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 The possibility of applying a polarization-insensitive quantum-dot (QD) semiconductor optical 
amplifier (QD-SOA) to future optical communication systems is demonstrated. It was found that the 
optical-polarization property of a QD depends on both its aspect ratio and strain. To control these two 
parameters, a columnar QD (CQD), which has a high aspect ratio and is surrounded by side-barriers, 
was optimized. These optimized CQDs demonstrated polarization-insensitive characteristics in the 
1.5-μm wavelength band. Moreover, they have a gain of 10.0 dB with low (i.e., ± 0.9 dB) polarization 
dependence. 
 
 
Introduction 
 

Quantum-dot semiconductor optical amplifiers (QD-SOAs) 
are attractive devices for next-generation optical-network 
systems owing to their distinctive features such as broadband 
gain, high-speed response, and high-saturation output 
power1)–13). In the case of many optical communication 
systems, polarization-insensitive optical properties of 
QD-SOAs are required. The polarization of an optical signal 
in standard fiber is random, and the randomly polarized signal 
limits the applicability of optical communication systems. 
However, QDs grown in the conventional Stranski-Krastanow 
(SK) mode exhibit much more transverse-electric (TE)-mode 
gain than transverse-magnetic (TM)-mode gain. A few 
different approaches14)–16) have been proposed to solve this 
problem. One method is to control polarization anisotropy in 
the gain material itself. However, to develop 
polarization-insensitive SOA chips, this method must be 
investigated in more detail. This method has the advantages of 
reducing the size and cost of the SOA module. For example, 
standard multiple-quantum-well (MQW) materials in SOAs 
also exhibit larger TE-mode gain than TM-mode gain. 
Polarization-insensitive gain has been obtained by using 
tensile-strained barriers in MQWs as an active layer17), 18). For 
QDs, the TE-dominant polarization properties are due to 
SK-mode-grown QD structures with half-oval shapes and 
biaxial compressive strains. Under these conditions, electronic 

states are strongly quantized in the vertical direction, and 
valence bands are split into heavy-hole (HH) and light-hole 
(LH) bands, where the HH valence band edge (EHH) is higher 
than the LH one (ELH). Since the TM transition between the 
conduction band and the HH band is prohibited by the 
selection rule, the optical transition in TE mode is 
predominant19) 20). In attempts to overcome this problem, 
researchers have investigated the relationships between 
optical properties and QD structural parameters, and the 
viability of controlling polarization properties has been 
demonstrated21)–31). However, no exact QD design and 
fabrication methodology has been established for practical 
application. In response to these circumstances, the authors 
have designed a novel QD structure for a 
polarization-insensitive QD-SOA and demonstrated its 
polarization-independent performance in the 1.5-μm 
wavelength band. 
 The paper is organized as follows. In Section 1, the 

cross-sectional aspect ratio of a QD and the strain in the QD 
are shown to be important factors in determining the optical 
polarization properties. Evidence supporting these factors is 
referenced from prior works based on photoluminescence 
(PL) characterization of bare wafers. In Section 2, the 
proposed columnar-QD (CQD) structure—whose aspect ratio 
and strain can be controlled—is described. In Section 3, the 
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results of an experimental study on the optical-polarization 
property in the columnar QDs grown under different 
parameters are presented. In Section 4, in regard to practical 
SOA fabrication, the relationship between the PL 
characteristics of bare wafers and the measured gain 
characteristics of SOA devices is investigated in terms of the 
polarization sensitivity. In the final section, the fabrication of 
optimized CQD-SOAs is described, and 
polarization-insensitive performance in the 1.5-μm 
wavelength band is demonstrated. 

solid and dashed lines indicate the TE- and TM-mode PL 
spectra, respectively. With increasing SLN, TE-mode PL 
intensity decreases, but TM-mode PL intensity increases. The 
PL peak energies, indicated by solid triangles, shift toward the 
lower-energy side-because of the enlargement of the 
confinement size in the growth direction of the CQDs. As a 
result, the TE/TM-mode PL-intensity ratio is inverted beyond 
SLN of 9. The same conclusion was drawn in regard to the 
optical modal gain under optical pumping by using the 
vertical-stripe-length (VSL) technique22). When the aspect 
ratio is about 0.9, TM-mode transition is dominant. This is 
one of the lowest reported aspect ratios for obtaining 
TM-dominated gain. 

