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In this work optical properties of Iny,Ga;_,As quantum dots (QDs) grown by molecular
bearn epitaxy are investigated. The quantum dots were grown on GaAs reference (001)
and on (n11)A/B (where n = 1, 2, 3, 5 and 7) substrates. They were characterized by
photoluminescence (PL) measurements. The results show a high crystal quality of quantum
dots grown on (nll1)B surfaces based on a strong integrated PL intensity. Temperature
dependence indicates an additional lateral confinement on surfaces where QDs are formed.
We also observed an unusual decrease of PL peak full width at half maximum with tempera-
ture, suggesting suppression of non-predominant size QD emissions due to carrier tunneling
between nearby dots. Optical properties of vertically self-organized quantum dot islands
were also examined via PL spectroscopy. The experimental results show a dependence of
PL emission on substrate orientation and spacer layer thickness.

I. Introduction

Three-dimensional (3D) carrier quantum confine-
ment makes semiconductor quantum dots (QDs) a
unique system in which are expected a strong increase

in exciton binding energy and oscillator strengthl!-2

as
well as improvement in laser performancel®=6l. There-
fore, the fabrication of quantum dots is important not
only for basic physics but also for optoelectronic de-

vice applications(!].

In order to form such systems
several approaches have been carried out. The earli-
est one is based upon growth on non-planar patterned
substratesl”] and, later, growth on planar masked
substratest®] and on planar high-index surfaces that
provide a natural structural corrugation!]. These three
classes of substrates have a controlled starting surface
pattern. In contrast, for high lattice mismatched sys-
tems, the strain induced 3D coherent islands formed
on planar substrates could potentially serve as QDs.

Among these growth methods, the latest (based on

Stranski-Krastanov growth mode) could be a promis-

ing path for the creation of damage free dot structures
directly on the epilayer surfacel'®=131 This growth
method begins with an initial two-dimensional (2D)
deposition on the substrate material. After a critical
thickness is achieved, the surface is transformed into
highly strained 3D islands that grow coherently on the
heterostructure interface. The great advantage of this
dot (island) fabrication technique is that no nanolithog-
raphy or etching process are needed, avoiding disloca-
tion and defect creation at QD interfaces. This tech-

nique also allows high dot density (up to ~ 101t cm=2)

to be reached!].

Most of the research is currently conducted by
molecular beam epitaxy (MBE)!*!5] or metalor-
ganic chemical vapor deposition (MoCVD)I617 on
GaAs(001) substrates. Few studies on QD formation
on GaAs high-index surfaces have been reported®17],
It has been suggested by Sangter!' that (n11) surfaces

present a high density of steps compared to the atom-

ically flat (001) surface. Grunthaner et al.l'*] have in-
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dicated that the critical thickness, reached before an
island morphology generation, is strongly dependent
on this step density. During MBE growth these high-
index planes break up into periodic arrays of nanometer
scale facets, lowering the surface energy. This micro-
scopic surface morphology represents equilibrium sur-
face structure, and is generally stable during growth.
Therefore, the lateral periodicity is fixed for a cer-

(9,201 Such periodicity

tain crystallographic orientation
might influence the adatom kinetic, resulting in differ-
ent stress relaxation for each surface, which gives rise
to differences in dot shape and defect density at dot
interfaces, influencing optical recombination efficiency.
These conditions determine growth mode for each ori-
entation.

In this paper we report and summarize results of the
study of In,Gay_,As (with « = 1.0 and # = 0.5) QD
formation, using the Stranski-Krastanov growth mode.
These QDs were produced by MBE technique, growing
the structure on GaAs(nl1)A/B and on reference (001)
substrates. The study is mainly based on the optical
properties of such structures since, for QD application
in optoelectronic devices, a detailed characterization of
photoluminescence (PL) properties is fundamental. PL
measurements were systematically carried out as a func-
tion of temperature, excitation power and polarization.
The measurements confirm that the naturally formed
islands exhibit quantum-effect properties and that PL
properties of quantum dots depend on the crystallo-
graphic orientation. We will also present preliminary
results of optical properties on vertically self-organized
InGaAs quantum dot islands as a function of substrate

