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Optical properties of bilayer InAs/GaAs quantum dot structures:
Influence of strain and surface morphology
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Double layers of InAs quantum dot®Ds) separated by 112-A GaAs spacer layers have been grown by
molecular-beam epitaxy on Ga@1) substrates. Photoluminescence measurements reveal that the emission
of the second QD layer is blueshifted with respect to the first one. The two peaks can be made coincident by
increasing the amount of InAs deposited in the second layer and also by annealing the spacer layer. Scanning
tunnelling microscope measurements of the starting surface and of the uncapped QD’s have been used to
interpret these results. The QD’s in the two layers are shown to have the same comgpsioimAg before
capping. However, QD’s with similar shapes and volumes exhibit a blueshift in emission when grown in the
second layer compared to a single layer. This is attributed to enhanced intermixing during the capping stage of
the second-layer QD’s, and is a consequence of these dots being more strain-relaxed due to the strain fields
associated with the first QD layer. The blueshift is smaller for annealed spacer layers due to a lesser degree of
strain relaxation as a result of the change of surface morphology induced by the annealing process.
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I. INTRODUCTION factors including spacer layer thickness, and the rate and
temperature at which the QD’s are grown. Howewgy; is
Self-assembled InAs/GaAs quantum d6BD’s) are pre-  not affected by ain situ annealing of the GaAs spacer layer
dicted to produce lasers with a low and temperatureprior to second-layer QD growﬂ?.This study also revealed
independent threshold curreénfThe gain of a single QD large differences in the QD size and number denshy) (
layer is generally insufficient for lasing from the ground statewhen comparing growth on annealed and nonannealed
(GS), and multiple layers of QD's emitting at the same wave-SPacer layers, and QD’s grown in a single layer under iden-
length are necessary. This is easily achieved by adoptinfic@l conditions. The differences Ns and size are expected
relatively large spacer layers between the successive Q9 Nave a significant impact on the optical properties of en-

layers? but this may not be the optimum design for someCapsulated QD structures. _ ,
applications, in particular vertical cavity surface emitting la- In this paper we present a detailed study of bilayer InAs/

ces, wher I s adhantageous 1o have the ayers growi2AS GD scure focusng on the opcl and snchr
closely spaced within the cavity. There have been sever P yp P Py

. . . : . L) and scanning tunnelling microscog$TM). PL mea-
studies concerned with the electronic properties Of_mUIt'Iay'surements of bilayer samples separated by a relatively thin

. r e(r112—,&), nonannealed GaAs layer show that the emission
layers (<200 A). In general, a redshift of the GS emission ¢on the second layer is blueshifted with respect to the first
energy(with respect to the first laygiis observed, and this ono guch an effect was already reported for the Ge/Si
has been attributed to electronic coupling or tunnelling be'systen’to and for InAs/GaAs QD'¢2%We also show that it is
tween successive QD layets. However, in some cases possible to tune the second-layer emission by changing the
blueshifts have also been reported for |nAS/G&RGfS. 2,8, InAs coverage, hence providing a Simp|e method for produc-
and 9 and Ge/Si QD's? ing coincident emission from the bilayer sample. We also
Structural studies of multiple QD layers separated by thirdemonstrate that annealing the spacer layer before growth of
spacer layers reveal that the growth of the second and sughe second QD layer represents an alternative, more practical
cessive layers is strongly affected by the underlying QDway of achieving coincident emission. Reflection high-
layer. Cross-sectional imaging technigtte®® revealed a energy electron diffractiofRHEED) and STM measure-
strong tendency for vertical self-alignment of the QD’s, andments demonstrate that the QD’s have the same composition
this has generally been attributed to the strain fields associpure InA9 before capping. However, QD’s having similar
ated with the first QD layer providing a preferential nucle- shapes and volumes in the second layer exhibit a blueshift
ation site for QD’'s in the second and subsequenttompared with the emission of a single layer. The blueshift is
layers™®1"We recently showed that during the growth of therefore attributed to enhanced intermixing during the cap-
bilayer QD samples separated by thi{rz200-A) GaAs  ping stage for QD’s of the second layer, a consequence of the
spacer layers, the critical coverage for QD formati@h{) second-layer QD’s being more strain relaxed due to the strain
is reduced in the second layer by as much as 0.7-ML InAsields associated with the QD’s in the first layer. This inter-
deposition® This effect had also been observed for stackedpretation was proposed and developed in Ref. 10 to explain
Ge/Si QD’s, emphasizing the similarities between the twosimilar results obtained for Ge/Si QD’s, and it was suggested
systems? The reduction iné.; depends on a number of that similar considerations might also apply to IlI-V sys-
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tems. Our PL and STM measurements confirm that the pre- 4 » x 1 4
vious interpretation also applies to InAs/GaAs QD’s, and in
addition they show that the state of the surface plays a sig-
nificant role.

