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The molecular beam epitaxial growth of self-organizegl®a, (As/GaAs quantum dots on buried
INGaAsAs/GaAs stressor dots has been characterized by photoluminescence measurements and
cross-sectional transmission electron microscopy. The presence of the stressor dots enhances the
growth rate and spatial uniformity of thegGa, gAs dots. The incorporation of Al in the stressor

dots not only provides a strain field, but also inhibits carrier recombination therein. A low
photoluminescence linewidth of 21 meV, almost invariant in the temperature range of 7—100 K was
measured in a heterostructure with an optimal number of stressor and active dot layet899©
American Institute of Physic§S0021-8979)05020-3

Self-organized quantum dot§QDs), grown via the organized growth leads to spatial ordering and vertical cou-
Stranski—Krastonow growth mode, have demonstrated chapling between dots in successive lay&¥s? Vertical cou-
acteristics favorable for their application to optoelectronicpling of dots also reduces the PL linewidth—accompanied
devices. Interband edge- and surface-emitting lasérs)- by a redshift of the emission wavelength—due to a size fil-
tersubband long wavelength detectdfsand electro-optic tering effec® PL linewidths as narrow as 25 meV have
modulators® have been demonstrated, sometimes with perbeen reported for double layer InAs ddfsRecent theoreti-
formance matching those of similar quantum w€W) de-  cal calculations also confirm that it is possible to grow a
vices. However, it is expected, by virtue of the singular den-more uniform and regular arrangement of islands even on a
sity of states of ideal QDs, that their characteristics shouldonuniform set of buried islands.
surpass those of QW devicEsThe biggest hindrance to In the experiments reported to date, the stressor and
achieving this objective has been the growth mode itselpverlying QDs, vertically coupled or otherwise, have the
—a~10% inhomogeneity in size and associated fluctuation§ame composition. It would be more advantageous to have
in shape and composition causes inhomogeneous broadenitiig two dot systems of different composition, providing the
of the photoluminescencéPL) and severely limits the ad- following advantages(i) the choice of stressor dot and bar-
vantages of three dimensional confinement. For example, Plier material could prevent carrier injection in the stressor
linewidths as narrow as 3deV have been observed for lu- dots, so that only the overlying dot system emits ligfit;
minescence emission from single d&tsyhereas in a large the stressor dots could for_rr_1 a part of_the doped _Iayer in a
ensemble, typical linewidths are 30—60 meV, even at Cryogjewce heter'ostructure; ar?dl) the bamer'layer thlgkness
genic temperatures. Additionally, the interplay of surface ki-could be varied, so that ultimately the strain patterning could

netics and energetics on the surface randomizes the positioR€ €ngineered. In this communication we report the lumines-
ing of the dotg:>14 cence and structural characteristics of) /Ba, As/GaAs

t@Ds grown on a system of dnGay Al As/GaAs stressor

PL linewidth and spatial ordering of QDs, with reasonabledho'[s by moledcular tf)leam epir:aXMBl_E)i I (ijs 9bser]}’ ehd that |
succesd518By using patterned substrates, uniform arrays oft'© Stréssor dots influence the spatial ordering of the overly-

dots have been demonstrated, but the dot densities are mut}¥ dots. PL emission linewidths as low as 21 meV are mea-

- . ) . d.
ller than 18 cm™ 217 Since the island growth mode is ="

smafler than 1o cm Ince the 1sian grﬂ mode 1s The QD heterostructures were grown @01) GaAs
strain induced, it is evident that some kind of “strain pattern- . : .

o : . substrates in a Varian Gen Il MBE system with an,As
ing” might yield more favorable results than physical pat- . . 5
terning, eliminating the complexities of epitaxial regrowth source providing an arsenic pressure of 10 = Torr. A

S 9 talh 9 tudi dthp train fi Idp d lumi 9 " typical heterostructure in shown in Figal. The number of

opaneret al. have studied the strain Tield and IUMINESCeNCEy oo and active dot layers and spacer layer thicknesses
characteristics produced by InP/GaAs stressor dots grown

. Have been varied to optimize the PL characteristics. A 0.5
a buried InGaAs/GaAs QW.It has also been shown thatthe "~ 1o tfer layer was first grown at 630 °C. The sub-
surface strain in a capping layer by an initial ensemble o

: o _~strate temperature was then lowered to 530 °C and the sys-
buried dots perturbs the adatom migration rates durlnqem of In.GaAlgsAs stressor QD layers, with GaAs

growth of a subsequent dot layer, thereby influencing thei%pacer layers were grown. This was followed by the growth
size, shape, and lateral orderitfg® Such strain driven self- of the active I Ga, BAs dot layers with GaAs spacer layers.
Finally, a 0.1um GaAs cap layer was grown at 610 °C. After
dElectronic mail: pkb@eecs.umich.edu the deposition of dot material, a 10 s growth interruption was

