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Strain and electronic interactions in InAs  /GaAs quantum dot multilayers
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We have investigated the emission properties of low-growth-rate InAs/GaAs self-assembled
quantum-dot multilayer samples with spacer layers of different thicknesses. For two layers with the
same InAs coverage and a spacer of 40 nm, emission from the two layers is shown to be at different
wavelengths. This is discussed in terms of local strain and surface undulation caused by the first
layer influencing the growth of the second layer. We show that by annealing the surface before the
growth of each subsequent layer this effect can be avoided for spacers of 40 nm and above.
Furthermore, it is shown by collecting photoluminescence over a limited areaNarer sample,

grown with surface annealing, that this sample exhibits a maximum modalNgtimes that of a

single layer. For spacers below 10 nm, only one emission peak is observed. However, we show that
the observation of a single peak is due, in this case, to tunneling between adjacent layers, and that
the maximum modal gain at 1300 nm of such electronically coupled layers is comparable to that of
a single layer. ©2002 American Institute of Physic§DOI: 10.1063/1.1429797

I. INTRODUCTION all the dots have their GS fully occupiéie., with two elec-
trons and two holgs and this saturated gain is therefore
Self-assembled quantum dot®Ds) are predicted to djrectly proportional to the number of dots emitting at the
produce lasers with low, temperature independent thresholdgarget wavelength per unit surface. Once the design of the
It is generally assumed that an increase in the relatively lovggtive region is optimized, it is also important that its prop-
modal gain of a single layer laser can be obtained throughties are not affected by the growth of the upper structure
the use of multiple layers of QDs. Several groups have inyeeded in a real laser diode. For example, the temperature of
vestigated the structural changes that occur when QD Iayergsrowth of the AlGaAs layers have to be limited 46600 °C

are deposited sequentially. Imaging techniques have demofy; ey to avoid any annealing effect on the QDs properties.
strated vertical orderingstacking®~2 of the islands for thin In this work. we describe measurements made on a se-

spacer layers. The consensus is that stacking results fromr%S of samples containing multiple layers of low-growth rate

strain interaction during the growff Stacking can also QDs designed for 1300 nm applications with a range of

have a significant effect on the electronic properties; for . . .
. o spacer thicknesses. It is shown that the emission from these
small spacer layers, a redshift of the emissicompared

with that of a single laygrhas been reported and attributed :;%Ctg;eisdz?fgiz nrﬁg?nrll)élgponvtvhh?cipsvc;sr Err:(;ki?ﬁsin
to electronic coupling or tunneling between the QD P 9y, 9 9

layers>-1° However, blueshifts have also been repottelf atomic force microscopyAFM). Even for relatively large

and attributed to enhanced intermixing of In and Ga atoms il,?_pacer:{at least up to 60 nbn_a strong blueshift of the emis-
the upper layers. Ideally, a multiple layer QD laser wouldSion from the second layer is observed. For spacers equal to

contain layers with coincident emission, narrow inhomoge—Or larger than 30 nm, this blueshift can be avoided by flat-

neous broadening and a high dot density. In addition, wd€ning the surface prior to growth of the second layer

would like to place as many of these layers close to an antithrough annealing. The results are interpreted in terms of

node in the optical electric field to maximize the confinementStrain interactions with the underlying dot layer during the
factor of the lasing mode. Realizing such a system is not growth of the subsequent layer. A variable pump wavelength

trivial problem. It is therefore desirable to optimize the de-(VPW) photoluminescencéPL) technique is used to identify
sign of the active region prior to the time consuming andthe emission from different layers. Limited-area RIAPL)
expensive processing and packaging stages required to credtethen used to compare the number of QDs emitting at the
a laser. Since the main goal of using multiple layers is tofarget wavelengtitand therefore the maximum modal gain at
increase the maximum achievable ground si@&) gain  that wavelength for samples exhibiting a single emission
(which is necessary to obtain lasing from the GS withpeak. The observation of one peak in samples with small
smaller cavity length it is important to be able to assess spacerg10 nm is shown to be the result of carriers tunnel-
easily this property. The maximum GS gain is obtained whenng between layers. The maximum GS modal gain is there-

fore not always increased in stacked layers, which demon-
dAuthor to whom correspondence should be addressed; electronic maiplrates that care has to be taken in designing the active region
e.leru@ic.ac.uk of a QD multilayer laser.
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TABLE I. Samples investigated in this work.