orientation and spacer layer thickness.
II. Growth of quantum dots

The samples were grown by the MBE technique,
using a MECA 2000 system, on GaAs reference (001)
and (n11)A/B (where n is 1, 2, 3, 5 and 7) substrates
(GaAs growth rate of 1 ym/h). Growth process was
monitored in situ by a reflection high-energy diffraction
(RHEED) system operated at 15 kV. The structure ba-
sically consists in 20 periods of GaAs/AlAs (2nm/2nm)
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superlattice, a 0.5 pm GaAs buffer layer, and a 3
nm Ing2Gag sAs quantum well (QW). The quantum
dots were separated from the QW by a 100 nm GaAs
layer (see Fig. 1). Growth conditions are summa-
rized in Table 1. Further details about growth of nat-
ural QDs are described elsewherel?1:221, Growth rates
were determined by RHEED oscillation technique on
the GaAs(001) plane. Since the QD growth tempera-
ture was below critical temperature for starting indium
re-evaporation, we assume these rates to be the same
for all orientations. Interface smoothness was carried
out, using growth interruption, before and after InAs
and Ing sGag sAs deposition (see Table 1). QD nucle-
ation was observed directly by RHEED on (001) sur-

face, when the pattern changed from streaky to spotty.

500 A GaAs cap layer
In(Ga)As QD
In{(Ga)As wetting layer

/2.9
G P T T o (e 2

0000 0

1000 A GaAs barrier

30 A Ino.GansAs QW

0.5 pm GaAs buffer layer

GaAs (n11)A/B substrates

Figure 1. Schematic drawing of the grown structure.

Table 1. Growth conditions for QD formation.

Growth parameter InAs Ing sGag sAs
Growth temperature 500 °C 520 °C
Growth interruption

- before 1 min 1 min

- after 3 min 3 min
Growth rate 0.061 nm/s  0.11 nm/s
Asq background 9x10°Pa 9x10%Pa
pressure

number of monolayer 6 ML 15 ML
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ITI1I. Photoluminescence measurements and dis-

cussions

For PL experiments the samples were mounted in a
closed-cycle He cryostat and excited by the green line
(514.5 nm) of an ArT laser. The average excitation
density was 150 W/cm?. Emitted light was focused on
the entrance slit of a 0.5 m single-grating monochroma-
tor and analyzed by a photomultiplier using a detection

system in lock-in mode.
II1.1 PL intensity at constant temperature

Fig. 2 shows low temperature normalized PL spec-
tra (dotted lines) for Ing sGag sAs QDs. Two main fea-
tures are visible for each orientation associated with a
QD and a QW PL peak. The observed QD lumines-
cence around 1.27 eV for (001) plane is in agreement
with the value reported in Ref. [23]. However, wetting
layer peak was not detected in these samples. We sup-
pose this to be related to growth interruption before
the cap layer, driving much of the deposited indium to
island nucleation, leaving a thin wetting layer. In this
case, carriers generated in the wetting layer transfer
quickly (~ ps) to InGaAs islands where they recom-
bine radiatively.

Regarding just the QW peak position, we observed a
redshift for the high-index plane samples (see Table 2).
Fig. 2 makes clear that the peak position depends on
crystallographic orientation. From (001) to (311)A/B
surfaces, a decrease is observed in the QW PL peak
position and, reversely from (311)A/B to (111)A/B
planes, an increase. We believe that this behavior is
mainly related with interface roughness as well as, in
minor degree, with indium segregation due to surface
step density*?]. QWs grown on (n11)A surfaces exhibit
a smaller full width at half-maximum (FWHM) when
compared with the (n11)B planes (see Table 2). We
suppose this characteristic is also related with surface
step density structure since (nll)A-orientations are ex-
pected to minimize the incorporation of impurities and
defects due to empty dangling bonds of their step-edge

group I1I atoms!*4],
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Figure 2. Normalized PL spectra of self-assembled InGaAs
QDs grown on high-index (a) (n11)A-GaAs and (b) (n11)B-
GaAs surfaces (dotted lines) and Gaussian fitting for QDs
(solid lines). (Taken from Ref. [22].)
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Table 2.

