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1. Introduction

The requirement for high performance optoelectronic devices has spurred much
experimental effort directed toward understanding and exploiting the electronic and optical
properties of quantum dots (QDs). The relaxation dynamics in the zero-dimensional QD
systems is expected to differ qualitatively from higher-dimensional systems, since the
density of states is a series of 6-functions. The limited number of states available for carriers
impairs carrier relaxation toward the ground state (phonon bottleneck effect) (Benisty et al.,
1991; Benisty, 1995; Hai et al., 2006). In addition, the finite degeneracy of each QD state leads
already to state filling effects when few carriers populate the lowest dot states. Both effects
possibly result in intersublevel relaxation rates that are comparable to interband
recombination rates and have been used to explain observed photoluminescence (PL) from
excited states of QDs (Bissiri et al., 2001; Smith et al., 2001).

The temperature dependence of PL emissions has been the subject of extensive studies for
clarifying the mechanism of PL quenching processes in a randomly distributed dot structure
(Bafna et al., 2006; Duarte et al., 2003; Polimeni et al., 1999). The PL spectra of QDs typically
show peculiar temperature dependencies. A large temperature induced peak energy
decrease, which is eventually sigmoidal, and a reduction of the PL full width at half
maximum (FWHM) in mid-temperature range, have been reported (Dawson et al., 2005;
Polimeni et al., 1999). The phenomenon is commonly attributed to effectively redistributed
carriers in QDs through the channel of the wetting layer based on a model of the
temperature driven carrier dynamics which takes into account the QD size distribution,
random population, and carrier capture relaxation and retrapping (Nee et al., 2005; Nee et
al., 2006). The physics of carrier relaxing between intersublevels in various QD systems has
been extensively studied. However, the electron-phonon scattering effect on QD system is
neglected and only considered in the high-temperature range to explain the increase of
FWHM (Dawson et al., 2005; Nee et al., 2005; Nee et al., 2006), and the effect of dot size,
density, and uniformity on this mechanism is still not fully understood (Dawson et al., 2005;
Duarte et al., 2003).
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306 Cutting Edge Nanotechnology

In this chapter, we studied the phonon-assisted transferring of carriers in InAs QD system
via an analysis of PL data in the temperature range from 15 K to 280 K. Intersublevel
relaxation properties and thermally-induced activation of excitons in QD system are
simulated using a rate-equation model based on carrier relaxation and thermal emission in
the quantum dot system. The dot-size distribution, thermal escaping and retrapping, and
electron-phonon scattering, are all considered in the model. Correlation between carrier
redistribution and electron-phonon scattering effects is quantitatively discussed to explain
the different temperature-dependent behaviors of the PL spectra measured from samples
with different dot size distribution. Moreover, the phonon-bottleneck effect on temperature
dependent PL spectra is also discussed to illustrate the significance of phonon-assisted effect
on QD system. According to the simulation results, intersublevel relaxation lifetimes of QD
samples are estimated under different temperatures and the carrier transferring mechanisms
in the QD system are discussed in detail. The theoretical analysis confirms that the thermal
redistribution of carriers and the electron phonon scattering affect the temperature
dependent PL spectra simultaneously.

2. Sample Preparation

An easy way to fabricate zero-dimensional InAs QDs is to grow the InAs on GaAs in the S-K
mode (Sanguinetti et al, 2002; Schmidt et al., 1996). In the S-K transformation, growth is
initially two-dimensional, until the film reaches a strain dependent critical thickness. Above
the critical deposition thickness of InAs on GaAs substrate, due to the 7% lattice mismatch
between GaAs and InAs, the two-dimensional growth changes into a three-dimensional one.
Coherent InAs islands with lateral extensions of 10-20 nm are spontaneously formed on top
of the two-dimensional layer, called the wetting layer. It was traditionally believed that
islands formed in S-K growth are dislocated. However, the experiment on InAs/GaAs (001)
has demonstrated the formation of three-dimensional coherently strained islands.

