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Abstract

We report the strain compensation (SC) technique for a stacked InAs/GaAs self-assembled
quantum dot (QD) structure grown by metalorganic chemical vapour deposition (MOCVD).
Several techniques are used to investigate the effect of the SC technique: the high-resolution
x-ray diffraction (XRD) technique is used to quantify the reduction in overall strain, atomic
force spectroscopy is used to reveal that the SC layer improves the QD uniformity and reduces
the defect density and photoluminescence characterization is used to quantify the optical
property of stacked InAs QDs. In addition, experimental and mathematical evaluation of
reduction in the strain field in the compensated structure is conducted. We identify two types
of strain in stacked QD samples, homogeneous and inhomogeneous strain. XRD spectra
indicate that v; > 36% reduction in the homogeneous strain can be accomplished.
Inhomogeneous strain field is investigated by studying the strain coupling probability as a
function of the spacer thickness, indicating that 19% reduction in inhomogeneous strain within
SC structures has been evaluated. Next, device application of SC techniques including lasers
and modulators is reported. Room temperature ground-state lasing from 6-stack InAs QDs
with GaP SC is realized at a lasing wavelength of 1265 nm with a threshold current density of
108 A cm™2. The electro-optic (EO) properties of 1.3 um self-assembled InAs/GaAs QDs are
investigated. The linear and quadratic EO coefficients are 2.4 x 10~'' m V~! and

3.2 x 1078 m? V2, respectively, which are significantly larger than those of GaAs bulk
materials. Also, the linear EO coefficient is almost comparable to that of lithium niobate.

1. Introduction

Research on the growth of quantum dots (QDs) and
their application to photonic devices including lasers and
modulators has received considerable attention due to the
prediction that device characteristics would be dramatically
improved owing to their unique properties of zero-dimensional

0022-3727/09/073002+12$30.00

systems [1]. Since the first demonstration of QD lasers
was reported in 1994 [2], several groups have reported the
lasing of QD lasers at =1.0 um [2-6]. QDs have recently
attracted practical interest since QDs can extend the lasing
wavelength of GaAs-based lasers to 1.3 or 1.55 um, suitable
for metro/access optical-fibre communication systems with
low threshold current densities (Jy,), low-chirp operation,

© 2009 IOP Publishing Ltd  Printed in the UK
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high-speed modulation and high Ji temperature stability
[7-12]. Many groups have realized 1.3 um continuous-wave
(cw) lasing at room temperature (RT) of In(Ga)As/GaAs QD
lasers grown by molecular beam epitaxy (MBE) [13-19],
and high-performance QD lasers with a high characteristic
temperature (7p = 320 K) [18] or a very low threshold current
density (J, = 16 A cm~2) [19] have been demonstrated.

QD-based photonic devices grown by metalorganic
chemical vapour deposition (MOCVD) have also attracted
practical interest in terms of the application to distributed feed-
back lasers or photonic integrated devices that require regrowth
or selective area growth. Moreover, commercialization of
QD-based photonic devices would be enhanced by developing
the devices grown by MOCVD in terms of high growth rate
for mass production. Several groups have so far reported QD
lasers grown by MOCVD [20-26]. Lasing near 1.3 um has
been for the first time obtained from 5-stack InAs/InGaP QDs
clad by an InGaP layer [21], and recently ground-state lasing
has been obtained under cw operation at RT at 1.35 um, with
a maximum ground-state modal gain of 19.3cm™' [26]. How-
ever, the accumulation of the overall compressive strain by
stacking In(Ga)As/GaAs QDs can cause threading dislocations
as shown in figure 1(a) and increases the internal loss due to
scattering introduced by undulations of the interface between
the active and the p-clad layer. The accumulated strain fields
also cause a reduced QD density due to seeding effects from
the progressive size of stacked QDs.

One of the ways to circumvent these problems is to insert
a tensile layer within the stacked structure to compensate the
overall compressive strain. In compressive strained quantum
well (QW) lasers, the compensation of compressive strain by
inserting tensile layers has been demonstrated using InGaP
and InGaAsP. Improvements in both crystalline quality and
lasing performance including higher photoluminescence (PL)
intensity, narrower PL linewidth and lower threshold current
density have been proven [27-29]. In stacked QD active
regions, the use of the strain compensation (SC) technique
would be a powerful parameter in designing laser structures
to reduce defect formation and compensate the compressive
strain. Two methods for compensating the overall strain
of stacked QDs have been reported. One approach is to
use GaNAs SC as the capping layer of InAs QDs [30], and
another is to insert Ga(In)P SC layers within the stacked
structure [24,31-33] but, so far, this SC technique has not
been well studied. The lack of studies on phosphide-based
materials is likely due to the inconvenience of a pyrophoric
phosphide source in QD-growing MBE systems. We have
already reported the effect of SC in stacked InAs QDs [32, 33]
and demonstrated the lasing at 1.265 um from multi-stacked
InAs QDs with GaP SC layers with the threshold current
density of 108 A cm™2 [24,25].

