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1. Introduction  

Remarkable progress has been made in the fabrication of semiconductor quantum dots 
(QDs) using the self-assembling method in lattice-mismatched material systems; they are 
based on the Stranski-Krastanow growth mode (Goldstein et al., 1985). In this process, initial 
two-dimensional growth transforms into three-dimensional growth. Using the self-
assembling technique, it is possible to fabricate semiconductor nanostructures in a 
continuous growth process in a vacuum. The self-assembled QDs grown on a 
semiconductor substrate can offer the possibility of realizing various interesting devices 
such as QD lasers, ultrafast optical switches, and solar cells (Arakawa & Sakaki, 1982; 
Huffaker et al., 1998; Prasanth et al., 2004; Bogaart et al., 2005; Martí et al., 2006; Oshima et 
al., 2008). To realize such QD devices, it is necessary to design the optical properties by 
controlling the exciton characteristics and to fabricate high-quality and high-density QDs. 
From this viewpoint, we have clarified that the photoluminescence (PL) characteristics of 
excitons in multiple stacked QDs fabricated by using the strain compensation technique 
(Akahane et al., 2002, 2008, 2011) can be controlled by changing the QD separations along 
the growth direction (Nakatani et al., 2008; Kojima et al., 2008). In this chapter, we introduce 
the control method of excitonic characteristics by using the overlap of electron envelope 
functions between QDs along the growth direction.  

2. Sample structures 

We used three samples in this study. For each sample, InAs self-assembled QDs with 30 
periods was grown on an InP(311)B substrate, as shown in Fig. 1, by solid-source molecular 
beam epitaxy using a strain compensation technique(Nakatani et al., 2008; Kojima et 
al.,2008, 2010, 2011). After growing a 150-nm thick In0.52Al0.48As buffer layer, 4-ML InAs QDs 
were deposited. The samples have In0.5Ga0.1Al0.4As spacer layers with thicknesses (d) of 20, 
30, and 40 nm. Hereafter, we will call these samples d=X nm sample (X=20, 30, and 40). The 
spacer layer compensates the stress caused by the lattice mismatch to a QD layer. The QD 
density in each layer is 3.4 x 1010/cm2.  

3. Control of optical characteristics of excitons in QD ensembles  

Figure 2 shows the spacer-layer-thickness dependence of the PL spectra at 3.4 K (Kojima et 
al., 2008). The PL measurement was performed by using a mode-locked Ti:sapphire pulse 
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laser. The emitted light was dispersed by a 32 cm single monochromator with a resolution of 
1.0 nm. The PL intensity and peak energy clearly depend on the spacer layer thickness. With 
a decrease in the spacer layer thickness, the PL intensity decreases. The integrated intensity 
of PL band is plotted as a function of d in the inset of Fig. 2 for the clarification of the 
relation between the intensity of the PL band and d. The dotted line indicates the linear 
dependence of the intensity on d. The PL intensity is almost linearly proportional to d. It is 
well known that a decrease in the relative motion of electron and holes in systems of 
quantum wells or QDs causes an increase in the oscillator strength in the strong 
confinement regime because the oscillator strength is proportional to the probability of 
finding an electron and hole at the same position. Namely, since the overlapping of the 
envelope functions of the confined electron and hole is enlarged in each QD, the oscillator 
strength of QD excitons is approximately inversely proportional to the confinement volume 
(Takagahara, 1987; Kayanuma, 1988). 

150 nm In0.52Al0.48As

InP(311)B sub.

InAs 

QDsInGaAlAs

Spacer layer
30 

layers

Buffer layer

 

Fig. 1. Schematic of the sample structure. 