QW shift energy AEqw (= Eqw (100) - Eqw @1n)
in meV, FWHM values (in meV) for InGaAs-
QWs and -QDs on all orientations, and ratio
between QD and QW integrated intensity
IPL. Egwqoey= 1.470 eV.

Orientation @FWHM  AEqw IPL
QW QD
(100) 7.7 64 - 5.9

(71DA 6.1 103 0 2.6

(71HB 22,1 108 13 105

GIDA 64 - T -

(51H)B 236 80 39 32

GIDA 192 98 24 02

G1HB 236 55 68 35

21DA 68 83 0 0.3

211)B 192 96 33 0.9

(11DA 4.6 83 -3 0.5

(11)B 192 85 26 24

Another interesting feature in Fig. 2 relates to the
2D PL signals. Peak positions, FWHM and the integral
luminescence ratio QD/QW values for all samples are
listed in Table 2. QDs grown on nonequivalently ori-
ented substrates present significant differences. When
the orientation changes from (001) to (111)A/B, a blue
shift in QD PL peak is observed. In addition, we no-
ticed that most of the QD peaks (dotted lines) can be
fitted by one Gaussian curve (solid lines). In the case
of the (001) and (711)A/B oriented surfaces, the fitting
requires two Gaussian components that remain stable
when excitation density is increased®?. For the (511)A
plane, QD PL signal detection was not possible. QDs
grown on (nll)A orientations frequently show smaller
FWHM than those grown on (nl1)B surfaces, evidenc-
ing their superior uniformity. This homogeneity in size

was found to be superior on the (311)B surface, reveal-
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ing a higher degree of ordering as compared to other ori-
entations. This result is in agreement with QD size ho-
mogeneity on (311)B plane obtained by MOCVDI6:171,
Table 2 reveals that, for (nl11)A surfaces, QD inte-
grated PL intensity is smaller than in QW, except for
(711)A plane, whose value is two times larger than the
QW’s. Besides, the strong integrated PL intensity of
QDs grown on (nll1)B orientations shows the higher
quality of dot interface. This intensity is comparable
to that of QW, and for (711)B plane the value is one
order of magnitude larger at low temperature (see Table
2). The ratio between QD and QW intensities increases
at higher temperatures, a characteristic whose origen
will be discussed in the next section. Evidence of QD’s
defect-free nature can be revealed in an efficient PL sig-
nal (mainly for the (n11)B surfaces (see Fig. 2b)), as
well as in the linear reponse of the integrated emission
intensity with laser excitation density in a range of 10-
10® W/em? 1221,

Fig. 3 shows PL spectra for InAs QD at 16K for
some orientations. Concerning the reference quantum
well position, we have also observed that PL peak po-
sition and P FWHM depend on crystallographic ori-
entation as noted above for InGaAs QDs. Such an ef-
fect has already been reported in Ref. [22]. For (001),
(n11)B, (211)A and (111)A surfaces, an additional peak
has been detected around 1.35 meV and is attributed
to quantum dot formation on each orientation. High
QD PL efficiency was obtained for (001) and (711)B
surfaces, where QD-QW wavelength-integrated PL in-
tensity ratio is 3.2 and 1.9, respectively. In the other
planes, this ratio was one order of magnitude smaller.
Peak positions, FWHM, and the integral luminescence
ratios QD/QW for InAs QD samples are listed in Ta-
ble 3. For each orientation, the QD peak was fitted
by one Gaussian line. In the case of (511)B plane, the
fitting shows a high-energy peak that we attribute to
the contribution of wetting layer to the PL signal. In
Fig. 3a, each spectrum shows an unlabeled peak around
1.43 eV. Taking into account well width (3 nm) and in-
dium content (20%), as well as temperature dependence
of both unlabeled peak position and its intensity, and
power density dependence, we can ascribe it to a wet-
ting layer signal. For (001) and (711)B surfaces, this
signal was not detected due to high PL efficiency of

