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We have investigated the structure and optical properties of In0.6Ga0.4As/GaAs(311)B quantum dots~QD’s!
formed by the Stranski-Krastanow growth mode during metal-organic chemical-vapor deposition. We find that
(311)B QD structures display a higher energy QD luminescence emission and a stronger wetting-layer emis-
sion than~100! QD’s of similar diameter and density. Temperature-dependent photoluminescence~PL! mea-
surements reveal shallow QD confinement energies and strong interaction between neighboring quantum dots.
Longer PL rise times of the ground-state emission of (311)B QD’s compared to~100! QD’s are ascribed to the
effect of differing numbers, energies, and level spacings of QD confined states on intersublevel relaxation
mechanisms at low-carrier excitation densities.
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I. INTRODUCTION

High-density InGaAs/GaAs quantum dot~QD! structures
have numerous potential device applications in infrared
sers, photodetectors, and optical memory devices. The
jority of these structures are grown on the~100! surface ori-
entation using the Stranski-Krastanow mode of se
assembled QD growth. Quantum dot structures formed
the (311)B GaAs surface have also been of great interest
to their size uniformity, and the ability to achieve position
ordering into high-density, two-dimensional arrays utilizin
a unique self-organizing growth mode in metal-organic
por phase epitaxy.1,2 A tendency towards positional orderin
has also been observed in low indium conte
InGaAs/GaAs(311)B QD’s grown by the Stranski-
Krastanow mode in H-irradiated molecular-beam epita
~MBE! and gas-source MBE. However, due to the low
dium content of these QD’s, the dots are either very larg3

or metastable under annealing at the growth temperatu4

limiting the usefulness of these arrays in device applicatio
Here we have studied the electronic and opti

properties of randomly distributed Stranski-Krastan
InGaAs/GaAs(311)B quantum dots by temperature
dependent and time-resolved photoluminescence~TRPL!
measurements. We find that compared to InGaAs/GaAs~100!
QD’s grown under equivalent conditions, (311)B QD’s dis-
play a higher QD emission energy, strong luminesce
emission from the wetting layer, and slower carrier trans
times under low excitation. These results are interpreted
PRB 620163-1829/2000/62~4!/2737~6!/$15.00
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terms of the effect of differing numbers, energies, and le
spacings of QD states on the relaxation mechanisms u
low-carrier excitation densities.

II. EXPERIMENTAL PROCEDURE

InGaAs/GaAs(311)B QD’s were grown by metal-organic
chemical-vapor deposition in a horizontal reactor cell op
ating at 76 Torr. Trimethylgallium, trimethylindium, and a
sine were used as precursors. Growth of a 50 nm G
buffer layer at 650 °C was followed by deposition of 1.5 n
InGaAs with a nominal indium mole fraction of 0.6. Th
growth temperature and growth rate during QD formati
were 550 °C and 0.5 ML/s, respectively. The QD’s used
photoluminescence measurements were buried with a
nm GaAs capping layer deposited while the temperature
raised gradually to 650 °C.

Determination of island sizes and densities in the cap
samples used for photoluminescence measurements was
ried out by plan-view transmission electron microsco
~TEM! using a Philips CM12 operating at 120 keV. Islan
concentrations were also estimated from atomic force
croscopy~AFM! images of uncapped samples grown und
equivalent conditions to the capped samples used for
AFM imaging was conducted in contact mode using a Di
tal Instruments Nanoscope III AFM and standard silicon
tride tips.

Temperature-dependent PL measurements were obta
using a green He-Ne laser emitting at 543 nm. The sig
2737 ©2000 The American Physical Society
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was dispersed by a 0.25-m single-grating monochrom
and collected using a silicon charge coupled device. Tim
resolved photoluminescence measurements were perfo
at 77 K. A mode-locking Ti:sapphire laser~80 fs, 82 MHz,
812 nm! was used for excitation and an upconversion te
nique with subpicosecond temporal resolution and a G
photomultiplier tube were used for signal detection. Pow
excitation densities varied in the range 2 to 200 W/cm2.