The self-assembled InAs QD samples used in the work were created by using a metal-
organic chemical vapor epitaxy system (MOCVD) system. The substrates were (100) 2°-tilted
toward (111)A Si-doped GaAs. The heterostructures included a 400 nm Si-doped GaAs
buffer layer, an InAs QD active region of 3 monolayers (MLs) and a 100 nm undoped GaAs
capping layer. The growth rate was 0.1 MLs and the V/III ratio during the growth of InAs
layer was 6.36 for samples A, B and 3 for sample C. The growth interruption (GI) introduced
during dot formation for samples A, B, and C were set to 6 s, 15 s and 15 s, respectively. In
order to investigate the average dot size distribution and shape, images of these samples
were taken by high-resolution transmission electron microscopy (HRTEM) operating at 200
keV. PL measurements were carried out under the excitation of a continuous-wave He-Cd
laser emitting at 325 nm, with the incident power intensity being 20 mW. The samples were
mounted in a closed cycle He cryostat, which allowed measurements in a temperature (T)
range from 15 K to 280 K. The luminescence was dispersed in a 0.5 meter monochromator,
and detected with a Ge photodiode using a standard lock-in technique.

Figure 1 shows the plan-view TEM images for samples A, B and C. The quantitative data on
size distribution of the InAs QD samples have been obtained from the TEM images, the
average dot density of samples A, B and C are 2.4x1010 cm-2, 1.2x101° cm-2 and 1.4x10%0 cm-2,
respectively, and the average dot diameters of the three samples are 16 nm, 19 nm and 20
nm. Generally, the application of GI time results in the formation of larger sized QDs with a

www.intechopen.com



Intersublevel Relaxation Properties of Self-Assembled InAs/GaAs Quantum Dot eterostructures 307

regular size distribution (Tarasov et al., 2000), as can be seen from Fig. 1(a) and Fig. 1(b).
Besides, decreasing the V/III ratio during growth can increase the indium adatom surface
diffusivity in the wetting layer and hence increasing the two-dimensional island size in the
wetting layer. A layer composed of larger two-dimensional islands will have a more
uniform strain distribution and lead to a more uniform island distribution on top of the
wetting layer (Solomon et al., 1995). The highest uniformity was exhibited for sample C as
can be seen in Fig. 1(c).

Fig. 1. Plan-view TEM images of the InAs quantum dots of (a) sample A, (b) sample B, and
(c) sample C

3. Results and Discussions

3.1 Photoluminescence Characterization

The measured PL spectra at temperature T=15 K for the samples are shown in Fig. 2. All of
these spectra exhibit a pronounced double-like feature and can be decomposed into two
Gaussian peaks; we attribute these two main spectral features of the QDs to the ground state
and excited state emissions. Sample A possesses the largest ground state and excited state
transmission energies, i.e., 1.05 eV and 1.11 eV; and the values are 1.01 eV, 1.09 eV and 1.01
eV, 1.08 eV for sample B and sample C, respectively. Considering the quantum-size effect on
the peak energies, we believe that the excitons localized in smaller dots will contribute to
higher peak energies (Cheng et al., 1998). As a result, the highest peak energies of sample A
(GI=6s) is attributed to the smallest size of the QDs in the three samples. Similarly, the peak
energies for sample B and sample C are almost the same because their dot sizes are similar.
One remarkable feature in Fig. 2 is the obvious difference of the excited state peak intensities
among the samples. The strongest excited state peak intensity of sample A reveals that more
carriers exists in this state, and the much weaker excited state emissions in PL intensity of
sample C suggests that the carriers relax rapidly into the ground state. In other words, it has
shorter relaxation lifetimes than those of sample A and sample B. It indicates for sample C a
restricted phonon bottleneck effect (Benisty et al., 1991; Bockelmann et al. 1990). This can be
understood in terms of an improved confinement of InAs excitons and a lower defect
density in sample C due to having best uniformity among the three samples.

The values of FWHM of ground state and excited state emissions are 27.1 meV and 88.3 meV
for sample A, 26.8 meV and 79.6 meV for sample B, and for sample C they are 23.3 meV and
55.27 meV, respectively. The PL linewidth is mainly determined by the inhomogeneous
broadening of InAs islands resulted from size fluctuation of the dot size at low temperature
(Xu et al.,1996), the measured data for sample C are consistent with its better size uniformity.
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Fig. 2. Normalized PL spectra of sample A, sample B, and sample C recorded at T=15 K. The
excitation energy is 20 mW

The two-dimensional contour plots in Fig. 3 display the measured temperature dependent
PL intensities. The distributions of emission energy from the QD systems are clearly seen
from the figures. Sample A has the widest emission band, luminescence from the excited
state is apparent. The narrowest energy spreading is the contour shown for sample C. The
PL intensity of excited state is too small to be observable and the PL spectra are concentrated

in a narrow linewidth. Since the observation of PL from excited states transition at low
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Fig. 3. Two-dimensional contour plots of the PL intensities for sample A, sample B, and
sample C, measured in the temperature range from 15 to 280 K
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excitation density is explained by the phonon bottleneck effect in the QD system, we
attribute the inconspicuous excited state emission of sample C to the partially relaxed
phonon bottleneck.

