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Gratings used for silicon photonic waveguides were demonstrated with outcoupling
efficiency greater than 60% in a short grating length of 13 um at a wavelength of 1550 nm.
Due to problems of generating light from silicon, light has to be generated by either
growing III-V material, wafer bonding III-V material to silicon, or externally generated
light has to be coupled into and out of silicon photonic waveguides. Gratings have been
used in semiconductor lasers to obtain single frequency operation. Some applications such
as telecommunications require a narrow and single spectral line. And such single
frequency lasers are typically distributed Bragg reflector (DBR) lasers or distributed
feedback (DFB) lasers. Gratings used for both DBR and DFB lasers in III-V materials are
generally hundreds of micrometers long due to a low index contrast at the grating interface,
a low grating confinement factor, or a low value of the electric field at the grating interface.
If the short gratings demonstrated in silicon photonic waveguides could be obtained in III-
V semiconductor waveguides, lasers could incorporate such short gratings to couple light
into silicon photonic circuits.

Addition of a thin, low-index liner layer over a surface grating combined with a

high-index layer can result in short, efficient couplers for III-V waveguides with

v



performance similar to grating couplers in silicon photonic waveguides. The same low-
index liner and high index cover layer can also minimize reflections at transitions between
sections of photonic integrated circuits or between a laser region and a DBR or grating
coupler region. A detailed design of an enhanced coupling strength (ECS) grating
integrated with a 9-QW and 5-QW laser structure emitting at a wavelength near 1550 nm
has been presented. Both designs allow outcoupling of greater than 70% of the emitted
light in a distance of about 20 um in a single pass, which is a reduction of outcoupler
grating length in such I1I-V waveguides by a factor of 50 or more compared to conventional
grating outcouplers. Moreover, the ECS approach also allows designing a second-order
grating that has near 100% reflection with insignificant outcoupling. Such a grating can
provide equivalent performance at twice the grating period as a first order DBR grating,
allowing the holographic fabrication of low-loss reflective gratings to laser wavelengths

below 400 nm from the previous limit of about 800 nm.
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Chapter 1

INTRODUCTION

In this dissertation, a new method to enhance the performance of a grating
outcoupler embedded in a semiconductor laser waveguide is developed. A complete design
of such a device at silicon photonics wavelengths near 1550 nm is provided. By inserting
a thin low-index liner layer between the conventional grating and a high-index cover layer,
grating efficiency is dramatically increased. This “Enhanced Coupling Strength” (ECS)
approach allows an outcoupler grating in compound semiconductor waveguides to radiate
about 80% of the incident waveguide light in a distance of about 10 um, compared to
distances of many hundreds or thousands of um [1] previously required for conventional
outcoupler gratings in compound semiconductor waveguides. The ECS process has the
additional advantage of providing higher optical field overlaps that result in smaller losses
in the transition regions between active, passive and grating waveguide regions.

This chapter discusses some important concepts related to semiconductor materials,

lasers, and gratings, and the relevance of ECS gratings to silicon photonics and DBR lasers.



1.1. Laser Waveguides

1.1.1. Semiconductor Materials

Semiconductor light-emitting diodes (LEDs) and semiconductor lasers, which
efficiently convert electrical power to optical power, are made from III-V compounds, such
as alloys of GaAs and InP or from II-VI compounds. The numbers III-V and II-VI refer to
columns of the periodic table. The choice of semiconductor materials used to make laser
devices depends on the desired wavelength (or equivalently, frequency) of emitted light.
The wavelength is determined primarily by the band gap energy (E;) of the active region
material. The band gap is an intrinsic property of materials which is defined as the
difference between the lowest level of the conduction band and the highest level of the
valence band. For direct bandgap semiconductors, an electron in the conduction band can
combine with a hole in the valence band and emit a photon with an energy that is
approximately equal to the band gap energy. Therefore, the wavelength and frequency f of

the photon is related to the bandgap by

Eg = Ephoton =hf = 7 (1)

where 4 is Planck constant and c is the speed of light in vacuum, so the wavelength of light

is given by

r= g 2)

If the energy has units of electron volts (eV), the wavelength of light in um is given by

1.24
E, (eV) (3)

A (pm) =



The original motivation for this work was to couple an optical gain region with a
“short” (10 to 20 um long) grating outcoupler monolithically integrated with an
InGaAsP/InP laser into a second grating outcoupler of similar length located on a silicon
photonics optical waveguide as shown in Figure 1. The InGaAsP/InP material contains
another distributed Bragg reflector (DBR) grating that reflects light in-plane (no
outcoupling). The DBR grating serves as one mirror of a laser cavity. The second mirror

of the laser cavity, located in the silicon photonics waveguide, provides the second mirror.

SOl nnnnn

/‘ DBR
[Ty
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Figure 1. III-V Si hybrid laser structure.

Conventional grating outcouplers in silicon photonic waveguides that consist of a
thin (0.2 to 0.4 pm) silicon core surrounded by silicon dioxide cladding layers first
demonstrated high efficiency (> 80% total light outcoupled) coupling distances of only 10
to 20 um [2]. Unlike direct bandgap light emitting semiconductor materials (many III-V
and II-VI compounds), silicon has an indirect band gap, so electrons and holes cannot
recombine radiatively to efficiently produce light. The integrated laser and ECS outcoupler
is one method to couple light into silicon photonic waveguides.

Several InGaAsP/InP epitaxial structures that emit in the 1.2 to 1.7 um wavelength

range are shown in detail in chapter 3. In addition to the “hybrid” InGaAsP/InP — Si



photonics laser configuration, a complete laser (using two DBR gratings) can be integrated
with an ECS outcoupler to make a surface emitting semiconductor laser. Although vertical
cavity surface emitting lasers (VCSELs) are made in high volume for applications
including data telecom and more recently facial and gesture recognition in smart phones
and for virtual reality, they are limited to lower powers and near infrared wavelengths (less
than about 1.1 um), where silicon has high optical losses [3], [4]. An integrated laser with
ECS outcoupler can provide very high power levels with wavelengths ranging from 0.36
pum (blue lasers in GaN) to beyond 10 pm (quantum cascade and interband cascade lasers)
[5]- [8].

For silicon photonics waveguides, the wavelength of the propagating light must be
greater than about 940 nm to avoid strong band to band absorption. Common wavelengths
used in silicon photonics are about 1310 nm and 1550 nm because of the extensive
development of photonic components at these telecom wavelengths. The semiconductor
material used in the laser active region for this work is InGaAsP to obtain a wavelength of
1.55 pm in this research. The wavelength of Ini.xGaxAsyP1.y is variable from 1.1 to 2
(InGaAs with strain) um by adjusting the mole fraction of x and y. As indicated in Figure
2, the wavelength of a material is a function of composition and lattice constant. The lattice
constant is the crystal dimension of a unit cell of the crystalline material, so each material
has its own lattice constant. Matching lattice constants of two materials is important for
the quality of heterostructure lasers (as discussed in section 1.1.3) to decrease crystal lattice
defects. The combination of InixGaxAsyP1.y and InP can be lattice-matched at the lattice

constant of the InP substrate (5.87 angstroms) as shown in Figure 2. Therefore, Ini.



xGaxAsyP1.y layers grown on an InP substrate make up the laser and main waveguide

structures considered for the grating outcouplers in this thesis.
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Figure 2. Band gap and lattice constant for semiconductor compounds [9].

1.1.2. Laser Components

Semiconductor lasers generate ultraviolet, visible and infrared light with a narrow
wavelength spectrum depending on the chosen material system. The word laser is an
acronym for Light Amplification by Stimulated Emission of Radiation. Although lasers
require an amplifying region, they are also light oscillators, and all oscillators require both
an amplifier and feedback. In a semiconductor laser [10], [11]: the amplifier is a region

with an inverted (compared to equilibrium) population of electrons, allowing stimulated



radiation. The feedback is provided by discrete mirrors (cleaved facets of the
semiconductor laser in horizontal cavity lasers) or distributed mirrors (such as a grating).

The light amplifying gain medium is made of semiconductor materials with a direct
band gap as discussed in the previous section. The population inversion that results in gain
occurs by optical pumping or, more commonly in semiconductor lasers, current injection.

At low current levels in a semiconductor laser, electrons flow into the conduction
band on the n-side and holes flow into the valence band on the p-side. In the narrow
bandgap active region, electrons in the conduction band recombine with holes in the
valence band and emit photons. Such recombination of an electron and hole is called
“spontaneous emission”. Spontaneous emission, which is emitted by LEDs, produces
photons with a relatively broad wavelength spectrum propagating in random directions
(incoherent light). An electron and hole can also recombine and emit a photon by
stimulated emission. In this case the emitted photon has exactly the same wavelength,
phase and direction of propagation as that of the photon that stimulated the emission. This
stimulated emission process produces highly coherent light.

Stimulated and spontaneous emission equals the absorption of light at equilibrium,
which led Einstein to derive the well-known A and B coefficients [12]. For a material to
become transparent, the injected laser current (called the transparency current) has result
in the difference between the quasi Fermi levels of the conduction band (Ef) and the
valence band (Eg) being equal to the bandgap [13]. With increasing current, the material
has net gain. The number of photons emitted increase (or are amplified) with increasing
current.

Erc —Epy > Eg (4)



In a simple semiconductor laser, two mirrors, typically cleaved facets of the crystal,
reflect photons back and forth along the axis of the gain medium, forming a Fabry Perot
cavity. If the facets are cleaved with no coatings, equal power is emitted from both ends.
The reflectivity of each mirror can be changed by applying high reflection (HR) coating or
a low reflection (LR) coating on the mirrors. Using an HR and LR coating allows most of
the photons to be emitted from one end of the laser. If the round trip power gain in the
cavity is equal to the internal losses plus the loss of photons out of the end mirrors (mirror

losses), the amount of gain gu required for lasing is obtained.

1 1
Itnh = l—‘active Gmat = Uint + ﬂln R1R2 (5)

Above threshold, the round trip gain is “pinned,” and each additional electron
injected into the semiconductor results in generation of a photon emitted by stimulated
emission if the internal quantum efficiency is 100%. As aresult, a linear increase in current
provides a linear increase in the output power of the laser [11], [14], [15]. In materials
such as alloys of GaAs and InP, internal quantum efficiencies of 80 to 90% and higher are
obtained, making semiconductor lasers the most efficient way to convert electrical power
to optical power. The mirror power loss is due to the reflectivity of the two mirror facets
(R1 and R2) and the cavity length is L. The internal loss (ctint) is related to band to band
absorption, layer interface roughness, slight material composition inhomogeneity
(variation), layer thickness variations, and doping. [@aicive the confinement factor in the
active region is the fraction of the mode power in the active region. It is equal to the
quantum well (QW) confinement factor for a quantum well laser. Guas represents the

material gain—the gain of the bulk material or the quantum well material as appropriate.



1.1.3. Heterostructure Waveguide

The first laser diodes demonstrated in 1962 [11] were homojunction devices,
composed of two identical semiconductor materials with the same band gap energy but
different doping types. To increase the optical gain and confine the photons, a
heterostructure waveguide was introduced that consists of an active region (Figure 3) with
a low-energy band gap sandwiched by two cladding layers that have a relatively high-
energy band gap as illustrated in Figure 4. The typical thickness of early active regions
was hundreds of nanometers. The difference in energy band gap between the active and
cladding layers confine electrons in the conduction band and holes in the valence band to

the active layer, increasing the gain of the active layer for a fixed current.

llnjected Current

P Cladding

Active Region

N Cladding

% Cleaved Facets (Mirror@g

Figure 3. A semiconductor laser illustration with the narrow active region in the cavity.

Moreover, the low energy band gap corresponds to a higher index of refraction of
the active region, while the high energy band gap has a lower index of refraction, resulting
in the index profile shown in Figure 4. The difference in the refractive index between the

active and cladding layer provides total internal reflection (TIR) so that light is confined to



the vicinity of the active layer. The fraction of light confined to the gain region is the
confinement factor [aciive in Equation (5).

The double heterojunction laser provides both carrier confinement and optical
confinement, an advancement that allowed continuous operation of semiconductor lasers

when the active layer thickness was reduced to about 100 nm [16].
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Figure 4. Sketch of a double-heterostructure, corresponding energy band diagram (to

provide carrier confinement), index profile (to provide optical confinement), and electric
field profile [11].

1.1.4. Types of Semiconductor Lasers and Characteristics

Once the epitaxial layers are designed and the laser wafer is grown, Broad-Area
(BA) lasers and Ridge-Guide (RG) lasers can be fabricated and the devices can be tested.
The highly doped, low bandgap InGaAs cap layer of a BA laser is etched to limit the current
through a 100 pm wide contact stripe. Ti/Pt/Au is then deposited on the top of the laser

stripe and the substrate is thinned to about 100 um (for ease of cleaving facets) for a



Ni/Au/Ge contact. RG lasers have a deeply etched narrow ridge stripe, typically in the
range of 2 to 5 um, to provide lateral mode control. Both the high doped InGaAs layer and
the InP cladding layer are etched to provide the lateral index difference between the laser

ridge and the region outside the ridge area as shown in Figure 6.

Metal Metal
InGaAs InGaAs
InP InP
InGaAsP InGaAsP
InP InP
InP Substrate InP Substrate
Metal Metal

Figure 5. Sketch for (a) BA laser and (b) RG laser.
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Figure 6. Effective index as a function of remaining p cladding thickness.

The Light-current (LI) curve is an important characteristic of a laser. Figure 7
shows a typical optical output power of light as a function of the external current. Threshold

current Iy, is defined to be the current at which there is a rapid increase in output power due

10



to stimulated emission. Below threshold, the optical power is dominated by spontaneous
emission.

Longer and wider lasers require more external current to operate in the stimulated
emission, so it is meaningless to just compare threshold current of different semiconductor
lasers. Threshold current density, the threshold current divided by the area of the laser
stripe, is an important metric used to compare different laser designs. In analyzing the
threshold current density of laser diodes, it is essential to know the actual area where the
injected current is applied. RG lasers have a narrow stripe (2-5 pm) covered by a metal
contact. When applying the external current through a RG laser, the lateral current spreads,
causing the injected-current area in the active region to be much larger than the actual metal
stripe area, making it difficult to determine accurately the threshold current density of RG
lasers. By contrast, BA lasers have a much wider cavity stripe, on the order of 100 pm or
more, so the pumped current area is almost the same as the area of the metal stripe. As a
result, BA lasers are good for determining accurate threshold current densities,
transparency current densities, internal losses, and internal efficiencies.

The slope of the LI curve above the threshold is also an important characteristics of
a laser. LI curves are temperature dependent. A higher operating temperature increases
the threshold current density, reduces the slope efficiency, and shifts the lasing wavelength
peak. As indicated in Figure 7, power rollover can occur at higher currents, typically due

to heating effects.
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Figure 7. Light-current (LI) curve for InGaAsP laser [11].

Another characteristics of a laser is the optical power spectrum [17]. Many
semiconductor laser applications require a well-defined narrow spectral bandwidth of light.
As discussed in section 1.1.2, FP lasers have longitudinal modes. The multiple longitudinal
modes cause multiple spectral peaks around a central peak. Below threshold, the
spontaneous emission determines the shape of the spectral pattern with multiple peaks in
the wide bandwidth. For ridge-guide and other laser structures with lateral mode
confinement, the output powers of the longitudinal modes closest to the highest gain
increases, reducing the number of longitudinal modes. Even in the rare cases where there
is only one longitudinal mode in continuous operation, numerous longitudinal modes occur

when the laser is modulated. Further, such lasers switch longitudinal modes rapidly with

12



changes in current. The power spectrum of BA lasers have numerous longitudinal and

transverse modes with a relatively wide spectral width.

1.2. Gratings

To obtain dynamically single mode (also known as single frequency) operation,
one or both of the cleaved-facet mirrors of a single transverse mode laser can be replaced
with a grating. Depending on the period, the gratings with shorter periods can provide a
spectrally narrow reflectivity, which can select a single longitudinal mode that is locked in
over a wide operating range of currents and temperature. At longer periods, gratings can
be used to couple light out of the laser waveguide.

Gratings are composed of a periodic variation of a layer thickness that can be
modeled as an equivalent layer with a periodic refractive index. The shape of the layer
variation usually has a sinusoidal or square profile — at least these are the profiles most
commonly analyzed. An array of index discontinuities along the direction of the light
propagation (the z direction in Figure 8) provides the constructive interference that is
known as Bragg deflection or Bragg diffraction. As the guided light propagates in the
grating structure having a fixed grating period A, only light at a certain wavelength is
deflected at a fixed angle. If the angle indicated in Figure 8 is -90°, the light is reflected
by the grating in the 1% order of Bragg diffraction. The grating period of 1% order Bragg

diffraction is half of the wavelength of the light in the waveguide:

Mige = —= = (6)
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where A is the grating period, Am is the wavelength of light traveling in materials, Ao is the
wavelength of light propagating in free space, and nefr is the effective index of the
waveguide. Gratings operating in 1% order are used for in-plane reflection and transmission
(parallel to the direction of propagation in the waveguide). The reflected and transmitted

intensities of a grating of length L, derived from Couple Mode Theory, are [18], [19]

R |kL|?
<A2ﬂ)2 + (sL)?coth?(sL) ™
T= 4 ®)
y cosh(yL) — (a — jAB)sinh(yL)
where
AR\ 1/2
5= [|K|2 (%) ] ©)
Y = [x* + (a — jAB)?]*/? (10)
AB = 2(B — o) (11)

Gratings operating in 2" order Bragg diffraction not only reflect light, but also
couple light out of the waveguide, both upwards (towards the superstrate) and downwards
(towards the substrate). The grating period of the 2" order Bragg diffraction is equal to

the wavelength in the waveguide

Ao

ANoos = A =
2nd m neff

(12)

By measuring the wavelength of the emitted light from a laser cavity and by calculating
the effective index of the optical mode in the waveguide, we can calculate the grating

period for any order [14].
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Figure 8. A schematic illustration of a waveguide with a grating structure to deflect light
at an angle.

