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Direct formation of vertically coupled quantum dots in Stranski-Krastanow growth
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Alternate short-periodGaAs-InAs deposition following InAs pyramid formation on a Ga@90 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 lifetimend 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 densitied.S0163-18206)03136-(

I. INTRODUCTION electron and hole wave functions are effectively localized
inside each quantum dot, this arrangement does not result in
There is a growing interest in spontaneous formation of modification of the basic properties of the structures, such
ordered nanostructures in crystals. It has been shown thas radiative lifetime, energy spectrum, carrier capture, and
spinodal decomposition of unstable alloys can result in théelaxation mechanisms or material gain. This fact initiated
formation of quasiperiodic structures in bulk crystaid ~ attempts to fabricate electronically coupled —quantum
epitaxial films? More recently, ordered nanostructures havedots:™* _ .
been fabricated by utilizing self-ordering phenomena on !N this paper we reporén island shape transformation
crystal surfaced;*2 One mechanism relevant fdattice- effectin SK growth which results in spontaneous formation
matchedgrowth is faceting® where a planar crystal surface of Ia_lterally ordered arrays of structures comp(_)sed of seyeral
rearranges to a periodic hill-and-valley structure in order to’ertically merging InAs parts in a GaAs matrix. Formation

decrease the surface free enet§ynother class of effects is  Of these vertically coupled quantum dot structuf¢€QD’s)
related to the formation of periodically ordered structures ofS Shown to result in a significant modification of electronic
surface domainég.g., of ordered arrays of monolayer-height ProPerties as compared to dots formed by a single-cycle InAs
islands in heterophase systefil or flat multilayer ~depPosition.
islands!! Recently ordering effects have been revealed in
Stranski-Krastanow(SK) growth which proceeds on a
lattice-mismatchedsubstrate via formation ofssentially
three-dimensional island$=2! The authors of Refs. 16—19 The samples studied in this work were grown by elemen-
have reported that coherent strained InAs islands formed btal source molecular-beam epitaxfMBE) by using a
Stranski-Krastanow growth on GaA&00) substrates after Riber-32 MBE machiné® Growth rates were 0.&m/h for
deposition of GaAs maintain their pyramidlike shape. SponGaAs and 0.3 um/h for InAs. Arsenic pressure was
taneous ordering in size is caused by elastic relaxation due ®-3x10°° torr. After oxide desorption, a 0.am-thick
the discontinuity of the intrinsic surface stress tensor at faceGaAs buffer was grown at 600 °C, then 200 A of
edges and by strain-induced renormalization of the surfacél, Ga,-As was deposited, followed by a 20 A/20 A
energy of facetd”*° Lateral ordering is a result of repulsive GaAs-Al, sGa, -As superlattice(five period$ and a 1000-A
interaction between islands. GaAs layer. Then the substrate temperature was lowered to
Another degree of freedom is related to stacking of dots iM80 °C and desired amounts of InAs and GaAs were depos-
the vertical direction. If InAs islands are completely coveredited. Afterwards 100 A of GaAs was grown at 480 °C, then
with a sufficiently thick GaAs laye¢~100 A), InAs islands  the substrate temperature was increased to 600 °C and a 150-
formed during the next deposition cycle exhibit a tendency to-thick GaAs layer was grown. This layer was followed by a
form vertically correlated structuré$é®! However, as both 20 A/20 A GaAs-A}, ;Ga, -As superlatticefive periods and
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200 A of Al [Ga, ;As; a 50-A 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 submonoldye8
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-4.5-A-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 microscogf EM) studies were
performed by using a high-voltage JEOL JEM1QQ0OMV)
microscope. Calorimetric absorption spectrosCOpCAS)
was carried out alf =500 mK. The absorption due to the

GaAs substrate has been subtracted from the CAS spectra. ()
0 T :
IIl. FORMATION OF VERTICALLY COUPLED -90 0  Angle(deg) 90
QUANTUM DOTS [100] [010]
A. Geometry 15
In Fig. 1 we show plan-view@ and cross-sectioiid) §
TEM images of InAs VCQD’s formed by three-cycle InAs- 5 10
GaAs deposition. Average thickness of the InAs deposited in 8
each cycle equals 5.5 A. Each GaAs deposition cycle corre- E 5¢f
sponds to an average thickness of 15 A. As can be seen in 4
Fig. 1(a), the average lateral size of the islands is close to 0
-90 -45 0 45 90