Here, we discuss the origin of the confinement volume change. There are two possible factors 
for causing the expansion: (i) the creation of larger QDs owing to a decrease in d and (ii) the 
growth-direction elongation of the envelope function of confined carriers. It has been reported 
that larger-sized QDs are created in the case of the thinner capping layer (Xie et al., 1995; Saito 
et al., 1998; Persson et al., 2005). Indium atoms have a strong tendency to segregate at the 
surface when GaAs is deposited over InAs at temperature ~ 500 °C (Brandt et al., 1992), so that 
the capped InAs QD size tends to be small by a thick cap layer (Xie et al., 1995; Inoue et al., 
2008). In addition, the thinner cap layer results in less compressive stress in the QDs (Saito et 
al., 1998; Persson et al., 2005), leading the strain-relaxed larger QDs. If a change in d causes this 
QD size variation due to the indium segregation or strain reduction, the magnitude of overlap 
of the envelope functions of confined electron and holes varies according to the change in the 
QD size. Since the oscillator strength depends on the QD size as described above, the PL 
intensity is expected to correspond to the variation of d. However, such possibility of the 
change in the QD size is denied as follows. The indium segregation is suppressed when the 
InAs QDs are capped by the indium alloys (Kim et al., 2003) so that in our samples, InGaAlAs 
spacer layer suppresses the indium segregation. Moreover, we employed the strain 
compensation technique in the QD growth, which means that the compressive strain to QDs is 
independent of d is practically independent. Therefore, we can focus on the growth-direction 
elongation of the envelope functions of confined carriers. 
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Fig. 2. The spacer-layer-thickness dependence of the PL spectrum in the stacked InAs QDs 
with d=20, 30, and 40 nm at 3.4 K. The inset shows the d dependence of the integrated intensity 
of the PL bands. The dotted line denotes the linear dependence of the intensity on d. 

The heavy holes forming excitons are strongly localized in each of QDs (Saito et al., 2005) 

because of the heavier mass. On the other hand, since the effective mass of an electron is less 

than that of a hole, the electron envelope functions are sensitive to the quantum confinement 

effect. When the spacer layer thickness decreases, the electrons approach each other along 

the growth direction, and the electron envelope functions overlap within the spacer layer. 

Consequently, it is considered that the electron envelope functions in the samples with 30 

QD layers separated by thinner spacer layers interconnect weakly along the growth 

direction owing to the overlap. This interconnection results in the lowering of the oscillator 

strength because of the reduction in the magnitude of the overlap integral between the 

electron and hole envelope functions. 

The interconnection of electron envelope functions induces the lower-energy shift and 

broadening of PL band, as shown in Fig. 2. In Fig. 2, since the electrons in the d=40 nm 

sample are practically isolated within each QD, we can conclude that the PL band at around 

0.95 eV in the d=40 nm sample is typical for our QDs. The peak energy shift in the thinner d 

samples comes from the reduction in the confinement effects by the expansion of the 

confinement volume owing to the interconnection of electron envelope functions. In 

addition, the PL band broadens and the shape becomes asymmetric owing to the 

appearance of a new PL band at low energy side below 0.9 eV in Fig. 2. In the d=20 nm 

sample, the PL band clearly shows two components. As described above, the PL band 

around 0.95 eV results from the uncoupled QDs. Thus, the PL band below the energy of 0.9 

eV arises from the interconnection of the electron envelope function. 
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Fig. 3. The PL decay profiles observed at the peak energy in each sample. The dotted curve 

indicates the laser profile. The inset indicates the relation between 1/ and d. The dotted line 

denotes the linear dependence of 1/ on d. 

When the above consideration is correct, the PL decay time should be inversely proportional 

to the spacer layer thickness. The spacer-layer-thickness dependence of the PL decay profile 

observed at a peak energy in each sample is shown in Fig. 3 (Kojima et al., 2008). The PL 

decay profiles were measured by a time-correlated single-photon counting method with a 

time resolution of 0.8 ns. The excitation source was a mode-locked Ti:sapphire pulse laser 

delivering 110 fs pulses with a repetition rate of 4 MHz. We used a pulse picker to reduce 

the laser repetition rate from 80 to 4 MHz. The excitation photon energy was 1.550 eV and 

the excitation density was 0.17 J/cm2. PL was dispersed by a 27-cm single monochromator 

with a resolution of 1.0 nm and detected by a time-to-amplitude converter system with the 

use of a liquid-nitrogen-cooled InP/InGaAsP photomultiplier. All profiles are normalized 

by the PL intensity observed at 0 ns. The dotted curve shows a laser profile. The PL decay 

profile has a single component and it clearly depends on d. The evaluated PL decay times d 

obtained by fitting with a single exponential function are 1.9, 1.1, and 0.8 ns in d=20, 30, and 

40 nm, respectively. This result is very different from that observed in the case of QD 

molecules. In the case of excitons in the QD molecules, the PL decay time decreases with a 

decrease in the interdot distance because of the superradiance effect (Bardot et al., 2005). In 

the inset of Fig. 3, 1/d was plotted as a function of d. The dotted line indicates the linear 

dependence of 1/d on d. d of the QD excitons is inversely proportional to the oscillator 

strength f as described by the following equation (Andreani et al., 1999; Hours et al., 2005): 
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where 0 is the optical transition frequency, n is the refractive index, and m is the free-
electron mass. Hence, the relation between  and d strongly supports our consideration that 
the elongation of the electron envelope function results in the lowering of the oscillator 
strength. 

