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1. Introduction

The self-assembled InAs quantum dots (QDs) are the subject of substantial interest during
last fifteen years due to both fundamental scientific and application reasons. In these
systems, the strong localization of an electronic wave function leads to an atomic-like
electronic density of states and permits to realize the novel and improved photonic and
electronic devices. Microlectronic and optoelectronic devices based on quantum wells
(QWs) with InAs QDs have been the subject of investigation for the applications in
semiconductor lasers for the optical fiber communication [1-3], infrared photo-detectors [4-
6], electronic memory devices [7,8], as well as single electron devices and single photon light
sources on the base of single-QD structures for the quantum information applications [9-12].
QDs are especially attractive for the applications in semiconductor lasers. For laser or
photodiode applications the surface density of QDs has to be high, but for single-QD
devices the QD density has to be low. As a result, there is an extensive effort to manipulate
and control the position, size, shape and density of QDs [13-19].

Self-assembled InAs/GaAs QDs in lattice-mismatched systems can be achieved by using the
Stranski-Krastanow (S-K) growth mode [20-22]. In the process of InAs/GaAs QDs growth
using the S-K growth mode, the InAs mismatched layer growths two dimensionally on the
GaAs substrate during the initial stage; then, above a critical thickness, the strain increased
and the dislocation-free QDs with a three-dimensional shape are formed on a residual two-
dimensional wetting layer (WL) [23,24]. InAs/GaAs QD structures grown using the S-K
mode have inherent several problems: the density random distribution, the large
temperature-dependent variation of the photoluminescence (PL) intensity and line width
resulting from the nonuniform size and density of InAs QDs [25] etc. Precise control of the
QD size and the homogeneity of InAs QD distribution is necessary for achieving the high-
performance devices.

2. Advances of InAs QDs in InGaAs/GaAs quantum wells

InAs/GaAs QDs are especially attractive for the applications in lasers because the QD based
lasers have a higher differential gain, lower threshold current density, and improved
temperature performance in comparison with QW lasers [1-3]. The band structures of
InAs/GaAs QDs are well suited for covering the 1.30 and 1.55 pm spectral ranges, important
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in optical fiber communications. These wavelengths are impossible to achieve in quantum
well (QW) InAs/GaAs structures due to the strain-limited thicknesses. It is shown that the
QD density in laser structures can be enlarged significantly by growing the dots within
In,GaixAs/GaAs QWs, in so called dot-in-a-well (DWELL) structures [3, 4]. In these
structures photoluminescence has been enhanced due to better crystal quality of the layer
surrounding QDs and more effective exciton capture into the QW and into QDs.

A crucial aspect for the realization of efficient light-emitting devices operated at room
temperature is the understanding of a temperature dependence of QD photoluminescence.
PL intensity decay in InAs QDs as a rule attributed to thermal escape of carriers from QDs
into the wetting layer or into the GaAs barrier [5-8], as well as to thermally activated capture
of excitons by nonradiative defects in the GaAs barrier or at the GaAs/InAs interface [5, 9,
10]. The unusual variations of emission energy and the full width at half maximum
(FWHM) of PL bands in the InAs/GaAs self-assembled QDs have been investigated earlier
as well [11, 12]. A decrease in the FWHM, together with a red shift of the emission
wavelength were explained by the re-localization of carriers between dots caused by their
inhomogeneous sizes. A set of theoretical works has been devoted to these questions, which
described the carrier dynamics in QD systems using a rate equation model [13-19].

However, it is not still clear the details of exciton capture and thermal escape in high quality
QD structures. Two main ways are discussed: a) thermal escape (capture) of carriers
(electron and hole) in/from QDs takes place as an exciton or correlated electron-hole pairs
[17, 18]; or b) the excitons dissociate and single electrons (holes) thermally escape or capture
independently [19-21].

The first mentioned mechanism is the subsequence of the fact that the activation energy of
ground state PL thermal decay measured in the regime of strong quenching matches the
difference between the GaAs band gap and QD ground state (GS) energy (the sum of
barrier heights for electrons and holes) [17-19]. The same effect was earlier revealed in
strained InGaAs/GaAs QWs, where the activation energy of PL thermal decay
corresponded to the difference between the GS energies of QW and the GaAs barrier,
defined as total confinement energy, i.e. the sum of electron and hole potential depths.
The main conclusion follows from this fact: excitons or electron-hole pairs are emitted
from QWs into the barrier [22].

The motivation for the second mechanism was presented in [19-21]. It was shown in [19] at
the InAs/GaAs QD PL investigation under low excitation and high temperature the ground
state PL intensity varies quadratically with excitation density. This fact was explained as an
evidence of independent occupation of QDs by electrons and holes with the probability
which is proportional to the multiplication of their concentrations (nenp).

Other evidences for supporting the second approach were shown in [20] at the investigation
of cathodoluminescence thermal quenching in InAs/GaAs self-assembled QDs at high-
excitation conditions. The significant reductions in the thermal activation energies in the
230-300°K temperature range for the ground (GS) and excited states (ES) are found. It was
suggested that excitons dissociate and the thermal reemission of single holes from QD states
into the GaAs is responsible for the observed temperature dependence. The same
explanation was supposed in [21] at the joint investigation of InAs QD and InGaAs QW PL
thermal decays.
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In DWELL structures the introduction of surrounding In\Gai«As/GaAs QWs changes the
QD density, the elastic strain in structures, the height of potential barriers for exciton
capture and thermal escape in/from QDs as well as can increase in some cases the density of
nonradiative (NR) centres. In these structures the mechanism of PL intensity thermal decay
could depend strongly on parameters of DWELL. Improved understanding of the operation
and design of InAs/InGaAs QD-based devices could be emanated from studies involving
the excitation and temperature dependences of PL in such structures.

Note the highest emission intensity of QDs was achieved in the symmetric wells with the
composition of quantum well (QW) capping/buffer layers of Ing15GaossAs/GaAs [3]. One of
the best methods of manipulating the InAs QD density and sizes inside of QWs related to
controlling the QD growth temperatures [3,12-15]. But even for the optimal QD growth
parameters and capping/buffer layer compositions, the InAs QD structures are
characterized by photoluminescence (PL) inhomogeneity along the wafers [16-19].