Figure 4(a) displays the temperature dependent FWHMSs of PL spectra of the samples, both
the ground state and the excited state are included. Observing the FWHMs of sample A and
sample B, they stay constant up to 75 K and 100 K. As the temperature further increases,
anomalous reduction appeared within the temperature range from 100 K to 200 K. The
FWHMs decrease and the minimal FWHMs of excited state are found to be around 69 meV
at 200 K for both samples. When the temperature is higher than 200 K, the PL linewidths
start to increase with temperature. At low temperature, carriers are captured randomly into
the QDs. With increasing temperature, carriers are thermally activated outside the dots with
shallow energy minima into the wetting layer then retrapped into another dot. Carrier
hopping among dots favors a drift of carriers towards the dots with lower energy emissions
and leading to the decrease of FWHMSs. As temperature exceeds 200 K, the FWHMs increase
with temperature because the electron-phonon scattering becomes important. Figure 4(b)
shows the PL excited state peak energy with increasing temperature, and the corresponding
values of InAs band gap using Varshni law with the InAs parameters are also shown. As can
be seen in the figure, the redshift of emission peaks for sample A and B are faster than that
of the InAs bulk band gap at T=100-200 K, coincided with the carrier hopping mechanism
described above.

Significantly different temperature dependent FWHMSs are observed for sample C. The
broadening of the PL spectra exhibits no reduction as the temperature increases, but the
peak energy shifts with a slight sigmoid dependence on temperature. Thanks to the lowest
PL intensity of excited state, fewer carriers exist in the state, and the thermal redistribution
of carriers via wetting layer is indistinct. The slightly quick redshift of peak energy is
consistent with the weak redistribution effect, whereas the increase of linewidth with
temperature implies that the electron-phonon scattering is dominant in the PL spectra.
Therefore, to analyze the carriers transferring mechanisms, we investigate a model for
carrier dynamics in QD system under optical excitation which includes the thermal
redistribution effect and the electron-phonon scattering effect.
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Fig. 4. Experimental values of the temperature dependent (a) FWHM and (b) peak energy of
the excited state of sample A, sample B, and sample C
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3.2 Theoretical Model

The possible optical transitions in a single QD consist of a series of § function lines, whose
energy positions depend on the particular three-dimensionality confined levels. In a real QD
ensemble each individual dots are slightly different in size, shape, strain state, etc. The main
impact of size fluctuations is a variation in the energy position of electronic levels, and
subsequently to an inhomogeneous broadening of the ensemble properties. It is reasonable
to assume a Gaussian distribution for it (Chang et al., 1999).

To analyze the carrier dynamics of the QD system, we develop a theoretical model that takes
into account the QDs size distribution, the state filling effect, and all of the important carrier
transport processes, including the carrier capture and relaxation, thermal emission and
retrapping, and radiative and nonradiative recombination. Referring to the model of the QD
system described schematically in Fig. 5, four discrete levels of electron (labeled as i, i=1-4)
are considered in the system, namely, the ground state (Ei), the excited state (E), the
wetting layer (E3), and the GaAs barrier (E4). Since the process of quantum dot population is
intrinsically random, the density of states for both ground state [n1(E)] and excited state
[n2(E)] are assumed to be proportional to their Gaussian distributions, with parameters
chosen to match the peak energies and linewidths of the lowest temperature PL spectra (Lee
etal.,, 1997; Yang et al., 1997) and taking spin into consideration, then

j n;(E)dE = j [1i¢ (E)+ 1 (E)] dE o 2 xi 11y, (1)

where i=1, 2; njrand ;. are the filled and empty energy states of the i-th level, respectively,
and n, is the dot density of the sample.

