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Strain-induced quantum dots by self-organized stressors

M. Sopanen® and H. Lipsanen
Optoelectronics Laboratory, Helsinki University of Technology, Otakaari 1M, FIN-02150 Espoo, Finland

J. Ahopelto
VTT Electronics, Otakaari 7B, FIN-02150 Espoo, Finland

(Received 22 November 1994; accepted for publication 8 March)1995

Novel in situ method to produce quantum dots is reported. Three-dimensional confinement of
carriers to a GalnAs/GaAs quantum well dots is observed by photoluminescence. The confinement
potential is induced by stressors, formed by self-organizing growth of InP nanoscale islands on top
barrier GaAs surface. Two transitions arising from the strain-induced quantum dots produced by two
types of InP islands are identified. The luminescence from higher electronic states of the quantum
dots having a level splitting of 8 meV is also observed.1@95 American Institute of Physics.

Lattice-mismatch induced growth of nanoscale islands isith different sizes are formed. Smaller islands have a rela-
a promising candidate for the fabrication of quantum dottively homogeneous size distributiogp=10%) with a base
structures with good optical quality. For example, InAs,diameter of 100 nm and a height of 20 AfThe larger
GalnAs, and InP nanoclusters have been formed usinglands are 50—80 nm high with a base width of 200-300
growth techniques such as hydride vapor phase epitaxgm. With similar growth parameters coherently strained and
(VPE),! metalorganic vapor phase epitaylOVPE),> and  partially relaxed island types were observed when depositing
molecular beam epitaxfMBE).2 An other method to achieve NP on Gasng ,P/GaAs by MOVPE! The critical island
three-dimensional confinement is lateral modulation of adimensions for dislocation formation were reported to be 120
quantum well(QW) band gap with local straifiln previous ~ NM in width and 22.5 nm in height. The formation of dislo-
studies the strain field has been introduced by defining stre§ations accelerates the growth of an island, producing large,
sors on the surface of the sample by lithographic méahs. partially relaxed islands. Our smaller and larger islands cor-
In this letter, the use of nanoscale islands as stressors t§SPOnd to these coherently strained and partially relaxed
create three-dimensional quantum confinement is reportedP€S, respectively. _ _ _
The advantage of this approach is the capability of makingoel The strain induced by an InP island on the QW is tensile

the stressorén situ without lithography and etching. Addi- ow the island_ apd compressive _under the edges Of, the
tionally, in three-dimensional growth the dislocation-free js-island. The strain-induced modulation of the conduction

lands can be thicker than the critical thickness of the two-band of the QW, shown schematically in Figbj, creates a

dimensional pseudomorphic layeresulting in a larger local ']Eyvo;.dlme??;]onal, Inearlybparé’:\bollc SOtent'fll v;fe(ljl‘he mof('j|-t
strain compared to etched stressors. ication of the valence band can be neglected as a first ap-

The samples were grown in a horizontal MOVPE reactorprOXimation' The modulation of the QW band gap by the InP
at atmospheric pressure. The details of the growth system are

described elsewhefeThe source materials were trimethyl- a) partially relaxed _
gallium (TMGa), trimethylindium (TMIn), tertiarybutylar- coherently P islands
sine (TBAs), and tertiarybutylphosphin€TBP). The semi- & GaAs 29 mm
insulating(100+0.5° GaAs were used as substrate and the GalnAs 7 1m
growth temperature was 650 °C. A 125 nm thick GaAs

buffer layer was deposited before the growth of a 7 nm GaAs 125nm
Ga) 7dng »5As quantum well and a 29 nm GaAs barrier layer.

InP islands were grown on the top GaAs barrier layer using GaAs substratc
TMIn molar flow of 7.9 umol/min, V/III ratio of 100 and

growth time of 5 s. Figure (&) shows the structure of the b)

sample. As a reference a similar sample containing only the _-_

quantum well without the InP islands was grown. T —
The deposition of InP on GaAs results in formation of E

islands. The growth mechanism has been described as coher- ¢

ent Stranski—Krastanow growttiThe island structure of the

sample was examined by a scanning electron microscope.