170+10 A. The islands have a square base with main axes Next Neighbor Dot Orientation (deg)
along[001] and[010]. The histograms of nearest-neighbor
dot orientation[Figs. 1b) and Xc)] prove that the dots are
arranged in a two-dimensiongRD) 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 ddtwe
believe it still has the same main reasdri,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 regidreee Fig.
1(d)]. The upper parts have a larger lateral sizel70 A)
than the lower part~110 A). The resulting arrangement of ~ FIG. 1. Vertically coupled InAs quantum doyCQD’s) in a
InAs insertions can be considered as artificial three- GaAs matrix. (@) Bright-field plan-view transmission electron mi-
dimensional semiconductor crystal croscopy (TEM) micrograph under[100] zone axis illumina-

Vertically correlated stacking of well-separated InAs is- tign. (b) 2D hi.stog.ram of two nearest neighbors’ cerllter.to center
lands in a GaAs matrix is reported in literature sincedistance and direction for the VCQD's frofa).  (c) Projection of
198512.21 Recently stacking of very closely spaced islands(®) onto the angular axis. Maxima if1.00] and [OlQ] dlrect_lons
has also been reporté8.However, even in that case, the P/OV€ VCQD arrangement on a 2D square Iat.tlcéﬂ) High-
thickness of the GaAs separating layer was larger than thigSelution electron microscop01] cross-section image formed
pyramid height by~15 A. In our case the height of the by nine beams, defocgsmg is 60 nm; note the different spot density
single pyramidlike island is-50 A!81° The average thick- InAs and GaAs regions.

nessof only 15 A of GaAsleposited is not sufficient to cover

the InAs pyramid. Thus the deposition mode described her@ation of pyramid-shaped InAs islands on the InAs wetting
cannot be considered as simple vertically correlated@®- The further growth of GaAs on a surface with wetting

stacking??*22and another explanation for the final arrange_Iayer and Ioca}lly _formed islands is a_ffected by thehomo-
ment is required. geneous strain fieldue to the pyramid&?° The strain field

modulates the surface chemical potential for Ga adatoms as
follows (see, e.g., Ref. 25

B. Energetics of Stranski-Krastanow growth for InAs
and GaAs deposition cycles
YeX(r)Q

Single-cycle deposition of InAs on the GaA$00 sur- %)= MOGa+ 5 }Jr YQK(r). 1)

face above the critical thicknegs-4.5 A) leads to the for-
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p(r)=| ug'+ w +yQk(r)— @-
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Here ) is the chemical potential of In adatoms on the un-
stressedcompletely relaxedsurface, where the lattice pa-
rameter is equal to that of InAs. The elastic energy correction
is minimum for a completely relaxed surface, wheye)=¢,

(g being the lattice mismatch between InAs and GaAse
third term in Eq.(2) is the same as in Eq1). The last term
represents the effect of wetting, whefés the energy benefit
per unit area due to the formation of the wetting layaeiis

the lattice parameter, andlr)=1 on the GaAs surface and
J(r)=0 on the InAs surface.

The last term in Eq(2) plays the dominant role in the
directed migration of indium atomiseforethe 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

c d available and the top of the pyramid can be completely dis-

solved at this stage. Since the second wetting layer is formed

FIG. 2. (a—(d) Schematic diagram of progressive stages of theonly partially, the directional migration of both In and Ga
formation of the coupled quantum dot structure. Efficient exchangatoms is possible. Further evaporation of indium from the
reactions on the surface due to the energetics of Stranski-KrastanoliAs pyramid will occur from the part laterally confined by
growth occur during growth interruption on stage. Dark-field  GaAs unless the enhanced curvature of the nearby GaAs re-
(9=400) [011] cross-section TEM image of the structure formed by gion, and, consequently, enhanced surface enjgagy term
5-A InAs-15-A GaAs—5-A InAs deposition is shown in the inset. jn Eg. (1)] will make the planarizatioripartial or complete
The period of the upper AlAs-GaAs superlattice equals 40 A.  of the GaAs surface by directional migration of Ga adatoms