Il. EXPERIMENTAL DETAILS

The QD structures were grown in a purpose-built
molecular-beam-epitaxy STM systeffDCA Instruments/
Omicron GmbH. RHEED intensity measurements of ho-
moepitaxial growth on GaA801) and InAg001) substrates
were used to calibrate the Ga, In, and,Alsixes. Epiready
GaAg001) substrates(n® Si doped were used for the
growth of the QD samples. After initial thermal cleaning at
300 °C the native oxide layer was removed under anfis
at 620 °C. A 0.5um GaAs buffer layer was grown at 580 °C

PL Intensity (arb. units)

and the substrate temperature then reduced to 510 °C. The 1.02 1.05 1.08 L1l L.14 117
samples were annealed under an Asx for 5 min, and the Emission Energy (eV)

surface exhibited a(4x4) RHEED pattern before InAs

deposition. FIG. 1. Low-temperature PL spectra excited with a HeNe laser

The basic QD structure comprised two layers of InAs/(solid Iinesl and an AP laser (dashed lings from bilayer QD
GaAs QD’s separated by a 112 A GaAs spacer. In the folsamples with a nonannealed GaAs spacer of 11271,35 2.5 ML,
lowing, the monolayer is defined relative to the InAs surface®™df2 = (8 2.5, (b) 2.9, and(c) 3.7 ML, respectively.
site density. The InAs growth rate was 0.016 Ml}sand the
QD’s were grown at 510 °C. The InAs coverage in the initiala cooled Ge diode. In order to avoid any emission from the
layer (;) was fixed at 2.5 ML while the InAs coverage in excited states, all the PL experiments were performed at low
the second QD layeré,) was varied between 1.6 and 4.0 excitation densities.

ML. The GaAs spacer layer was deposited at the same tem-

perature as the first QD layer with a growth rate of 0.5

ML s~ 1. RHEED was used to monitat,; for QD formation. [ll. RESULTS AND DISCUSSION

For this particular set of growth conditiong;;=1.9 ML,
and this was reduced for second layer QD growth by 0.5 ML.

Samples were also grown to investigate the effect of an- Low-temperature PL spectra of a capped single QD layer
nealing the GaAs spacer layer prior to growth of the secondormed with §;,=2.5ML (60— 6.;=0.6 ML) shows emis-

QD layer. The duration of the annealing step was 10 minsion at 1.08 eV with a linewidth o&£40 meV. For a bilayer
and was performed at a temperature of 580 °C under an Assample with #,=6,=2.5ML and a 420-A GaAs spacer
flux. After completion of the annealing stage the substratdayer, the emission is practically indistinguishable from that
temperature was reduced to 510 °C and allowed to thermallgpf the single layer indicating that each QD layer is unaffected
equilibrate prior to second layer InAs deposition. A4 by the presence of the othéthe spectrum is not included

X 4) RHEED pattern was again observed. The introductiorhere. When the spacer layer thickness is reduced to 112 A,
of the annealing step was found to have no effectigpfor  two peaks are observed in the spectrum, indicating that the
second layer QD growth, which again occurred at 1.4-MLtwo layers emit at a different energgxcited-state emission
InAs deposition. is negligible at such low excitationThe spectrum is shown

