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Abstract: Selective area epitaxy (SAE) using metal-organic chemical vapor deposition (MOCVD)
is a crucial fabrication technique for lasers and photonic integrated circuits (PICs). A low-cost,
reproducible, and simple process for the mass production of semiconductor lasers with specific
structures was realized by means of SAE. This paper presents a review of the applications of SAE in
semiconductor lasers. Growth rate enhancement and composition variation, which are two unique
characteristics of SAE, are attributed to a mask. The design of the mask geometry enables the
engineering of a bandgap to achieve lasing wavelength tuning. SAE allows for the reproducible and
economical fabrication of buried heterojunction lasers, quantum dot lasers, and heteroepitaxial III-V
compound lasers on Si. Moreover, it enables the fabrication of compact photonic integrated devices,
including electro-absorption modulated lasers and multi-wavelength array lasers. Results show that
SAE is an economical and reproducible method to fabricate lasers with desired structures. The goals
for SAE applications in the future are to improve the performance of lasers and PICs, including
reducing the defects of the grown material introduced by the SAE mask and achieving precise control
of the thickness and composition.

Keywords: selective area epitaxy; MOCVD; semiconductor laser; quantum dot; heteroepitaxy; EML;
multi-wavelength laser arrays

1. Introduction

Semiconductor lasers have become crucial light sources because of their advantages,
including small size, light weight, high reliability, high modulation speed, and easy mono-
lithic integration with other optoelectronic devices, in the fields of modern optical com-
munication, industry, medical, and military fields [1-3]. The fabrication of semiconductor
laser epitaxial structures has been achieved due to the emergence and development of
metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).
Selective area epitaxy (SAE) is a method used to controllably grow III-V, II-VI and lead salts
lasing materials with specific shapes and geometries. III-V compounds are widely used
semiconductor laser materials. Some novel III-V nanostructure materials fabricated with
SAE, such as nanowires (NWs), twin-free nanosheets, and low-dislocation nanomembranes
at the heterogeneous interface, have been attractive for use in solar cells and lasers due
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to their good optical and electrical properties [4,5]. Although SAE using MBE has the
advantages of providing a controllable thickness and ultra-high clean surface, the MBE
process is time-consuming and the required equipment is expensive, which limits the
large-scale production of epitaxial structures. In the fabrication of III-V semiconductor
lasers, SAE employing MOCVD technologies can realize the desired laser structure on a
large scale, such as buried heterostructure (BH) [6] and quantum dot (QD) lasers. SAE
can decrease the high defect density due to a lattice being mismatched at the interface
between IIIl and V materials and Si, demonstrating the feasibility of high-performance III-V
lasers on Si. Over the past few decades, the integration of semiconductor lasers and other
optoelectronic devices on monolithic chips has been an inevitable trend to satisfy the de-
mands of high-speed optical communication [7,8]. SAE is an effective method that realizes
integrated lasers, such as electro-absorption modulated lasers (EML) [9], multi-wavelength
laser arrays (MWLA) [10].

The improvement of laser structure and the design of advanced monolithic integrated
devices require a deeper understanding of the principles and applications of SAE. SAE has
proven to be a powerful tool for fabricating semiconductor lasers with desired structure
and compact photonic integrated circuits (PICs). In this paper, we interpret SAE principles
including growth-rate enhancement, composition variation, vapor-phase diffusion model,
and bandgap engineering. The SAE applications such as BH laser, QD laser, heteroepitaxial
laser on Si, EML, and MWLA are introduced in detail. The problems of defects in the growth
of materials introduced by masks needs to be solved urgently. It is also crucial to achieving
precise and controllable material growth. SAE can potentially be the primary technology
for future optoelectronic devices. It is hoped that this paper can provide a reference for
clearly understanding the mechanism of SAE, reducing material defects caused by selective
epitaxial growth, and improving the performance of lasers.

2. Principles of SAE

SAE refers to the method of growing materials with different thicknesses and com-
positions at various locations on the same wafer. It involves the deposition of a dielectric
material on the substrate as a mask, most commonly silicon oxide (SiO,). After designing
the desired substrate pattern, the substrate was divided into regions covered by the mask
and exposed areas using pattern techniques. The most straightforward and practical mask
pattern is a pair of rectangular strips, as shown in Figure 1. The area exposed between
the two stripes was the mask-opening region. The dielectric mask can inhibit the pre-
cursor deposition and nucleation. As a result, deposition and growth occur only in the
opening region and hardly on the mask, realizing the selective growth of the material on
the substrate.

Mask (SiO,)

/

Opening

Figure 1. A pair of oxide strips pattern mask for selective area epitaxy.

The mask material should have a low sticking coefficient to the precursor gas [11,12],
can withstand high temperatures [13], is insensitive to precursors, and is compatible
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with subsequent processes, such as inductively coupled plasma (ICP) or chemical wet
etching [14]. Common mask materials are amorphous SiNy and SiO;.

Pattern techniques realize the design of a patterned mask over the substrate. There are
three primary patterning design methods. Deep ultraviolet (DUV) lithography realizes the
mask size in the hundreds of nanometers [15]. Electron beam lithography (EBL) can enable
the resolution of SAE on a scale of tens to hundreds of nanometers [16]. Nano-imprinting
lithography (NIL) can realize the pattern design of wafer-level size.

The geometry and size of the mask affect the epilayer thickness and composition
obtained via SAE compared to the uniform epilayer obtained by MOCVD on exposed
planar substrates. The successful fabrication of lasers and integrated optoelectronic de-
vices is based on the control of the surface morphology and the composition of selective
area growth.

2.1. Growth-Rate Enhancement and Composition Variation

The growth-rate enhancement (or “growth-enhancement effect”, GRE/GEE) effect is
one of the essential properties of SAE. During the MOCVD process, the precursor gas-phase
molecules were selectively adsorbed at the substrate opening, whereas few molecules were
attached to the mask surface. This occurred because the sticking coefficients of precursors
on the mask were much lower than that of the surface of the epitaxial region in the high
temperature of MOCVD. The mask suppressed the nucleation of the crystals. Material
growth occurred selectively in the opening region. According to the conservation of mass,
the concentration of the precursor above the mask was larger than that of the opening
area. The precursor gas was transported from the mask to the opening driven by the
concentration gradient. The material grown on the opening area of the masked substrate
was thicker than that grown on the unmasked planar substrate at the same time. The
deposition rate near the edge of the stripe mask was higher than that of the opening area
far from the mask. The lateral gas diffusion over the mask area to the opening area leads to
this phenomenon [17-19]. The phenomenon mentioned above is the GRE. GRE is expressed
as the ratio of the thickness of the film grown at the opening area on the masked substrate
to the thickness of the film grown on the unmasked wafer. Figure 2 shows a schematic of
the cross-section of the GRE cross-section.

Epilayer

Mask Mask

Substrate

Figure 2. Schematic of the cross-section of the growth-rate enhancement process. The area below the
dashed line is the layer thickness grown on the unmasked substrate, and the excess thickness due to
GRE is the area above the dashed line.

Another critical property of SAE is the compositional variation with the GRE. The
MOCVD growth of III-V alloys on wafers is dominated by the absorption and vapor-phase
diffusion of Ill species. The absorption, surface migration, and re-evaporation capabilities of
III-group molecules on the mask are different. These processes affect the flux of Ill-species
gas absorbed on the mask reaching the opening area.

A compositional variation appears in the opening area, especially in the sidewalls
of the growth layers near the edges of the strip masks, as diffusion from the mask to the
unmasked wafer occurred [20,21].

