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Enhancement of Optical Anisotropy by Interconnection Effect
along Growth Direction in Multistacked Quantum Dots

Hideharu Tanaka!, Osamu Kojima'*, Takashi Kita!, and Kouichi Akahane?

! Department of Electrical and Electronic Engineering, Graduate School of Engineering, Kobe University,
Kobe 657-8501, Japan
2 National Institute of Information and Communications Technology, Koganei, Tokyo 184-8795, Japan

We report the enhancement of in-plane optical anisotropy in stacked InAs quantum dots (QDs) with a
decrease in spacer layer thickness. The in-plane polarization anisotropy of photoluminescence intensity is
basically due to the ellipsoidal QD shape caused by lattice mismatch strain. The polarization degree increases
to approximately 40% with decreasing spacer layer thickness. When the spacer layer thickness decreases, the
electron envelope function becomes longer along the growth direction, which is the interconnection effect.
This interconnection results in the enhancement of the in-plane anisotropy. These results exhibit that the

vertical interaction by the interconnection effect is an important factor for the QD optical anisotropy.

1. Introduction
Semiconductor quantum dots (QDs) are a promising zero-dimensional quantum struc-
ture for applications in various optical devices.!> When the self-assembled QDs are
fabricated from two-dimensional to three-dimensional island growth using the Stranski-
Krastanov growth-mode transition, they are elliptical because of the dependence of the
diffusion length of the atoms in the in-plane direction.® In addition to this elliptical
shape, the anisotropic strain causes the anisotropic electronic state. Since the optical
characteristics strongly depend on the electronic state, the modified electronic states
result in optical anisotropy. Many reports have discussed the QD optical anisotropy in
the in-plane direction, which mainly arises from heavy-hole (HH) -light-hole mixing in
the valence band Luttinger Hamiltonian.” 1°

We have demonstrated the optical characteristics of the stacked InAs QDs grown on
an InP (311)B substrate using a strain-compensation technique to fabricate high-density

11-13

QD ensembles without dislocations as the control method for the exciton charac-

teristics.'* 18 As we have reported, a decrease in the growth-direction QD separation

“E-mail address: kojima@phoenix.kobe-u.ac.jp
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induces the change in the quantum confinement effects. While the HH forming excitons
are strongly localized in QD, the electron envelope functions tunnel to the spacer lay-
ers (i.e., barrier layers) because of the difference in the less effective mass. When the
spacer layer thickness d decreases, the electrons approach each other along the growth
direction and the electron envelope functions overlap within the spacer layer, which is
called the interconnection effect of electron envelope functions along the growth direc-
tion. Since this interconnection effect leads to the reduction in the magnitude of the
overlap integral between the electron and hole envelope functions, the exciton oscillator
strength reduces with decreasing the spacer layer thickness; this causes the decrease in
the photoluminescence (PL) intensity and the increase in the PL decay time. Moreover,
this interconnection effect causes the PL energy shift to the lower energy side by the
expansion of the confinement volume owing to the interconnection of electron envelope
functions. This expansion was directly shown by the enhancement of the transverse-
magnetic mode of the cleaved edge emission. Here, the key point of the interconnection
in our previous reports is that only the electron expands along the growth direction.
Therefore, unless holes interact with each other, the interconnection strength increases
with the decrease in d, which means a further decrease in the oscillator strength.

On the other hand, in the InAs QDs grown on InP (311)B substrates, the PL in-
tensity in the [233] polarization direction is greater than that in the [011] polarization
direction!®?° because of the anisotropy of the exciton dipole moment.?! When the in-
terconnection effect induced by the reduction in d causes the change in the electronic
state, this value of the anisotropy should depend on d. In the present study, we system-
atically investigate the relationship between d and the PL anisotropy in stacked InAs
self-assembled QDs. The in-plane polarization degree clearly depends on d. We discuss
the d dependence of the anisotropy from the viewpoint of lengthening of the electron

envelope function along the growth direction.

2. Experimental Procedure

We used four samples in the present work. Fach sample consisting of InAs self-assembled
QD layers with 30 periods was grown on an InP (311)B substrate by solid-source molecu-
lar beam epitaxy using the strain compensation technique.'® The InGaAlAs spacer layer
compensates for the stress caused by the lattice mismatch with a QD layer, and the
thickness d was changed from 10 to 40 nm. In the case of d = 20, 30, and 40 nm, the