Uncapped first and second layer QD’s were imaged byn Fig. 1(a). To identify the origin of each peak, we used
STM. Upon completion of growth the samples were imme-variable pump wavelength PLVPWPL).2° This technique
diately transferredwithin a few secondsto the STM cham- compares the emission spectra obtained from excitation with
ber and allowed to cool before imaging at room temperaturetwo lasers of different wavelengttiz) and therefore differ-
This approach is very effective in “freezing” the surface ent penetration depths. The shorter wavelength laser, in this
morphology and for obtaining atomic scale snapshots of thease an A laser ( =515 nm), will favor emission from
growth procesé! Constant-current STM images were ob-the upper layer compared to the HeNe lasex (
tained with a sample bias 6f3.5 V and tunneling currents =632.8 nm), which has a larger penetration depth. We can
of 0.05-0.2 nA. therefore attribute unambiguously the peak around 1.08 eV

Samples were also grown fex situPL investigation. In  to emission from the first layer, and the higher energy peak at
this case the second-layer QD’s were capped immediately.12 eV to the second layer. The second layer is therefore
with 400 A of GaAs at 510 °C before the substrate temperastrongly affected by the presence of the QD's in the first
ture was increased to 580 °C for a final GaAs capping thickiayer, resulting in a blueshift of the PL emission. By contrast,
ness of 1000 A. PL measurements were made at low tenthe first layer shows the same emission as a single QD layer
perature(10 K) using an Ai or HeNe laser, dispersing the and is not therefore affected by the presence of the second
light with a SPEX 0.5-m monochromator and detecting withQD layer.

A. Optical properties
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FIG. 2. Difference in emission energies of the secolg) (and FIG. 3. Low-temperature PL spectra from bilayer QD samples

first (E1) QD layers as a function of the second layer InAs coverageyith an annealed GaAs spacer of 112 A,=2.5ML, and 6,
6, for a fixed spacer of 112 A. Increasing the InAs coverage in the=(a) 2.0,(b) 2.5, and(c) 2.7 ML.
second layer decreases the emission energy. The two curves inter-

sect for 6,=2.9 ML in the case of the nonannealed spacer layer
(circles and at §,=2.5 ML for the annealed spacer layéri- =2.5ML and three values ofl,. In each case the GaAs