The inhomogeneity of InAs QD parameters across the wafer due to the size, chemical
composition and stress variations leads to a broadening of emission spectra. This type of
problems in QD structures was investigated using scanning PL spectroscopy [23, 26-29],
high resolution transmission electron microscopy [30], scanning tunneling microscopy [31],
as well as spatially resolved scanning tunneling luminescence [32]. However, in dot-in-a
well structures, where the InAs QDs coupled with InGaAs/GaAs QWs, the physical reasons
of emission inhomogeneity still have to be discussed. The technology of growth of InAs QD
structures has become more reliable recently enabling the systematic studies their physical
properties and emission inhomogeneity of QD ensembles.

3. PL spectra of symmetric GaAs/Ing5sGay ssAs/GaAs QWs with the different
density of InAs QDs

The solid-source molecular beam epitaxy (MBE) in V80H reactor was used to grow the
waveguide structures consisting of the layer of InAs self-organized QDs inserted into 12 nm
Ing15GaossAs/GaAs QWs. The thickness of the buffer Ing15GagpssAs layer was 2nm, which
was grown on the 200.nm GaAs buffer layer and the 2 inch (100) GaAs SI substrate (Fig.1).
Then an equivalent coverage of 2.4 monolayers of InAs QDs were confined by the capping
(10nm) Ing15GagssAs layer and by the 100nm GaAs barrier. Investigated structures are
grown under As-stabilized conditions at five different temperatures: 470°C (#1), 490°C (#2),
510°C (#3), 525°C (#4) and 535°C (#5), during the deposition of the InAs active region and
InGaAs wells, and at 590-610°C for the rest of layers. All layers were grown with the growth
rate of 0.30 ML/s, but for the QD formation the process provides deposition of 2.4 ML with
the growth rate of 0.053 ML/s.

GaAs capping layer 100 nm
Ing 15Gagp gsAs 12 nm In As QD

AAAAAAAAAAAAAAAAL

GaAs buffer layer 200 nm

Ga As (100) Substrate

Fig. 1. The schematic design of studied QD structures
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For AFM measurement the process of growth was stopped for satelite samples after the
formation of QDs. The in-plane density of QDs changed from 1.1x10! to 1.3x1010cm-2 (Table
1) when the temperature increases from 470 up to 535 °C [4, 33]. The samples were mounted
in a closed-cycle He cryostat where the temperature is varied in the range of 10 - 300 K. PL
spectra were measured under the excitation of the 514.5 nm line of a cw Ar+-laser at an
excitation power density form the range of 10-1000 W/cm?2. The setups used for PL and PL
excitation spectroscopies were presented earlier in [5] and [17], respectively.

T Nabp Daop h h/D Sg%gle x 1014, Surface Area
°O) cm2 nm nm of QDs, cm?
cm?
470 1.1x1011 12 6 0.50 113.0 0.124
490 7.0x1010 14 8 0.57 153.9 0.108
510 3.4x1010 18 13 0.72 254.3 0.086
525 1.8x1010 24 11 0.46 452.2 0.081
535 1.3x1010 28 10 0.36 615.4 0.080

Table 1. Average parameters of InAs QDs estimated by AFM [33]

Typical PL spectra of the DWELL structures #2, #3 and #4 measured at different
temperatures at the excitation light density of 500 W/cm? are shown in Fig.2. The structures
#1 and #2 grown at low temperatures 470 and 490°C are characterized by one PL band only
(Fig.2a) with a higher value (Fig.3b) of the full width at half maximum (FWHM). In
structures #3, #4 and #5 two PL bands appear due to the recombination of excitons localized
at a ground state (GS) and at first excited state (1ES) in QDs (Fig.2b,c).
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Fig. 2. Typical PL spectra measured at different temperatures for the DWELL structure
#2(a), #3(b) and #4(c) at the excitation light density of 500 W /cm2.
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The density of QDs decreases monotonically with the rise of QD growth temperatures from
470 up to 535 oC (Table 1). Thus the PL intensity diminishing can be expected with reducing
a QD density. The QD diameters in studied structures increase monotonically from 12 up to
24-28 nm with the rise of QD growth temperatures from 470 up to 535 oC. Thus it is possible
to expect that the PL peak position in QDs has to shift monotonically to low energy.

Fig.3 presents the variation of in plane QD densities, estimated by AFM on satelite samples,
as well as the average GS integrated PL intensities and the GS peak FWHM measured at
300K in studied structures.
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Fig. 3. The average integrated PL intensities measured in DWELLSs with QDs grown at
different temperatures (a) and the FWHM and QD density in DWELLs with QDs grown at
different temperatures (b).

However the PL intensity increases (Fig.3a) and the GS peak shifts to low energy in
structures with QDs grown at 490 and 510°C (Fig.2a,b). On the contrary the QD structures
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grown at 525 and 535°C are characterized by lower intensities of GS emission (Fig.3a), by
smallest FWHM (Fig.3b), and the peak position of GS PL bands shifts into higher energy
(Fig.2b,c). Note that lower PL peak energy corresponds to higher PL intensity (Fig.2b and
3a). Thus the variation non monotonous the PL intensity ans peak positions versus QD
density ( QD growth temperature) has been revealed in studied QD structures.

4. PL excitation spectra of InAs QD structure and PL excitation power
dependences

The typical PL excitation spectrum measured at 80K is shown in Fig.4.
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Fig. 4. PL excitation spectrum for the structure #3.

In high excitation energy range the spectrum presents a sharp PL intensity increase due to
the fundamental light absorption (at 1.51 eV) in the GaAs barriesr. In the low energy region
the PL excitation spectrum can be considered as a superposition of the four absorption
bands: A, B, Cand D (Fig.4, Table 2).