energetically more favorable. Then the rest of the InAs island
Here u$? is the chemical potential of Ga adatoms on thewill be completely confined by GaAs. Directional migration
reference flat surface with the lattice parameter equal to thaif Al and Ga adatoms was also found to result in spontane-
of the bulk GaAs. The second term in the square parenthesesis formation of the upper AGa _,As cladding onflat
is the elastic energy correction @5, where g(r) is the  In,Ga _,As islands during growth interruption$jndicating
tangential component of the local strain defined with respecthat in the2D case(flat island$ this arrangement can also be
to unstrained GaAsY is Young's modulus, and) is the  energeticallybeneficial®
atomic volume. The third term is the surface energy contri- Formation of split islands is possible only if the kinetics
bution to the chemical potential, wheseis the surface en- of surface exchange reactions is fast enough. After the GaAs
ergy andx(r) is the local curvature of the surface. Due to theis deposited, and the new InAs deposition cycle is just
elastic energy correction taS?, the incorporation of GaAs started, most of the surface is InAs-free, and the directed
on the facets of elastically relaxed InAs pyramids is energetimigration of In and Ga adatoms continues. At our substrate
cally unfavorable. The gradient of the surface chemical potemperature(480 °Q and for the growth mode chosen
tential leads to a locally directional migration of Ga adatoms(0.3-ML InAs deposition cycles with 10-s growth interrup-
away from the InAs islandfFigs. 2a) and 2b)]. The latter tions after each cycjethe kinetics is fast enough to produce
results in a reduction of the growth rate and in a curvedsevere morphological modifications even on a much larger
growth front in the vicinity of the island® When the InAs  geometrical scal&’
islands are partly covered with GaAs, the effect of the strain Simultaneously with the shape transformation of the InAs
inhomogeneity on the profile of the growing surface de-islands, the deposition of extra InAs occurs, finally resulting
creases, and the planar growth front is completely reestabin a formation of acompletelnAs wetting layer(~1.5 ML).
lished after the deposition 6f60 A GaAs'®181° Then, after the second wetting layer is formed, the second

The situation changes drastically if the GaAs growth isterm in Eq.(2) provides the tendency faxcesdn atoms to
interrupted well before the dots are completely covered withattach to the region of locally modulated lattice parameter
GaAs and another InAs deposition cycle is introduded  due to existing pyramid. According to this energy term the
just the growth interruption time is chosen to be long enoughormation of InAs islands ahew positions is energetically
to let the system come to equilibrigmAccording to the SK  unfavorable As a result, a vertical arrangement of two InAs
InAs-GaAs growth mode, it is energetically favorable forislands separated by a several-monolayer-thick GaAs layer
InAs to evaporate from the InAs islands and to cover the fredsplit pyramid or VCQD can be formed. Then the process
surface of GaAs, forming a second wetting layer. The surcan be continued. Schematically, the formation of the VCQD
face chemical potential of In atoms is equal in this case to structure is illustrated in Figs.(&—-2(d).
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E=0.91E, (1,2 azum(r) _ (4)
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surface, and vanishes in the depth of the substrate. The

b boundary conditions at the InAs-GaAs interface fead
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E=0.76E, E-0.61E, an an
2d/3 w
where n(r) is the outer normal to the InAs region at the
g interface, and the boundary conditions at the free surface of
InAs are as follows:
c d
FIG. 3. (a)—(d) Schematic representation of several possible fi- Aijimm; (1) ar, ~€0%im =0, (5b)

nal states for multilayer InAgblack—GaAs (gray deposition.

Relative dimensions used in calculations of the elastic energy are ggherem(r) is the outer normal to the free surface. We solve
follows: d=3 W, L=24 W. The tilt angle of the pyramid facets is Egs. (4) with the boundary conditioné&sa and (5b) by the
45°.  We show that a reduction of the elastic energy for structuresginite element method. calculate the strain ten&g(r)

?f (b)t_h(d)l;”it.h (;eSpGictt t(t)hthat ofa) Occclj”s' iaﬂstf]d by InAs dtr?\lns‘;e; evaluate the elastic energy from Eq. 3, subtract the elastic
rom the buried part to the uncovered part of the pyramid. No oty ha gy of the two wetting layers, and thus obtain the net
energy reduction is induced by simple splitting without InAs trans-