The typical opening width between the mask was 5-20 um, and the stripe width was
5-50 pm; the material growth in the openings was determined by the widths of both the
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oxide mask and the opening [22]. The thickness and GRE of the growth layer increased as
the width of the mask increased, which was the exact opposite of the case noted considering
the opening area [23]. The GRE was still clearly visible in the opening area with a 100 pm
width [24]. The GRE disappeared at positions very far from the edge of the mask stripes,
which does not differ from the case involving growth on a planar substrate. The controllable
growth of layers with different thicknesses and compositions was realized by changing the
spacing and width of the mask stripes.

2.2. Vapor-Phase Diffusion Model of SAE

Several studies have proposed models for SAE-grown materials that quantify the
diffusion process. The GRE and composition shift were considered functions of the mask
geometry. The GRE mechanism comprises two parts: surface migration and vapor-phase
diffusion [23]. Surface migration was thought to occur because the gas molecules absorbed
on the dielectric mask migrated along the surface of the mask and the sidewalls of the
epilayer. Vapor-phase diffusion refers to the flux to the unmasked region due to the
concentration gradient of the undeposited precursor above the mask. The mask width
is typically on the order of tens of micrometers. Surface migration in the masked area is
ignored as it only occurs within a few microns of the mask surface [25].

The three-dimensional vapor-phase diffusion model is established by solving the state
diffusion equation in an assumed region that is similar to the experimental conditions, as
shown in Figure 3. The thickness and composition profiles of various compounds were
predicted using vapor-phase diffusion calculations.

Fluid Ilayer
V2
C(x,y,2) . C(x, ¥, z)=Cy (constant) aC(x,y,7)
ax ox

/

z D

0
Stagnant layer

)

/

aC(x,y,z)
2=0 =0 b dz

N /
Mask : Wo

X (0,0)
Y Substrate

oCc(ryz) 2=0 = kC

dz

Figure 3. Schematic diagram of the 3D vapor-phase diffusion model.

The model assumed a stagnant area above the wafer. The height of the stagnant
area is “5”(~500 um) [22]. The fluid layer above the stagnant layer provided a constant
flow. In the equations below, D and k are the diffusion length and reaction rate of the
reactant precursor, respectively. W, and W, are the widths of the opening area and masks,
respectively. C is the concentration of the reactant gas molecules, usually group-III species.
The growth direction was z, and the length along the mask was y. The horizontal direction,
x, is perpendicular to the z- and y-axes.

Because the spatial gas concentration is constant, the substance diffusion equation in
three-dimensional space is

9’C  9°C | 9°C _

Above the stagnant area, the concentration of precursors is constant.

)

C(x,y,z=20)=Co ()
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The symmetry of the computational domain defines the left and right boundaries is
expressed as

oC(x,y,z)
D——"—+ =0.
o 0 ®)
There is no growth occurring on the mask surfaces.
oC(x,y,2)
D——""—|,= 4
oz |z—0 0 4

The growth process in the unmasked region is given by

aC(x,y,2)

b 0z

|z=0 = kC. (5)

In this model, D/k is the effective diffusion length of the species. The relationship
between the effective diffusion length and mask length determines the dominant process
in GRE. Surface migration plays a major role when the mask geometry is close to the
surface-diffusion length. On the contrary, the vapor-phase diffusion model dominates
this process because the mask size is larger than the diffusion length [26]. A decrease
in the effective diffusion length increased the growth rate next to the stripe mask. The
vapor-phase diffusion equations for different Ill-species precursors were obtained to obtain
the GRE and composition changes.

The GRE factor R is expressed as

C(x,y,z=0)

R==—"coy

(6)
where C(x, y, z = 0) is the concentration of group-III vapor-phase molecules on the z = 0
plane, and C(0) is the analytic solution of Laplace’s equation for the unmasked wafer. C(0)
is expressed as [27]

Co
k
5o +1

C(0) =

@)

Model calculations were performed without considering the interactions between the
different III species [28]. Dupuis et al. [25,29] assumed that the growth-rate enhancement
of ternary or quaternary alloys was linearly related to group-III precursors. They gave the
expressions for the growth-rate enhancement factor of AlyGaylny __,As system film and
[II-element composition.

R(AlLyGaygIny_xo—y0As) = xo-Ra; +yo-Rga + (1 — x0 — yo)-Rpn 8)

Al% = Xo-Ral )
R(Alxocayoll’ll,xo,yoAS)

Ga% = Yo-Rea (10)
R(AlxoGLlyolnl,xO,yoAS)

In% = — L= %0~ ¥0)-Run (11)

R (AlxoGayQInlfx(),yoAS)

The reactivity of V precursors is very low at the typical deposition temperatures of
MOCVD. The V precursors account for the majority of the gas-phase components, far
exceeding the stoichiometric number in the film compound composition, such that it
is therefore difficult to obtain an expression of the V composition of the semiconductor
compound. Therefore, the deposition rate of III-V compounds is usually determined
by the incorporation of III precursors. The GRE becomes more pronounced with the
increase of the III-V ratio. At higher temperatures, the desorption of gas molecules on the
surface is enhanced, resulting in weaker selective growth. Building an accurate growth-rate-
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enhancement computational model for these equations helps predict and control the specific
growth, including thickness and composition, enabling the design of strain and bandgap
energy variations at different locations on a single wafer. The accuracy and efficiency of a
diffusion model are vital for the applications of future SAE-integrated optical devices.

2.3. Bandgap Engineering of SAE

The spatial variation of the energy band and strain for a given patterned mask can
be deduced by varying the width of the mask and the opening area. For bulk materials,
changes in composition cause a wavelength shift. In quantum wells (QWs), the GRE
causes an additional wavelength shift in addition to the composition. The magnitude of
the wavelength shifts depends on the width of the mask and the opening area [30]. The
effective energy gap, Eg, is sensitive to the thickness of the QW and increases as the layer
thickness decreases. The dependence of Eg on the layer thickness enables the tuning of
emission wavelength.

Sasaki et al. [31] fabricated a 2 um wide InGaAs/InGaAsP multiple quantum well
(MQW) ridge structure, which was surrounded by stripe masks with various widths on
both sides. They observed a 50 nm PL peak wavelength shift by varying the mask width
from 4 pm to 10 pm, as shown in Figure 4. A series of studies have demonstrated the
relationship between QW emission wavelength tuning and mask geometry [8,28,29].

/g 1580 ! ' 20 um
5 Wm=10 pm :,.qu: maSk\_ i Waveguide
= 1560 i
% ! . i I:/_—]
5 1540 | i i
— ! |
: O\
< 1520 | !
= :'
N i i
< . , S0um

1500 Wm=4 um
= MQW ; "
E 1480 I I L1 I L I 1 I

100 -80 -60 -40 20 0 20 40 60 80 100
POSITION (pm)

Figure 4. PL peak wavelength profile for MQW structure along [011] direction. A 20 um tapered
transition region formed between the 10 um and 4 um wide mask. The inset is mask configuration.
Reprinted with permission from ref. [31] © Elsevier. Copyright 1993 Journal of Crystal Growth.

The gradual gradient wavelength profiles were due to GRE along the edge of the mask.
Due to the GRE, there is a thick bulge region at the interface between the mask and the epi-
taxial layer (Figure 2). Flat interfaces are essential in photonic devices. Adjusting MOCVD
parameters, such as increasing the growth temperature [32] and reactor pressure [33], can
eliminate convexity near the edge of the mask. The in situ etching process can improve the
planarity between the opening area and the masked region [34,35].