Sample A
Sample Layers Spacer(nm) Annealed
_~ T=10K
A 2 40 No =]
B 2 40 Yes ©
C 2 20 Yes >
D 2 10 No =
E 1 N/A N/A S
F 3 40 Yes E
1
o

Il. EXPERIMENTAL DETAILS

All samples were grown by solid-source molecular beam 100 105 110 115 120 125 130
epitaxy (MBE) on epireadyn™ (Si-doped (001) GaAs sub-
strates in a Vacuum Generators V80 MBE machine. After
oxide removal, a 150 nm GaAs buffer layer was depositeg g, 1. Low temperature PL spectra excited with ar Aaser(solid line) or
and annealed for 10 min at a substrate temperatur€sof HeNe laser(dashed ling from sample A consisting of two layers of dots
=580°C. Each QD layer was grown by deposition of 2.3separated by an unannealed spacer of 40 nm. The excitation density is very

- 5 ; gy )
monolayer(ML) of InAs at Ts=495°C, a background As low (=~0.1 W cni ©) to avoid any emission from the excited states.
pressure of (2.2 0.2)x10” ' mbar and a growth rate of 0.01
ML s~ . These growth conditions result in the formation of

relatively large dots emitting at the technologically importanttemperature PL spectra obtained from sample A under low
wavelength of 1300 nnfat room temperatujewith a small  excitation. This sample consists of two QD layers separated
full width at half maximum (FWHM) of ~25 meV:>**  py 4 relatively large GaAs spaced 40 nm). The peak seen
However, the QD density is relatively low<(10'> cm™®) 4t 1.05 eV is also observed in the spectrum of a single QD
making the use of multilayers necessary. The islanding tranayer grown under identical conditions. However, another
sition was monitored with reflection high energy electronyell-resolved peak is observed at higher engtg e\). To
diffraction (RHEED) along the (1D) azimuth. The dots are identify the origin of these peaks, we measured PL spectra
then capped with 10 nm of GaAs B=495 °C. For samples with either a HeNe lasdipenetration depth=260 nm) or an

A and D, the entire spacer layer was grownTat=495°C  Ar™" laser (penetration deptt=100 nnj. The use of two
and this was immediately followed by the deposition of thelasers of different wavelengtli¥ PWPL techniquigalters the
second QD layer. For samples B, C and F, only the first 1Gatio of photoexcited carriers captured by each layer, and
nm of the spacer layer is grown at 495 °C and the temperahence the relative emission intensities of the lay&sss the

ture is then increased at1° C s ! to 580°C for the re- Ar" laser creates a higher concentration of carriers near the
mainder. The surface is annealed at this temperature for 1€urface, it will favor emission from the upper QD layer and
min before deposition of the second layer. Annealing thewe can unambiguously assign the higher energy peak to the
surface was seen to change the “streaky” RHEED pattern taop layer. The upper layer, although grown under the same
a well-defined Laue circle of diffraction spots, suggesting aconditions as the first one, is strongly blueshiftegt ~150
more ordered surface had been obtained. The second duieV) and this must be a result of growing above an existing
layer was grown and capped with 10 nm of GaAs at 495 °QQD layer. Such a strong effect is surprising considering the
followed by a further 90 nm at 580 °C. The two dimensionalrelatively wide space(40 nm. Lipinski et al. have reported

to three dimensional transition time in the second layer wasimilar blueshift$® but only for smaller spacer®0 nm and
indistinguishable from that of the first layer, except for we attribute this to differences in QD size. In our case, the
sample D where a small reduction &f10% was measured. islands in the first layer are twice as large as those studied in
Table | summarizes the structure of the samples studied iRef. 13.

this work. PL measurements were made at a low temperature It is well known that the strain field from an underlying
(10 K) using an A" or HeNe laser, dispersing the light with dot layer can give rise to a variation in the surface energy
a SPEX 0.5 m monochromator and detecting with a cooledcross a sampl& 2! and some groups have also reported a
Ge diode. AFM images were taken using a Burleigh AFM instrain-induced undulation in the surface of the spacer

Energy (eV)

constant-force mode. layer??~?*To investigate these effects and the resulting blue-
shift, we obtained AFM images of the surface prior to growth
IIl. RESULTS AND DISCUSSION of the second layer. Figurd@ shows the uncapped QDs in

the first layer; the islands are7 nm high with a base diam-
eter of ~40 nm. Figure &) shows an AFM image of the
Ideally, a laser containinly layers of dots would havid ~ surface after growth of a 40 nm spacer layer at 495 °C above
times as many dots emitting at the wavelength of interestthe first QD layer. We observe “ridges” measurirgl50 by
andN times the maximum modal gain at that wavelenth. 50 nm in the plane of the surface, oriented along the0)11
However, this is true only if the QDs in each layer have thedirection and 2—3 ML high. The density of ridges is of the
same density and emission wavelength. Figure 1 shows lowame order as the density of dots measured in the first layer.