Optical GaAs
transitions | Band gap| peak A | peak B | peak C peak D QD-PL QW-PL
E, eV 1.51 1.46-1.47 1.44 1.42 1.35-1.36 | 1.06-1.11 | 1.32-1.33

Table 2. Optical transitions in DWELL structures at 80K

The peak A spectral position (1.46-1.47eV) is close to the GS resonant absorption related to
the WL in InAs/GaAs QD structures [17, 24, 25]. Note the authors [25] registrated at 100K
in PL excitation spectrum two overlapping maxima (1.45-1.47eV) which were attributed to
the photon absorption in the 2D wetting layer between the heavy hole and light hole GS
subbands to the GS electronic subband. In studied DWELL structures the GS resonant
absorption in the 2 nm buffer Ing15GaossAs QW can contribute in other peaks B and C. Thus
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both layers (the Ing15GaossAs buffer QW and WL) are the same in all studied DWELL
structures and can be responsible for the peak A, B and C in the PL excitation spectrum. The
spectral position of the lowest energy absorption band (1.35 eV, peak D) is close to one of
the PL band (1.31-1.32eV) caused by GS exciton recombination in the capping InGaAs QW
(Table 2) [34]. Thus the peak D can be attributed to the GS resonant excitation in the capping
Ino,15Ga0‘g5AS /GaAs QW (F1g4)

n=0.95
n=0.96
n=1.00

—

0000

n=0.72
n=0.93

1000 -

490 °C
525 °C
510 °C
535 °C
470 °C

PL integrated intensity (arb.un.)

1004

10100
Excitation power (%)

Fig. 5. PL integrated intensity versus excitation power measured for all studied structures

The dependences of integrated PL intensity versus excitation light power, measured at 12K
with the aim to avoid the thermal decay process, are presented in Fig.5 for all studied
structures. The QD structures #2, #3 and #4 with highest emission intensity are
characterized by the linear dependence of the integrated PL intensity (I) versus excitation
power (I=Pr), n=0.95-1.00 (Fig.5). In QD structures with low emission (#1, #5) the integrated
PL intensity changes sublineary (n=0.72-0.93) with excitation light power (Fig.5).

5. Emission inhomogeneity along the QD structures
5.1 Scanning PL spectroscopy at 300K

Photoluminescence inhomogeneity of QD ensembles is studied along the scanning line
crossed the wafers from the periphery of QD structures to the center. In this case PL spectra
were measured at 300 K in a set of points on the QD structures under the excitation by the
804 nm line of a solid state IR laser at an excitation power density of 100 W/cm?2. PL spectra
were dispersed by a SPEX 500M spectrometer and recorded by a liquid-nitrogen-cooled Ge
detector with a standard lock-in technique.
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The inhomogeneity of QD ensemble emission along the line crossed the structures #1 and #2
related mainly to the variation of PL intensity (Fig.6). The integrated PL intensity in the
structure #1 is low in comparison with #2, and the variations of PL peak positions are small
for both DWELLs (Fig.6): Ahvy, ~0.003 eV (#1) and Ahvy, ~0.010 eV (#2). Thus in QD
structures with InAs QDs grown at low temperatures (470-490°C) the less integrated PL
intensity (Fig.3a), the high dispersion of QD sizes and, as a result, the larger value of FWHM
(Fig.3b) of GS PL bands, but the low dispersion of QD ensemble parameters along the line
crossed the structures #1 and #2 have been detected (Fig.6a,b).

1000
1 300K -
800 L #1
600 ) 'i;
o T =470°C !
S5 4004 ¢ )
S ool "
2 0 ]
2 300K
*GC3 6000- o . #2
: 1 000:, ’:
0. 4000 »!ii
1 T=490°C ™*
20004 ¢
o- ot b

0.96 0.97 0.98 0.99 1.00 1.01 1.02
GS peak energy (eV)

Fig. 6. The PL intensity and GS PL peak positions measured along the line scan from the
center of QD structures #1 (a) and #2 (b) to their periphery.

As it follows from fig.7 the decrease of integrated PL intensity, measured along the line from
the center to periphery in QD structures #3, #4 and #5, is accompanied by the “blue” energy
shift of the PL maximum. The FWHM of GS PL bands in the structures #3, #4 and #5 was
equal to 35-40 meV (Fig.3b) and it is smaller than those in mentioned above structures #1
and #2. The inhomogeneity of QD ensemble emission along the lines crossed the structures
#3, #4 and #5 is characterized by the essential variations of GS peak positions (Fig.7): Ahvy,
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~ 0.02 eV(#3), 0.03 eV (#4) and Ahv,, ~0.04 eV(#5), respectively. The integrated PL intensity
of QD ensembles in the structure #3 in two- or five-fold higher than in #4 and #5,
respectively. Thus in the structures #3, #4 and #5 the low dispersion of QD sizes and, as a
result, less values of FWHM, but the essential PL energy shift and the dispersion of QD
ensemble parameters along the line crossed the structures have been detected (Fig.7).

The emission inhomogeneity in the QD structures #1 and #2 is related mainly to the change of
PL intensity owing the density variations of QDs and/or of nonradiative centers (NR) in QD
structures. At the same time the PL peak positions vary negligibly (3-10 meV) testifying that
the difference in QD sizes is small. In the structures #3, #4 and #5, as it follows from fig.7, the
decrease of PL intensity along the line scan is accompanied by the “blue” energy shift of PL
maximum. This effect leads at the wafer periphery to shallower QD localized states (i.e.
smallest electron and hole binding energy), poorer carrier localization and a higher probability
of carrier thermal escape, which reduces the integrated QD PL intensity at 300K.

24000
18000

12000

PL Intensity (arb. un.