In this paper, we closely investigate a SC technique to
improve both the structural and the optical properties of stacked
InAs QDs grown by MOCVD. First, fabrication of stacked
InAs QDs with a thin GaP tensile layer embedded in GaAs
barriers to reduce the accumulation of compressive strain in
the stacked InAs QD active regions is investigated. The
effects of the SC layers are investigated by using several
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Figure 1. Cross-sectional TEM image and schematic illustration of
a 10-stack QD grown by MOCVD with a spacer thickness of 15 nm
(a) without and (b) with a GaP SC layer.

methods. Atomic force spectroscopy (AFM) reveals that
the SC layer improves the uniformity of InAs QDs and
reduces the defect density. PL is used to corroborate the
improved optical properties. Next, we identify two types of
strain in QD structures, homogeneous and inhomogeneous
strain. High-resolution x-ray diffraction (XRD) spectra are
used to quantify the homogeneous strain. The inhomogeneous
strain field is investigated by studying the strain coupling
probability as a function of the spacer thickness. Then, the
device applications of the SC technique including lasers and
modulators are reported. We investigate the device properties
including the threshold current density (Jy,), the lasing spectra,
the modal gain and the internal loss of a laser with a 6-stack
InAs/GaAs QD active region utilizing 6 monolayer (ML)
GaP SC layers embedded in 27 nm GaAs spacers. For the
modulator application, the electro-optic (EO) properties of
stacked InAs/GaAs QDs with GaP SC are studied. The
linear EO (LEO) and quadratic EO (QEO) coefficients are
quantified by measuring the phase retardation characteristics
of the fabricated QD modulators.

2. Sample growth and characterization of stacked
InAs QDs with SC

In general, accumulation of strain is a limiting factor in the
epitaxial growth of a lattice-mismatched material system. For
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bulk materials, the thickness at which the strained crystal
starts developing the misfit dislocations is defined as the
critical thickness [34]. Above the critical thickness the
minimum energy is achieved through the introduction of
dislocations and lattice relaxation. Relaxation implies that
the material that has been once strained and contorted now
comes back to its original lattice size. In the strained multiple
QW or QD structures, strain accumulates and the critical
thickness can be reached as the number of strained layers
increases.

Figure 1(a) shows the bright-field cross-sectional
transmission electron microscopy (TEM) image of a 10-stack
QD structure using the growth condition of a single-stack
QD with an emission wavelength of 1.3 um. The QD layers
are separated by 15nm GaAs spacers. The accumulation of
compressive strain through these thin spacer structures results
in dislocation formation and relaxed surface. The quality of
this sample is much lower than those in any working QW or QD
devices. Indeed, the QD structure with this high dislocation
density is not expected to emit any light from the active region
at all. In order to avoid the relaxation, the total elastic energy,
E a1, Of the structure must be less than a critical value. The
relationship between the total elastic energy as a function of
the number of stacks, Nyacks, and the average strain can be
described as [35]

2
Erotat X Nstacks(€1) Ispacing» (D

where £ and fg,cing are the average strain of each QD layer
including GaAs barriers and the thickness of the spacers,
respectively. So far, two materials have been reported for
compensating the compressive strain in InAs/GaAs QDs, one
is to use the binary material GaP and the other is to use
the ternary material InGaP. The improved crystalline quality
using InGaP SC layers has been verified [32]. However, the
InGaP layers can lead to bimodal size distribution of QDs and
phase separation at the InGaP/GaAs interface under HRTEM.
For these reasons, the binary GaP material is certainly a
better choice of SC material than ternary InGaP. However, the
thickness of the GaP layer has to be optimized due to the large
lattice mismatch between GaP and GaAs.

2.1. Sample preparation and characterization method

All samples are grown in a low-pressure MOCVD
system, using trimethylindium (TMI), trimethylgallium,
trimethylaluminum, tertiarybutylphosphine and arsine (AsHj3)
as the source materials, at a total pressure of 60 Torr. Disilane
and carbon tetrachloride are used as the n- and p-type doping
materials for laser structures. Growth is initiated on a GaAs
(001) substrate with a 3000 A GaAs buffer layer grown at
680 °C and then the temperature is reduced and stabilized for
active region growth within the range 450-520 °C. Each QD
layer consists of a 5 ML Ing 5GagssAs buffer layer, 3 ML
InAs QD coverage and a 25 ML Ing 5Gag g5 As capping layer to
extend the emission wavelength. An AsHj3 pause is introduced
after the growth of each QD layer to reduce the defect density.
Stacked QD layers are separated by two GaAs barrier layers
sandwiching either a thin GaP SC layer of different thickness,

Figure 2. AFM images (2 um x 2 pm) showing the top layer of a
3-stack (a) without SC and (b) with SC and a 5-stack (c¢) without SC
and (d) with SC [24].

ranging from 2 to 8 MLs, or a 8 ML In,Ga;_,P layer with
different compositions (x = 0.3 and 0.36) for comparison
with GaP SC layers. The lattice constant, ap, of GaP is
ap = 0.545nm, resulting in a lattice mismatch of —3.54%
to GaAs. The surface characteristics, optical property and
crystalline quality of these samples are characterized by using
AFM, XRD, TEM and conventional PL with a 5 mW He—Ne
laser and a 1.5 mm spot size.