The angle of the output beam from a grating can be written as: [14]

A A
sin? @ = nZer — 2nepp (XO) + (XO)Z (13)

1.2.1. Effectiveness of a Grating
1.2.1.1 First-order Grating Coupling Coefficient by an Integral Method

In general, optical waveguides can support multiple modes, even though most laser
structures are designed to support only a single mode. A grating wavevector K (K=2m/A,
where A is the grating period) can couple any forward mode (mode p) to any backward
mode (mode g) in the case of contra-directional coupling, or any forward mode to any other
forward mode in the case of co-directional coupling [20]. For grating reflectors and

outcouplers, we are interested in contra-directional coupling as shown in Figure 9.
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Equation (14) shows a perturbation formula for the first-order coupling strength kq
between a p mode and a ¢ mode of a grating formed in an optical waveguide [15], [21],
[18]:

WE

0
Kpq = Tbm(nf —n3)- f_aE;(x)Eq(x)dx (14)

where o is the angular frequency of an optical mode, € is the permittivity of free space,
bm is the Fourier coefficient corresponding to the 1% order of the grating period, n; is the
index of refraction of the core layer directly under the grating, n is the index of refraction
of the layer directly above the grating, a is the depth of the grating. The integral form in
equation (14) is the fraction of light confined in the grating region that is also known as the
grating confinement factor. The term of (ni> — n2?) is the relative permittivity difference
since the relative permittivity i is equal to the square of the refractive index n?>. The
coupling strength of a grating increases as the relative permittivity difference between the
layer below and the layer above the grating increases. Furthermore, the strength of the

grating increases as the fraction of light confined in the grating region increases according
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to the integral term of equation (14). Although equation (14) applies only to first-order
Bragg gratings, it indicates that for grating of all orders, increasing the permittivity

difference and the grating confinement factor increases the strength of the grating.

1.2.1.2 First-Order Grating Coupling Coefficient by an Equivalent Surface Current

Method
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Figure 10. Illustration of (a) a periodic sinusoidal boundary and (b) an equivalent planar
boundary with a periodic surface current between two materials.

Another method to determine the coupling coefficient of a first order grating
assumes that a periodic boundary is equivalent to a flat boundary with a periodic surface
current, as shown in Figure 8. The sinusoidal boundary in Figure 10(a), between two
materials with relative permitivites €1 on the lower side of the grating and € on the higher
side of the grating can be written as

W, (x) = W(1 + ncosKz) (15)
where W is the thickness of the core layer, nW is the amplitude of the periodic boundary,
z 1s the spatial coordinate along with the axis of the optical waveguide and the propagation

direction of the optical mode, and K is the grating wave number (K = 21/A). This periodic
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sinusoidal boundary is equivalent to the configuration consisting of an unperturbed

boundary with a periodic surface current as shown in Figure 10(b).

From Maxwell’s equations,

—

E . - -
relE‘*‘] :ngogrelE +] (16)

. dD .
VXH:E-}_]:‘SOS

where g9 is the permittivity in free space, €l is the relative permittivity in materials, ® is
the angular frequency of the electromagnetic field, J is the current, and E is the electric

field. By Stokes Theorem,
f (VX H)dS = 55 Hdl (17)
s l
Substituting equation (17) into equation (16), we obtain
55 Hdl = jweye e f Eds + f jds (18)
l s s
As applying to Figure 10(a), there is the open surface S in the material of &1 without any

current. Then equation (18) can be written as
fﬁdiz jwsoslf Eds (19)
l s

In addition, as applying to Figure 10(b), the open surface S is in the material of &> with a

surface current Js.

55 Hdl = jweye, f Eds + f Js(2)8(x — W)&,ds (20)
l s s
where J; is

Js = Js(@)8(x = W)e, ©3))
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Since the periodic sinusoidal boundary between &; and &> in Figure 10(a) is equivalent to
the unperturbed boundary between €1 and &> with the surface current Js in Figure 10(b),

equation (19) is equal to equation (20) so we obtain
J@z = jwso(e, - &) | Eas @2)
s
The integral part in equation (22) can be approximated as
f EdS ~ E(W,2z)AxAz ~ E(W, z)[nWcos(Kz)]Az (23)
s

where E(W, z) is the electric field at x = W for any value of z. To substitute equation (23)
into (22), the surface current is given by
Js(2) = jwey(e2 — €)E(W, z)[nWcos(Kz)] (24)

Figure 10(a) and (b) show a periodic perturbed boundary is equivalent to a planar boundary
with a periodic surface current as indicated in equation (24). The periodic surface current
can be generated by mode p with a propagation constant of 3, that is coupled or phase-
matched to mode g with a propagation constant of fq in the grating vector K. The
magnitude of K is the sum of the magnitudes of B, and B4 for a 1% order grating. The

coupling coefficient derived from this approach is equivalent to that of equation (14) [20],

[22].

1.2.1.3 Figure of Merits

Based on equations (14) and (24), the strength of a grating is proportional to the
index of refraction difference on either side of the grating boundary and to the grating
confinement factor, or to the magnitude of the optical field at the grating interface. We

introduce two Figures of Merit (FoM) to give a crude idea of the effectiveness of a grating
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in an optical waveguide. FoM. is the relative permittivity difference between two materials
on both sides of a grating (n;? and n,?) multiplied by the grating confinement factor (I'y).

FoM, = (n} —nd)I, (25)
FoMy is the relative permittivity difference multiplied by the fraction of the peak of the
electric field in the center of the grating.

FoM, = (n —n2)-E*(W,z) (26)

1.2.2. Floquet-Bloch Theory

First order periodic gratings can be analyzed with coupled mode theory (section
1.2.1) for shallow grating depths. However, to treat deep grating depths and 2" and higher
order gratings, we use a numerical Floquet-Bloch approach [23], [24], [25]. The Floquet-
Bloch analysis satisfies the boundary condition at each waveguide interface in the grating
waveguide. In addition, boundary conditions are satisfied at the interface between the
grating region and the non-grating optical waveguide region.

Considering the transverse electric (TE) mode propagating along the z direction,
the component of the electric field in the y direction in the i layer of a periodic grating

structure is given by [24]

Ej(,i) (x,y) = fO(x,2z)e¥? (27)
where y = o + jf is the complex propagation constant of the guided mode, o is the field
attenuation coefficient, B is the longitudinal propagation constant, and f®(x,z) is the
amplitude of the electric field as well as a periodic function so that it can be written as

fO(x,2) = FOx,z+ A). fD(x,2) is also expandable in a Fourier series:
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fO = ) £ e (28)

n=—oo

Substituting equation (28) into equation (27), the electric field can be written as
Ej(,i) (x,y) = fO(x,z)e¥?

— Z%}: ® (x)e—jnKze—i(a+jB)z (29)

- Jn
= 3% o S (x)e I
where f,()(x) is the amplitude of the electric field of the n'" space harmonic in the i layer,
and K, is the complex propagation constant of the n™ space harmonic
Ko = Bn —ja = (B +nK) — ja (30)

and, Bn is the longitudinal propagation constant of the n space harmonic, K is the grating
wavenumber, and a is the attenuation constant. 2a refers to the power attenuation
coefficient. If o> 0 in a first order grating, light is being reflected. Above first-order, an
o > 0 can also correspond to leakage of energy into the substrate or superstrate due to leaky

modes. Since the power attenuation of an optical mode is proportional to e ~2%Z, the

intensity of light travelling in the optical waveguide decreases to e ! within a distance of
z=L=NA =— (3D

where L is the grating length and N is the number of grating periods. Equation (31)
provides the length of the grating required to reduce the intensity of light to e~ (or ~0.37).

The Floquet-Bloch method provides a precise solution of gratings in waveguides
including the complex propagation constants (transverse and longitudinal) and of the
electric and magnetic field distributions, shows the portion of light that is deflected in

multiple directions and the spectral linewidths of the deflected light. The Floquet-Bloch
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approach has been extended to analyze gratings etched through multiple epitaxial layers
and for multiple grating layers resulting from ECS structures. More details on ECS

gratings will be provided in later chapters .
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Chapter 2

ENHANCED COUPLING STRENGTH GRATINGS

2.1. Conventional Grating Waveguides: SOI, DFB, and DBR

Gratings in Silicon On Insulator (SOI) waveguides were demonstrated with
outcoupling efficiency greater than 60% in a short grating length of 13 um at a wavelength
of 1550 nm [2]. Due to problems of generating light from silicon discussed in chapter 1,
light has to be generated by either growing III-V material or wafer bonding III-V material
to silicon, or externally generated light has to be coupled into and out of silicon photonic
waveguides [26], [27]. Gratings have long been used in semiconductor lasers, mostly to
obtain single frequency operation. For some applications, such as optical pumps for solid
state lasers, broad area (100 pm wide) lasers that consist of numerous lateral and
longitudinal modes are suitable. Such lasers are often referred to as gain-guided lasers.
Other applications require that the output of the semiconductor laser have a single
transverse TEoo or TMoo mode to provide an output beam that can be efficiently coupled to
optical waveguides or focused to near diffraction limited spots. These lasers are known as
single transverse mode lasers but can have numerous longitudinal modes. Finally,
applications such as telecommunications and spectroscopy require a very narrow, single
spectral line. Such single frequency lasers generally are either distributed feedback (DFB)
lasers or distributed Bragg reflector (DBR) lasers. DFB and DBR lasers typically

incorporate III-V waveguides having wavelength selective gratings to provide single
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frequency operation. The grating of a DFB laser can be etched into the substrate followed
by one epitaxial growth of the complete laser structure. Alternatively, the grating may be
etched into the p-type cladding layer above the active region, and the remaining
semiconductor layers are regrown above the grating. DFB lasers always have the grating
co-located with the active region [28], [29].

A DBR laser uses a passive grating at one or both ends of the active region that
provide a wavelength selective reflectivity to reflect light into the laser cavity for optical
feedback [30]. Inrecent years, combinations of passive and active gratings have been used
in semiconductor lasers, and such structures are referred to as distributed reflector (DR)
lasers [31].

Gratings used for both DFB and DBR lasers in III-V materials are typically
hundreds of um long due to a low index contrast at the grating interface, a low grating
confinement factor, or a low value of the electric field at the grating interface. The gratings
used in DFB, DBR and DR lasers are often first-order gratings that only provide in-plane
reflection and have a grating period A = A/(2nesr) where nefr is the effective index. Gratings
have also been used in second-order (A = A/nefr) to outcouple light from semiconductor
lasers [14]. However, until this ECS work, all of the grating outcouplers in I1I-V materials
required hundreds or even thousands of pm to outcouple a large (>50%) amount of light in
a single pass from a second-order grating.

If the short outcoupler gratings demonstrated in silicon photonic waveguides could
be obtained in III-V semiconductor waveguides, lasers could incorporate such short

gratings to couple light into silicon photonic circuits.
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Furthermore, efficient and short horizontal cavity lasers could be tested at the wafer
level like vertical cavity surface emitting lasers (VCSELs) with the additional advantage
of providing wavelengths beyond 1 um with high power. VCSELs with wavelengths over
I pum are limited by the thicker quarter wave DBR layers and the low index contrast
between InGaAs and InP or InGaAlAs and InP.

In this chapter, the effectiveness of conventional gratings and ECS gratings are
analyzed by the Figure of Merits discussed in chapter 1:

FoM, = (n} —nd)I; (32)
FoM, = (n —n2)-E*(W,z) (33)
FoM. is the relative permittivity difference between two materials on both sides of a grating

2 and n»?) multiplied by the grating confinement factor (I';). FoMs is the relative

(m
permittivity difference multiplied by the fraction of the peak of the electric field in the
center of the grating.

For simplicity, calculations are for a one-dimensional cross-section waveguide with
TE polarized modes at a wavelength of 1550 nanometers. To discuss the ECS concept, the
indices of refraction are limited to one decimal place.

In Figure 11(a), a typical grating structure in a silicon photonics waveguide has a
high index contrast between a silicon core layer with the index of 3.5 (n1) and SiO: outer
layers with an index of 1.5 (n2, n3). Typical thickness values for a silicon photonic
waveguide with a grating coupler are Weore = 0.2 um and W = 0.1 um [2], [32]. This
waveguide has a high relative permittivity contrast at both the grating interface (ni>-n,? =

10) and at the interface between the core and substrate layer (Ansuw, = 2). A large grating

confinement factor (Igrating = 15.3%) results from the large portion of the optical mode

25



confined in the grating layer as shown in Figure 11(a). FoM. of this silicon photonics
waveguide is 1.53, that is, FoM, is equal to (ni1?>-n2?) multiplied by [gratine. Moreover, a
fraction of the peak of the electric field in the center of the grating (E? = 0.3165) is also
high. FoM, of this waveguide is 3.165, that is, FoMy is equal to (n;?-n2?) multiplied by E2.

Values of these parameters are listed in Table 1.
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Figure 11. Field intensity of (a) silicon photonics waveguide, (b) DFB, (c) DBR/OC.

In Figure 11(b), a general DFB grating waveguide has a high-index center layer
(3.5) and slightly low-index outer layers on both sides. The superstrate layer over the
grating is usually an alloy of the III-V compound materials that have an index of refraction
higher than the superstrate of silicon photonics waveguides. The index difference on both
sides of the core layer is on the order of 0.1 to 0.5, depending on the semiconductor
composition. Assume Weore is 0.2 pm, Wy is 0.1 pm, and the index of outer layers is 3.2.

This DFB waveguide has a low relative permittivity contrast at the grating interface (ni>-
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np? = 2.01) and a low index contrast at the interface between the core and substrate layer
(Angyp, = 0.3). A large grating confinement factor (Igrating = 15.8%) results from the large
portion of the field intensity confined in the grating layer as shown in Figure 11(b),
resulting in FoM, of this DFB waveguide to be 0.32. Moreover, a fraction of the peak of
the electric field in the center of the grating (E* = 0.6981) is high so that FoM, of this
waveguide is 1.4032. Values of these parameters are listed in Table 1. In Figure 11(c),
a typical DBR grating structure has a high-index core layer (ni), a slight low-index
substrate layer (n3), and a superstrate layer of a relatively low index of refraction (n2=1.5).
The index difference at the grating interface is much higher than the index difference
between the core and substrate layer. Assume Weore is 0.2 pm, Wy is 0.1 pm, and n3 is 3.2.
This DBR waveguide has a high relative permittivity contrast at the grating interface and
a low index contrast at the interface between the core and substrate layer (Answ, = 0.3). A
small grating confinement factor (I'grating = 2.5%) is due to the small portion of the optical
mode confined in the grating layer as shown in Figure 11(c), resulting in a FoM, for this
DBR waveguide of 0.25. Moreover, a fraction of the peak of the electric field in the center
of the grating (E* = 0.1519) is low, resulting in a FoMy of 1.519.

Table 1 indicates the properties of a silicon photonics waveguide, a DFB waveguide
and a DBR waveguide as shown in Figure 11(a) to (c). All waveguides share the same
thickness of the core layer Weore 0f 0.2 um with the index of 3.5 and the same grating depth
of 0.1 um. Compared to silicon photonics waveguides, conventional DFB waveguides
have a large grating confinement factor and a large fraction of the peak of the field intensity
in the center of the grating. But the relative permittivity difference on both sides of the

core layer is small, resulting in a small value of FoM, and FoMy. In addition, conventional
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DBR waveguides have a large relative permittivity contrast at the grating interface. The
grating confinement and the fraction of the peak of the optical mode are small. That results
in a small value of FoM, and FoM, as well. According to the calculated FoM values, the
grating effectiveness of a silicon photonics grating waveguide is much larger than those of

conventional DFB or DBR grating waveguides.

Table 1. Properties of different types of typical optical waveguides with a grating.

SiWG |DFB DBR
Liner (nm) NA NA NA
Ang, 2 0.3 0.3
n,2-n,2 10 2.01 10
[ grating 15.3% | 15.8% 2.5%
E? =/l | 0.3165| 0.6981| 0.1519
FoM, 1.53 0.32 0.25
FoM, 3.165| 1.4032| 1.519

Although practical semiconductor laser waveguides have numerous layers
containing multiple quantum wells and barriers, and separate confinement heterostructure
(SCH) layers, all with different compositions and doping concentrations, such structures
can be approximated with one central “core” layer surrounded by cladding layers. For this
reason, and also to demonstrate the key concept of ECS gratings, we consider a simple,

asymmetric three-layer waveguide with a grating at one of the interfaces.

