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When an array of strained InAs nanoislands formed on a GaAs surface is overgrown by a thin
(1-10 nm layer of an indium-containing solid solution, stimulated decomposition of the

solid solution is observed. This process causes the formation of zones of elevated indium
concentration in the vicinity of the nanoislands. The volume of newly formed InAs

quantum dots increases as a result of this phenomenon, producing a substantial long-wavelength
shift of the photoluminescence line. This effect is enhanced by lowering the substrate
temperature, and it depends weakly on the average width of the band gap of the solid solution.
The indicated approach has been used successfully in achieving room-temperature emission

at a wavelength of 1.2m. © 1999 American Institute of PhysidsS1063-782809)02208-3

INTRODUCTION thickness of InAs in the active zone and the high probability
of formation of misfit dislocations. It is therefore critical at

The self-organizing phenomena responsible for the crethis time to look for new approaches to the construction of

ation of semiconductor heterostructures with quantum dot®)D devices emitting at 1.2m, with a need to minimize the

(QDs) and quantum wirésare intriguing not only from the quantity of In in the active zone. Huffaket al® have de-

standpoint of revealing fundamental aspects of epitaxiaposited 5.5 InAs monolayers to achieve emission at a wave-

growth, but also in regard to the fabrication of new-length of 1.3um. In the present study we have reduced this

generation optoelectronic and microelectronic devices. Thaumber to four monolayers.

greatest progress in device applications is achieved utilizing We have investigated the structural and optical proper-

the phenomenon of spontaneous conversion of a strained thties of QD arrays overgrown by a layer of én, Ga, A)As

film to an array of coherent islands? Injection lasers have solid solution. The resulting QDs stimulate decomposition of

been constructed utilizing QDs and exhibiting extremelythe solid solution, thereby increasing the In concentration in

high temperature stability of the threshold current densitythe vicinity of the QDs and producing a long-wavelength

Jin, @ low value ofJy, (Refs. 4—6, and continuous-wave shift of the emission line. This approach can be used to

lasing at room temperature with a power output in excess ofichieve emission from InAs QDs at wavelengths up to 1.32

3 W (Ref. 7). pm while significantly reducing the total content of In in the
One advantage of using QD structures is the possibilityactive zone.

of broadening the optical range of emission in comparison

with structu_re_s based on quantum wells. For example, strucEXPERlME,\lT

tures containing 1(Ga)As/(Al)GaAs QDs are capable of las-

ing in the range +1.6 um (Refs. 4 and 8—10 In particular, The investigated structures were grown by molecular-

QD structures hold considerable promise for the fabricatiorbeam epitaxy on GasA& 00 semi-insulating substrates by

of devices emitting at a wavelength of 1.8n (Refs. 9 and means of a Riber 32P MBE machine. The active zone was

10). Lasers utilizing InGaAs QDs and emitting at a wave- placed in a GaAs host and consisted of an array of quantum

length of 1.3um have now been construct€tiNonetheless, dots formed in the deposition of an InAs thin film. The ef-

because of rapid gain saturation, lasing via the ground statiective thickness of the InAs QD layeip varied from two

of QDs has been achieved only by means of very long cavito three monolayeréML) for different structures. The QDs

ties and with the deposition of high-reflectivity coatings. Thewere overgrown by an InGaAs or InGaAlAs solid solution.

problems of attaining the 1.@8m range for structures utiliz- The thickness of théln, Ga, A)As layer(L) varied from 2.5

ing InGaAs/GaAs QDs stem from the rather large average&m to 8 nm, and the In concentration in the solid solutin
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varied from 0.1 to 0.4. To prevent the transport of nonequi- AR RN T

librium carriers into the surface zone and into the substrate
zone during optical investigations, the active zone was
bounded on both sides by short-period AlAs/GaAs superlat-
tices. The growth temperature was 485 °C for the active zone
and 600 °C for the rest of the structure. The formation of
QDs was monitored from the fast-electron diffraction pattern
in reflection.