4. Temperature dependence of excitons in QD ensembles  

The reduced oscillator strength of excitons in QD ensembles with interconnection effects 
may not be suitable for light-emission devices such as LEDs, laser devices, and so on 
without a further increase in the number of the stacking layer. However, some devices such 
as quantum information devices and solar cells require a long exciton lifetime. Thus, the 
controllable long exciton lifetime described in previous section is considered to be a 
noteworthy property of interconnected QDs for realizing novel devices. Here, we focus on a 
carrier dynamics depending on the temperature in order to clarify the effects of the 
interconnection in vertically aligned QD ensembles.  
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Fig. 4. Temperature dependence of the PL spectra in (a) the d= 40 nm and (b) the d=20 nm 
samples. The dip at around 0.9 eV originates from the hydroxy group in the optical fiber. 

Figure 4 (a) and 4 (b) show the temperature dependence of the PL spectra in the d=40 nm and 
20 nm samples, respectively (Kojima et al., 2010). The PL measurement was performed by 
using the 488 nm line of a CW Ar+ laser. The excitation density was kept at 10 W/cm2. The 
emitted light was dispersed by a 32-cm single monochromator with a resolution of 1.0 nm and 
was detected by using a liquid-nitrogen-cooled InGaAs-photodiode array. All spectra were 
normalized by the maximum intensity of the spectra at 13 K in each sample. The dip at around 
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0.9 eV is due to absorption by the hydroxy group in the optical fiber. The decrease in the PL 
intensity with an increase in the temperature in the d=20 nm sample is same as that in the d=40 
nm sample. This result indicates that the nonradiative recombination process induced by an 
increase in the temperature is similar in both the samples. 

In order to clarify the difference between the temperature dependences in both samples, we 
measured the PL decay profiles at various temperatures, as shown in Fig. 5. All the profiles 
were recorded at the PL peak energy. The PL decay times of both samples increase with the 
temperature. In Fig. 5 (c), the PL decay times of both samples are plotted as a function of 
temperature. The increase in PL decay time indicates that the growth by the strain 
compensation technique can suppress the generation of nonradiative centers with QD 
stacking. However, the temperature dependence of the PL decay time in the d=20 nm 
sample is different from that in the d=40 nm sample. 
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Fig. 5. Temperature dependence of the PL decay profiles in (a) d=40 nm and (b) d=20 nm 
samples. Each profile was recorded at the PL peak energy. (c) The PL decay times in both 
the samples are plotted as a function of temperature. 

The increase in the PL decay time with the temperature is generally explained by the thermal 
dissociation of excitons into the electron-hole pairs, in which the excitons escape from the QDs 
into the spacer layer and/or the upper subband levels of electron and holes via thermionic 
emission (Wang et al., 1994; Yu et al., 1996; Fiore et al., 2000; Hostein et al., 2008), which is 
described as lateral coupling model. We considered that the temperature dependence of the PL 
decay time in the d=40 nm sample can be explained by this lateral coupling model. However, 
the temperature dependence of the PL decay time in the d=20 nm sample should include 
another factor, namely, the interconnection effect of the electron envelope functions. 
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In Fig. 6, the PL decay times in the low temperature region were plotted as a function of 
temperature. The PL decay time in the d=40 nm sample shows the almost constant value. 
This is the typical result for localized excitons. On the other hand, the PL decay time in the 
d=20 sample indicates the T0.5 dependence as shown by the solid curve, which is similar 
property of the excitons in the quantum wires (Akiyama et al., 1994). This is an evidence of 
the QD interconnection. Therefore, the difference of the temperature dependence of the PL 
decay time in Fig. 5(c) arises from the dimensionality of excitons. 
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Fig. 6. Temperature dependence of the PL decay time around low temperature region. 