2.2. PL and AFM characteristics of stacked with different
thicknesses of SC layer

Figure 2 shows AFM images (2 x 2 um?) of the surface QD
layer atop (a), (b) a 3-stack and (c), (d) a 5-stack active
region both with and without 4 ML GaP layers. There are
several competing effects that control the QD formation under
the presence of strain. The general trends are elucidated
in table 1. With increased stacking layers, the QD density
reduces and the defect density, the QD height and QD diameter
increase. The deleterious effects of stacking are reduced by the
introduction of SC layers. In more detail, the QD density can
remain constant at ~5 x 10'®cm™2 as the stacking increases
if SC is incorporated. Without SC, the vertical overlap of
propagating strain fields will likely control the QD nucleation
and reduce the QD density. The defect density of the samples
without SC increases as the QD density reduces. The 5-stack
sample without SC (sample (c)) has a high defect density of
2.1 x 10° em~2 and surface undulations. With SC, the defect
density remains in the 10® cm~? regime. Increased stacking
also causes larger QDs in both width and height, compared
with a single QD layer. The diameter increases by ~30% for
the samples without SC due to a reduced wetting layer (WL)
thickness (more material in the QDs), but only by ~10% with
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Table 1. Tabulated AFM data from the samples in figure 2 including
the dot density, the defect density and the dot size for a single layer,
3-stack and 5-stack active regions with and without GaP SC

layers [24].

Dot Defect
density density Diameter Height
(em™?) (em™)  (nm) (nm)
Single — 54 %10 4.0x10% 32 55
layer
3-stack without 4.8 x 10" 9.0 x 10® 36 59
layer GaP
with 5.1 x 10" 6.0x 108 31 6.0
GaP
5-stack without 2.8 x 10" 2.1 x10° 42 7.3
layer GaP
with 49 x 10" 65x10% 35 7.5
GaP

= 5 Stacks with GaP
SC thickness of

2ML

4 ML

Intensity (a.u.)

1200 1300 1400 1500

Wavelength (nm)

1100

Figure 3. RTPL from the 5-stack samples with 2, 4, 6 and 8 MLs of
the GaP SC layer [24].

SC. The average QD height increases by ~35% both with and
without SC.

Figure 3 shows the RTPL from the 5-stack QD samples
with GaP SC layers of different thicknesses: 2, 4, 6 and 8
MLs. Overall, the PL intensity is more than one order of
magnitude higher with GaP SC layers than without. As the
thickness of the GaP layer increases, a blue shift from 1.33 to
1.25 um can be observed. This is a result of a 9% reduction
in the QD size driven by the increased tensile strain. The PL
intensity increases with the GaP layer thickness from 2 MLs
to 4 MLs and then decreases for thicknesses of 6 MLs and
8 MLs. The decrease in the PL intensity associated with the
thicker GaP SC can be attributed to partial relaxation of the SC
layer and dislocations in the structure. The critical thickness
of the embedded GaP layer is expected to be much lower than
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Figure 4. RTPL spectra comparing single to 4-stack QD active
regions (a) with 4 ML GaP SC and (b) without SC layers [24].

the value reported for GaP on GaAs (~12 MLs) due to the
existing strain from the QD regions.

2.3. PL and AFM characteristics of stacked QDs with
different stacking numbers

Figures 4(a) and (b) show RTPL spectra from four uncapped
QD samples with different stacking numbers with SC and
without SC, respectively. Two different peaks are identified
in each spectrum: one peak at 1.6 um from the surface QDs
and another peak at 1.3 um from the capped QD region. The
electron—hole pairs are mainly generated in the GaAs buffer
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Figure 5. RTPL spectra comparing the QD active regions with
(a) GaP, (b) (¢) In,Ga;_,P SC and (d) without SC layers in the
5-stack sample.

layer since the GaAs barriers between the QD actives are
very thin. In both types of samples (with and without SC)
the relative intensity of the uncapped QDs to the capped QDs
reduces with additional stacks as more carriers are captured by
capped QDs. In figure 4(a), the PL intensity increases linearly
with each additional QD stack indicating that the number of
non-radiative recombination sites does not increase drastically
with stacking. The red shift in the PL peak position with the
increased number of stack layers is attributed to the increase in
the QD size as observed by AFM. In figure 4(b), the intensity
increases from a 1-stack to a 3-stack, then begins to reduce as
the 4th stack is added. The intensity from the single QD stack
is fairly low because carriers readily thermalize to the ground
state of the surface QDs, where they recombine radiatively and
emit at 1.6 um.

2.4. PL characteristics of stacked QDs with GaP and InGaP
SC

Figure 5 shows the improved RTPL intensity of the 5-stack
QD structures embedded with the previously optimized 4
ML GaP SC layers compared with a series of samples with
InGaP SC. The emission wavelengths are observed between
A = 1340nm and 2 = 1325nm. The comparison shows
that the PL intensity with SC is increased by factors of 1.8
(8 ML Ing 36GaP), 6.2 (8 ML Ing 30GaP) and 12.5 (4 ML GaP)
compared with the sample without SC as a result of fewer
non-radiative recombination centres. The full-width at half-
maximum (FWHM) varies slightly from sample to sample
within the range 5870 meV. It should be noted here that one
of the interesting points in these PL spectra is the comparison
between the PL intensities of samples (a) and (b). Although
these two samples have a similar amount of strain reduction,
the PL intensity of sample (a) is brighter than that of sample
(b) by about a factor of 2. This is due to the difference in

the material uniformity of InGaP and GaP SC layers due to
segregation issue of indium adatom.