2.2. Concept of Enhanced Coupling Strength Grating
To increase the strength or coupling of a grating, it is necessary to increase the

index difference at the grating boundary and the grating confinement factor, or equivalently,
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increase both the index difference and the magnitude of the electric field at the grating
boundary. This is achieved in III-V materials by adding a thin low-index “liner” layer
between the grating layer followed by a high-index cover layer as shown in Figure 12. The
liner layer can be a low-index material such as silicon nitride or silicon dioxide. The cover
layer can be made of a transparent, low loss high-index material such as amorphous silicon
(a-Si) or other amorphous, transparent III-V materials. This grating configuration is
defined as an Enhanced Coupling Strength (ECS) grating waveguide as shown in Figure
12. The low-index liner layer provides a large contrast of the relative permittivity (n;2-n?)
at the grating interface. The high-index cover layer increases the grating confinement
factor by increasing the fraction of the optical field in the grating region, which requires
that the value of the refractive index of the cover layer be greater than the effective index
of the waveguide. Figure 12 applies to II1I-V waveguides as the refractive index of the
cladding layer (n3) is 3.2. Further, Figure 12 applies to silicon photonics waveguides as

the refractive index of the cladding layer (n3) is 1.5.
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Figure 12. Sketch of a waveguide that includes an ECS grating with a thin, low-index liner
and high index cover layer.

In the later chapters, we will discuss how the ECS technique improves the grating
efficiency by varying the thickness of the liner, cover and core layer, and the depth of the
grating by optimizing the crude FoMs. Adding a thin liner layer results in two periodic
interfaces, splitting the periodic index variation into three horizontal regions (I, II, and III)
as indicated in Figure 13. The fields of the resulting waveguide are approximated by
considering the average refractive index of each section of a grating. The average index of
refraction is calculated by taking the square root of the average relative permittivity of each
section of a grating. A 50% grating duty cycle is defined at the interface between the

silicon core layer and the liner layer shown in Figure 13.
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Figure 13. Sketch of regions I, 11, and III of a grating with a liner and cover layer.

2.2.1. Varying the Thickness of Cover, Core and Grating Layers

The ECS grating configuration shown in Figure 12 can also be used to roughly
optimize the thicknesses of the cover, core, and grating layer by calculating FoM, and
FoMy. Examples of such plots are shown in Figure 14 to Figure 16. In the simple, uniform
core, Figure 14(a) shows the index profile of an ECS grating waveguide with a fixed core
layer of 0.2 um, a fixed grating depth of 0.3 um, a fixed liner thickness of 10 nm and a
variable thickness of the cover layer. Figure 14(b) shows the grating confinement factor
as a function of the thickness of the cover layer. For the specific choice of layer indices,
layer thicknesses, grating period, and grating duty cycle, the optimum thickness of the

cover layer is 0.3 um as shown in Figure 14(b).
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Figure 14. (a) The index profile of the ECS waveguide shown in Figure 12 with a fixed
core thickness of 0.2 um, a grating thickness of 0.3 um and a variable thickness of the high-

index cover layer, and (b) the grating confinement factor as a function of the thickness of
the high-index cover layer.

Figure 15(a) to (c) shows the ECS waveguide index profile, the grating confinement

factor as a function of the core layer thickness, and the field intensity plots in the transverse
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direction. In the simple uniform core, Figure 15(a) shows the index profile of an ECS
grating waveguide with a fixed grating depth of 0.2 um, a fixed liner thickness of 10 nm,
a fixed high-index cover layer of 0.2 um, and a variable thickness of the core layer. Figure
15(b) shows the grating confinement factor as a function of the thickness of the core layer
up to 0.5 um. For the choice of layer indices, layer thicknesses, grating period, and grating
duty cycle, the optimum thickness of the core layer is below 0.1 pm as shown in Figure
15(b). The electric field intensity as a function of the transverse direction with variable

core thickness ranging from 0.1 to 0.5 um is plotted in Figure 15(c).
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Figure 15. (a) The index profile of the ECS waveguide with a variable core thickness, (b)

the grating confinement factor as a function of the core thickness, and (c) the field intensity
plots of different core thicknesses.

Figure 16(a) to (c) shows the index profile, grating confinement factor as a function
of the grating depth, and the field intensity plots in the transverse direction. In the simple
uniform core, Figure 16(a) shows the index profile of an ECS grating waveguide with a
fixed core thickness of 0.2 um, a fixed liner thickness of 10 nm, a fixed high-index cover
layer of 0.1 pm, and a variable thickness of the grating depth. Figure 16(b) shows the
grating confinement factor as a function of the grating depth up to 0.5 um. The electric
field intensity as function of the transverse direction with variable grating depth ranging

from 0.1 to 0.5 um is plotted in Figure 16(c).

34



Weore =0.2um Weoy =0.1um

[

w
3]
Il

w
|

REFRACTIVE INDEX
N
N (3]
I I

VARY W g

T 1
02 0 02 04 06 08 1 12
TRANSVERSE POSITION (pm)

(a)

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

GRATING CONFINEMENT FACTOR

0.1

0.05

T T T
0 0.1 0.2 0.3 04

GRATING DEPTH (um)

(b)

FIELD INTENSITY

T T
08 06 04 02 0 02 04 06 08 1
TRANSVERSE POSITION (um)

35




(c)
Figure 16. (a) An index profile of the ECS grating waveguide, (b) the grating confinement

factor as a function of the thickness of the grating layer, and (c) a field intensity plots for
grating thicknesses ranging from 0.1 to 0.5 um.

2.2.2. Variable Liner Thickness

The profile of the refractive index in Figure 17(a) is for an ECS grating waveguide
in Figure 12. The index of the substrate is 3.2, the index of the core is 3.5 with a thickness
of 0.2 um, a fixed grating depth of 0.1 um with variable thickness of a liner layer ranging
from 5 nm to 25 nm, and the index of the cover layer is 3.5 with a thickness of 0.15 pm.
The grating region splits into three horizontal sections I, II, and III as shown in Figure 13.
We can approximate the fields of the resulting waveguide by considering the average
refractive index of each section of a grating. The average index of refraction is calculated
by taking the square root of the average relative permittivity of each section of a grating.
Assuming the grating duty cycle at the interface between the core layer and the liner in

Figure 13 is 50%, the average index of refraction in section I is 2.693.

Nave(section ) = y/50% x 3.52 + 50% x 1.52 = 2.693 (34)
Additionally, if the liner thickness in Figure 13 is 5 nm and the grating period is 0.5 pm,

the average index of section Il is 3.471.

Ngpe(section IT) = 1/50% X 3.52 + 2% X 1.52 + 48% x 3.52

(35)
= 3471
And the average index of section III is 2.655.
Ngpe(section I11) = /52% x 1.52 + 48% x 3.52 = 2.655 (36)
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The corresponding field intensities for liner thicknesses of 5, 10 and 25 nm (in Figure 13)

are shown in Figure 17(b).
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Figure 17. (a) The index profile for a structure shown in Figure 12 with a liner thickness
of 5, 10, and 25 nm and the grating section presented as the average relative permittivities
in grating region of I, 11, and III, and (b) field intensity plots for liner thicknesses ranging
from 5 to 25 nm.

The fraction of the field intensity in the grating region increases as the thickness of
the liner decreases. This simple approximation using the effective indices of the grating
sections shows that the values of the grating confinement factor increase as the liner
thickness decreases. The fraction of the peak field in the middle of the grating also
increases as the liner thickness decreases as indicated in Table 2, as also indicated by FoM,

and FoM,. Even in the case of a liner thickness of 25 nm, which is not optimized, the
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values of the FoMs are still three times larger than both conventional DFB and DBR

waveguides.

Table 2. Properties of different types of optical waveguides with a grating configuration.

SiWG |DFB |DBR |ECSG |ECSG |ECSG |ECSG-SI
Liner (nm) NA NA NA 25 10 5 5
Ang, 2 0.3 03| 03| 03 0.3 2
n2-n,2 10| 2.01 10 10 10 10 10
[ grating 15.3% | 15.8%| 2.5%| 11.1%| 17.1%| 19.3%| 30.1%
E2= I/l | 0.3165| 0.6981| 0.1519|0.4467 | 0.7207 | 0.8003| 0.9759
FoM, 153| 032 025 111 171 1.93 3.01
FoM, 3.165| 1.4032| 1.519| 4.467| 7.207| 8.003 9.759

Figure 18 shows the normalized intensity modal profile for (a) silicon photonics
waveguide, (b) DFB waveguide, (¢) DBR/outcoupler waveguide, (d) ECS DBR/outcoupler
waveguide, and (e) ECS silicon photonics waveguide. All waveguides share the same
thickness of the core layer (Weore = 0.2 um), the same refractive index of the core layer
(3.5), and the same grating depth of (0.1 um). The grating in silicon photonics waveguides
shown in Figure 18(a) can have an efficient outcoupler grating due to a large index
difference between the high-index Si core and the indices of the substrate and superstrate.
Nevertheless, gratings in [1I-V waveguides (DBR, DFB) are fabricated with layers having
a small index difference for at least one interface as shown in Figure 18(b) that reduce the
interaction of the field with the grating. By applying a thin low-index layer followed by a
thicker high-index cover layer over the grating, the waveguide mode moves into the grating
region that results in a larger fraction of the field in the grating region as shown in Figure
18(d) and Figure 18(e).
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Figure 18. Field intensity of (a) silicon photonics waveguide, (b) DFB, (¢c) DBR/OC, (d)
ECS outcoupler, and (e) ECS silicon photonics waveguide.

2.3. ECS Silicon Photonics Waveguide
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Figure 19. A silicon photonic grating outcoupler [2].

An early and common silicon grating outcoupler [2] consists of 220 nm of silicon
on a buried oxide layer. The grating is etched into the silicon to a depth of 100 nm and

covered by 1 um of silicon dioxide. The grating is 13 pm long with a variable grating
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period and duty cycle in order to shape the outcoupled beam into a Gaussian for maximum
coupling into the fiber. The authors report about 35% of light is directed into the substrate

and 65% of light is directed into the superstrate.
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Figure 20. Calculated power spectrum for the 13 um long silicon photonics structure [1].

The silicon photonics grating waveguide of Figure 19 is analyzed by the SMU
developed Floquet-Bloch approach and the fraction of the incident power radiated down
(Pdo), the incident power radiated up (Pyp), the incident power reflected (R), the incident
power transmitted (T) and the sum of the incident power reflected, transmitted and radiated
as a function of the wavelength is shown in Figure 20. The grating length is 13 um and a
uniform 50% duty cycle grating is modeled rather than the variable duty cycle and variable
grating period shown in Figure 19. The 2" Bragg grating period is 598.3 nm and occurs
at a wavelength of 1550 nm. The upward radiated power is about 72% and the downward
radiated power into the substrate is about 17%, which is similar to that reported for the

structure shown in Figure 21.

40



Air

A
Air
A
1 Si0, (n=1.46) 100 nm | a-Si (1=3.476)
Y Woxide v S|02 (n=1 46)
A A
100nm‘_,—|—|—\ 100 nm |
A' A
120 nm Si Core (n=3.476) 120 nm Si Core (n=3.476)
A \4
Si0, (n=1.444) Si0, (n=1.444)
(a) (b)

Figure 21. (a) silicon photonics grating waveguide and (b) ECS silicon photonics
waveguide with a 120-nm Si core layer, a variable silicon dioxide layer above grating teeth,
and a 100-nm a-Si cover layer.

Figure 21(a) shows the index values of a silicon photonics waveguide with a
uniform grating with a silicon core thickness of 120 nm, a grating depth of 100 nm followed
by 1 pm of oxide. Figure 21(b) is an ECS silicon photonics grating with a silicon dioxide

liner layer and a 100-nm a-Si cover layer above the grating.
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Figure 22. Power spectrum for the silicon photonics grating outcoupler shown in Figure
21(a) with a length of 24 pm.

Figure 22 shows the power radiated down (P4o), power radiated up (Pyp), total power
radiated (Pupt+Pao), power reflected (R), power transmitted (T) and sum of power as a
function of the wavelength for the silicon photonics grating waveguide shown in Figure
21(a). The grating length is 24 um with a 50% duty cycle. The 2" Bragg grating period
is 598.3 nm at a wavelength of 1550 nm. The excess of the total power from 100% shows
that the maximum error of the Floquet-Bloch approach is below 5%. The upward radiated
power is 34% and the downward radiated power is 60% so the total radiated power is 94%.
The reflected power can be minimized by operating at the wavelength further away from

the 2" Bragg condition.
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Figure 23. Power spectrum for the ECS grating waveguide shown in Figure 21(b) with a
100-nm liner layer.

Figure 23 shows the power radiated down (P4o), power radiated up (Pyp), total power
radiated (PuptPdo), power reflected (R), power transmitted (T) and sum of all powers as a
function of the wavelength for the ECS silicon photonics grating waveguide shown in
Figure 21(b) with 100-nm liner layer above the grating (Woxi¢ze = 100 nm). The grating
length is 24 pm with a 50% duty cycle. The 2" Bragg grating period is 586.4 nm at the
wavelength of 1550 nm. The excess of the total power from 100% shows that the
maximum error of the Floquet-Bloch approach is below 5%. The upward radiated power
is 14%, the downward radiated power is 81%, and the total radiated power is 95%.
Although the ratio of the upward and downward radiated power changes compared to the
conventional silicon photonics grating in Figure 21 (a) the total radiated power doesn’t

change.
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Figure 24. Power spectrum for the ECS grating waveguide with 50-nm liner shown in
Figure 21(b).

Figure 24 shows the power spectrum as a function of the wavelength for the ECS
silicon photonics grating waveguide shown in Figure 21(b) with 50-nm liner layer (Woxide
= 50 nm) above the grating. The grating length is 24 um with a 50% duty cycle. The 2"
Bragg grating period is 574.3 nm at the wavelength of 1550 nm. Although the ratio of the
upward and downward radiated power changes compared to the conventional silicon

photonics grating in Figure 21 (a) the total radiated power doesn’t change.
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Figure 25. Power spectrum for the ECS grating waveguide with 25-nm liner shown in
Figure 21(b).

Figure 25 shows the power spectrum as a function of the wavelength for the ECS
silicon photonics grating waveguide shown in Figure 21(b) with a liner layer of 25 nm
(Woxide = 25 nm) above the grating teeth. The grating length is 24 pm with a 50% duty
cycle. The 2" Bragg grating period is 564.8 nm at the wavelength of 1550 nm. The upward
radiated power is 34% and the downward radiated power is 57%, resulting in a total
radiated power of 91%.

Although the ratio of the upward and downward radiated power changes compared
to the conventional silicon photonics grating in Figure 21(a) the total radiated power

doesn’t change.
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Figure 26. Power spectrum for the ECS grating waveguide shown in Figure 21(b) with
low-index fillings between grating teeth (Woxigze = 0 nm)

Figure 26 shows the power spectrum as a function of the wavelength for the ECS
silicon photonics grating waveguide shown in Figure 21(b) having a low-index material
between grating teeth. The grating length is 24 pm with a 50% duty cycle. The 2™ Bragg
grating period is 552.3 nm at the wavelength of 1550 nm. The upward radiated power is
49%, the downward radiated power is 37% and result in a total radiated power of 86%.
Although the ratio of the upward and downward radiated power changes compared to the
conventional silicon photonics grating in Figure 21 (a) the total radiated power decreases
somewhat.

Figure 27 is a comparison chart of the radiated power at 1620 nm for the ECS

grating waveguide and summarizes the results of Figure 23 to Figure 26.
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Figure 27. Radiation power as a function of oxide thickness above grating for the ECS
grating waveguide.
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Figure 28. ECS silicon photonics grating waveguide with 25-nm oxide liner above grating
followed by 200-nm a-Si cover layer.

Figure 28 shows the ECS grating in silicon photonics waveguide. The silicon core
layer has a thickness of 120 nm. The grating is etched 100 nm deep in silicon, followed
by the deposition of a thin 25-nm SiO; liner and a 200-nm amorphous Si cover layer. The
total grating depth is 125 nm including the etched grating depth and the liner thickness.

The etched grating has a 50% duty cycle.
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Figure 29. Power spectrum for ECS silicon structure with the thin liner shown in Figure
28.

Figure 29 shows the power spectrum as a function of the wavelength for the ECS
silicon photonics grating waveguide shown in Figure 28 having a thin low-index liner
above the grating. The 2" Bragg period is 509.9 nm. The upward and downward radiated
power are both less than 20%. Most of light is reflected in the stopband between 1550 nm
to 1600 nm. This structure performs much like a 1% order Bragg grating.

Such a structure could enable efficient holographically patterned DBR reflector
gratings, for semiconductor lasers emitting at wavelengths below about 800 nm. The
shortest wavelength available for holography are presently between 229 or 264 nm by the
frequency doubled (FreD) lasers [33], limiting the grating period to about 0.11 pm. For
effective indices of about 3.3, the shortest semiconductor wavelength becomes 800 nm.

By using an ECS DBR 2™ order grating, the limit on emission wavelength is reduced to ~
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400 nm—and even lower in the GaN waveguides that can have effective indices of well

under 3.

