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Competition between strain-induced and temperature-controlled nucleation
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Atomic force microscopy and photoluminescence spectrosd®hy have been used to study
asymmetric bilayer InAs quantum dd@@D) structures grown by molecular-beam epitaxy on
GaAq00)) substrates. The two QD layers were separated by a GaAs space(Sayaf varying
thickness and were grown at different substrate temperatures. Grown independently, these two
layers would exhibit a widely different QD number density, and this technique therefore enables us
to assess the influence of the strain fields created by the dots in the first layer on the second-layer
QD nucleation and characteristics. For very large 8:40 nm), total strain relief causes the QD
nucleation to be controlled exclusively by the substrate temperature, which influences the migration
of In adatoms. In this case, the optical and morphological properties of the second QD layer are
identical to a structure with a single QD layer grown at the same temperature. In structures with a
much smaller SL, strain effects dominate over the effect of temperature in controlling the nucleation
of the QDs, thereby fixing the second-layer QD number density to that of the(trsplating

effec). There is also evidence that strain relaxation is present in the QDs of the second layer and that
this is crucial for extending their emission wavelength. The optimum SL thickness is shown to be
11 nm, for which low-temperature PL emission peaks at 146, with a full width at
half-maximum of only 15 meV. Intermediate SL thicknesses exhibit broad QD size distributions,
with strain effects only partly influencing the QD growth in the second layer.200©4 American
Institute of Physics.[DOI: 10.1063/1.1645637

I. INTRODUCTION techniques that vertical self-alignment of QDs occurs if the
thickness of the spacer layé8L) is <20 nm>~8 This stack-
Considerable effort has been devoted to studying thg,g pehavior has been attributed to strain interactfotishe
growth and properties of InAs/GaAs quantum d6BDS),  effects of strain and SL morphology on the growth and op-
with significant progress made in producing optoelectronlc‘ticm properties of multlayer QDs have also been
devices for applications at-1.3 {“m'l More recently, at- o 4iel0-14 However, most of these studies relate to struc-
tempts have focused on producing InAs/GaAs QD em'tter?ures in which each QD layer is grown under nominally iden-

for longer wavelength&;* with the ultimate aim of develop- . . . .
ing GaAs-based QD devices for applications at the technoycal conditions and the number density of QDs in each layer

logically important wavelength of 1.5%m. Emission at is esse_ntially the same. This is very different from the case of
longer wavelengths is difficult to achieve when using athe_ b_"ag"?r st_ructures developed for long-wavelength
single layer of InAs/GaAs QDs; however, we have shown€MiSsion, in which the two QD layers need to be grown at
that it is possible to fabricate asymmetric bilayer QD Struc_dlfferel_”nt_ temperatures, with strain mter_act|ons from the f|r§t
tures that demonstrate room-temperat(Rf) emission at layer fixing the second layer QD density. Such asymmetric
wavelengths greater than 1,8m* Bilayer QD structures bilayer structures have not been studied in detail sé%ar.
were grown at low InAs growth rates, and through careful  In this article, we address the important issue of SL
control of the second QD layer growth and capping temperathickness(S) in these asymmetric structures and investigate
ture, RT emission at 1.4m using only GaAs in the barrier the effect of the strain fields from the QDs in the first layer
layer was demonstrated. This was extendee-o5 um by  on the nucleation, and the structural and optical properties of
including an InGaAs capping lay&iFor these structures, a QDs in the second layer. For that purpose, we measured the
remarkably small linewidth of~14 meV (10 K) was mea- size, density, and uniformity of theincappedl QDs in the
sured, consistent with a narrow distribution of QD sizes andsecond layer using atomic force microsco@FM), while
composition. the QD emission properties were characterized by photolu-

