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Abstract

Spontaneous emission into the lasing mode fundamentally limits laser linewidths.
Reducing cavity losses provides two benefits to linewidth: (1) fewer excited carriers
are needed to reach threshold, resulting in less phase-corrupting spontaneous emission
into the laser mode, and (2) more photons are stored in the laser cavity, such that
each individual spontaneous emission event disturbs the phase of the field less. Strong
optical absorption in ITI-V materials causes high losses, preventing currently-available
semiconductor lasers from achieving ultra-narrow linewidths. This absorption is a
natural consequence of the compromise between efficient electrical and efficient optical
performance in a semiconductor laser. Some of the ITI-V layers must be heavily doped
in order to funnel excited carriers into the active region, which has the side effect of

making the material strongly absorbing.

This thesis presents a new technique, called modal engineering, to remove modal
energy from the lossy region and store it in an adjacent low-loss material, thereby
reducing overall optical absorption. A quantum mechanical analysis of modal engi-
neering shows that modal gain and spontaneous emission rate into the laser mode are
both proportional to the normalized intensity of that mode at the active region. If
optical absorption near the active region dominates the total losses of the laser cavity,
shifting modal energy from the lossy region to the low-loss region will reduce modal
gain, total loss, and the spontaneous emission rate into the mode by the same factor,
so that linewidth decreases while the threshold inversion remains constant. The total

spontaneous emission rate into all other modes is unchanged.

Modal engineering is demonstrated using the Si/III-V platform, in which light is

generated in the II1-V material and stored in the low-loss silicon material. The silicon



xii
is patterned as a high-@) resonator to minimize all sources of loss. Fabricated lasers
employing modal engineering to concentrate light in silicon demonstrate linewidths
at least 5 times smaller than lasers without modal engineering at the same pump level

above threshold, while maintaining the same thresholds.



Chapter 1

Introduction

Narrow-linewidth laser sources are useful for many diverse applications, including
coherent communication, stable frequency standards, nonlinear optics, and precision
sensing. A narrow-linewidth semiconductor laser would have many advantages over
the fiber lasers which currently dominate the narrow-linewidth market for many of
the same reasons that integrated electronics dominate their field.

Semiconductor lasers drive modern fiber communications networks primarily be-
cause of their low cost, the ease of pumping them electrically, and the wide, somewhat
tunable gain bandwidth of the underlying semiconductor gain material. Semiconduc-
tor lasers are also small and lightweight. Semiconductor lasers are versatile: they can
be made to emit a single mode by introducing a periodic index or gain modulation,
they can have output powers greater than 1 W. Despite their advantages, semicon-
ductor lasers suffer from poor phase noise performance compared to other types of

lasers.

1.1 Narrow-linewidth laser sources in coherent com-
munication

As demand for data continues to grow, fiber communication networks are transi-
tioning to coherent communication formats in which the phase of the optical field is
used to transmit information [1]. Coherent communication is more efficient spectrally

compared to existing on-off keying because more bits can be sent per symbol (i.e.,
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Figure 1.1: Constellation diagrams of some basic communication formats. The num-
ber of bits transmitted per symbol increases from the left to the right of the figure,
increasing the symbol density.

coherent formats can support higher data rates per unit bandwidth). The drawback
of using this format is that it is more sensitive to the phase noise (or, equivalently,
linewidth) of the laser source. Figure 1.1 shows the constellation diagrams for some
basic coherent communication formats. Each dot in the constellation diagram repre-
sents a symbol which is transmitted by setting the phasor of the electric field of the
optical source at the transmitter to point at the symbol. The phasor is inevitably cor-
rupted by noise from spontaneous emission, imperfections in the transmitter’s laser
source and modulator, from the channel over which the signal is sent, and from the
receiver’s own detection optics and electronics. Figure 1.2 shows an example of the

probability distribution of the tip of the received phasor.

Shown at the top left of the figure is amplitude shift keying (ASK), or basic on-off

modulation of the source. Phase noise is not important in ASK because information is
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Figure 1.2: Example probability distribution cloud for the received electric field pha-
sor, represented by the blue vector in the ideal case. The gray-shaded cloud represents
where the noise-corrupted phasor may point. Phase noise spreads the cloud in the 0
direction while amplitude noise spreads the cloud in the 7 direction.

only transmitted by varying the amplitude of the signal and can be detected without
measuring phase. The two symbols used in binary phase-shift keying (BPSK), the
second constellation, are farther apart than those in ASK, so it should be easier for
the receiver to decide which symbol was transmitted. However, BPSK is sensitive
to phase noise because information is transmitted only by varying the phase of the
signal. The symbols are 180° apart, so if the accumulated phase deviation during
one symbol duration is greater than 90° in either direction, the wrong symbol will be

decoded.

Additional bits per symbol can be transmitted by increasing the number of mean-
ingful phases in the constellation. Continuing through the figure, the constellations
for 4-, 8-, and 16-symbol phase shift keying can be seen. Clearly, these advanced

formats are more susceptible to phase noise than the simple BPSK case.

Inexpensive, low phase noise sources are important in more areas than just com-
munication. The high-@Q) optical resonators that are the focus of significant research
today must be interrogated by laser sources with low phase and frequency noise.
Coherent optical interactions, like parametric amplification, four-wave mixing, and

stimulated Brillouin scattering require stable laser sources to operate.
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1.2 Low phase noise Si/III-V lasers

Spontaneous emission is fundamentally a quantum mechanical process through which
photons are emitted into the laser mode with random phases, perturbing the phase
of the existing field in the laser cavity. Spontaneous emission is unavoidable, but its
effects can be mitigated. Chapter 2 of this thesis calculates the spontaneous emission
rate into a given mode using Fermi’s Golden Rule, showing that the spontaneous
transition rate into the laser mode can be reduced by decreasing the intensity of the
mode at the active region. Absorption losses in the material straddling the active
region will also decrease. Unfortunately, decreasing the intensity of the mode at the

active region will also reduce the modal gain available to the laser mode.

Reducing the losses of a laser cavity provides two benefits to noise performance:
(1) fewer excited carriers will be needed to reach threshold, resulting in less phase-
corrupting spontaneous emission into the laser mode, and (2) more photons will be
stored in the laser cavity, such that each individual spontaneous emission event will
have a smaller effect on the phase of the field. Chapter 2 also describes this double-

benefit of reducing losses.

Heterogeneous integration of silicon with III-V combines an efficient photon gen-
erator (III-V) with a low-loss material for efficient photon storage (silicon). Storing
most of a Si/III-V laser’s modal energy in low-loss silicon reduces the overall losses of
the laser cavity compared to a III-V-only laser, producing a corresponding decrease
in the linewidth of the laser. The straightforward way to reduce optical absorption
using hybrid Si/III-V is to replace excess lossy I1I-V with low-loss silicon, which
is equivalent to reducing losses while keeping gain constant. However, the need to
pump the active material to transparency sets a minimum number of excited carriers
needed to reach threshold, eventually leading to diminishing returns to linewidth as
the only improvement comes from storing more photons. Hybrid Si/III-V lasers taken
to the extreme of this replacement transformation will only receive a single benefit to

linewidth at the margin.

This thesis presents modal engineering as a better alternative to replacing lossy
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silicon with ITI-V. Modal engineering changes the shape of the laser mode, shifting
modal energy away from the III-V and storing it in silicon. Modal engineering,
properly executed, reduces modal gain, absorption loss in III-V, and spontaneous
emission into the mode by the same factor. If absorption losses in I1I-V dominate the
total cavity losses, the pumping threshold will remain constant while the spontaneous
emission rate decreases. Chapter 3 details these two transformations, leading to the
counterintuitive result that the smallest linewidths are achieved by reducing gain and
loss by the same amount because there are no diminishing returns from transparency.

Experimental demonstrations of modal engineering in hybrid Si/III-V lasers are
presented in chapters 4 and 5. As expected, linewidths become smaller as more of the
mode is shifted away from the lossy I1I-V. Threshold currents are shown to remain

constant.






Chapter 2

Phase noise in laser fields

Stimulated emission, which provides the gain in lasers, is inevitably accompanied by
spontaneous emission, which introduces phase noise by combining incoherently with
the laser field. This chapter will derive the effect of spontaneous emission on a laser
field, producing some insightful results which can be exploited to reduce the linewidth
of a semiconductor laser by using the hybrid Si/III-V platform.

Important results derived in this chapter are:

1. The single-carrier spontaneous transition rate into the laser mode is proportional
to the intensity of the laser field at the active region (equation 2.35). The
spontaneous transition rate into all other modes is independent of the lasing

mode (equation 2.42).

2. The linewidth of a laser decreases with a decreased spontaneous emission rate
into the lasing mode and with increasing number of photons stored in the cavity

(equation 2.71).

3. The total spontaneous emission rate into the laser mode (carriers/second) de-
creases with decreased cavity losses, primarily because fewer excited carriers are

needed to reach threshold (equation 2.61).

4. The number of photon stored in the cavity increases linearly with decreased

cavity losses, with all other factors remaining costant (equation 2.65).
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5. The net effect is that laser linewidth scales with u/Q?, where yu is the population

inversion factor and @) is the quality factor of the cavity (equation 2.79).

2.1 Optical cavities

An optical resonator consists of a cavity that guides or reflects an optical wave back
upon itself so that at resonance it matches up exactly with the original wave after
each round trip. The electric field distribution of the wave is known as a “mode” of

the cavity.

2.1.1 Loss

An optical wave may lose or gain energy as it travels through a cavity. The most
common sources of optical loss are material absorption and scattering from imperfec-
tions in the material. Losses can be quantified as a fractional decrease in the number
of photons in the optical mode (NN,) which is proportional to the intensity (I) of the

wave [2, p.217]
1dl 1 dN,

Idz N, dz’

—Omode = (21)

where the modal loss coefficient per unit length is defined here as ay,0q.. The solution

to this differential equation is an exponentially decaying intensity of the optical wave;

I(z) = I(0) exp(—mode?)- (2.2)

The loss coefficient could also be defined as a decrease in amplitude, in which case
it would be half of the value defined here. The intensity value will be used in this

thesis.

The total loss experienced by a wave can be broken down into its various con-
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stituent components as each affects the wave independently;

I(z) = 1(0) exp(—a12) exp(—az) . .. exp(—a,2)

= 1(0)exp[—(a1 + g + ... + ay)z]. (2.3)

Therefore, the loss coefficient due to multiple sources (i = 1,2,...) can be expressed
as

Omode = O] + Qg + ... + . (2.4)

A cavity composed of different materials with different absorption coefficients is
considered in this thesis. The total absorption due to the different materials can be
found by using the confinement factor (I';) which measures the fraction of the mode

residing in each material i (i = 1,2,...);

|EI?dV
AL

= (2.5)

Individual absorption coefficients from different materials (cy, as,...) can then be
weighted by the modal confinement factor in each material (I';,T's,...) to calculate

the total absorption experienced by the mode.

Qmode = FlOél + FQO&Q —+ ... (26)

2.1.2 Gain

An active material can amplify an optical mode. The gain provided to the optical
wave is quantified in the same way as the loss, as a fractional increase in the number
of photons in the optical mode (NN,), which is proportional to the intensity (1) of the

wave

1dI 1 dN,
Idz_Np dz ’

Jmode = Factg = (27)

where ¢ is the material gain, which would be the gain of a wave completely confined to

the active region [2, p.722; 3, p.271; 4, p.568]. Commonly-used quantum well active
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material is only a few nanometers thick, which is much smaller than the dimension
of a typical cavity mode. Weighting the material gain by the modal confinement
factor in the active region (I, ) then gives the modal gain (gmoede) experienced by the
actual cavity mode. Modal gain provides a useful way to compare the effect of gain
on two different modes with different confinements in the quantum wells, by keeping
the “material gain” (g) constant.

The exponential material gain coefficient (g) is proportional to the stimulated
emission rate. The rate equation for the total number of photons in the presence of

stimulated emission (only) is
dN,
dt

— RSt7 (28)

where the left-hand side of the equation is the rate of change in the total number
of photons in the mode and the right-hand side is the net stimulated emission rate
from all carriers in the active region. This equation is a statement that each (net)
stimulated emission event adds one photon to the mode. Convert the definition of

gain (equation 2.7) from a rate in space to a rate in time using the group velocity
(vg)
LdN, 1 dn, Ry

el — — ) 2.9
N, dz Nyvg dt Npvg (2.9)

Factg =

2.1.3 Quality factor

The quality factor of a cavity (Q) is defined to be a ratio of the energy stored by a
cavity to the power lost [2, p.155]

- WEstored

Q = P (2.10)

The stored energy is scaled by the angular frequency of the light (w) to give the
unitless quality factor. A cavity that can store a lot of energy has a high quality
factor. The quality factor can be written in terms of the photon lifetime inside the

cavity (7,) to be [2, p.193]
Q = wp. (2.11)
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The quality factor can be related to an average loss coefficient in space over the

length of a cavity («) using the group velocity of the wave

w

Q=—. (2.12)

VgQx

The total Qo of & cavity can be broken down into its constituent parts by com-
bining equations 2.4 for adding loss coefficients and 2.12 for converting loss coefficients

to @ values

Quota = Q1" + Q' + ...+ Q" (2.13)

2.1.4 Threshold condition

As the modal gain is increased from zero, it will eventually balance out the losses the
mode experiences. At this point, the optical wave will return to the same amplitude
and phase after each round trip of the cavity and steady-state oscillation will result.
The material gain required to achieve oscillation is the threshold gain (g), which

can be expressed in terms of () by equation 2.12

Fact gth = Ototal

w
= . 2.14
Uthotal ( )

2.2 Interaction of carriers with cavity modes

Electrical carriers interact with optical waves in three ways: stimulated emission,
stimulated absorption, and spontaneous emission, each depicted in figure 2.1. Electron-
hole pairs in a semiconductor are similar to “atoms” with an excited state (electron
in the conduction band) and a ground state (electron in the valence band). Quan-
tum states for the atom-cavity mode system can be written as |i, N,,), where 7 is the
electron state (i = 2 is excited, 1 is ground) and N, is the number of photons in the
cavity mode. Downward atomic transitions, whether stimulated or spontaneous, take

a quantum of energy from the electron and generate a new photon with the same
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Spontaneous emission Stimulated emission Absorption
2)
2 Npt) 12 Npt1) | V)
P p
VAV A\AVIEINAS/ VA N—1)
1) |Np) 1) |Np) 1) P
“atom” cavity mode

Figure 2.1: The three basic ways in which electrical carriers in a semiconductor inter-
act with optical waves. The black lines represent electronic states and the blue lines
represent photon states. The blue sine waves represent photons either approaching
or leaving the atom.

quantum of energy (|2, N,) — |1, Ny+1)). Absorption does the reverse.