for elastic energyf each of the structures displaced in Fig. 3.
' If we denote the net energy of the nonsplit pyramid of
C. Stai £ VCOD struct Fig. 3(@) askEg, then the net energies of split pyramids are as
- >lrain energy o QD structures follows: 0.8, for Fig. 3(b), 0.7€, for Fig. 3(c), and
The possibility to fabricate the VCQD structure depends0.61E, for Fig. 3(d). The energy gain per one transferred In
also on the energetics of the split pyramid in respect to otheatom equals, respectively, 42, 49, and 47 meV.
possible arrangements. We compare the energetics of several To analyze other possible shape transformations of the
possible final states. Figurgeé® depicts the case where no pyramid, we have calculatef,, for several split structures,
splitting occurs. Figures (B)—3(d) refer to the situation where InAs from the buried part of the pyramid is transferred
where the buried part of the pyramid floats up partigBfb), not to the uncovered part of the pyramid, but is redistributed
3(c)] or completely[3(d)] and is replaced by GaAs. We es- between two planar wetting layers. Such a splittifuges not
timate here the gain in the elastic energy for structures ofead to a reduction of the elastic energy, but, to the contrary,
Figs. 3b)—3(d) with respect to that of Fig.(@). This gainis  results in the increase of the elastic energyto 1.20E,.
due to the fact that a certain volume of InAs is transferred The cross-section TEM image of VCQD's formed by 5.5
from the buried region, where it is not relaxed, to the uncov-A InAs—15 A GaAs-5.5 A InAs deposition is shown in the
ered pyramid, where it is partially relaxed. The elastic energynset of Fig. 2. Then the process can be repeéed Fig. 1
for each of the structures of Fig. 3 is determined by 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.
Ee= %)\i(jzl?nf [&;(r)— €08 1L €im(r) — €9dim]dV The theoretical analysis performed demonstrates that the
& elastic energy for structures like those of Figgb)33(d)
1 () with respect to those of Fig.(8 is gained when at the final
+ E)\ijImJ'l €j(r)em(r)dVv. (3)  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 relaxedThis general conclu-
sion is not affected by possible deviations of the real shape

the lattice mismatch; =1 if i=j, and §;=0 otherwise; of islands from the simplified shapes of Fig. 3. Although the

&;(r) is the strain tensor defined via the displacement Vectomaximum energy gain would correspond to the complete
u:(r) as follows: transfer of the buried InAs to the uncovered part of the pyra-
i :

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 itséf the

The displacement vectou;(r) in the heterophase system same time, for high deposition rates and low substrate tem-
obeys equilibrium equations of the elasticity theory in eachperatures, the splitting can be suppressed because of the
material, slower kinetics of surface exchange reactions.

Here indiceg1) and(2) denote GaAs and InAs, respectively;
Nijim is the tensor of elastic modul,=(a'®—a®)/a® is

1
€i(r) =5

(9Ui(r) aUJ(r)
2| 7o ar,

0!’]- arj
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FIG. 4. Photoluminescend®L) spectra of VCQD’s grown with

different number of InAs deposition cycléa), and with different  state of the quantum dot excit¢@D*) and to the heavy hole
average thickness of the GaAs separating l&yerThe dependence exciton in the InAs wetting Iaye}g (WL) coupled via the

of the PL decay time on the number of InAs deposition cycles forthin GaAs barrier, respectively. One can see that the increase
GaAs layer thicknes&gaag Of 15 A is shown in the upper inset. in the number of InAs deposition cycles results in a shift of
Circle corresponds to a value obtained fifas=45 A. A PL spec-  the PL line towards lower photon energies. Similar results
trum at high excitation density 0#500 W cni 2 and a calorimetric have been recently observed?min the present work we
absorption spectrurfCAS) of the VCQD structure are showninthe 3150 found similar behavior in the calorimetric absorption

lower inset. spectra. CAS are much less affected by the inhomogeneity of
the system due to different shape of islands and different
IV. OPTICAL PROPERTIES OF VCQD'’s strain fields for dots in different stacks. The peak in the ab-

. . sorption spectrum corresponds to theximum in the density

The Impact of the InAs-GaAs 2D'3D growth transition on of states while in PL spectra it can correspond to the state
the photoluminescencé’L) spectrum is the appearance of with the lowest energy
an mtense[s_;ee, €g. F'g'. @, upper curvg Iumlnescence From Fig. 4 one can see that significant decoupling occurs
where the intensity maximum is strongly shifted towardsWlth increase indg,se, however, the PL peak energy does
smaller photon energies in comparison with the energy ex not approach the value characteristic for the single-cycle
pected for the uniform InAs gquantum well of the same aver- deposition even fod.=45 A. Even more important is the
age thicknes&? This luminescence was attributed to radia- L decay time decheagge with the increase in the number of
tive recombination of confined carriers in three-dimensiona nAs deposition cycles: 1.8, 1.1, and 0.8 ns for one, two, and
nar%(r)]gcale |sla:1d§, l.€., quantum ?&S'd b it fthree cycles, respectively. The exciton radiative lifetime in

hot IIS conc us('%rjls ;/.vas CO? |rdmePL19 Iy Tesulls - of 4, isolated pyramidally shaped quantum dot is close 1cb