The ability of this bilayer QD structure to achieve long- minescencePL) spectroscopy. It is shown that strain fields
wavelength emission depends crucially on being able to excan affect the QD nucleation for relatively large SLs, up to at
ploit the strain fields associated with the firseed QD |east 30 nm. For SLs between 9 and 18 nm, nucleation is
layer. It is well documented from cross-sectional imagingshown to be exclusively driven by the strain field from the
first layer, leading to a fixed QD number density, improved
dElectronic mail: t.jones@imperial.ac.uk size uniformity, and longer-wavelength emission.
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For applications such as lasers, this study enables us the lattice constant of the GaAs surface is expanded directly
identify an optimum SL thickness of 11 nm, for which the above a buried dotJeading to a strain-energy modulation on
inhomogeneous broadening of the emission reaches a minhe surface of the SL. This strongly influences the growth
mum while long-wavelength emissidf.26 um at 10 K) is  and properties of the second-layer QDs, and under the right
achieved. The changes induced by varying the SL thickeonditions leads to a perfect vertical alignment of the QDs in
nesses are explained in terms of the strain fields that are second layer with those of the first. This templating effect
created by the first-layer dots and that penetrate the GaAsas two advantages. Firstly, it leads to more strain-relaxed
SL. QDs in the second layer, which should contribute to a longer-

wavelength emissioh.Secondly, it allows us to choose the
Il. EXPERIMENTAL DETAILS growth temperature of the second layer without affecting

The samples were grown in a molecular-beam epitaxy\p.2- N the case of a single QD layer, a reduction in sub-

(MBE) system equipped with reflection high-energy electrorStrate temperature would lead to a substantial increase in dot

diffraction (RHEED) for in situ monitoring of the growth density'® because the migration length of In adatoms is re-

process: in particular, measuring the critical thickness for Q¥uced. In a QD bilayer with a suitable SL, the surface diffu-
formation (A.;) and calibration of the incident Ga, In, and SION (_)f In adatoms is directed to areas with a Iatt!ce constant
As, fluxes. Epiready GaA£001) substrates r{* Si-doped that is _mcr_eased compgred to that of unstrame_d (_BaAs.
were mounted on molybdenum plates and the samples imré\_lucleatlo'n is then excluswely controlled. by 'the strain fields
duced into the MBE chamber via a fast entry lock. After @1dNp 2 is fixed by the first-layer density, independent of
initial thermal degassing at 300°C under an,Alix (As 9rowth temperature.
pressure=2.6x 10~ mbar), the oxide layer was removed at The low substrate temperature for the growth of the sec-
620°C and a 200 nm GaAs buffer layer was then grown aPnd QD layer(475°Q is a crucial feature for several rea-
580°C at a growth rate of 0.5 monolayers per second©ns: Firstly, from an appllcanons point of view, the |0W
(MLs™ Y. The substrate temperature was then reduced fogrowth temperature contributes to the long-wavelength emis-
the growth of the InAs/GaAs QDs. sion, and this has been attributed to the increased QD size
The basic bilayer structure comprised two layers of InAsand aspect raticdefined by height over diamejeand to the
QDs separated by a GaAs SL of varying thickn&&he reduced degree of In/Ga intermixing during cappfr®ec-
InAs deposition rate in all cases was 0.016 Mii,sand 2.5 ondly, it provides an indirect tool for measuring the decay of
ML of InAs were deposited in the first layer at 510 °C. The the strain fields over large SLs. The density and morphology
critical coverage for QD formation as measured by RHEEDOf the QDs in the second layer are determined by the balance
was 2.0 ML. The GaAs spacer layer was also grown abetween strain-induced nucleation and temperature-
510 °C and then annealed under an, Alax at 580 °C. This controlled In-adatom mobility. In the following, we aim to
annealing process has previously been shown to remove sufitudy this balance by investigating the second-layer QD mor-
face undulations that can affect the properties of the QDs i?hology and density as a function of SL thickn&ss
the second layeét-*? The critical coverage for second-layer ~ An AFM image for the uncapped single layer of QDs
QD formation is the same whether the SL is annealed or nogrown with 2.5 ML of InAs at 475 °C is shown in Fig. 1. The
and is generally(depending on the value @) lower than total QD density is 7.510'%cm™?, and the average height
that of the first layet''* After annealing, the temperature (h) and diametetd) are 3.4 and 27.2 nm, respectively. These
was reduced to 475 °C before deposition of 2.5 ML InAs forare typical values for single-layer InAs/GaAs QDs grown
the formation of the second layer of QDs. under these conditions. As a comparison, a single layer of
Samples forex situAFM analysis were then removed QDs grown at a substrate temperature of 510 °C exhibits a
quickly from the growth chambef“quenched”) in order to  reduced number density 6f 1.5—2x 10'%cm™ 2 (not shown
avoid any post-growth annealing processes that are known faere. M
alter the morphological QD characteristiésSamples for op- Figures 1b)-1(e) show AFM images for the uncapped
tical studies were capped with GaAs at the low growth tem-second QD layer of the bilayer structures, consisting of 2.5
perature(~475°0 with an initial 15 nm GaAs layer. The ML of InAs deposited at 475 °C after a spacer layerSof
temperature was then raised to 580 °C and a final GaAs cap= 10 (b), 20(c), 30(d), and 50(e) nm. Significant changes in
ping layer of 90 nm was grown. PL measurements werdD density (N ) and size are clearly visible with varying
made using an Ar laser dispersing the light with a SPEX S The small dots seen in imad@) can be easily distin-
0.5 m monochromator, and spectra were detected with guished from the large ones of imag®. In the case of a