Transition rates for a single carrier to undergo each type of transition from a given
initial state |i, Np;) to a final state |f, N,¢) can be found using Fermi’s Golden Rule.
Two situations will be considered in this section: the interaction of the atom with
a single optical mode and the interaction of the atom with all modes existing in the

optical cavity.

2.2.1 Spontaneous transitions into the lasing mode

Fermi’s Golden Rule can be used to calculate the transition rate (W}, #» number/sec)
of one atom interacting with a single optical mode, denoted [ [3, p.54]
2m : 6(fi=ri—Tr)
Wi (fi) = - I Nogl H [i, Nii) | oy ! (2.15)
1
= o2 M5l 60 = fi = 1), (2.16)

where f; is the frequency of optical mode [, H' is the interaction Hamiltonian for the
atom-mode system, H/fz is the Hamiltonian matrix element coupling electronic state
i) to state |f), and f; — f; is the transition frequency calculated from the energy
separation of the two electronic states. The interaction Hamiltonian for this system

is the linear dipole Hamiltonian, given by [3, p.663]

H = —qFE T, (2.17)
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where ¢ is the electron charge, E is the electric field amplitude vector of the optical

mode, and 7 is the electron-hole dipole separation.

The electric field can be quantized as an expansion over the normal modes of a

cavity [3, p.94]. The electric field of optical mode [ can be written [3, p.98]

EF 1) = —ié\/% [ i(t) — al(t)} EL(7), (2.18)

where a; is the photon creation operator, g, is the photon annihilation operator (both
acting on mode [), and E} is the normalized electric field distribution of mode I (units

of volume™/?). Tt is normalized as

/ Eo(7) Eg*(7) AV = Gy (2.19)

C

With this normalization, the confinement factor for mode [ in region i is (equation 2.5)

I, = /\Eg(f)f dv. (2.20)

This electric field and the associated magnetic field satisfy Maxwell’s equations with

the cavity boundary conditions in order to be a cavity mode.

The quantized electric field can be used to calculate the interaction Hamiltonian

matrix element (H',);

|%}z|2 = | (f, Npsl H' |4, Npi) |2 (2.21)
. hw Nl 1
= {f, Noglia \) 5o (af —ar) &7 Ey(F) |i, Nyi) |*. (2.22)

Assume the normalized electric field varies slowly on the scale of the atom. Then,
the dipole term acts like a delta function, pulling the normalized electric field at the
position of the atom (7;) out of the integral;

¢*hw

5 [Eo(m)* [{f, Ny (af —a)é - Fli, Nyi) > (2.23)

‘%}Z|2 -
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Evaluating the integral depends on the specific initial and final states because the

creation and annihilation operators will only couple certain states.

Downward atomic transitions from state |2, N,) to state |1, Ny+1): the photon
creation operator couples these two states, giving the new term /N,+1. The

matrix element is

2

q°hw .

[Hio* = = B (N, +1) [ (1] - 712) (2.24)
2
q°hw
= TR B )P (N 1) o
€

where 15 = | (1| 7]2) | and perfect alignment between the electric field polariza-

tion and the dipole separation has been assumed. The magnitude of the dipole

matrix element is a property of the atom.

Upward atomic transitions from state |1, N,+1) to state |2, N,): the photon an-
nihilation operator couples these two states, giving the new term N,. The

matrix element is
¢h

Myl = L2 BN N, 12, (2.25)
The dipole operator is Hermitian, so the magnitudes of the two dipole matrix

elements are equal (r3; = r,).

Inserting the interaction Hamiltonian matrix elements into Fermi’s Golden Rule
(equation 2.16) gives the upward and downward transition rates for a single atom

interacting with mode [. The downward atomic transition rate is

7] ”f | Eo(r)l* (Np +1) 1%y 6(fi = fi = f) (2.26)

l
= + WL (2.27)

st down

Wi, (f) =

The term (N, + 1) is conventionally interpreted as the sum of stimulated and spon-
taneous emissions, in which the /N, component represents the stimulated transitions
and the +1 term represents spontaneous transitions. This means that the sponta-

neous emission rate is the same as the stimulated downward rate if only one photon
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were in the mode. This result indicates that the vacuum field (i.e., the mode with
no photons in it, N, = 0) can induce transitions spontaneously. Thus, spontaneous
emission is unavoidable even with zero photons in the mode (in fact spontaneous

emission is needed to create the first photon in the mode, “starting” the laser).

The upward atomic transition rate (WJ;) can also be calculated using Fermi’s

Golden Rule

2
Wh(f) = S BRI N, 7 80 = fi— 1) (2.28)
=W - (2.29)

The upward transition rate does not contain the spontaneous (41) term. Physically,

this is because energy can not be taken from the vacuum field.

By comparing equations 2.26 and 2.28, it is clear that the upward and downward
stimulated transition rates are equal;

W =W

st,down st,up

=W, (2.30)

The spontaneous transition rate into a mode therefore is related to the stimulated

rate by the number of photons in the mode;

Wl
b= st 2.31
W =R, (2:31)

Lineshape broadening

The delta function in the equations for the transition rates ensures that transitions
only occur at the transition frequency (F; — E¢/h). In reality, the transition fre-
quency and cavity resonance frequency are broadened by lineshape functions g(f).

All lineshape functions are normalized such that

| otnar-t. (2:32)

o0
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The spontaneous transition rate into mode [ including the effects of broadening can

be calculated by integrating Wl over the appropriate lineshape functions.

Homogeneous broadening: Each atom is affected in the same way, introducing a
lineshape function gy,(f; — fu) centered on f,. The transition frequency (f;) is

calculated from the energy difference between the two atomic states.

Inhomogeneous broadening: Different atoms have different transition frequencies
and are distinguishable. A single atom, therefore, cannot be inhomogeneously
broadened. However, this term will be included because the calculated sponta-
neous transition rate will eventually be used to describe a laser cavity with many
excited atoms, which will be affected by inhomogeneous broadening. Inhomo-
geneous broadening acts on the homogeneous center frequency, introducing a

lineshape function g;(f, — fi) centered on f;.

Cavity lineshape : The cavity mode has a finite width due to a finite photon

lifetime, introducing a term g.(f — f.) centered on f..

Combining these lineshapes, integrating over them in Fermi’s Golden Rule, and
taking the spontaneous (+1) term yields the spontaneous transition rate into mode [

under the effect of lineshape broadening

why = LB gl [ [ = s R =~ R5(— £) 4 df a5
(2.33)

Inhomogenous broadening is the most significant source of broadening in the ac-
tive materials commonly used for semiconductor lasers which have many different,
distinguishable electronic states. Common gain materials have a gain bandwidth on
the order of Af; = 30nm, much broader than the cavity resonance width or line-
width contribution from homogeneous broadening. Compared to the inhomogeneous
broadening function, the other two lineshape functions are essentially delta functions.

Approximating them as delta functions, the spontaneous transition rate into mode [
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is

2 2
Wi, = =2 gilfe = £) 1B () (2.34)
2 2
< T2 L s .39
oc | By ().

The inhomogeneous lineshape function has been approximated as rectangular with
a width of Af;. Notably, the spontaneous transition rate into the laser mode is
proportional to the squared magnitude of the normalized electric field at the atom
(B P).

If a gain medium with little to no inhomogeneous broadening is used, like a single
atom or quantum dot, the cavity lineshape may be the widest lineshape function and
Af. will replace Af; in equation 2.35. In this case, the transition rate will depend
on the cavity resonance width. This would be the Purcell effect [5], which can be
observed in narrow-linewidth cavities which host single quantum emitters (that are

not affected by inhomogeneous broadening).

2.2.2 Spontaneous transitions into all modes

For large laser cavities much bigger than A3, many modes other than the lasing mode
will interact with the atom. The frequency density of these other modes (py,, total
number of modes per unit frequency) in a cavity can be calculated by modeling the
large cavity as a box with perfectly conducting boundary conditions and counting the
modes. The result of this calculation is [2, p.160; 4, p.194,561]

B 87 f2n3V,

. (2.36)

P

where V, is the volume of the cavity. Common semiconductor lasers have a cavity
volume of around 1mm x 2pm x 1pm and a gain bandwidth of 30 nm, so the total

number of modes interacting with the carriers is around 1 x 10%.



18
Fermi’s Golden Rule takes a different form when calculating the transition rate of

an atom interacting with a continuum of modes [3, p.53]

1
Winy = 5 Hyom(f = fi = £7) (2.37)

The total spontaneous transition rate into all of these other modes is calculated by
inserting the density of the cavity modes (equation 2.36) into this equation and taking
the +1 term from the Hamiltonian matrix element (dropping the N, term)
2 2.3
fi q 7Tf Vg =\ 2 A o 2 87Tf n°V.

wie = T igprp jale r e (L) ey
Because many modes are interacting with the atom, the normalized electric field
relevant to spontaneous emission will be the average normalized field at the atom for
each mode. Contributions from any individual modes for which the atom resides at a

maximum or null will average out. The average value of the normalized field for any

mode m is

av 1 m [ =
B = 57 | 1B OR av (2.39)
1
- = (2.40)

by the normalization condition (equation 2.19).

The dot product between the electric field polarization (é) and the atom dipole
(7) will yield an averaging factor of one third of the maximum value (r%,) for an atom
in free space. Electron-hole pairs in quantum wells, on the other hand, will interact
with any electric field polarized in the plane of the well [2, p.720], so the averaging
factor is increased to one half for quantum well material. The quantum well averaging

factor will be used here

T2
|(1]e-7|2) |2, = 22 (2.41)

Combining these results, the total spontaneous emission rate of a quantum well
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active material into all cavity modes is

A b,

free
W =
°P hec3

(2.42)

2.2.3 The spontaneous emission coupling factor

It is useful to define the spontaneous emission coupling factor ( ép) to be the fraction

of the total spontaneous emission that enters mode [

l l

Lo W _ W
sp T free T free’

Wae+We, Wi

(2.43)

where the approximation is valid if there are many modes besides mode [ interacting
with the active medium. Substituting the calculated spontaneous transition rates

(equations 2.35 and 2.42) into this equation yields

1 c ’ / -\ 2
=1 (1) 2 180 (2.44)

oc | By ().

The fraction of spontaneous emission that couples into mode [ is proportional to
the normalized intensity of mode [ at the atom. Engineering the shape of mode [
to reduce its “intensity” (|E}(r2)|?) at the atom therefore reduces the spontaneous
transition rate into mode [ without affecting the overall spontaneous transition rate

into all modes. Figure 2.2 illustrates this effect.

2.2.4 Stimulated transitions

Performing the same calculations but including the N, term that was left out when
considering the spontaneous transition rate will show that the stimulated net down-
ward transition rate (i.e., modal gain, equation 2.9) is also proportional to |E}(r3)|?.
In a laser, reduced modal gain would mean that more excited atoms are needed to

reach threshold, negating any benefits coming from reducing the single-atom transi-
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Reduce | EY|?
at the “atom”

Other
modes mode

Distance along 1-D cavity

Cavity mode intensity

Figure 2.2: Cartoon of various one-dimensional cavity modes interacting with the
atom. The labeled horizontal line represents the location of the atom in the 1-D
cavity. Reducing the intensity of the laser mode at the atom will reduce the sponta-
neous transition rate into the laser mode. In the figure, the modes have been spaced
horizontally for easier viewing.

tion rate.

Fortunately, absorption (stimulated upward transitions) in the material immedi-
ately surrounding the active region will similarly depend on the intensity of the mode
near the active region. This analysis suggests that spontaneous emission, net gain,
and absorption loss from regions near the active region will scale at the same rate
with the normalized electric field intensity at the active region. If absorption near
the active region dominates total loss, shifting the mode away from the active region
will reduce modal gain and total loss by the same factor, and threshold inversion will
remain constant. Therefore, spontaneous emission into the laser mode can be reduced
by decreasing the normalized electric field intensity at the active region if the total

cavity losses are dominated by absorption near the active region.
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2.3 A phenomenological calculation of spontaneous

emission into a lasing mode above threshold

The spontaneous transition rate for a single excited carrier (Wy,) that was calculated
in the previous section can be extended to calculate the rate for all carriers by inte-
grating over each carrier. This approach yields the total spontaneous emission rate

into the mode while providing a phenomenological description of the process.

2.3.1 Number of carriers

The number of excited carriers in a semiconductor laser is related to the material
gain. Gain in semiconductor lasers monotonically increases with carrier inversion,
and therefore with carrier density [6]. Material gain as a function of carrier density

can be approximated for positive gain by the empirical equation [4, p.64]

g~ goln (2.45)

Ntr'

where gq is an empirical coefficient, N is the number of excited carriers in the semi-
conductor, and N, is the number of carriers at which the material is transparent,
at which gain is zero and above which gain is positive. Figure 2.3 shows the rela-
tionship. Typical numbers for quantum well material are N, ~ 2 x 10¥cm™3 and
go =~ 3000cm™t [4, p.224]. In reality, there is a maximum modal gain which oc-
curs when the medium is completely inverted. This approximation does not have
a maximum, and is therefore only useful near transparency. Noise behavior is best
near transparency, so lasers designed to have narrow linewidths should operate near

transparency and therefore conforms well to the approximation.

2.3.2 Total spontaneous emission rate

Let the total number of excited atoms in the active region be given as N,. Assume they

are evenly distributed throughout the active volume (V,), such that their density is
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Figure 2.3: Approximation to material gain in a semiconductor, after equation 2.45.

Assumptions: gy = 3 x 103em™!, N, =5 x 102 em ™2

N3 /Vaer. Then, the total spontaneous emission rate into mode [ (Rép) can be found

by integrating this density over the active volume

Ny
Rl = /V W, (VMJ dv (2.46)
2 2
q'mfris [ N: L
_ _BG(AJ}?) (Vi)/v |EL(7)|? AV (2.47)

Integrating the normalized electric field over the active region yields the confinement
factor of the mode in the active region (equation 2.20), so the total spontaneous

emission rate into mode [ is proportional to I',.

q27TfT%2N2

l
oo = (A ) Vs

Fact (248)

X Taet-

Take mode [ to be the lasing mode. An intuitive physical description of the

spontaneous emission rate into the laser lasing above threshold is given by the phe-
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nomenological equation

LN,
I I Bsp th
Rsp = Nu, Wsp =
Tsp

(2.49)

where Bép is the fraction of the total spontaneous emission that couples to the lasing
mode (given by equation 2.44), Ny, is the total number of excited atoms which clamps
at its threshold value, and 7, is the spontaneous emission lifetime of the atoms due
to emission into all modes (given by the inverse of the spontaneous transition rate,

equation 2.42).

