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Structural and radiative evolution in quantum dots near the InxGa12xAs/GaAs
Stranski-Krastanow transformation
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The evolution of Stranski-Krastanow~SK! quantum-dot~QD! formation in ternary In0.6Ga0.4As/GaAs was
studied with graded structures grown via organometallic vapor-phase epitaxy. Surface-probe microscopy
showed island evolution between 3.5- and 6.5-monolayer~ML ! deposition. Island densities increased expo-
nentially ~over three decades with 0.2-ML deposition! before saturation;4.7 ML. Photoluminescence~PL! of
capped structures show that the wetting-layer PL energy does not shift beyond the onset of the SK transition.
PL intensities increased with QD concentration but not in proportion to QD density. After saturation, a sharp
drop in PL intensity was observed, which we attribute to island coalescence and incoherent island formation.
Excitation power dependence of the luminescence at different stages of QD evolution indicates a concentration
dependence of optical saturation in self-forming InxGa12xAs QD’s. @S0163-1829~98!50828-4#
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Aims for a clearer understanding of the mechanisms
Stranski-Krastanow~SK! quantum dot~QD! self-formation
bring forth several unresolved issues in the progression
structural and radiative QD evolution. Studies in numero
SK heteroepitaxial systems concur in the observation o
wetting layer ~WL! forming before strained coheren
islanding.1,2 However, the structural integrity of this wettin
layer, its thickness and stability are not well understo
Some of the rapid increase in island formation could occu
the expense of a thinning WL that might be partially co
sumed by the islands/dots. Other issues of interest in
evolution of SK QD’s are the relationship between radiat
emission from WL and QD structures, and a quantitat
determination of the radiative emission per QD. Furth
more, the effects of growth beyond saturation island de
ties ~island coalescence! on radiative recombination have no
been examined. Structures with InxGa12xAs deposition be-
yond island saturation are incorporated into QD devices
obtain emission at longer wavelengths,1,2 making this issue
relevant from a technological perspective.

In the present study, we have investigated the evolutio
SK island formation in a ternary~InxGa12xAs! from two-
dimensional~2D! growth until the onset of island coales
cence. Gradients in quantum dot density can be produce
MOCVD by varying the carrier gas~H2! flow. Structures
with simulations of concentration profiles3 and shifs in the
optical emission from thin quantum wells were used to o
tain an equivalent scale in monolayers~ML’s ! deposition for
this technique. This allowed determination of the tw
dimensional~2D! to three-dimensional~3D! transition for
In0.6Ga0.4As/GaAs in a fashion similar to that reported b
Leonard, Pond, and Petroff4 and Kobayashiet al.5 for InAs/
GaAs. Our experiments demonstrate a similar exponen
behavior in ternary InxGa12xAs/GaAs dot formation. Fur-
thermore, correlating the structural and luminescence res
showed the photoluminescence~PL! evolution from initial
WL growth to QD formation, island saturation, and the e
fects of coalescence and incoherent island formation on
PRB 580163-1829/98/58~4!/1726~4!/$15.00
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PL emission. Investigation of these graded structures a
showed some effects of varying QD concentration, or dot-
interaction, on the optical emission intensity and saturat
behavior of InxGa12xAs QD’s.

InxGa12xAs/GaAs structures were grown by meta
organic chemical-vapor deposition~MOCVD!. A horizontal
reactor operating at 76 Torr and~CH3!3Ga, ~CH3!3In, and
AsH3 were used as precursors. The H2 carrier flow rate used
was 5 standard liters/min~slm!, which gave spatially graded
deposition. The flow of~CH3!3In was monitored and con
trolled by an EPISON ultrasonic sensor. After growth
GaAs buffer layers at 650 °C, the temperature was lowe
to 550 °C and nanometer-sized InxGa12xAs islands were
grown by depositing;5 ML of In0.6Ga0.4As. These nominal
compositions were determined from PL measurements
thick relaxed films and PL emission from thi
InxGa12xAs/GaAs quantum wells~QW’s!. Growth rates
ranged from 0.5 to 0.75 ML/s. GaAs capping layer thic
nesses were 30 nm~not graded!. Substrates were~100! semi-
insulating GaAs.

Force microscopy~FM! with standard etched silicon ni
tride tips was used to obtain statistical information on isla
surface densities. Similar experiments and prior work co
paring FM and transmission electron microscope images
dicate that concentrations in capped and uncapped sam
are equivalent while sizes may vary.