Tg=535°C

094 096 098 1.00 1.02

GS peak energy (eV)

Fig. 7. The PL intensity and GS PL peak positions measured along the line scan from the
center of QD structures #3 (a), #4 (b) and #5 (c) to their periphery.
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5.2 Analyses of PL inhomogenouty reasons in studied QD structures at 300K

The ground state PL intensity (IpL) of InAs/InGaAs QDs is directly proportional to internal

. . @ .
quantum efficiency 7 which can be presented as: 7= R . For QD emission the
Np f}e f}’
radiative recombination rate is [35]: @y =) ., where f{and f/ are the occupation
i=1 TR

probabilities for electrons and holes at ground state levels given by the Fermi-Dirac
distribution functions, f fr=(exp[(Enp —Hnp)/kT]+1]71, where p,, are the quasi-Fermi-levels
for the conduction and valence bands, respectively, measured from the QD band edges, E,,
are the quantized energy levels of an electron and a hole in th conduction and valence bands
of a QD, measured from the QD band edges, Np is QD density and tr is electron-hole
radiative recombination time in the QD [36]. At low excitation light intensity (100 W/cm?),
used during GS PL scanning, which is well below the GS saturation intensity, we can
present the occupation probabilities using Maxwell -Boltzmann distribution functions f, f
p=exp(—Ep+ Wnp /kT). Taking into account that excitation light power is not changed during

GS PL scanning experiment, we can assume that p,, are constant along the scanning line

e

E
and the PL intensity variation occurs due to parameters E,, only [35]. Thus f°~ exp —

kT

p
Eloc

and fF~ exp— where E

. and E . are the binding energy of electron and hole on GS

levels in a QD. In this case for GS emission intensity at room temperature is possible to
write:

N Ee EP N EInGaAS _ EQD _EQD
IPL ~ Tﬁl ~ Z 1 exp( loc + lOC) ~ Z 1 exp( GS GS )z exp GS (1)

where EZ&™¢ s energy gap between electron and hole quantized levels in narrow-gap

Ing15GagssAs layer and Egg is energy gap between electron and hole quantized levels in

GS

) 18 the difference between Eg? and

QD. Finally the GS PL optical transition energy (hv

exciton binding energy E;;,, in QDs. Exciton binding energies were computed as the function
of QD size using 8-band k-p approach and are estimated as 22 meV for QDs with the base

size 14 nm [37]. Thus the Ej;, value is small in comparison with GS PL optical transition

in
GS
max

energy (hv,,., ) equal to 1.06-1.11 eV. If the InGaAs composition is the same in any points of

the capping/buffer layers, the linear dependence of GS PL intensity versus PL peak
positions in QD ensembles in semi-logarithmic plot follows from Eq.1 (Fig.7). At the same
time the slope of this linear dependence is proportional to kT. The fitting procedure was
applied to the analysis of PL intensity data presented in Fig.7 and the slopes of these three
lines were estimated as ~25 meV that is exactly the value of kT at 300K. Thus the analysis of
linear dependence in Fig.7 testifies that the variation of GS PL intensity in the QD ensemble
along the line scan in the structures #3, #4 and #5 is owing to the QD size variation - its
decreasing from the wafer center to the periphery [38]. The last effect can be connected with
temperature inhomogeneity along the wafer at the QD growth process.

www.intechopen.com



164 Fingerprints in the Optical and Transport Properties of Quantum Dots

6. Temperature dependences of PL integrated intensities and peak positions

Two reasons can explain the variation non monotonically of PL peak positions and the PL
intensity in studied QD structures (Fig.2 and 3a): (i) the change of QD composition due to the
Ga/In inter diffusion between the InAs QDs and capping/buffer Ing15 GaossAs QW layers or
(ii) the different levels of elastic strains in QD structures due to the difference in QD densities
and sizes. To distinguish these two reasons PL spectra at different temperatures in the range
12-300 K have been studied. The temperature dependences of integrated PL intensities and
peak positions of GS PL bands for the structures #1, #3, #5 are shown in Fig.8.

T T T T T T T T T T T T T

1 5 | g ]
- 1 !

10000? i : @
c ' ]
:f J
< 1000+ 3
= 11.—e—470°C E
Z 12.—=—510°C
C E A °
5 1004 3. 535°C
- ]

o

T, K

Fig. 8. Temperature dependencies of GS integrated PL intensities (a) and GS peak positions
(b) measured for the structures #1, #3 and #5. Lines present the fitting results.

The process of PL thermal decay starts at 80-120 K and it is characterized by different rates
in the ranges T=100-180 K, T=180-250 K and T=250-300 K. At low temperatures up to 100 K
the integrated PL intensity does not change, but the energy of GS peak decreases. The
process of PL intensity decay starts at 100-120K in high quility structures #2, #3 and #4, but
in structures of low quality (#1, #5) this process appears at 80-90K.
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7. The analysis of Gal/ln interdiffusion in QD structures with different density
of InAs QDs

Fig. 9 presents the variation of PL peak positions versus temperature in studied structures.
PL peaks shift to low energy with increasing temperature due to the optical gap shrinkage.
The lines in Fig.9 are the fitting results analyzed on the base of Varshni relation that presents
the energy gap variation with temperature as [39]:

2
E(T)=E, —% 2

1.10
= Tc=470°C
1 = Tc=490°C
1.08 Tc=510°C
06 Tc = 525°C

Tc=535°C

PL peak position (eV)

0 50 100 150 200 250
Temperatura (K)

Fig. 9. The variation of PL peak positions versus temperature. The lines present the Varshni
fitting results: 1- #1, 2- #2, 3- #3, 4-#4 and 5 - #5.

The comparison of fitting parameters with the variation of energy band gap versus
temperature in the bulk InAs and GaAs crystals (Table 3) has revealed that in studied QD
structures the fitting parameter “a” and ‘b’ in the temperature range 12-250 K are very
close to their values for the bulk InAs crystal only in the structures #2 and #3. But in other
QD structures the fitting parameter “a” and ‘b” are different a little bit from the values in
the bulk InAs crystal (Table 3). The last fact testifies that the process of Ga/In inter
diffusion takes place in these QD structures [33,42-44]. Note that the process of Ga/In
inter diffusion in studied structures passes non monotonically versus QD growth
temperatures. It means that not only temperature but some other factors discussed below
are essential as well.
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Eo A b
Structure numbers eV meV/ oK oK
#1 1.082 0.355 110
#2 1.089 0.346 98
#3 1.010 0.300 95
#4 1.049 0.330 110
#5 1.079 0.335 130
InAs [40] 0.415 0.276 93
GaAs [41] 1.519 0.540 204

Table 3. The Varshni fitting parameters

8. Model for the dependence of PL integrated intensity versus temperature

An analysis of the thermal behavior of QD luminescence indicates that excitons are the
dominant electronic particles. Thus to modeling the dependence of the ground state PL
intensity versus temperature the simple assumption is applied: the carriers are considered to
behave as excitons or correlated electron-hole pairs. This assumption is a common feature of
most exiting models [15-18]. The motivation of the choosing this approach in this paper will
be clear from presented esperimental results as well.