2.4. Summary

From the equations for the coupling coefficient, the coupling strength of a simple
grating is proportional to the refractive index difference on either side of the grating
interface, the grating confinement factor, and the fraction of the peak of the electric field
of the waveguide mode at the centerline of the grating region. The Figure of Merit terms
approximate the grating performance. These considerations suggest that the strength of an
outcoupling grating can be improved by inserting a thin, low-index liner and a high-index
cover layer on the top of a conventional III-V grating. For silicon photonics waveguides,
we can change the ratio of upward and downward radiation by varying the liner thickness
followed by the high-index cover layer above the grating teeth. The analysis of the ECS
and conventional silicon photonics grating outcouplers did not show a dramatic
improvement for the ECS structure because for a grating length of 24 um, the conventional
outcoupler was very efficient. However, we expect that for shorter grating lengths, perhaps
5 um, we will find an advantage for ECS outcouplers in silicon photonic waveguides.

By adding a thin low-index liner layer between the high-index cover layer and
grating, a second order Bragg grating can perform as an efficient first order Bragg grating

for DBR mirrors.
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Chapter 3

MODELING ECS GRATING OUTCOUPLERS IN 9-QW LASERS NEAR 1550 NM

In this chapter, we discuss the integration of an ECS grating coupler with a DBR
ridge guide laser as shown in Figure 30 by using the simple planar layer approach and the
numerical Floquet-Bloch analysis. The emitting wavelength of light from the ridge guide
laser is near 1550 nm. The position and length of the ECS outcoupler are determined for

the 9-QW laser waveguide.

Figure 30. Integration of an ECS tapered coupler with a DBR ridge guide laser. The insets
are SEM images of the coupler and DBR grating.
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3.1. InGaAsP Grating and InP Grating Structure for the 9-QW Laser

3.1.1. InGaAsP Grating Coupler

Table 3 indicates the compositions, layer thicknesses and indices of refraction in
the laser section of the 9-QW waveguide with the InGaAsP grating. The indices of
refraction are calculated for a wavelength of 1550 nm. These compositions and thicknesses
are generally used for semiconductor lasers [34]. The active region consists of 9 quantum
wells (QWs) and 8 barriers sandwiched by two “separate confinement heterostructure”
(SCH) layers. These are all made of InGaAsP with different mole fractions. The total
thickness of the active region is 0.2 pm. First the InGaAs cap layer and p cladding InP

layer are etched. Then the 200-nm InGaAsP grating is formed above the p-side SCH layer.

Table 3. 9-QW laser structure designed for an InGaAsP grating.

Layer Composition Thickness (um) Material Index
Air -- 1

Cap InGaAs 0.100 3.62525
P-clad InP 2 3.16492
Space for grating |Ing7,Gag,6ASesPos 0.2 3.35110

SCH INg74Gag 26 ASo 5P s 0.041 3.35110

8x barriers INg.74Gag 26 ASo5P0s 0.008 3.35110

9x QWs INg74Gag .26 ASo 51Po 19 0.006 3.50636

SCH INg74Gag 26 ASo 5P s 0.041 3.35110

N substrate InP -- 3.16492

3.1.1.1 Field Intensity in the Gain Region
Figure 31 shows the refractive index profile and field intensity in the transverse

direction (x direction in Figure 30) for the 9-QW laser as tabulated in Table 3. These QWs
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are not centered in the InGaAsP SCH layers because the ECS grating coupler will be placed

in the p-side of the InGaAsP SCH layer to radiate light out.
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Figure 31. Index profile and transverse field intensity in the laser section for the 9-QW
waveguide with the InGaAsP grating.

To ensure that the lateral mode can be supported in the laser gain region, the index
difference between the ridge and groove in the lateral direction (y direction in Figure 30)
should be in a range of 0.01 to 0.02 for InGaAsP/InP ridge guide lasers. As indicated in
Figure 32, the effective index decreases as the thickness of the p-clad InP layer decreases.
When the effective index difference is 0.01 (An) between the ridge and groove, the p-clad
InP thickness is 0.22 um in the grooves. Figure 32 also shows that the 9-QW confinement
factor is 9.6% in the laser ridge. The QW confinement factor increases as the p-clad InP

thickness decreases.
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cladding thickness for the 9-QW laser having the InGaAsP grating.

Figure 33(a) shows the lateral field intensities with variable lateral index
differences in a range of 0.01 to 0.02 for a ridge width of 5 um. As the index difference
increases, the full width at half power (FWHP) of the near field decreases. In addition, the

laser ridge might be undercut during the etching process, so the field intensity in a 4-um

ridge is also calculated in Figure 33(b).
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Figure 33. Lateral field intensity for a ridge width of (a) 5 um and (b) 4 pm with variable
index steps in a 9-QW waveguide.

3.1.1.2 Refractive Index Calculations in the Grating Region

The following analysis assumes a InGaAsP ECS grating coupler with a rectangular
profile, a constant 50% duty cycle and a constant period as shown in Figure 34. The square
grating is etched into InGaAsP (n;=3.3511) followed by deposition of a thin SiO; liner
(n2=1.46) and an amorphous silicon cover layer (nsi=3.476). The permittivity difference
at the grating interface is:

n? —n3=09.1 (37)

The grating region is split into sections I, II, and III. The average refractive index of each
section is calculated by taking the square root of the average relative permittivity of each
section. Figure 34 illustrates what happens with a liner thickness of 5 nm and a grating
period of 0.5 pm. Within a grating period A, the resulting layers are 50% InGaAsP (ni)

and 50% liner (n2) in section I. Therefore, the average index of refraction in section I is
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Nave(section I) = \/50% x 3.35112 + 50% x 1.46% = 2.585 (38)
Similarly, in section II, within a grating period A, the resulting layers are 50% InGaAsP

(n1), 48% cover layer (ns;) and 2% liner (n2) on the sidewalls due to

liner 5nm

= =10 39
A 500 nm 1% (39)

The average index of refraction in section II is

Ngpe(section IT) = 1/50% X 3.35112 + 2% x 1.462 + 48% x 3.4762
(40)
=3.385

Again, in section III, within a grating period A, the resulting layers are 50% liner (n2), 48%

cover layer (ns;) and 2% liner (n2). The average index of refraction in section III is

Nave (section I11) = \/52% X 1.462 + 48% x 3.476% = 2.628 (41)
The electric fields in the transverse direction of the waveguide in Figure 34 are calculated
by WAVEGUIDE III [35] using the equivalent average index of refraction of sections I, II

and III (Equations (38), (40), and (41)) in the grating layers.
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Figure 34. Illustration of the InGaAsP grating coupler with the liner and cover layer.

Table 4 provides the compositions, thicknesses and indices of the epitaxial layers
of the grating section in the 9-QW laser waveguide. The indices of refraction of Grating
1, Grating 2 and Grating 3 are calculated from nave(section 1), nave(section II) and
nave(section II1), respectively. The total thickness of Grating Section 1 to 3 is 0.2 pm,
including the SiO» liner of 5 nm. An amorphous silicon layer is deposited on top of the

liner layer and fills in the trenches between the grating teeth.
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Table 4. Grating region of 9-QW laser waveguide having an InGaAsP grating.

Layer Composition Thickness (um) | Material Index
Air -- 1

A-Si Amorphous Silicon 0.150 3.476
Grating 3 52% Si0,+48% Si 0.005 (SiO, TL) [2.628
Grating 2 50% barrier(SCH)+2% SiO,+48% Si | 0.190 3.385
Grating 1 50% barrier(SCH)+50% SiO, 0.005 (SiO, TL) |2.585
SCH INg.74Gag 6 ASo 5Py s 0.041 3.35110
8x barriers  |Ing7,Gag ASgsPo s 0.008 3.35110
9x QWs INg.74Gag 56 ASq 51Po.19 0.006 3.50636
SCH INg.74Gag 56 ASo 5Py 0.041 3.35110
N substrate |InP -- 3.16492

3.1.1.3 Field overlaps

The cap layer and a portion of the p-clad layer are etched before the formation of a
DBR grating or an outcoupler grating [30]. During fabrication, transition regions between
the ridge laser region and the grating region are created, and reflections and radiation losses
occur at these interface discontinuities. The reflectivity and radiation loss at an interface

in a waveguide is proportional to (1 — &x) [14]

0 « 2
_ |f_ooE (x)EW(x)dx| 42)

()5, Eg)E;(x)dx [, E, (x)E;, (x)dx)

Ky

where &; is the normalized overlap integral of fields on each side of the boundary, E, is the
electric field on one side of the boundary and E,, is the electric field on another side of the

boundary. Overlap integrals greater than 0.9 are desirable for efficient lasers.
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Figure 35. Cross section for the 9-QW laser waveguide with the InGaAsP grating.

Figure 35 shows a stepped cross section from a laser section, two transition regions,
and an ECS outcoupler grating section. These stepped sections also refer to the device
topology as shown in Figure 30. Laser section 1 corresponds to the epi layers tabulated in
Table 3. Transition section 2 is the bottom of the laser ridge and the level of the top of the
backside DBR grating. Transition section 3 is the top of the front-side outcoupler grating.
The length of transition section 2 and 3 is generally on the order of 10 um. Grating section
4 is the front-side outcoupler grating deposited with a liner and cover layer.

The overlap integrals of each section are indicated in Figure 35 as light propagates
from laser section 1. The overlap integral of the fields between laser section 1 and
transition section 2 is 96% without and 99% with an amorphous silicon layer. The overlap
integral of the fields between laser section 1 and transition section 3 is 82.5%, which is

much lower than the overlap of transition section 2. But by adding an amorphous silicon
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cover layer of 150 nm, the overlap integral is boosted to 96%. The overlap integral of the
fields between laser section 1 and grating section 4 is 96.06% with the deposition of a 5-
nm SiO: liner and a 150-nm amorphous silicon layer. Without the liner a silicon cover

layers, the waveguide in section 4 is cutoff—so the overlap would be 0%.
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Figure 36. Field intensity in (a) transition section 2, (b) transition section 2 covered by the
cover layer of 150 nm and (c) grating section 4 after the liner and cover deposition for the
9-QW waveguide.

In laser section 1, the field intensity and index profile are shown in Figure 31.
Figure 36(a) shows the field intensity and index profile for transition section 2. Figure
36(b) shows the field intensity and index profile for transition section 2 with the amorphous
silicon cover layer of 150 nm that improves the overlap integral. Figure 36(c) shows the

field intensity and index profile in grating coupler section 4 with the 5-nm low-index liner

and 150-nm high-index cover layer on top of the 0.2-um grating.
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Figure 37. Grating confinement factor as a function of the InGaAsP grating depth.

The grating confinement factor as a function of the InGaAsP grating depth in the
9-QW laser waveguide is shown in Figure 37. Since the thickness of the InGaAsP layer
for the grating is 0.2 pm, the grating depth is up to 0.2 pm. The grating confinement factor
is proportional to the grating depth and is 0.353 for a 0.2-um grating. The permittivity
difference at the grating interface is calculated in equation (37). FoMa is proportional to
the grating confinement factor and the index difference. Therefore, FoM. for this 0.2-pm
InGaAsP grating is 3.21. Later we compare figure of merit of this InGaAsP grating to that

of an InP grating.

3.1.1.4 Normalized propagation constants with variable liner thicknesses

We have analyzed the InGaAsP grating in a 9-QW structure by using a simple
planar layer approach in the previous section. In this section, the numerical Floquet-Bloch
approach is used to consider the interaction of the optical modes at the grating interfaces.

In the Floquet-Bloch software, we establish the input waveguides to be the laser waveguide
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tabulated in Table 3 followed by the InGaAsP grating waveguide tabulated in Table 4. The
initial etched grating structure has a 50% duty cycle with a grating period of 500 nm for

the second Bragg condition at a wavelength of 1550 nm.
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Figure 38. Normalized (a) imaginary part and (b) real part of the longitudinal propagation
constant as a function of the normalized reciprocal wavelength for the InGaAsP grating
structure with variable liner thicknesses.
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Figure 38(a) shows the normalized imaginary part of the longitudinal propagation
constant (or attenuation) (aA) as a function of the normalized reciprocal wavelength (A/Ao)
with variable liner thicknesses. By increasing the liner thickness, the center of the
normalized attenuation (aA) curve also shifts to the different normalized reciprocal
wavelength (A/A¢). The highest peak of the normalized attenuation (aA) is 0.05 at
A/Ao=0.311 for the liner thickness of 20 nm as shown in Figure 39. Figure 38(b) shows
the normalized real part of the longitudinal propagation constant (($-K)/K) as a function
of the normalized reciprocal wavelength (A/Ao). The second Bragg condition occurs at (([3-
K)/K) = 0. As the liner thickness increases, the center of the normalized wavelength shifts

for a fixed grating period. These normalized propagation constants are calculated for a

grating having an infinite length.
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Figure 39. Attenuation peak as a function of liner thickness for the thick SCH laser.
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3.1.2. InP Grating Coupler

Table 5 indicates the compositions, layer thicknesses and indices of refraction in a
laser section for a 9-QW waveguide with an InP grating. The indices of refraction are
calculated at a wavelength of 1550 nm. The active region consists of the same 9 QWs and
8 barriers sandwiched by two SCH layers as in the previous section. The sum of the layers
in the core region is 0.2 pm. After the InGaAs cap layer and partial p cladding layer are

etched, the grating is formed in the p-clad InP layer.

Table 5. 9-QW laser structure designed for an InP Grating (thin SCH).

Layer Composition Thickness (um) | Material Index
Air - 1

Cap InGaAs 0.100 3.62525
P-clad InP 2 3.16492

SCH INg.74Gag ¢ ASo sPo s 0.041 3.35110

8x barriers INg 74Gag 56 ASo.sPos 0.008 3.35110

9x QWs INg.74G3ag 26 ASg 51P0.19 0.006 3.50636

SCH INg.74Gag ¢ ASy sPo s 0.041 3.35110

N substrate InP -- 3.16492

3.1.2.1 Field intensity in the gain region
Figure 40 shows the refractive index profile and field intensity in the transverse
direction for the 9-QW laser as tabulated in Table 5. These QWs are centered in the

InGaAsP SCH layers.
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Figure 40. Index profile and transverse field intensity in the laser section for the 9-QW
waveguide with the InP grating.

In order to support the field mode in the InGaAsP/InP laser gain region, it is
necessary that the lateral index difference (An) is in a range of 0.01 to 0.02. As indicated
in Figure 41, the effective index decreases as the thickness of the p-clad InP layer
decreases. When the effective index difference is 0.01 (An) between the ridge and the
groove, the p-clad InP is 0.38 um in the groove and the p-clad InP is 2 um in the ridge.
Figure 41 also shows that the 9-QW confinement factor is 9.5% in the laser ridge; the QW
confinement factor decreases as the p-clad InP thickness decreases. The QW confinement

factor curve is different from the InGaAsP grating in Figure 32.

r 0.12

3.21
N

/7< o0

: //P—Clad remains 0.38 um An=0.01 [ %%

3.2

Effective Index

w

=

o

—
o
o
()]

9QW Confinement Factor

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Remaining P Cladding Thickness (um)

65



Figure 41. Effective index and QW confinement factor for the 9-QW laser having the InP

grating.

3.1.2.2 Refractive index calculations for the InP grating case

The following analysis assumes an InP ECS grating coupler with a rectangular
profile, a constant 50% duty cycle, a constant period and a uniform depth as shown in
Figure 42. The square grating is etched in InP (n1=3.16492), and a thin SiO; liner (n2=1.46)
and an amorphous silicon cover layer (nsi=3.476) are deposited. The permittivity
difference at the grating interface is:

n? —n%=1789 (43)

The grating region is split into sections I, II, and III. The average refractive index of each
section is calculated by taking the square root of the average relative permittivity of each
section. Figure 42 illustrates what happens with a liner thickness of 5 nm and a grating
period of 0.5 pum. Within a grating period A, the resulting layers are 50% InP (n:) and 50%

liner (n2) in section I. Therefore, the average index of refraction in section I is

Nave (section I) = \/50% x 3.144922 + 50% x 1.46% = 2.465 (44)
Similarly, in section II, within a grating period A, the resulting layers are 50% InP (),

48% cover layer (nsi) and 2% liner (n2) on the sidewalls. The average index of refraction

in section II is

Ngpe(section IT) = /50% X 3.164922 + 2% x 1.462 + 48% x 3.4762
(45)
= 3.294
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Again, in section III, within a grating period A, the resulting layers are 50% liner (n2), 48%

cover layer (ns;) and 2% liner (n2). The average index of refraction in section III is

Nave (section I11) = \/52% X 1.462 + 48% x 3.476% = 2.628 (46)

n,=1.46 (Liner)

Figure 42. Illustration of the InP grating covered by a liner and a cover layer.

Table 6 illustrates the epitaxial table of the InP grating section in the 9-QW laser
waveguide. The indices of refraction of grating 1, grating 2 and grating 3 are calculated
from nave(section 1), nave(section Il) and nave(section I1I), respectively. Total thickness of
grating 1 to 3 is 0.2 pm including a SiO: liner of 5 nm. An amorphous silicon layer is

deposited on top of the grating and fills in the trenches between the grating teeth.
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Table 6. Grating section in the 9-QW waveguide with the InP grating coupler.