cooled Ge diode using standard lock-in techniques. single layer, almost all dots have a height of less than 5 nm,
whereas in the bilayer structure wits=10nm, only dots
11l. RESULTS AND DISCUSSION with h>5 nm exist. ForS=20 and 30 nm, both classes of

dots coexist, while the casg=50nm (e) is similar to the

single layer(a) with only small dots. The variation of the
The key issue for the growth of long-wavelength bilayerdensity (N ;) of the small (<5 nm) and large [{>5 nm)

structures is the templating effect of the seedfdt) QD  QDs and of the total QD density witB is summarized in

layer, which dictates the QD number densityy(,) in the  Fig. 2.

second layet® provided an appropriate value Sfis chosen. On the basis of QD density and size, it is clear that the

Due to the strain fields produced by the dots in the first layerinfluence of the(vertical) strain fields extends up to at least

A. Morphological properties
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FIG. 1. Contact-mode AFM image&x1 um?) of uncapped InAs/GaAs QD sampléa) A single QD layer(b), (c), (d), and(e) The second QD layer with
S=10, 20, 30, and 50 nm, respectively. Histograms of the measured QD heights and diameters are also shown. The dashed vertical line in the first two height
histograms denotes the distinction between small and large(skegsFig. 2 In all cases, 2.5 ML of InAs were deposited at 475 °C.

30 nm, and it is only for relatively thick SLsS(-40nm) that ~ show an earlier two- to three-dimensiori@D—-3D) transi-
the properties of the second-layer QDs become similar t&ion (i is reduced; see Fig.)3consequently, more InAs
those of the first layer when grown under nominally identicalis incorporated into the QDs and the thickness of the wetting
conditions. Under these conditions, we conclude that théayer is reduced. In addition, due to the lower dengity
strain is relieved and therefore the substrate temperature eguced by a factor of around 5 compared to Figs) dr 1(e)],
clusively controls the nucleation of QDs. the average QD volume is increased accordingly. It is also
For S~10nm[Fig. 1(b)], the QD density is similar to interesting to note that these large QDs have a relatively
that of the first layer. We deduce that there is a perfect verlarge average aspect ratioeight over diameternof 1/5.2, as
tical alignment for this SL, despite the reduced substrat@pposed to 1/9 for the smaller QDs of Figga)land Xe).
temperature of the second layer, and the resulting decrease in For intermediate SLs§= 20 or 30 nm), the influence of
surface In adatom diffusion. In this regime, strain-inducedthe strain fields is reduced, and the strain-energy modulation
QD nucleation completely dominates over the effect of aon the surface of the GaAs SL becomes less pronouncg&d as
reduced temperature on the In adatom diffusion length. Thécreases, and eventually disappears $er50 nm. During
other striking difference is that only large QDs are observedhis transition, QD formation can be strain-induced in some
with average height and diameter of 7.3 and 37.4 nm, respecegions where the strain fields from the first layer QDs are
tively. This increase in size is a direct consequence of thetronger, but in others it occurs as if no strain was present. In
strain-induced vertical alignment. RHEED measurementshese latter regions, the low substrate temperature dominates
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FIG. 2. Plots of the second-layer QD densityy(,) as a function o The