Many techniques have been demonstrated to reduce t
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FIG. 1. (a) Typical InGaAs/GaAs quantum dot heterostructure with buried ) Number of InGaAlAs stressor dots
Ing..Ga& Al sAs stressor dots and active,iGa, ¢As dots grown by MBE. (b)

(b) Photoluminescence from a sample with only /B&, ;Aly 4AS stressor )

dots confined between #lgGa, gAs barrier layers af=17 K. The line-  FIG. 2. (a) Effect of the number of buried inGa, Alo AAs stressor dots on

width of the emission is 60 meV. the PL spectra of a single layer of 7 ML active, f&a ¢As at T=17 K: (i)
no stressor dotdji) single layer of stressor dotii) two layers of stressor
dots separated by 15 A GaAs spacer layir; three layers of stressor dots.
The intensity of the structure in not to be compared dire¢byyariation of

introduced, with As over pressure, to enable complete forth® Peak energy and FWHM of dgGa, sAs/GaAs dot luminescence with
’ ’ the number of buried stressor dot layers.

mation of the dots. The spacer layer was then grown. The
entire heterostructure is undoped.

Variable temperature PL measurements were done with
632 nm light from a He—Ne laser. The luminescence wasn, ,Ga, ¢As dots. The nominal thickness of the active dot
analyzed wih a 1 mJarrell-Ash spectrometer and detectedremained fixed at 7 ML. The photoluminescence data are
with a liquid N,-cooled photomultiplier tube after lock-in shown in Fig. 2a). As the number of stressor dot layers is
amplification. The alloy composition of the stressor dots isincreased, the emission peak shifts progressively to lower
so chosen that the effective band gap off the dots is highegnergies. This can be understood on the basis of the built-in
than that of the GaAs spacer layers. Thus all the photogenestrain field due to the stressor dots. As the strain increases,
ated carriers in a PL experiment essentially relax into andhe dots are formed at an enhanced rate with a thinner wet-
recombine in the 1§,Ga As dots. This is confirmed by the ting layer and hence, for a fixed amount of chaf@eML),
absence of a PL signal from a heterostructure in which onlyarger dots are formed. At the same time, the full width at
the InGaAlAs/GaAs dots were present. However, a strondnalf maximum(FWHM) or PL linewidth, of the PL emission
emission was observed from the stressor déig. 1(b)]  decreased significantly, from 55 meV for a sample with no
when they were confined with an AlGa g As barrier  stressor dots to 36 meV for a sample with three layers of
layer, instead of GaAs, confirming the high optical quality of buried stressor dots, as shown in Figb)2 The redshift of
the stressor dots. the PL peak can be greatly reduced, at the same time main-

It was found that the number of monolaydidLs) of  taining the decrease in PL linewidth, if the first InGaAs dot
Ing .Gay As required for dot formation and the optimum layer is formed with 7—8 ML and subsequent dot layers are
thickness of the GaAs spacer layers depended on the built-formed with 3—4 ML, in the absence of buried stressor dots.
strain profile. For the heterostructure with no buried stressofhis is due to the vertical coupling of the layer dots in the
InGaAlAs dots, the Ip,Ga, gAs active dots in the first layer subsequent dot layers with the initial one. Similar results
were formed after 7 ML of growth; on the other hand with ahave been reported by us earffdfFurthermore, in the pres-
single buried layer of stressor dots, the active dots werence of the buried InGaAlAs stressor dots, even the first
formed after 5—6 ML of growth. This confirms the predicted InGaAs dot layer can be formed with 3—4 ML of growth.
role of the strain patterning provided by the stressor Hots. Taking all the above results into account, we grew an
We next studied the effect of increasing the number of streseptimal structure with three layers of buried InGaAlAs stres-
sor dot layers on a single overgrown layer of activesor dots and five layers of inGa ¢As active dots, as de-
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FIG. 3. (a) Cross-sectional TEM image of the heterostructure with five
layers of active 1p,Ga, §As dots and five layers of nGa, Al o sAS stressor
dots;(b) Photoluminescence emission measuremenis=df7 K andT=100

K from this sample.

picted in Fig. 1a). The first layer of buried dots were nomi-
nally 8 ML thick, with 15 A GaAs spacers with the

subsequent layers of stressor dots of thickness 6 ML. Thg
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In conclusion, we report a significant reduction in the PL
linewidth of Iny ,Gay gAS/GaAs self-organized QDs, grown
on buried InGaAlAs/GaAs stressor dots. By varying the
nominal thickness and number of dots layers, we grew an
optimal structure which exhibited an invariant PL linewidth
(FWHM) of 21 meV in the temperature range of 7-100 K. A
further reduction in linewidth may be possible by varying the
composition of the stressor dots and by growing InAs active
dots, which have an intrinsically larger compressive strain.
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