Layer Composition Thickness (um) | Material Index
Air -- 1

A Si Amorphous Silicon 0.150 3.476
Grating 3 52% SiO,+48% Si 0.005 (Si0, TL) |2.628
Grating 2 50% InP+2% SiO,+48% Si 0.190 3.294
Grating 1 50% InP+50% SiO, 0.005 (Si0, TL) |2.465
SCH INg.74Gag 6 ASo 5P s 0.041 3.35110
8x barriers | Ing5,Gag .6 ASpsPos 0.008 3.35110
9x QWs INg54Gag 56 ASp 81Po.19 0.006 3.50636
SCH INg.74Gag 56 ASo 5P s 0.041 3.35110
N substrate |InP -- 3.16492

3.1.2.3 Field overlaps

Figure 43 shows a cross section from a laser section, two transition regions, and an
ECS outcoupler grating section. These stepped sections refer to the device shown in Figure
30. Laser section 1 corresponds to the epi layers tabulated in Table 5. Transition section
2 corresponds to the depth of the laser ridge. Transition section 3 corresponds to the top
of the outcoupler grating. The length between transition sections 2 and 3 is typically on

the order of 10 um. Grating section 4 is the InP outcoupler grating deposited with a liner

and cover layer.
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Figure 43. Cross section of the 9-QW laser waveguide with the InP grating.

The overlap integrals of each section are indicated in Figure 43 as light propagates
from laser section 1. The overlap integral of the fields between laser section 1 and
transition section 2 is 92.7%. The overlap integral of the fields between laser section 1 and
transition section 3 is 82.1%. This is much lower than the overlap of transition section 2;
however, by adding an amorphous silicon cover layer of 150 nm, the overlap integral is
enhanced to 94.7% in transition section 3. The overlap integral of the fields between laser
section 1 and grating section 4 is 92.9%. Grating section 4 is where a 5-nm SiO> liner and
150-nm amorphous silicon layer are deposited. In contrast with the overlap integrals of
the InGaAsP grating waveguide as shown in Figure 35, the overlap integrals of the InP

grating is small.
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Figure 44. Field intensity and index profile in (a) transition section 3, (b) grating section
4 after liner deposition and (c) grating section 4 with liner and cover layers.
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Moreover, the overlap integral indicates how well the normalized field intensities
between sections are overlapped. The field intensity and index profile in laser section 1
are shown in Figure 40. Figure 44(a) shows the field intensity and index profile for where
transition section 3 is ready for the grating etching. Figure 44(b) shows the field intensity
and index profile for grating section 4 with a low-index liner layer of 5 nm that pushes the
field toward to the substrate. Figure 44(c) shows the field intensity and index profile in
grating section 4 with a 5-nm low-index liner and 150-nm high-index cover layer on top of
the 0.2-um grating. By adding a high-index amorphous silicon, the field is pulled from the
substrate into the active and grating region; that increases the overlap integral in the grating

region.
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Figure 45. Grating confinement factor for a InP grating coupler.

The grating confinement factor as a function of the InP grating depth in the 9-QW
laser waveguide is shown in Figure 45. The grating confinement factor is proportional to

the grating depth. As the grating depth is 0.2 um, the grating confinement factor is 0.288,
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which is lower than the one of the InGaAsP grating as discussed in section 3.1.1.3. In
addition, the permittivity difference at the InP grating interface is calculated in equation
(43). FoM. is proportional to the grating confinement factor and the index difference. Thus,
FoMa. is 2.27 for the InP grating as indicated in Table 7. Since the InP grating has a low
permittivity difference and grating confinement factor, FoM, of the InP grating is lower

than FoM, of the InGaAsP grating.

Table 7. Properties for the thick SCH (InGaAsP grating) and thin SCH (InP grating)

structure.

| [thickSCH | thinSCH_
2 0.2

W, (um) 0.

A (um) 0.5 0.5
Angy 0.19 0.19
n,2-n,2 9.10 7.89
rgrating 35.3% 28.8%
FOM, 3.21 2.27

3.1.2.4 Normalized Propagation Constants with Variable Liner Thicknesses

The InP grating structure has been analyzed by using a simple planar layer
approach. In this section, the numerical Floquet-Bloch analysis is employed. The Floquet-
Bloch software establishes the input waveguide to be the laser waveguide in Table 5
followed by the grating waveguide to be the InP grating in Table 6. The grating structure
is a 50% duty cycle with the initial grating period of 500 nm for the second Bragg condition

in the wavelength of 1550 nm.
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Figure 46. Normalized (a) imaginary part and (b) real part of the longitudinal propagation
constant as a function of the normalized reciprocal wavelength for the InP grating structure
with variable liner thicknesses.
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Figure 46(a) shows the normalized attenuation (aA) as a function of the normalized
reciprocal wavelength (A/Ao) with variable liner thicknesses. By increasing the liner
thickness, the center of the normalized attenuation (aA) also shifts to the different
normalized reciprocal wavelength (A/A¢). The highest peak of the normalized attenuation
(aA) 1s 0.037 at A/Ao=0.313 for a liner thickness of 20 nm as shown in Figure 47. Figure
46(b) shows the normalized real part of the longitudinal propagation constant ((-K)/K) as
a function of the normalized reciprocal wavelength (A/Ao). The steep portion of the curves
locates near ((B-K)/K) =0. When the liner thickness increases, the center of the normalized
wavelength changes. Figure 47 indicates that the attenuation coefficient of the InGaAsP

grating is higher than the one for the InP grating. These normalized propagation constants

are calculated for an infinitely long grating.
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Figure 47. Attenuation peak as a function of a liner thickness for the InGaAsP grating
(thick SCH) and InP grating (thin SCH).
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3.1.3. Summary

The properties of the InGaAsP and InP grating coupler embedded in the 9-QW laser
waveguide have been discussed. By using the simple planar layer approach, the grating
confinement factor, FoM. and field overlap integrals of the InGaAsP grating are better than
the ones of the InP grating. By using the numerical Floquet-Bloch approach, the
normalized attenuation coefficient of the InGaAsP grating is higher than the one for the
InP grating; that implies larger radiated power from the InGaAsP grating coupler than the

InP grating coupler. Overall, the InGaAsP grating coupler is the preferred design.

3.2. 9QW Structure Optimization

The ECS grating project was initially undertaken with Oracle on a silicon photonics
DARPA program. Our joint goal was to achieve efficient hybrid lasers with a laser length
of 50 to 100 um long. Such a short gain length suggested the use of 9 QWs to obtain
sufficient gain in such a short distance.

In previous two sections, we compared the attenuation coefficient and the power
radiation for 9-QW ECS structures for fixed liner and cover layers. The epitaxial layers of
the 9-QW structures are indicated in Table 3 and Table 4 (thick SCH layers), and Table 5
and Table 6 (thin SCH layers).

The previous two sections also show that embedding an outcoupler grating in
InGaAsP has higher efficiency than embedding a grating in InP, which in retrospect
appears obvious because of the larger index step between InGaAsP and silicon dioxide

compared to the index step between InP and silicon dioxide.
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3.2.1. Optimization of the Amorphous Si Cover Layer Thickness

Figure 48 shows the ECS grating for the 9-QW laser structure with the thick SCH
layers. The core layer includes 9-QWs, 8 barriers and both SCH layers (Table 3) with a
thickness of 0.2 pm (Weore). The grating is etched 100 nm (Wewen) deep in InGaAsP,
followed by the deposition of a thin SiO2 liner (d = 30 nm) and an amorphous Si cover
layer. The total grating depth (W) is 130 nm including the etched grating depth (Wech)
and the liner thickness (d). The grating period (A) is 500 nm with a 50% duty cycle. The
thickness of the amorphous Si cover layer is varied to optimize the normalized attenuation

coefficient.

Air

50% | 50% Noou = 3476 vary Weo
o | o

R S —

Njiner = 1.46 (Liner)

Core layer (9 QW) Wore = 0.2 um

Moy = 3.16492

Figure 48. Sketch of the 9-QW ECS grating for varying the thickness of the cover layer.

Figure 49 shows the field intensity and index profile with variable amorphous Si
cover thicknesses for the 9-QW ECS grating outcoupler. As shown in Figure 49 (a, b and
c), as the thickness of the cover layer is increased above 200 nm, the field intensity is
shifted from the core “sub-waveguide” towards the cover “sub-waveguide”. This shift of

the field intensity towards the cover “subwaveguide” not only increases the grating
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confinement factor, but reduces the QW confinement, reducing the optical losses due to

band to band absorption.
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Figure 49. Field intensity and index profile with the (a) 200 nm, (b) 250 nm, and (c) 300
nm cover layer

Figure 50 shows the normalized attenuation peak as a function of the cover
thickness. The value of the normalized attenuation peak is captured from the peak of the
normalized attenuation spectrum for each cover layer thickness. From Figure 50, optimum

values of the cover thickness are in the range of 200 to 400 nm.
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Figure 50. Attenuation peak as a function of the cover thickness.

The plots in Figure 51 show the normalized reciprocal wavelength (A/Ao) as a
function of both the normalized propagation constant (($-K)/K) and the normalized
attenuation (aA) for a core thickness of 200 nm, liner layer thickness of 30 nm and a cover
layer thickness of 200 nm. The plots are calculated for an infinite grating in the 9-QW
ECS waveguide by the Floquet-Bloch approach and assume the wavelength in free space
is 1550 nm (o) for a varying grating period (A). The plots could also assume a fixed Bragg

grating period (Ag) with a varying free-space wavelength. However, the latter case would
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not be exactly correct, since the refractive index of each layer would change very slightly
with wavelength. In either case, the Bragg grating period (As) is 486.6 nm and the peak

of the normalized attenuation is 0.034 at A/Ao = 0.313. From
L=NA=— 47)

the distance where the intensity in the grating waveguide reduced to ¢! is 7.135 pm. Note
that points (E) and (F) in Figure 51 correspond to wavelengths shorter than the second
Bragg condition, while points (A), (B) and (C) correspond to wavelengths longer than the

27 Bragg condition.
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Figure 51. Normalized attenuation and propagation constant for the 9-QW ECS grating
with a cover layer of 200 nm.

Figure 52(a) through (f) show the intensity distribution in an infinitely long 9-QW
ECS grating with a 200-nm amorphous silicon cover layer at variable normalized

wavelengths (A/Ao) corresponding to points (A) through (F) indicated in Figure 51. The
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top white lines in the colored plots indicate the teeth and grooves of the grating period with
the bottom horizontal line indicating the bottom of the n-side SCH layer of the core layer.
Figure 52(a) shows the intensity distribution at A/Ao = 0.3 where the grating period is far
away from the Bragg condition with an almost uniform waveguide intensity. Figure 52(b)
shows a periodic intensity distribution at point (B) in Figure 51 with the peak of the
normalized attenuation in the center of the grating tooth and groove. Figure 52(c) shows
the intensity distribution at point (C) in Figure 51 corresponding to the maximum
normalized attenuation with the peak intensity shifted to one side of the grating tooth and
groove. Figure 52(d) shows the intensity distribution near the 2" Bragg condition (oA ~
0) at point (D) in Figure 51 with the intensity peaks located at the edges of the grating teeth.
Figure 52(e) shows the intensity distribution at A/Ao = 0.3145 point (E) in Figure 51 with
a similar intensity distribution to that shown in Figure 51(D). Figure 52(F) shows the
intensity distribution at A/Ay = 0.3261 where the grating period is farther away from the
Bragg condition. For wavelengths longer than the second Bragg condition, the intensity
peaks are contained within the teeth and grooves, while for shorter wavelengths, the

intensity peaks tend to be centered at the boundaries between the teeth and grooves.
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Figure 52. Plots of the 2D field distribution for the 9-QW ECS grating with a cover layer
of 200 nm at variable wavelengths.

3.2.2. Optimization of the Liner Thickness

Optimum thicknesses of the amorphous silicon cover layer was determined for the
ECS grating outcoupler for the 9-QW laser structure from the plot in Figure 50. The
optimum thicknesses of an SiO; liner (layer d in Figure 48) for a cover layer thickness of
20 nm was determined from the plot in Figure 47.

Figure 53 shows the maximum normalized attenuation coefficient as a function of
an Si0: liner thickness for a cover layer thickness of 200 nm. The value of the maximum
normalized attenuation is obtained from the peak of the normalized attenuation spectrum
for each liner thickness. For a liner thickness of 27 nm and a cover layer thickness of 200

nm, the maximum normalized attenuation coefficient is 0.0346.
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Figure 53. Attenuation peak as a function of liner thickness for the 9-QW ECS grating
with a cover layer thickness of 200 nm and core thickness of 200 nm.

Figure 54 shows the normalized reciprocal wavelength (A/Ao) as a function of the
normalized propagation constant ((-K)/K) and the normalized attenuation coefficient (aA)
for an infinite grating length. The Bragg grating period (Ag) is 486.6 nm and the peak of

the normalized attenuation is 0.035 at A/Ao =0.312. From

the length of the grating required to reduce the intensity of transmitted light to e~ (or ~

0.37) is 6.9 um.
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Figure 54. Normalized attenuation and propagating constant for the 9-QW ECS grating
with a 27-nm liner.

Figure 55(a) and (b) show the intensity distribution in an infinitely long grating
with a 27-nm liner layer and a 200-nm cover layer at variable normalized wavelengths
(A/\o) corresponding to points (A) and (B) indicated in Figure 54. The upper white lines
in the colored plots outline the “teeth” and grooves of a grating period and the lower
horizontal line indicates the bottom of the n-side SCH layer of the core layer. Figure 55(a)
shows the intensity distribution at point (A) in Figure 54 corresponding to the maximum
normalized attenuation with the intensity peaks located within the grating teeth. Figure
55(b) shows the intensity distribution near the 2" Bragg condition (a.A ~ 0) at point (B) in

Figure 54 with the intensity peaks located at edges of the grating teeth.
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Figure 55. 2D field distribution of the ECS grating with the 27-nm liner at different

wavelengths.

3.2.3. Optimization of the Core Thickness

The optimized thicknesses of an SiO; liner and amorphous silicon cover layer for a
9-QW grating structure have been previously determined. Next the optimized thickness of
the core layer (Weore in Figure 48) is determined by optimizing the normalized attenuation
coefficient with an optimized liner layer of 27 nm and optimized cover layer of 200 nm.

Figure 56 shows the maximum normalized attenuation coefficient as a function of
the core layer thickness. The value of the maximum normalized attenuation is obtained
from the peak of the normalized attenuation spectrum for each core thickness. At a core
layer thickness of 150 nm, the maximum normalized attenuation coefficient is 0.0363.
Because of the thicknesses of the barriers and quantum wells, the core layer thickness is

limited to 118 nm.
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Figure 56. Attenuation peak as a function of the core thickness for the 9-QW ECS
outcoupler.

Figure 57 shows the normalized reciprocal wavelength (A/Ao) as a function of the
normalized propagation constant (($-K)/K) and the normalized attenuation coefficient (atA)
for an infinitely long grating. The Bragg grating period (Ag) is 488.7 nm for of 1550 nm
(X0). The peak of the normalized attenuation is 0.036 at A/Ao = 0.314. The grating length

is 6.76 um for light intensity decreases of ¢! for a wavelength of 1550 nm.
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Figure 57. Normalized attenuation and propagation constant for the 9-QW ECS grating
with the 150 nm core.

Figure 58(a) and (b) show the intensity distribution in the infinite 9-QW grating
with a 150 nm core, 27-nm liner and 200-nm cover layer as a function of distance for
normalized wavelengths (A/Ao) corresponding to points (A) and (B) indicated in Figure 57.
Figure 58(a) shows the intensity distribution at point (A) in Figure 57 corresponding to the
maximum normalized attenuation. Figure 58(b) shows the intensity distribution near the
2" Bragg condition (oA ~ 0) at point (B) in Figure 57. As in previous intensity plots, the
high intensity spots are located within the teeth and grooves on the long wavelength side
of the second Bragg and centered at the boundaries of the teeth and grooves at the second

Bragg condition.
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Figure 58. 2D field distribution at different wavelength for the 9-QW ECS grating with
the 150-nm cover layer.
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3.2.4. Optimization of the Grating Depth for a 9-QW Structure
The etched depth of the grating (Wetn in Figure 48) is now varied to optimize the
radiated power with an optimized cover layer of 200 nm, liner layer of 27 nm and core

layer of 150 nm.

Figure 59 shows the fraction of the incident power radiated down (Pq,), the incident
power radiated up (Pyp), the incident power reflected (R) and the incident power transmitted
(T) as a function of the grating period. The grating length is 20 pm with a 50% duty cycle.
For a grating outcoupler, the incident light radiated upwards or downwards refers to percent
of incident light outcoupled by the grating. Figure 59(a) shows the power spectrum for the
optimized 9-QW waveguide having a grating depth of 100 nm. Most of the incident light
(>80%) is transmitted and the maximum radiated power (P4ot+Pup) is only 20% at the
grating period of 481 nm. In Figure 59(b), for a grating depth of 150 nm, the maximum
radiated power (PaotPuyp) is increased to 54% with a transmitted power of 32% at a grating
period of 479 nm. Figure 59(c) shows the power spectrum for a deeper etched grating
depth of 200 nm. At a grating period of 481 nm, the maximum radiated power (Pao+Pup)
is ~ 70%, with both the transmitted and reflected power of ~ 15%, each. In the future we
will investigate the maximum practical grating depths for ECS laser structure, both

theoretically and from fabrication considerations.
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Figure 59. Power spectrums for the 9-QW ECS with an etched grating depth of (a) 100nm,
(b) 150 nm and (c) 200 nm.