This phenomenological equation is true by the definition of Bép, but it is hard
to calculate each parameter individually. In a semiconductor, the number of excited
carriers at threshold is estimated using an empirical equation found in the previous
section or can be calculated by modeling band structures with many assumptions.
The spontaneous emission coupling factor and spontaneous transition rate into all
modes were found by considering Fermi’s Golden Rule. Unfortunately, ﬁép depends
on the inhomogeneously-broadened lineshape (A f;), which increases as Ny, increases

because lower-energy states fill. Therefore, ﬁép is not independent of Ny, making the

calculation difficult.

2.4 Phasor description of phase noise in a laser

A laser will exhibit phase noise and a linewidth due to spontaneous emission into the
laser mode which modulates the phase randomly. This basic linewidth of a laser due

to phase noise will be calculated in this section following the reasoning of [2, p.484].

Consider the semiconductor gain medium to be a two-level gain medium with a
population density in the excited level of Ny and in the ground state of N;. In the
absence of other absorption, this medium will amplify an optical wave passing through
it if Ny > Ny, which is the condition for net positive stimulated emission. Because a
laser must have positive gain to balance the optical losses of the cavity, there must be
excited atoms in the laser cavity, some of which will transition to their ground state

spontaneously, emitting photons with random phase into the laser mode.
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Figure 2.4: The effect of one spontaneous emission event on the electric field inside
the laser cavity. The exiting field is shown as a phasor with magnitude \/ﬁp and
the phasor due to the spontaneous emission is shown in red. The combined phasor is
shown on top.

This spontaneous emission has no defined phase relationship to the optical wave,
unlike stimulated emission which is emitted with the same phase and direction as
the stimulating wave. Figure 2.4 shows the effect of a single spontaneous emission
event on the phasor of the pre-existing electric field in the laser cavity. The existing
electric field is taken to contain N, photons, and thus has a magnitude proportional
to \/Fp. In these units, the spontaneous photon combining with the existing field
has a magnitude of 1; however, it has a random phase relationship to the existing

field, denoted as an angle ¢ which has uniform probability distribution on [0°, 360°).

The effect of this one spontaneous emission on the phase of the existing electric
field is then given by Af(1), which can be calculated using a small-angle approxima-

tion for Af(1), which is true in the case of a laser which would have /N, > 1;

tan(AA(1)) ~ Af(1) = cosg VN, > 1 (2.50)

VN,

The spontaneous emission events are independent of each other, so the cumulative

effect of N individual spontaneous emission events can be expressed as a variance in
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the probability of the final position, like a random walk in phase space;

(AGP(N)) = (AG*(1)) N
_ (cos®())

- (2.51)

The relevant number of spontaneous emission events (N) to consider is the num-
ber that are emitted during the duration of one transmitted symbol. Phase drift on
timescales longer than the symbol duration can be compensated for by taking differ-
ential measurements between one symbol and the next or by tracking the drift with
the local oscillator. Spontaneous emission into the laser mode occurs at an average
rate Ry, (photons/sec), so that N = R, T spontaneous emission events happen during

one symbol period 77
Ry,

—T
2N,

p

(AGX(T)) = (2.52)

Equation 2.52 provides a simple recipe for minimizing phase noise in a laser.
Given a fixed symbol time, the two parameters which the laser design may control
are Rg,, the average rate of spontaneous emission into the laser mode, and N, the
average number of photons existing in the laser mode. Conceptually, these represent
spontaneous photon generation and photon storage. A low-noise laser design will

reduce spontaneous emission into the mode and increase photon storage in the cavity.

2.4.1 Spontaneous photon generation

One of the two keys to making a low-noise laser is to reduce the rate of spontaneous
photon generation, so that fewer phase-perturbing events occur. The total sponta-
neous emission rate is related to the stimulated emission rate by quantum mechanics
(equation 2.31), and the stimulated rate is known in a laser because the number of

newly generated photons must exactly balance the number of photons lost.

The total stimulated and spontaneous emission rates into the lasing mode can be
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found by multiplying the single-carrier transition rates (see section 2.2) by the total
number of electrical states in the active region and accounting for the probability that

the initial state is occupied and the final state is unoccupied.

Rgtl = pe(E91) Vaet We f1 (1 — f) (2.53)
R = pe(Ea1) Vaer Wet f2 (1= f1) (2.54)
Rop = pr(Eo1) Vaer Wep fo (1 — f1), (2.55)

where R/’ is the rate of stimulated transitions from initial electronic state ) into final
state |f) (total number per second) and Ry, is the spontaneous transition rate from
electronic state |2) to state |1) (total number per second). The density of electrical
state pairs with an energy difference EYy; is referred to as the “reduced density of
states” [4, p.581] or the “joint density of states” [7, p.606] and is given the symbol
pr (Ei). Therefore, p,(Ef;)Vae is the total number of energy states with energy
difference Ey;, and f; is the Fermi factor giving the probability that a state with the

given energy is occupied:

1
hi= exp[(F1 — Ery) /kT) + 1 (2.56)
h 1

exp[(Fy — Fre) /kT] + 17

where Eg, is the quasi-Fermi level for the valence band, and Eg. is the quasi-Fermi
level for the conduction band. The semiconductor transition rates are slightly dif-
ferent than those for atomic systems because the probability that the final state is
unoccupied by a carrier, (1— fy), must be included. Otherwise, the atomic population

N; in state |i) is equivalent to the semiconductor population given by

N; < pe(Ei) Vet fi- (2.57)

The net downward stimulated emission rate (R ) has a known value in a laser
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above threshold because it must exactly balance the loss rate;

Ry = Ry — Ry (2.58)

= pr<E21) Vact Wst (f2 - fl) (259>

Then, equations 2.53-2.55 combine with equation 2.31, relating the spontaneous and
stimulated transition rates via quantum mechanics, to give the ratio of spontaneous

emission to net stimulated emission:

Rsp o 1 f2(1_f1)

M
Rst Np f2_fl Np’

(2.60)

where the population inversion factor u has been defined to absorb the Fermi factors.
Last, the total spontaneous emission rate into the laser mode can be found by using
equation 2.9 to express Ry above threshold in terms of modal gain and equation 2.14
to express threshold modal gain in terms of cavity @)

_ wp

Fop = 5 (2.61)

Intuitively, this equation suggests that the spontaneous emission rate will decrease
with increased cavity @ (i.e., reduced loss) because fewer excited carriers are needed
to reach threshold. However, fewer excited carriers means an increased population
inversion factor (u), so some of the benefit is lost. Careful attention must be paid to

the population inversion factor when calculating the spontaneous emission rate.

2.4.2 Photon storage

The other key to obtaining a low-noise laser output field is to increase the number of
photons stored in the laser cavity, so a single spontaneous emission event constitutes
a smaller perturbation on the laser field phasor. This is analogous to storing energy
in a flywheel. As more energy is stored, the rotation frequency of the flywheel is less

susceptible to small perturbations. The number of photons stored in the laser cavity
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can be calculated by considering the rate equation for electrical carriers in the active
medium,
dN _ ml N

S TaugN,, 2.62
dt q Tsp Ug tg p ( )

where NV is the total number of electrical carriers, 7; is the internal electrical injection
efficiency (i.e., the fraction of injected carriers that make it to the active region), I is
the pump current, ¢ is the electron charge, and 7, is the spontaneous emission lifetime
of the carriers into all modes. The terms on the right-hand side of equation 2.62 rep-
resent, in order, electrical pumping, spontaneous emission, and stimulated emission,

respectively. Non-radiative recombination has been absorbed by the 7; term.

Consider the case of steady-state immediately below threshold, in which stim-
ulated emission is negligible. Then, equation 2.62 can be rearranged to find the
threshold carrier density;

New I

(2.63)

1

Tsp q
Above threshold, the modal gain, and therefore carrier density, must “clamp” at
this threshold value at which it exactly balances the optical losses (equation 2.14),
otherwise the optical wave would grow without limit and lead to a non-physical solu-
tion. Physically, carrier density clamping happens because excess carriers above the
threshold density will cause a brief increase in the photon density by extra stimulated
emission. The increased photon density will in turn reduce the number of carriers
through extra stimulated emission, leading to a damped oscillation and a return to

the threshold value. This is the relaxation oscillation [2, p.697].

The carrier rate equation for the specific case of above-threshold operation can be
found by combining equations 2.62 and 2.63 and clamping modal gain at its threshold
value

dN (I — I)

E - niT - Ugractgtth' (264)

Last, the steady state photon number can be found by setting the time derivative to

zero and expressing the threshold gain in terms of the cavity ) using the threshold
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condition (equation 2.14)
(I —1In) @
—

N:ni
P q

(2.65)

Equation 2.65 indicates two “knobs” for increasing the number of photons in the
cavity: increasing the pump current and increasing the cavity (). Because phase noise
variance depends on the pump current, a fair noise comparison between two different

lasers should be taken at the same pump current above threshold.

2.4.3 Spectral linewidth of the optical field

The spectral linewidth of the optical field is commonly used as a metric for the degree
of phase coherence of a laser. The linewidth of a laser that is only subject to phase

noise caused by spontaneous emission can be expressed in terms of the phase variance

((AG?(T))). Let the electric field of the laser be given by
E(t) = Eyexpli(wt + 6(t))], (2.66)

where Fj is the field amplitude and 6(¢) its phase, which is a function of time because it
contains the spontaneous emission noise. Assume that the field amplitude is constant
(i.e., not subject to amplitude noise). The autocorrelation of the laser field at a delay

time 7' is
(E()E*(t—=T)) = <Eg exp(iwT") expli(0(t) — O(t — T))]> ) (2.67)

Let the phase difference be defined as A§(T") = 0(t) — 6(t — T'). Taking the constant

terms out of the average yields
(E)E*(t —T)) = E; exp(iwT) {(exp(iAH(T))). (2.68)

The term on the right is calculated directly as an expectation for the phase differ-
ence. The accumulated phase difference Af(T') is the result of many independent

spontaneous emission events, so the probability distribution for Af(T') is Gaussian
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with variance (A#*(T)) by the central limit theorem, and the calculation evaluates

to [2, p.488; 8, p.198]
(exp(AB(T))) = exp(— (AG(T)) /2). (269

The phase variance is given by equation 2.52; so the autocorrelation of the laser

field is then given by

R
(E)E*(t —T)) = E} exp(iwT) exp <_4Np |T|) , (2.70)
p
where the delay |T'| has been defined to always be positive without loss of generality.
This autocorrelation and the field spectrum are Fourier transform pairs by the Wiener-
Khintchine theorem [2, p.470]. The Fourier transform of the decaying exponential
found in equation 2.70 is well-known to be a Lorentzian with linewidth [2, p.488; 8,

p.200]
Ry (AG%(T))

Af— —
/ 4m N, 27T

(2.71)

This expression for the linewidth is typically referred to as the “Schawlow-Townes”

linewidth, after the first derivation [9].

2.4.4 Phase noise power spectral density

Phase noise due to spontaneous emission in lasers can also be measured as a power
spectral density of the phase deviation Af. In practice, the power spectral density
can be used to find the noise inherent to spontaneous emission by clearly separating
technical 1/f noise from the white spontaneous emission spectrum.
The phase variance can be written in terms of the frequency noise spectral den-
sity [8, p.197; 10]
> sin?(7fT)

(80%(T)) =207 [ 55(1)

- e df, (2.72)

where the frequency noise power spectral density, S¢(f), is two-sided and has units
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here of Hz?/Hz. If a white spectrum (constant in f) is assumed for Sy(f), the integral

can be evaluated as

(AG*(T)) = (2m)*S,T. (2.73)

The linewidth is then related to the frequency noise power spectral density by

following the process that starts with equation 2.70 with the replacement

Rp 2
— — (2m)%S;. 2.74
e~ (S, (274
Therefore, the laser’s spectral linewidth is related to its white frequency noise power
spectral density by
Af =215y, (2.75)

In reality, the frequency noise power spectrum of a laser exhibits both white
spontaneous emission noise and strong 1/f noise at low frequency offsets from the
carrier [11-13]. The 1/f noise is likely technical in origin and may be due to temper-
ature fluctuations, electrical interference, etc. Pure 1/f noise has a Gaussian spectral
lineshape that would be convolved with the Lorentzian lineshape of the spontaneous
emission in an attempted measurement of the laser’s lineshape [13]. It is therefore dif-
ficult to measure the contribution of spontaneous emission to the linewidth of a laser
in situations where the 1/f noise dominates the measurement of the overall lineshape
function. Lasers operating at high pump powers [12] or lasers with little spontaneous
emission are better characterized by measuring the frequency noise power spectral
density. A “spontaneous emission linewidth” for these lasers is calculated by finding
a white frequency power spectral density at high frequency offsets from the carrier,
where 1/ f noise does not affect the measurement, and using equation 2.75 to provide

a single number that characterizes the spontaneous emission noise in the laser.

For applications in coherent communication, the 1/f noise is (somewhat) irrele-
vant as the only noise at frequencies faster than the symbol rate is integrated by the
detector. In a differential phase measurement, only the phase excursion due to noise

between two adjacent symbols affects the measurement, and in absolute phase mea-
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surements, a phase-locked loop can be used at the receiver to track any slow phase

deviations in the transmitting laser.

2.4.5 Linewidth enhancement factor

Besides directly injecting out-of-phase noise into the laser mode, spontaneous emission
also affects the phase of the field through the linewidth enhancement factor [14].

A spontaneous emission event both emits a new photon and transitions an electron
from the conduction band down to the valence band, instantly reducing the gain in
the semiconductor. Gain is related to the imaginary component of the index of
refraction (n;), which is coupled to the real component (n,) through the Kramers-

Kronig relation [2, p.706]. The linewidth enhancement factor («) is

_dn,/dN 4w dn/dN
dni/dAN X dg/dN’

o =

(2.76)

where N is the number of electrical carriers. Changes to n, induced by changes in n;
cause the effective length of the cavity to change (Leg = 1y Lphysical), thus inducing
frequency/phase shifts in the mode. The eventual effect of the index modulation is
to contribute a factor a? to the phase noise of the mode. The linewidth enhancement
factor is relevant to semiconductor gain media, but not atomic media, because the
gain spectrum for a semiconductor is asymmetric in frequency, so at maximum gain
dn,/dN is non-zero.