Low ~77 K! temperature photoluminescence~PL! spectra
were obtained using the 532 nm continuous-wave output
diode-pumped Nd:YVO4 for excitation. Some spectra wer
collected using below band-gap~and below WL! excitation,
using a 980-nm infrared laser diode. The signal was d
persed with a single grating 0.67-m monochromator, and
lected using a cooled Ge detector and lock-in techniques

Figure 1 shows the island concentration as a function
coverage in units of ML’s. The deposition scale and gra
ents have been calibrated in this work by measurement
the PL emission and the corresponding shifts as a functio
distance from graded InxGa12xAs/GaAs capped quantum
R1726 © 1998 The American Physical Society
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wells. The latter structures were grown under the same c
ditions as the graded QD samples but a shorter depos
time was used so the SK transformation did not occur in
wafer strip. This allowed establishing a growth rate in ML
as a function of distance from the edge of the MOCVD s
ceptor. From Fig. 1, we determined the critical thickness
the 2D to 3D transition in the MOCVD growth o
In0.6Ga0.4As to occur after 4.0-ML deposition. The onset
island coalescence becomes apparent with the decrea
island concentration with further deposition. These structu
changes can also be appreciated in Fig. 2, which shows
progression in island density and surface morphology fr
the onset of island formation to growth past the SK transf
mation. The morphology indicated in each frame cor
sponds to the stages indicated by arrows in Fig. 1. The
face of the samples outside the islands was slightly roug
in structure than previously studied samples where
growth was performed with a higher H2 flux. This might
explain the broader emission coming from both 0D and
structures presented in our PL spectra~Figs. 3 and 4!.

From Fig. 3 it can be seen that the evolution of the lum
nescence spectra from these structures can be divided
four distinct regions, labeled~a!–~d! in Fig. 3: WL emission,

FIG. 1. Evolution in island concentration over depositions b
tween 4.0 and 6.5 ML. Arrows at different stages of growth indic
representative structures shown in Fig. 2.
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simultaneous WL and QD emission, QD saturation, and l
the dislocation/coalescence regime.

Luminescence emission begins with a thin QW that p
gressively redshifts~becomes thicker! as InxGa12xAs depo-
sition is increased. This is indicated in the lower portion
Fig. 3. In the next stage, the QD concentration rises until
threshold for QD PL detection. Once the QD PL peak
creases in intensity, the WL peak diminishes rapidly. T
evolution of WL to QD luminescence occurs over a bro
range in QD concentrations but this corresponds to a v
narrow range in InxGa12xAs deposition: from 4.08 to 4.14
ML. At the next stage, which occurs over the next;0.5-ML
deposition, the PL QD emission does not change sign
cantly. This stage corresponds to island saturation. In the
stage, the PL intensity drops in magnitude to roughly a th
of its former intensity, and stays at this lower intensity ov
the next;2-ML deposition.

It can be seen from the spectra in Fig. 3~b! that PL emis-
sion intensities from QD’s increase as their concentrat
increases, and that the WL emission is reduced. Howe
the energy of the WL PL peak stays at the same value o
the QD PL peak becomes detectable and grows. The
thickness then does not increase~or decrease! with further
InxGa12xAs deposition once the QD start forming. We b
lieve that what we observe is one of the possible mechani
that can take place in QD formation, but that thinning ‘‘sa
rificial’’ WL’s can be observed under different growth con
ditions, namely, surfactant mediated growth.6,7

Figure 3 also shows slight shifts in the PL emission li
from QD’s. The shifts before island saturation might ha
different origins than the ones seen after island saturat
After island saturation, extra deposited material is added
the existing islands, increasing their thickness. This wo
cause a redshift. Upon further deposition, islands are see
coalesce, which would account for even greater redsh
Before saturation, the PL QD emission is slightly redshift
with respect to the peak position at saturation. TEM exa
nation of the dot sizes shows that sizes do not change be
saturation.8 Therefore, we believe that the change in pe
position is due to strain from neighboring dots getting clo
as the QD concentration increases. Figure 5 shows plot
integrated PL and WL emission over the different structu

-
e

me
FIG. 2. Deflection FM images of surface evolution for InxGa12xAs/GaAs islands at the points indicated by arrows in Fig. 1. Each fra
is 130.5mm.
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transformations taking place. Calibrated integrated PL int
sities are shown for WL peaks, and for QD peaks with abo
and below band-gap excitation. This shows that although
total QD PL intensity increases with deposition, the PL p
QD drops with increasing QD concentration. One possi
explanation for this change is that when the QD density
low, the carrier/exciton diffusion from WL to QD’s is ver
efficient, and the QD’s receive more carriers. When the
concentration is larger, this is decreased due to a smaller
separation. For a fixed laser excitation power, the same n

FIG. 3. PL spectra and calibrated relative intensities in differ
regimes of QD formation.~a! WL PL shifts before QD formation,
~b! evolution of PL spectra at low QD densities when both QD a
WL peaks are simultaneously observed,~c! strongest PL integrated
intensity near island saturation, and~d! weak PL emission seen afte
island saturation and coalescence.
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ber of carriers are then distributed over more QD’s, w
each QD receiving less carriers and producing a lower em
sion intensity. This does not explain the results with bel
band-gap excitation. In this case, the reason for this decr
is most likely due to dot-dot interactions or strain due
closely spaced dots. So either some dots become optic
inactive, or the average emission per dot is lower. Furt
experiments using micro PL to examine the changes in
emission from isolated dots will be necessary to furth
clarify this change in PL intensity per dot.