For InAs/InGaAs structures, the two-stage processes of exciton capture and thermal escape
in/from QDs have been considered [17, 33]. These processes in QD structures can occur not
only through the wetting layer (WL) states, as was proposed earlier [16, 18], but also
through the capping/buffer InGaAs QW layers [17, 33]. However in [17] the localization of
nonradiative defects was considered in GaAs barrier mainly. In present model two types of
nonradiative defects: in the GaAs barrier (NR1) and in the capping/buffer Ingi5GaossAs
QWs (NR2) are taken into account [33]. To simplify the rate equations, one intermediate
level, referred as QW, will be considered in the model.

It is supposed that photo-generated excitons are created in GaAs barrier and in Ing15GagssAs
QWs with generation rates Ggaas and Gincaas, respectively. The exciton recombination takes
place in the GaAs barrier, InGaAs QWs and in InAs QDs. In this model all QDs in an
ensamble are assumed to be identical with the same properties and the process of carrier
thermal redistribution between QDs is inessential. This is supported by the experimental
fact that the FWHM of the ground state PL band is measured to be constant in the
temperature range of 10-300K. The system of rate equations for exciton concentrations in the
GaAs barrier (C,,), QWs (C;) and QDs (Cy) can be written as:

dCO AEGaAs—QW C
— =G — 0 wColN s + @ C N, exp| — ——0 3
gt GaAs — Wow-olNow oW1V Gaas P[ KT Rl 3)
dac AEGuAs—QW
d_tl =Glygaas T a)QWCON ow — a)chlN GaAs exp(— T - COQDC1N opt

AEQW-QD C C @

+0opCrNgw exp(— ] -— -
kT TROW  TNR2
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d& = wQDclNQD - a)QDC2NQW exp(—

®)

dt

AEQV-EPY ¢,
KT

TRQD

Here @qwNqw = r&,\, and @opNgp = 75}3 are exciton thermalization (capture) rates from
the GaAs barrier into QWs and from QWs into QDs, respectively, Nop, Ngyw , Ngas is the

density of states in QDs, QWs and in the GaAs barrier, @, , @y are the exciton capture

coefficients into QWs and QDs, Tf{lQW,TI_{gD , Tagpand Tugoare the radiative exciton

recombination rates in QWs and QDs as well as the nonradiative recombination rates in the
GaAs barrier and in QWs, respectively. The values EGaAsQW EQW-QD, EGaAs-QD are the energy
differences between: (i) the GaAs band gap and the GS energy in QWs, (ii) the GS energy in
QWs and in QDs, (iii) the GaAs band gap and the GS energy in QDs, respectively.

The temperature dependence of the exciton escape rates from QWs and QDs is taking into
account, but temperature dependences of other parameters (trapping and recombination
coefficients, density of states, exciton thermalization rates) are neglected. This is motivated
by simplifying the calculation process and by minimization of the number of parameters
samulteniously with significant progress in understanding the experimental results. Several
comments deal with the experimental base for such simplifications are discussed below.

In presented model the variation of the GS PL intensity (I(T)) in QDs versus temperature in
the stationary state can be described by the formula:

-1
INR
GInGaAs + GGnAs [1 - Tﬁl 1\_1*—111-7] J
1(1)= ow tTNR1

-1 -1 -1 -1 GaAs-QW -1 1 \N QW-QD -1 -1 GaAs—-QD
Trow + T Te1Ton N, AE Q Trow * 7nr2 ) Now AE TowTNR1N Gaas AE
1+ RQW T TNR2 4 NR1EQW !N GaAs ﬂxp[ +( Q ) Q exp . QWTINR1!Y GaAs Xp

op b (Taw +7 {;Rl)N w kT kT TROD (Té}N + T?:’]RI)NQD L KT
(6)

Here the radiative lifetime in QDs (Trgp ) is assumed to be constant with T as expected
theoretically for strong confinement in three dimensions [15-18]. The radiative
recombination rate in InGaAS/GaAs QWs (tpow ), as was shown in [22], is controled
mainly by nonradiative recombination processes at the T=100K. The dependence of the
nonradiative rate in InGaAs/GaAs QWs was investigated as well in [22]. Its value in QWs,
as a rule, increases at low temperatures and saturates at 120-150K at a constant value
depending on the quality of the structure. As result it is possible to neglect by temperature
dependences of the parameters: TﬁlQW , Tary and Tk, at the T>120-150K.

-1
TRQDN QD

The exciton thermalization (capture) rates from the GaAs barrier into a QW ré%,v and from a
QW into QDs, ré}), are the multiphonon-assisted processes deal with the scattering via
multiple longitudinal optical phonon (LO) emission [41-43]. The values ré%/v and ré}) have
to increase versus temperature due to the enlargement of the phonon number. However, it
was shown in [42] that the PL rise time in a QW (dependent on the exciton capture rate into
QWs, ré},v ) for all temperatures from the range 50-300K is the same about 1-2 ps.

The dominant multiphonon capture mechanism and the InGaAs/GaAs QD capture time
ré%) decreasing with temperature were confirmed experimentally in time-resolved
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experiments [45-47]. It was shown using the investigation of the PL rise time for the GS in
QDs that its value decreases: from 6.5ps to 3.5ps upon increathing the temperature from 4 to
300K [45], or from 15ps to 7ps at the temperature rise from 50 to 300K [46]. Thus nearly two-
fold decreasing of the exciton capture time into QDs is revealed experimentally versus
temperature. It is essential that the temperature dependence of the exciton escape rates from
QWs and from QDs obviously much stronger and it is taking into account in the model.