The carrier dynamics taken into account in this model are described as follows. First, the
coupling among those four carrier reservoirs is treated as a relaxation ladder process from
each energy level to its lower level neighbor. Carriers are injected from the GaAs barrier into
the wetting layer at rate g, from where they are captured into the excited state of QDs within
a capture time 73;. Further on, carriers in the excited state relax to the ground state in a time
of 121 or radiatively recombine. The relaxation lifetime of one electron in the i-th level (7;:1) is
proportional to the filling ratio of the (i—1)-th level (fi-1), and expressed as (Mukai et al., 1996)

‘ GaAs barriergy) \
—I § -T_Tsz;

il B T

Tn (11
n(E) rad

ground state (E))
m,(E)

T rad

Fig. 5. Schematic representation of the processes taken into account in the rate equation
model
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i =Tiiox(1—fia)',i=2,3, (2)

where 7.1, is the intrinsic relaxation lifetime.

Secondly, thermal emission of the carriers toward an adjacent higher energy level arises
when the temperature is sufficiently high. The coefficients corresponding to emitting from
the ground state to the excited state, the excited state to the wetting layer, and the wetting
layer to the GaAs barrier are given by 712, T23, and T34, respectively. In QD systems, the
thermal emission and retrapping of carriers in the excited state via the wetting layer is a
typical explanation for the unusual decrease of PL linewidth in the mid-temperature range
(Lobo et al., 1999; Polimeni et al., 1999; Giorgi et al., 2001). We express the thermal emission
time of the i-th level as 1;;+1, and

Tiit1 = Tii+1,0 X eXp[(Ez‘u —E; )/kT] ,1=1,2,3, 3)

where 7;;+1,0 is the intrinsic thermal emission lifetime of level i. Since the peak interval
between the ground state and the excited state is much larger than the value of kT, the
thermal emission from ground state to excited state is neglected in our model.

The third type of carrier dynamics considered in this system is the radiative recombination.
We have neglected any recombination from the second excited state of the dots, since no PL
is observed at energies possible for the second excited state, and assumed that only two
discrete electron levels exist inside a quantum dot, i.e., the ground state and the first excited
state. The radiative recombination lifetime 7., is assumed to be the same for both of the
states in all of the QDs and is constant with respect to T.

The system under steady-state conditions is then characterized by the following equations:
(Lee et al., 2008; Sanguinetti et al., 1999; Wu et al., 2008)

dns _ _In_axnze(E)dE+Inzf(E)dE_n_a_ m__g

— 4
dt T32 %) (E T23 T34 Turad ( )
dnaf(E) _ n5  nao(E) _mof(E) mie(E) mp(E) mae(E) map(E) nag(E) _ 0 o)
dt T3 1a(E) T2 n1(E) T12 n,(E) T23 Trad
dny ¢ (E) — ny¢(E) y ni(E) mis(E) § nze(E) my(E) _0 ©)
dt T2 1 (E) T12 ny (E) Trad

The last term in (4) is the nonradiative loss of excitons in wetting layer, and 7.4 is the
nonradiative recombination lifetime. The state filling effect is essentially significant in the
QD system because of the reduced density of states and should be taken into account. Prior
to the description of the simulation process, we must discuss the parameters used in the
model. To obtain 7.,4 used in our model, we estimate the intrinsic exciton lifetime in QDs
(top) at low temperature in terms of the exciton lifetime in a corresponding quantum well
(tow) by (Malik et al., 2001)
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3 2
Top = ETQV\/( kizx J . (7)

Here kn=2mn/Ap. is the reciprocal wavelength of the emitted light in the quantum dot
material, with the refractive index of InAs, and 77 is a measure of the lateral dot size. By
using values of #=(1/15) nm™1, n=3.6, Ap.=1181 nm, and an exciton lifetime iy of 25 ps, the
radiative recombination lifetime 7, is calculated to be approximately 500 ps and assumed to
be independent from temperatures.

Rewrite (4), (5) and (6) at T=15 K where the thermal emission can be neglected:

dE--2 -0, (8)

Thrad

iy _ g [ aelE)
dt T32 HQ(E)

dnzf(E)zﬁxnze(E)_an(E)x”1€(E)_”2f(E)=0 .
dt 132 m(E) ™ m(E) T ’ ©)
dna (E) _ naf(E) y 11.(E) ~ n15(E)

dt T21 nl(E) Trad

=0. (10)