3.2.5. Summary

We have determined practical thicknesses of core, liner, cover layer and grating
depths for a 9-QW ECS grating waveguide by optimizing the attenuation coefficient. The
resulting 9-QW ECS waveguide can couple more than 70% of the light out of a 20 pm long
grating.

After this initial work on an ECS grating in a 9 QW structure, a decision was made
to decrease the number of quantum wells to simplify the epitaxial growth process and to
reduce losses in the grating region. In the following chapter, we optimize the power

radiated from a ECS grating outcoupler for the 5-QW laser structure.
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Chapter 4

MODELING ECS GRATING OUTCOUPLERS IN 5-QW LASERS NEAR 1550 NM

In this chapter, we discuss the integration of an ECS grating coupler with a 5-QW
ridge guide laser and rear DBR mirrors by using the simple planar layer approach and the
numerical Floquet-Bloch analysis. The wavelength of light from the ridge guide laser is ~
1550 nm. The position and length of the ECS outcoupler and DBR are determined for 5-
QW laser structure in this section. A standard grating outcoupler (without a low-index
liner and high-index cover layer) for the same 5-QW structure is compared to the optimized
ECS grating outcoupler. The performance of different configurations of the SiO; liner and
amorphous silicon cover layer is analyzed in part to account for possible fabrication

restrictions and production tolerances.

Table 8. Epitaxial layers of the 5-QW laser structure. (* The SCH values are those chosen
after the analysis in sections below.)

Layer Composition Thickness (um) | Material
Index

Air - 1

Cap InGaAs 0.100 3.62525
P-clad InP 2 3.16492
SCH Ing 74Gag 26 ASq 5P 5 0.244" 3.35110
4x barriers Iny.74Gag 26 ASg 5P0.5 0.008 3.35110
5x QWs Ing 74Gag 26 ASp 81Po.19 0.006 3.50636
SCH Ing 74Gag 26 ASq 5Py 5 0.044" 3.35110
N substrate InP - 3.16492
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4.1. SQW ECS Structure Optimization

4.1.1. Optimizing the Core Thickness

Figure 60 shows the ECS grating for the 5-QW laser structure. The core layer
includes 5 QWs and 4 barriers with SCH layers on both sides. The grating is assumed to
be etched 200 nm (Wewch) deep in InGaAsP, followed by the deposition of a thin SiO2 liner
(d = 27 nm) and an amorphous Si cover layer (Weov = 200 nm). The total grating depth
(Wy) is 227 nm including the etched grating depth (Weiwch) and the liner thickness (d). The
thickness of a high-index cover layer is varied to optimize the power of radiations.

Air

W,y =0.2 um

Niiner = 1.46 (Liner)

Core layer (5 QW) Vary W oo

Moy = 3.16492

Figure 60. Sketch of the 5-QW ECS grating for varying the thickness of the core layer.

Figure 61 shows the power radiated down (P4o), power radiated up (Pup), power
reflected (R), power transmitted (T), total power radiated (Py+P4o) and sum of all of the
powers as a function of the wavelength. The grating length is 19.564 um and the 2" Bragg
grating period is 489.1 nm with a 50% duty cycle at a wavelength of 1550 nm. The incident
power is assumed to be 1, so the variation of the sum of the total reflected, transmitted and
outcoupled power indicates that the maximum error of this Floquet-Bloch approach is less

than 5% from the exact Bragg condition. The percentage of light radiated upwards and
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downwards (Puyt+Pqo) is our measure of the grating coupling efficiency. For the structure
shown in Figure 60, the maximum total radiated power is 74.1% and the reflected power

(R) is only about 10% at the wavelength of 1587.9 nm.

L.1m T T T T T a
1= —— Pdo40.dat —
B —— Pup40.dat 7
09— R40.dat -
0 — T40.dat T
0.8 Total ]
B —— Pup+Pdo 7
. 2

1550 1570 1590 1610 1630

Wavelength (nm)

Figure 61. Power spectrum for the 5-QW ECS grating having a core layer of 150 nm, liner
layer of 27 nm and a cover layer of 200 nm.”

The plot in Figure 62 shows the total radiated power as a function of the core layer
thickness. The slight variation of the total radiated power is only about 3.6% as the core
layer thickness is changed from 100 nm to 200 nm thick. Table 9 summarizes the upward
radiated power, downward radiated power and total radiated power of light for different
thicknesses of the core layer. As the core layer thickness increases, the downward radiated

power is reduced which contributes to the total radiated power reduction.
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Figure 62. Radiated power as a function of the core thickness, a liner layer of 27 nm and
a cover layer of 200 nm.

Table 9. Radiated power of different core thicknesses for the 5-QW ECS grating.

Core (nm) Power Down Power Up Up and Down
100 0.593348 0.171232 0.76458

150 0.57459 0.1668 0.74139

200 0.553022 0.175478 0.7285

The total QW confinement factor is calculated in the ridge and grating region in
Figure 63. The total QW confinement factor in the laser gain region changes little (about
5%) as the core layer thickness varies but the total QW confinement factor in the grating
region decreases as the core thickness decreases. A lower QW confinement factor in the
unpumped grating region is desirable to reduce absorption losses. Therefore, 150 nm is

chosen for the core layer thickness.
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Figure 63. Total QW confinement factor in the ridge and grating section as a function of
the core thickness. Liner layer of 27 nm and a cover layer of 200 nm.

4.1.2. Optimizing the Amorphous Si Cover Layer Thickness

The thickness of an amorphous silicon cover layer (Wcov in Figure 60) is varied to
optimize the radiated power for a core layer of 150 nm. The plot in Figure 64 shows the
radiated power as a function of the cover layer thickness. The calculation assumes the
grating length to be 19.548 um with a 50% duty cycle. At a cover thickness is 230 nm, the

maximum radiated power is 75.86%.
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Figure 64. Radiated power as a function of the cover thickness for the 5-QW ECS grating
with a core layer of 150 nm and liner layer of 27 nm.

Figure 65 shows the power radiated down (P4o), power radiated up (Pyp), total power
radiated (PuptPao), power reflected (R), power transmitted (T) and sum of power as a
function of the wavelength. The 2" Bragg grating period is 488.7 nm at the wavelength
of 1550 nm. The excess of the total power from 100% shows that the maximum error of
the Floquet-Bloch approach is below 5%. The maximum radiated power (Pup+Pgo) is
75.9% and the reflected power (R) is about 10% at the wavelength of 1591.3 nm. The
reflected power can be minimized with small reductions of the radiated power by operating

at a wavelength further away from the 2™ Bragg condition.
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Figure 65. Power spectrum for the 5-QW ECS grating having a core layer of 150 nm, liner
layer of 27 nm and a cover layer of 230 nm.

4.1.3. Optimizing the Liner Thickness

The thickness of a SiO; liner layer (d in Figure 60) is varied to optimize the radiated
power with a core layer of 150 nm and a cover layer of 230 nm. The plots in Figure 66
show the radiated power (PgotPyp) and the sum of the power (Pgot+PuptR+T) as a function
of the liner thickness. As the radiated power increases with liner thickness, the error
associated with the total power calculated also increases, from ~2% to an unacceptable
35%. A thickness of 25 nm for the liner layer was chosen to keep the numerical errors
below 5%. Future work will investigate the source(s) of error for this calculation. For
these choices of core layer (150 nm), liner layer (25 nm) and cover layer (230 nm), the
upward and downward radiated power is 73.6% for a grating length of 19.5 um for the 5-

QW ECS outcoupler waveguide in Figure 67.
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Figure 66. Radiated and total power as a function of the liner thickness with a core layer
of 150 nm and a cover layer of 230 nm.

Air

50% 50% Neou = 3476
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Figure 67. Sketch for optimized 5-QW ECS grating structure.

The layer compositions, thicknesses and indices of the optimized 5-QW ECS

grating structure are shown in Table 3.
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Table 10. Layers in the grating section of the 5-QW laser structure.

Layer Composition Thickness (um)| Material Index
Air -- 1

A-Si Amorphous Silicon 0.230 3.476
Grating 3 60% SiO,+40% Si 0.025 2.47224
Grating 2 50% InGaAsP+10% SiO,+40% Si| 0.175 3.26514
Grating 1 50% InGaAsP+50% SiO, 0.025 2.58471
SCH INg 74Gag 26 ASq 5P 5 0.044 3.35110
4x barriers Ing 74Gag 26 ASq 5P 5 0.008 3.35110
5x QWs Ing 74Gag 26 ASg 81Po 19 0.006 3.50636
SCH INg 74Gag 26 ASq 5Po 5 0.044 3.35110
N substrate InP -- 3.16492

The plots in Figure 68 are the normalized reciprocal wavelength (A/Ao) as a function
of the normalized propagation constant ((f-K)/K) and the normalized attenuation (aA).
These are calculated for an infinite grating in the 5-QW ECS waveguide by the Floquet-
Bloch approach for the core layer (150 nm), liner layer (25 nm) and cover layer (230 nm)
determined in the previous sections. Calculations assume the wavelength in free space to
be 1550 nm (Ao) with different values for the grating period (A). The peak of the
normalized attenuation is 0.08 at A/A¢ = 0.312. The grating length corresponding to the

intensity of transmitted light reduced to ¢! is

which is 3.05 pm.
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Figure 68. Normalized attenuation and propagation constant of the 5-QW ECS grating
with a core layer of 150 nm, liner layer of 25 nm and a cover layer of 230 nm.

The plots in Figure 69 show the fraction of the incident power radiated down (Pao),
the incident power radiated up (Pup), the incident power reflected (R), the incident power
transmitted (T), the incident power radiated both upwards and downwards (P4o+Pyp) and
the sum of the incident power reflected, transmitted and radiated as a function of the grating
period for the 5-QW structure with a core layer of 150 nm, a liner layer of 25 nm and a
cover layer of 230 nm. The sum of the power exceeding 100% shows that the maximum
error of the Floquet-Bloch analysis is around 5%. The 2" Bragg grating period is 488.2
nm at the wavelength of 1550 nm.

The points (A), (B), (C), (D), (E) and (F) in Figure 69 match the corresponding
points indicated in Figure 68. The grating length is 19.5, 48.82 and 100 um long in the

power spectrum shown in Figure 69(a), (b) and (c), respectively. The maximum
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normalized attenuation occurs at point (C) in Figure 68; however, for all grating lengths,
the total radiated power is only around 20% and the reflected power is around 80% at point
(C) in Figure 69. The attenuation is related to not only radiation but transmission and
reflection. Thus, the grating period (or wavelength) of the maximum attenuation is not the
desired grating period (or wavelength) for maximum radiation.

In Figure 69(a), the maximum radiated power occurs at point (B) on the long
wavelength side and at point (E) on the short wavelength side of the 2™ Bragg condition
for a grating length of 19.5 um. At point (B), the maximum radiated power (75%) consists
of the upward radiation (15%) and the downward radiation (60%). On the other hand, at
point (E), the maximum radiated power (80%) is mostly downward with only a small
portion of the upward radiation (< 5%). The reflected power is about 10% at the maximum
radiated power. Especially on the long wavelength side of the 2" Bragg condition, the
reflected power can be reduced with a slight decrease of the radiated power by operating
at a wavelength further away from the 2" Bragg condition. In Figure 69(b), the maximum
radiated power (close to 90%) occurs at a slightly different wavelength for a grating length
of 48.82 um. As the grating length is increased to 100 pm, the maximum radiated power
occurs beyond 1600 nm with a small amount of the power reflected and transmitted (less

than 5%) as shown in Figure 69(c).
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Figure 69. Plot of the power reflected, transmitted, radiated, and total power for the 5-QW

ECS waveguide with a grating length of (a) 19.5 um, (b) 48.82 um and (c) 100 um with a
core layer of 150 nm, a liner layer of 25 nm and a cover layer of 230 nm.

Figure 70 shows the intensity distributions in the infinite 5-QW ECS grating at
different wavelengths corresponding to points (A) through (F) indicated in Figure 68 and
Figure 69. The top horizontal white dashed line indicates the top of the cover layer, the
middle white dashed lines indicate a cycle of the grating period and the bottom horizontal
line indicates the bottom of the n-side SCH layer of the core layer. Figure 70(a) shows the
intensity distribution at the wavelength of 1750 nm which is far away on the long
wavelength side from the 2" Bragg condition. Figure 70(b) shows the intensity
distribution at point (B) in Figure 68 where the normalized attenuation begins to increase
and shows that the high intensity peaks are located near the center of the ridge and grooves.
Figure 70(c) shows the intensity distribution at point (C) in Figure 68 corresponding to the
peak of the normalized attenuation at the wavelength of 1565 nm. Figure 70(d) shows the

intensity distribution near the 2" Bragg condition (oA ~ 0) at point (D) in Figure 68 and
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shows that the high intensity peaks are located near the boundary between the grating tooth
and grating groove. Figure 70(e) shows the intensity distribution at the wavelength of 1537
nm which is point (E) in Figure 68. Figure 70(f) shows the intensity distribution at the
wavelength of 1483 nm which is point (F) in Figure 9, where the grating period is far away

on the short wavelength side from the 2" Bragg condition.
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Figure 70. Field distribution in the grating region (a) at 1750 nm, (b) at 1592 nm, (c) at the
peak of the normalized attenuation, (d) about 1550 nm, (e) at 1537 nm and (f) at 1483 nm
with a core layer of 150 nm, a liner layer of 25 nm and a cover layer of 230 nm.

Commercial Finite-Difference Time-Domain (FDTD) software was used to verify
the results of the SMU Floquet Bloch grating software for the structure analyzed in Figures
9, 10 and 11 by colleagues at Oracle [36]. To reduce the FDTD computation time to
reasonable values, the 5 QW core layer was approximated by an average index of refraction.
Figure 71 shows the calculated fraction of downward radiation, upward radiation, reflected
radiation and the transmitted radiation by FDTD. The grating period is 477 nm and the

grating length is 19.08 um. The 2™ Bragg wavelength is 1520 nm for an effective mode
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index of 3.19. This FDTD calculation agrees qualitatively with the radiation values
calculated by the SMU Floquet Bloch software. In particular, the power radiated down is
many times larger than the power radiated up by both methods. The quantitative values
from the FDTD software are likely off mainly because the larger grid choices required to

obtain numerical results in reasonable times.
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Figure 71. FDTD simulation of the power radiated down, radiated up, reflected and
remained in waveguide mode with grating period of 477nm in a length of 19.08 pum.
(Figure courtesy of Jin Yao, Oracle)

Figure 72 shows the pulse propagation from the unperturbed transition waveguide
to the ECS grating waveguide calculated by using FDTD for the structure associated with
Figures 9, 10, 11 and 12. The red arrow shown in Figure 72 indicates the direction of the

light propagation.
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Figure 72. Pulse propagation from the unperturbed waveguide to the grating waveguide.
(Figure courtesy of Jin Yao, Oracle)

The normalized transverse field intensities calculated by FDTD are captured at the
interface between the unperturbed and the grating waveguide (green arrow in Figure 72)
with wavelengths varying from 1510 to 1590 nm in Figure 73. The interface is defined at
one period into the unperturbed transition waveguide. In Figure 73, x = 0 is the center of
the grating and x = - 0.1 um is the bottom of the 0.2 um deep grating. The peak of the

mode field occurs in the core layer.
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Figure 73. Field intensity at the interface shown in Figure 72 for different wavelengths.
(Figure courtesy of Jin Yao, Oracle)

4.1.4. Field Overlaps in the Laser, Transition and Grating Sections

The ECS outcoupler region is integrated with 5-QW laser and radiation losses at
the transitions between sections are a concern. In addition to the single transverse mode
defined by the epitaxial structure in the x direction, the mode in the laser and transition
regions must be confined in the lateral direction. Because of gain-induced index depression
in the quantum wells, a lateral effective index difference (An) in a range of 0.01 to 0.02 is
required in the InGaAsP/InP laser region. (Smaller values of An are sufficient to provide
lateral guiding in the passive transition and grating regions.)

Figure 74 shows the effective index as the thickness of the p-clad InP layer
decreases for the laser structure shown in Table 8. A lateral effective index difference An
of 0.015 between the ridge and the groove corresponds to a remaining InP p-clad of 0.2
pum. A thin (~150 A) InGaAsP etch-stop layer is inserted in the InP p-clad layer for ease

of ridge fabrication.
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Figure 74. Effective index of the laser section as a function of the remaining p-clad layer.

Figure 75 shows a cross section of the laser section, two transition regions, and the
ECS outcoupler grating section. Transition section 2 corresponds to the etch depth that
defines the laser ridge to provide a lateral index difference of 0.15. Transition section 3
corresponds to the top of the grating outcoupler. Grating section 4 is the ECS grating
outcoupler with a low-index liner and high-index cover layer. The 25-nm SiO; liner and
the 230-nm amorphous silicon cover layer were determined in the above sections to
maximize the radiated power. The short transition regions (< 10 pm) between the laser
and grating region decreases losses (and are necessary for some fabrication steps) which

results from reflections and radiations at discontinuities between sections.
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Figure 75. Cross section of laser section 1, transition section 2, transition section 3, and
grating section 4 for the 5-QW laser waveguide.