total height of each column corresponds to the total number density. Th%IG. 3. Critical thickness for the formation of QDs in the second layer

heights of the(lower) black part Qf the columns corre_spond to lardge ( (Buiis) @s a function of GaAs SL thickness as measured by RHEED. For
>5nm) dots: whereas the remainder of each columhite) denotes the Iargé S the critical thickness asymptotically approaches the value for a
number density of dots with<5 nm. single QD layen(~1.9 ML) grown at the same temperatug/5 °O.

pared to 1b), and in Fig. 1d), where the distribution of

over the effects of strain, leading to the formation of rela-sma” QDs is broadened compared @)1

tively small dots due to the reduced surface diffusion of In Finally, for very small SL thicknessS=3 nm not shown

adatom_s. This effect start_s to be ob_se_rved fém20 nm. here, the QD characteristics are comparable with those of
The majority of QDs remain largestrain-inducegidots, but  jytermediate SLs$=20 or 30 nm. At first glance, this re-

one can also observe regions containing a few small QD§ js surprising since the strain effects should be much
[see F|.g. 10).]. The small reductlon.m the densny. of large ore pronounced at very low values &f However, the
QDs(Fig. 2 indicates that these regions probably lie above %high-temperature annealings80°C of the sample after

relatively small QD in the first layer, whose strain field Wasgrowth of the GaAs SL and prior to second-layer InAs depo-
not strongl enough to gxtepd t.hroughout th¢ SpacerSAt giion leads to In segregation through the thin SL and subse-
=30 nm[Fig. 1(d)], the situation is reversed, with only a few et desorption of In from the surface. This effectively re-
regions wherg nucleation is influenced by' the strain fieldy ,ces the size of the buried first layer QDs, and consequently
from_ a_—pOSSIny Iarge_r than averag_e—dot in the first layery, o associated strain fields are significantly reduced. This is
Strain-induced nucleation then dominates only locally OVernparent in Fig. 3, which shows the thickness of the wetting

temperature effects to form a Iar_ge QD. In_oth_er reg_ions, th‘Fayer at the 2D—3D growth-mode change in the second layer
temperature controls QD formation, resulting in a high denyq 5 fynction of SL thickness. The transition thickness is

sity of smaller QDs. reduced compared to the value of the first QD layeSas

. Figure 1 also shows the distribution of QD height and g reased due to the strain fields. However, it increases again
diameter for each case. These distributions can be fitted W'thSis reduced from 7 to 2 nm, indicating a reduction in the

a Gaussian for the case of Fig¢all 1(b), and 1€), and are  gyengih of the strain fields. A more detailed analysis of seg-

chargctenzed byo, the ratio of the fu",W'dth at half- regation effects for thin SLs will be presented elsewhere.
maX|mum(FWHM) an_d t_he average valuen percent. As The best uniformity is therefore achieved when strain-
expected, the size distributions for the second-layer QDg,q ced nucleation completely dominates over temperature
grown with S=50nm (0p=11.9%; 0y =24.7%) are COM-  ggects: it js lost at small and large SL thicknesses. An opti-
parable to those obtained for the_ S'”Q'e _Iaye_b (:,10'9%,; mum SL thickness must therefore exist for optimum QD uni-
oy =25.1%). A much narrower size distribution is obtained¢, v, and it is important for applications to determine
for_ S,: 10 nm (dlame_ter, ‘TD:_6'4%; h,e'ght"TH:14'6%)' whether this translates into good optical properties. Section
This is consistent with previous stud|esl,3 which showed eng hresents the results of a study of the optical properties of
hanced uniformity in stacked QD layet§;“and with the PL ,0.c0 QD hilayers. Combined with the structural properties,