Nonplanar growth on a substrate is also an indispensable research topic for SAE. In
specific applications, such as butt-coupled waveguides and buried heterojunction lasers,
wafers are etched to create grooves with well-defined inclined facets. The orientation of the
inclined plane of the groove was different from that of the planar wafer. Distinction of the
growth rate in different crystal orientations leads to enhanced diffusion on a nonplanar
surface. Different growth rates on different crystal planes also enable the fabrication of
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high-performance laser structures, such as BH, which will be further discussed in the
following sections.

3. Applications of SAE in Semiconductor Lasers
3.1. Buried Heterostructure (BH) Lasers

The active region in a buried heterostructure (BH) laser is completely buried in a wide-
bandgap hetero-material. The BH structure has a strong lateral refractive index confinement
and current confinement due to the lateral heterostructure [36]. The BH laser has a low
threshold current, stable waveguide mode, and nearly symmetrical beam distribution,
making it a perfect structure for semiconductor lasers operating with a low threshold and
high efficiency. However, conventional BH lasers require multiple MOCVD steps, easily
introducing contamination and oxidation to the surface. The SAE can complete the BH
structure in a single growth step, eliminating the related defects.

Galeuchet et al. [37] presented a GalnAs/InP heterostructure grown in one SAE step.
The GalnAs active layer growth occurred on the (100) facet rather than {111}, where the
InP layer growth took place. Different sticking coefficients or diffusion constants of InP
and GalnAs may be responsible for the different growth in the (100) and {111} facets. The
nucleation sites of the {111} A facets were occupied with stable molecules that did not react
to a large extent, while the {111}B facets were active and provided reactants to the (100)
facets. The width of the mesa decreased as the growth proceeded. Finally, the lateral size of
the buried layers became zero, and the sides of the sloping {111}B facets merged into one.
A BH laser was fabricated in one growth step because the GalnAs layers were buried in
the InP. The catastrophic optical damage (COD) due to the absorption in the active region
near the output facets usually occurs in high-power semiconductor lasers. This limits the
high-power output of lasers. Lammert et al. [38] presented a BH laser with a nonabsorbing
mirror region, where a fusiform patterned mask was used, as shown in Figure 5. The
output power of the BH laser with nonabsorbing mirrors exhibited increments of 40%.

\ / Nonabsorbing region

Cleaved facets Gain region

/ \ Nonabsorbing region

(a) (b)

Figure 5. Schematic diagram of a stripe mask for two types of BH laser. For (a) Conventional stripe
mask for a BH laser. For (b), a fusiform mask for nonabsorbing mirrors in a BH laser.

Epitaxial structures with different thicknesses and compositions were obtained by
designing the mask geometry. Semiconductor lasers are integrated with other waveguides
on the same wafer to form optoelectronic devices for various purposes. Kobayashi et al. [39]
proposed an MQW BH laser integrated with a reduced-thickness waveguide layer. Both
the gain and waveguide regions were simultaneously grown by SAE on a (100) InP-
patterned substrate. The far-field FWHM of the device was 11.8° vertically and 8° lat-
erally. The threshold current was 19 mA, with a high slope efficiency of 0.25 mW/mA.
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Takemase et al. [40] reported an AlGalnAs BH laser with a mode profile converter (MPC)
for the first time. The device consisted of a constant thickness portion as the gain region
and a vertically tapered thickness portion to expand the beam output. The gain region and
thickness-tapered portion were grown via SAE. The width of the opening area between the
two masks was 20 pm. AlGalnAs MQW was grown between the mask stripes with a width
of 100 um. The gain layer was approximately two times thicker than that of the end of the
tapered region. The SiO, mask was removed using HF after the current blocking layers
were established. The characteristic temperature was 43 K at 60 °C. The poor temperature
characteristic was attributed to the poor crystal quality of the AlGalnAs grown by SAE.

Bour et al. [41] described a self-aligned BH AlGalnAs QW laser using a micro-SAE.
The general process of fabricating a self-aligned BH laser with a single growth step is shown
in Figure 6. The 50 nm SiO, mask stripes were formed along [011] on a 2 pm InP n-cladding
layer. The widths of opening region and masks were 1.5 and 7 um, respectively. The
sample was returned to the MOCVD reactor for growing AlGaInAs MQW and a separate
confinement heterostructure (SCH) under high temperature conditions, accompanied by
the {111} B sidewall formation, as shown in Figure 6b. The InP layer nucleated on the {111}
sidewall when the temperature was lowered, because of a decrease in the surface mobility,
and therefore the InP p-cladding layer was developed and encapsulated in the active
region (Figure 6¢). The SiO, mask was used as the current blocking layer without removal
in the finished device, whose performance was improved compared to the conventional
reverse-biased p—n junction.

InP:Zn
. MQW + SCH
S|02
InP:Si 2 um InP:Si
InP:S (100)
substrate

(a) (b) ()

Figure 6. Process for a self-aligned BH laser. (a) n-type InP cladding layer and SiO, mask; (b) the
active region and SCH under conditions wherein a {111} no-growth sidewall develops; (c) the upper
p-type InP cladding layer. Reprinted with permission from ref. [41] © AIP Publishing. Copyright
2004 Applied Physics Letters.

Cai et al. [42] obtained an InGaAs/InGaAsP MQW BH laser in a single growth step.
InP cladding layer was grown on {111} B sidewalls. The threshold current of the BH laser
is 2.7 mA at room temperature. After a burn-in test of 600 h, the total degradation of the
outpower was less than 6%, and the BH laser had excellent reliability. The SAE method has
great potential for low-cost high-performance BH laser fabrications and associated device
integrations due to its excellent performance and inherent manufacturing simplicity.

3.2. Quantum Dots (QD) Lasers
3.2.1. QDs Lasers by EBL and Lithography

Semiconductor quantum dots (QDs) that achieve full three-dimensional confine-
ment are sphere-like nanostructures with strong carrier confinement effects. However, in
MOCVD and MBE, pyramidal or cylindrical QDs are obtained due to the existence of a
wetting layer. They are typically embedded in another material with a large bandgap. Since
QDs have a lower threshold current density, narrower gain spectrum, higher optical gain,
higher temperature stability, and better dynamic characteristics than QWs, they are an ideal



Crystals 2022, 12,1011

9 of 28

gain medium for semiconductor lasers. However, it is challenging to grow QDs with uniform
size and controlled position. The growth of high-quality QDs is a popular research topic.
The typical QD growth mode is Stranski—-Krastanov (SK) growth, relying on strain-
driven self-assembly between different material layers. If the strain is too high to grow
continuous layers, the later-grown layers split into nanoscale islands when they reach a
thickness of several single atoms. Subsequently, the island structures were embedded
in an extensive-bandgap material to form QDs. This process is known as SK growth
(Figure 7). The QD obtained using this method is called self-assembled QDs (SAQDs).
The precisely controlled diameter and thickness of the QDs can stabilize the energy-level
distribution without broadening the laser gain spectrum. The gain increased as density
of the QDs increased. The operating threshold and gain spectrum characteristics of QD
lasers were better than those of QW lasers. However, SAQDs have two disadvantages: (1)
the presence of a wetting layer causes incomplete three-dimensional confinement and (2)
the randomness of the nucleation position and the variation in size (diameter, thickness)
also limit the advantages of QDs. Both lead to a shift in the quantized energy level and the
non-uniform broadening of the gain spectrum, which is broader than that of QWs.