QDs.
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Figure 3. PL spectra of self-organized InAs QDs grown
on high-index (a) (211)A, (111)A/B GaAs and (b) (001),
(711)B and (511)B GaAs surfaces (dotted lines) and Gaus-
sian fitting for QDs (solid lines). The inset to Fig. 3(b)
shows the PL spectra for (511)A and (711)A surfaces, where
the grown structure does not exhibit QD formation. The un-
labeled peaks were attributed to the wetting layer PL signal.
(Taken from Ref. [25]).
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Table 3. Peak energy (in V), FWHM (in meV), and QD-QW

wavelength-integrated PL (IPL) intensity ratio for InAs QDs.

Quantum Dot Quantum Well

Orientation Ep FWHM Ep FWHM IPL
(001) 1.338 123 1.461 12 32
(711)B 1.344 102 1.444 ~23 19

(511)B 1.330 58 1.430 24 0.1

2IHA 1.381 128 1.466 7 0.1
(11HA 1.392 136 1.468 6 0.1
(111)B 1.387 132 1.468 6 02

The inset of Fig. 3b exhibits PL spectra for (511)A
and (711)A planes®®].
tional structure, whose energy position is higher than

the QD. We believe this PL feature to be related to

The arrows indicate an addi-

a two- dimensional layer (QW) formed after stress re-
laxation of a critical InAs layer. Enhancement of the
FWHM of this PL signal, observed in comparison to
reference QW, is probably due to the formation of dis-
locations or related defects as a result of stress relax-
ation. Non-QD formation on (511)A has been previ-

ously reported[!7-22]

IT1.2 PL temperature dependence

In order to obtain additional information about QD
properties, measurements of PL temperature depen-
dence were performed. The particular cases of (711)B
and (511)B PL spectra for Ing 5Gag sAs and InAs QD
respectively are shown in Fig. 4. This dependence
shows a persistence of QD PL signal at high temper-
ature (130 K), while QW PL intensity decreases dras-
tically when temperature changes from 16 K to 70 K.
Such persistence at high temperatures is related to the
increase of oscillator strength due to additional lateral
confinement. The Fig. 4b inset shows PL temperature
dependence for (511)A surface. Behavior of the addi-
tional structure, indicated by arrows, obviously differs

from (511)B QD, a characteristic also suggesting the



70

existence of stress-related defects, and apparent lack of

relation between this peak and QD formation.

PL Intensity (a.u.)

Figure 4. PL temperature dependence of (a) InGaAs QDs
grown on (711)B and (b) InAs QDs grown on (511)B and
(511)A (inset). The arrow in the inset indicates the pres-
ence of an unexpected peak (see text). (Taken from Ref [22]
and [25].
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Figure 5. Wavelength-integrated QW (open symbols) and
QD (closed symbols) PL temperature dependence of (a)
InGaAs- and (b) InAs-QDs for some orientations. (Taken
from Ref. [25] and [28].)

Wavelength-integrated PL intensity temperature
dependence has also been computed for the cases of
QWs and QDs (see Fig. 5). For all orientations, QD
PL intensity presents a lesser decrease than QW’s at
higher temperature, as emphasized earlier. From these

plots were extracted the values for thermal quenching
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energy (Eg), averaging 3 and 2.5 times smaller for QWs
than for InAs and InGaAs QDs, respectively. Activa-
tion energy values for electron-hole emission (F4) were
determined through Arrhenius plots. Tables 4 and b
show Fg- and F4-values for some orientations. F4
values observed for InAs and InGaAs QDs are respec-
tively about 1.4 to 2.4 times and 2 to 5 times larger than
for QW evidencing a lesser suppression of electron-hole
emission from QDs compared to QW PL emission, due

to an increase in the binding energy.

Table 4. Thermal quenching energy (Eq) and electron-
hole emission activation energy (E,) values in meV

for InGaAs-QDs.