Figure 76 illustrates transverse field intensities and index profiles in the laser gain
region, two transition sections and grating region of the ECS laser waveguide of Figure 75.
The full width at half power of the field intensity in the laser section 1 is 442 nm. In Figure
76(a), the overlap of the field intensity in laser section 1 to that of the field intensity in
transition section 2 is 93% without any liner or cover layer but increases to 99% with the
liner and a cover layer present. In Figure 76(b), the overlap of the field intensity in laser
section 1 with the field intensity in transition section 3 is 73% without any liner or cover
layer but increases to 97% with the liner and a cover layer present. In Figure 76(c), the
overlap of the field intensity in laser section 1 with the field intensity in grating section 4
is 94% with a liner and a cover layer present. Without a liner and cover layer, grating

section 4 does not a mode, so the overlap in this case would be 0%.
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Typically, the overlap integral between the laser gain region and a DBR grating
region for commercial semiconductor lasers is in a range of 0.85 to 0.9 [30]. Therefore,
the use of a liner and cover layer has applications towards decreasing losses for commercial

DBR lasers.
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Figure 76. Field and index profiles for (a) laser section 1 and transition section 2, (b) laser
section 1 and transition section 3, and (c) laser section 1 and grating section 4.

The 2D field distributions in the x-y plane for a ridge width of 4.5 pm in laser
section 1 is shown in Figure 77(a). Figure 77(b) shows the lateral field distribution in x-y
plane for a confinement ridge width of 4.5 pm in transition section 3. The surface of

transition section 3 has a 25-nm SiO; liner and 230-nm amorphous silicon cover layer.

(a) (b)

Figure 77. Lateral field distribution in x-y plane of (a) a 4.5-micron ridge in laser section
1 and (b) a 4.5-micron confinement ridge in transition section 3 deposited by a 25-nm liner
and a 230-nm a-Si cover. (Figure courtesy of Jin Yao, Oracle)
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Figure 78 shows the theoretical far field with a full width at half power beam

divergence of 45.1° for edge-emission of the 5-QW laser waveguide.

Full width at half power: 45.1°
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Figure 78. Far field for the optimized 5-QW laser waveguide.

4.1.5. Rear ECS DBR Mirrors
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Figure 79. Sketch of DBR laser having the rear and front DBR mirrors and outcoupler
deposited by a liner and cover layer.

Figure 79 shows a 5-QW laser with a high-reflect (R > 0.9) rear DBR mirrors and

low-reflect (R ~ 0.1) output DBR mirrors followed by an ECS outcoupler. To simplify
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fabrication, the thicknesses of the SiO» liner and amorphous silicon cover layers for the
DBR gratings are assumed to be the same thickness of the liner and cover layer used for
the ECS outcoupler grating.

The DBR grating is also assumed to have a 50% duty cycle and a grating depth of
225-nm with a 25-nm liner and 230-nm cover layer. However, because the DBR is a 1%
order grating, it cannot be located at the same level as the 2™ order outcoupler because the
field intensity overlap is 67.5% as shown in Figure 80. If the top of the 0.2 um deep DBR
grating is positioned at 0.2 pm above the p-SCH layer, the field intensity overlap is
increased to 96.2% between the laser section and the InP DBR region as shown in Figure

81.

+ 3.5
20 +

T30
151 I2s

+ 20

PZREAL

1.0 T1s

~-1+ 1.0
0.5 +

+ 0.5

0.0 0.0

-2 -1 0 1 2 3

Figure 80. Field intensity and index profile for the laser section and the InGaAsP DBR
with the DBR grating located at the same position as the ECS grating.
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Figure 81. Field intensity and index profile for the laser section and the InP DBR
positioned 0.2 pm above the p-SCH layer.

Figure 82 shows the normalized attenuation (aA) and propagation constant (BA) as
a function of wavelength calculated for the InP ECS DBR grating positioned 0.2 um above
the p-SCH layer. The peak of the normalized attenuation is 0.004 at the operating
wavelength of 1550 nm. The plots in Figure 83 shows a maximum reflected power of 77%
for a grating length of 80.3 um for a first-order Bragg period of 241 nm.  Longer and

shorter DBR grating lengths can provide both high reflect and low reflect DBRs.
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Figure 82. Plot of the real and imaginary part of the propagation constant for the 5-QW
ECS DBR grating in InP.
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Figure 83. Power reflected and transmitted as a function of the grating period for the 5-
QW ECS DBR grating in InP.
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4.1.6. Summary

The thickness of a core, liner and cover layer for the 5-QW waveguide grating are
chosen by considering the power radiation from the ECS outcoupler. Depending on the
length of the grating outcoupler, the operating wavelength should be 50 to 100 nm away
from the 2™ Bragg to maximize the total radiated power and minimize the reflected power.
The maximum attenuation does not correspond to the maximum radiated power, since
reflected light can contribute significantly to the attenuation. The location of the 1% order

ECS DBR grating is located at a higher position than the 2™ order ECS outcouler grating.

4.2. Other Configurations of the Liner and Cover Layers

4.2.1. Half Thickness of the Liner on Sidewalls

Depending on the SiO; deposition process used to form a continuous liner layer
over the grating structure, the SiO; deposited on the grating sidewalls might be thinner than
that of SiO2 deposited at the top and bottom of the grating tooth as illustrated in Figure 84.
Calculations assume the SiO: thickness on the sidewall to be s and the SiO: thickness at
the top and bottom of the grating tooth to be d. Except for the liner thickness, the refractive
index and thickness of each layer are the same as the final 5-QW ECS waveguide structure
discussed in previous sections. Since the conformal liner thickness was 25 nm, we assume

that d is 25 nm and s is 12 nm.
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Figure 84. Sketch of a liner deposited at the top and bottom of a grating with a thickness
of d and deposited on the sidewall of the grating with a thickness of s.

The plots in Figure 85 show the fraction of the incident power radiated down (Pgo),
the incident power radiated up (Pup), the incident power reflected (R), the incident power
transmitted (T), the incident power radiated both upwards and downwards (P4o+Pyp) and
the sum of the incident power reflected, transmitted and radiated as a function of the
wavelength. The grating length is 19.356 pm with 50% duty cycle. The 2" Bragg grating
period is 483.9 nm corresponding to a wavelength of 1550 nm. The maximum radiated
power is 69.4% and the reflected power is less than 5% at the wavelength of 1580.4 nm,
which is a reduction of ~ 5% from 73.6% power radiated with a 25-nm conformal liner

layer for the same grating length,
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Figure 85. The power reflected, transmitted and radiated for the 5-QW grating outcoupler
with a nonuniform liner thickness.

4.2.2. Different Amorphous Si cover Layer Configurations
4.2.2.1 A Non-Planar Conformal Cover Layer of 90 nm

The grating structure shown in Figure 86 has a continuous and uniform cover layer
of 90 nm deposited on a liner layer of 25 nm. Except the thickness of the cover layer, the

thickness of each layer and refractive index are the same as the final 5-QW ECS grating

coupler in previous sections.

Air
U Cover L

Liner

Figure 86. A conformal a-Si cover layer with a thickness of 90 nm.
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The plots in Figure 87 show Pqo, Pup, R, T, and the sum of the incident power
reflected, transmitted and radiated as a function of the wavelength difference from 1550
nm. A great portion of the incident light is transmitted, and only 6% power of light is
radiated upwards and downwards. A grating having this conformal cover layer of 90 nm

is not an efficient outcoupler.

—Pdo40 Pup40 R40 T40 Total

1550 1570 1590 1610 1630
Wavelength (nm)

Figure 87. Power spectrum for a conformal a-Si cover layer with a thickness of 90 nm.

4.2.2.2 A Non-Planar Tooth Cover Layer of 230 nm

The grating structure shown in Figure 88 has amorphous silicon fills in the groove
and deposits on the top of the tooth. The depth of the groove is 225 nm and the thickness
of the amorphous silicon layer at the top of the tooth is 230 nm. The thickness and
refractive index of each layer are the same as the final 5-QW ECS grating outcoupler

considered above.
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Figure 88. Sketch for a non-planar a-Si cover of 230 nm.

The plots in Figure 89 show Pgo, Pup, R, T and the sum of the incident power
reflected, transmitted and radiated as a function of the wavelength difference from 1550
nm. The maximum radiated power (PaotPyp) is only 26.6%. This grating structure with

this cover layer is not an efficient outcoupler.
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Figure 89. Power spectrum for a case of a non-planar cover with a thickness of 230 nm.
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4.2.2.3 A Non-Planar, Thick Continuous Thick Cover Layer

The grating structure shown in Figure 90 has a continuous amorphous silicon (a-
Si) cover layer deposited on a liner layer of 25 nm. The thickness of a-Si at the top of the
tooth is 230 nm, and a-Si in the groove is 335 nm thick. Except for the thickness of the
cover layer, the refractive index and thickness of each layer are the same as the final 5-QW

ECS grating outcoupler considered above.

120 nm Air

I Cover 1 110 nm

Liner

Figure 90. Sketch of a grating with a continuous, thick, non-planar a-Si cover layer.

The plots in Figure 91 show Pgo, Pup, R, T and the sum of the incident power
reflected, transmitted and radiated as a function of the wavelength difference from 1550
nm. The total power approaching 140% shows the error of the Floquet-Bloch approach
around 1550 nm. However, the maximum radiated power is enhanced to 87% (67% P4
and 20% Pyp) with a low reflected power (10%) at the wavelength of 1583 nm. Therefore,

this grating cover configuration needs additional consideration.
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Figure 91. Power spectrum for a grating with a continuous thick cover layer.

4.3. 5-QW InP Outcoupler without ECS

In this section we compare an the final 5-QW ECS grating outcoupler to a standard
5-QW grating outcoupler. As discussed in the previous section, the grating in section 4 of
Figure 75 without a high-index liner and low-index cover layer results in the waveguide
being cutoff, so a conventional grating outcoupler is placed in transition section 2 of Figure
75 where the top of the grating is located at the surface of the 200-nm p-clad InP layer.
The overlap integral of fields between the laser section and the conventional outcoupler is
81%, noticeably less than the overlap integral of fields between the laser section and the
ECS coutcoupler of 94%.

Figure 92 shows the normalized reciprocal wavelength (A/Ao) as a function of the
normalized propagation constant ((-K)/K) and the normalized attenuation (o.A) for an

infinite standard grating outcoupler. The 2" Bragg period is 484.9 nm at a wavelength of
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1550 nm. The normalized attenuation coefficient for the typical outcoupler is 0.005

compared to 0.008 for the ECS outcoupler.
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Figure 92. Plot of the normalized reciprocal wavelength as a function of the normalized
attenuation and normalized propagation constant for the case with the standard grating
outcoupler.

Figure 93 shows the power spectrum of the conventional grating outcoupler for a
length of 19.5 pm at the operating wavelength of 1550 nm. The maximum radiated power
is only 18% (6% P4, and 12% Pyp) and over 80% of the incident power is transmitted. On
the other hand, the maximum radiated power is 82% (79% P4, and 3% Pyp) for the ECS

outcoupler for the same grating length.
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Figure 93. Plot of the power reflected, transmitted and radiated for a 5 QW conventional
grating outcoupler with a grating length of 19.5 pm.

4.4. Loss Calculation
In this section, the doping profile for the final 5-QW laser/ECS grating structure is
analyzed to obtain an internal modal loss below 2 cm. High doping concentrations
increase internal losses but reduce series resistance. The internal modal loss is related to
the imaginary part of the effective index (the WZI) parameter in WAVEGUIDE III) and
the wavelength of light
Ay = WZI-(47)2g)-10* (49)

where the wavelength has units of micrometer, and the power loss shown above is in cm™.
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Table 11. Initial baseline doping profile of each epitaxial layer.

Layer Composition Thickness (um)
Air --
Cap InGaAs (1E19 doped) 0.100
Cap INGaAsP (1E18 doped) 0.010
P-clad InP (1E18 doped) 1.5
P-clad InP (1E17 doped) 0.5
Space for grating |Ing;,Gag .6 ASosPos 0.2
SCH INg.74Gag 26 ASosPos 0.044
4x barriers INg 74Gag 26 ASo.sPo s 0.008
5x QWs INg.74Gag 26 AS0.81P0.19 0.006
SCH INg.74Ga26 ASo 5Py 5 0.044
N-clad InP (1E18 doped) 2

N substrate InP --

Table 11 lists the initial baseline doping concentration of each epitaxial layer. The
QWs, barriers, SCH (and the liner and cover layers for the outcoupler grating) are undoped.
In this initial doping profile, the 100-nm InGaAsP cap layer is p-doped 10! ¢m™, the 10-
nm InGaAs cap layer and 1.5-um p-clad layer are both p-doped 10'® cm™3, the 0.5-um p-
clad layer is lightly p-doped 10'” cm™, and the whole n-clad layer is n-doped 10'® ¢cm™.
The field intensity and the index profile for structure in Table 11 are shown in Figure 94.
The field is confined in the core layer and the confinement factor (I') of each layer is also
indicated in Figure 94. The modal loss is 1.654 cm™! and the 5-QW confinement factor is
5.09%. The lightly doped thickness of the 0.5 um p-clad layer is near the SCH layer and

the more highly doped 1.5 um thick p-clad layer is near the p-contact cap layers.
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Figure 94. Field intensity and index profile for the baseline doping profile.

Figure 95 shows the modal loss as a function of the lightly doped (10'7 cm™) p-clad
thickness and the highly doped (10'® cm™) p-clad thickness. The sum of the lightly doped
and highly doped thicknesses is 2 um. The modal loss decreases as the light doped p-clad
thickness increases up to 0.5 um. Beyond 0.5 pm of the light doped p-clad, the modal loss

isn’t changed.

125



High doped p-clad thickness (um)

2 1.5 1 0.5 0
A
Ea
S r
=
a3
S
-2
©
3
El
0 0.5 1 1.5 2

Figure 95. Modal loss as a function of the lightly doped p-clad thickness for the baseline

doping profile.

A second doping profile, illustrated in Figure 96, has a lightly doped p-clad of 0.5
pm and 10 graded layers between the lightly and highly doped p-clad layer. These 10
graded layers are gradually doped from 10'7 to 10'® cm™ and the total thickness varies from

0.5 to 1.5 um as shown in Figure 97. The maximum modal loss is 1.49 cm™ where the

. Light doped p-clad thickness (um) .

total graded thickness is 0.5 pm.
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Figure 96. Refractive index and doping profile for the second p-doping profile.
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Figure 97. Modal loss as a function of the graded doped thickness for the second p-doping
profile.

A third doping profile shown in Figure 98 varies the thickness of the uniform highly
and lightly doped p-clad layers by varying the position of a 0.5 pm graded doping layer.
The total thickness of the p-clad layer is fixed. As shown in Figure 99, the internal modal
loss decreases as the light doped p-clad layer increases. Beyond the lightly doped p-clad

layer thickness of 0.5 pm, the modal loss is constant (1.4 cm™).
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Figure 98. Refractive index and doping profile for the third p-doping profile.
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Figure 99. Modal loss as a function of the light doped p-clad thickness for the third p-

doping profile.

As illustrated in Figure 100, a fourth doping profile varies the medium doped

5x10'"" ¢cm) and highly doped (10'® cm™) p-clad layer and fixes the thickness of the light
ghly dop p y

doped p-clad layer at 0.2 pm. As the medium doped layer thickness increases, the modal

loss is reduced. Beyond the medium doped layer of 0.7 pm, the modal loss is constant at

1.714 (cm™) as shown in Figure 101.
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Figure 100. Refractive index and doping profile for the fourth p-doping profile.
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Figure 101. Modal loss as a function of the medium p-doped thickness for the fourth p-
doping profile.

From the above considerations, the fourth p-doping profile is chosen as the best
tradeoff between internal losses, series resistance and reduced electron-hole recombination
in the p-cladding layers.

The n-side doping considers graded n-doped layers positioned adjacent to the
undoped n-side SCH layer as shown in Figure 102. The graded doping range is from
(5x10'7) to 10'® cm™ within the thickness of 0.5 um, which results in a modal loss of 1.37
cm’!. As indicated in Figure 103, the modal loss is reduced as the graded n-doped layers
are replaced by a constant n-doped (5x10'7) layer. Since low modal loss is a tradeoff with
series resistance, the graded doping profile is chosen. Table 12 tabulates the final epitaxial

layers and doping profiles for the 5-QW laser outcoupler.
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Figure 102. Refractive index and doping profile for the fifth doping profile.

Figure 103. Modal loss as a function of the light doped n-clad thickness for the fifth doping

profile.

Modal Loss (1/cm)

High doped n-clad thickness (um)

Light doped n-clad thickness (um) .