 
1. Important Factors for Determining Polarization 
Property 

As well as aspect ratio, relaxation of strain in QDs 
enhances TM-mode transition. The effect of the strain has 
been analyzed by theoretical calculation 28), 29). The 
elastic-continuum theory for determining the strain 
distribution in the CQD and the 8-band k-p theory for 
modeling electronic structure were used. Figure 2 shows the 
hydrostatic and biaxial strain distribution in the CQDs for 
SLNs of 7 and 9. For SLN of 7, the biaxial strain is positive. 
For SLN of 9, the biaxial strain becomes negative in the 
fourth, fifth, and sixth layers. When the aspect ratio of the 
CQDs is about 0.9 (SLN=9), the strain is relaxed by the QD’s 
shape, and the strain in the plane direction becomes tensile 
and larger than that in the growth direction. Under negative 
biaxial strain, ELH is higher than EHH. The transition from the 
conduction band to the LH band therefore predominates,  

 
In this section, we show the evidences for that the aspect 

ratio and strain in QDs are important factors for controlling 
optical polarization19)-31). The aspect ratio of a QD is defined 
as the ratio of the total height of stacked QD layers to the 
length of the dot base. Conventional QDs are half-oval shaped 
and have biaxial compressive strains, so optical transition in 
TE mode is predominant. It is thought that CQDs are useful 
for providing QDs with a high aspect ratio. The CQD is 
formed by growing several QD stacks, in which QDs are 
aligned in close contact in the vertical direction, becoming 
columnar in shape as a whole. The aspect ratio can be 
controlled by changing the number of layers of stacked QDs. 

In the following, some representative results concerning 
InAs CQDs grown on GaAs substrates are presented. The 
InAs QDs were grown by molecular beam epitaxy (MBE) on 
a buffer layer composed of GaAs (100 nm thick), AlGaAs (50 
nm), and GaAs (400 nm) formed on an n+-GaAs (001) 
substrate. The typical height of eight stacking layers was 
about 13 nm, and the diameter of the CQDs was about 17 
nm32). Figure 1 shows the PL spectra for TE and TM 
polarization, which were measured from the cleaved-edge 
surface of CQD wafers with different stacking-layer number 
(SLN)22). All measurements were performed at 70 K. The  

 

 

 

 

 

Fig. 2 Strain distribution in the columnar InAs/GaAs quantum dots for 
the stacking-layer number of (a) 7 and (b) 9. The hydrostatic and 
biaxial strain distributions on the z axis are plotted by the solid and the 
dashed lines, respectively. The numbers (1, 2, 3,… ) indicate each layer 
in the InAs quantum dots29). 

Fig. 1 TE- and TM-mode spectra of edge-emitting PL in CQDs with 
different SLN22). 
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enhancing the TM component. This result infers that the 
polarization-insensitive optical feature of the CQDs is due to 
not only the high aspect ratio but also the negative tensile 
biaxial strain. 

We also note another phenomenon depends on QD strain, 
namely, thermally induced strain that occurs at different 
temperature between QD growth and measurement30). With 
decreasing temperature, thermal strain increases and the 
proportion of the TM-mode component in the ground state 
increases. This leads to an additional increase in the splitting 
energy between the HH and LH states due to thermal-strain 
effect. This effect should have to be taken into account when 
the operation temperature differs severely from the designed 
one.  

These results indicate that the aspect ratio of a CQD and 
the stain in QDs are significant parameters in regard to 
controlling optical polarization properties of CQDs. 

 
2. Proposed QD Structure in 1.5-μm Wavelength 
Band 
 

We describe in this section our proposed QD structure which 
is suitable for designing polarization-insensitive QD-SOAs for 
1.5-μm wavelength band optical communication systems and 
then the calculation of their polarization property. Figure 3 
shows a schematic image of our concept. The CQD structure 
consists of several repetitions alternate layers of SK-mode QDs, 
tensile-strained side-barrier layers, and lattice-matched barriers 
above and below the CQD. The CQD structure focuses on two 
factors, namely, both increasing aspect ratio and relaxing strain 
in the QDs. 

 
Fig. 3 Schematic image of the proposed CQD fabricated by stacking 
QDs. 
 