3302880280380 ddosslssasises ssssessseseses

(b) (c)

Figure 7. Schematic of SK growth. (a) Original molecule deposition. (b) Wetting layer formation.
(c) QD formation and strain relaxation. The atoms of substrate and epitaxial layer were represented
with blue and yellow, respectively.

The SAE is a method used to overcome the shortcomings of SAQDs’ growth. The
patterned grown QDs have no wetting layers and can control their position and diameter
to obtain uniform QDs. The most widely used method of fabricating QDs by SAE is to first
pattern a mask on the substrate with high-resolution lithography, ensuring that the size of
the opening region is small enough to grow QDs.

Elarde et al. [43] combined EBL and SAE to prepare uniformly distributed QDs. The
EBL was used to define the exact location of QDs’ nucleation, and the SAE realized the
control of QDs’ geometries by patterned SiO, masks. They deposited 10 nm SiO, and
patterned 4, 6, and 8 um mask stripes using optical lithography and wet etching on n-
type Alg75Gag25As cladding and GaAs barrier layers. Their samples were coated with
polymethylmethacrylate to obtain arrays of 30 to 40 nm circular features in diameter using
EBL. The arrays were centered over the SiO; mask stripes. After the array pattern was
transferred to the SiO, masks by wet etching, 6.9 nm-thick Ing 35Gag ¢5As QD layers were
formed and encapsulated by 10 nm GaAs. The p-type cladding and contact layer were
then grown during a later stage. The density of the fabricated QDs with a center spacing
of 100 nm was 1.2 x 10’ cm~2, and the diameter of QDs was an average of 80 nm. This
report combined EBL and SAE to manufacture the first QD laser.

Mokkapati et al. [44] presented the InGaAs QD laser with different lasing wavelengths.
When the width of the stripe was as small as 5 pm, QD intensity could provide insufficient
gain for lasing. Correspondingly, an excessive thickness of InGaAs was obtained when the
stripe width reached 20 pm, introducing defects and increasing losses. Akaishi et al. [45]
fabricate a series of SiO; stripe masks uniformly arrayed on the InP substrate. They utilized
a 5i0, mask array consisting of a wide mask on the side and a series of relatively narrow
mask stripes. By changing the width of the wide mask while maintaining the narrow
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stripe masks at 3 um widths, the sizes of the InAs QDs varied in each opening region. The
double-capped layer enabled the uniform height of QDs. When the width of the wide
stripe mask was 200 um, the emission wavelength range of the QD array grown between
the narrow masks exceeded 120 nm.

3.2.2. QDs Lasers by Block Copolymer Lithography

Morever, patterned QDs can also be prepared by block copolymer (BCP) lithography.
A typical diblock copolymer consists of alternately polymerizing two polymers, one of
which is miscible in small amounts in another polymer. This immiscibility leads to the
phase separation of the two materials and maintains the properties of each material. The
interaction between the two polymers produces a QD pattern. The absence of a wetting
layer resulted in perfect three-dimensional confinement. Figure 8 presents the process of
SAE QD fabrication using diblock copolymer lithography.

[ ‘:D :vl\;
Sample Cleanin : Brush :
inp = 9 0 Removing non-grafted Brush
(SiO; or SisN, on GaAs) Coating & PS-b-PMMA Coating

& Bakina

Developing Baking & UV Exposure

(Removing PMMA)

il ' A
A A
7 A A A s
¢ ;
' - L
gf:,e\;;:l:e Quantum Dot Removing Mask Capping layer of

Quantum Dot

Figure 8. Selective growth of QDs by diblock copolymer lithography. Reprinted with permission
from ref. [46] © Elsevier. Copyright 2006 Journal of Crystal Growth.

Polystyrene-block-poly (PS-b-PMMA) was the diblock copolymer in this process. First,
the amorphous mask materials were deposited onto the substrate using plasma chemical
vapor deposition (PECVD). Then the PS-b-PMMA brush was coated above the mask. After
spinning the PS-b-PMMA on wafers, the entire structure was exposed to UV such that the
PS area was exposed as the pattern template upon the removal of PMMA. ICP transferred
the pattern into the mask layer, followed by the removal of the PS region via etching.
Finally, the selective area growth of QD was accomplished in the cylinder hole.

The uniform size distribution and spatial position of QDs fabricated by block copoly-
mer lithography provide more significant advantages than SAQDs grown in SK mode.
Li et al. [47] obtained uniform GaAs QDs with a density of approximately 10'! cm~2 by
selective growth in the narrow openings of SiNy patterned masks using block copolymer
lithography. Kim et al. [48] fabricated GaAs/InGaAs/GaAs compressive-strain QDs using
SiNy patterns defined by block copolymer lithography. Figure 9 shows the InGaAs QD laser
structure. The CBry in situ etching time was optimized to reduce the processing damage
before growing the QDs, leading to a decrease of the nonradiative recombination centers
of the QDs. Compared with the devices grown using non-optimized in situ etching times,
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the QD lasers grown using optimal etching times significantly reduced the threshold and
transparency current. Furthermore, Kim et al. [49] fabricated an InAs QDs laser with an
Ing 1GagoAs QW carrier collection layer to increase the carrier injection into the QDs. The
QD laser achieved lasing at RT.

Regrown
wa::g:urde, 1.7um p: Aly ,Gag ¢As: C[5 X 1017cm?]

cladding - 185nm Al, ;;Ga, gAs [undoped] Selectively grown
and contact GaAs/In, ;Ga,,As/GaAs

layer QDs
185nm Al, ;3Ga, ¢As [undoped]
1.7um N: Al, ,Ga, ¢As: Si [3 X 1017 cm?]

QD Base ==

Figure 9. Structure of a InGaAs QD laser. The lower QD base was grown at 700 °C, and the upper
regrown layers were grown at 625 °C. Reprinted with permission from ref. [48] © Elsevier. Copyright
2017 Journal of Crystal Growth.

3.3. Heteroepitaxy Lasers on Si or SOI

The natural characteristics of indirect bandgaps limit the wide applications of silicon
photonic devices. This inherent property results in weak light emission and poor optoelec-
tronic performance. Direct bandgap materials exhibit good luminescence properties. The
direct bandgap III-V semiconductor lasers are high-performance light sources that may
be utilized for silicon photonic integrated circuits. However, a high density of threading
dislocations (TDs), planar defects, and anti-phase boundaries (APB) arises at the interface
of III-V and silicon [50-53], owing to the mismatch of lattice constants, thermal expansion
coefficient, and polarity between III-V materials and silicon. There is great research interest
in finding methods for growing lattice constant-matched or low-defect-density III-V light
sources directly on silicon. Defects introduced by the lattice and polarity mismatches
between the III-V materials and Si have been substantially eliminated in a previous study
using a template in conjunction with bonding techniques [54]. However, it is expensive
and time-consuming to prepare such templates. Therefore, it is more desirable to directly
epitaxially grow high-quality III-V materials on Si.

3.3.1. Aspect Ratio Trapping (ART)

Bonding technology is the most common III-V/Si integration technique, combining
a known good III-V epitaxial layer with a silicon platform. The main shortcomings of
the bonding technique are the strict requirements for ultra-clean and highly flat surfaces,
the high thermal resistance introduced by the oxide during bonding, and the wafer size
mismatched between the Si substrate and the III-V (InP and GaAs) material substrate.
These shortcomings limit the high-density integration of laser on silicon [55]. The local
bonding process is technically challenging and expensive, not conducive to mass produc-
tion [22]. SAE has become an economical and reproductive approach for relieving the
defects resulting from mismatched crystal growth and realizing the local integration of
III-V lasers on a silicon platform. Figure 10 presents the principle of SAE to decrease
dislocation densities in the epitaxial layer at the interface of III-V materials and silicon.
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Figure 10. Principle of ART and epitaxial lateral overgrowth (ELO). The circle is a partially enlarged
view of the dislocation propagation. The dislocations, marked as dotted lines, only propagate to the
lateral overgrowth layer through openings in the patterned mask.