angles. spacer layer was annealed at 580 °C for 10 min before depo-
sition of the second QD layer. As mentioned in Secél), is
RHEED measurements reveal that; occurs at 1.4 ML not affected by annealing and still occurs at 1.4 ML for the
in the second layer, compared with 1.9 ML for the first layer.second layer in these samples. VPWPL is again used to iden-
If this change were the sole cause of the blueshift, we wouldify the emission from samples exhibiting two peaks. In this
expect that deposition of an equivalent amount of InAs aftecase, coincident emission is obtained #—= 0,=2.5 ML
the two- to three-dimensional (2B3D) growth mode tran- [Fig. 3(b)], while values off,=2.0 and 2.7 ML produce two
sition for the second QD layer would result in a coincidentseparate PL peak§igs. 3a) and 3c)]. Spacer layer anneal-
emission peak in the PL spectra since the QD’s should theimng is hence demonstrated as a simple way to achieve coin-
contain the same amount of InAs. However, the PL spectraident emission for QD bilayers in the present growth con-
for a sample with#;=2.5ML and §,=2.0 ML (6— 6.,  ditions. For6;=2.5 ML and §,=2.0 ML, the same amount
=0.6 ML in both layer$, exhibit a greater peak separation of InAs has been deposited after the 23D transition in
with the second layer peak at an even higher energy. This isoth layers (— 6.,;=0.6 ML), due to the reduction ofi.;
consistent with our previous work on single layers whichby 0.5 ML in the second layer. In this case, the emission of
showed that decreasing the InAs coverage blueshifts the Qe second layer is again blueshifted compared to the first
PL emissiorf? In order to make the two peaks coincident we layer, similar to the results obtained for the nonannealed
have therefore deposited a greater amount of InAs in thepacer layefFig. 1(@)]. The difference in PL peak energies
second layef#,=2.5 ML, 6, variable. The first layer al- of the two QD layers [E,—E;) is also shown in Fig. 2 for
ways emits around 1.08 eV, while the second layer shiftennealed spacers as a functionégf Just as for the nonan-
from 1.19 to 1.04 eV a9, is increased from 1.9 to 4.0 ML nealed spacer layers, increasing the InAs coverage results in
(for a nonannealed GaAs spacefigure 2 shows a plot of a decrease in the emission ener@), reaching 1.04 eV at
the difference between the firste{) and second-layerH>) 0,=2.7 ML. The emission energye() for annealed spacer
QD emission energies for fixed; and different values of layers is always lower than that measured for nonannealed
0,. In the case of the nonannealed spacer layer coinciderspacers for comparable values @&f.
emission E,—E;=0) is achieved wher,=2.9 ML [Fig. An aspect common to the growth of second layer QD’s on
1(b)]. Increasingd, beyond this value increases the emissionunannealed and annealed spacer layer samples is the reduc-
wavelength of the second layer beyond that of the first layettion in the amount of InAs required for the 2B3D growth
An example is shown in Fig.(&), for which§,=2.5 ML and mode transition. This should imply a thinner or incomplete
6,=3.7 ML. While obtaining coincident emission of several wetting layer(WL). A similar effect has been observed for
QD layers is of great importance for many applications, ad-Ge/Si QD’s!***To investigate this in more detail we studied
justing the InAs coverage of each layer to tune the emissioithe emission from WL's under conditions of high excitation.
is perhaps not practical for many layers, since the growttSuch a spectrum is shown in the inset to Fig. 4 for the
conditions vary from layer to layéf As an alternative, we sample with #;,=6,=2.5ML and an unannealed spacer
have investigated the effect of annealing the surface of th&yer. The shape of this spectrum suggests the presence of
spacer layer prior to growth of the second QD layer. two overlapping features, which we tentatively attribute to
Figure 3 shows PL spectra of samples grown with  emission from the WL's associated with each QD layer of the
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FIG. 4. Low-temperature PL spectra obtained for the nonan-
nealed bilayer QD sample with nominally identical layetg =€ 0,
=2.5 ML) at excitation energies @f) 1.458,(b) 1.446,(c) 1.438,
and (d) 1.414 eV. Spectrda), (b), and (d) exhibit roughly equal
contributions from each QD layer, whereas the first layer dominates
in spectrum(c) (dashed ling In this case, the excitation energy is :
below the absorption edge of the second WL. The inset shows the
PL spectrum in the region of the WL for nonresonant excitation
(Ar" lasep; the arrows indicate the excitation energies for each
resonant PL spectrum.

bilayer structure. To confirm this, we collected the PL signal
from the QD’s when resonantly exciting at energies between
1.414 and 1.458 eV. Some of the spectra obtained are pre-
sented in Fig. 4. Spectruna) corresponds to excitation
above both WL's band edges and emission from both QD FIG. 5. Filled-states STM images (208@000 A%) showing
layers is present. Decreasing the excitation energy results #e GaAs surface morphology prior to deposition of Infe; first
an increase in the QD emissidr)—(c) followed by a de- layer, (b) secon_d layer with a nonannealed 112-A spacer, @hd
crease(d). However, the emission from each QD layer doessecond layer with an annealed 112-A spacer. Imdgdesif) show
not reach its maximum intensity for the same excitation eni® QD morphology after 2.5-ML InAs depositiotd) first layer,
ergy. Spectrunib) corresponds to the maximum of the sec- (& Nonannealed GaAs spacer layer, dfidannealed GaAs spacer.
ond QD layer while(c) corresponds to the maximum for the The InAs coverage in the first layer was fixed at 2.5 ML oy, (c),
first. Note that emission from the second layer has almos@’ and(f).