Figure 1 shows a dark field plan-view TEM image@dif-
fraction vector g5(022̄)# of the capped (311)B QD’s
formed by the Stranski-Krastanow growth mode. The hig
nominal indium content and consequent small sizes of th
QD’s relative to those examined in previous studies,3 result
in a disordered dot array. Analysis of dark field TEM imag
taken using different diffraction vectors gives dot diamet
of the order of (2565) nm. The average dot density is
31010 cm22, determined both from plan-view TEM image
of capped samples and AFM images of uncapped sam
grown under equivalent conditions.5

III. TEMPERATURE-DEPENDENT PL

Low-temperature~10 K! continuous-wave~cw! PL spec-
tra from the (311)B InGaAs/GaAs QD’s and a~100! refer-
ence sample grown under similar conditions, are displaye
Fig. 2. The average dot diameter and density in the~100! QD
sample are (2565) nm and 2.531010 cm22, respectively.
The QD PL emission of the (311)B sample is blueshifted by
140 meV relative to the~100! QD’s, although the averag
diameter of QD’s in both samples is similar. This bluesh
ing of the (311)B QD emission can be attributed to a diffe
ing amount of strain in the structure and/or stronger confi
ment in the growth direction. Aspect ratios@ratio of island
height ~h! to diameter (d)# of uncapped (311)B quantum
dots have been determined by analysis of AFM images
found to be smaller than for~100! quantum dots grown unde
similar conditions (h/d51/8 and 1/6, respectively!. The

FIG. 1. Dark field plan-view TEM micrograph of burie
In0.6Ga0.4As/GaAs(311)B QD’s. The dark/light contrast is obtaine
under two-beam dynamical diffraction conditions@diffraction vec-

tor g5(022̄)#. Average sizes and densities of these buried QD’s
given in the text.
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higher energy (311)B QD emission may also be accounte
for by a differing local ternary composition in the QD’s
Indium segregation and enrichment of InGaAs/GaAs~100!
QD’s has been found to result in QD’s with average indiu
compositions 30%–45% higher than that of the depos
film.6 Stress-induced indium enrichment of quantum d
formed from InxGa12xAs films has been predicted to reduc
the nucleation barrier for islanding, with a resultant isla
composition that depends critically on the island shape
fractional elastic relaxation of the island relative to the plan
layer.7 Indium enrichment effects have not been determin
in InGaAs/GaAs(311)B QD’s, but may well be reduced
relative to~100! QD’s, which would result in a higher gal
lium content in (311)B QD’s compared to~100! QD’s of
similar diameter. Surface segregation of indium, which a
in the opposite direction to stress-induced enrichment
reduces the indium composition at the core of the quan
dots, must also be considered.7,8

The InGaAs/GaAs(311)B spectrum displays a stron
wetting layer~WL! PL peak at 1.404 eV, which persists u
to 70 K. Emission from the InGaAs WL is not observed
cw PL from high-density InGaAs/GaAs~100! QD’s except at
very low temperature (,20 K) or very high-excitation
power densities.9,10 The WL emission energies in these~100!
and (311)B QD structures differ (EWL

(100)51.30 eV,EWL
(311)B

51.40 eV at 10 K!. This indicates that the WL in (311)B
QD’s is narrower than in~100! QD’s and/or has a highe
gallium content. The latter would result from increased
dium surface segregation in~311! structures, which is known
to produce blueshifts of transition energies in InGaA
GaAs~311! quantum wells.11–13