9. Discussion of PL integrated intensity dependences versus temperature

It is clear from the formula (6), that in high quality QD structures (#2, #3 and #4) with low
concentrations of the NR1 and NR2 centres the PL intensity I(T) is linearly dependent on
excitation power (or generation rates, Gmgcaas, Ggaas), as it is demonstrated in Fig.5. In low
quality QD structures (#1 and #5) photo-generated excitons recombine partially via NR1
and NR2 centres and W (T) changes Sublineary versus power (Fig.5).

The analysis of PL temperature dependences is resonable to provide for the temeparture
ranges I - III separately (Fig.8). At low temperature (< 100K) the processes of exciton
thermal escape from a QW into the GaAs barrier and from QDs into a QW are not essential,
and the PL intensity I (T) does not change (Fig. 8).

In the temperature ranges 100-300K following the model the activation energy of PL thermal
decay has correspond to the values EC™s~QW pQW-QD pGads—QD To quantitative
determination of activation energies the {Imax/I(T) - 1} dependences for the GS and ES PL
bands were plotted versus temperature in Arrhenius plots (Fig.10). Three distinct linear
regions (I-III) with the corresponding activation energies Ea (I), Ea (II) and E,(Ill) are
observed for different temperatures (Fig.10).
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Fig. 10. Arrhenius plots for the thermal decay of the GS integrated PL intensity measured at
the power density of 500W /cm? for the structures #3 (1), #2 (2), #1 (3) and #5 (4).
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In the range I (100-180K) the activation energy (Ea (I) = 48-55 meV) of PL decay measured at
low excitation power for GS PL bands (Fig.10) is very close to the energy difference between
the GaAs band gap and the GS energy of the WL and/or the buffer InGaAs QW layer (peak
A, B, Cin Fig.4, Table 2). It can be supposed that thermal quenching of the GS PL intensity
in the temperature range I is due to decreasing an exciton flow to QDs caused by thermal
escape of excitons from the WL (or buffer InGaAs QW) into the GaAs barrier where they are
lost through subsequent nonradiative recombination. If the above mentioned mechanism
takes place in QD structures the same activation energy ( ES“4s7QW has to be detected in the
range I for thermal decay of PL bands connected with the GS and ES of QDs, as well as for
the QW PL band. Actually the results presented in Fig.11 testify that in the range I thermal
decay of PL bands deal with the GS, four ES in QDs, as well as with a QW is characterized
by the same activation energy from the range 48-53meV.
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Fig. 11. Arrhenius plots for the thermal decay of the integrated PL intensity measured at
the power density of 1000W/cm? for the QD structures #3

In the temperature range II (180-250K) the activation energy (Ea (II) = 170-173 meV) of PL
decay for GS bands (Fig.10 and 11) is very close to the energy difference between the GaAs
band gap and the GS energy for the capping Ing15GaossAs QW (peak D, Fig.4, Table 2). Thus
the process of thermal decay of the QD PL intensity in the range II can be attributed to
diminishing of an exciton flow to QDs caused by thermal escape of excitons from the
capping Ing15GaogssAs QW into the GaAs barrier. This explanation is confirmed as well by

www.intechopen.com



170 Fingerprints in the Optical and Transport Properties of Quantum Dots

the thermal quenching of PL bands deal with the GS and 1ES-4ES in QDs, and with the
capping QW. All PL bands in the range II demonstrate the activation energy from the range
of 153-177 meV (Fig.11).

At high temperatures, stage III (250-300K), the activation energy of PL thermal decay
depends on the quality of DWELL structures (Fig.10). As one follows from the formula (6)
the activation energy of PL thermal decay will be close to the value AE“**"2P if the follows
two relations are correct:

- 1
( Q ) Q exp| - << —QWTNRIT Gas xp| —~2———| (@)
TR

-1 1 1 -1
TropNop kT oD (TQW + TnNr1 )N QD kT

or after the simplification of the (7):

1 1 E GaAs
Toyw Tapt N,
QW *NR1*V GaAs exp{_ 8 \J (8)

(Trow + Tne2 )N exp[— EGSQW] <<

RQW T ¢NR2 )N Qw kT (Té%/v + Tiflm) kT
It means that if the concentration of nonradiative defects in QWs (NR2) is low the activation
energy of PL thermal decay for the GS PL band in QDs will approach to the value
AEC™57QP  Actually for the high quality structures (#2, #3) the activation energies (452 and
472 meV) in the range III (Fig.10) are close to the AE““"2P Note this value is the sum of
the barrier energy for electrons and holes in QDs. It testifies that just excitons thermally
escape in the range III from QDs into the GaAs barrier with subsequent NR recombination.
In the case of measurement at the high excittaion power (Fig.11) the decrease of activation
energy for GS thermal decay deals with exciton re-localization from the ES to the GS of
other QDs which slow down the process of GS thermal quenching.

In low efficient QD structures (#1, #5) the process of GS PL thermal decay is characterized
by smaller activation energies, 279 and 297 meV (Fig.10). For these structures it is natural to
supose the high concentration of the NR2 centers in InGaAs QWs. It means the conditions
(7) and (8) do not satisfy. As one follows from the formula (6) in this case the activation
energy of GS PL thermal decay will approach to the value AE?"Y~9P

Note that obtained experimental results do not present an evidence for the exciton thermal
dissociation in QWs or in QDs at high temperatures with subsiquent re-localization, thermal
escape or tunneling of separated electrons or holes. If the process of exciton thermal
dissociation is realized the activation energy of GS PL thermal decay should be smaller and
comparative with the value of barriers for electrons or holes in the QD structures that was
not observed.