3. Strain distribution analyses in stacked QDs

Strain in stacked QD can be categorized into two types,
homogeneous (net) strain and inhomogeneous (localized)
strain. The difference between these components is their
propagating field configurations. The homogeneous strain is
initiated from WLs and InGaAs caps, propagating uniformly
into GaAs barriers. This homogeneous strain is similar
to the strain configuration in the QW structure and can be
simply calculated by taking into account the different lattice
parameters of the layers, the indium composition and the
layer thickness. Compared with the homogeneous strain, the
inhomogeneous strain field configuration is more complicated.
The inhomogeneous strain originates from embedded QDs
propagating into GaAs barriers and is very strong at the QD
site, but reduces in strength with vertical propagation. These
properties of the inhomogeneous strain make it more difficult
to compensate by SC layers, which is evident from the vertical
coupling QDs within the structures with SC layers. Although
partial compensation of inhomogeneous strain is evident from
the reduction in the defect density and the improved QD
uniformity, it is important to quantify inhomogeneous strain
field compensation.

3.1. Analyses of homogeneous SC

One of the essential tools to characterize heteroepitaxial
structural parameters is XRD. By analysing parameters such
as peak separation and intensity from the diffraction, structural
information such as layer thickness, composition (for a ternary
layer) and crystalline tilt can be determined, and they are often
complementary to the information obtained from TEM images
or from luminescence spectroscopy data. The key strength of
the XRD technique is the high strain sensitivity. For epitaxial
alloy layers, the lattice strain contributes mostly to the coherent
Bragg diffraction. For strained coherent epitaxial layers and
the interfaces of common heterostructures, high-resolution
XRD with double crystal diffraction (DCD) is capable of
providing structural information on the homogeneous strain
of the structure. In this system, the measured intensity is
an integrated intensity, integrated over the diffraction plane
normal to the diffractometer axis that contains the source and
the detector.

A series of 5-stack QD samples with In,Ga;_,P SC
layers with different In compositions ranging from x = 0
to x = 0.36 have been grown. A previously optimized
thickness which gives the maximum RTPL intensities for
each SC composition is used for this experiment. High-
resolution XRD is performed using a Philips MRD double-axis
diffractometer, employing Cu Ky (A = 1.54 A) with a four
crystal Ge(2 2 0) monochromator and a channel cut Ge(2 2 0)
analyzer. Experimental symmetric scans around the (004)
reflection in /20 geometry are used to measure the effect of the
SClayers on the strain accumulation and the lattice distortion in
these stacked QD samples. The XRD spectra for four samples
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Figure 6. Symmetric 004 XRD patterns for a 5-stack QD structure
with (a) no SC layer, (b) 8 ML Ing3GaP, (c) 8 ML Ing 35GaP and
(d) 4 ML GaP.

that have 5-stack QDs with a spacing thickness of 15 nm and
(a) no SC, (b) 8 ML Ing 35GaP SC, (c) 8 ML Ing 33GaP SC and
(d) 4MLs GaP SC structures are shown in figure 6. These
four spectra are characterized by zero-order peaks located
at (a) A0 = —1962arcsec, (b) A0 = —1476arcsec, (c)
AO = —1283arcsec and (d) A0 = —1264arcsec. The
zero-order peaks in figures 6(b)—(d) shift closer to the GaAs
substrate peak, which indicates reduced compressive strain
with decreasing In content in the SC layers.

The average perpendicular strain,
determined by

(e1), can be

sin 93

“U = Gt ae) @
where 6 is the Bragg angle of the GaAs substrate. From
equation (2) and the experimental values for A@, we calculate
the total strain in each sample and list them in table 2. In these
samples, the perpendicular strain, (¢ ), varies from 0.014 897
(with no SC) to 0.009 68 (with 4 ML GaP SC), which can be
translated to 25-36% reduction in the compressive strain due
to the SC layers compared with the sample without SC layers.
The total average strain values obtained from the XRD spectra
show a total strain reduction of 36% from the structure with 4
ML GaP SC layers, compared with the structure without the SC
layer. The results are consistent with the simulation based on
a simple model of average perpendicular strain (homogeneous
strain) in a QW structure. The strain in this structure can be
given by

Z (8J_)l t;
(e1) = Ty (3
o, G dous @

AGaAs

where ¢, and ¢ are the strain and the thickness of the ith layer
(not including the InAs QD island), respectively, and g; is the
lattice parameter of the ith layer which depends on the material
composition. The calculation results from equation (3) are
included in table 2. The comparison between the strain
reduction values obtained from this model and from the XRD
measurement verifies the reduction in the homogeneous strain
obtained from the XRD measurement.

3.2. Analyses of inhomogeneous SC

While the effect of SC layers on homogeneous strain reduction
has been shown to be obtained from the high-resolution
XRD measurements, XRD is limited in information regarding
the randomly distributed strain fields produced by QDs
(inhomogeneous strain) since they attribute to incoherent,
diffuse scattering of the x-ray signal rather than diffraction.
The inhomogeneous strain field configuration is thus more
complicated to analyse than the homogeneous strain. Instead
of the XRD technique, many groups have investigated the strain
effect of stacked QDs by varying the spacer thickness [36—39].
An analytical description of the correlated island formation
under strain fields has been provided by Xie et al [38]. This
group has shown that self-assembled QDs induce a tensile
strain field in the prospective cap layer grown above the islands.
When #; < 50nm, which is within the strain dependent or
strain coupled range, the inhomogeneous strain fields provide
the driving force for vertically aligned QD formation. When
t, > 50 nm, the inhomogeneous strain field becomes diffused
and negligible. Subsequent indium deposition produces island
formation that is independent of the underlying QDs and
thus strain-decoupled. The occurrence of strain coupling
between adjacent QD layers can be observed and evaluated
from microscopy images. Hence, it is possible to quantify
inhomogeneous strain field within stacked QD structures by
evaluating the strain coupling probability of QD formation as
a function of the spacer thickness, with and without SC.