Figure 7 shows the detection-energy dependence of the PL decay time in the d=40 nm 
sample measured at various temperatures (Kojima et al., 2011). For reference, the PL 
spectrum at 3.4 K is depicted. Even at 50 K, corresponding to 4.3 meV, the PL decay time 
depends on the detection energy; the lateral coupling occurs. Moreover, the increase factor 
of the decay time is enhanced at 100 K, which indicates the enhancement of the lateral 
coupling due to thermal activation of carriers. 

If the lateral coupling originates only from the exciton/carrier transfer due to the thermal 
dissociation, the 50 K temperature is considered to be insufficiently to cause the lateral 
coupling. Therefore, it was deduced that the hole injection from the spacer layers to QDs 
results in the lateral coupling-like behaviour in the detection-energy dependence at lower 
temperature region. Assuming the strain distribution calculated by Grundmann in and 
around a pyramidal InAs QD (Grundmann et al., 1995), there exist lateral potentials for 
electrons and holes in the vicinity of a QD. The potential for holes increases close to the 
QD and gives rise to a barrier for the capture of holes from the wetting layer (WL) in QD. 
On the other hand, the potential for electrons drops monotonically due to the weak 
influence. Therefore, the excited carriers in the WLs and the spacer layers lead to the 
transfer of an impaired hole into the QDs (Adler et al., 1996). In the lower temperature 
region, lateral coupling-like behaviour arises from the hole injection from the spacer 
layers. In our QD systems, there are two possible reasons causing the lateral coupling at 
lower temperature region: the high QD density and the decrease in the potential height 
due to strain compensation. The high QD density enables to transfer in-plane direction in 
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comparison with the vertical direction, and the strain compensation reduces the potential 
height induced by the lattice-mismatch strain. These two factors will lead the lateral 
coupling in the lower temperature comparably. 
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Fig. 7. Temperature dependence of the PL decay time and PL spectrum at 3.5 K in the 
d=40 nm sample. 

To reveal the effects of the lateral coupling on the intraband transition process, we measured 

the excitation-energy dependence of the PL spectrum systematically. In measurements of 

the excitation-energy dependence, the excitation light was produced by combination of a 

100-W Xe lamp and a 32-cm single monochromator with a resolution of 5 nm. The emitted 

light was dispersed by a 32-cm single monochromator with a resolution of 1.0 nm. In Fig. 8, 

the excitation-energy dependence of the PL intensity monitored at the PL peak energy  
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Fig. 8. Excitation-energy dependence of the PL peak intensity measured at various 
temperatures (circles) in the d = 40 nm sample. The PL spectrum at each temperature is 
also shown. 
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measured at various temperatures is depicted. All the profiles were normalized by the 
maximum intensity. All profiles show the maximum intensity around 1.9 eV. The 
bandgap energy of the InP substrate is 1.424 eV at 1.6 K and the In0.5Ga0.1Al0.4As spacer 
layer is around 1.357 eV at room temperature (Madelung, 2004). Therefore, the maximum 
intensity around 1.9 eV is attributed not to the resonant carrier injection from the spacer 
layers and substrates but to the higher-order excitons in InAs QDs. This demonstrates the 
existence of the above barrier exciton states around these energy regions. The profile of 
the excitation-energy dependence of the PL peak intensity hardly changes with the 
temperature. This result indicates that the lateral coupling is negligible for the intraband 
relaxation process in this sample. 

Next, we discuss the relation between the interconnection effects along the growth direction 
and the lateral coupling. We performed the same experiments in the d=20 nm sample which 
has a longer exciton lifetime due to the interconnection effect as shown in Fig. 9. The 
increase factor of the PL decay time depending on the temperature is much larger than that 
in the d=40 nm sample. This result indicates that the lateral coupling effect affects the carrier 
relaxation process in the d=20 nm sample. Therefore, intraband relaxation process will 
change with temperature. 
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Fig. 9. Temperature dependence of the PL decay time and PL spectrum at 3.5 K in the d=20 
nm sample. 