disappeared in spectruto), represented as a dashed line in ments on uncapped single QD layers and second-layer QD’s
Fig. 4, demonstrating that an energy of 1.438 eV is below thgyrown on both nonannealed and annealed GaAs spacer layers
absorption edge of the second-layer WL but not of the first(112 A). We also present STM images of the GaAs surface
Decreasing the excitation energy below both WL's producesyior to InAs deposition to highlight the differences in sur-
only direct absorption into the QD’s, and hence a strongace morphology, which may affect the subsequent growth of
reduction in the PL intensity; this is shown in spectrh  the QD layers.
From this series of spectra, we can conclude that the energy The STM topographs in Figs.(&-5(c) compare the
of the second WL is slightly highe~8 meV) than that of ~GaAs starting surface for QD growth in both single- and
the first layer consistent with it being thinner. We can a|SOdoubIe-Iayer structures. The surface morphology prior to
note a small difference between the maximum of absorptioraeposition of the first layer of QD’sé;=0) is shown in(a).
and the maximum of emissidiStokes shift for each WL of |t js characterized by a number of small monolayer high
the order of 7 meV. Finally, this study of the WL's shows thatisjands together with much larger regions which exhibit a
it is possible to selectively excite one of the layers usingc(4x 4) reconstructio’® The image in(b) is characteristic
resonant excitation, confirming the absence of significangt the surface used for growth of the second layer of QD’s
electronic coupling and tunneling. (6,=0) after the initial QD layer §;=2.5 ML) has been
overgrown with 112 A of GaAs at 510 °C. No post-growth
annealing has been performed, and high-resolution images
To investigate the differences in PL emission from theshow a 2<4 reconstruction. There is no evidence of a 1
bilayer QD structures we have performed STM measurex 3 phase, a surface reconstruction associated with the pres-

B. STM analysis
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ence of an InGa, _,As surface alloy” so significant In seg- 12
regation through the 112-A spacer layer can therefore be
ruled out.

Much more important differences arise in the larger scale
morphology of the second layer surface compared to the first
layer. Figure ®b) shows the presence of mounds that are a
consequence of GaAs overgrowth on top of the initial layer
of QD’s. For this GaAs thickness, the average height of the
mounds is 27 A and the lateral dimensions are typically 300

A (along[110]) by 500 A (along[110]). The mounds are
also characterized by a valldgepressionrunning through

their center and alon§110]. The average valley depth in 2
this case is 9 A, although this varies significantly with the
GaAs thicknes$® We recently characterized the overgrowth 0
process in detail using STM, and showed that valleys only
form during overgrowth of the relatively large QD’s formed
at low InAs growth rates. The development of the valley at
the top of the mounds reflects the anisotropic migration of
Ga adatoms away from the top of the QD due to a combina-
tion of stress and surface curvature. It should also be noted
that, although 3D features are still observed on the surface,
the QD’s are fully encapsulated at a capping layer thickness
of 112 A®

Figure 5c) shows the starting surface for second layer
QD growth after the surface has been annealed for 10 min at
580 °C and then allowed to cool down to 510 °C under an
As, flux. The surface is similar to that observed for growth
of the first layer[Fig. 5a]. The annealing cycle allows the
spacer layer to minimize its surface energy and flatten via
adatom migration; the effect of surface stress on adatom mi- g5
gration is clearly very small at this cap thickné3$®