The growth begins in narrow openings on the masked substrate. The dislocations
that occur at the interface of III-V and silicon because of the heavily lattice-mismatched
can only propagate along a certain angle inclined to the substrate plane from the opening
area to the epitaxial layer. For Si (0 0 1) substrates, the dislocations propagate along with
the <1 1 1> directions, forming a 54.7° angle with (0 0 1). The thickness of the materials
exceeded that of the mask as the growth process proceeded. The epitaxial layer grows
laterally along the mask surface, which is referred to as epitaxial lateral overgrowth (ELO
or ELOG). Dislocations cannot propagate into the mask and vanish in the epitaxial layers
because the interface lattice between the crystalline material and the amorphous mask
is discontinuous. If the growth time is sufficiently long, the epitaxial layer grown in the
opening region merges with the layer grown in the neighboring opening region to form
a complete epitaxial layer above the masks. The mask effectively prevented dislocation
propagation, and the dislocation density distributed in the lateral overgrowth partial of
the epitaxial layer was several orders of magnitude lower than that grown on the standard
unmasked substrate. Figure 11 shows the cross-sectional TEM image of the ELOG InP with
SiO; masks on silicon. The region above the mask was dislocation-free. Figure 11a shows
that the dislocations from the buffer layer could penetrate the region above the mask if the
openings were wider than the thickness of the mask. Figure 11b shows that the dislocations
were filtered even above the openings if the opening width was smaller than or equal to the
mask thickness. There were no coalescence defects above the mask, which refers to defects
formed at the junction of two laterally grown InP layers from adjacent openings [56]. This
approach, called the aspect ratio trap (ART), has been used in various materials grown on
Si [57-59].

Moreover, III-V materials grown by ART are on the sub-micrometer scale, which is
not conducive to micrometer-scale ridge waveguide fabrication. Han et al. [60] proposed a
lateral ART scheme to grow a micrometer-scale InP sandwiched by oxides on the silicon-
on-insulator (SOI). A schematic of lateral ART is shown in Figure 12. Compared to the
conventional ART grown on (001) Si, lateral ART started at the {111} Si surface, which
would not form APBs. The dimensions of the III-V ridge width were limited by the trench
width in conventional ART. The size of III-V materials grown in lateral ART is controlled
by the thickness of the Si layer, realizing precise micrometer- or nanometer-scale control.
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Figure 11. TEM cross-sectional view of ELOG InP on Si; (a) mask opening width was larger than
the thickness of the mask; (b) mask opening width was small to filter dislocations. Reprinted with
permission from ref. [56] © Elsevier. Copyright 2012 Current Opinion in Solid State & Materials Science.

(a)

(b)

Lateral ART

Figure 12. (a) Schematic of conventional ART technique. The epitaxy proceeds along [001] direction.
(b) Schematic of defect trapping and growth mechanism of lateral ART technique. The growth was
along the [110] direction. Reprinted with permission from ref. [60] © AIP Publishing. Copyright 2019
Applied Physics Letters.

The ART method has been widely used in shallow trench isolation (STI) structures,
where a thin Ge layer is typically grown in situ and covers the bottom of the trench as
a buffer layer. The lattice mismatch between InP and Ge is only half that between InP
and Si, leading to the easier nucleation of InP on the Ge surface [61]. By designing the
Ge surface profiles and setting an aspect ratio larger than two, TDs were confined at the
bottom of the trench, and APB formation was suppressed [62,63]. GaAs [64,65], InP [66],
and InGaAs [67] have been grown on (001) Si with low defect density using SAE technology.
After obtaining defect-less high-quality epitaxial layers, III-V materials were grown to
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fabricate lasers. Staudinger et al. [68] fabricated wurtzite InP microdisks using SAE. They
deposited 300 nm-thick SiO, and patterned approximately 50 to 100 nm line openings. The
wurtzite InP was nucleated in the trenches and grew vertically along the [111] A-direction.
The zipper-points at the center of the line openings induced ELO after the wurtzite InP
extended out of the SiO; mask, and {1—100} or {11—20} wurtzite facets were formed. The
micro-photoluminescence of this system demonstrated that the wurtzite InP microdisk
enabled optically driven lasing at room temperature with a threshold of 365 u] cm~2. Wong
et al. [69] deposited 200 nm-thick S5iO, onto InP (111) A substrate using PECVD. They
patterned 120 nm ring-shaped mask openings using EBL and ICP. A micro-ring InP laser
was obtained via SAE using a two-stage growth process. In the first stage, the temperature
and V/III were 750 °C and 300, respectively. The opening areas were completely filled with
high-quality wurtzite InP, and ELO occurred. The growth temperature was then lowered to
730 °C, and the V/III content was increased to suppress vertical growth and enhance lateral
growth. The micro-ring laser was operated at room temperature with a low threshold.

3.3.2. Lasers on Si/SOI

Wang et al. [70] demonstrated an optically pumped InP-based DFB laser array in-
tegrated on (001) Si, operating at room temperature using the SAE technique. InP was
selectively grown in the trenches of the STI structure. ART limits the defective layer to a
thickness of approximately 20 nm, instead of several micrometers. The emitted light can
couple with the optical waveguide defined in the same horizontal plane. Figure 13 shows
the structure of the device. Each DFB laser in the array contained an InP waveguide with a
A/4-phase shift first-order grating, and a second-order grating was defined 30 um away
from the DFB cavities. The Si substrate below the InP laser was intentionally etched away to
avoid pump light absorption. Silicon substrates supported suspended cavities at both ends.

DFB cavity

| ’
\\\\\\\\\\\‘\\\\\\

N
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W

Figure 13. Schematic diagram of the InP-on-Si DFB laser array structure. Reprinted with permission
from ref. [70] © Springer Nature. Copyright 2015 Nature Photonics.

The suspended cavity exhibited thermal, electrical injection, and mechanical stability
issues. These problems can be addressed if the laser structure is grown on a SOI. Megalini
et al. [71] successfully fabricated InGaAsP MQWs in InP nanowires. SEM and TEM images
of the InGaAsP MQWs are shown in Figure 14. The 500 nm-thick SiO, was deposited on
the Si surface and patterned into 200 nm-wide stripes with a spacing of 800 nm. The Si layer
was etched by KOH to form V-grooves. The inhomogeneous spectrum shape broadening
and wavelength peak emission observed in PL tests were attributed to the poor uniformity
of the MQWs, as shown in Figure 14a. The MQWs of {001} were thicker than those of
{111}, as shown in Figure 14c,d, which caused a spectrum of inhomogeneous broadening
and decreased the lasing material gain. The growth was completed during the V-groove
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patterning of the SOI to trap most of the defects at the Si/SiO, interface. The PL peak
wavelength of the MQW was 1567 nm.

InP = '\ ,\

Sio, MQWs  SiO,
Si substrate
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\

Figure 14. (a) SEM cross-section images of the InP nano-ridge. (b) TEM image of a single nano-ridge
with a good symmetry. TEM images of the QWSs and the barrier layers in (c) the (001) surface and
(d) the {11—1} B facet. The dark-colored layer is the barrier; the light-colored is the QW. Reprinted
with permission from ref. [71] © AIP Publishing. Copyright 2017 Applied Physics Letters.