Figure 10 shows the excitation-energy dependence of the PL peak intensity measured at 
various temperatures in the d=20 nm sample (Kojima et al., 2011). The PL spectrum at each 
temperature is also shown. The profiles show the peak around 1.5 eV. The difference of the 
peak energy between the d=40 nm and d=20 nm samples comes from that of the lowest 
exciton energy. While the dependence of the PL intensity in the d=40 nm sample hardly 
changes, that in the d=20 nm sample clearly changes around the higher energy over 1.6 eV. 
This change is related to the exciton lifetime. As mentioned above, the exciton lifetime in the 
d=40 nm (d=20 nm) sample is 0.8 (1.9) ns. When the exciton lifetime is shorter than the 
transfer time under the lateral coupling conditions, the transfer process does not have a 
sufficient effect on the intraband relaxation process. On the other hand, in the case that the 
exciton lifetime is longer than the transfer time, the transfer process changes the intraband 
relaxation process, because it will be difficult for the transferred carriers to relax into the 
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QDs because of the occupied states. Therefore, the carriers generated in the smaller QDs 
with the larger transition energies strongly affects the larger QDs with the smaller transition 
energies. However, for application of the QDs with longer exciton lifetime to optical devices, 
especially photo receiving devices such as the photodetectors or solar cells, the exciton 
transfer time is considered to be not as fast as the deteriorating carrier extraction.  
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Fig. 10. Excitation-energy dependence of the PL peak intensity measured at various 
temperatures (circles) in the d = 20 nm sample. The PL spectrum at each temperature is 
also shown. 

5. Conclusion 

We have investigated the PL characteristics of excitons in multilayer stacked QDs with 
different spacer layer thicknesses. We found that the intensity of the PL band decreases with 
a decrease in spacer layer thickness. The PL spectra in the thinner spacer layer sample 
indicate the elongation of electron envelope functions along the growth direction. Moreover, 
from the PL decay time, it is revealed that the elongation of the electron envelope functions 
induces the lowering of an oscillator strength, leading to the lengthening of the PL decay 
time. This result suggests the interconnection of QDs along the growth direction via the 
overlap of the electron envelope functions. It is concluded that the PL characteristics of 
stacked QDs can be controlled by altering the spacer layer thickness through the variation of 
the exciton oscillator strength.  

In addition, we have investigated the effects of temperature on the PL characteristics of 
excitons in the d=40 nm and d=20 nm samples. We found that the decrease in the PL 
intensity in the d=20 nm sample with interconnection effect is similar to that in the d=40 
nm sample. To clarify the effect of the interconnection in the d=20 nm sample, we 
examined the temperature dependence of the PL decay time. The PL decay profiles, which 
show the increase in the PL decay time with temperature, indicated the suppression of 
nonradiative recombination paths caused during the QD and spacer layer growth 
processes. The increase in the PL decay time arises from the thermal delocalization. 
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However, the temperature dependence of the PL decay time in the two samples is 
different. In order to reveal the discrepancy in the temperature dependence of the PL 
characteristics, we examined the detection energy dependence of the PL decay time. The 
PL decay times of both samples clearly depend on the detection energy; this indicates the 
lateral coupling between the QDs. As the temperature increases, the excitons transfer 
from smaller QDs to larger ones. This affects the exciton relaxation process. However, in 
the d=20 nm sample, the vertical interaction in addition to the lateral interaction strongly 
affects the excitonic process, and therefore, the temperature dependence of the PL decay 
time differs from that in the d=40 nm sample.  

Finally, we investigated the effect of the lateral coupling, namely the exciton/carrier transfer 
process in the in-plane direction, on the intraband relaxation process of photoexcited 
carriers in d=20 nm and d=40 nm samples. The detection-energy dependence of the PL decay 
time indicates the in-plane interaction between QDs even at 50 K in both the samples. In the 
excitation-energy dependence of the PL intensity, while the transfer process hardly changes 
the intraband relaxation process in the d=40 nm sample, that in the d=20 nm sample changes 
the intraband relaxation process. Because the exciton lifetime in the d=20 nm sample is 
longer than that in the d=40 nm sample, this change depends on the exciton lifetime.  

These findings suggest that the interconnection of QDs along the growth direction via the 
overlapping of electron envelope functions occurs at high temperatures. These may aid the 
development of some functional devices by using QDs. In particular, they will be 
advantageous for the devices based on the so-called QD superlattice. 
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