The temperature dependence of the PL emission from
(311)B QD’s was studied over the temperature range 1
200 K. Between 10 and 70 K, emission from the QD grou
state and the wetting layer is observed~Fig. 2!. For T
>80 K, PL emission from the WL is quenched due to the
mal activation of carriers to the GaAs barrier, and slig
asymmetric broadening of the high-energy side of
(311)B QD PL spectrum becomes evident~see Fig. 3!. The
intensity of this high-energy shoulder relative to that of t
ground-state QD emission increases with increasing temp
ture. This broadening of the PL spectrum is ascribed to
ing of the first QD excited state. Due to the large degree
inhomogeneous broadening@full width at half maximum
~FWHM!'60–70 meV#, the QD ground and excited state~s!
cannot be resolved. However, good fits to the PL spectra
be obtained using two Gaussians with an identical inhom

e

FIG. 2. Low-temperature PL spectra of In0.6Ga0.4As/GaAs QD’s
grown on (311)B and ~100! GaAs under similar conditions.
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geneous broadening factor (G51/2 FWHM) and an inter-
sublevel separation of approximately 60 meV. This inters
level spacing is larger than that observed for high-den
~100! QD’s ~45–50 meV!,10 which may be a consequence
greater confinement in the growth direction as evidenced
the reduced island aspect ratios in (311)B QD structures.

A. QD emission

Figure 4~a! shows the redshift@Emax(T)2Emax(10 K)# of
the ground-state QD PL emission as a function of tempe
ture. For both (311)B QD’s and~100! QD’s of comparable
density, the magnitude of this redshift is significantly grea
than that of the InGaAs free exciton emission14 ~dashed line!.
However, unlike the~100! dots, the (311)B QD emission
displays a significant deviation from the temperature dep
dence of the bulk InGaAs emission even at low tempera
~40–50 K!. The amount of the (311)B QD PL redshift is also
greater than that for~100! QD’s across the whole tempera
ture range. The variation in the inhomogeneously broade
linewidth of the ground-state QD emission from (311)B and
high-density~100! QD’s is shown in Fig. 4~b!. Both types of
QD’s show similar behavior, although the (311)B QD’s dis-
play a much greater variation of FWHM with temperatu
than the~100! QD’s ~15 meV compared to 8 meV!.

These dependencies of the energy shift and FWHM of
QD PL peak on temperature are attributed to the effects
thermal activation transfer of carriers between neighbor
QD’s. For the~100! QD’s, there is no significant therma
emission of carriers out of the QD’s at low temperatu
~below'100 K). The PL energy position and FWHM of th
QD emission therefore remain constant. Above 100 K, c
rier thermal emission out of the smaller QD’s in the e
semble and recapture by neighboring QD’s with deeper c
fining potentials becomes important. This behavior expla
the simultaneous redshifting and narrowing of the PL pe
At higher temperatures~above 150 K! the FWHM increases
and the rate of redshift decreases as thermal emissio
carriers out of the larger QD’s in the ensemble becom
significant.15 These same behaviors are shifted to lower te

FIG. 3. PL spectra of In0.6Ga0.4As/GaAs(311)B QD’s at tem-
peratures between 80 and 160 K. The 80 K PL spectrum can
modeled by a single Gaussian, while forT.80 K, two Gaussians
with identical inhomogeneous broadening factors and intersubl
separation of approximately 60 meV are required to fit the spec
-
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peratures for the (311)B QD’s, reflecting increased effects o
strain interactions10 and thermally activated carrier transfer15

between neighboring QD’s.
The PL emission from (311)B dots is also found to

quench at lower temperature than for~100! QD’s of similar
size and density. The activation energy for PL quench
extracted from the Arrhenius plot shown in Fig. 5 is only 8
meV, which is equivalent to the energy difference betwe
the QD peak and the WL emission (EQD2EWL587 meV).
Hence the mechanism of QD PL quenching is ascribed
thermal emission of carriers into the InGaAs WL. The ac
vation energy for PL quenching is substantially lower th
for high-density~100! QD’s16,17 due to the shallower con
finement energy.

B. WL emission

As discussed above, strong emission from the InGa
WL is only observed in cw PL from InGaAs/GaAs~100!
QD’s at low dot densities. The strong emission from t
InGaAs WL underlying the (311)B QD’s permitted a com-
parative study of the temperature dependence of the WL
emission energy and linewidth in~100! and (311)B QD

be

el
a.