Using the growth parameters above, two types of island§IG. 1. (@ Schematic structure of the as-grown sample. Deposition of InP
on a GaAs surface results in formation of islands, which act as stressors on
the GalnAs quantum wellb) Strain-induced conduction band modulation
¥Electronic mail: marku.sopanen@hut.fi of the GalnAs well under an InP island shown schematically.

2364 Appl. Phys. Lett. 66 (18), 1 May 1995 0003-6951/95/66(18)/2364/3/$6.00 © 1995 American Institute of Physics



T=12K

T=12K Qpe I.=1.5 W/cm® sample etched
=1
QDN : ¢

for 20 seconds :
P QW

Qw QDN

150 W/em®

15 W/er®

PL intensity (arb. units)
PL intensity (arb.units)

© § i JL x1 015 Wem® /| | x10°

[ Ll L
1.20 1.25 1.30 1.35 1.20 1.25 1.30 1.35
Photon energy (eV) Photon energy (eV)

FIG. 2. Photoluminescence spectra of the as-grown sarfglesample FIG. 3. Photoluminescence at various excitation intensities of the sample
etched for 20 s in diluted HQb), sample etched for 3 min in fuming HCI  etched for 20 s, containing only partially relaxed islands. The blueshift of
(c), and the reference quantum wédl). The QW peak originates from the the QDN peak is 16 meV and the redshift of the QW peak is 6 meV at the
undisturbed part of the quantum well. The QDC and QDN peaks are relatedxcitation intensity of 150 W/cfn
to quantum dots produced by a strong field of the coherent islands and the
larger, partially relaxed islands, respectively.

larger islands. The redshift of the QDN peak relative to the

QW peak is 55 meV and FWHM is 18 meV.

stressors results in three-dimensional carrier confinement, The total luminescence intensity of the as-grown stressor
forming quantum dot¢QD) under the islands. sample relative to the reference sample is 6%. The absorp-

To investigate the strain field produced by the InP is-tion of excitation light in InP decreases the PL intensity.
lands in the quantum well the samples were characterized byioreover, the strain-induced gradient in the conduction band
photoluminescencePL) measurements. The PL spectra wereof the top GaAs barrier layer enhances the drift of electrons
measured by a liquid-nitrogen-cooled germanium detectofo surface. When the smaller islands are etched away, the
using standard lock-in techniques. The 488.0 nm line of afotal luminescence intensity increases to 28% of the refer-
Ar*-ion laser was used for excitation. The laser beam wagnce. The absorption in larger InP islands and carrier drift to
focused into a spot having a diameter of 20f. The PL  these partially relaxed islands still occurs. The intensity of
spectrum from the as-grown stressor sample in Fi@ 2 the QDN peak has increased tenfold compared to the as-
shows three distinct peaks at 1.297 @abeled QW, 1.268  grown sample due to absence of the smaller quantum dots
eV (QDCQ), and 1.242 eMQDN). The QW peak, which also and subsequent diffusion of the carriers along the quantum
can be seen in the PL spectrum of the reference QW sampigell to larger QDs. The intensity of the QW peak from the
(d), results from excitonic recombination in the undisturbedsample etched for 3 min relative to the reference sample has
part of the quantum well. been reduced only by 22%, indicating that the total disloca-

To identify the origin of the other transitiofQDC and  tion density of the quantum well area is low. Some disloca-
QDN), one part of the stressor sample was etched for 20 s itions are present, indicated by the reduced luminescence in-
diluted HCI. The smaller islands were completely etchedensity along with broadening and redshift of the QW peak.
away, whereas the size of the larger islands was not signifi- To show, that stressors form three-dimensional confine-
cantly reduced. The PL spectrum of the etched sample in Fignent, photoluminescence was measured as a function of ex-
2(b) shows only two peaks, the QW and QDN transitions.citation intensity. The PL intensity of the QW transition from
The absence of the smaller, coherently strained islands halse reference QW sample and the sample etched for 3 min
resulted in the disappearance of the QDC peak. This indivaries approximately linearly with the excitation intensity. To
cates that the QDC peak originates from quantum dots pronvestigate the behavior of the QDN peak explicitly the PL
duced by the strain field of the smaller islands. The redshifspectra of the sample etched for 20 s is discussed(fiest
of 29 meV of the QDC peak from the QW peak correspondg-ig. 3). The intensity of the QDN transition increases lin-
approximately to the depth of the strain-induced potentiakarly with the excitation intensity and the peak position has a
well. The full width at half-maximum(FWHM) of only 10  maximum blueshift of 16 meV at the excitation intensity of
meV confirms that the island size distribution is homoge-150 W/cn?, indicating significant state filling in the strain-
neous. induced quantum ddt At this excitation level the QW peak