results presented in Sec. B. o i we can gain more insight into the nature of the strain effects.
For S=20 and 30 nm, the distribution cannot be fitted

with one Gaussian because of the presence of two types %f
QDs (strain-induced large QDs and small QD& is, how- '
ever, clear from Figs.(t) and Xd) that the individual distri- The effects of varyingS on the emission properties of
bution of each population is much broader than that observethe bilayer QD structures can be seen in Fig. 4, which shows
in Fig. 1(a) for small QDs and Fig. (b) for large QDs, re- examples of normalized, low-temperatyi® K) PL spectra,
spectively. We attribute this to the competition between thaecorded at low excitation densit.1 Wcmi ?) to avoid
temperature(diffusion)-controlled and strain-induced QD emission from the excited states of the QDs. In the spectrum
nucleation processes. For intermediate SLs, neither procesgth S=18 nm, two peaks are seen at 1.26 antl.14 um,
dominates. Therefore, each is influenced by the other, andspectively. The peak at 1.14m is attributed to ground
this introduces a new source of size fluctuations for eaclstate(GS) emission from the first QD layer, since it is very
population of dots. This is evident in Fig(d, where the similar to the emission spectrum of a single layer grown
distribution of large strain-induced QDs is broadened comidentical to the first laye(see later. The long-wavelength

Optical properties

Downloaded 26 May 2004 to 155.198.231.11. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3002 J. Appl. Phys., Vol. 95, No. 6, 15 March 2004 Howe et al.

22 served forS=11 nm) should also be present, and one would
20 - expect to observe emission from them at a longer wave-
18 | length. In fact, there is a low-energy shoulder in the emission
~ 464 peak centered around 12m, which we attribute to these
:3 14 4 large QDs. However, this peak is strongly blueshifted com-
: 12 pared to the emission at 1.26m observed foiS=11 or 18
= nm. Long-wavelength emission from the second layer was
§ 10 previously attributed to several factdrsFirstly, the low
£ 81 growth temperature leads to an increased aspect ratio of the
d 61 QDs (and therefore increased heigtand a reduction of
47 In/Ga intermixing during capping. It was also proposed that
24 S=3nm the strain relaxation could be preserved in the QDs during
0 ‘ 7 ‘ ‘ ‘ GaAs capping and could also contribute to the longer-
11 114 118 122 126 13 wavelengthlowing to the strain-induced redshift of the band-