A. Strain interactions

Downloaded 23 Jan 2002 to 155.198.17.122. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Le Ru et al. 1367

a) Sampie B
B
8 |
e b) Sample C
2
9
£
o

Sample D
c)
x 20
Shi j\ .

100 105 110 115 120 125 1.30
Energy (eV)

FIG. 2. 500500 nm AFM images ofa) an uncapped single layer of QDs.
The dots are 40 nm across and 7 nm hidf).The GaAs surface on which
the second QD layer is grown in the case of an unannealed spacer of 40 n
(sample A. We observe elongated ridges, 2—3 ML high, with a density
similar to that of dots in the first layefc) Same agb) after annealing the
surface at 580 °C for 10 min. The surface is much flatter and the ridges have

disappeared(d) Same agb) for a 10 nm annealed spacer. Ridges are still
observed. segregated onto the surface from the layers beneath. In our

case, the main effects of surface annealing are related to

strain and surface morphology. Indeed, the AFM image of
They must therefore be the result of nonuniform growth ofthe annealed spacer of sample B before growth of the second
the spacer layer induced directly by the strain field of thelayer[Fig. 2(c)] shows that the ridges have disappeared, and
buried dots, or clusters of dots, in the layer beneath. Similathe surface appears flat. This confirms that the annealing pro-
features were observed by Joyeeal?* for QDs of similar  cedure has the effect of removing any surface undulation and
dimensions and spacef40 nm. The anisotropy can be at- possibly the strain modulation. Combined with the PL re-
tributed to enhanced migration of Ga adatom alongQ)L1 sults, it also confirms that the blueshift arises from a strain/
during capping* The strain modulation and surface undula- surface modulation.
tions prior to the growth of the second layer are the main  For some applications, it is desirable to have spacer lay-
cause of the strong blueshift. Schmidt and Efenave ar-  ers less than 40 nm. However, using the annealing procedure
gued that the strain modulation enhances Si/Ge intermixinglescribed above, for a spaceraf20 nm(sample Q, the
during the growth of a second QD layer and such effects ar®L spectrum still exhibits two peaksee Fig. &)]. Al-
also likely to occur in the InAs/GaAs system. Stronger In/Gathough the peak from the second layer is less blueshifted
intermixing during the growttiand possibly the cappingf  than without the annealing procedure, it is not enough to
QDs in the second layer, due to strain/surface modulationpbtain coincident emission. This means that when the spacer
could then explain the observed blueshift. layer is thin, the annealing procedure we apply does not yield

To avoid this interaction, we can increase the spacea sufficiently flat surface. This is confirmed by the AFM

thicknessd, but a strong blueshift is still observed for  image of a 10 nm annealed spaféig. 2(d)], which presents
=60 nm. Such large spacers are unsuitable for many devica surface similar to that seen for a 40 nm unannealed spacer
applications where it would limit the active region to a single[(Fig. 2(@)]. This also demonstrates that the main effect of
QD layer. Another possibility is to attempt to alter the statethe annealing procedure is not to evaporate segregated in-
of the surface on which the dots grow through annealingdium atoms, since it should also work for small spacers. It is
Figure 3a) shows the PL spectrum of sample B, identical topossible that increasing the annealing temperature of the sur-
sample A except that the surface was annealed for 10 min d&ce increases the mobility of the Ga atoms sufficiently to
580 °C before the growth of the second QD layer. A singleobtain a flatter surface, but we then risk blueshifting the
emission peak at 1.04 eV with a narrow FWHM of 28 meV emission from the first layéf:?’ Alternative procedures are
is observed, similar to what is seen for a single layer. Wecurrently under investigation.
conclude that the second layer was not affected during The results presented here suggest that there are meta-
growth by the presence of the lower QD layer and that thestable surfaces for layers grown on QD layers. Although
two layers in sample B are identicéhis is confirmed later there have been several reports of surface modul&tigi?>
using LAPL). Wasilenskiet al?® have also used an annealing this study shows that this can have a significant effect on the
stage to modify the growth surface for multiple QD layer emission energy of QD layers. Blueshifts of the emission in
samples, although these authors argued that the purpose lifayer samples have previously been attributed to enhanced
this procedure was to evaporate the indium atoms which habh/Ga intermixing in the second QD layer induced by tensile