Table 12. Final epitaxial structure for a 5-QW laser outcoupler.
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Layer Material PL | Strain X y Thickness| Level (From substrate | Type
(nm) (um) to the su{face)
(/em’)
23 InGaAs 0.1000 > 1E+19 P+
22 InGaAsP 1300 0.0100 1.0E+18 P
21 InP 0.7000 1.0E+18 P
20 InP 0.3000 5E+17-1E+18 P
19 InP 0.5000 5.0E+17 P
18 InP 0.3000 1E+17-5E+17 P
17 InGaAsP 1300 0.0150 1.0E+17 P
16 InP 0.2000 1.0E+17 P
15 [In(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.2440 - uID
14 [In(1-x)Ga(x)As(y)P(1-y) 0.8% | 0.260 0.810 0.0060 - uiD
13 [In(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.0080 - uiD
12 [In(1-x)Ga(x)As(y)P(1-y) 0.8% | 0.260 0.810 0.0060 - uiD
11 |In(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.0080 - uiD
10 [In(1-x)Ga(x)As(y)P(1-y) 0.8% | 0.260 0.810 0.0060 - uiD
9 lIn(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.0080 - uID
8 |In(1-x)Ga(x)As(y)P(1-y) 0.8% | 0.260 0.810 0.0060 - uiD
7 lIn(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.0080 - uiD
6 In(1-x)Ga(x)As(y)P(1-y) 0.8% | 0.260 0.810 0.0060 - uiD
5 lIn(1-x)Ga(x)As(y)P(1-y) -0.2% | 0.260 0.500 0.0440 - uiD
4 InP 0.5000 1E+18-5E+17 N
3 InP 0.4000 1.0E+18 N
2 InGaAsP 1300 0.0150 1.0E+18 N
1 InP 1.1000 1.0E+18 N
InP n substrate 1.0E+18 or greater

4.5. Broad-Area and Ridge-Guide Laser Characterization

1550nm 5-QW broad-area lasers grown to the specifications in Table 12 were
fabricated to determine the initial performance. The cap layers, InGaAs and InGaAsP,
were etched to form a laser stripe 100 pm wide. The p-metals were deposited on the stripe
for the contact. On the n-side, the wafer section was thinned to about 125 pm followed by
an n-metal deposition. The wafer piece was then cleaved into various lengths of laser
stripes which are 250, 500, 750 and 1000 um long.

The threshold current density, maximum optical power, and L-I slope were
extracted from the Light-Current-Voltage (LIV) measurements. All the broad-area laser

stripes are measured with current pulse width of 2 us and a 0.2% duty cycle at 20 °C.
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Figure 104. LIV curves for a BA device with a 250-um length.

Both edge facets of the board-area laser stripe emit light, but light is detected only
at one edge facet of the broad-area stripe. Figure 104 shows the LIV curves for a 250 um
long device as the current is applied from 0 to 1 A. The threshold current is 255 mA which
corresponds to a threshold current density of 1020 A/cm? (length is 250 pm and the width
is 100 um). The maximum optical power is 150.7 mW at a current of 1 A. The slope is
0.1937 W/A. According to the slope of the IV curve, the series resistance of this device is

1.722 Q).
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Figure 105. LIV curves for a BA device with a length of 500 pm.
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Figure 105 shows the LIV curves for the broad-area laser with 500 um in length.

The threshold current is 310 mA which corresponds to a the threshold current density of

620 A/cm?. Furthermore, the maximum optical power is 158.9 mW at a current of 1 A.

The slope of the L-I curve is 0.2456 W/A, and the series resistance of this device is 0.8788

Q.
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Figure 106. LIV curves for a BA device with a length of 750 pm.

The curves in Figure 106 show the LIV characteristics for the broad-area laser
having a length of 750 um. The threshold current is 375 mA, corresponding to a threshold
current density of 500 A/cm?. The maximum optical power 122.9 mW at a current of 1 A.
The slope of the LI curve is 0.2199 W/A. According to the slope of the IV curve, the series

resistance of this device is 0.854 Q.
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Figure 107. LIV curves for a BA device with a length of 1000 pm.

Figure 107 shows the LIV curves for a broad-area laser with a length of 1 millimeter.
The threshold current is 463 mA which corresponds to a threshold current density of 463
A/cm?. The maximum optical power is 97.45 mW at a current of 1 A. The slope of the LI

curve is 0.1914 W/A, and the series resistance of this device is 0.8988 Q.
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Figure 108. Threshold current density as a function of the length of the BA laser stripe.

Figure 108 shows the threshold current density as a function of the length for the

5-QW board-area lasers and shows a dramatic reduction with increasing device length.
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Figure 109. Maximum optical power as a function of the length for the BA laser stripe.

The plot in Figure 109 shows the optical power as a function of the length for the
5-QW board-area lasers at an applied current of 1 A. The maximum optical power occurs

for a length near 500 um.
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Figure 110. L-I slope as a function of the length of the BA laser stripe.

Figure 110 shows the slope of the LI curve as a function of the broad-area laser
length for the 5-QW structure. The maximum slope efficiency is 0.2456 W/A when the

length of the broad area laser is 500 um.
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Figure 111. Series resistance as a function of the length of the BA laser.
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Figure 111 shows the series resistance as a function of length for the 5-QW broad
area lasers. The series resistance is below 1 Q for lengths of 500 um and longer. Figure

112 shows the plot of light intensity as a function of the wavelength for the 5-QW BA

lasers.
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Figure 112. Linear plot of light intensity as a function of wavelength for the 5-QW BA
lasers.
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Figure 113. Different ridge widths after etching.
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The 1550 nm 5-QW laser material was also fabricated into ridge-guide lasers. The

layers above layer 17 in Table 12 are etched off to achieve a lateral index of 0.015 in the

gain region as illustrated in Figure 74. The mask layout has 3 different ridge widths: 2.2,

4.24, and 6.09 pm as shown in Figure 113.
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Figure 114. LIV curves for a RG laser with a width of 6.09 pm and a length of 1.5 mm.

The RG lasers were cleaved into lengths of 1 and 1.5 mm and measured at the bar

level with a current with a pulse width of 2 ps and 0.1% duty cycle at 25 °C. Figure 114

shows the LIV curves for a 6.09-um wide and 1.5-mm long laser ridge and shows a

maximum optical power of 18.6 mW at 0.2 A. The slope of the LI curve is 0.1224 W/A

and the series resistance is 1.645 Q. Figure 115 (a) through (c) shows the series resistance,

the threshold current density, and the slope of the LI curve as a function of the area which
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is defined by the width and length of a ridge stripe. The larger area (longer length) ridge

lasers generally have better performance.
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Figure 115. (a) Series resistance, (b) threshold current density, and (c) slope efficiency as
a function of area for a RG laser.

4.6. InP and InGaAsP Grating Pattern

Prototype ECS gratings for outcouplers and DBRs were fabricated by e-beam
writing at the UW Washington Nanofabrication Facility (WNF). The gratings were etched
by inductively coupled plasma (ICP) etching using silicon nitride as a hard mask. Figure
116 and Figure 117 demonstrate the quality of the curved grating and flat grating in
InGaAsP. WNF also deposited conformal thin silicon dioxide coatings over the gratings
as shown in Figure 118. The SiO; sidewall is uniform and about half the thickness of the

top coating.
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Figure 116. Curved, tapered grating etched in InGaAsP which increases the lateral spot
size from ~5 um in the ridge guide region to ~10 pum in the outcoupler region.
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Figure 117. SEM micrographs of planar DBR gratings etched in InGaAsP at different

magnifications.
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Figure 118. SEM micrograph of a conformal SiO; cover layer over a grating.

4.7. Conclusion

In this chapter, we have determined the epitaxial layers and doping profiles for an
integrated ECS outcoupler and 5-QW ridge guide DBR laser. The location and length of
the ECS DBR and ECS outcoupler were determined to maximize outcoupled light. The
ECS outcoupling performance was compared with a conventional outcoupler. The low-
index liner and high-index cover layer deposited on the grating also minimizes both
reflections and radiation losses at interfaces between the laser section, transition sections
and the grating section. Other configurations of the SiO» liner and a-Si cover layer on
grating were also considered. The method used to determine the doping profile for the 5-
QW laser structure was discussed. Experimental results of the BA and RG lasers were

presented.

144



Chapter 5

CONCLUSIONS AND FUTURE WORK

Addition of a thin, low-index liner layer over a surface grating combined with a
high-index layer can result in short, efficient couplers for III-V waveguides with
performance similar to grating couplers in silicon photonic waveguides. The same low-
index liner and high index cover layer can also minimize reflections at transitions between
sections of photonic integrated circuits or between a laser region and a DBR or grating
coupler region.

To demonstrate these advantages, a two-dimensional grating with a uniform period
and a uniform duty cycle has been analyzed. Adding a tapered region to laterally expand
the width of the ECS coupler (Figure 30) along with tailoring the duty cycle and period of
the coupler in the manner described in [2] increases the coupling efficiency to fibers and
many other optical elements.

To maximize outcoupling and minimize back reflections, the grating period of the
out coupler should be chosen to provide a 15 to 150 nm shift from the wavelength that
corresponds to the exact second Bragg condition.

A detailed design of such an ECS grating integrated with a 9-QW and 5-QW laser
structure emitting at a wavelength near 1550 nm has been presented. Both designs allow

outcoupling of greater than 70% of the emitted light in a distance of ~ 20 um in a single
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pass, which is a reduction of outcoupler grating length in such III-V waveguides by a factor
of 50 or more compared to conventional grating outcouplers.

We have validated the SMU grating software based on the Floquet-Bloch approach
by comparing our results on grating couplers in silicon photonics waveguides to those
published using the eigenmode expansion method [2], [37], [38], along with comparing
our results on ECS gratings to the results using commercial FDTD software for InP based
ECS grating couplers.

The ECS method has applications to second-order grating couplers in silicon
photonics waveguides and glass waveguides in addition to the type of compound
semiconductor waveguides that are used for semiconductor lasers and other photonic
integrated components.

The ECS approach also allows designing a second-order grating that has near 100%
reflection with insignificant outcoupling. Such a grating can provide equivalent
performance at twice the grating period as a first order DBR grating, allowing the
holographic fabrication of low-loss reflective gratings to laser wavelengths below 400 nm
from the previous limit of about 800 nm.

Some of the work described in this thesis is included in a patent filed in [39]. A
patent describing the integration of a short laser section with both an electroabsorption
modulator (EAM) and an ECS outcoupler grating has been issued [40]. Such a device
promises a low cost, low energy per bit optical source capable of modulation rates beyond
100 Gbps for broad-bandwidth telecommunication systems [41], data and server farms,

and high performance computers.
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Further work related to ECS gratings includes experimental demonstrations of ECS
gratings integrated with lasers and with lasers and modulators. Such work is currently in
progress at SMU.

Additional further work will explore the ECS and other grating designs to obtain
grating characteristics such as extremely narrow or extremely wide reflectivity and
outcoupler spectrums. Although the results have not been included in this thesis, initial

work on ECS gratings with duty cycles other than 50% show promising characteristics.
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APPENDIX

Al. Mask Design for an ECS Tapered Grating Outcoupler with a DBR Laser

The photo mask is designed for the fabrication at SMU, the E-Beam grating process
at UW, and also accommodate Oracle to align to their silicon photonic circuit. The layout
should meet the requirement of both Oracle and UW. There are total 10 masks needed to
be done for ECS laser devices. Figure 119 shows a unit of the ECS laser device. There is
a long DBR grating on the back side of the laser ridge to reflect 90% of light and a taper
outcoupler at the front to couple the light out of the surface. One side of the channel is

etched down to the substrate to make the n-contact on the same surface as the p-contact.

S

Figure 119. Integrating of an ECS tapered grating outcoupler with a ridge guide laser
followed by a DBR grating.
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The first mask is to define laser ridges, the location of DBR and outcoupler gratings,
and alignment marks for SMU, UW and Oracle. As shown in Figure 120(a), mask 1 defines
a ridge guide laser with the width of 5.5 um and the various lengths of 300, 400, 500, 600,
700, and 800 pm, a window of 400 pm long for the DBR grating process and a window of
80 um long for the outcoupler grating process. The pitch of each device is 250 um. As
shown in Figure 120(b), the SMU cross alignment mark set in every 3 mm is for the
fabrication done at SMU, the L shape of alignment mark set is for the grating fabrication
done at UW, and a small cross and a set of bar alignment marks are for the alignment

purpose as Oracle group align our chip to their silicon circuit.

(frame on Si side)

oC

SMU
10 um
5.378
/ 45 ym
Laser
Ridge
55 uym x 15 ym
E4d
k44
30 um x 10 ym
(2 x 7 array)
DBR UW local: 20 ym x 10 ym
(a) (b)

Figure 120. (a) An unit of the ECS laser and (b) alignment marks surrounding devices.

The 2" mask layout is to define the outcoupler level. Since the level of outcoupler
gratings is not as same as the level of laser ridges defined in mask 1, we need to etch down

to reach where the outcoupler level should be. In Figure 121, the slash trapezoids open
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windows to etch down to where the outcoupler grating would be. Once this level is done,
the wafer sections are ready to send to UW for the grating fabrication of DBRs and

outcouplers.

DR\ A\ A\ R\

Figure 121. Mask 2 layout to define the outcoupler level.

The blue features shown in Figure 122 is the grating patterns for outcouplers and
DBRs. The fan features with 6 different grating lengths and widths are the 2" order Bragg
gratings to couple the light out of the surface from the laser ridge. The blue grating ridges
on the back of laser ridges are the 1% order Bragg gratings to 90% reflect the light with the

narrow bandwidth of frequency.
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Figure 122. (a) The grating mask for DBRs and outcouplers, (b) the outcoupler grating
pattern and (c) the DBR grating pattern.

Once the gratins are fabricated, the thin silicon dioxide and amorphous silicon are
deposited on the wafer sections. The blue patterns in Figure 123 is to protect the oxide and
amorphous silicon layers on the gratings then the rest of oxide and amorphous silicon are

etched.

Figure 123. Mask 3 to etch oxide and amorphous silicon.
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The next level is to pattern the n-well which is the blue slash rectangle shown in
Figure 124. The n-well is etched down to the substrate to make n-contact on the top surface
of the wafer as same as the p-contact. The dimensions of the n-well are 15 pm wide and

10 um longer than laser ridges.

Figure 124. Mask 4 to etch n-well for contact

Once n-wells are etched through the substrate, the nitride is deposited for the
passivation. The next step is to etch the nitride only on the top of n-well. In Figure 125(b)
the green rectangular feature, the nitride opening window, is within the feature of the n-

well.
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(a) (b)

Figure 125. (a)Mask 5 to open nitride for contact and (b) a close-up to view the n-opening
window within the n-well.

The nitride on the top of laser ridges is also needed to be removed for the p-contact.
The self-align process is to protect anywhere except the top of laser ridges as the slash

black rectangle in Figure 126 then we etch the nitride on the top of that.
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Figure 126. Mask 6 for self-align.

154

S SIS

KRS

As the nitride within n-wells and on the top of p side of laser ridges, it is ready to

define the contact pads as the crossover blocks in Figure 127.
Figure 127. Mask 7 to deposit both p and n metals.



Since the alignment marks for Oracle group have to be metalized to improve their
alignments on the silicon circuit side, the slash features shown in Figure 128 are the pattern

1s metalized.

Figure 128. Mask 8 to metalize alignment marks.

The next mask level is to define the plating pads within both n and p contacts and

electroplate several pm of Au on it as the orange blocks in Figure 129.
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Figure 129. Mask 9 to electroplate Au on both p and n metals for contacts

The backside of outcoupler gratings is etched and deposited metals as reflectors to

improve the upward coupling efficiency as shown in Figure 130.

\

Figure 130. Mask 10 for the reflector on the back.
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A2. Enhanced Coupling Strength Grating Patent

(19)

a2 Patent Application Publication

(10) Pub. No.: US 2015/0063753 Al
Mar. §, 2015

United States

Evans et al.

1

(43) Pub. Date:

(54)

(71)

(60}

ENHANCED COUPLING STRENGTH Publication Classification
GRATINGS
(51) Int.CL
Applcants: Southern Methodist University, Dallas, GO2B 6/34 (2006.01)
TX (US): Oracle International GO2B 67132 (2006.01)
Corporation, Redwood Shores, CA GO2B 67136 (2006.01)
(US} GO2B 67036 (2006.01)
. ) _— (52) US.CL
Inventors: Gary A. Evans, Plano, TX (US); CPC GO2B 634 (2013.01): GO2B 64036 (2013.01);
Jerome K. Butler. Richardson, TX GO2B 6/132 (2013.01). GO2B 6136 (2013.01);
(US); Jay B. Kirk, Plano, TX (US); GO2B 2006/12176 (2013.01)
Ruo-Hua He, Dallas, TX (US); Jin Yao, USPC e 385/37; 438/32: 438/31
San Diego, CA (US): Guoliang Li. San
Diego. CA (US): Xuezhe Zheng, San (57 ABSTRACT
Diego. CA (US): Ashok V. _— . . .
Kl:;t:mm;ur“lm _:“: Diego, CA (US) lhc‘pmsrnl invention u_)c]udgs an optical \f‘u\'.v:guuk_\mh a
: grating and a method of making the same for increasing the
Apnl. No.: 14/479.039 effectiveness of the grating. In one example, the grating is at
PP RO least partially covered by a liner layer disposed on at Jeast a
Shed: Sep. 5. portion of a grating; and a cover lu_\‘ur_dnsmsc.\i on the liner
Filed cp- 5, 2014 layer. wherein a first material selected for the core and ridges
1S, 4 and a s\.:c«‘»nd xlm.nlcriul selected lhrlhc‘lin-.-r Iu‘_\'cr are selected
Related US. Application Data 1o provide a difference in the index of refraction between the
Provisional application No. 61/874.162, filed on Sep. first and second material that is sufficient to provide a contrast
35,2013, therebetween.
ny=15
w
i
Weore n,=35 (CORE LAYER)
nz=15

Figure 131. Cover page of enhanced coupling strength grating patent.
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