The total laser linewidth including the linewidth enhancement is

Af= pr (14a?). (2.77)

Typical linewidth enhancement factors for quantum well lasers are in the range of
2-5 [15]; therefore, this contribution to phase noise usually dominates in semiconduc-
tor lasers. However, the linewidth enhancement factor depends on many parameters.
Most importantly, the denominator of equation 2.76 is the differential gain of the laser

at threshold, which can be increased by operating closer to transparency. An approx-
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imation to the differential gain can be calculated using the empirical relationship

between gain and carrier density (equation 2.45),

dg| o %0

dAN|, ~ Ny’

th

(2.78)

for operating points near transparency. The worst case for the linewidth enhance-
ment factor would be at complete inversion, where the differential gain is zero and
the linewidth enhancement factor blows up. Values of a of around 60 have been
experimentally demonstrated in semiconductor lasers operating near complete inver-
sion [16].

There are many strategies to reduce the linewidth enhancement factor. Most
commonly, using quantum wells instead of bulk semiconductor increases the differ-
ential gain, thereby benefiting noise performance [6; 17; 18]. Increasing the number
of quantum wells is similarly thought to decrease the linewidth enhancement factor
through increased differential gain [19]; however, the population inversion factor (1)
increases, and accounting for the extra carriers in the surrounding regions due to
the higher transparency increases absorption in multiple quantum well lasers. This
leads to an optimum number of quantum wells for noise performance [20; 21]. Several
experiments have shown that lasers made with fewer quantum wells have narrower
linewidths [22; 23]|. Operating the laser on the blue side of the gain peak reduces the
numerator of equation 2.76 to the point where it could even become zero [19; 24-26].
Thin [19; 21; 27], deep [15] quantum wells are better. Either tensile [28] or com-
pressive [29-31] strain applied to the wells reduces the linewidth enhancement factor.
Introducing extra holes by p-type modulation doping near the wells also reduces the

linewidth enhancement factor [18].

The physical shape of an index-guiding laser structure is not thought to affect the
linewidth enhancement factor significantly because any relevant confinement factors

will affect the numerator and denominator of equation 2.76 equally [32].

Based on this discussion of the linewidth enhancement factor, narrow-linewidth

lasers should be designed to minimize the effect of the linewidth enhancement factor
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1. Reducing optical loss far beyond that in traditional semiconductor lasers in

order to operate near transparency

2. Using a grating to set the operating wavelength to the blue side of the gain
peak

3. Using compressively strained quantum wells

2.4.6 Total linewidth

The Schawlow-Townes linewidth (equation 2.71) can be expressed in terms of exper-
imental parameters by substituting the values found for the spontaneous emission
rate (equation 2.61) and photon number (equation 2.65). The linewidth, including

the effect of the linewidth enhancement factor, is then

LW q p 2
= g . 2.

This expression shows that the laser linewidth due to spontaneous emission has a 1/Q?
dependence, though the effect of the population inversion factor () may reduce the
overall improvement in @) slightly. Increasing () benefits the spontaneous emission
rate into the laser mode by reducing the number of excited carriers needed to reach
threshold and also benefits photon storage by reducing optical losses, leading to the
strong dependence of linewidth on Q).

Increasing the pump current above threshold also would narrow linewidths by
increasing the stimulated photon generation rate and, therefore, the number of pho-
tons stored in the cavity. To make fair comparisons, measured linewidths should be

accompanied by the value of (I — Iy,) at which the measurement was taken.
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Chapter 3

Phase noise in hybrid Si/III-V
lasers

This chapter presents a theory of noise in semiconductor lasers in which the laser
cavity is composed of two different materials with very different optical absorption
coefficients, like silicon and highly-doped III-V. Two important transformations are

considered, which have different effects on noise in the cavity

Replacing ITI-V with silicon: Overall losses in a semiconductor laser can be re-
duced by replacing optically lossy III-V material in the laser cavity with very
low-loss silicon. The confinement factor of the mode in the lossy III-V (I'jpy)
becomes the metric for determining laser performance. Replacing III-V with

silicon has the following effects:

1. The total quality factor (@) of the hybrid laser cavity increases, scaling as
[y (equation 3.4).
2. The threshold modal gain of the hybrid laser decreases, scaling as I'jLy

(equation 3.5).

3. The linewidth of the hybrid laser decreases, scaling as uI'%;y,. This scal-
ing factor is between I'yLy and I'%+, depending on the threshold carrier

density of the original ITI-V only laser (equation 3.15).

Modal engineering: The shape of the mode can be engineered to remove modal

energy from the III-V. Under this transformation, both modal gain and III-
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V absorption losses are reduced by the same factor. In the limit that III-
V absorption dominates the total optical losses, modal engineering has the

following effects:

1. The total @) of the hybrid laser increases, scaling as FI_HI_V (equation 3.24).

2. The threshold modal gain of the hybrid laser stays constant with I'jLy, as
long as absorption loss in III-V limits @) (equation 3.26).

3. The linewidth of a hybrid laser decreases as I'7j; v, as long as absorption

loss in III-V limits @ (equation 3.32).

Properly executed modal engineering always yields smaller linewidths than re-

placing III-V with silicon.

3.1 The advantages of hybrid Si/III-V

The Q=2 dependence of the Schawlow-Townes linewidth is compelling as a “knob”
by which relatively small changes in cavity design may yield great improvements to

laser linewidths.

3.1.1 Limitations of traditional semiconductor lasers

Traditional semiconductor lasers have been limited in () for two reasons: the intrinsic
optical absorption in the highly-doped III-V layers that are necessary for efficient
electrical performance, and the relatively poor fabrication abilities in I1I-V when
compared to silicon. Table 3.1 presents a short review of published high-Q) ITI-V
resonators.

Loss coefficients in III-V cavities including both scattering (from poor fabrication)
and absorption (intrinsic to the material) usually are on the order of 10 to 25 cm ™! [36-
42|. By shifting the mode away from the active region and etched surfaces, I1I-V lasers
have been made with estimated loss coefficients of 0.5 to 1em™" [43; 44].

The traditional design of semiconductor lasers is therefore constrained by the need

to make a compromise between materials with favorable electronic properties (e.g.,
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Q ITI-V resonator description

1M No highly-doped active regions. Ring resonators have a very large
radius of 13 mm [33].

100k Ring resonators have 200 pm radius [34].

200k Ring resonators similar to the 100k result. Here, losses are compen-
sated by including a gain region [35].

Table 3.1: Published ITI-V high-@ resonators.

low series resistance) for efficient photon generation and materials with favorable
optical properties (e.g., low absorption) for photon storage. For example, an ideal
active material must have both a smaller electronic bandgap and a larger refractive
index compared to the surrounding material in order to confine excited carriers and
guided photons to the same region where they can stimulate the emission of new
photons efficiently. In addition, the material near the active region must be heavily
doped to form efficient p-n junctions for injecting carriers into the active region as
well as forming low-resistance electrical contacts to the device. Unfortunately, the
heavily doped III-V material causes significant optical absorption, creating a tradeoff
between photon generation and storage. Last, all of the materials must have similar
lattice constants so they can be grown together on the same wafer. These constraints

have restricted semiconductor laser designs to using only a few materials, like the

well-developed InGaAsP and AlGaAs systems.

The introduction of quantum-confined structures, such as quantum wells and
quantum dots [6], to laser design provided the first step toward de-coupling electronic
and optical properties of semiconductor lasers. The use of quantum wells allows the
electronic bandgap to be defined by varying the thickness of semiconductor layers
during growth instead of being limited to the use of the bulk crystal bandgap. Al-
though these quantum-confined structures allow more flexibility in the design of the
electronic half of semiconductor lasers, they don’t reduce the need for heavy doping

and thus provide no benefit to the equally-important need to store photons.

The previously-published, lowest-noise semiconductor lasers, to my knowledge,

are found in table 3.2.
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Linewidth Description

3.6 kHz ITI-V distributed phase shift DFB laser. This laser was tested
in vacuum with no temperature controller [45].

6 kHz External-cavity laser, with a large optical mode that has a mode
engineered to avoid absorption in the highly-doped III-V re-
gions [46]

64 kHz ITI-V laser with the mode far from the etched sidewalls, using an

integrated amplifier so the laser can reach high power without
linewidth rebroadening due to spatial hole burning [47]

160 kHz Basic III-V DFB laser [48]

300 kHz III-V laser in which the mode is engineered to avoid absorption
in the highly-doped III-V regions [49]

Table 3.2: Smallest published linewidths of existing semiconductor lasers (to my
knowledge).

3.1.2 Silicon photonics

Research on high-quality optical components has been most successful on the silicon-
on-insulator (SOI) platform. Silicon has very low optical absorption, with high-
resistivity silicon having an absorption () on the order of 100M; therefore, the total
@ of a silicon resonator is determined mostly by fabrication imperfections [50].
Photonic device fabrication on silicon is very advanced because of the investment
in technology provided by the integrated circuit industry. The high index contrast
between silicon and the easily-grown silicon dioxide or air make waveguiding simple
and nanoscale optical resonators possible. Silicon waveguides can be made using
industry-standard lithography equipment with loss coefficients of 0.06 cm™! (including
material absorption and fabrication-induced scattering) [51; 52]. Waveguides with
very smooth sidewalls can be formed by oxidizing silicon, a technique unavailable in
ITI-V, in addition to or instead of plasma etching, leading to similar loss coefficients of
0.07 to 0.18 cm™! [53-56]. These fabrication-limited losses are an order of magnitude
smaller than the best III-V waveguides mentioned in the previous section and two

orders of magnitude better than the absorption losses in highly-doped active I1I-V.

Simulated silicon nanocavity designs possess ) exceeding 10M [57], so the demon-

strated @) of these cavities can be expected to increase even further with new advances
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in fabrication technology. Resonators with experimentally-found () values higher
than 1M @ are regularly demonstrated today. In fact, absorption from water vapor
adsorbed onto the silicon surface is now suspected to be limiting ) values, and a
nano-scale resonator with ) of 9M has been achieved by eliminating ambient humid-
ity [58]. Clearly, silicon has the potential to form laser cavities with much higher @
than III-V cavities, and these lasers would exhibit narrower linewidths according to
Q.

Silicon is not the perfect material, however. It has an indirect bandgap and
therefore does not emit light efficiently. Years of research into direct-bandgap I11-V

materials, on the other hand, has yielded very efficient photon generators.

3.1.3 The hybrid Si/III-V platform

Heterogeneous integration of silicon with ITI-V combines the optical advantages of
silicon with the electrical advantages of III-V in one platform, circumventing the
traditional compromises between photon generation and photon storage. Integrating
silicon with I1I-V via wafer bonding has become very common in recent years [59-64],
making this technique an attractive option for a low-noise semiconductor laser.

The process of changing a semiconductor laser from a I1I-V-only cavity to a hybrid
Si/III-V cavity involves two conceptual transformations: (1) replacing excess I1I-V
with low-loss silicon and (2) modal engineering to shift the mode away from the lossy
ITI-V. Both transformations have the goal of storing as much modal energy in silicon
as is possible, but they lead to different results. It is important to consider both to

minimize phase noise.

3.2 Replacing III-V with silicon

The first of two useful transformations for converting a II1-V-only cavity into a hybrid
Si/III-V cavity is to replace excess I1I-V with low-loss silicon. Figure 3.1 shows a
cartoon version of this transformation. Because the index of silicon is similar to

the index of the relevant III-V materials, this replacement can be made without
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Figure 3.1: Replacing lossy III-V with low-loss silicon combines the advantages of
efficient photon generation in III-V with low-loss photon storage in silicon.

significantly affecting the properties of the mode. Thus, the laser design can take
advantage of the properties of silicon to the extent that silicon replaces I1I-V, with

the goal of replacing as much as possible.

3.2.1 The quality factor of the hybrid cavity

The total @ of the hybrid Si/III-V cavity (Qnybria) can be broken down into its
constituent loss components by equation 2.13. Material absorption is likely to limit

the total @ of a well-designed cavity, so it may be singled out:

1 1 1
= —+ ,
thbrid Qabs Qother

(3.1)

where Q. represents the quality factor due to material absorption only and Qgther

represents all other sources of loss (see section A.3).

In a hybrid Si/III-V cavity, the fraction of modal energy located in the absorbing
I11-V is given by its confinement factor in I1I-V (I';v, equation 2.5). The confinement
factor in silicon, which makes up the rest of the cavity, is then I's; = 1 — I';yr.y. Using

these confinement factors, (.1s can be broken down using equation 2.6,

I T'mv n I =Ty

Qabs B QIII—V QSi ’ (32)
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where Qv is the quality factor derived from the ITI-V material absorption only

(about 10k) and Qs; is the quality factor derived from silicon absorption only (as
high as 100M).

Inserting equation 3.2 into 3.1 gives

I Twyv  1-Tmy n 1
thbrid CQIII—V CQSi Qpassive

(3.3)

Material absorption in silicon is extremely low and will probably never limit Quyprid-
Other components of loss, like external coupling and scattering are much larger.
Therefore, the Q)s; term can be grouped with the “other” sources of loss. This new
grouping is given the designation “passive” because it is the @) of the hybrid resonator
in the case where 'Ly is zero or negligibly small, and therefore, is the ) of a passive

silicon resonator with no III-V attached. The total hybrid () is then

1 INNiaY 1
~ + .
thbrid QIH—V Qpassive

(3.4)

In this equation, the numerator of the Qpassive term is taken to be 1 instead of 1 —TI'fy
to account for the sources of loss other than III-V absorption in the case of a III-V-
only laser (I'y.y = 1). Narrow-linewidth Si/III-V lasers will be made with very small
'y, making the choice of numerator inconsequential for the lasers described in this

thesis.

Numerically simulating the optical mode gives I';jy and measuring the loaded @)
of fabricated silicon-only resonators gives Qpassive- With values for these two param-

eters, Qnybria can be estimated easily.

This breakdown for Quynriq defines two regimes: one in which optical absorption
in I1I-V dominates the total () and one in which other factors, like scattering from
rough surfaces, dominate. Replacing silicon with III-V decreases I'tj.y and therefore

increases Qnybria, but only while the other sources of loss are negligible.