G. 3. Low temperaturg10 K) and low excitation(0.1 W cni?) PL
spectra excited with the Arlaser for samples B, C, and D.
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strain immediately above each islahid-®We cannot exclude

such an explanation for sample A in the present study, but
this then raises the interesting question of how annealing can
alter the strain state of the surface. The AFM images show ~
that the surface is undulating before growth of the second =
layer but is flatter following the annealing. The undulations < A

are a consequence of the strain field extending from the dots £ o 2°§°,,;?‘2Wi‘§$z) 800
in the first layer. For large spacerd%40 nm), it is unlikely

that this strain field extends all the way across the spacer.
The undulations observed are therefore probably due to ki-
netic effects during growth of the spacer and do not represent g 4
the most energetically favorable state of the surface. The 2
annealing step enables the surface to reach its preferred staté™
which is a flat unstrained surface. For smaller spacers, the
strain field of the underlying layer extends throughout the
spacer and the annealing step is not sufficient to flatten the r T — r
surface. We concludg that, due to the strain field of the dots 1.00 105 110 115 120
beneath, the energetically most favorable state of the surface
is in this case an undulating surface. This limits the narrow-
est spacer that can be used and this value is determined IBYG. 4. Low temperature PL spectra of a single QD lajgample B, at an
the dot size in the first layer. These results suggest that thexcitation of 150 W cm?, collected and excited either conventionally or

e S L . through circular holes of different diamet@rAPL). The intensities are nor-
blueshift in the PL emission for spacers IS mtlmately IInI(dealized to the GS peak at 1.04 eV. Increasing level filling is clearly ob-

to the presence of surface undulation. served as the probed area is reduced. The inset shows the GS intensity from
Finally, when decreasing the spacer furthedte10 nm  PL (solid line) and LAPL through a 11@&m hole(dashed lingas a function

without the annealing procedufsample D, we see in Fig. of the pump intensity.
3(c) that one narrow dominant pedkWHM of 26 me\) is

observed in the PL spectrum. Strong strain interactions be-

tween the layers mean it is unlikely that the two layers are

identical and we attribute the observation of a single peak @5y concentration of photoexcited carriers but also a large
carriers t.unnellng .between the layers and recombining in the jn+ribution to the GS peak from dots at the periphery of the
layer which contains dots of the lowest energy. pump beam, which are not saturated. Using LAPL, a com-
plete saturation of the GS signal and then of the higher ex-
cited states is observed. Figure 4 shows the PL spectra ob-
tained under the same excitation density for conventional PL

To investigate this further, we used LAPL. This tech- and LAPL collected through holes of different diameters for
nigue involves probing a fixed, microscopic area on thea single layer(sample BE As expected, much more level
sample. Previously, this technique has been used to investiling is obtained from the LAPL spectra, reflecting the non-
gate the radiative lifetimes of excited stafesnd many- uniformity of the excitation and the lateral diffusion effects.
particle effects under high excitatifhbut we use it here to In a LAPL experiment, the GS saturated intengdify is
compare the number of QD ground states emitting at 130@roportional to /7, where the factor of 2 accounts for the
nm in different samples. To reduce the probed area, it islegeneracyr is the radiative lifetime, andl is the number
possible to etch small mesisr to define a metallic mask of dots contributing to the signé!. The maximum achievable
on the sample surfac@.In our case, we coated a quartz gain at the target wavelengtsS saturated gajris also pro-
wafer with a photolithographically defined Ti/Au layer con- portional toN and, by comparindis,;, it is therefore possible
taining an array of widely spaced holes of diameter 60, 11Qo compare the relative GS saturated gain that would be ob-
and 210um, which could be placed metal layer down on anytained from these multilayer structures were they placed in a
sample. Pumping occurs through one of these holes. Carrietaser diode. Figure 5 shows the LAPL spectra obtained at
may diffuse away from the probed area but any resultingncreasing excitation from sample (Eingle laye), F and D.
emission will not be detected. When studying the excitatiorLooking first at E and F, we observe very similar spectral
density dependence of the PL, it is expected that the GShape, but the PL intensity is different. The saturation of the
emission will saturate when the dots are completely fildd GS signal is clearly seen in both cases at high excitation and
e—h pairs per dot The inset to Fig. 4 shows the excitation we can easily extract the relative valuesl gf. We measure
dependence of the PL intensity measured at the GS peak farfactor of~3 enhancement ih,,for sample F compared to
normal PL and LAPL with a 11Qum hole. Although we E. This confirms that the three layers have nearly identical
observe a sublinear dependence for the case of normal PL,aptical properties, and that the maximum GS gain is in-
complete saturation is not observed. As the power increasesteased by a factor of 3. We conclude that the surface an-
more and more carriers diffuse outside the central region. Waealing prior to growth of subsequent layers is an effective
then see a spectrum which includes excited state emissidechnique to obtain identical layers for 1300 nm emission
from those dots in the center of the beam which capture avith spacers of 40 nm.

