.15Ga0.85As matrix. The thick-
ness of the separating GaAs or AlxGa12xAs layer is 45 Å.
The average thickness of the InAs deposited in each cycle
equals 5 Å for the InAs/GaAs VCQD’s, and the average
thickness of the InxGa12xAs deposited equals 12 Å for the
InxGa12xAs-GaAs and InxGa12xAs-AlxGa12xAs VCQD’s.
A typical strong-beam plan-view TEM image of the
InxGa12xAs/GaAs VCQD structure is shown in Fig. 6~a!.
One can conclude that increase inN results in a marked
decrease in the threshold current density down to 90 A/cm2

for In0.5Ga0.5As-GaAs VCQD’s ~N510! and down to 60
A/cm2 for In0.5Ga0.5As-Al0.15Ga0.85As VCQD’s ~N53! for

samples with four cleaved facets~totally internally reflecting
structures!. For stripe lasers~L51.5–2 mm! the threshold
current density is typically 20–40 % higher. The emission
spectrum at 62 A/cm2 of the InxGa12xAs-AlxGa12xAs
VCQD laser is shown in the lower inset of Fig. 6. The im-
proved value of the threshold current density~Jth! for the
Al xGa12xAs-InxGa12xAs VCQD structure is attributed to a
much larger energy separation between the quantum dot and
the wetting layer states preventing the thermal evaporation of
carriers.

Increase inN for InAs dots from 1 to 3 results in a mod-
erate extension of the high-temperature stability range from
80 to 180 K. The characteristic temperature~T0! in this range
equals 350–420 K. For InxGa12xAs dots no increase of the
high T0 range of 20–180 K was observed up toN53. Fur-
ther increase inN results in a decrease of the highT0 stabil-
ity range to about 140 K both for InAs and InxGa12xAs dots.
The threshold current density measured in this range de-
creases with increasingN from about 80 A cm22 for N51
down to 15 A cm22 ~120 K, N510!. The most remarkable
difference between structures with small and largeN is the
increase inT0 value in the vicinity of 300 K.T0 near 300 K
increases from 60~N51, 3! to 150 K forN510. For largeN
the lasing energy follows the GaAs band-gap dependence on
temperature rise, as is shown in the upper inset of Fig. 6. For
N>3 the lasing energy coincides with the ground-state QD
exciton transition energy revealed in PL spectra at all tem-
peratures, as was also reported in Ref. 32.

VII. CONCLUSION

To conclude, we have observed a spontaneous island
shape transformation effect in Stranski-Krastanow growth
which permits fabrication of a three-dimensional tetragonal
lattice of very strongly vertically coupled quantum dots. The
energetics of the Stranski-Krastanow growth mode and the
reduction of strain energy of the final state govern the ob-
served mass transfer of InAs from the lower to the upper part
of the coupled quantum dot structure. We demonstrate that
the dots are also electronically coupled in the vertical direc-
tion and that their properties are significantly modified. In
particular, a decrease of the radiative lifetime is observed.
We demonstrate that VCQD arrays are decisive for reducing
the threshold current density and increasing the temperature
stability of QD lasers.
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