Orientation Eq-QW Eg-QD EA-QW EA-QD

(100) 2 5 24 135
(711)B 2 5 46 159
(11)B 4 4 31 50
(211)B 2 3 44 78
(111)B 2 5 35 9%

Table 5. Thermal quenching energy (Eq) and electron-hole

emission activation energy (E4) values in meV for InAs QDs.

Orientation Eg-QD Eo-QW EA-QD ExQW
(001) 6 2 47 24
(711)B 4 1.5 52 22
(511)B 6 2 40 28
(211)A 6 2 28 20
(111)A 6 2 27 19
(111)B 6 2 32 23
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Figure 6. QD (closed symbols) and QW (open symbols) PL
FWHM temperature dependence. (Taken from Ref. [33].)

A remarkable effect reported, for the first time as
far as we know in Ref. [21] is in the behavior of PL
FWHM as a function of temperature. Fig. 6 shows
this phenomenon for InAs QDs. An anomalous decrease
of QDs PL FWHM was detected for Gaussian-shaped
emission from 22 K to ~130 K. This effect has been de-
scribed in terms of the suppression of non-predominant
size QD emissions and the persistence of predominant
size ones, contributing to the center of Gaussian shaped

21] 3 phenomenon also recently reported for

PL curvel
InAs QDs in Ref. [26]. The cited authors proposed a
model, involving exciton recombination, thermal acti-
vation and transfer. This model does not completely
describe our experimental data as to the way that the
Gaussian shape of QD PL peak is maintained as tem-
perature rises?’). In the InGaAs QD case, this ef-
fect was not always observed in our samples when the
amount of InGaAs was varied. Furthermore, its de-

crease in the P FWHM was not as pronounced as in

InAs QDs.
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II1.3 PL polarization dependence

QD PL polarization dependence measurements were
also carried out to determine the most probable struc-
tural anisotropy of QDs in-plane. To eliminate polar-
1zation effects of the experimental setup in our system,
unpolarized white light was used. The angular depen-
dence of normalized PL peak intensity for QDs grown
on different orientations is shown in Fig. 7, evidencing a
strong polarization effect. A maximum of PL intensity
was set for PL. component with polarization angle zero,
occurring when polarization is parallel to the following
crystallographic directions: [110] for (001) plane, [277]
for (711), [255] for (511), [233] for (311), [111] for (211)
and [211] for (111), respectively. Based on our results,
we believe that QDs grown on these planes have well-

developed microfacet configuration!27=29].
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Figure 7. Angular dependence of normalized PL intensity
for (a) InGaAs- and (b) InAs-quantum dots on differently
orientated samples. (Taken from Ref. [28].).
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IV. Vertically stacked self-assembled InGaAs
QDs study

Recently, 1t has been shown that InAs-induced
strain fields influence the adatom migration during sub-
Q. Xie et

al.[B1] have presented evidence for vertical alignment

sequent GaAs structure layer growth[3°],

of coherent quantum dot islands separated by GaAs
spacer layers along growth direction as a consequence
of the strain fields created by the lower set of islands,
a vertical alignment obtained on GaAs(001) substrates.
On the other hand, growth of such structures on GaAs
high-index surfaces has hardly been studied.

To investigate the influence of island induced stress
field, we performed experiments with samples where
the spacer layer thickness (d) varied. The initial set
of islands, corresponding to 6 ML Ing 5Gag 5As deposi-
tion, was grown at a rate of 0.11 nm/s on GaAs (001)
and (311)A/B substrates at 500 °C. These islands were
then covered with a GaAs layer (spacer). Afterwards,
a second set of IngsGagsAs islands were formed un-
der conditions identical to those of the first case. This
combination of 6 ML Ing sGagsAs and GaAs spacer
layer was repeated 10 times. Details of growth were

321 Grown structures were stud-

described previously
ied by PL measurements under similar circumstances

to the ones specified in section III.