In this study, the effect of inhomogeneous strain in stacked
QDs with SC layers will be verified by evaluating the vertical
coupling probability of QD formation between stacks. Two
sets of 5-stack QD samples are grown with varying spacer
thicknesses, ranging from 15 to 45 nm, without SC and with
4 ML GaP SC layers. For samples with SC layers, the SC
layer is located at 4 nm above each QD layer as in previous
studies. In these samples, the InGaAs caps are removed from
the QD layers in order to improve the contrast between the
QD and GaAs barriers in cross-sectional HRSEM images.
Figure 7 shows the [0 1 1] cross-sectional SEM images of the
sample with t;, = 25nm (a) without and (b) with SC layers.
From the material contrast, the structure without the SC layers
shows a strong coupling between the QD layers. The size
of QDs increases by approximately 20% in both width and
height by stacking QDs, as shown in figure 7(a) under the
effect of accumulated inhomogeneous strain in the columnar
direction. By counting the number of coupled QDs with
the higher magnification image as shown in figure 7(c), we
obtain a coupling probability of 0.89 for this sample. With the
presence of SC layers as shown in figure 7(b), the coupling
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Table 2. Tabulated XRD data including a zero-order peak, total strain, % strain reduction for 5-stack QDs with a spacer thickness of

15 nm [32].
Ing 36Gag 4P Ing 30Gag.70P GaP
Data No SC (8 MLs) (8 MLs) (4 MLs)
A6 (arcsec) —1962 —1476 —1283 —1264
(e1) 0.014 897 0.01116 0.009 68 0.009 52
Strain reduction — 25 35 36
(%) (Experiment)
Strain reduction — 33 39 35
(%) (Calculated)
] ]
] I ]
AN I\
Surface ’ A} ’ \

Coupling probability of
2" |ayer = 1.0
34 Jayer = 1.0
| 4% layer = 0.80

5" layer=0.75
| Average probability
=0.89

(c)

Figure 7. Cross-sectional SEM images of the 5-stack QD ensemble
with 7, = 25 nm (a) without SC and (b) showing reduction in the
coupling probability with SC layers [39].

probability reduces to 0.70 with improved size uniformity
of QDs. The inset of figure 7(b) shows evidence of strain-
decoupled QD formation at the 4th layer, which suggests
successful compensation of the inhomogeneous strain field
with SC layers.

Figure 8 shows a schematic illustration of the indium
atom migration process on a stressed surface. Under the
assumption of an isotropic crystal, where the strain interacts in
the same manner regardless of the crystal orientation, the two-
dimensional inhomogeneous strain component on the surface
along the x-axis can be expressed by [36]

3

GaAs _ "o
Epp (X, 1) = 2A80m (5)

and

3 BInAs

A=
3BInAs + 2EGaAs/(1 + UGaAs)

=0.572, (©)

where r( is the radius of the equivalent spherical QD, ¢ is
the barrier thickness and &y (~0.07) is the lattice mismatch
between InAs and GaAs. This equation indicates the existence
of a strong inhomogeneous strain field at the QD site, which
reduces in intensity with vertical propagation. The strain field
from a buried QD introduces an inhomogeneous distribution of
the surface chemical potential. The surface chemical potential

/
In adatoms

strain field 7

layer GaAs buffer
() —>x
T T
O woGaPsc
n with GaP SC
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Figure 8. (a) Schematic illustration showing the indium atom
migration process on the stressed surface. (b) Experimental
(squares) and simulation (line) results of coupling probabilities
as a function of the spacer thickness [39].

for InAs as a function of strain on a flat GaAs surface can be
described as [40]

Qas

, (7
2EInAs ‘

p(x, ) = po +
where o is the surface chemical potential of bulk InAs,
Quas 1s the atomic volume of an InAs molecule and o is
the tangential stress at the surface. The strain-driven adatom
migration generates the net probability of indium atoms being



J. Phys. D: Appl. Phys. 42 (2009) 073002

Topical Review

sucked into the regions —d /2 < x < d/2 ontop of a QD. This
net probability K can be expressed as

_ D pl/2,1) — p(0,1)
ks T 1/2 ’

®)

where D is the surface diffusion coefficient of indium adatoms,
kg is the Boltzmann constant, T is the growth temperature,

w(l/2,t) — n(0, t5)
12

represents the average driving force, D/kgT is the mobility
of the indium adatoms and / is the average separation between
QDs. The indium adatom concentration and the amount of
material M arriving within —d/2 < x < d/2 can be given
by [41]