gap of InA9. Such a strain relaxation has recently been evi-
denced in buried, closely stacked InAs QJS.This latter
FIG. 4. Low-temperaturé€l0 K) PL spectra for four InAs/GaAs QD bilayer factor is the only one that could contribute to the difference
o ey ol 53 e 3 v s o v g cmision wavelength between he large dotS 525 m
statesYThe pe};ks at IonQ wavelengths can be attributed to emission from tr‘?b”d thqse oS=11nm, since growth temperatur_e and aver-
GS of the dots from the second layer. The spectra are normalized and veRg€ height are the same. The observed blueshift of the large
tically displaced. dots forS=25nm is therefore attributed to the much weaker
strain fields they experience from the first layer. The strain is
strong enough to induce nucleation of some QDs, as dis-
peak at 1.26um is attributed to emission from the second cussed in Sec. A, but is too weak to preserve a strain-relaxed
layer QDs. This has been verified by using a variable pumtate in the QDs after capping with GaAs. This observation
wavelength technique which utilizes a He/Ne laser instead ofonfirms that the strain field from the first layer is not only
the Ar" laser for optical pumping, in order to assign unam-important for the templating effect, but also contributes to
biguously each peak to each layérAs S is reduced, the the long-wavelength emission.
low-energy peak(second layer remains essentially at the An independent confirmation of the presence of strain
same wavelength fo8=11 nm, and shifts slightly te-1.24  fields on the surface of the SL can be gained from the PL
pm for S=3 nm. In addition, it can be seen that the line- emission from QDs in which growth is stopped after depo-
width of the emission is significantly less f8= 11 nm com-  sition of the GaAs spacer. It has already been shown that the
pared withS=3 and 18 nm. Moreover, emission from the PL emission from partially capped QDs was strongly red-
first QD layer is absent for small Sl(ess than 15 nm due to shifted with respect to the same QDs buried below a large
carrier tunneling between QDs of each lay€rFor these GaAs cap® This was explained by a larger strain relaxation
small barrier thicknesses, tunneling is much faster than thémore InAs-like lattice constahin the partially capped QDs,
radiative lifetime of the carriers in the GS of the QDs in thewhich is then lost when larger GaAs cap layers are grown.
first layer. Carriers therefore tunnel rapidly to an excited stat@he growth of the GaAs cap layer effectively compresses the
of a QD in the second layer, from where they relax to the GSQDs and the surrounding GaAs back to the GaAs lattice
Only emission from the GS in the second layer is thenconstant, but this compression effect is not complete until a
observed?!® However, by using high excitation density sufficiently thick layer of GaAs is deposited. When this
emission from the first layer, dots can be seen despite thehickness is reached, it is reasonable to assume that the strain
high tunneling rates. In this case, a peak at lubdl appears fields from the QDs no longer extend through the SL up to
for the sample withS=11nm, and forS=3 nm, the(first  the surface; otherwise, the deposition of more GaAs would
layen peak appears at1.1 um. This blueshift may reflect result in more compression. As shown in Fig. 5, this effect
the decreased dimensions of the QDs in the first layer, andan be probed by measuring the PL emission of the first QD
confirms the assumptions made in Sec. A about In desorptiolayer capped with only a thin GaAs SL of thickne&ssand by
during sample annealing when they are protected by onlgomparing it to that obtained for a large capping laffere,
very thin SLs. 100 nm). A redshift of the PL emission is observed f8r
In the sample with5=25 nm, only one relatively broad =10nm, and is a direct consequence of the more strain-
emission peak is present, with a maximum at 1.d®. This  relaxed state of the QDs because the GaAs compression ef-
is also the emission wavelength obtained for a single layer ofect is not complete. We emphasize that this redshift, which
QDs grown at 475 °Gand therefore having a high density of was previously reported for partially capped Qtdsyccurs
small QD3. We conclude that this peak is a superposition ofhere for fully capped QDs and is a result of strain relaxation
emission from the first layer around 1.14n and from small  because the GaAs cap is not thick enough to fully compress
dots in the second layer around 1.4E. This is consistent the dots. The redshift is also accompanied by a large increase
with the AFM study that shows that a large number of smallof the FWHM (from 35 to 70 meV. This can be understood
dots are present for such a SL thickness. However, this studsince strain relaxation brings a new source of fluctuations
showed that a number of large dafsimilar to those ob- that is not present when all the QDs are fully strairfasl in