The mask prevents dislocation propagation and the growth of the ~um buffer layer
using the ART method. Compared to optically pumped lasers, electrically pumped lasers
are more challenging to manufacture. There are two main difficulties: acquiring high-
quality ternary or quaternary compounds and the fabrication of micrometer-scale ridge
waveguides with the constraints of sub-micrometer selective masks. Kunert et al. [72,73]
integrated an InGaAs/GaAs heterostructure into box-shaped GaAs ridges with (001) flat
surfaces outside the trenches, as shown in Figure 15. An apparent PL of the QW was
observed for different ridge sizes. A sufficient III-V volume to fabricate a micrometer-order
ridge waveguide can be realized by extending the ridge width.

Several studies have reported on electrically pumped lasers. Shi et al. [74] utilized
InGaAs/InP strained layer superlattices (SLSs) as filter layers to suppress the propagat-
ing TDs. III-V materials were grown in V-grooved (001) Si to realize ART. They fabri-
cated an electrically pumped InP-based laser at 1550 nm on (001) Si. Figure 16 shows
the laser structure. The threshold current density was 2.05 kA/ cm?, and the slope effi-
ciency was 0.07 W/A. The maximum output power was 18 mW without facet coating.
The continuous-wave (CW) operation temperature reached 65 °C, and the pulsed lasing
operation temperature was up to 105 °C.
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Figure 15. SEM image of the InGaAs/GaAs MQWs in box-shaped GaAs nano ridge structure; the
InGaP cap layer was easily observed by the darker contrast. The three MQWSs were slightly lighter in
color. Reprinted with permission from ref. [72] © IOP Publishing. Copyright 2016 ECS Transactions.

Figure 16. Schematic representation of an InP-based laser on (001) Si. Reprinted with permission
from ref. [74] © The Optical Society. Copyright 2019 Optica.

Wei et al. [75] fabricated a 1.3 pm InAs/InAlGaAs quantum dash (QDash) laser on
V-grooved (001) Si. The two sets of eight-period Ing 14Gag ssAs/GaAs films were grown
above the V-grooved Si as a buffer layer to trap dislocations at the GaAs/Si interface.
TDs were filtered in three sets of ten-period Ing ¢1Gag39As/InP SLSs. After the n-type InP
contact and cladding layers were grown, the three layers of InAs/InAlGaAs QDashes were
formed. Finally, the p-type InP cladding and contact layers were deposited. A schematic of
the device structure is shown in Figure 17. The threshold current density was 1.05 kA /cm?,
and the output power per facet was 22 mW. The laser realized CW operation at 70 °C.



Crystals 2022, 12,1011

17 of 28

p-metal
p-contact

1650nm p-InP

140nm HI-InAlGaAs
30nm HT-InAlGaAs
manawlmnnnm‘
InGaAs strain layer
170nm HI-InAlGaAs

-1 82 L S

n-metal
u-conlactL

3x {E 10 % {12nm Ingg;GaAs/34nm InP}
' ~ Sl5omInp
2% { - 300nm GaAs . -
————— 8 x {10nm Iny ;sGaAs/10nm GaAs} —_—
1000nm GaAs

phbbdbbhbbbbdhbdbhbdbbhdd

Figure 17. Cross-section schematic of QDash laser on V-grooved (001) Si, including the structural
parameters of each epitaxial layer. Reprinted with permission from ref. [75] © AIP Publishing.
Copyright 2020 Applied Physics Letters.

Fujii et al. [76] designed an InP-on-SOI template consisting of an InP buffer layer,
InGaAs etch stop layer, and InP layer on a (001) InP substrate. The template was fabricated
using a bonding technique. A SiO; mask was deposited on the template and patterned
using photolithography. They successfully fabricated an electrically pumped eight-channel
membrane DFB laser array with wavelengths ranging from 1272.3 to 1310.5 nm by adjusting
the geometries of masks to optimize the InGaAlAs MQWs on InP-on-SOI. The active regions
were buried by n-doped and p-doped InP, which also formed lateral p-i-n structures. A
schematic of the membrane laser array is shown in Figure 18. The fiber-coupled output
power was greater than 1.5 mW in each channel at 25 °C. The actual lasing wavelength
deviated from the designed lasing wavelength by less than 2 nm, and the average channel
spacing was 860 GHz.
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Figure 18. Schematic diagram of eight-channel laser array and membrane laser cross—sections. The
output light for each channel was coupled with single-mode fiber by butt-coupling the facets of
the high-numerical-aperture fiber and spot-size converter (SSC). Reprinted with permission from
ref. [76] © The Optical Society. Copyright 2020 Optica.

Several studies on the SAE growth of III-V materials on SOI or Si have been conducted.
The aim is to obtain epitaxial structures with a low defect density on Si. The main method is
ART, which confines most of the dislocations in a nanometer-thick buffer layer, preventing
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defects from reaching the surface of the epitaxial layer, thus deteriorating the performance
of the optoelectronic device. However, the problem of obtaining high-quality ternary or
quaternary III-V compounds limits the epitaxial laser structure on Si.

3.4. Integrated Semiconductor Laser

Monolithic PIC has been developed to meet the increasing data flow transmission
demand of the Internet. Advanced material growth methods have promoted the develop-
ment of the PIC. The PIC refers to the integration of numerous optoelectronic components
on the same chip [77]. The various device structures in PICs require different energy gaps
for each portion of the wafer, and the device must be integrated in a reproducible and
cost-effective manner. SAE enables the spatially localized epitaxial growth of the desired
material structures for specific chip functions. This is a low-cost and reproducible method
to achieve device integration. Recently, integrated semiconductor lasers have included
EML and MWLA, which are suitable for wavelength division multiplexing (WDM).

3.4.1. EML

Monolithically integrated EML arrays are a promising light source for modern WDM
systems. EML have attracted extensive attention owing to their small size, low packaging
cost, low driving voltage, and good stability [78]. In the long waveband of thelong-distance
optical communication system, such as 1.31 um and 1.55 um, the chirp phenomenon
will appear, which is not conducive to the high-speed transmission of information. The
modulator is integrated with the laser to form the modulated optical signal source because
the modulator can avoid the large-wavelength chirp observed in directly modulated lasers.
Using the SAE, the EML is fabricated by combining an electro-absorption modulator (EAM)
and a laser on the same chip. Compared with discrete EAM and lasers, EML without fiber
coupling reduces loss and cost and improves device reliability. At present, there are two
main methods to realize the integration of EAM and laser: butt-joint (BJ) coupling (the laser
and EAM are grown separately) and SAE [79].

Figure 19 shows the QWs achieved by BJ, wherein the MQWs of the EAM and the laser
are grown in separate epitaxy steps. The MQW laser was grown on the entire wafer in the
first step. Then, wet or dry etching was used to selectively etch the region, where the EAM
MQW would grow in the second epitaxy. Two epitaxy steps increase the manufacturing
cost, and the etched interface became rough and easily formed defects, deteriorating the
output performance of the EML. BJ enables the optimization of the laser and EAM.

Laser-MQW EAM-MQW

Figure 19. Schematic of the EAM and laser MQWs achieved using the butt-joint technique.