Figure 3.2 shows the benefit to Qnyiria of replacing III-V with silicon for various

values of Qpassive- Clearly, lasers with the highest Qnyrig Will have most of their ITI-V
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Figure 3.2: Total @) of the hybrid cavity under the III-V-to-silicon replacement. Var-
ious values of Qpassive are shown. The best Quynria 1s for a cavity with a very high
Qpassive and minimal I'iy. Marked on the plot is the total @ of a III-V-only laser.
Assumption: Qv = 10k.

replaced with silicon and will feature very high-() passive resonators.

3.2.2 Threshold gain

The threshold gain of the hybrid laser can be found by substituting Qnybria (equa-
tion 3.4) into the threshold gain formula (equation 2.14);

w [ Tney 1 )
[ac = — + . 3.5
1 Vg ( QIH-V Qpassive ( )

As silicon replaces I1I-V, the confinement factor in the lossy region (I'yry) decreases.
However, the refractive indices of the two materials are similar, so the mode shape
remains basically the same. Therefore, the confinement factor in the active region

(Tact) stays approximately constant under this transformation.

In the regime in which III-V absorption dominates Qnyirid, replacing III-V with
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Figure 3.3: Threshold modal gain under the II1I-V-to-silicon replacement. The amount
of ITI-V replaced by silicon is represented by the confinement factor in III-V, I'iy.
The shaded area represents the non-physical situation in which 'y < Taer. As-
sumptions: Qpassive = 1M, Qv = 10k.

silicon decreases the threshold modal gain in hybrid Si/III-V lasers;

W INNAY
Lactgtn =~ —

Vg Qv (3.6)

o< Iy

However, if Qpassive dominates Quybrida, replacing III-V with silicon yields no further
benefit to the threshold modal gain because Qnyhria is independent of I'iyy in this
regime. The value of I'iiy at which the two terms comprising Qnyiria are equal is

termed the “critical confinement” (T'.y;).

Figure 3.3 shows the modal gain required to reach threshold for a hybrid Si/III-V

laser undergoing the III-V-to-silicon replacement for typical parameter values.
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3.2.3 Population inversion factor

It’s important to note that reduced threshold modal gain that results from removing
optical energy from the active material does not necessarily mean reduced threshold
carrier densities or threshold currents. The need to pump the semiconductor to trans-
parency creates a minimum carrier density and current at threshold. The population
inversion factor (x) accounts for this minimum carrier density in the laser, applying
a “penalty” for incomplete inversion. It is important to calculate the effect of the
population inversion factor on the spontaneous emission rate (Rsp). The spontaneous

emission factor is defined in equation 2.60 to be

o= L= ) fl), (3.7)

fo=fi

where f; is the probability of electronic state |i) being occupied by a carrier, according
to the Fermi distribution (equation 2.56). The Fermi probabilities are related to the
stimulated emission rate by combining equations 2.53, and 2.54 for the individual
upward and downward stimulated transition rates, and 2.59 for the net downward

stimulated rate:

Rst = pr‘/;ctht(fQ - fl) (38)

In order to have net positive optical gain, the stimulated downwards transition rate
must be higher than the stimulated upwards rate (i.e., absorption), or fs > fi. Re-
lating the stimulated emission rate to the optical gain via equation 2.9,

vy Ny

f2 - fl = Factgthpr‘/act Wst

(3.9)

X 1—‘actgth-

This is the denominator of the population inversion factor. The stimulated transition
rate (Wy) is proportional to the number of photons in the mode (equation 2.26),
so the N, /Wy term on the right-hand side of this equation is independent of the

silicon-replacing-I1I-V transformation.
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Equation 3.9 gives the denominator of the population inversion factor for any laser.
Finding a general expression for the population inversion factor is difficult because
the Fermi levels depend on material parameters; however, the marginal change in p

for any laser can be found near complete inversion and near transparency.

Near complete inversion

The marginal change in u for small changes in carrier density, A f; and Afy, is

[~ (fQ_Af2> (1_<f1+Afl)). (31())

(fo=Af2) = (fi +AfL)

At complete inversion, fo = 1 and f; = 0. Under these conditions, y ~ 1 and does
not change with carrier density, assuming Af;, Afs < 1. Carrier density changes
monotonically with threshold gain, which depends on I'jy according to equation 3.5,

so 4 is independent of ['1jy near complete inversion.

Near transparency

Near transparency, f; =~ f;. Reducing modal gain while requiring gain to remain

positive means

fo=Af > fi+Afi (3.11)

Near transparency, fo — Afs = fy and f1 + Afi = fi, so the numerator of the pop-
ulation inversion factor should be independent of a reduction in modal gain. The
denominator of the population inversion factor, on the other hand, is the difference of
two similar values and is linear in changes to threshold gain, as seen in equation 3.9.
Therefore, the marginal change to the population inversion factor near transparency
is dominated by the denominator. Express threshold modal gain in terms of @) (equa-

tion 2.14) and insert Quypria of a Si/III-V laser (equation 3.4);

iy 1 )‘1
~ + . 3.12
. < QIII—V CQpassive ( )




46
Therefore, near transparency, the population inversion factor is very sensitive to

changes in I'iiiy in the case that Quybria is dominated by absorption in III-V.

3.2.4 Spontaneous emission rate into the laser mode

The spontaneous emission rate into the mode is given by equation 2.61, with Quybria

for the replacement transformation representing the total () of the cavity

W ey 1 )
P thbrid H <QIII—V Qpassive ( )

The discussion of the population inversion factor in the previous section helps to
understand how R, changes as silicon replaces III-V.

For a ITI-V laser near complete inversion, Quynria scales with Fﬁll_v and p is inde-
pendent of I'y. Therefore, Ry, scales with I'ipy.

However, for a III-V laser which is already operating near transparency, Qnybrid
scales with Fﬁll_v and p scales with 'y, The change in p cancels the change in
Qnybria and the spontaneous emission rate into the mode is independent of I'rry.

Low-noise lasers should operate near transparency due to the favorable linewidth
enhancement factor (see section 2.4.5). The unfortunate conclusion is that there is
not any marginal benefit to the spontaneous emission rate into the mode caused by
replacing lossy I1I-V with low-loss silicon if the original ITI-V-only laser were already
operating near transparency.

Even though there may be no marginal benefit to Ry, if the original III-V-only
laser being considered were operating far from transparency, R, will be reduced by

replacing IT1I-V with silicon. The benefit will be sub-linear in 'y .

The phenomenological description

Equation 2.49 provides a phenomenological way to understand the spontaneous emis-
sion rate in hybrid Si/III-V lasers under the III-V-to-silicon transformation. The
three terms considered in the phenomenological equation are the number of excited

carriers at threshold (NVy,), the spontaneous emission rate of each individual carrier
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Figure 3.4: Modal gain in a quantum well laser. The horizontal line represents the
loss in a III-V-only laser. The intersection of the gain curve with the horizontal loss
line gives the threshold carrier density in such a laser. As low-loss silicon replaces
lossy III-V, this line will slide downward, meaning that fewer excited carriers are
needed to reach threshold in a hybrid Si/III-V laser compared to a III-V only laser.
Assumptions: Ny, =5 x 102 em™2, gp = 3 x 103 cm™, A = 1550 nm, ng = 3, Quy =
10k, Taet = 0.5%.

ngl), and the fraction of total spontaneous emission that enters the

into all modes (
lasing mode (fsp).

The number of excited carriers needed to reach threshold decreases with decreas-
ing threshold modal gain (figure 3.3). However, the transparency carrier density sets
a minimum for the number of excited carriers at threshold, meaning that there will
be diminishing returns to linewidth from decreasing modal gain as the number of car-
riers approaches transparency. Figure 3.4 shows the modal gain vs. carrier density
curve for a quantum well laser derived from the empirical equation 2.45. Figure 3.5
shows this relationship in terms of I'fjLy, demonstrating the diminishing returns from
reducing losses as the threshold carrier density approaches transparency. This phe-
nomenological approach provides a physical description for the effect of the population

inversion factor, p, which was found to cancel the effect of Quypria in hybrid Si/III-V

lasers near transparency.
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Figure 3.5: Threshold carrier density in a hybrid Si/III-V laser in which some lossy I11-
V has been replaced with low-loss silicon, calculated using the empirical equation 2.45.
Assumptions: Ny, =5 x 102 em™2, go = 3 x 103cm™*, A = 1550 nm, ny = 3, Qury =
10k, I'yer = 0.5%.

The other two terms in the phenomenological description are expected to stay con-
stant as silicon replaces I1I-V. The spontaneous emission rate of a single carrier into

all modes, 7!

op » 15 dominated by the non-lasing modes that interact with the carriers.

The number of these modes depends on the volume of the laser cavity (equation 2.36),
which does not change under the III-V-to-silicon replacement. Similarly, the fraction
of spontaneous emission that enters the laser mode (fs,) was shown to scale with
the intensity of the mode at the active region (equation 2.44). Both the shape of
the laser mode and the other radiation modes are expected to be independent of the
IT1-V-to-silicon replacement; therefore, Fermi’s Golden Rule will give the same result
for By, in this case as for a III-V-only laser.

The spontaneous emission rate into the lasing mode of a hybrid Si/III-V laser
decreases as more low-loss silicon replaces lossy I1I-V because the number of excited
carriers needed to reach threshold decreases under this replacement transformation.
However, the lower bound of transparency on the number of excited carriers means

that Ry, will be independent of I'tyi.y for marginal replacement near transparency.
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3.2.5 Photon storage

Although the spontaneous emission rate into the mode may be independent of 'y in
some cases, there is still a benefit to photon storage from replacing II1-V with silicon.
Equation 2.65 for the number of stored photons was derived without any assumptions
about the cavity design or the operating point. It states that the number of stored

photons (V) scales with Qhybria

ni (I — ) (FIII-V 1 )_1
N, = — + . 3.14
P w q QHI—V Qpassive ( )

The two regimes for this equation are the same as for Quypria- For 'y > e,
N, scales as I'yiy. For 'y < T'eie, IV, is independent of the replacement trans-
formation. The number of stored photons scales in exactly the same way as Qnybrid,

which was plotted in figure 3.10.

3.2.6 Linewidth

The linewidth of a hybrid Si/III-V laser under the III-V-to-silicon replacement can
be found by combining the calculated spontaneous emission rate (equation 3.13) and

photon storage (equation 3.14), similar to the way equation 2.79 was derived.

w? ( ey 1 > ? q W
Af == + Z (14 a?). 3.15
f 47T QIH—V Qpassive ] - [th 771( ) ( )

Equation 3.15 has two regimes, one in which absorption in III-V dominates Qnybrid
and the other in which Qpassive dominates. It is difficult to replace virtually all of
the lossy III-V because a certain amount is needed for efficient electrical operation.
Assuming III-V absorption continues to dominate Qnyhria after replacement, the total

linewidth of these lasers is

2 172
Afa iy 4 kg e (3.16)
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This is an important result! Replacing III-V with silicon decreases the linewidth
of the laser by a factor between I'yy and 'y, (depending on how p changes), which
can be controlled in the laser design by the fraction of lossy III-V that is replaced by
low-loss silicon. Note that this result assumes that all other sources of optical loss

besides absorption in III-V are sufficiently small.

The phenomenological description

Once again, the phenomenological approach to calculating the spontaneous emission
rate into the mode provides a physical description of the hybrid Si/III-V laser’s line-
width. The two terms expected to affect the linewidth calculation are the number
of excited carriers at threshold (Ry, o Ny,) and the number of photons stored in
the cavity (NN, nglbrid). These two terms provide a linewidth metric by which
hybrid Si/III-V lasers can be compared relative to I1I-V-only lasers as low-loss silicon

replaces I11-V;
Nin

hybrid

(3.17)

relative linewidth =

Figure 3.6 shows this relative linewidth calculated using the empirical equation 2.45
for Ny, and the exact equation 3.4 for Quybria. Noise can be reduced as much as %y
relative to a III-V-only laser, with one factor of I';ji.y each coming from improvements
to spontaneous photon generation and photon storage. However, the effects of both

of these improvements saturate as there are limits to the replacement transformation.

3.2.7 Limits of the replacement transformation

The practical limit on how much III-V can be replaced by silicon is set by the need to
make the III-V electrically efficient. Research into III-V semiconductors over many
decades has resulted in standard III-V materials systems that have layers which can-
not be replaced with silicon without suffering consequences on the electrical side of
the design.

In addition to the practical limit, there are two points at which reducing ['yy

results in diminishing returns to narrower linewidths:
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Figure 3.6: The linewidth of a hybrid Si/III-V laser under the ITI-V-to-silicon replace-
ment transformation. The two components expected to change under this replacement
are plotted along with the overall linewidth, with all parameters normalized to the
values found in a ITI-V-only laser. The I'}j;y line is plotted to show the lower limit
on linewidth. Assumptions: Qpassive = 1M, Quiyv = 10k, A = 1550nm, n, = 3,
Lot = 0.5%, Ny, = 5 x 102 cm 2.
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1. The spontaneous emission rate into the mode is limited by the need to pump the
active medium to transparency. For low-loss hybrid Si/III-V lasers already oper-
ating near transparency, further loss reduction will not reduce the spontaneous
emission rate into the mode appreciably. Mathematically, this is accounted for

by the population inversion factor (u, equation 3.12).

2. Photon storage is limited by the attainable values of Qpassive- If sources of loss
other than optical absorption in I1I-V dominate the total losses, reducing optical
absorption will not reduce the total losses (equation 3.4). Note that this will
also affect the spontaneous emission rate into the mode if it has not already

saturated at transparency.

These saturation effects can be seen in the noise reduction plot that was shown in

figure 3.6.

3.3 Modal engineering

Modal engineering is a second transformation that can be used in addition to replac-
ing III-V with silicon. Modal engineering changes the shape of the laser mode by
engineering waveguide geometry and can be used to make the mode weaker in I1I-V.

The results from quantum mechanics derived in section 2.2 show that stimulated
emission, spontaneous emission, and loss in regions immediately surrounding the ac-
tive region are proportional to the normalized electric field intensity at the active
region. Making the mode weaker at the active region will therefore decrease sponta-
neous emission into the lasing mode and modal gain, which would cause thresholds to
increase immensely in an ordinary laser. However, in a hybrid Si/III-V laser modal
engineering will shift modal energy towards silicon, where it can be stored with very
low losses. In the case that optical absorption in ITI-V dominates the total losses,
modal engineering will reduce modal gain and losses by the same factor, keeping
threshold constant.