Wavelength (um)
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thicknesses. We have just shown that a strong strain field
contributes to the long wavelength through strain relaxation
14 1 of the QDs in the second layer. The intensity of the strain
field can be monitored by the reduction of the critical thick-
ness in the second layérsing RHEED, which is maximum
for S=7 nm (see Fig. 3. As mentioned in Sec. A, the strain
field eventually becomes smaller for very small SLs due to
In desorption during annealing of the SL, but this is only
apparent foIS<7 nm. We would therefore expect the wave-
length to redshift continuously fror8=18 to 7 nm, as the
§ =100 nm strain fields become stronger and consequently the strain re-
laxation in the second-layer dots is larger. As this is not the
case, another mechanism that compensates this expected red-
Wavelength (pum) shift must be operating. It is already known that strain relax-
_ _ ation induces intermixing during cappif@!! especially at
FI_G. 5. PL spectra, recorded at 10 K of the f|rst.QD Iaygrt_:apped with GaAsni h bstrate temperatures. and this was thought to be
thicknesses of 10, 20, and 100 nm. The PL intensitigsich are much gh su p ! 9
lower for thinner capshave been normalized and the spectra vertically Strongly reduced or even absent at 475 °C. We propose that
displaced for easier comparison. for the largest strain field, a temperature of 475 °C may still
not be low enough to prevent all intermixing effects, and this
could compensate the redshift that is expected from the
the lower spectrum of Fig.)5For S=20nm, the redshift is larger strain relaxation. This would explain why the emission
no longer detectable, but the FWHI@f 50 me\) remains  wavelength remains constant betwegn 18 and 9 nm, and
larger than that for large caps, indicating that the dots are stilvhy it even decreases slightly for 7 nm, for which the effect
partially strain relaxed. These results therefore confirm twaf strain-induced intermixing probably dominates over the
of our previous conclusions: strain relaxation in the QDs carstrain-relaxation effect on the wavelength. To support this
affect the PL emission, and the strain fields extend througypothesis, the same sample was grown with a substrate
relatively large SLghere at least 20 nn temperature of only 460 °C in the second layer. The wave-
More detailed information regarding the PL emissionlength then increases to 1.2p8n, confirming that intermix-
properties of the second QD layer is also summarized in Figng effects were still present at 475 °C.
6, which shows plots of the wavelength and linewidth ~ More pronounced changes occur in the inhomogeneous
(FWHM) as a function ofS. The emission wavelength re- broadening of the emission, as shown in Fig)6We men-
mains essentially constant in the range 9s8=18nm. tioned in Sec. A that the size distribution of the QDs should
Such behavior is difficult to explain since the intensity of theexhibit maximum uniformity for some SL thickness. This
strain field is expected to vary widely over this range of SLtranslates into a minimum in the FWHM of only 15 meV
observed forS=11nm. This SL is therefore the optimum
value for applications such as lasers, for which a narrow

PL Intensity (a.u.)

1.05 1.1 1.15 1.2 125

a) linewidth is desirable to maximize the modal gain. It also
~ 128 ‘ ' ' ' ' presents the following advantages: firstly, because tunneling
g 126f "y " ] is fast between the two layers, most carriers will be effi-
= lear v v Y i ciently channeled to the second lay@vhich is the active
Eﬁ Ei : v : layer for applicationg and secondly, the RT emission wave-
= 118k ] length of the first excited state of the second layer is close to
= 1'16 i i 1.3 um, and this structure could thus enable the realization
= 1:1 4 ! ! | ! hi of lasers operating at 1.@m from the first excited state of
0 5 10 15 20 25 30 the QDs, for which the saturated modal gain is twice as large
S (nm) as for the ground state.
] e IV. SUMMARY
S ao0f - _ _
g I i The influence of the spacer layer thickness on the den-
el v v sity, size, and optical properties of asymmetric bilayer InAs/
E 20 F v v N GaAs QD structures has been investigated. Different regimes
E 15k A i have been identified for which nucleation is controlled either
. . . ' ‘ exclusively by the strain field from the first layer or by the
10 0 s 10 5 20 25 30 substrate temperature, and its influence on the diffusion of In
adatoms. Intermediate regimes have also been identified for
S (nm) intermediate or very small SL thicknesses, and were shown
FIG. 6. Emission wavelengtte) and FWHM (b) as a function ofsfor a O lead to wider size distributions. Total strain relief is shown
series of INAs/GaAs bilayer QD samples. to occur only for relatively large SL thicknessg@arger than
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