P 09“”?'”‘3308” » ~ lime-Tesolve » UMINESCENCE o for dots in a relatively broad range of lateral sizes of
polarization'® and absorptiol? studies. Observation of ul- ~80-120 A and PL transition energies ofL.3—-1.1 eV,
trasharp luminescence lines due to single quantum do'ﬁespectlvelyw If carriers were effectively confined in differ-
which do not show broadening with temperatuilre lncreas%m InAs parts of VCQD structures and no wave-function
ma|n|f'e:sted4the fOLmat'%T_ cﬁlect;omc?uant?m dol N overlap occurred, the observed lifetime decrease could not be

nrg. 4 we show Spectra ot single-cycle guan umexplalned by, e.g., variation of shape between each InAs part
dots and of VCQ.D structures with the same separating GaA% the VCQD. Thus our results demonstrate an increase in
a"?“’ijgi If‘yeréh;CkTﬁwGaAs)' but V;'th d;ﬁergn%&gb%r ?f the oscillator strength due to vertical coupling. The increase
petrr']od.?fa' atnd or be_ls_‘ﬁmngém ertc_> perio ; 1t' u ¢ in the exciton oscillator strength can be explained on the
wi bl erind GaAS.t( )- el ¢ ectay |me_?55aAUﬂc 1on OF hasis of exciton coherence in symmetrically coupled quan-
number of deposition cycles for thegaas= €as€ IS tum wells and dot&® The exciton coherence effect concen-

shown in the Inset Of. F|_g.(41). A .CAS spectrum and a PL }rates oscillator strength in the ground-state exciton.
spectrum at high excitation density are shown in the inset o

Fig. 4b). From the comparison of the PL spectrum and the

CAS spectrum one can conclude that there is a pronounced , ELECTRON AND HOLE LEVELS IN THE VCQD
absorption peak whichoincides in energwith the main PL

peak. For high excitation densities, additional peaks appear To investigate the wave-function coherence across the
on the high-energy side of the PL spectrum. These featuresplit island we calculated the electronic states in the coupled
are marked “QD" and “WL" and attributed to the excited quantum dots. In Fig.(®) we depict the assumed geometry
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FIG. 6. (a) Typical plan-view transmission electron microscopy image of thgsGa, sAs/GaAs vertically coupled gquantum dots.
Average thickness of the |63 _,As deposited per each cycle: 12 A. Average thickness of the separating GaAs: 45 A. 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, I Gay sAs/GaAs, and IpsGa, sAs/Alg 1:Ga gsAS quantum dots are presented. Lasing wavelength vs temperature dependence
is shown in the upper inset. Emission spectrum of th&hm_,As/Al,Ga, _,As VCQD laser at 300 K is presented in the lower inset.

of the three islands and the wetting layers. A numerical calisland stack. Spin-splitting effeéfsinduced by the low sym-
culation of strain in the system of coupled islands is per-metry of the system and resulting in split electron levels with
formed, using the same approach as described in Ref. 28pins up and down were not considered in the current calcu-
Subsequently the strained confinement potentials are calclations. Such effects will not affect the results qualitatively.
lated and then the three-dimensional Sclimger equation is For the holes we find several localized states due to their
solved. We find that only one electron state is localized inarger mass. Their wave functions are shown in Figl).5
the quantum dot; excited electron states largely extend int@he first two excited hole states have their nodeg direc-