The sudden drop in PL intensity after island saturation
also apparent in Fig. 5, and it occurs over a very narr
range in deposition. Structural surface examination sho
that the small number of large incoherent islands seen
InxGa12xAs/GaAs QD samples increase sharply, both in s
and concentration, at some point after saturation. The sh
decrease in PL intensity seen in Figs. 3 and 5 can then
accounted for with a certain fraction of the islands becom
optically inactive, which happens with a sudden change
the ratio of incoherent/coherent islands.

The differences in PL intensity from QD’s with 532- an
980-nm excitation~;30 times weaker with 980-nm excita
tion! that can be appreciated in Fig. 5 are consistent w
previous experimental findings. Fafardet al.9 showed a large
reduction in QD PL intensity with excitation below WL
emission. The WL behaves as a reservoir of carriers
become available to the dots as long as the 2D diffus
length in the WL is large enough for capture to be possib
and as long as capture occurs before radiative recombina
from WL states. This behavior suggests the possibility
using QD capture of carriers in the WL to obtain rough v

t

d

FIG. 4. Excitation power dependence of PL signal show
emission from QD and WL states for different values of QD ar
concentrations.~a! The power excitation ratios for the solid line
are 192/64/6.4/0.192 W/cm2. Simulations adding two Gaussia
curves centered atEi51.135 and 1.185 eV with 65-meV inhomo
geneous broadening are shown separately in dashed lines.~b! Exci-
tation power ratios 192/19.2/0.192 W/cm2 and ~c! power ratios
192/1.92 W/cm2.
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ues for 2D diffusion lengths in InxGa12xAs quantum struc-
tures. Threshold values of QD concentrations that produc
PL peak were used here to estimate upper~2.5 mm! and
lower ~0.5 mm! values for carrier 2D diffusion lengths in th
InxGa12xAs wetting layer.

FIG. 5. Relative integrated PL intensity with above band-g
~532 nm! ~open circles! and below band-gap~980 nm! ~solid dia-
monds! excitation as a function of InxGa12xAs deposition. The in-
set shows relative integrated intensities from WL and QD lumin
cence as a function of QD concentration.
9

J

A

a

Figure 4 shows the PL spectra from various excitatio
powers over different regions of the evolution of island fo
mation. The figure shows estimated dot concentrations. Fr
the two lower groups it can be seen that the saturation b
havior is dependent on QD concentration. The top gro
shows that the peak broadens with excitation power. T
topmost curve was simulated by adding two Gaussian pe
with the same inhomogeneous broadening of 65 meV. It c
thus be seen that the shoulder and broadening of the QD
spectra at high excitation powers is from the ground sta
and first excited state emission from QD states. The pea
used in the simulation~shown in Fig. 4! are centered at 1.135
and 1.185 eV. This gives intersublevel spacings of 50 me
a value in agreement with previous reports of intraband e
ergies in similar InxGa12xAs/GaAs QD’s.10,11

In the lower two sets of curves in Fig. 4, an interestin
behavior is seen in the radiative recombination when bo
WL and QD PL are detectable. As laser excitation power
increased, the WL peak increases more than the QD pe
This behavior can be easily explained by the fact that due
sharpened density of states, QD’s saturate at much low
excitation than QW’s. Another interesting observation from
Figs. 4~b! and 4~c! is that QD luminescence saturates mor
readily for low QD concentrations. This sharpened 0D b
havior might be due to the fact that at such low QD densiti
interdot interactions are nil.

To conclude, this optical and structural study of QD evo
lution has shown that once the islands/dots start forming, a
extra deposited InxGa12xAs goes either into the preformed
islands or into making new islands, and the wetting lay
thickness stays constant. An abrupt drop in PL intensity
observed beyond saturation island densities. This drop in
corresponds with a sudden increase in the concentration
incoherent islands. It was also found that while the integrat
QD PL increases with QD concentration, it does not do
proportionally, so the intensity per QD drops as the conce
tration of QD’s increases. QD saturation behavior als
changes with dot concentration. The WL/QD intensity rat
increases with increased excitation intensity for lower Q
concentrations.
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