Sample E, T=10K

GS Signal

€ (a

60 um

110 ym
200 pm
No hole

uminesce

Energy (eV)

B. Gain and electronic coupling
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no reason why this effect should vanish when the spacer is
a) Sample E further decreased. However, because the vertically aligned
dots are very close to each other, there is a possibility that
carriers can tunnel between them. Under low excitation, car-
riers are captured in both layers, but can tunnel very rapidly
between the GS of a dot in the second layer and the third or
fourth excited states of a dot below in the first layaf these
states having a similar energy around 1.25 a¥ illustrated
in the schematic of Fig.(6). When a carrier is present in the
GS of a dot, its radiative lifetime is typically between 500 ps
and 1 ns. However, carriers in the third excited state of a dot
from the first layer can undergo fast relaxation to lower states
(on the order of 1 ps Therefore, providing that tunneling
times are fast compared to radiative lifetimes, most carriers
are expected to relax to the lower states of the first layer,
eventually radiatively recombining in the GS. This explains
8 # why a dominant peak is observed at low excitation, with only
a weak signal from the GS of the dots of the upper layer.
When the level of excitation increases, the GS emisgiin
4 1.04 eV} from sample D saturates at the same level as a
single layer, because it only originates from recombination in
the QDs of the first layer. At higher excitations, the lower
0 T r states of the dots in the first layer are filled, blocking the fast
c) Sample D D1 Qb2 relaxation channgl from the third excited state. The carriers
then have more time to tunnel back to the GS of the upper
layer where they can eventually recombine radiatively, ex-
plaining the signal observed around 1.25 eV for large exci-
tations(which is not present in sample.BVe conclude that,
although the PL spectrum of sample D shows a single, nar-
row peak, the number of states emitting near 1.04(£300
nm at room temperatuydor such electronically coupled lay-
ers is not increased compared with a single layer. The same
study on a similar sample with five QD layers ahet 10 nm
exhibited exactly the same behavi@rot shown. Only the
10 11 12 first layer contributed to the GS emission, and a very large
signal was observed under high excitation from the four
other layers. Such samples with small spacers, where the
FIG. 5. Low temperature LAPL spectra collected through A0 holes at QDs in upper layers are different from the QDs in the first,
increasing excitation densities fofa) sample E,(b) sample F, andc)  are therefore inadequate for applications where a large gain
S anies o ach Sl T et ety o o srou e rec W have e modeled he chnamice ofcarers
states, marked with a dotted Iine,pis the same for samples éand D,gandnlg]. two COl.Jpled layers with simple rate equations. Th.e p_re-
three times larger for sample F. icted ratio between the two peaks under low excitation
(much less than one electron—hole pair pen @oequal to

Limited-Area Photoluminescence (a. u.) T=10 K

Energy (eV)

N . o 7 7 92
We now focus on sample D. We saw in FigcBthat this R=r—=—+— 1)

bilayer sample exhibits a single peak under low excitation. i 72 20110

However, Fig. 5 shows that the value kaf; is comparable wherer, is the radiative lifetime in the GS of the QDs in the
with that of the single layefsample B, implying that the upper layer(which is on the order of 500 ps7, is the re-
number of dots contributing to GS emission at 1300 nm idaxation time from thgelectronically coupledthird excited

the same in these two samples. Moreover, under high excstate to lower states in QDs of the lower layer, aqnds the
tation, the spectral shapes are quite different. When the G&inneling time between the two coupled statgsandg, are
saturates, we observe in addition to the first and second exhe generation rates in lower and upper layers, which in a
cited state signals, another peak at higher energy.25 eV}  first approximation we assume to be equal. From Fig),3
for sample D. This feature is absent in the high excitationwe measure a ratio between the integrated intensities of the
spectra of sample E. Interestingly, the weak feature seen itwo peaks oR~1/64. This ratio is independent of excitation
the low excitation PL spectrum of sample[Big. 3(c)] ap- under such low powers. From EQl), if <7, thenR
pears at the same energy. These results can be interpreted-as, / 7,, leading tor,~8 ps, which is a reasonable value. If
follows: we have seen that for intermediate spacers, the G8 <, thenR~ r,/(27,) leading tor;~ 16 ps, equivalent to
emission of the upper layer is strongly blueshifted. There isa coupling energy on the order aff/(27;)~0.12 meV
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