The barrier layers above and below the CQD structure 
function as waveguide layers. To increase the height of the QDs, 
SLN is increased. In order to change the strain of the QDs from 
compressive to tensile, the tensile strain is applied to the 
side-barriers which are lattice-matched with the upper and 
lower barrier layers. It is not understood how the strain in QDs 
is related to the aspect ratio and the material surrounding the 
QDs. The interband optical transition energies in the 1.5-μm 
wavelength band of the proposed InAs/InP QD structure were 
calculated. The quantized energy levels of conduction and 
valence bands with ELH and EHH were calculated. In the 
calculation, the following assumptions were made for 
simplicity: box-shaped InAs QDs, base dimensions of the QDs 
of 15 × 15 nm, dot density of 7 ×1010 cm-2, strain in the 
side-barrier is produced by a mixed effect of the side-barrier 
and wetting layers (see Fig. 3), and band energy of the 
InGaAsP barrier corresponds to λg of 1.1 μm. The energy 
levels in the QDs embedded in the strained side-barrier were 
calculated. Figure 4 shows the calculated quantized energy 
levels of the conduction and valence bands in InAs QDs with 
tensile-strained side-barriers. The lattice constants of the 

side-barrier surrounding the QDs are smaller by 2% (dashed 
lines) or 0% (solid lines) than that of the substrate. ELH 
increases with increasing QD height for both side-barrier 
strains. By increasing the tensile strain of he side-barriers up to 
2%, ELH increases and EHH decreases. ELH of a 12-nm-high QD 
with 2% side-barrier strain is higher than the corresponding 
EHH, so the TM-mode light is dominant over TE-mode light 
because the transition energy between the electrons and ELH is 
smaller than that for EHH. This result demonstrates that the 
columnar QD-side-barrier (CQD-SB) structure, in which CQDs 
with a high aspect ratio are embedded in tensile-strained 
side-barriers, produces a TM-mode-dominant optical transition. 
Moreover, it shows that polarization-insensitive gain in 
CQD-SB-SOAs can be produced by using QDs with high 
aspect ratio and by generating strain in the QDs in the range 
from compressive to tensile by using the strained side-barriers. 

We can design the polarization-insensitive gain in 
CQD-SB-SOAs using both of these parameters, that is the use 
of a high aspect ratio of QDs and the adjustment of the strain in 
QDs in a range from compressive to tensile, by using the 
strained side-barriers.  
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Fig. 4 Calculated energy levels of the conduction band and the valence 
band with 15 nm-base InAs strained side-barriers33).  
 

3. Polarization Property of PL in CQD-SB Structure  

 
To obtain InAs QDs (with tensile-strained InGaAsP 

side-barriers) with high aspect ratio, metal-organic 
vapor-phase epitaxy (MOVPE) was used to grow closely 
stacked InAs QDs on an n+-InP (001) substrate34) was used to 
grow closely stacked InAs QDs. The height of the CQD-SB 
structure was increased seven-fold to twenty five-fold to 
obtain a high aspect ratio. The amount of strain in the 
structure (hereafter, “strain amount”) changed from 4% 
monolayer (ML) to 9.6% ML with InGaAsP side-barrier 
strains between 2% and 4% and thickness between 2.0 and 3.0 
ML. The strain amount is defined by the product of the strain 
and thickness of the side-barrier. The side-barrier strains were 
changed by adjusting the material composition for controlling 
the lattice mismatch with a semiconductor substrate. The 
densities and the size of the QDs were determined by atomic 
force microscope (AFM) and cross-sectional TEM. The 
density of the QDs was 7.5 × 1010 cm-2. The base shape of the 
QDs, whose major axis in [1-10] was 22 nm and minor axis 
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[110] was 15 nm, was elliptical. indicate that there should be an isotropic polarization point at 
a strain amount between 7.4 and 9.3% ML. To investigate the polarization property, a sample with the 

slab-waveguide structure consisting of a 100-nm-thick InP 
buffer, a 100-nm-thick InGaAsP layer, a CQD-SB structure, a 
50-nm-thick InGaAsP layer, and a 3-μm-thick InP cladding 
layer was fabricated. These structures are similar to that of 
actual SOA devices, except for the carrier and optical 
confinement structures in the lateral direction. 

Figures 6(a) and (b) show the PL polarization differences as 
functions of SLN and the strain amount of the side-barrier at 
each ground-state with wavelength ranging between 1500 and 
1680 nm. The TM mode increases with increasing SLN34). 
When the side-barrier strain amount increases, the TM mode 
light also increases. These results have revealed that the 
number of stacked QDs and the strain amount of the 
side-barriers in the CQD-SB structure can be used to 
effectively control polarization sensitivity of the structure. We 
observed that the slope of the curve become smaller at an 
SLN of over 13, as shown in Fig. 6 (a). The variations in the 
ELH and EHH decrease with increasing number of stacked QDs 
because of the size effect of the CQD-SB structures; 
consequently; the increments decrease. This means that there 
is a strain amount below which the TM-dominant transition 
cannot be obtained, even when SLN is large. Controlling both 
the strain and the aspect ratio is thus important, and the strain 
condition is a fundamental requirement for enabling 
polarization control throughout from TE to TM. In regard to 
practical device design and fabrication, the details of the QD 
growth conditions (such as growth-interruption condition) 
have to be readily controlled for fulfilling the wavelength and 
polarization requirements36). To optimize the CQD-SB 
structure for operating CQD-SB-SOAs at a wavelength of  