composition of the spacer layer is Ing5Gag1Alg4As, and in the case of d = 10 nm, it is
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Ing 47Gag10Alp43As because of the stress difference. Hereafter, we denote each sample
as ”d = x nm sample” (z = 10, 20, 30, and 40). In our previous report,'® while there is
no interaction between the QD layers along the growth direction in the d = 40 nm sam-
ple, the QDs in the d < 40 nm samples are partially or strongly interconnected along
the growth direction via the electron envelope function. The interconnection increases
the exciton lifetime due to a decrease in oscillator strength. The QD PL polarization
was characterized by measuring the conventional PL spectrum. The excitation source
was a mode-locked Ti:sapphire laser used as a continuous-wave mode. The excitation
energy was tuned to 1.38 eV to eliminate the contribution of the carriers excited in the
spacer layers. The emitted light was dispersed by a 32 cm single monochromator with a
resolution of 6.0 nm and detected by a liquid-nitrogen-cooled InGaAs-photodiode array.
The excitation density was 0.75 W/cm?, and the polarization of the excitation beam

was parallel to the [011] polarization direction. All measurements were performed at 5

K.

3. Results and Discussion

At first, we show the analysis results of the QD shape measured by atomic force mi-
croscopy (AFM). Figure 1(a) indicates the relationship between the QD lengths of the
[011] L7 and [233] Lizs directions in all samples. The size of 20 QDs was measured
in each sample. The dotted line indicates that the ratio of the lengths is unity; the QDs
on this line have the round shape. Figure 1(b) depicts the average ratio of the lengths.
If the oval shape is a main reason for the optical anisotropy, the d = 20 and 30 nm
samples will hardly show the anisotropy because the length ratios are approximately
unity.

There is no reference that explains this dependence; therefore, we considered that
the difference in the interaction of the strain fields induced by the lattice mismatch due
to changing d causes this dependence of the shape. It is well known that the surface
after the growth of the spacer layer becomes almost flat, and that the QDs on the
spacer layer are formed on the QDs underneath the spacer layer owing to the strain
fields.??23 From this aspect, the strain fields strongly affect the QD formation at d = 10
nm, so that the shape is similar underneath the structure. Therefore, the QDs have an
elliptical shape. Furthermore, in the case of the d = 20 and 30 nm, the strain fields
are averaged by the nearest neighbor fields, which leads to a round shape. Moreover,

as d increases, the spacer layer perfectly averages the strain fields; the QD formation
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condition is reset, so that the QDs show an elliptical shape as same as the first layer.
This dependence of the averaging of the strain field on d is attributed to the QD shape
variation.

The solid and dashed curves in Fig. 2 show the PL spectra of each sample measured
in the [233] and [011] polarization directions, respectively. The dip at approximately
0.9 eV is because of absorption by the hydroxyl group in the optical fiber. The change
in the PL spectra with varying d originates from the interconnection effect of QDs.!?
In all samples, the PL intensity along the [233] polarization direction is greater than
that along the [011] polarization direction. Moreover, the ratio of the PL peak intensity
along the [233] polarization direction to that along the [011] polarization direction
clearly increases with decreasing d. For example, this ratio is 1.42 for the d = 40 nm
sample, whereas it is 2.42 for the d = 10 nm sample. This result cannot be explained
by the analysis result of the QD shape as shown in Fig. 1.

To clarify the polarization properties for each sample, the dependence of the PL
spectrum on the detection angle was measured. Figure 3(a) shows a summary of the
results. The degree of polarization P is defined as follows:

p_ Ii333 — ]9’ (1)

Iiz33) + Iy
where Ij535 is the PL peak intensity in the [233] polarization direction and Iy is that
at an angle of 6 from the (011) axis, as shown in the inset of Fig. 3(a). The dashed
lines at 0°, 90°, and 180° represent the [011], [233], and [011] polarization directions,
respectively. In all samples, P reaches a maximum in the [011] polarization direction
and shows a minimum in the [233] polarization direction.

When there is no interaction between QDs along the growth direction, the in-plane
optical anisotropy in (QDs mainly originates from the difference in the strain effect
along the [233] and [011] directions induced by the elliptical shape of the QDs. In the
case of the multilayered InAs QD ensembles with d = 60 nm grown on an InP (311)B
substrate, the [233] polarization direction of the PL intensity is largest'?:?! owing to the
light-hole-like ground state preferentially polarized along the [233] direction.”

For the d = 40 nm sample without the interconnection effect, the polarization
degree P = 14%, which is close to the reported value of 16 - 19% in the sample with
d = 60 nm.'?° Thus, we concluded that the polarization in strain-compensated InAs
QDs on an InP (311)B substrate without the interconnection effect is approximately

15%. On the other hand, with decreasing d, P increases up to 41% in the d = 10 nm
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sample. Since the excitation energy of 1.38 eV is less than the band gap energy of the
Ing.47Gag.10Alga3As-spacer layer,'® the enhancement of the polarization is attributed to
the changes in the optical characteristics of the QDs induced by the interconnection
effect on the electron states.