(+d/2) = F x L sinh O ©)
=F x
" DKcoshQ+VD sinh Q

and

M = Fd +Kn(d/2) + Kn(—d/2), (10)

where F is the indium flux, Lp is the diffusion length,
Vb = Lp/t ( is an average incorporation lifetime of indium
adatoms) and Q = (Il — d)/2LD. The pairing probability
can be defined as the ratio P = M /My, where Mr is the
total material delivered in unit time within length /. From
equations (5)—(10), the probability of QD formation on top of
aburied QD depends on the distribution of the surface chemical
potential, which is a function of the average lateral separation
between QDs (/). The coupling probability is proposed by Xie
et al [38]:

po=4e(1-4)2

sinh Q
x ts l 2ElnAskBT .
cosh O + = TAS sinh Q
ry SLpA Quas(xCy1*e0)? 1 — 1
(11)
and
I=(%/4t2 + 1), Q= (—-d)/2Lp, (12)
where the QD widths d ~ 30nm and [ ~ 100nm

are determined by AFM characterization. The variable x
represents the coefficient of the strain field initiated from a
buried QD to the upper surface and x = 1.0 for a structure
without a SC layer.

The coupling probability of these samples obtained from
SEM as a function of the spacer thickness is shown in
figure 8(b). There is no difference in the coupling probabilities
between the strain-compensated and uncompensated structures
for closely stacked QDs (t; < 15nm), where the coupling
probability is approximately 100% for both cases. For a
thicker spacing (¢, > 25 nm), the inhomogeneous strain field is
partially suppressed by the SC layer and results in the reduction
in the coupling probability. By combining equations (5)—(10)
and using a diffusion length L ~ 280 nm, [38], we can treat r
of equation (5) as the only unknown. The value of ry = 6.1 nm

is found to be a reasonable fit with our experimental results
of the structure without SC (solid), as shown in figure 8(b).
By using the same parameters and fitting to the SC data
while treating x as unknown, we obtain x = 0.81. This x
value indicates a 19% reduction in the inhomogeneous strain
field under the presence of SC layers. This amount of strain
reduction is approximately half of the homogeneous SC (36%
reduction) obtained from the XRD results [31]. Due to the
strong inhomogeneous strain field in closely stacked structures,
it is possible to affect the QD coupling probability with the
spacer thickness of the SC layers ranging from 15 to 25 nm.

4. Device application of QDs with GaP SC

In this section, device applications of the SC technique
including lasers and modulators are reported. The QD long-
wavelength emission using MOCVD has been more difficult
due to the accumulation of the overall compressive strain by
stacking In(Ga)As/GaAs QDs, which results in the formation
of threading dislocations and increases the internal loss due to
scattering introduced by undulation of the interface between
the active region and the p-cladding layer [42,43]. Only
recently has the ground-state lasing at A > 1.24 um from
MOCVD-grown stacked QDs been demonstrated [21-23, 25].
To date, there are several approaches to demonstrate the ground
state lasing grown by MOCVD. Kim et al has embedded the
QDs in an InGaP barrier [21], which results inhigh 7, = 210K
and J, = 200Acm™2 at A = 1.28 um. Kaiander et al
and Tatebayashi er al have employed annealing steps that
remove defect clusters [22, 23] resulting in a low transparency
current density of 7.2 A cm~2 per QD layer at A = 1.265 um.
Guimard et al have introduced antimony-surfactant-mediated
growth methods to increase the QD density and improve
the QD uniformity, resulting in the ground-state RT lasing
under cw operation at 1.35 um with a maximum modal gain
of 19.3cm™!. The SC technique proposed in this paper
may be a powerful tool to circumvent the formation of
threading dislocations and reduction in the dot density caused
by the accumulative compressive strain to improve the device
performance including the modal gain and the internal loss.

4.1. Growth of device structures by MOCVD

The QD laser structure and modulator are grown on a (1 00)
n-GaAs substrate followed by a 1.46 um n-Aly3Gag;As
cladding layer, an active region, a 1.46 um p-Aly3Gag;As
cladding layer and a 400nm p*-GaAs contact layer. The
growth temperatures of n- and p- cladding layers are 700
and 560 °C, respectively. The active region consists of six
stacks of InAs QDs with GaP SC layers. Each QD layer is
grown at 520°C on a 5 ML Ing ;5Gag gsAs buffer and covered
with a 25 ML Ing 5Gag ssAs cap. The growth rate of InAs
QDs is 0.07SMLs™!, and the nominal thickness of InAs is
approximately 2.6 MLs. The density of the 1st and 4th layers of
InAs QDsis 1.9%x 10" cm=2 and 2.0 x 10'° cm~2, respectively,
as shown in figure 9(a), which indicates that the density
of each layer remains constant throughout the QD stacking
process due to the effect of SC. In the growth of stacked
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(o) . 100 nm

Figure 9. (a) AFM images of the uncapped surface of (i) a single
layer (dot density: 1.9 x 10'° cm™?), (ii) the fourth layer of stacked
InAs QDs containing a 6 ML GaP SC layer with indium flushing
(2.0 x 10'°cm™2). (b) Cross-sectional TEM image of six layers of
InAs QDs embedded in an Ing 15Gag g5 As layer with 27 nm spacing
containing 6 ML GaP SC layers [25].