The detected PL peak intensities of the ground and excited states are proportional to the
values of n1 and ny, respectively, thus 121 is determined by using (10). Combining (9) and (10)
and using a value of 30 ps for the carrier capturing lifetime by QDs (Sanguinetti et al., 1999)
yields the value of 73. Following a similar procedure, we get the value of g. Use these
calculated parameters, the rate-equation set (4)-(6) is solved numerically by fitting the
temperature dependent integrated PL intensities of the ground state and the excited state.
Once the carrier distribution functions ni¢(E) and nys(E) are determined, the PL spectra of
ground state (PL1) and excited state (PLy) can be expressed as

PL1(E)= ﬂx nlf(E) Trad (11)

PL, (E) = ﬂ XNy f (E)/de 7 (12)

where £ is a normalizing factor. From (11) and (12), the measured temperature dependent
PL spectra of the ground state and the excited state are reproduced. The parameters used in
our calculation are listed in Table 1.

Sample | g(s) | ma(ps) | 721 (ps) | 72 (ps) | 734 (ps)
A 68
B 1x1071 | 14 33 0.17 |5.5x10-6
C 10
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Table 1. Parameters used in the calculations of PL peak intensities and relaxation lifetimes of
the samples
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3.3 Electron-Phonon Scattering Effect

The total linewidth of PL emission in QD system can be decomposed into two components:
inhomogeneous and homogeneous. The nature of these two mechanisms is totally different.
Inhomogeneous broadening in the QD system arises from small fluctuations in the QDs
confining size, the alloy composition variations, and the shifts due to strain-field effects
(Seebeck et al., 2005; Zhao et al.,, 2002). The major contribution to the inhomogeneous
broadening comes from the size variation due to the large confining potentials and the small
volumes. We can express the inhomogeneous broadening lineshape as a Gaussian function

2
G(E)=Go exp{_(E;on):l ; (13)
20

where Gy and Ep are the amplitude and peak energy position, respectively, and o is the
standard deviation of the distribution.

Homogeneous broadening is mainly due to the exciton-phonon interaction. Both acoustic
and optical phonons are involved in the process (Ortner et al, 2004). The phonon
contribution of the linewidth is proportional to phonon population density. In acoustic
phonon case, such a density increases linearly with the temperature. On the other hand,
optical phonons have a relatively fixed frequency. The number of phonons thermally excited
follows Bose-Einstein statistics. The expression of the total homogeneous linewidth can be
written as following (Christen & Bimberg, 1990)

YLo .
[exp(tho/kBT)— 1]

Fhoma = VACT + (14)

The first term represents the acoustic phonon contributions with proportionality constant
yac and the second term represents the optical phonon contributions. y10 is the longitudinal
optical (LO) phonon broadening constant and hwro is the LO phonon energy. Since the
phonon interactions are the results of lattice vibration, the phonon broadening(denoted as
I'phonon) takes the shape of Lorentzian function (Christen & Bimberg, 1990)

1
(E - EO )2 + Fhomoz

thonon (E) S ’ (15)

where Iomo is the homogeneous linewidth given by (14).

The electron-phonon interaction in QDs and the interaction with the wetting layer
continuum act as additional sources of lineshape broadening (Sanguinetti et al., 1999). In
order to include carrier-phonon interaction into the model, homogeneous energy
broadening has to be considered. In QD systems, all sharp excitonic transition lines at
different energies are homogeneously broadened by phonons at the same time. The total
transition at each energy point is the sum of the contributions of all energy points. Thus the
total lineshape of a transition involving both inhomogeneous and homogeneous broadening
is the convolution of the individual lineshapes. Based on the discussion, the total transition
lineshape of the energy state involving both thermal redistribution and phonon scattering of
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carriers is obtained by the convolution of state distribution function and the Lorentzian
fU.I'ICtiOI'l thonon(E).

nlpf (E): J‘nlf(E_E')thonon (E,)dEI ’ (16)

nf_/}‘l'(E):J‘an(E_E’)thonon(E')dE" (17)

Calculations of the temperature dependent FWHMSs for the samples, which combine
thermal redistribution and electron-phonon scattering effects, are shown in Fig. 6 with
adapted values of yac=15 peV/K, y10=25 meV, and hwr0=30 meV for InAs QDs (Gammon et
al.,, 1995; Zhao et al., 2002). The contribution from the thermal redistribution effect on
FWHM is also shown. As can be seen in this figure, the experimental data for sample A are
fixed to the values obtained from the contribution of redistributed carriers at T<180 K,
supplying the evidence of carrier redistribution in the sample. As T>180 K, the temperature
is high enough and the electron-phonon scattering starts to come into effect. However, the
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75} _ “7 |
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50}
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100} sam')Ie B