The SAE technique avoids poor interfaces and multiple epitaxy, as shown in Figure 20.
Dielectric oxide masks were deposited and patterned in the laser region. The mask width
was changed such that the laser region between the masks had a higher growth rate
than that of the EAM region without mask coverage. The lower bandgaps of the MQWs
of the laser were formed in one epitaxy step because of the growth-rate enhancement,
which avoided the absorption of light due to the rough interface introduced by the etching
process between multiple epitaxial growth layers and increased the output power of this
system [80]. The disadvantage of the SAE is that the optimal parameters of the active region
for the laser and modulator cannot be obtained simultaneously [81]. The bandgap of the
MQWs in the EAM region is typically designed to be larger than that of the laser MQWs.
The MQWs were grown between and outside of the mask stripes via SAE. The thickness
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and composition of the MQWs in the two regions differed in one-step epitaxy. The MQWs
located between the mask stripes could be well controlled to obtain the desired gain region,
while it was difficult to simultaneously obtain perfect EAM MQWs outside of the mask
region. For example, the laser preferably exhibited few QWs at the lower threshold current,
while the EAM region required more QWs to obtain a high extinction ratio.

Laser-MQW

EAM-MQW

S
e — Masks
&

Figure 20. Schematic of the EAM and laser MQWs achieved using the SAE technique.

Zhao et al. [82] integrated a high-mesa DFB laser and EAM using SAE. The absorption
and active regions consisted of an InGaAsP/InGaAsP MQW structure and an optical
confinement layer with different thicknesses caused by the fusiform mask, as shown in
Figure 5b. The spacing of the two SiO, mask stripes was fixed at 15 pm, and the mask
width varied from 30 to 15 um in the tapered region. Figure 21 presents a schematic of this
device. The EML CW threshold current was 26 mA without the modulation bias for the
uncoated laser. The output power of the modulation was 5.5 mW when the current was
100 mA at the laser, in single-mode operation with a side-mode suppression ratio (SMSR)
> 40 dB at 1.552 pm. The on/off ratio was 15 dB at the biased voltage of —5 V on the EAM.
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Figure 21. Ridge-waveguide EML consisting of a DFB laser and EAM. The enlarged portion shows
the MQWs and interface of the EAM and laser regions. Reprinted with permission from ref. [82] ©
IOP Publishing. Copyright 2005 Semiconductor Science and Technology.

Kim et al. [83] designed and fabricated an EML consisting of a distributed Bragg
reflector (DBR) laser and an EAM. The mask geometry and schematic of the device are
shown in Figure 22. The threshold current was 5.7 mA. The output power was 5 mW when
the active region injection current was 65 mA. The SMSR was >45 dB at a laser current of
60 mA. A static extinction ratio greater than 20 dB at a biased voltage of —3 V was applied
to the EAM.
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Figure 22. (a) Geometry of the SiNy mask and (b) schematic diagram of an EAM integrated with a

tunable DBR laser. Reprinted with permission from ref. [83] © Elsevier. Copyright 2007 Journal of
Crystal Growth.

There is a transition zone of a few microns between the EAM and the laser. The energy
bandgap in this region changes slowly because of the bandgap engineering for the SAE
(shown in Figure 4), leading to light absorption losses. The quantum well intermixing (QWI)
technique enables bandgap changes within a few microns. QWI refers to the generation
of defects on the surface using a special method involving QWs. Defects can become
incorporated into the QW active region under external actions, such as thermal annealing,
thereby changing the QW bandgaps. Combining the QWI and SAE techniques further
reduce the coupling losses of the EML. After undergoing SAE, the laser gain and EAM
regions were covered with a thermal silicon oxide layer. The QW bandgap of the interface
between the EAM and laser was abruptly changed within several micrometers through ion
implantation and rapid thermal annealing, reducing the absorption loss of light.

Liu et al. [84] integrated a sampled-grating distributed Bragg reflector (SG-DBR) laser
with an EAM by combining SAE and QWI, as shown in Figure 23. The mask width was
20 um, and the gap of SiO; stripes was 16 pm. When the current was 200 mA, the threshold
current was 62 mA and the output power was 3.6 mW. The current of the front and rear
mirrors varied from 0 to 70 mA, with increments of 2 mA; the gain part current was 100 mA
unchanged, and the phase current was kept at 0 mA. The lasing wavelength ranged from
1552 to 1582 nm, and all SMSRs were larger than 30 dB. The extinction ratio was 17 dB at a
bias voltage of —5V in the EAM.

In addition to the conventional SAE technology that fabricates EML, Zhu et al. [85]
used a modified double-stack active layer (DSAL) SAE technology, which has the advan-
tages of both BJ and conventional SAE. Contrary to Figure 20, S5iO, was deposited in the
EAM region, followed by the growth of the EAM and laser MQWs sequentially in a single-
step epitaxy process. The SAE-DSAL technique enabled the optimization of the EAM and
laser MQWs separately because the growth proceeded at different times. The energy-gap
difference became larger between the upper and lower MQWs in the laser region, which
reduced the absorption of the EAM. The SAE-DSAL technique can reduce the threshold
current of the EML. The threshold current of the EML was 20 mA. The output power was
10 mW with an injection current of 100 mA. The lasing wavelength was 1550.5 nm with an
SMSR of more than 41 dB. The extinction ratio was 12 dB when the —3 V bias voltage was
applied to the EAM. Zhu et al. [86] also fabricated an EML that combined SAE and DSAL.
The threshold current was further decreased to 16 mA, and the output power was larger
than 10 mW when the injection current was 64 mA. The wavelength was 1552.28 nm with
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an SMSR larger than 53 dB. A 30 dB static extinction ratio over 30 was obtained when the
bias voltage in the EAM was —5 V.
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Figure 23. Schematic of EML consisting of a SG-DBR laser and EAM by combining SAE and QWI.
The active region consisted of eight compressively strained InGaAsP MQWs. The 1.2 Q InGaAsP
was used as the SCH structure. The grating mask and contact layer were InP layers. Reprinted with
permission from ref. [84] © Chinese Physical Society. Copyright 2008 Chinese Physics Letters.

Monolithically integrated EML arrays are key light sources in modern dense wave-
length division multiplexing (DWDM) systems. DWDM systems require high-speed,
high-coupling output power, single-mode, and low-chirp multi-wavelength light sources
in long-distance optical communications [87]. SAE reduces the complexity of EML array
fabrication. Cheng et al. [88] designed a four-channel EML array and completed the device
using SAE. The threshold current was approximately 18 mA, and the output power at
100 mA was 9 mW. The lasing wavelength ranged from 1551.8 nm to 1554 nm, and the
average channel spacing was approximately 0.8 nm. The average value of the single-mode
SMSR was up to 45 dB. The extinction ratio was 15 dB with —5 V voltage applied to
the modulator.

Xu et al. [89] reported a ten-channel EML array using SAE. The arrayed waveguide
grating (AWG) combiner was integrated with an EML array using BJ. The Ti film heaters
integrated into the device achieved thermal tuning. The fabricated device is shown in
Figure 24. The emission of the ten-channel EML spacing was 1.8 nm. The PL peak wave-
length of the ten-channel in the laser region ranged from 1530 nm to 1580 nm due to the
increasing width of the stripe mask. The threshold currents of each laser in the array was
between 30 and 60 mA. The output power ranged from 8 to 13 mW at an injected current
of 200 mA injected current. All channels had high single-mode light emission with an
SMSR > 40 dB. The device had a static extinction ratio greater than 11 dB and a modulation
bandwidth larger than 8 GHz.