Transmission electron microscof€EM) examinations
were made on a Philips EM 420 electron microscope with an /NG
accelerating voltage of 100 kV. Photoluminescence was ex- 10 11 12 13 14
cited by an Af laser (\=514.5 nm, excitation density
~100 mV/cnt). In the measurement of the luminescence ex-

SR mananm
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citation spectrum light from a halogen lamp was transmitted DA Y
through a monochromator. The luminescence was detected *g - E (e
by a cooled Ge photodiode. 5; P1P2P3 QW o
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Today the greatest progress in the fabrication of § 1 i 1.078
(In, GaAs/GaAs QD lasers is achieved using QDs in the £t 1/ : pL .
initial stage of their formatiofi,” which are characterized by & | = al PE c177ev 1
a high density, an absence of dislocations, and short carrier P AR - S
trapping and relaxation times. For the implementation of 1.1 1.2 1.3 1.4 1.5

long-wavelength emission in the InAs QD structures the QD Photon energy, eV

arrays were overgrown with a layer of,[Ba, _,As solid SO-  FIG. 1. (a) Photoluminescence spectra for structures containing InAs QDs
lution during the initial stage of their formationdgp~2  (deo=2 ML) overgrown by an IxGa _,As layer,L=4 nm. (b) Photolu-
ML). mines_cgnce spectrum and luminescence excitation spectra for structures
Figure 1 shows the photolurinescence spectia of InAFSTIERR9 A 0% e 2 ML) overgroun by an nGass sy, The
QD structures prepared by the deposition~& ML of InAs
and overgrown by a layer of |Ga _,As solid solution with
various In concentrations(x). The thickness of the ergy distance between the QD photoluminescence maximum
In,Ga, _,As layer for all the structures was 4 nm. The pho-(QD line) and theQW peak is roughly 200 meV, which is
toluminescence spectrum contains a line, lab€#din Fig.  comparable with the values obtained for ordinary QDs in a
1, in addition to theQD line associated with carrier recom- GaAs host. It also shows that the carriers localize effec-
bination in the resulting QDs. To investigate the nature oftively in the QDs.
this line, we have analyzed the luminescence excitation spec- It is evident from the photoluminescence spedifa.
tra(Fig. 1b). In the excitation spectra of ti@D line there are 1@ that asx increases in the interval from 0 to 0.2, the
discernible peakP1, P2, andP3, which on the energy scale photoluminescenc@D line is observed to shift toward lower
are situated at distances from the detection energy of 3photon energies. However, whenis further increased to
meV, 74 meV, and 102 meV, respectively. This form of the0.25, theQD line shifts toward the short-wavelength end. On
luminescence excitation spectra is typical of QD structires the other hand, when the thickness of the InGaAs layer is
and is associated with a multiphonon mechanism of carrieincreased from 4 nm to 8 nm at a constant concentration
relaxation from excited QD states. The luminescence excitaf0.15 or 0.2, we also observe a short-wavelength shift of the
tion spectra also reveal @W line whose position coincides QD peak. The variation of the energy positions of Q&
with the position of theQW line in the photoluminescence andQW!Iines in the photoluminescence spectra as functions
spectra and does not depend on the detection energy. Thi§ the parameters of the J6a _,As layer is shown in Fig.
result shows that th@W line is associated with carrier ex- 2a. A further increase in the In concentration to 6:84 at
citation in the continuum of the InGaAs solid solution. L =4 nm still enabled us to achieve emission at a wavelength
It is evident from the photoluminescence spec¢Ei. 1) of 1.3 um, but the TEM examinations show that the density
that when the In concentration in the InGaAs solid solutionof penetrating dislocations increases sharply in this case.
increases, th@W line exhibits a long-wavelength shift and, Figure 2b shows the dependence of the total photolumi-
accordingly, is shifted toward the long-wavelength end relanescence intensity on the effective InAs thickness in the ac-
tive to the wetting-layer line observed in the spectrum oftive zone @¢=dqgp+ L XX), which for the given samples
ordinary InAs/GaAs QD$WL line in Fig. 13. Consequently, increases as a result of the increase of the In concentration in
the QDs reside in the InGaAs matrix, which is a narrower-the solid solution. It is evident that for concentrations
gap medium than GaAs. x>0.3 (which corresponds tdgs=18 A fordop=2 ML and
Note that despite the overgrowth of the QDs by theL=4 nm), the photoluminescence intensity decreases con-
narrower-gap(in comparison with GaAsmaterial, the en- siderably.
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cence results. First, increasing the total quantity of In during