This section describes the modal engineering transformation and shows that it
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reduced spontaneous photon generation

more efficient photon storage

Figure 3.7: Engineering the mode to shift more of its energy into the low-loss silicon
reduces spontaneous photon generation and increases photon storage.

has very different effects on the various laser properties compared to the replacement
transformation. The results derived from the modal engineering transformation will
show that the naive approach of reducing losses relative to gain (or, equivalently,
increasing gain relative to loss) used in the replacement transformation and in most
laser design is sub-optimal. Instead, the best strategy is, counter-intuitively, to reduce
the modal gain provided by the active material as long as losses can be reduced by
the same factor.

Figure 3.7 shows a cartoon example of modal engineering.

3.3.1 Supermode model

Modal engineering could greatly benefit from a “knob” to tune the strength of the
electric field in the III-V region of the hybrid Si/III-V laser cavity. Typical III-V
active material forms a waveguide in order to confine photons to the same region as
the excited electrons. Silicon that has replaced some of the lossy III-V forms a second
waveguide that is coupled to the ITI-V waveguide.

The eigenmodes of the coupled waveguide system can be viewed as linear combi-
nations of the individual waveguide modes called “supermodes” [65, p.526]. Some of
the early research on hybrid Si/III-V lasers in this group concentrated on using super-
modes to increase the modal confinement in III-V to increase modal gain, reducing

threshold [66-70]. Now, the goal has changed to reducing the modal confinement in
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Figure 3.8: Supermodes are formed by linear combinations of the individual waveguide
modes, producing odd and even modes. These two supermodes have equal weight.

ITI-V to reduce the spontaneous emission rate into the mode.

Figure 3.8 shows a cartoon version of a pair of slab waveguides arrayed in the
y direction, with the mode propagating in the Z direction. The supermode can be

represented as a linear combination of the individual waveguide modes [65, p.527],

E(y, z) = Aurv By (v) exp(—ifuny z) + AsiEsi(y) exp(—ifsiz), (3.18)

where E;(y) is the transverse electric field of the individual (non-coupled) waveguide
mode in material 7, A; is a weighting factor applied to the individual modes in material
1 to form the supermode, and the complex exponentials represent a phase term. There
are two supermodes in a system of two coupled waveguides: one with even symmetry
and one with odd symmetry (see figure 3.8). The amplitude weighting factors for the

even supermode are given by

AHI-V _ 5—S <3 19)

As;i 1
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where the various parameters are defined as

weg [

K= _1T Efv(y) An? Esi(y) dy, (3.20)
20 = Bsi — Piv, (3-21)
02 + |k|2. (3.22)

Physically, k is the coupling strength between the two individual waveguides, An is

the perturbation of the index resulting from the presence of the other waveguide [2,

p.613], and ¢ is the phase detuning between the two individual waveguide modes.
An interesting case arises for 6 < 0 and |§] > |x|. In this case, the amplitude

weighting factors for the supermode are given by [66]

Ay _ [ 2s (3.23)

Asi 1
This is the desired result for modal engineering: the amplitude weighting factor for
the supermode in the III-V waveguide is very small (by assumption of |§| > |x|) and
is tunable with the parameters x and 9.

The field in the ITI-V waveguide is the sum of the exponentially decaying field from
the silicon waveguide and the weighted field from the III-V waveguide (equation 3.18).
The steep exponential decay of the silicon portion of the sum is expected to make
the total field in the III-V waveguide dominated by the III-V portion of the sum.
Equation 3.23 indicates two parameters that could be tuned in order to reduce ALy,

thereby reducing the total field in the I1I-V portion of the waveguide:

Waveguide coupling (k): Decreasing coupling between the silicon and I1I-V waveg-
uides would reduce the supermode field in the III-V waveguide. Coupling could
be decreased by moving the waveguides farther from each other, separating

them with a low-index material.

Phase detuning (§): Changing the transverse geometry of the silicon or ITI-V waveg-
uide will change its individual propagation constant (5;) thereby changing the
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Figure 3.9: Simulated mode in a hybrid Si/III-V waveguide. As Sy is decreased,
Ay decreases, and modal energy is removed from the III-V part of the hybrid
Si/III-V waveguide.

phase detuning between the two waveguides. This was the technique previously
used in our group to increase the electric field strength in the III-V region [66—

70].

Figure 3.9 shows a simulated mode in a hybrid Si/III-V waveguide. In this fig-
ure, the propagation constant of the individual III-V waveguide (fyyv) is decreased,
causing Apry to decrease, shifting modal energy away from the III-V and towards
the low-loss silicon.

Reducing the laser mode intensity at the active region via modal engineering will
decrease the single-carrier spontaneous transition rate into the laser mode according
to Fermi’s Golden Rule (W, equation 2.26). The total spontaneous emission rate
into the mode also depends on the total number of excited carriers (equation 2.55),
so care must be taken that modal engineering does not cause the number of excited
carriers at threshold to increase. Modal gain is proportional to the confinement factor
of the mode in the active region (I',.;) and optical absorption in III-V is proportional

to the confinement factor of the mode in II-V (T';jLy). The supermode model shows
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that these two confinement factors are expected to be proportional to A%+, so the

ratio between the two should be constant under the modal engineering transformation.

In the end, supermode theory only provides a simple model for calculating how the
confinement factors vary based on waveguide parameters. Numerical simulation of
the actual transverse Si/III-V structure should be performed to verify the assumption

that Iy /Lacee is constant for modal engineering.

3.3.2 Total quality factor

The total quality factor of the hybrid cavity under the modal engineering transfor-
mation is broken down into its constituent loss components, similar to the way it was
done for the replacement transformation (equation 3.4). The equation for the total
@ of a hybrid Si/IlI-V cavity (Qnybria) breaks down according to equation 2.13 to
become

1 iy 1

= + , 3.24
thbrid QIII—V Qpassive ( )

where Qv is the absorption loss in ITI-V and @passive includes all of the other sources

of loss from the laser cavity.

Equation 3.24 has two regimes: one in which FHI_VQI_Hl_V limits Quybria and one
in which Q;alssive does. The value of I'iji.y at which the two component () values are

equal is termed the “critical confinement” (T ) because it designates a critical point

in this analysis. At this point, Qnybria is half of Qpassive. Figure 3.10 shows an example

plot of Qnybrid-

Using supermode theory as a knob to tune I'jjry, the total @ of hybrid Si/III-V
lasers is only limited by Qpassive,; Which must be maximized to get the highest Quybria-
Compare this to lasers which only undergo the replacement transformation, in which
a fair amount of I1I-V must remain for electrical reasons and, consequently, are still

limited by FIH—V .
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Figure 3.10: Total @ of the hybrid cavity under the modal engineering transformation
only. The vertical line indicates the critical confinement, below which Qpyiiq saturates
at the value of Qpassive. Assumptions: Qpassive = 1M, Qv = 10k.

3.3.3 Threshold gain

The most important parameters determining the properties of modal engineering are
the confinement factor in the lossy I1I-V material (I'ry), causing loss, and the con-
finement factor of the mode in the active region (I',), causing gain. The supermode
model of modal engineering suggests that the ratio between these two (v /Tact)

should be constant under this transformation.

The threshold modal gain of a hybrid Si/III-V laser undergoing modal engineering
is found by substituting the hybrid cavity @ (equation 3.24) into the threshold modal

gain for a general cavity (equation 2.14);

w w [Ty 1 )
Lacegn = —5—— = — + : 3.25
i Uthybrid Vg (QHI-V Qpassive ( )

The threshold material gain is thus given by

w (Toy 1 1 )
= + . 3.26
g Ug ( 1-‘act QIII—V 1ﬂ.au:t@passive ( )
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Figure 3.11: Threshold material gain of a hybrid Si/III-V laser under the modal en-
gineering transformation. Material gain is approximately constant for I'yjy greater
than the critical confinement. Compare this figure to figure 3.3 to see the differ-
ence between this transformation and the replacing I1I-V with silicon transformation.
Assumptions: Qury = 10k, Qpassive = IM, Ty /Taee = 100, go = 3 x 103cm™},
ng = 3.

For I'iiy > T'eig, absorption losses in ITI-V dominate the total threshold material
gain.

From the supermode model of the confinement factors in a hybrid Si/III-V laser
undergoing this transformation, the ratio I'yv/Taes is expected to be constant.
Therefore, the threshold material gain is constant under the modal engineering trans-
formation for I';jy > .. This is a very important result! The simple explanation
of this behavior is that as the shape of the mode is engineered, both losses and modal

gain decrease by the same factor, so threshold is unchanged.

For I'jyv < [eie, the second term on the right-hand side of equation 3.26 domi-
nates the threshold material gain. In this regime, reducing I';jy causes an increase
in threshold material gain. This is usually undesirable, though perhaps some amount
of increased material gain can be tolerated. Figure 3.11 shows the threshold material

gain in a hybrid Si/III-V laser under the modal engineering transformation.
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This discussion highlights the importance of both transformations available for
making hybrid Si/III-V lasers. First, replacing lossy I11-V with low-loss silicon reduces
the threshold gain. Then, engineering the mode to further reduce confinement in the

lossy region keeps threshold gain constant while continuing to increase Qnybria-

3.3.4 Spontaneous emission rate into the laser mode

The spontaneous emission rate into the laser mode is related to the cavity @ by

equation 2.61

W INTIRY 1 )
Ryp=———=w + , 3.27
i thbrid a (QHI-V Qpassive ( )

where equation 3.24 was used to express Quybria- Like all equations related to the
modal engineering transformation, this equation is split into two regimes by the criti-
cal confinement (I'.;i;). The spontaneous emission rate into the mode varies differently

in these two regimes.

I'irv > Teie: Equation 3.26 shows that the threshold gain is independent of I'yjy
in this regime because the ratio of 'y /[t stays constant. Therefore, it
is reasonable to assume that the carrier populations in both the valence and
conduction bands will be independent of ['1j1.y, making the population inversion

factor (u) independent of T'jypy.

Therefore, in this regime, the spontaneous emission rate scales with I'yjy. Hy-
brid Si/III-V lasers receive the full benefit of scaling with 'ty under the modal
engineering transformation, even near transparency. This is different from the
replacement transformation in which Ry, is constant near transparency. Thresh-
old inversion is the same for all values of I'yjy in this regime. The spontaneous

emission rate is

FIII—V

QIII-V

o 'y

Ry, = wp (3.28)



61
v < Tt In this regime, the threshold material gain increases with decreasing
Iy (equation 3.26), so changes in the population inversion factor (1) must be
considered. This regime is to be avoided because of increasing threshold. The

spontaneous emission rate is

Wi
Qpassive

Ry, = (3.29)

& 'y

The phenomenological description

Once again, the phenomenological approach to calculating R, gives an intuitive phys-
ical description of the effects of modal engineering in hybrid Si/III-V lasers. This
approach yields the same results for the regime in which III-V absorption dominates
Qnybria, but it differs somewhat for very small I'iiiy. The current required to pump
a hybrid Si/III-V laser operating in that regime is extraordinarily high, so any useful

laser will avoid this regime and the difference in expected linewidth is unimportant.

The spontaneous emission rate into the mode is described by the phenomenological

equation 2.49, reproduced here

_ ﬁspNth

Tsp

Rs, (3.30)

This equation is intuitive: to reduce Ry, the laser design must reduce the number
of carriers at threshold (NVy,), reduce the fraction of the total spontaneous emission
that enters the lasing mode (), and/or reduce the spontaneous emission rate into
all modes (7;;'). This phenomenological approach to calculating Ry, is somewhat
inaccurate because S, and Ny, are hard to calculate ab initio. However, this approach

leads to a more intuitive understanding of how the various components of Ry, vary

with I'iiy under the modal engineering transformation.

Carrier density is monotonically related to gain (above transparency), so the num-

ber of excited carriers at threshold will remain unchanged if threshold material gain
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Figure 3.12: Material gain vs. carrier density in hybrid Si/III-V lasers. The horizontal
red line shows the threshold material gain in lasers undergoing the modal engineering
transformation with confinement greater than the critical confinement. Assumptions:
QIH-V = 101{, FIH-V/Fact =100, go = 3 x 103 cm_l, and N, =5 x 102 cm—2.

also remains unchanged. Empirical equation 2.45, relating gain and carrier density,
shows that threshold carrier density will blow up exponentially with increasing thresh-
old gain. Figure 3.12 shows this exponential relationship along with the estimated
threshold gain of a hybrid Si/III-V laser undergoing the modal engineering transfor-
mation with I'iiy > I The intersection of these two lines gives the threshold gain
and carrier density.

Figure 3.13 shows the threshold carrier density in hybrid Si/III-V lasers under
the modal engineering transformation. For I'yjy < D'y, threshold carrier density
increases exponentially with decreasing I'iir.yv. This regime should be avoided at all
costs.

The spontaneous emission coupling factor () was shown in equation 2.44 to
be proportional to I',.;. It also has a dependence on the inhomogeneous linewidth
(Afi), which will increase with an increase in Ny, as low-energy states fill. Therefore,
Bsp is expected to scale as I';jy in the constant-threshold regime, but its behavior is

complicated as threshold increases.



63

Qo 14
10 - '
g
(]
5 III-V
= laser
n
=
s
13

10" F :
= Ve
g
~
<
o
S
<]
=z )
E 1_‘HI-V < Fcrit
’8 1012 1 .
& ! 10" 10 10" 10°
= Lossy confinement (I'jy)

Figure 3.13: Threshold carrier density in a laser undergoing the modal engineering
transformation. Assumptions: Qury = 10k, Qpassive = 1M, iy /Taee = 100, go =
3 x103cm™, and Ny = 5 x 102 em 2.

The spontaneous transition rate into all modes (75;1) was calculated in equa-
tion 2.42 to be independent of the shape of the lasing mode.

Combining these individual results, the big effect of modal engineering is to de-
crease the spontaneous emission rate into the laser mode while leaving the spon-
taneous emission rate into all other modes unchanged. The spontaneous emission
coupling factor (fs,) is the only term that affects Ry, under modal engineering while

absorption losses in III-V dominate. The spontaneous emission rate into the laser

mode is therefore expected to scale as I'iry.

3.3.5 Photon storage

Equation 2.65 for the number of stored photons was calculated without any assump-
tions about the cavity design or the operating point. It states that the number of

stored photons (V) scales with Quybrid

(1 — Iiy) (FIII—V 1 )_1
N, =% + , 3.31
P w q Qv Qpassive ( )
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where equation 3.24 was used to express Quybrid-
The two regimes for this equation are the same as for the replacement transfor-
mation. For 'y > Do, Ny scales as 'y For Iy < Deig, Np is independent of
Iy, The number of stored photons scales in exactly the same way as Qnybria, which

was plotted in figure 3.10.