the wetting layers. In Fig. () contour plots for 25% and tion and exhibit a separation from the ground state of 25 and
70% of the ground-state electron wave-function orbital are65 meV, respectively. In first-order perturbation theory the
shown together with a three-dimensional vifig. 5(c)]. It  exciton binding energy in the threefold stack is 16 meV, i.e.,
is clear that the wave function is coherent over the entircomparable to the hole level separation. We expect therefore
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strong Coulomb correlation which will lead to an increase ofsamples with four cleaved facet®tally internally reflecting
ground-state oscillator strength compared to uncoupled dotstructures For stripe laserdL=1.5-2 mm the threshold
current density is typically 20—40 % higher. The emission
VI. INJECTION LASING IN VCQD STRUCTURES spectrum at 62 Alch of the InGa_,As-Al,Ga_,As
VCQD laser is shown in the lower inset of Fig. 6. The im-
The advantage of InAs-GaAs and B8 _,As-GaAs  proved value of the threshold current densidy,) for the
VCQD's is particularly important at high excitation densities Al,Ga _,As-In,Ga,_,As VCQD structure is attributed to a
and observation temperatures, _When singl_e depositi_on cycleuch larger energy separation between the quantum dot and
dots (SQD9 and VCQD's were introduced in the active re- the wetting layer states preventing the thermal evaporation of
gion of GaAs-A|Ga _,As double heterostructure lasers. The c5riers.
main objectives to use these structures @yeto increase Increase i\ for InAs dots from 1 to 3 results in a mod-
modal gain(possibly keeping the transparency current thegrate extension of the high-temperature stability range from
same, (i) to increase the quantum d@D) exciton oscilla-  gg to 180 K. The characteristic temperat(fg) in this range
tor strength(to decrease radiative lifetimeand(iii ) to avoid equals 350420 K. For [6a _,As dots no increase of the
thermal depopulation of QDs by increasing the rel_atiye denhigh T, range of 20—180 K was observed upNe=3. Fur-
sity of QD-induced states compared to GaAs matrix-inducegher increase itN results in a decrease of the higl stabil-
states(to maintain QD exciton lasing up to room tempera- ity range to about 140 K both for InAs and,[Ba, _,As dots.
ture). ) ] _ The threshold current density measured in this range de-
As was shown in Ref. 29, the introduction of a densecreases with increasiny from about 80 A cmi? for N=1
two-dimensional array of quantum dots in the active regiongown to 15 A cni? (120 K, N=10). The most remarkable
of a GaAs-AlGa,_,As double heterostructure laser allows gifference between structures with small and laNyés the
realization of lasing via the ground state of QDs at low tem-jcrease inT, value in the vicinity of 300 KT, near 300 K
peratures. Lasing was found to occur near the maximum of,creases from 60N=1, 3 to 150 K forN=10. For largeN
the quantum dot PL spectrum recorded at low excitation denge lasing energy follows the GaAs band-gap dependence on
sities, and the threshold current was found to be practicallyemperature rise, as is shown in the upper inset of Fig. 6. For
temperature insensitive in a wide temperature range up tR=3 the lasing energy coincides with the ground-state QD
~80 K for InAs QDs and up to 150 K for k®&a _,As QDs  exciton transition energy revealed in PL spectra at all tem-
in agreement with theoretical predictio??sg.l At the same peratures, as was also reported in Ref. 32.
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 To conclude, we have observed a spontaneous island
was close to one corresponding to the wetting layer heavghape transformation effect in Stranski-Krastanow growth
hole exciton energy at 300 . which permits fabrication of a three-dimensional tetragonal
In this work the laser structure geometry is kept essentattice of very strongly vertically coupled quantum dots. The
tially the same as in Refs. 19 and 29, but VCQDRefs.  energetics of the Stranski-Krastanow growth mode and the
32-34 are introduced in the active region. In Figbpwe  reduction of strain energy of the final state govern the ob-
demonstrate the influence of the number of peridd} i served mass transfer of InAs from the lower to the upper part
VCQD structure on the threshold current density at 300 Kof the coupled quantum dot structure. We demonstrate that
for In,Ga, _,As and InAs VCQD'’s in a GaAs matrix, and for the dots are also electronically coupled in the vertical direc-
Ing sGa sAs VCQD's in an A} ;Ga, gsAs matrix. The thick-  tion and that their properties are significantly modified. In
ness of the separating GaAs or, 8k _,As layer is 45 A. particular, a decrease of the radiative lifetime is observed.
The average thickness of the InAs deposited in each cyclg/e demonstrate that VCQD arrays are decisive for reducing
equas 5 A for the InAs/GaAs VCQD'’s, and the average the threshold current density and increasing the temperature
thickness of the IfGa, _,As deposited equals 12 A for the stability of QD lasers.
In,Ga, _,As-GaAs and InGa, _,As-Al,Ga _,As VCQD’s.

VII. CONCLUSION
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