The STM images in Figs.(8)—5(f) were recorded after S TR RN EETIN RS R
deposition of 2.5-ML InAs on each of the surfaces shown in 05 1 15 2 25
Figs. 5a)—5(c), respectively. QD’s are formed in all cases (b) 0.0 (ML)
since 6> 6.;;. Dots in the first layend) are present at a e
density 0fNg~(1.7+0.1)x 10 cm™? with an average vol- FIG. 6. (3) Mean QD volume determined by STM as a function
ume of 1.56<10° A3. For growth on the annealed spacer of InAs coverage @— 6;) for the QDs in the different layers of the
layer (f) Ng is almost identical to the first layer, but the mean bilayer structure: first layefx), second layer with a nonannealed
QD volume is greater by a factor of about 2. By contrast,spacei®), and second layer with an annealed spdcér (b) Total
second-layer growth on the nonannealed spacer l&ger QD volume per unit areéin ML equivalent$ as a function of ¢
leads to a reduction iNg to 8.3<10° cm 2 and to a greater — ;) for the different QD structures; symbols as above. The solid
average QD volume of 4.6710° A3. There are also clear line is that expected for Stranski-Krastan(®K) growth without
differences in the QD nucleation sites. In the case of th&ny InGa_,As alloying.
annealed spacer layer and the single-layer sanjgiesnd
(d)] QD nucleation occurs at the bottom of step edges5.1x10° A3ML ! for QD’s grown in the second layer on a
whereas on the nonannealed spacer lagrthe islands nonannealed spacer layer compared tox2.6® ASmL !
nucleate exclusively at the top of the mounds that exist as for those in the first layer and when grown on the annealed
consequence of GaAs overgrowth on top of the initial layerspacer layer. The data are summarized in Table I.
of QD’s.® The differences observed relate to the measured changes

The average volume of both the first and second layein Ng. To take into account the change in density and in
QD’s can be determined by direct integration of the STMorder to extract compositional information, the total volume
images and is plotted in Fig.(® as a function ofd— 6. per unit area of the QD’Y/, in ML equivalents, is plotted in
When the change of critical thickness in the second layer i§ig. 6(b), over a range of coverages beyofig; for the three
accounted for in this way, the average volumes of the QD’dlifferent types of samples. The solid live= 6— 6, repre-
in the first- and second-layer QD’s grown on the annealedgents the expected volume for simple Stranski-Krastanov
thin spacer layef112 A) are identical, whereas the average (SK) growth, i.e., no incorporation into the QDs of WL ma-
volume for the QD’s grown on the nonannealed spacer layeterial and no alloying??’ In all three cases, there is little
is significantly greater. The QD volume increases at a rate ofleviation from the SK line, showing that the QD composi-

Average QD Volume (106 A3)
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TABLE |. Summary of results obtained from STM images of from QD’s with larger volume and identical composition is
uncapped InAs/GaAs QD's: the number dendily, critical thick-  redshifted, and indeed increasing the volume of the second-
nessd; and rate of increase of mean voluif)é) of the QD’s with  Jayer QD’s leads to a redshift, allowing a “tuning” of the
InAs coveraged. The latter parameter is a measure of the QD evo-gmission energyFig. 2. This means that there is a compet-
lution which is not sensitive to any change fig; - ing mechanism for the second-layer QD’s causing a blueshift
relative to similar-sized QD’s in the first layer. Either com-

ONS , Ot d<V>?{d‘9 positional differencesafter capping, or differences in the
(10¥em™®) (ML)  (10°A%ML) strain state of the QD’s, could account for this change, and
singleffirst layer 1.7 1.9 28 these are discussed in Sec. Il F.
second layer, non- 0.8 1.4 5.1
annealed spacer E. Annealed spacer layer
second layer, 1.6 1.4 2.8

Unlike the nonannealed spacer layer, growth on the an-
nealed spacer results in a QD density similar to the first
layer. Again the QD’s are larger than in the first layer, but

tion is therefore close to 100% InAs. This is expected for thethls time the size difference is only related to the change of

low growth rate conditions used here to form the Qf's. c_ritical thickness, i.e., Fhe QD’.S are appro>_(imately the same
Compositional differences in thencappedQD's cannot be size as those grown in the first Iz_iyer with 0.5 ML more
used therefore to explain the observed differences in P overage. For the same coverage in the second layer as the

emission(Sec. Il A), and an alternative explanation is re- first, th? second-layer QDs.eml'g at a similar energy to tho_se
quired. in the first layer, as shown in Figs. 2 and 3. This is despite