3.3.6 Linewidth

The results of calculating the spontaneous emission rate into the mode and photon
storage can be inserted into the Schawlow-Townes linewidth formula (equation 2.71),
showing how linewidth varies under the modal engineering transformation. There are

two relevant regimes:

I'iiv > et Linewidth scales with F%H_V. This is a very important result! For the
replacement transformation, the scaling factor was as low as 'y for lasers
operating near transparency. The modal engineering transformation receives

the full T'% regardless of operating point. The linewidth is

w? F111-\/)2 q p
Af=— “(1+4a2 3.32
! 4 (QHLV I— 1y Th< ) ( )
X F1211-\/-

I'iiv < g Linewidth is independent of I'yjy. Both the spontaneous emission
rate into the mode and number of stored photons have saturated at their values
limited by Qpassive; demonstrating the importance of a high @Qpassive. Threshold
carrier density increases exponentially with I‘ﬁll_v in this regime, so it should be

avoided. The linewidth is

w? ( 1 )2 q W
Af = “(1+a? 3.33
f 4T Qpassive I— ]th 771< ) ( )

Qé 1-‘IQII—V'
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Figure 3.14: The relative linewidth of a hybrid Si/III-V laser undergoing the modal
engineering transformation. The various components affecting the relative linewidth
are plotted as colored lines and the linewidth itself (Af) is plotted in black. This
plot should not be trusted in the I'jy < ey regime because changes in the
inhomogenously-broadened spontaneous emission lineshape are not included. As-
sumptions: QHI—V = 10k, Qpassivc = 1M, FIH—V/Fact = 100, go = 3 x 10° Cl’Il_l7 and
Ny =5 x 102 em™2

The phenomenological description

Alternately, the phenomenological approach to calculating the spontaneous emission
rate can also be combined with photon storage to understand intuitively how linewidth
varies with I'jy. The confinement factor in the active region (I',.) affects the
fraction of the total spontaneous emission that couples to the lasing mode (fs,), the
number of excited carriers at threshold (/Vy,), and the number of stored photons (NNV,).

These three terms can be combined to calculate relative linewidths:

Nthﬁsp

hybrid

relative linewidth = (3.34)

A hybrid Si/III-V laser with a relative linewidth less than unity thus has a narrower
linewidth than a corresponding III-V-only laser. Figure 3.14 shows a plot of this

relative linewidth.
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Note that the result from this method varies significantly from the (more accurate)
result derived from the rate equations and quantum mechanics for 'y << T'pye. For
I'icv > Teye, the two approaches yield identical results and the phenomenological
approach provides a valuable physical description of modal engineering. The apparent
optimum confinement lies in a region where the two approaches differ and therefore
should be ignored. The linewidth derived from the phenomenological approach is

invalid in that regime.

3.3.7 Limits of modal engineering

Laser linewidths attainable by modal engineering are fundamentally limited by the
value of Qpassive Which can be achieved. The narrowest practical linewidths will be
found in lasers which have reduced I'iji.y to be equal to the critical confinement, which
was defined based on the value of Qpassive-

Fabrication defects are likely to limit Qpassive. As fabrication techniques improve,
this modal engineering technique will be pushed further to create lasers with modes

that are weaker in III-V than what is achievable today.

3.4 Designing a low-noise Si/III-V laser

Two steps for reducing the noise in semiconductor lasers have been presented in this
chapter: replacing lossy III-V with low-loss silicon and engineering the shape of the

laser mode to reduce energy storage in lossy III-V to the extreme.

3.4.1 Comparing replacement to modal engineering

Figure 3.15 compares the relative linewidth of a hybrid Si/III-V laser under the
replacement and modal engineering transformations relative to a III-V only laser (see
figures 3.6 and 3.14 for the sources).

The linewidth formula that is valid for any laser was derived in equation 2.79,
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Figure 3.15: Comparison of the noise performance of hybrid Si/III-V lasers under
the replacement and modal engineering transformations individually. Each trans-
formation is marked with a cutoff: replacement at the point were the solution be-
comes non-physical (I'iy < I'aer) and modal engineering at the critical confinement
where threshold gain starts to increase. Assumptions: Qpassive = 1M, Quy = 10Kk,
go =3 x103cm™!, Ny, =5 x 102 em™2, Ty = 0.5% (replacement), Tyey = Ty /100
(modal engineering).
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reproduced here:

LW q p 2
= —— —(1 . 3.35
Ty S A (3:39)

Keeping pump current above threshold constant, the linewidth of a laser will vary with
u/Q?. The difference between the two transformations comes in how the population

inversion factor (u) varies with I'ijy. These differences can be summarized as:

Replacing ITI-V with silicon: This transformation decreases linewidths and de-
creases threshold current, with diminishing returns to both coming as threshold
carrier density nears transparency. Replacing III-V with silicon yields a max-
imum benefit to linewidth of a factor of I'%;+,. The improvement drops to a
factor of I'yjyv near transparency. Reducing transparency (e.g., by reducing the

number of quantum wells) will recover the '}, dependence.

Modal engineering: Modal engineering decreases linewidths while keeping thresh-
old constant as long as optical absorption in III-V dominates total losses. Modal
engineering is necessary to reach the extremely small modal confinement in III-
V needed to take full advantage of high QQpassive. Linewidths decrease by a
factor of '}y regardless of the transparency value, so reducing transparency
will have no effect on hybrid Si/III-V lasers undergoing the modal engineering

transformation.

Reduced thresholds are the only advantage that the replacement transformation has
over modal engineering. Considering linewidths only, the dependence of linewidth on
u/Q? indicates that lasers having equally-narrow linewidths can be made using modal
engineering with any value for transparency as long as the population inversion factor
is the same in each laser.

The differences between the two transformations reveal that the traditional laser
design strategy of “maximizing gain while reducing losses” does not result in the
narrowest possible linewidths. This naive approach is embodied by the replacement
transformation, which is never better than properly-executed modal engineering. Sim-

ilarly, a design strategy of “decreasing gain relative to loss” is bad because it results
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in increased thresholds. This approach is embodied by modal engineering with 'y
less than the critical confinement. The optimal strategy for reducing phase noise in
a laser turns out to be modal engineering, which reduces loss and gain by the same

factor.

3.4.2 Combining replacement with modal engineering

The discussion in this chapter leads to a simple design process for making narrow
linewidth semiconductor lasers. Replacing I1I-V with silicon should be done in the
regime where linewidth has the full T, dependence in order to reduce thresholds.

Otherwise modal engineering should be used. The basic strategy is then to:

1. Reduce the transparency carrier density to the smallest attainable value for a
low-loss laser. This is probably done by reducing the number of quantum wells

used in the gain medium.

2. Replace excess lossy III-V in the laser cavity with low-loss silicon until threshold
carrier density nears transparency. This transformation decreases linewidth by

a factor of nearly T'%; .

3. Engineer the mode to remove modal energy from III-V until absorption no
longer dominates the total @) of the laser cavity. This transformation decreases

linewidth by a factor of Ty

The replacement and modal engineering transformations form a basis for convert-
ing any I11-V-only laser to a hybrid Si/III-V laser by starting with the value of I',.; of
the III-V laser and 'y = 100%. Figure 3.16 shows the linewidth of a hybrid Si/III-
V laser made by combining the two transformations relative to a I1I-V-only laser. The
“switching” point between the two transformations is taken to be Iy = 25%. With
the parameters chosen, the narrowest achievable linewidth using both transformations
is basically the same as it would be with the modal engineering transformation only.
By including the replacement transformation, there is an additional benefit of lower

threshold currents in hybrid Si/III-V lasers.
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Figure 3.16: Phase noise performance of a hybrid Si/III-V laser combining the re-
placement and modal engineering transformations relative to a I1I-V-only laser. As-
sumptions: Qpassive = 1M, Qurv = 10k, go = 3 x 10°cm™, Ny, = 5 x 10 cm ™2,
Lact = 0.5% (replacement), I'aer /Iy taken at the switching point between the two
transformations (modal engineering).

Two types of hybrid Si/III-V lasers are presented in this thesis: the high-@) hybrid
laser (the replacement transformation) and the spacer laser (modal engineering).

In the end, a hybrid Si/III-V laser must be analyzed using a numerical simulation
of the mode so that the real values of I'yjiv and I',¢ can be found. All of this discussion
of “transformations” is simply a way to understand the algebra involved in designing
hybrid Si/III-V lasers. The relative linewidths presented indicate that hybrid Si/III-
V lasers may have linewidths more than 1,000 times narrower than similar I1I-V-only

lasers, if a passive silicon @) of 1M is reached.
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Chapter 4

High-(@) hybrid lasers

Experimental results for replacing III-V with silicon

This chapter presents the high-() hybrid laser as an experimental test of the transfor-
mation by which low-loss silicon replaces lossy I1I-V in a hybrid Si/III-V laser cavity.

The theory for this replacement transformation was discussed in section 3.2.

In the replacement transformation, the modal confinement in the lossy III-V re-
gion decreases while confinement in the active region stays constant. The replace-
ment transformation describes high-() hybrid lasers well because existing narrow-
linewidth [47; 48] or high-power [43; 49] III-V lasers have similar active confinement
factors (I',) as the lasers described here. The primary improvements made to high-
(@ hybrid lasers over these existing lasers are the introduction of silicon as a low-loss
material and the use of a high-() modegap grating to reduce non-absorption sources

of loss.

As expected from the replacement transformation theory, high-@Q) hybrid lasers
are found to have low threshold current densities and narrow linewidths. The lowest
estimated threshold current densities in fabricated high-@) hybrid lasers are around
400 A cm~2. The best measured high-Q) hybrid laser has an upper bound on its “spon-
taneous emission linewidth” of 18 kHz and all high-@) hybrid lasers have linewidths

narrower than 80 kHz.

The high-Q) hybrid laser presented in this chapter serves as a baseline for the

improvements described in next chapter. The key metrics of linewidth and threshold
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Figure 4.1: Cartoon cross-section of the transverse hybrid Si/III-V geometry used in
high-@) hybrid lasers.

silicon

Figure 4.2: The fundamental transverse mode supported by high-¢) hybrid laser
waveguides, as calculated in Comsol. The mode is mostly located in the silicon device
layer. Above the mode is the thin thermal oxide layer, conforming to the waveguide
shape, and the various III-V layers bonded to the SOI chip.

will be compared to other designs. The information in this chapter is incomplete and

more detail can be found in Christos Santis’s thesis [71].

4.1 Simulation

Two-dimensional simulation is used to design the transverse geometry of high-@) hy-
brid lasers by calculating optical confinement factors in the lossy and active regions.
Figure 4.1 presents a cartoon version of the waveguide’s transverse structure. A very
thin thermal oxide layer is grown on the top of the silicon device layer in order to
smooth the etched sidewalls. The fundamental TE mode supported by such a waveg-

uide can be seen in figure 4.2. The confinement factors for the fundamental mode are
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’ Parameter \ Value
Confinement in ITI-V (T'yyy) 18%
Confinement in MQW (T,) 1.4%
Qpassive (assumed) 1M
Quadratic well depth (V') {100,120} GHz
Quadratic well width (Lq) 200 pm
Period (A) {230, 232.5, 235, 237.5, 240} nm
Waveguide rib width 2 pm
Waveguide etch depth 50 nm
Grown oxide thickness 30 nm
Device layer thickness 485 nm
Buried oxide thickness 1pm

Table 4.1: Nominal parameters used to fabricate high-¢) hybrid lasers.

given in table 4.1. The active confinement factor of 1.4% is very similar to comparable

ITI-V-only lasers.

4.2 Fabrication and characterization

High-@ hybrid lasers were fabricated based on the parameters in table 4.1. Fabrication

details can be found in appendix C.

Facets are cleaved after lapping the silicon handle down to around 150 pm, and
a single layer of aluminum oxide around 220 nm thick is applied as an anti-reflection
coating. The cleave is not perfect, so the exact number of mirror holes is unknown
for each cleaved bar, though the number should be large enough so that external

coupling is very small compared to other sources of loss.

Bare lasers are tested on a temperature-controlled stage. Some are die bonded to
a C-mount using an indium-based solder for better temperature control. The lasers
are unpackaged, though they are contained within a large plastic box which reduces

temperature variations due to air currents.
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Figure 4.3: LI curve for the high-@) hybrid laser with the highest single-sided output
power. The laser begins to mode-hop between longitudinal modes at pump currents
slightly higher than those shown here. (Device ID: HQhL1 Chl B5 S1 D8, A\ =
1546 nm)

4.2.1 Threshold and power output

High-@Q hybrid lasers have thresholds as low as 27mA and output power as high as
9mW.

The LI curve for the laser with the highest single-mode output power is shown
in figure 4.3. This laser has a threshold of 30 mA and an output power of nearly
9mW. The lowest measured threshold is 27mA. The active region of this laser is
approximately 8 pm by 1mm, so the threshold current density may be lower than
400 mA cm ™2, assuming uniform current density. This assumption is probably wrong,

and the real value could be higher.

A scatter plot of all measured thresholds is shown in figure 4.4. Wavelength is
determined mostly by the period of the grating. The best thresholds are found in
lasers operating near the peak of the gain spectrum (see figure 4.7). Lasing is achieved

over a wavelength span from 1520 to 1580 nm.
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Figure 4.4: Scatter plot of all measured thresholds for high-@Q hybrid lasers. Wave-
length values for each data point have been jittered slightly to separate duplicates.
(Stage temperature 20 °C)

Temperature dependence

The temperature dependence of threshold was determined by taking LI curves and
varying the stage temperature. The laser used in this experiment was die bonded to
a C-mount for good heat sinking. Figure 4.5 shows the data. Lasing is achieved up
to a stage temperature of 75°C. Thermal rolloff occurs at the relatively low multiple

of 7 times threshold at 20 °C.

4.2.2 Optical spectrum and sidemode suppression

The optical spectrum is found using an optical spectrum analyzer with a resolution
of 0.08 nm. This measurement will not sufficiently resolve the spectrum to make a
linewidth measurement, but it can be used to determine the lasing wavelength relative
to the bandgap and the sidemode suppression ratio (SMSR).