Polarization-dependent PL intensities were measured by 
exciting the [1-10] edge facets of the sample with the 
slab-waveguide structure. A titanium-sapphire laser with a 
wavelength of 810 nm and excitation power of 700 mW was 
focused on the edge facets, and the TE- and TM-polarized PL 
signals were collected from the cleaved facet by setting the 
polarizer along the in-plane and growth directions, 
respectively. The peaks around 950 nm are due to the InP bulk 
material showing no polarization dependence. These peaks 
were used to monitor polarization axis determination. 

Figures 5(a) and (b) show the polarized PL spectra of 
CQD-SB structures with SLN of 22 and strain amounts of 7.4 
and 9.3% ML34). We controlled the strain amount of the 
side-barriers surrounding the CQDs by adjusting the 
composition and thickness of the side-barriers. The PL spectra 
for the strain amount of 7.4% ML were TE-mode dominant 
and those for 9.3% ML were TM-mode dominant. The 
differences between the TE- and TM-PL intensity were 1.2 dB 
for the strain amount of 7.4% ML and -1.8 dB for the strain 
amount of 9.3% ML at a wavelength of 1.55μm. These results  

 

 

 (a) 

 (b) 

 

Fig. 6 (a) The polarization difference of photoluminescence PL 
intensity TE-TM vs. SLN (b) The polarization difference of 
photoluminescence PL intensity TE-TM vs. strain amount of 
side-barriers. Fig. 5 The PL spectra; (a) the SLN of 22 and the strain amount of 

7.4%-ML (b) the SLN of 22 and the strain amount of 9.3%-ML. 
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8-degree off-angle and an anti-reflection coating was used2). 1.55 μm, we have to simultaneously adjust the wavelength in 
the ground state and also the polarization. The 
polarization-insensitive condition has been obtained in 
13-fold QDs with a strain amount of 8.8% ML, as indicated 
by the bigger-cross plots in Figs. 6(a) and (b)37). 

To confirm the polarization property under current injection, 
the polarized amplified spontaneous emission (ASE) and gain 
spectra of SOAs fabricated with the two types of CQD-SB 
structures described above were measured. The device length 
was 2 mm. The chip was characterized for CW (continuous 
wave) signals by varying the chip current from 100 to 700 mA. 
Figures 8(a) and (b) show the spectra of TE- and TM-mode 
ASEs for SLN of 22 and strain amounts of 7.4 and 9.3% ML, 
respectively. The TE- and TM-ASEs were measured by 
collimating the emission from the cleaved facet and collecting 
the TE- and TM-polarized signals with a polarizer. The ASE 
spectra for 9.3% ML were TM-mode dominant. The intensity 
of the TE- and TM-mode ASE at a wavelength of 1.55 μm 
saturates beyond 400 mA. The differences between the TE- and 
TM-mode ASEs were 5.3 dB for strain amount of 7.4% ML 
and –8.2 dB for strain amount of 9.3% ML at a wavelength of 
1.55 μm. 

 
4. Application to Device Fabrication 
 
4.1 Wafer PL vs. chip gain relationship 

To apply CQD-SB structures to practical SOA devices, it is 
essential to grasp the relationship between the wafer PL 
property and SOA-device characteristics under current 
injection. Figure 7 shows the fabricated structure of 
CQD-SOAs. The InGaAsP waveguide layer was buried with 
conventional p-n current blocking layers. A single layer of the 
CQD-SB structure was placed in the center of a 320-nm-thick 
InGaAsP waveguide layer so that the polarization difference 
in the waveguide confinement factor was 10% or less. To 
reduce refraction at the chip facets, a tilted waveguide with an  Figures 9(a) and (b) show the spectra for TE and TM gain. 

A polarization scanning technique was used to measure the 
polarization characteristics (Agilent 11896A). The gain 
spectra of CQD-SB structure with the strain amount of 7.4% 
ML show a greater TE-mode intensity than that of the TM 
mode. The gain spectra of CQD-SB structure with the strain 
amount of 9.3% ML show greater TM-mode intensity than 
that of the TE mode. The polarization dependence of gain 
(PDG) (GTE-GTM) of SOAs was 5.5 dB for the strain amount 
of 7.4% ML and –7.0 dB for the strain amount of 9.3% ML. 
The PDG spectra exhibit a tendency similar to those of the 
ASE, although two spectra-measurement systems, namely, a 
free-space-based system and an optical-fiber-based system, 

 
Fig. 7 Schematic image of CQD-SOA. 