the larger average size of the second-layer QD’s. Also, rela-
tive to second-layer QD’s grown on a nonannealed spacer
layer, these QD’s have a lower emission energy at the same
A reduction in the critical thickness for stacked QD’s hascoverage(Fig. 2). This means that the blueshifting mecha-
previously been reported for Ge/Si QB%!° The compari- nism operating for second-layer QD’s with a nonannealed
son between annealed and nonannealed spacer layers enalsipacer also operates in this case, although it is weaker for the
us to clarify the origin of this effect for INnAs/GaAs QD’s. annealed spacer layer. This provides an additional method
Indeed, the critical thicknes8,,; is smaller in the second for “tuning” the second-layer QD emission energy.
layer by 0.5 ML whether the 112-A spacer layer is annealed
or not. Since annealing at high temperatures is expected to F. Strain and composition effects
desorb any surface-segregated In, this indicates that the
change ofé,; is caused solely by the strain fields of the
buried QD’s and not by any effects arising from In segrega
tion. It is also clear that the change of spacer layer morphol
ogy with annealindcompare Figs. ®) and 5c)] does not
contribute to the change df.;;. The second WL emission
occurs at an energy-8 meV higher than the firstFig. 4),
consistent with a smaller In content alloyed WL spread ove

annealed spacer

C. Wetting layers and critical thickness

The results presented above provide us with a means of
probing the effect of strain and intermixing during the cap-
ping stage. Three types of QD’s have been grown: dots in a
single layer(type |), dots in a second layer deposited on an
unannealed GaAs spadgype Il), and dots in a second layer
on an annealed GaAs spacsipe lll). Characterization with
rSTM and RHEED has shown a number of differences. The
density is reduced for type-Il dots due to the different surface

a few atomic layers. The reduction &, means that an . )

extra 0.5 ML of InAs is incorporated into the second-layermorphOIOgy' and QD fo_rm_atlon oceurs earlier f_or ty_pe-II and

QD's if the same amount of material is deposited overall and”l dots due to the strain field from the underlying first-layer
' ots. As a result, for identical InAs coveraged® (

this substantially increases the average QD volume. It may
also affect the composition of the layer directly surrounding_z‘5 ML), type-Il dots are Iarger_than type-lil dOtS. and both
are larger than type-l dots. An important result is that the

the buried QD’s, since it is known that the WL tends to g .
spread upward into more of a “confining layer” under the composition of all three pres of dots is th_e same and close
present capping conditiorg. to pure InAsbefqre cappingAlso, by c_ha_mgmg 'ghe amount.
of In deposited in the second layer, it is possible to obtain

QD’s of types Il and Ill with the same average volume as
QD’s of type I. For example, if6=3.1 ML (6-0

The number density of QD’s in the second layer is smaller=1.2 ML) for type | dots, we need=1.4+1.2/2=2.0 ML
than in the first layer, while the QD average volume in-for type-Il dots andd=1.4+1.2=2.6 ML for type-lll dots.
creases at a correspondingly greater (d@@ble ). The re- These three QD’s then have the same average volume and
duction in number density is a consequence of the differenthe same In composition. Furthermore, no significant differ-
surface morpholog}? The growth is still SK-like and the ences in the shape of the dots were observed in the STM
composition of the uncapped QD's is close to pure InAs, asmages. The only difference between these three cases prior
in the first layer. However, despite the greater average Qo capping is the strain state of the islands. However, the PL
volume, the PL emission is blueshiftee{—E;>0) com- emission of the capped dots show major differences, with
pared to the first-layer QD’s for the same coverage beyon@émission from type-Ill dots blueshifted compared to type-I
0. (Fig. 2). Of course, one would expect that the emissiondots, and an even larger blueshift observed for type-Il dots.