S

(<)

L NV S, §
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Fig. 6. Experimental and calculated FWHM of sample A, sample B, and sample C. The
symbols are experimental data and the solid lines are the calculated results combining the
carrier redistribution and electron-phonon scattering effects together. The dashed curves
represent the contribution from thermal redistribution of carriers, compared with the
linewidth resolution of 5.5 meV
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effect on FWHM is unobvious and the tendency of PL linewidth with temperature is
dominated by the thermal redistribution of carriers. On the other hand, referring to the
simulated PL linewidth of sample C, little decrease is obtained at T=100-200 K in the curve
which considers only the contribution of thermal redistribution. It indicates that
repopulation of carriers among QDs is existent in this sample, while this phenomenon is too
weak to be visible in the measured FWHMs. Joining in the electron-phonon scattering effect;
the simulated FWHMs exhibit a monotonous broadening of the spectra as the temperature
increases, coinciding with the experimental data.

3.4 Intersublevel Relaxation Process
The intersublevel relaxation lifetimes of the samples can be calculated from (2) with

)=t (18)
Since f1(T) is the probability of occupancy for ground state, in equilibrium condition, it is

expressed as

1
"1+ exp|(E - Ex )ksT]

A(T) (19)

The relaxation lifetimes simulated by (18) for the samples, as shown in Fig. 7, are decreasing
with increasing temperature. These results agree with the increase in number of phonons
predicted by the Bose distribution function: [exp(hw/kT)-1]1. It is noticeable that the
calculated relaxation lifetimes for sample A, sample B, and sample C at T=15 K are 347 ps,
160 ps, and 40 ps, respectively. Evidently, the lifetimes of sample A and sample B are much
longer than that of sample C, resulting from their lower uniformity of QD structures. The
shortest intersublevel relaxation times of sample C coincide with the hindered phonon
bottleneck.

The corresponding values calculated from (19) of the samples at different temperatures are
also shown in Fig. 7. Observing the calculated results from (18) and (19), the discrepancy
between the curves is evident at lower temperature but the tendency of them becomes
gradually similar as the temperature is raised up. At low temperature, the carrier
recombination is much faster than the thermal emission, and the carrier distribution is non-
equilibrium (Jiang & Singh, 1999). With the increase of temperature, the thermal emission
time reduces and becomes smaller compared to the radiative recombination in the QD
system. The carriers redistribute among different dots and thus approach to the thermal
equilibrium distribution. Owing to the highest excited state energy and the smallest energy
separation between the intersublevels of sample A, carriers start to thermally emit at a lower
temperature than the other ones. As a result, sample A exhibits the lowest temperature
where the relaxation lifetimes start approaching to the values that predicted under the
thermal equilibrium condition.

Calculations of normalized PL peaks intensities of the samples are shown in Fig. 8, correlate
well with the measured data. Observing the curves shown in the plot, peak intensities of
ground state and excited state quench in the high temperature range because the carriers are
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Fig. 7. Calculated intersublevel relaxation lifetimes from excited state to ground state for
sample A, sample B, and sample C. The corresponding dashed lines with hollow symbols
are the values that calculated under the assumption of thermal equilibrium, and normalized
to the simulated relaxation lifetimes of sample A, sample B, and sample C, respectively

emitted into the GaAs barrier and irreversibly lost. We denote the temperature where the
excited state starts to quench as Tg. Sample A exhibits the lowest T (160K) and the fastest
quenching rate, coinciding with its highest excited state emission energy and the smallest
energy separation. The temperature Tg of sample B and sample C are 180K and 200 K,
respectively. It is noticeable that the thermal quench of ground state is much slower for
sample C than that for sample A and sample B. That can be explained by the different
intersublevel relaxation lifetimes of the samples. The shorter relaxation lifetimes of sample C
imply that the phonon bottleneck effect is partly relaxed for the sample. Through the more
active phonon-assisted scatterings, more carriers relax to the ground state during the
transferring process, slowing down the quenching rate of ground state.
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Fig. 8. Experimental and calculated values of the temperature dependent PL peak intensities
of ground state and excited state of sample A, sample B, and sample C. The filled (hollow)
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the calculated results of ground (excited) state. To denotes the temperature where the peak
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The carriers transferring mechanisms are expressed more definitely in Fig. 9 by calculating
the numerical values of carriers which transferring in excited state and wetting layer for
sample A and sample C. A stronger dependence on temperature is obtained in Fig. 9 for
sample A. According to the curves shown in the upper panel of Fig. 9(a), thermally excited
carriers from QDs to wetting layer increase rapidly within the temperature range 100-200 K.
At T>200 K, the number of emitting carriers saturates and then decreases. Consulting to the
plot shown in the lower panel of Fig. 9(a), carriers relaxing from wetting layer to excited
state also increases at T=100-200 K, indicating the fact of thermal redistribution of carriers.
Furthermore, emitting carriers growing up as 7>200 K, here the temperature is high enough
for carriers escaping to the GaAs barrier and irreversibly lost. The thermal loss reduces the
excitons in wetting layer, which in turn suppresses the carriers transferring in the excited
state.