QDs, an indium-flushing method [44] is used to improve the
surface morphology and the quality of the GaAs capping
layer [22,23,33]. An indium-flushing step is accomplished
by annealing the surface for 300 s under the AsH; flow after
the QD layer is covered with a 4 nm GaAs cap. Then a GaP
SC layer is grown on the GaAs cap. After the growth of the
GaP SC layers, the wafer temperature is increased to 540 °C
and the surface of GaP is annealed for 180s under the TBP
flow. Both annealing steps aim to improve the interlayer dot
uniformity for QDs embedded in GaAs [45, 46]. After surface
annealing, another 14 nm GaAs cap is grown at 540 °C. Then
the wafer temperature decreases to 520 °C, and the next QD
layer is grown. Figure 9(b) shows the XTEM image of a six-
stack QD active region along with the GaP SC layers and 27 nm
spacing. The image suggests that the InAs QDs are not formed
in the columnar growth mode as might be expected from the
very close QD spacing. Rather, each QD layer nucleates
semi-independently of the underlying QD layer as previously
discussed.

4.2. QD lasers with GaP SC

Broad area laser structures, with a 100 um wide ridge
and varying cavity lengths, are fabricated for device
characterization.  First, we measure the spontaneous RT
emission spectra of the QD lasers with cavity lengths of
500 um and as-cleaved facets on both sides. Figure 10(a)
shows the EL spectra of the QD laser at various injection
current densities under pulsed conditions (1% duty cycle)
ranging from 20Acm™2 to 2kAcm™2. We can observe
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Figure 10. (a) EL spectra of 6-stack InAs QD lasers with GaP SC
layers at various injected current densities ranging from 20 A cm 2
to 2kA cm~2 and the PL spectrum of their active layers. (b) LI
characteristics of the QD lasers under pulsed operation at RT. A
threshold current density Jy, is 108 A cm~2. The inset shows the EL
spectra of fabricated QD lasers just above and below the threshold
current Jy, [25].

separate peaks from the characteristic discrete energy levels
of QDs at wavelengths of 1.28, 1.22 and 1.16 wm under high
injection currents. The FWHM of the ground-state emission
from the PL spectrum with the same active layer is 33 meV. The
intersubband energy spacing between the ground and excited
states is 48 meV. Moreover, the EL peak of the QD laser does
not shift towards a shorter wavelength with the two postgrowth
annealing steps as the PL peak of the active region [23]. We
then study the output power—current (L—I') characteristics and
lasing spectra of the laser structure with the cavity length of
1 mm at RT. High-reflectivity coatings (reflectivity: 90 and
94%) are applied on the two facets of the laser structure.
Figure 10(b) shows the L—1I characteristics and EL spectra just
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below and above the threshold current under the same pulsed
conditions. The threshold current density, Jip, is 108 A cm—2
and the lasing wavelength is 1.265 um. We believe that the
lasing wavelength can be extended to 1.3 um by increasing
the indium composition of the InGaAs matrix [12].

The internal loss and modal gain of the QD laser are
assessed by the segmented contact method using a single multi-
section device [47,48]. The wafer is processed into a multi-
section device, where each section is electrically isolated from
every other, following conventional broad area laser processing
techniques, as shown in the inset of figure 11(a). The width of
the stripe is 50 um. A final multi-section device is composed of
0.3 or 0.6 mm long sections. The EL emission is detected from
the cleaved facets of the cavity by using an optical spectrum
analyzer. A net modal gain, g, and a modal absorption, « are
derived from equations given as [48]

L (B=h (13)
= — In — ,
="\ Lo
1 L — I
a=—In , (14)
L Ly — 1

where L is the cavity length, I;, I, I3 or I3 is the EL
intensity when sections 1; 1 and 2, 1, 2 and 3, or 1 and 3,
respectively, shown in the inset of figure 11(a) are pumped
with a current density J. The internal loss is determined to
be approximately 5 cm ™! from the modal absorption spectrum,
derived from equation (13), below the bandgap of the ground
state of QDs, as shown in figure 11(a). The low internal loss
is likely due to the suppression of the overall compressive
strain by inserting GaP SC layers, resulting in the morphology
improvement at the heterostructure interface. We plot the
modal gain characteristics of the ground states against the
injected current densities as shown in figure 11(b), and the net
gain spectra are derived from equation (14) and shown in the
inset. By increasing the injected current density, the modal
gain of the ground state first increases and then saturates. We
can estimate that the maximum modal gain of the ground state
of the QD laser is approximately 10cm™!. It is possible to
obtain higher modal gain by increasing the stacking numbers
because we can form stacked QDs without reducing the dot
density caused by the accumulated strain field when stacking
QDs by inserting SC layers within the stacked structure.

4.3. OD modulators with GaP SC

QD-based EO modulators have attracted considerable interest
for their potential application to monolithic photonic devices
integrated with other components under a low-driving voltage
owing to their enhanced optical nonlinearities and EO
properties. These enhancements are due to the enhancement
of the oscillator strength [49-51] caused by the complete
confinement of electrons and holes within discrete sets of the
density of states [1]. So far, several groups have reported
the measurement of the phase retardation characteristics of
single layer self-assembled In(Ga)As/GaAs QDs emitting
at 1.0-1.05 um [52-54] and showed much higher LEO
and QEO coefficients than the GaAs bulk material at a
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Figure 11. (a) The modal absorption spectrum of the fabricated QD
lasers under an injected current density (J) of 33 A cm~2. The inset
shows the schematic diagram of a multi-section device structure.