The polarization degree along the [011] direction is plotted as a function of the
inverse of d in Fig. 3(b). The dotted curve indicates the dependence of the polarization
degree on 1/d. In the simple model of the quantum well with the finite potential barrier,
it is well known that the amplitude of the envelope function in the well decreases in the
barrier layers by a function of exp(—~x), where 7 is the damping factor and x is the
position coordinate. Hence, the interconnection strength is proportional to 1/d. This
plot shows that the increase in the polarization degree is caused by a one-dimensional
change in the confinement volume; the decrease in d induces the overlap of the electron
envelope function along the growth direction in the spacer layers, and the increase
in the overlap enhances the polarization degree. The interconnection effect makes the
confinement along the growth direction weak, while the in-plane confinement decides
the basic characteristics. The change in the confinement effect due to the elongation of
the envelope function along the growth direction varies with the in-plane confinement,
which induces the change in anisotropic PL.

To compare the increase in optical anisotropy due to the interconnection effect with
that due to the increase in QD height, we focused on the PL-energy dependence of
the polarized PL. Figure 4 shows the average QD height in the samples determined
from analysis of the AFM images obtained. The average QD height is almost constant,
approximately 6 nm. This indicates that the variation of QD height is not the main
reason for the enhancement of the polarization degree.

Figure 5 shows the dependence of the PL intensity ratio in the [233] polarization
direction to that in the [011] polarization direction as a function of PL energy in all
samples. In the d = 30 and 40 nm samples, the PL energy dependence is small and
almost the same. The decrease in PL energy, namely, the decrease in the band gap
energy of QDs, is caused by the increase in QD height in the ensemblefi’z? STherefore,
although the slight increase in QD height increases the anisotropy, the dependence is
very small.

On the other hand, in the samples d = 20 and 10 nm, the PL intensity ratios
exhibit peaks at energies different from the PL peak energies indicated by arrows. In

the higher-energy region, the PL ratio increases with decreasing PL energy. Although
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the averaged QD height is almost 6 nm, as shown in Fig. 4, the QD ensemble has the
size distribution corresponding to the PL width, which is mainly height distribution.
Therefore, the increase in QD height induces the strengthening of interconnections, so
that the anisotropy increases with decreasing the PL energy.

In the lower-energy region, the PL ratio decreases with decreasing the PL energy.
The theoretical reason for this decrease is unclear, so that we speculated as follows;
the QD separations in the lower PL energy region are closer than that in the higher
PL energy region. In the case of the moderate separation, the interconnection via the
electron envelope function changes the exciton characteristics and enhances the optical
anisotropy. However, in the case of the closer QD separation, the interconnection via
the hole envelope function will be induced. This hole interconnection may decrease the
anisotropy, because the spatial carrier separation decreases. The electron interconnec-
tion induces the spatial separation of electrons and holes, which leads to the decrease in
the oscillator strength. On the other hand, the hole interconnection cancels the spatial
separation effects. Therefore, the increase in the QD height induced by the electron
and hole interconnection effects results in the peak structure. The balance between the
change in the interconnection and quantum confinement may be attributed to the flat

region in the result of d = 10 nm shown in Fig. 5.

4. Conclusions

We found that the optical anisotropy clearly inversely depends on the spacer thickness
in stacked QDs fabricated using the strain compensation technique and that there is a
possibility that the interconnection effects enhance the in-plane anisotropy. To clarify
the origin of this enhancement, we examined the PL-energy dependence of the ratio of
the PL intensity in the [233] and [011] polarization directions. The results imply that
the electron envelope function becoming longer along the growth direction increases
the optical anisotropy. These results are an important to consider in designing QD
optical devices, in particular, vertical structure devices including vertical cavity surface

emitting lasers and solar cells.
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Fig. 1. (Color online) (a)Analysis results for the QD shape in the samples. The dotted line

indicates that the ratio of Lg;7) to Ljzs3) is unity. (b)The average ratio of Lip11) to Liz33) is plotted as

a function of d.
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Fig. 2. PL spectra of the stacked QDs with various d values at 3.5 K. The solid and dashed curves

indicate the PL spectra in the [233] and [011] polarization directions, respectively.
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(Color online) (a)Dependence of degree of polarization on detection angle for samples of

varying thicknesses. The dashed lines at 0 and 180° indicate the [011] polarization direction, and that

at 90° indicates the [233] polarization direction. Inset shows the geometry defining the angle (6).

(b)P in the [011] polarization direction plotted as a function of 1/d. The dashed curve shows the

fitting one.
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Analysis result for the QD height in each sample.
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Fig. 5. (Color online) Ratio of PL intensity in [233] polarization direction to that in [011]
polarization direction as a function of PL energy for the samples of various d values. The arrows

indicate the PL peak energies in the d = 10 and 20 nm samples.
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