10. Fitting of the data of PL integrated intensity thermal decay

The fitting procedure was applied to the experimental curves for thermal decay of
integrated PL intensities presented in Fig.8. As it follows from Eq.6 the integrated PL
intensity thermal decay can be simulated as:
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I
I[= 0
1+ K, exp(-E, /kT)+ K, exp(~E, /kT) + K5 exp(~E; /kT)

©)

The values I, and the activation energies E;, E; and Es for different temperature ranges (I-
III) were taken from the experimental results presented in Fig.10 (Table 4). Parameters K;,
K> and K3 have been obtained from the numerical simulation procedure (Table 4) [48,49].
As it follows from Eq.6 the coefficients K; and K3 related to the exciton nonradiative
recombination rate (tnri?!) in the GaAs barrier, but the coefficient K, depends on the
exciton nonradiative recombination rate (tnr2?) in InGaAs QWs. Numerical simulation
results presented in Table 4 have shown that the coefficients K; and Kj; related to the
exciton nonradiative recombination rate (tnri?) in the GaAs barrier of the structure #3 are
less in comparison with those in #1 and #5 [48-50]. Simultaneously the coefficient K;
related to the exciton nonradiative recombination rate (tnr2?!) in InGaAs QWs for the
structure #3 is one order smaller than in #1 and #5. These facts are the reason of fast PL
thermal decay and lower integrated PL intensities in structures #1 and #5 in comparison
with the structure #3.

Structure I, E1 Ex Es Ky K Ks
meV meV meV
#1 1.1104 53 174 451 100 2.0105 6.7 109
#3 1.7 104 52 175 452 85 2.3 104 6.0 10°
#5 8.9103 54 173 450 100 23105 100

Table 4. Fitting parameters estimated from the PL thermal decay

Thus, it is shown that the excitonic nature of carriers is important for the processes of
capture and thermal escape in/from QDs in DWELL structures. At low temperatures the GS
and ES PL thermal decays are attributed to the reduction of exciton flow into the QDs due to
the exciton thermal escape from the WL or InGaAs buffer layers (100-180 K) or from the GS
of capping Ing15 Gaoss As layers (180-250 K) into the GaAs barrier with subsequent NR
recombination. At high temperatures (250-300 K) the activation energy of PL thermal decay
depends on the QD density and the quality of DWELL structures. In DWELL structures
with high emission (#2,# 3, and #4) the activation energy matches the energy difference
between the GaAs band gap and the GS level of QDs. In structures with weak emission (#1
and #5) the activation energy is close to the energy difference between the GS level of QDs
and the GS energy level in InGaAs/GaAs QWs. The reasons of DWELL quality variation
versus QD density are discussed below.

11. X ray diffraction study in InAs QD structures with the different densities
of QDs

It is important to discuss the reasons of the quality change in studied QD structures with
different InAs QD densities. The application of the capping/buffer In,Ga;-x As layers in
the QD structure has been demonstrated as an effective means to the QD density increase
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[3], to tune the GS PL transition to the 1.3 pm spectral region [3,17, 51] and to narrow a PL
line width [52]. However, the structural and electronic properties of InAs QDs coupled
with In,Gai-» As/GaAs QWs are still understood partially. It is generally supposed that
this type of growth provides the potential to strain engineering of structural and
electronic properties due to efficient strain relaxation altering the electronic potential of
capped QDs [51, 53]. Additionally the InGai-x As layer reduces the inhomogeneous
surface stress enhancing the ability to grow a multitude of identical uncorrelated QD
layers [51]. The majority of publications considered the stress variation in the vicinity of
QDs or ordered arrays of QDs [52-58].

To investigate the strain levels in QD structures the X ray diffraction (XRD) has been
studied. The XRD experiments were made using the XRD equipment model of D-8
advanced (Bruker Co.) with Kg line from the Cu source (\=1.5406A). Figure 12 present the
superposition of XRD peaks related to the diffraction of Ky and Kq2 lines of Cu source from
the (400) crystal planes of the cubic GaAs substrate and GaAs layers in studied
InGaAs/GaAs QWs [59.60].

(400) (200)
Material 26, 264 di, A 20, 26, do, A 203
(degree) | (degree) (degree) | (degree) (degree)
Kal KB K(x2 Kal Kaz
GaAs 66.044 59.0165 1.414 66.225 31.63 2.828 31.71
Bulk

Table 5. Values of 26 angles for the diffraction of Ky, Ko and Kg X-ray beams of Cu source
from the (400) and (200) cubic GaAs crystal planes [61].

As one can see the peaks (66.05° and 66.24°) related to the diffraction of K1 and Kq lines
from the (400) crystal planes in GaAs QW structures #2, #3 and #4 with QDs grown at 490-
525 oC locate very close to corresponding XRD peaks (66.044° and 66.225¢ [61]) of the bulk
cubic GaAs (Fig.12, Table 5). The last fact testifies that the level of elastic strain in
InGaAs/GaAs QWs of #2, #3, #4 is minimum. In contrary in the structures with QDs grown
at 470 and 535 °C the corresponding XRD peaks shift to 66.10° and 66.29¢ (Fig.12) testifying
the higher levels of compressive strains in InGaAs/GaAs QWs of these structures.

Figure 13 presents the additional confirmation of conclusions mentioned above. It shows the
superposition of XRD peaks related to the diffraction of Kg line from the same (400) crystal
planes of cubic GaAs substrate and of GaAs layers in InGaAs/GaAs QWs. As one can see
the peaks related to the Kg line diffraction from the (400) crystal plan of GaAs layers in
DWELLs with QDs grown at 490-525 °C (59.036-59.042¢) locate close to the corresponding
XRD peak in the bulk GaAs (Table 5, Fig.12) for the same (400) crystal plane. Thus the level
of elastic strain in these DWELLs is minimum. In DWELLs with QDs grown at 470 and 535
°C the corresponding XRD peaks shift to 59.08¢ testifing the higher level of compresive
strain. Note that the partial relaxation of elastic strain can stimulate the creation of
nonradiative recombination centers and due to this decreasing the PL intensity in the
structures with QDs grown at 470 and 535 °C.
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Fig. 12. XRD peaks related to the diffraction of Ky and K2 lines on (400) cubic GaAs crystal
plane for the structures with QDs grown at 470 (1), 490 (2), 510 (3), 525(4) and 535 °C (5).
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Fig. 13. XRD peaks related to the diffraction of Kgline on (400) cubic GaAs crystal plane in
DWELLs with QDs grown at 470 (1), 490 (2), 510 (3), 525(4) and 535 °C (5).