IV.1 PL- and polarization-measurements

We have shown in Ref. [32] that the spacer layer
plays an important role in the PL characteristic. Spec-
trum for the sample with a 6 nm spacer layer is shown
in Fig. 8. The PL emission peak C is at lower en-
ergy when compared with the emission of a single set
of islands for same spacer layer thickness, a difference
probably due to coupling between the electronic states
of islands, leading to a splitting of the states and a low-
ering of the ground state energy®®! Such a phenomenon
becomes more probable when the islands are aligned
closely enough. The Fig. 8 inset exhibits PL tempera-

ture dependence for the 6 nm spacer sample and shows
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that at 100 K only peak C persists. This dependence
suggests as much the lack of relation between peaks A-
B and quantum dots, as their presumable relation to
emission from coupled wetting layers. Peak signal C is

assigned to vertically aligned islanding layers.

(001)

e ®1 it d=6nm ]

PL Intensity (a.u.)

T=16K

12 13 14 15
Energy (eV)

Figure 8. PL spectra (dotted line) of (001) plane for 6 nm
spacer.

For the 10 nm spacer layer we believe that two kinds
of quantum dots with different degrees of confinement
are present on (001) plane (see Fig. 9). In Ref. [34], a
broad high energy shoulder was also observed for ver-
tically aligned InAs islands with 7.5 nm spacer. This
shoulder was attributed to 1solated, or only partially
aligned, islands where coupling was either not present
or was somewhat diminished. In our sample of 10 nm
spacer, the (311)B orientation has the same form and
temperature dependence as the (001) (see Fig. 10). We
suppose this is due to the fact that (311)B orientation
has similar surface properties as (001)[35]. In contrast,

(311)A plane exhibits a different PL characteristicl3?.
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Figure 9. (001) PL temperature dependence of vertically
stacked QDs for 10 nm spacer layer.

PL Intensity (a.u.)

(311)B

(001)
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Figure 10. PL spectra (dotted lines) of vertical aligned self-
assembled InGaAs QDs for 10 nm spacer layer for (001) and
(311)A/B surfaces.
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Figure 11. PL FWHM temperature dependence of (001)
(square) (d=15 nm) and (311)A (circle) (d=10 nm) sam-
ples.

Fig. 11 also shows an unexpected effect on PL
FWHM as a function of temperature for (001) (15 nm)
and (311)A (10 nm) orientations. On such surfaces,
the unusual decrease of FWHM was also detected for
the Gaussian- shaped emissions from 16 K to 58 K for
(311)A and to 100 K for (100) plane, respectively.

Investigations of probable structural anisotropy of
vertically stacked QDs, by means of PL polarization
measurements, were also carried out. The angular de-
pendence of normalized PL peak intensity for all sam-
ples is exhibited in Fig. 12, showing strong polariza-
tion effects. Maximum intensity, which has also been
detected as described in section 3.3, occurs when polar-
ization is parallel to crystallographic direction [233] for
(311) A/B and [110] for (001) plane, respectively. Based
on these results, we also suppose that vertically aligned
QDs grown on (311)A/B and (001) surfaces maintain

the well-developed microfacet configuration.
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Figure 12. Angular dependence of normalized PL intensity
for d = 15 nm (diamond (001)), d = 10 nm (square (311)B,
circle (311)A, star and up triangle (001)) and d = 6 nm
(down triangle (001)) samples.

V. Conclusions

The  optical self-assembled
Ing 5Gag sAs and InAs QDs grown by MBE on high-

index GaAs surfaces have been investigated by means of

properties  of

PL measurements. Results reveal strong dependence of
QD peak intensity, energy position and FWHM on sub-
strate orientation. No InAs-QD formation was detected
on (711)A and (511)A surfaces. For these surfaces an
unexpected peak possibly related to a two dimensional
layer, was observed. The results suggest that another
growth mechanism predominated in the A planes as
a result of stress relaxation. Our results also show
an unusual decrease of PL. FWHM with temperature
for InAs QDs, as well as for vertically stacked QDs,
suggesting suppression of non-predominant sizes and
persistence of predominant ones. We believe that this
unusual temperature dependence is a typical character-
istic of self-assembled InAs QDs. All samples exhibit
strong polarization dependence due to QD structural
anisotropy. We have also observed that spacer layer and
surface orientation play an important role in formation

of self-stacked QD islands.
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