i) In content the successive deposition of QDs and the InGaAs layer in-

€ B . " g samplesomiting | creases the size of the islands and produces a long-

£ 'h’““ﬂii; ------ o m—m* f'":nga wavelength shift of the QD photoluminescence line. How-

® 3 Tl =3 ever, at a certain critical concentration of In atontgg

=3 1 o ] =2.7 ML, L=25 A, andx=21% in the given situatiorthe

s 2 @ : ] density of misfit dislocations increases, accompanied by a

E 3 @ | ] 25-meV shift of the QD photoluminescence line toward

® : higher photon energies. This effect is similar to the effect

g N3 observed for 2 ML of QDs.

= T T We assume that when the QD array is overgrown by an

o 0 12 14 16 18 20 22 InGaAs layer, the In atoms are distributed nonuniformly in
InAs Effective thickness, A the growth plane, owing to QD-induced stresses. As a result,

zones of elevated In concentration form in the vicinity of the
FIG. 2. (@) Position_s of the QD photoluminescen(_:e p_eé(@ﬁ) line) and an resulting QDs, in effect increasing the size of the QDs. The
InGaAs layer(QW line) versus the In concentration in the InGaAs layer: .
(1,3 L=4 nm; (2,4 L=8 nm.(b) Dependence of the total photolumines- phenomenon Of_ decay c_)f a q_uantum well under the mflugnce
cence intensity on the effective thickness of the InAs laygr:Structures ~ Of @ QD array is described in Refs. 12 and 13 for various
with dop=2 ML, L=4 nm, and various In concentrations in the solid so- materials. If the In content exceeds a certain value, the In
lution; (2) structures with various effective InAs thicknesses in the aCtiveconcentratiOﬂ near the Iargest dots can exceed the critical
zone (the parameters of the structures are given in Tabl@)l;structures P . .
with INAS QDs (dop=3 ML) deposited in the middle of an daGa ssAS value, qnd mlsm d_|slocat|ons are _formed in the plane of the
layer. QDs. Since radiative recombination does not take place at
these dots, the intensity of the long-wavelength part of the
photoluminescence spectrum decreases, and the photolumi-

It is evident from the investigations that for structuresnescence line shifts toward the short-wavelength end. An-
with 2 ML of InAs QDs with overgrowth of the QDs by an other cause of the short-wavelength shift of the QD photolu-
InGaAs solid solution it is possible to obtain long- minescence line with a simultaneous long-wavelength shift
wavelength emission, but for a certain critical In concentra-0f the photoluminescence line of the InGaAs layer could be
tion in the InGaAs layerX~0.25 in the given situatiorthe @ change in the growth kinetics as the islands are overgrown
resulting effect is such as to produce a short-wavelength shify an InGaAs solid solution having a higher In content. In
of the QD photoluminescence line. To obtain long-this event the fraction of In atoms deposited in the vicinity of
wavelength emission in this case requires a significant inthe QDs decreases, raising the average In content.
crease of the In concentration in the InGaAs layer, but this
leads to the formation of dislocations and, in the final analy-
sis, degradation of the optical properties of the structures
(Fig. 2b.