   

  

  
Fig. 9 Chip gain spectra between 1300 and 1610 nm at the drive current 
ranging from 100 to 700 mA; (a) the SLN of 22 and the strain amount 
of 7.4%-ML (b) the SLN of 22 and the strain amount of 9.3%-ML.. 

Fig. 8 Polarization ASE spectra between 1300 and 1610 nm at the drive 
current ranging from 100 to 700 mA; (a) the SLN of 22 and the strain 
amount of 7.4%-ML (b) the SLN of 22 and the strain amount of 
9.3%-ML.  
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were used.  
To achieve polarization insensitivity in the QD-SOAs, the 

optical properties of the CQD-SB structures 
must be controlled precisely. The relationship between the 
polarization dependence of the PL intensity in CQD-SB 
wafers and the optical polarization characteristics of resultant 
devices was therefore investigated in detail. For this purpose, 
various kinds of CQD-SB structures were fabricated and 
evaluated. 

Figure 10 shows PDG evaluated at average gain 
((GTE+GTM)/2) of 10 dB versus polarization dependence of   
PL intensity (ITE-TTM) at a wavelength of 1.55 μm. We chose 
a drive current of 600 mA for which the gain saturates. The 
error in PDG was less than±0.1 dB, and the error in 
polarization-dependence was less than ±0.015 dB. PDG is 
almost directly proportional to the polarization dependence of 
PL intensity. Polarization-independent operation of the SOA 
at a wavelength of 1.55 μm is obtained at the point of 
PL-polarization dependence equal to 0.3 dB. To obtain 
polarization dependence of gain of less than ±0.5 dB at a chip 
gain of 10 dB, the PL-polarization dependence must be 
0.3±0.1 dB. 
 

 
Fig. 10 Polarization dependence of chip gain vs. polarization 
dependence of wafer PL. 
 
4.2 SOA characteristics 

To demonstrate the polarization-independent operation, 
SOAs with optimized CQD-SB structures were fabricated. 
Referring to the correlation as shown in Fig. 10, the CQD-SB 
structural parameters in the bigger-cross plots in Figs. 6 (a) 
and (b)37) were investigated. These parameters correspond to a 
polarization difference in PL intensity of 0.15 dB at a 
wavelength of 1.55 μm. The structure was optimized at the 
SLN of 13 with a strain amount of 8.8% ML36). Other 
parameters used for the device structures are similar to the 
ones described in Fig. 7. The SOA chip was characterized for 
CW signals at 25ºC. The device length was 6 mm. Figure 11 
shows the chip gain and PDG at a wavelength of 1.55 μm as 
functions of drive current. The gain appears at the drive 
current of 200 mA and saturates at 10.0 dB beyond 600 mA. 
The PDGs are less than ±0.9 dB in the drive current range 
from 100 to 1200 mA. It would be worthwhile mentioning 

that this device achieved error-free operation at a bit rate of 40 
Gbit/s, the detail of which will be published elsewhere. It is 
thus concluded that an SOA with a very low PDG at the 
wavelength of 1.55 μm can be produced by optimizing the 
CQD-SB structure.  
 

 
Fig. 11 The chip-gain characteristics as a function of drive current at 
the wavelength of 1.55 μm. 
 
Summary  
 

A technique for fabricating polarization-insensitive 
QD-SOAs was developed, and the polarization independent 
performance of the QD-SOAs was demonstrated. It was found 
that both the aspect ratio and strain of QDs are important and 
useful parameters for controlling polarization sensitivity. To 
control these two parameters, a novel CQD-SB structure that 
consists of columnar QDs embedded in tensile-strained 
side-barriers was fabricated. It was found that this structure 
enables polarization-insensitive operation in the 1.5-μm 
wavelength band. The relationship between the CQD-SB 
structures and the optical polarization characteristics of 
resultant devices was investigated. Polarization-independent 
photoluminescence (PL) was achieved in CQDs that have a 
13-fold by using tensile-strained side-barriers with a strain 
amount of 8.8% ML. The fabricated CQD-SB-SOAs have a 
gain of 10.0 dB with PDG of ±0.9 dB at a wavelength of 1.55 
μm. These results indicate that CQD-SB-SOAs can be used as 
a basic polarization-insensitive SOA device for future 
very-high-speed optical communication systems. 
. 
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