Calculation for sample C is shown in Fig. 9(b). Comparing the simulation results to that of
sample A, it is clearly seen in the upper panel that the calculated radiative recombination
term possesses a less important portion of the transferring carriers. The calculated result is
consistent with the shorter relaxation lifetime of sample C. Because most of the injected
carriers relax to the ground state, fewer carriers exist in the excited state. The thermal
redistribution of carriers in the QD system is then retarded; thermal emission occurs at a
higher temperature and the amount of thermally escaping excitons is smaller than that of
sample A. Consequently, the simulated results exhibit a similar but weaker response to
temperature change. It is obvious that the dot size uniformity of the QD systems plays an
influential role in the carrier relaxation process.
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Fig. 9. Amounts of transferring carriers of each energy level in the QD system for (a) sample
A, and (b) sample C. Dash-dotted lines in upper panels denote the radiative recombination
terms. Solid lines and dotted lines denote the relaxation and thermal emission portions,
respectively
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4. Conclusion

In this chapter, we have investigated the effects of phonon-assisted transferring of carriers
on QD system both experimentally and theoretically. The relaxation and thermal emission of
carriers are analyzed quantitatively by a rate-equation model. The model is based on a set of
rate equations which connect the ground state, the excited state, the wetting layer, and the
GaAs barrier in the QD system. All of the important mechanisms for explaining the unique
evolution of quantum dot PL spectra are taken into account, including the inhomogeneous
broadening of QDs, the random population of density of states, thermal emission and
retrapping, radiative and nonradiative recombination, and the electron-phonon scattering.
The simulated results exhibit a good agreement to the experimental data measured from
samples with different dot densities and size uniformities for temperatures ranging from 15
K to 280 K. Quantitative discussion of the carriers which thermally excited and relax
between the excited state and the wetting layer provides an explicit proof of the thermal
redistribution and lateral transition of carriers via the wetting layer.

The phonon-assisted activations of excitons with increasing temperatures are analyzed in
detail as well. Homogeneous broadening is included in the rate equation model to
demonstrate the correlation between thermal redistribution and electron-phonon scattering
effects on the PL spectra of QD system and the intersublevel relaxation lifetimes is
calculated. According to the theoretical analysis, carriers redistribute apparently with
increasing temperature for sample with evident phonon-bottleneck effect and the effect of
electron-phonon scattering is suppressed. On the other hand, the thermal redistribution
effect is weak and compensated by the thermal-enhanced electron-phonon scattering for
sample with relaxed phonon bottleneck and the electron-phonon scattering occupies an
evident portion of the transferring mechanisms in the QD system. It is coinciding with the
observed monotonic increase of FWHMs with temperature.

Furthermore, the numerical values of transferring carriers in discrete energy levels under
different temperatures are also calculated. The shorter relaxation lifetime of the sample with
better size-uniformity implies a restricted phonon bottleneck effect, and the unapparent
change of excitons with temperature in each energy level reveals a better thermal stability.
The simulation result confirms that the thermal redistribution of carriers and the electron
phonon scattering affect the temperature dependent PL spectra simultaneously, and the
size-uniformity of quantum dots is of essential importance for thermal activated
mechanisms in quantum dot systems. Detailed investigations into the carrier dynamics in
QD systems are of particular significance to the design of QD structures. Requirement of the
relaxation lifetime is severe in the case of high-speed modulation. Therefore, our work has
particular significance to the design of optoelectronic devices by QD structures which
exhibiting truly three-dimensional confined state transitions.
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