An alternative possibility for achieving emission at a
wavelength of 1.3um is to increase the effective thickness
of the InAs layer {lo) without increasing the In concentra-
tion in the solid solution. We have grown a series of samples
in which the effective thickness of the InAs layer was varied
by varying the amount of InAs during deposition of the QDs
(dgp) and by varying the thickness of the InGaAs layey
without the value ok ever exceeding 21 %. Table | gives the
parameters of the active zone of these structures, along with
TEM data[the density and diameters of the QDs and the s 160 105 110 145 130
density of misfit dislocations formed at the interface in the Photon energy, eV
plane of the QDp Figure 3 shows th_e phomlum_mescenceFlG. 3. Photoluminescence spectra for structures with various effective
spectra of these samples. The following conclusions can bgas thicknesses in the active zone. The parameters of the structures
drawn from a comparison of the TEM and photolumines-A—D are given in Table I.

odalal l,l-l.l.l.l-

PL Intensity, arb. units
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FIG. 4. TEM images in the growth
plane(a) and in the cross sectidb) of
a structure with InAs QDs dgp=3
ML) deposited in the middle of an

INng 1.Gay s:AS layer.

Since the increase in the QD diameter as the InAs conso, we investigated the influence of the growth temperature
tent in the QDs increases from 2.2 Ml to 2.7 ML does notduring overgrowth of the QDs by an InGasAs layer on the
cause the density of misfit dislocations to increase, we haveptical properties of the structures. Figure 6 shows the pho-
sought to further increase the long-wavelength shift by growtoluminescence spectra of samples with the InGaAs layer
ing a structure with 3 ML of InAs QDs deposited in the grown at temperatures of 485 °C and 455 °C, respectively. It
middle of a wide (10 nm Ing,GayggAs layer. Figure 4 is evident that lowering the growth temperature imparts a
shows TEM images in the growth plane and in the crosdong-wavelength shift to the emission. This result can be
section for the indicated structure. It is evident from the im-attributed to the influence of temperature on the decay kinet-
age of the cross section that the height of the resulting isics of the InGaAs layer and demonstrates the feasibility of
lands is comparable with the thickness of the InGaAs layerachieving a further long-wavelength shift of the photolumi-
indicating essentially complete overgrowth of the QDs bynescence line with the right choice of temperature regimes.
the InGaAs layer. The newly formed QDs therefore reside in
the narrow-gap InGaAs host. Moreover, a comparison of the
TEM images in the growth plane for structures containing 3 r r r L ——
ML of InAs with and withouf a layer of InGaAs solid solu- —1.3 pm T=300K
tion shows that the deposition of InGaAs increases the lateral
dimensions of the QDs from15 nm to~20 nm.

The indicated structure exhibits emission at a wave-
length of 1.3um at room temperatur@-ig. 5). We also note
that when the effective thickness of the InAs layer increases
as the result of an increase digp andL and a simultaneous
lowering of the In concentration in the solid solution, the
total photoluminescence intensity is essentially unchanged
(Fig. 2b. This approach can therefore be used to achieve i
emission at 1.3um and at the same time to avoid degrada- R ar i S
tion of the optical properties of the structures. 0.9 1.0

We subsequently attempted to lower the total quantity of Photon energy, eV

In !n _the active zone while mainta?ning long-wavelength rig, 5. photoluminescence spectrum for a structure with InAs Qs (
emission at a wavelength of approximately uB1. To do =3 ML) deposited in the middle of an da,Ga, gsAs layer.

inAs QD (3 ML)
+1In, ,Ga,,As (10 nm)

PL Intensity, arb. units

n " 1
1.1 1.2 1.3
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T T—ébbk'- trations of Al to the solid solution can significantly reduce

- , the total quantity of InAs in the active zone while maintain-
[1.3umf| T\  ----- T, oo = 485°C ] ing an emission wavelength greater than &r. This result

: —T,,., = 455°C demonstrates the possibility of constructing lasers utilizing
[ ] INAs QDs on GaAs substrates and emitting at a wavelength
- . of 1.3 um.
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