FIG. 4. Temperature dependence of the~a! PL redshift and~b!
inhomogeneous linewidth broadening~FWHM! of the emission
from (311)B and ~100! QD’s. The dashed line represents the P
redshift of the InGaAs free exciton emission.
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structures. This data is displayed in Fig. 6. Two low-dens
~100! QD structures were studied: one with a QD density
3.73108 cm22 ~sampleA) and the other with a QD densit
of 73108 cm22 ~sampleB).15 Quantum dots in both~100!
samples have an average diameter of 2565 nm. For both

FIG. 5. Arrhenius plot of the PL intensity from
In0.6Ga0.4As/GaAs(311)B QD’s. The activation energyEA ex-
tracted from this Arrhenius plot approximates the energy differe
between the QD emission and that of the InGaAs WL.

FIG. 6. Temperature dependence of the~a! PL redshift and~b!
inhomogeneous linewidth broadening~FWHM! of the emission
from the InGaAs WL in (311)B and~100! QD samples. The dashe
line represents the PL redshift of the InGaAs free exciton emiss
y
f

low-density ~100! QD structures, the WL emission energ
shifts with that of the InGaAs free exciton emission wi
increasing temperature@see Fig. 6~a!#. The FWHM of the
WL emission in these low-density~100! QD samples in-
creases gradually with increasing temperature as show
Fig. 6~b!. This behavior is attributed to the effects of mu
tiphonon scattering. In contrast, the WL emission in (311B
QD structures displays an above-bandgap PL redshift@Fig.
6~a!# and a much more pronounced increase of the lumin
cence linewidth @Fig. 6~b!# with increasing temperature
These behaviors are attributed to the effects of carrier re
tribution from weakly to strongly confined regions of the W
as the temperature increases.

Interestingly, the intensity of the PL emission from th
InGaAs WL underlying the (311)B QD’s does not decreas
according to an Arrhenius law with increasing temperat
~see Fig. 7!. Instead, the WL emission shows an increase
intensity that offsets the decrease of the PL intensity res
ing from thermal emission of carriers to the barrier. Th
behavior contrasts with that of the WL in low-density~100!
QD samples~Fig. 7! and with that of the (311)B QD emis-
sion ~Fig. 5!, which both display Arrhenius dependencies
temperature.

IV. TIME-RESOLVED PL

Carrier capture and relaxation in InGaAs/GaAs(311B
QD structures was further investigated by TRPL using ex
tation above the GaAs bandgap. Figure 8 shows TRPL sp
tra from the (311)B QD’s taken at different delays after th
pulsed laser excitation atT577 K. Significant state filling
effects are observed even at this low-excitation densityP
510 W/cm2). The blueshift of the QD PL band between 2
and '500 ps is due to filling of excited states.18 Note that
the QD transitions associated with ground and excited st
are not resolved due to the large degree of inhomogene
broadening. Similarly, the WL emission~observed at 1.404
eV in cw PL and in TRPL under high-excitation densitie!
cannot be resolved from the QD excited states at lo
excitation density. The redshift of the PL band at long
delay times is attributed to replenishing of ground-state c
riers from the excited states of the QD’s. Carrier therm
emission from high-energy QD’s and retrapping by lowe

e

n.

FIG. 7. Normalized PL intensity of the WL emission as a fun
tion of temperature for (311)B QD’s compared to that of two low-
density~100! QD structures.
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energy QD’s also contributes to this redshift.18

The observation of state filling19 at such low-excitation
densities in TRPL, along with the large intersublevel sepa
tion extracted from fits to the PL spectra~see Fig. 3! suggest
that the population of the first excited state in PL is predo
nantly due to state filling rather than thermal activation
carriers from the QD ground state. Filling of the first excit
state may be obscured by the overlapping WL emission
low temperatures (T<70 K). The observed increase in in
tensity of the first excited state with increasing temperat
would be expected to result from reduction of the effect
dot population caused by thermal emission of carriers fr
some of the dots. Thermal population of excited-states m
also contribute to the observed excited-state emission at
temperatures. Similar effects have been observed in l
density InxGa12xAs/GaAs(100) QD’s.15,20