Figures 14 presents the superposition of XRD peaks related to the diffraction of Ky and K2
lines of the X-ray Cu source from the (200) crystal planes of cubic GaAs substrate and GaAs
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layers in studied Ing15 GagssAs /GaAs QWs. As one can see the peaks (31.69-31.70° and
31.77-31.78¢) related to the diffraction of Kq1 and Kg» lines from the (200) crystal planes in
GaAs QW layers with QDs grown at 490-525 oC locate more close to the corresponding XRD
peaks (31.63¢ and 31.71¢ [22]) of the bulk cubic GaAs (Fig.14). The last fact indicates that the
level of elastic strain in Ing1s GapssAs/GaAs QWs of #2, #3, #4 is smaller than in the
structures #1 and #5.

In the QD structures with QDs grown at 470 and 535 °C the corresponding XRD peaks
shift to higher angles (31.72¢ for Kq and 31.800 for Kyy) testifying the higher levels of
compressive strain in the QWs of structures #1 and #5 (Fig.14). The lowest integrated PL
intensities have been detected in the QD structures #1 and #5, apparently, due to the high
concentration of nonradiative (NR) defects. The high level of elastic strain enhances,
apparently, partial stress relaxation in the structures #1 and #5 that accompanies by the
appearance of NR defects.

35000
g’ 30000‘_ GaAs bulk K ~490%C
£ 25000- 525°C
© ] ——535°C
4 GaAs bulk
Z 20000 | £ 10°C
C
E 15000__ l GaAs layer
) i
o 10000
& ]
5000 -
0 | —
31.50 31.75 32.00

0, 20

Fig. 14. XRD peaks related to the diffraction of Ky and Kq lines of the X-ray Cu source from
the (200) crystal planes in the GaAs substrate and GaAs QW layers of studied structures: 1-
#1,2- #2,3- #3,4-#4 and 5 - #5.

12. Elastic strain in symmetric InAs QD structures with different QD densities

Let us to discuss the reason of quality changes in studied DWELL structures. It is essential
that the application of the buffer and capping In.Gai.xAs layers coupled with InAs QDs
stimulates the lattice mismatch and stress decreasing in the vicinity of QDs, but
simultaneously to enhance the lattice mismatch and stress increasing at the InGaAs /GaAs
interface for the surface area between QDs. With reducing the QD density versus growth
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temperature the surface area of QDs reduces (Table 1) and the InGaAs/GaAs interface area
between the QDs enlarges. The variation non-monotonically of the integrated PL intensity
versus QD density in studied structures, apparently, is connected with the competition of
mentioned above two effects.

66.40
66.35 -
- 66.30- 4
g 1 Kaz
o 66.254 bulk GaAS
~ - v v v v v 3
% 66.20-
c
5 ]
£ 66.15-
& ' 2
> 6610i Kal
66.05 - Jbulk GaAs n r

460 470 480 490 500 510 520 530 540
QD growth temperature, °C

Fig. 15. The 2© angles for the diffraction of K1 and Kq; lines from the (400) crystal planes of
the GaAs substrate and GaAs QW layers in DWELLs with QD grown at different
temperatures (or with different QD densities).
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The X-ray difraction results confirm the mentioned explication. It is knom that the value of
elastic deformation can be estimated by following [62]:

g=—(0-86,)cotd, (10)

where ® and ©, are the diffraction angles: in the strained layer (®) and in the reference layer
without strain (®,). The ®, value in present cases has been choosen as the diffraction angle
meaning in the bulk cubic GaAs [61]. Thus in studied structures the elastic deformation (or
elastic strain) is proportional to the difference between the diffraction angles measured for
the GaAs QW layers and the bulk GaAs (Fig.15). Actually as it follows from Fig.15 the
variation of elastic deformation in studied structures versus QD growth temperatures (QD
densities) has the non monotonous behavior: decreasing in the structures #2, #3 and #4 and
increasing in the structures #1 and #5 [38].

Note, that in #3, #4 and #5 the shift of the dependence of PL intensity versus PL peak
position into the high energy range (Fig.7) can be explained as well by elastic strain
increasing with the enlargement of QD growth temperatures. The high level of elastic
strain enhances, apparently, stress relaxation partially in the low quality structures #1 and
#5 with the appearance of NR defects (NR1 and NR2) in the GaAs barriers and InGaAs
QWs respectively. Simultaneously the shift of GS PL peak to high energy in #5 with larger
QD lateral sizes (Table 1) is the subsequence of essential compressive strain in this
structure. Note that the compresive strain can stimulate the Ga/In inter-diffusion process
in #1 and #5 that is accompained by the PL peak shift into high energy side as well (Fig.7)
[63,64].

The low PL intensity in #1 can related to coupling and/or the coalescence of QDs (revealed
by AFM for highest concentration of QDs) which can stimulate the NR defect generation, as
well as the activation of exciton (or electron/hole) tunneling between the QDs [38]. Finally,
the structures with less levels of elastic strain (#2, #3 and #4), have been characterized by
the high PL intensity (Fig.3a) and by the shift of GS PL peak emission in low energy spectral
range (Fig.2).

13. Conclusions

The photoluminescence, its temperature and power dependences as well as PL
inhomogeneity and X ray diffraction has been studied in the symmetric Ingi5Gas-
015As/GaAs quantum wells coupled with InAs quantum dots. The different QD densities
in DWELLs were achieved by the variation of QD growth temperatures between 470 and
535 oC. It is shown four reasons for the variation of emission intensities, PL peak
positions and PL inhomogeneity in studied QD structures: i) the high concentration of
nonradiative recombination centers in the capping Ingi5Gai.oi15As layer at low QD
growth temperatures (470°C), ii) the QD density and size distributions along the wafer
for DWELLs with QD grown at 510-535°C, ii) the high concentration of nonradiative
recombination centers in the GaAs barrier at the QD growth temperature of 535°C and
iv) the non monotonous behavior of elastic strain in DWELLs versus QD density. XRD
testifies that with decreasing the density of QDs from 1.1 10! cm~2 down to 1.3 1010 cm~2
the level of compressive strain in DWELLSs varies not monotonously. The DWELLs with
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minimum of elastic strain ( #2, #3 and #4) are characterized by the higher PL intensity
and by the shift of PL peak to 1.3um (300K) that is important for the application in
optical fiber lasers.
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