3.4.2. MWLA

Multi-wavelength DFB laser arrays (MWLAs) can realize a wide range of wavelength
tuning in WDM optical communications. The advantages of monolithic integrated laser
arrays are miniaturization, cost-effectiveness, high reliability, and low consumption [90,91].
Lasers with different emission wavelengths and uniform channel spacing are realized in
MWLAs by adjusting the grating pitch and the ridge waveguide width [92-95]. The use
of EBL to fabricate MWLA is time-consuming and expensive, and the limitation of EBL
resolution makes it difficult to fabricate MWLA with a channel spacing of 1 nm. In the
SAE, the same channel spacing can be achieved with oxide stripe mask widths of a few
micrometers. The reproducibility and processing simplicity of SAE are much better than
those of EBL. In SAE, the lasing wavelength of the active region and the effective refractive
index of the waveguide are modulated by the thickness and composition variation of
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the materials, which is achieved through the control of the dielectric mask geometry and
material growth conditions.

Figure 24. Optical graph of the fabricated device. The size of the integrated chip was 5800 x 5800 pm?.
The lengths of the DFB laser and EAM were 500 and 150 pm, respectively. A 50 pm isolation region
was located between the EAM and DFB laser. Reprinted with permission from ref. [89] © Elsevier.
Copyright 2017 Optics & Laser Technology.

Darja et al. [96] reported a four-channel DFB laser array with multi-mode interference
(MMI) for 1.55 pm coarse wavelength division multiplexing (CWDM) systems. The width
of the opening region between the mask stripes was 15 pm. The device fabrication process
included: (1) the formation of the InGaAsP DFB grating; (2) SiO, mask pattern fabrication;
and (3) the growth of the InGaAsP MQW, InP cladding layers, and InGaAs capping layer.
The average threshold current of the four-channel was an average of 70 mA. The lasing
wavelengths of the four-channel DFB laser arrays were 1521.2, 1541.4, 1564, and 1580.6 nm,
with SMSR > 30 dB.

The lasing wavelength and channel spacing of the MWLA must be consistent with
the desired wavelength. It is not easy to guarantee that the actual situation of growing
materials between different elements in MWLA matches the ideal design. Zhang et al. [97]
modified the SAE method as shown in Figure 25. The conventional SAE-deposited and
patterned masks on the buffer layer realized the selective growth of the laser arrays. The
thicknesses of the SCH and MQW layers increased due to growth-rate enhancement, as
shown in Figure 25a. The lower SCH and MQW active regions were first formed in the
buffer layer. Then, the patterned masks were deposited above the MQW layer, followed
by the completion of the remainder of the laser structure, as shown in Figure 25b. The
gap of each mask stripe was fixed at 20 pum. The widths of the stripe masks varied from
0 um by 1.5 um steps to adjust the thickness of the upper SCH layer to different Brag
wavelengths. The threshold current of each channel was approximately 18 mA in MWLA,
with a wavelength spacing of 0.42 nm. The lower SCH and MQW layers achieved excellent
control of the lasing wavelength and channel spacing because they were insensitive to the
growth-rate enhancement and composition variation of SAE. The wavelength matching of
the device was better than that of the MWLA fabricated using EBL.
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Figure 25. (a) Schematic of the MWLA structure achieved via conventional SAE. The upper and
lower SCH and MQW were thicker due to the growth-rate enhancement generated by the masks.
Reprinted with permission from ref. [98] © Elsevier. Copyright 2013 Optics Communications.
(b) Modified SAE. The lower SCH and MQW were hardly affected by the growth-rate enhance-
ment, enabling the realization of precise emission wavelengths. Reprinted with permission from
ref. [95] © Springer Nature. Copyright 2018 Science China Information Sciences.

Zhang et al. [99] subsequently combined the modified SAE and bundle integrated
guide (BIG) to fabricate a four-channel DFB laser array integrated with an MMI and a
semiconductor optical amplifier (SOA). The output power of each channel in the array was
17 mW at a current of 200 mA, and the slope efficiency was 0.11 W/A. The optical spectra
of the lasers in the array showed SMSRs larger than 42 dB, with an average channel spacing
of 0.6 nm.

Zhang et al. [100] integrated a ten-channel EML array with MMI to fabricate a trans-
mitter by SAE and BJ. The average output power of each channel was 0.25 W with an
injected current of 200 mA. The threshold current of the ten channels was between 20 and
40 mA. The SMSRs of the entire channel were greater than 40 dB. The extinction ratio
ranged from 15 to 27 dB at a biased voltage of —6 V.

Guo et al. [101] conducted a 1.3 um six-channel DFB laser based on an SAE for the first
time. The width between the SiO, mask stripes was fixed at 30 um, and the mask widths
in the array were 20, 30, 40, 50, 55, and 65 pm. The threshold current was approximately
20 mA, and the output power of all channels was greater than 10 mW at an injection current
of 100 mA. The lasing wavelengths of the six-channel DFB laser were 1301.8, 1305.1, 1308.1,
1311.2, 1313, and 1315.7 nm, respectively. The threshold current was approximately 20 mA,
and the output power of all channels was greater than 10 mW at an injection current
100 mA.

Kwon et al. [102] developed a ten-channel DFB laser array operating at 1.55 um for
the transmission of a 100 Gbit/s Ethernet system. The average SMSR was larger than
50 dB, and the average channel spacing was 8.2 nm at an injection current of 50 mA. The
average threshold current in the ten-channel DFB laser arrays was 25 mA. Subsequently,
Kwon et al. [103] fabricated a planar-buried heterostructure (PBH) eight-channel DFB laser
array to obtain a higher energy efficiency and better output beam quality attributed to fine
current confinement than that of the ridge waveguide structure. The threshold current
of the lasers ranged from 8.5 to 11 mA, which is lower than that of the ridge waveguide
structure DFB laser array described in a previous study [102]. The output spectra showed
that the lasing wavelength changed from 1528.4 to 1584 nm, with an interval of 8 nm. The
SMSR of each channel was larger than 50 dB, and the power loss was less than 2 dB after a
2 km transmission.
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4. Conclusions

SAE is a crucial design and integration tool for fabricating semiconductor lasers. The
thickness and composition of the active layer depend on the geometry of the patterned
mask. Knowing the characteristics of growth-rate enhancement and composition varia-
tion in SAE is significant in realizing wavelength-tunable lasers. SAE has completed the
fabrication of the BH laser with a low threshold and nearly circulated light spot, owing to
its cost-effectiveness and inherent manufacturing simplicity. The SAE achieved uniform
distribution and size of QDs. The main challenges in obtaining QDs using SAE are increas-
ing the density of QDs and reducing the defects at the interfaces between the QDs and the
surrounding embedded materials to improve the laser gain. Although the realization of
electrically driven lasers on Si is limited by the availability of micrometer-scale materials
and the large number of defects created by direct epitaxy on Si, novel growth schemes,
including lateral ART, enable the material dimension to be micrometer-scale and block
material defects within an appreciable size, which is beneficial for achieving electrically
pumped lasers on Si.

SAE integrates lasers with other optoelectronic devices that are repeatable and cost-
effective, typically EML and MWLA. The EML and MWLA will continue to move towards
high-speed arrays with low power consumption and cost-effectiveness. The emission
intensity of the active region of the EML array channel decreases as the wavelength increases
because of the accumulation of SAE mask defects, deteriorating long-distance optical
transmission. The SAE should improve the precisely controllable lasing wavelength and
channel spacing in the MWLA. Although remarkable progress has been made in the
material growth and device fabrication in SAE, specific methods that can realize the precise
control of emission wavelength and the position of materials in the active region are
still unknown. Defects caused by the presence of the mask more or less deteriorate the
output characteristics of lasers. The potential of SAE to reduce material defects, lower
device consumption, achieve controllable lasing wavelengths, and improve modulation
performance is yet to be explored and will be investigated in future studies regarding the
SAE technique.
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