Additional information on carrier relaxation times in the
(311)B QD’s is required in order to explain the more prom
nent WL peak in the (311)B PL spectrum at temperature
below 70 K. The capture time cannot be extracted direc
from the WL PL decays due to state-filling effects. Howev
information on the total transfer time~capture1 intersub-
level relaxation! can be deduced from the rise time of th
ground-state QD transition. Figure 9 compares the QD
transients obtained for different excitation densities. PL r
times obtained using a three-level model are also indicate
this figure. Carrier transfer times are found to gradually
crease as the excitation density increases. The same tren
also been observed for comparable~100! QD’s18,21 and for
~100! QD’s of different sizes.22 This behavior is explained by
Auger processes that become the dominant relaxa
mechanism at high-carrier densities. It is interesting to n
that the carrier transfer time obtained under low excitat
density (P52.6 W/cm2) is about a factor of 6 longer in
(311)B QD’s ('60 ps) compared to the value previous
obtained for ~100! QD’s of similar diameter and densit
~'10 ps!. The reduced transfer rate in (311)B QD’s could be

FIG. 8. Transient PL spectra from (311)B QD’s at various de-
lays after pulsed excitation for an excitation density of 10 W/cm2.
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due to slower carrier capture into the QD confined sta
and/or slower intersublevel relaxation mechanisms wit
the QD’s. However, the strong interdot coupling observed
temperature-dependent PL indicates a high-capture
ciency by the dots. Inhibited carrier mobility in the WL
observed for~100! QD’s in low densities,15 would not be
expected to play a large role in (311)B QD structures due to
the high dot densities. The longer carrier transfer time
(311)B QD’s is therefore attributed to slower intersublev
relaxation at low-excitation densities. Differences in the c
rier relaxation mechanisms at low-excitation densities
likely due to the differences in the energy and spacing of Q
states in (311)B and ~100! InGaAs/GaAs heterostructures.

The strong WL emission observed in the low-temperat
(T,70 K) cw PL spectrum from (311)B QD’s most likely
results from the combined effect of a shallower confini
potential and longer intersublevel relaxation times compa
to ~100! QD’s. The observed intensity dependence of the W
emission on temperature~see Fig. 7! suggests that WL state
may be continuously populated via carrier thermal trans
from the QD excited states. This could occur even at l
temperatures due to the overlap of WL and QD excited-s
emission energies~see Fig. 8!. This analysis does not rule
out the possibility of a smaller capture efficiency in (311)B
QD structures relative to~100! QD’s, which may also con-
tribute to the stronger WL emission observed in PL. Th
issue will be clarified by investigation of the PL rise time
the ground-state (311)B QD emission as a function o
temperature.15

V. CONCLUSION

In conclusion, our results show strong radiati
emission from small, high-density Stranski-Krastano
InxGa12xAs/GaAs(311)B QD’s of nominal indium mole

FIG. 9. Short-time PL transients obtained using a detection
ergy at the ground state of the (311)B QD emission under various
excitation densities. PL rise times extracted from modeling of th
transients are also shown.
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fraction x50.6. Temperature-dependent PL measureme
indicate a low-potential barrier between the QD’s and
WL and reveal strong interaction between neighboring qu
tum dots. Time-resolved photoluminescence results sho
longer carrier transfer time for (311)B QD’s compared to
~100! QD’s of similar diameter and density. This may b
ascribed to differing energies and level separations of qu
tum dot states that affect the carrier relaxation mechanism
low-excitation densities. The strong emission from the
GaAs WL observed in the PL spectrum from (311)B QD
structures is attributed to the combined effect of a shallo
confining potential and longer intersublevel relaxation tim
pl.
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compared to~100! QD’s. These results highlight the impor
tance of factors such as QD height, strain, and segrega
effects in determining the electronic structures and relaxa
mechanisms of self-assembled quantum dots of sim
shapes and diameters.
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