(b) The modal gain of the ground state of the stacked InAs QD
lasers against the injected current densities. The inset shows the net
gain spectra of the QD lasers at various injected current densities
ranging from 100 to 800 A cm~2 [25].

pumping wavelength of 1.15 um [53,54]. However, there
has been few reports of QD modulators operating at 1.3 um
which is technically suitable for fibre-optic communication
systems [55].

Measurement of the EO coefficients is performed by
coupling light from a distributed feedback laser onto one
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Figure 12. Phase retardation characteristics of 6-stacked InAs
quantum dot modulators with a 2 mm cavity length under a reverse
bias voltage. The solid line is a fit to the measured data [55].

facet of the previously mentioned 5-stack QD modulator/laser
structure with a cavity length, L, of 2 mm by using an objective
lens. The wavelength of the pumping laser, A, is 1.35 um,
detuned by 50meV from the ground state of QDs. The
polarization of the pumping laser is oriented through the use
of an input polarizer at 45° in the direction of the electric field
applied to the device. The phase retardation of the output light
from the propagation through the device is measured with an
analyzer with a Ge detector and a lock-in amplifier.

Figure 12 shows the phase retardation characteristics of
the QD modulator device as a function of the reverse bias
voltage. The LEO and QEO are obtained by fitting the
measured phase retardation, A®, with the relation [56]

3

7 Ln

AD = (DrE + Tgs EY),

s)

where n is the effective refractive index in the active region, £
is the electric field in the active region derived from the standard
depletion model, r and s are the LEO and QEO, respectively,
and I't and I'y are the linear and quadratic confinement factors
of the waveguide. Both LEO and QEO have two contribution
components, the QDs and the GaAs matrix:
F](q)l"(S) = 1-‘l(q)r(s)QD + 1—‘l(q)Matrixr(S)Matri)(v (16)
where I'iq)op and I'i(gymauix are the confinement factors of the
QDs, taking into account the fill factor, and the GaAs matrix,
and 7 (s)gp and 7 (s)mauix are the LEO (QEO) of the QDs and
the GaAs matrix, respectively. The fill factor of the QD layer
is estimated to be 0.063 by using the technique described
in [57]. The optical confinement factors are evaluated from
the optical mode distribution and I'gop and I'igmawix are
1.27 x 1073 and 0.559, respectively. The rgaas and sgaas

11

are given by 1.6 x 1072?mV~! and 1.3 x 107°m? V2 at
1.3 pum, respectively, from [58]. The LEO and QEO of InAs
QDs, rgp and sqgp, can thus be derived from the measured
data, fitted by the equation of the relationship between the
phase retardation and the applied electric field shown above,
tobe 2.4 x 10" m V"' and 3.2 x 1078 m?> V2, respectively.
Both these values are larger than those of GaAs bulk, and
LEO of InAs QDs is comparable to that of lithium niobate
(~3.1 x 107" mVv~-h),

From equations (15) and (16), phase retardation
characteristics largely depend on the optical confinement factor
of QDs and the electric field applied to the active region. It
would be possible to obtain larger phase retardation under a
lower bias voltage by stacking QDs as many layers as possible
in order to increase the optical confinement factor. It is
also beneficial to stack QDs more densely to obtain a higher
applied electric field if the modulator is operated under the
same applied voltage. The use of GaP SC can enable the
growth of dense and uniform QD stacks without any threading
dislocations or strain accumulation through the compensation
of the overall compressive strain within the active region.

5. Summary

We demonstrate the SC technique for the growth of a stacked
InAs/GaAs QD structure. Experimental and mathematical
treatments of the reduction of two types of strain, homogeneous
and inhomogeneous strain, in the compensated stacked QD
structure are conducted. The HRXRD technique is used to
quantify the reduction in homogeneous strain, indicating that
>36% strain reduction can be accomplished. AFM reveals that
the SC layer improves QD uniformity and reduces the defect
density. PL characterization is used to quantify the optical
property of stacked InAs QDs. The inhomogeneous strain field
is investigated by studying the strain coupling probability as a
function of the spacer thickness, indicating that 19% reduction
in inhomogeneous strain is quantified. This SC technique
is shown to improve the material quality with an extremely
low defect density and a constant QD density suitable for
development of long-wavelength devices on GaAs substrates.

Next, device application of the SC technique, including
lasers and modulators, is demonstrated. First, ground-state
lasing of stacked InAs/GaAs QDs with a spacer thickness
of 27nm and GaP SC layers of 6 MLs embedded within is
demonstrated at RT. The obtained lasing wavelength and the
threshold current densities are A = 1.265 ;m and 108 A cm™2,
respectively. From the EL spectra, the observed lasing is shown
to originate from the ground state of stacked InAs QDs. We
assess the internal loss and modal gain of the structure by
using the segmented contact method. The maximum modal
gain is approximately 10cm~!, and the internal loss is as
low as 5cm™!, which is almost comparable to that of QD
lasers by MBE. This is promising for applications of light
sources in the mid-infrared optical communication system. In
addition, the EO properties of InAs/GaAs QDs are reported.
The LEO and QEO coefficients are 2.4 x 10~ mV~! and
3.2x 10~ m? V=2, respectively, which are significantly larger
than those of GaAs bulk materials. Also, the LEO coefficient
is comparable to that of lithium niobate.
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