Another part of the as-grown sample was etched for has a redshift of 6 meV due to band-gap renormalization.
min in fuming HCI. In this sample both types of islands were The intensity of the QW transition increases superlinearly
removed. The PL spectrum of this sample in Figc)Zon-  due to the filling of the states in the QDs, resulting in en-
tains only the QW transition. Therefore, the QDN peak in thehanced recombination of carriers in the undisturbed part of
as-grown sample is related to quantum dots produced by thihe QW.
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We believe this is due to the filling of the ground state in the
as-grown sample | Qope T=12K smaller dots and consequent luminescence from higher elec-
' tronic states. The level splitting of 8 meV agrees with a
simple model of a two-dimensional parabolic well having a
depth of 30 meV and a width of 70 nm.

In summary, the use of self-organized growth to form
stressors is demonstrated. In the photoluminescence spectra
two peaks arising from the strain-induced quantum dots pro-
duced by two types of InP islands with different sizes are
identified. The luminescence from higher electronic states of
the quantum dots having a level splitting of 8 meV is also
observed. The dislocation density in the quantum well area is
low, because the PL intensity of the QW peak is almost re-
stored after the removal of the islands by wet etching.
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FIG. 4. Photoluminescence spectra of the as-grown sample as a function ofR- Leonelli, C. A. Tran, J. L. Brebner, J. T. Graham, R. Tabti, R. A. Masut,
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measured with the excitation intensity of 150 W/drand diamonds repre- - D. Leonard, M. Krishnamurthy, C. M. Reaves, S. P. DenBaars, and P. M.
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Figure 4 shows the PL spectra of the as-grown sample6(1989. _
with different excitation intensities. The QDN peak has a Zﬁgaﬂ %lcl;jréz/la}]h%iy'géiP'T:r?n%?r;ag(g)’sé'( 139-9302‘12’3- P. Harbison,
strong blueshift of 26 meV_at the excitation intensity of 150 7, Tan, R. Mirin, V. Jayaraman, S. Shi, E. Hu, and J. Bowers, Appl.
Wicn?. After the lower-laying states of the larger dots are Phys. Lett.61, 300(1992.
filled, the state filling occurs in the smaller dots as well. The zD. J. Eaglesham and M. Cerullo, Phys. Rev. L64, 1943(1990.
maximum of the QDC peak is not shifted to blue, but the M. Sopanen, T. Koljonen, H. Lipsanen, and T. Tuomi, J. Cryst. Growth

o ¢ th s th ¢ 145, 492 (1994
derivative of t 'e spectrum .reveas the appearance of new Ahopelto, H. Lipsanen, M. Sopanen, T. Koljonen, and H. E.-M. Niemi,
peaks on the high-energy side of the QDC peak. To resolve Appl. Phys. Lett.65, 1662(1994.
the overlapping peaks, Gaussian profiles were fitted to the PLIC. M. Reaves, V. Bressler-Hill, S. Varma, W. H. Weinberg, and S. P.
spectrum. The fitted peaks together with their sum curve argPenBaars, Surf. ScB26 209(1993.
. . . . U. Bockelmann, Phys. Rev. B8, 17 637(1993.
shown in Fig. 4. The two additional peaks together with thewg trkie, H. Leier, A. Forchel, H. Haug, C. Ell, and G. Weimann, Phys.
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