D. Nonannealed spacer layer
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We therefore conclude that the strain state of the dots beforgtrain modulation on the surface. However, the surface mor-
capping has an important effect on the structure of thehology is very different with islands forming on mounds for
capped dots. the nonannealed case as opposed to a flat surface for the
It has been shown that uncapped QD’s are partially straimnnealed spacé?:?® The difference in surface morphology
relaxed(i.e., have a lattice constant larger than GpAke translates into a higher PL peak energy for the type-Il dots.
largest strain relaxation occurring at the top of the §he  We believe this is again a result of enhanced intermixing
deposition of GaAs will tend to force the lattice constantduring capping of the QD’s when they are more strain-
back to that of GaAs, and the resulting buried QD’s are moraelaxed. Although the tensile strain is present in both cases,
strained than before capping but may still be partially strainthe presence of mounds probably enables the lattice constant
relaxed in their center. When QD’s grow on top of an exist-to be even larger than on the fléensile strainedsurface,
ing QD layer, the strain field from the buried QD can extendresulting in type-Il dots being more strain relaxed before
to the surface of the spacer layeepending on its thickness capping than type-lll dots, and therefore undergoing more
and introduce regions of tensile strain directly above a QDintermixing during the capping stage. Future high-resolution
This strain modulation is believed to be the cause of QDTEM images of uncapped type-Il and -1l QD’s should con-
vertical self-alignment and the reduction ;. ***"*8It is  firm this interpretation.
likely that QD’s forming on these regions will be more strain
relaxed, because the surface is already subjected to tensile
strain. We might expect that these QDitypes Il and Il),
once capped, would remain more strain-relaxed than QD’s We have presented a detailed study of the properties of
grown on an unstrained GaAs surface region. For a givemilayer InAs/GaAs QD’s grown by molecular-beam epitaxy.
composition and volume, this would imply a reduction of the STM measurements show that for a nonannealed GaAs
band gap and a slight increase in the confinement energiespacer layer there is a reduction in the second-layer QD num-
The QD's investigated here are relatively large and the reber density, which is accompanied by an increase in QD size.
duction of the band gafdlue to strain relaxatiorwill domi- For a similar amount of InAs in the first and second layers
nate over the confinement effect, and should result in a red2.5 ML) the emission of the second-layer QD’s is blue-
shift of the PL emission. This is the opposite to what weshifted, but by depositing more InAs in the second layer it is
observe and a strain-induced change in the band gap cannomossible to obtain a single emission peak. The origin of the
explain the results observed here. blueshift is attributed to an increased amount of intermixing
The most plausible explanation is a difference in the dein the capping process for the more strain-relaxed QD’s. An-
gree of intermixing during capping for these three types ofnealing the spacer layer is demonstrated to be very important
QD’s. Schmidt and Ebefl reached the same conclusion for in order to obtain a similar number density in the two layers.
the Ge/Si QD system, where a detailed qualitative descripThe significant changes in the capping layer surface mor-
tion of these mechanisms was presented. The same argphology and strain after annealing also result in a reduction
ments apply to our bilayer InAs/GaAs QD structures. Fol-of the intermixing during capping of the second-layer QD’s
lowing their model, we propose that QD’s of types Il and Il compared to the nonannealed spacer. The observed blueshift
are more strain relaxed than those of type I. When they ar&s accordingly reduced. All these mechanisms should be
capped with GaAs, the strain gradient is much larger and thisaken into account when fabricating multilayer QD samples
enhances the In/Ga intermixing as a way of releasing straifor device applications.
energy. As a consequence, the buried QD’s are more inter-
mixed and have a lower In composition after capping; hence
the blueshift in the PL emission. This also provides an ex-
planation for the differences observed between type-Il and This work was supported by the EPSRC, UK, who also
-lll dots. In both casesf,; is reduced compared to first, provided studentships for P.B.J. and T.J.K. G.R.B. is grateful
layer QD growth, suggesting that the strain fields from theto the Ramsay Memorial Trust for the provision of a Re-
underlying QD’s extend through the spacer layer to create aearch Fellowship, funded in part by VG Semicon L{tdK).
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