Figure 4.6 shows the optical spectrum of the device with the best sidemode sup-
pression ratio of 51 dB. This figure should be compared qualitatively to figure A.10,

the simulated transmission spectrum of a passive device. The lasing mode is found
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Figure 4.6: Optical spectrum of the high-@) hybrid laser with the best sidemode
suppression ratio. (Device ID: HQhL1 Chl B5 S1 D7, A ~ 1546 nm)
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Figure 4.7: Optical spectra of four devices. The spontaneous emission spectrum
of the active III-V material is shown in red. The dip in the spontaneous emission
spectrum around 1560 nm is the photonic bandgap, as this measurement was taken
from one of the real devices below threshold. (Device IDs HQhL1 Chl B5 S1 D6;
HQhL1 Chl B5 S1 D7; HQhL1 Chl B5 S1 D12; HQhL1 Chl B5 S1 D15)

near the red side of the photonic bandgap, where the photonic well is located. The
strongest sidemode is observed on the blue side of the photonic bandgap because
these modes have low spatial overlap with the lasing mode.

Figure 4.7 shows the spectra of four devices with different operating wavelengths
(due to different grating periods) with the gain spectrum of the III-V material below
threshold.

4.2.3 Frequency noise PSD and linewidth

Frequency noise power spectral density measurements are taken using the experimen-
tal setup described in appendix B.1.

Figure 4.8 shows the frequency noise spectrum (Sy) for the device with the lowest
noise. The steep 1/f segment at frequency offsets less than 10 kHz is the combination
of natural 1/f noise in the laser (due to temperature fluctuations, etc.) and noise

that is injected into the laser from the feedback circuit used to keep the system locked
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Figure 4.8: Frequency noise power spectral density (Sy) of the lowest-noise high-() hy-
brid laser. The dotted line indicates an upper bound on the flat, “white” power spec-
tral density expected from spontaneous emission. (Device ID: HQhL1 Ch2 B5 S2 D10,
A~ 1567nm. [ = 160mA; [ — I, = 125mA)

in quadrature. The second 1/f segment at frequency offsets higher than 10kHz is
less steep, but still definitely sloped downward. This specific slope is common to all
high-) hybrid lasers. At 100 MHz, commercial radio interferes with the spectrum
and the response of the interferometer rolls off at higher frequency offsets, limiting
the useful range of the measurement.

Noise from spontaneous emission alone should result in a flat, “white” frequency
spectrum, which is not observed in the data for these lasers. Only an upper bound
can be placed on the white frequency noise power spectral density. The upper bound
is taken to be the value measured at offset frequencies just less than 100 MHz.

This value of Sy can be converted to a “spontaneous emission linewidth” (due
to spontaneous emission only) by using equation 2.75, providing a number that is
easily compared to other lasers. The narrowest-linewidth high-) hybrid laser has
S; < 3x 10°Hz*Hz ™!, and therefore has a “spontaneous emission linewidth” of, at
most, 18 kHz.

The linewidth of the laser also has a ¢/(I — I,) dependence according to equa-
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tion 2.79. Figure 4.9 shows the linewidth of a high-@) hybrid laser compared to a
commercially-available laser used as a control (see appendix B.1 for details of the
JDSU control laser). The high-Q hybrid laser has a linewidth 20 times narrower than
the control laser at the same pump current above threshold.

Figure 4.10 presents the calculated “spontaneous emission linewidths” for each of

the high-@) hybrid lasers tested.

4.3 Conclusions

Fabricated high-Q) hybrid lasers were measured to have “spontaneous emission line-
widths” narrower than 18 kHz. These linewidths are much smaller than those mea-
sured for comparable monolithic semiconductor lasers (see competitors listed in sec-
tion 3.1.1).

The high-@Q) hybrid lasers described in this chapter do have some downsides,

though, and there is substantial room for improvement. Notably:
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1. The confinement in the lossy III-V region is still high (I'yy = 18%). The
remarkable consistency observed between different measured devices indicates
that threshold and noise are being limited by absorption in III-V instead of
fabrication imperfections. The spacer laser, described in chapter 5, pushes

FIII—V to its lower limit.

2. The threshold current needed to reach the lasing threshold is dominated by
the transparency current. Reducing the number of quantum wells in the active
region should reduce the threshold carrier density, thereby further reducing

spontaneous emission into the mode without modal engineering.

3. The thick buried oxide layer, necessary for optical confinement in silicon, causes
poor heat sinking from the active region. Because of heating, high-() hybrid
lasers are restricted to operating below about 5 x I}, a rather low number. Flip-

chip bonding of the III-V side to a heat sink may improve the performance.
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Chapter 5

Spacer lasers

Experimental results for modal engineering

Spacer lasers introduce a low-index “spacer” layer between silicon and I1I-V, causing
a controlled removal of optical energy from the lossy III-V material via modal engi-
neering. Increasing the thickness of the spacer laser will reduce modal confinement
in III-V (I'y) to the extreme where optical absorption no longer limits the total
cavity . Figure 5.1 shows a cross-section of the spacer cavity.

Significant results from this chapter include

1. Simulation predicts that the modal engineering transformation used to make
spacer lasers may reduce lossy confinement (I'iy) by a factor of 20 times
compared to the value calculated for no-spacer lasers presented in chapter 4.
Under the modal engineering transformation, linewidth scales as I'Z.y;, therefore

predicting a linewidth 400 times narrower for a spacer laser made with the

SiO, spacer active

II1-V

Figure 5.1: Cross-section of a spacer laser cavity, with the low-index oxide spacer
located between the silicon and III-V regions.
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optimum spacer thickness compared to the already-record high-@) hybrid laser
linewidths (figure 5.7).

2. Fabricated spacer lasers have linewidths at least 5.4 times narrower than no-
spacer lasers at the same pump current above threshold (figure 5.21). Sponta-
neous emission-limited linewidths are not found, so some other factor is limiting

the measurement.

3. The best fabricated spacer lasers have the same threshold current as the non-

spacer lasers (figure 5.9), as predicted by the theory.

Thanks to Christos Santis for the idea for the spacer implementation of modal

engineering to reduce absorption losses.

5.1 Design and simulation

Numerical simulation must be used to verify the critical assumption made when
describing modal engineering: that supermode theory predicts the ratio Iy /T act
is constant under the modal engineering transformation. By calculating confinement
factors as a function of spacer thickness, the parameters of spacer lasers (e.g., Qnybrid,

g, etc.) may be calculated as a function of spacer thickness.

5.1.1 Modal confinement

Supermode theory applied to coupled waveguides with very different propagation con-
stants predicts that the eigenmode of the system is given by equation 3.23, reproduced

here:
Boon(2) = | 2 | e7s2, (5.1)
1
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for the case of 6 < 0 and || > |k|. The various parameters are given by

weg [,
K= —ZT Efv(y) A711211_\/ Esi(y) dy, (5.2)
20 = Bsi — Burv, (5-3)

where the subscripts “Si” and “III-V” refer to parameters for the individual, uncou-
pled silicon and I1I-V waveguides.

The spacer layer physically moves the individual III-V and silicon waveguides
farther from each other. The propagation constant of each individual waveguide
mode (fs; and Pyy) is unchanged by the presence of the spacer, but the coupling
between the two waveguides (k) changes. Coupling is defined in equation 5.2 as an
integral of the two individual waveguide modes over the perturbation caused by the
presence of one waveguide on the other waveguide [2, p.613]. The III-V perturbation
is located in the exponentially decaying part of the silicon waveguide mode [2, p.112].
As the spacer thickness increases, that integral is taken over an exponentially weaker
individual silicon waveguide mode.

The weighting of the individual I1I-V waveguide mode in the supermode is pro-
portional to k£ (equation 5.1), so both I'jy and I'ne are expected to decrease expo-
nentially with increasing spacer thickness.

Comsol (a commercial finite element solver) is used to calculate the optical mode
for varying spacer thicknesses, using the exact 2D cross-section as input. The oxide
spacer is included as in figure 5.1, with air holes above the waveguide trenches re-
sulting from the trench etch step. The transverse waveguide parameters are given
in table 5.1 (note that they are different from the high-Q hybrid laser parameters).
The spacer consists of two layers: the grown oxide used to smooth the rough etched
silicon sidewalls plus a previously-existing oxide. The total oxide spacer thickness,
including the 50 nm grown oxide, ranges from 50 to 400 nm.

Figure 5.2 shows transverse modes for two spacer thicknesses, 50 nm and 200 nm.
Note that much less of the mode overlaps with the lossy I1I-V and active MQW regions

for the thicker spacer. Figure 5.3 shows a more obvious trend with spacer thickness
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’ Parameter \ Value ‘

Waveguide rib width 2.5m
Waveguide etch depth | 100 nm
Grown oxide thickness | 50 nm
Device layer thickness | 475nm
Buried oxide thickness 1pm

Table 5.1: Transverse geometry parameters for spacer lasers.

50 nm spacer

200 nm spacer

MQW
spacer

silicon

Figure 5.2: Transverse waveguide modes in the spacer laser, as solved for by Comsol.
Spacer thicknesses include the 50 nm grown thermal oxide.
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Figure 5.3: Vertical sections for the calculated modes with various spacer thicknesses.
The sections are taken along the vertical center line of the waveguides. The III-V
region to the right and the low-loss silicon and oxide regions to the left are marked.

by comparing sections taken from the vertical center line of the waveguides. Last,
the confinement factors in lossy III-V and the active region are calculated numeri-
cally. Figure 5.4 shows how these vary with spacer thickness. Note that indeed both
confinement factors scale exponentially with increased spacer thickness and that the
ratio between the two is constant with spacer thickness, as expected from supermode

theory.

5.1.2 Total quality factor

The confinement factors as a function of spacer thickness that were calculated numer-
ically in the previous section can be used to convert equation 3.24 from depending
on I'iiy to depending on spacer thickness. Figure 5.5 shows how Quyhria depends on
the spacer thickness.

The spacer thickness at which III-V absorption loss is equal to all other sources of
loss is a critical thickness (¢4 ). Thinner spacers have Qpybria limited by absorption in

III-V and thicker spacers have Quybria limited by Qpassive- The critical spacer thickness
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Figure 5.5: The total () of the hybrid cavity increases with thicker spacer layers.
The gray shaded area indicates thicknesses greater than the critical spacer thickness.
The horizontal gray line represents Quybria in high-¢) hybrid lasers and is provided for
comparison to spacer lasers. Assumptions: Qv = 10k, Qs; = 1M, and confinement
factors taken from the numerical simulation.
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is approximately 200 nm for this design.

The modal engineering used to create spacer lasers reduces I';j.y compared to
high-@) hybrid lasers which have no spacer, thereby increasing Qnyia. The total )
of the old high-@ hybrid lasers is provided as a reference in the figure. A spacer laser
with the critical spacer thickness would have a total @) nearly 10 times higher than

the high-@) hybrid lasers!

5.1.3 Threshold gain

The threshold material gain of a laser undergoing the modal engineering transforma-
tion is given by equation 3.26. Figure 5.6 uses the calculated confinement factors in
spacer lasers to show threshold material gain as a function of spacer thickness. This
figure indicates that Qnybria can be increased by 10 times compared to the old high-Q)
hybrid value with no spacer without changing the material gain required to reach

threshold.
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Figure 5.7: Calculated linewidth of a spacer laser. The linewidth is normalized to a
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included. Assumptions: Qurv = 10k, Qpassive = 1M, confinement factors taken from
the numerical simulation, go = 3 x 103cm™!, and Ny, = 5 x 1012 em—2,

5.1.4 Linewidth

The linewidth of a spacer laser can be estimated by using the phenomenological
approach outlined in section 3.3.4. Figure 5.7 shows the linewidth of spacer lasers

relative to high-() hybrid lasers which have no spacer.

5.1.5 Coupling to passive waveguides

A important benefit to using the spacer platform is that storing much of the modal
energy in low-loss silicon minimizes coupling losses to passive silicon waveguides (i.e.,
without ITI-V attached). Though not directly beneficial to spacer lasers, this ability
makes the spacer platform attractive for use in photonic integrated circuits.
Coupling losses are calculated by taking a two-dimensional overlap integral be-

tween the numerically calculated modes for the laser (with III-V) and the passive
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Figure 5.8: Coupling loss between a spacer laser (with I1I-V attached) and a passive
silicon waveguide (with no III-V). The loss is applied to the intensity of the wave.

section (with air replacing I1I-V) [2, p.205]. Figure 5.8 shows the calculated coupling
loss (intensity fraction) between the two segments as a function of spacer thickness.
As expected, thicker spacers have less coupling loss because more of the mode resides

in the low-loss silicon.

5.2 Fabrication and characterization

Spacer lasers were fabricated with three different spacer thicknesses. Important pa-
rameters can be found in table 5.2. The critical spacer thickness is about 200 nm. The
maximum fabricated spacer thickness of 200 nm is about the critical thickness, so it
is expected to have mildly increased threshold currents if all of the model parameters
are correct.

The oxide spacer layer presents some difficult fabrication challenges. The thickest
desired spacer dimension is comparable to the grating period, so the oxide spacer
can’t be grown without seriously changing the grating. Instead, most of the oxide

spacer is present before the grating is etched. The waveguide and grating are defined
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’ Parameter \ Value ‘
Spacer thickness (total) {100, 150,200} nm
Qpassive (assumed) 1M
Quadratic well depth (V') {100 GHz, 120 GHz}
Number of defect holes (Ng) 999
Number of mirror holes on each side (N,) | {1400, 1600, 1800, 2000}
Period (A) {240, 242.5,245} nm
Waveguide rib width 2.5pm
Waveguide etch depth 100 nm into silicon
Grown oxide thickness 50 nm
Device layer thickness 475nm
Buried oxide thickness 1pm

Table 5.2: Nominal parameters used to fabricate spacer lasers.

by lithography on top of the oxide spacer and etched. The increased etch depth and
area differences between the waveguide trench and the tiny grating holes means very
different aspect ratios for the different desired features. Plasma etch rate typically
depends on aspect ratio, so the waveguide trenches will etch faster than the grating
holes [72-74]. Therefore, the waveguide trench etch depth has been increased from
50nm in high-@ hybrid laser to 100 nm in spacer lasers in order to make sure the

etched grating holes reach the silicon.

5.2.1 Threshold and power output

Threshold current density is expected to be the same in spacer lasers with spacer
thickness less than the critical thickness of 200nm. Figure 5.9 shows a scatter plot
of thresholds for the fabricated spacer lasers, which have approximately the same
cross-sectional area as the high-() hybrid lasers with no spacer presented in chap-
ter 4. Spacer lasers show significantly more threshold variation compared to the
high-@Q) hybrid lasers, indicating that fabrication imperfections more strongly affect
spacer lasers. This behavior is expected as Qpassive 1S a critical parameter in modal
engineering theory, and it is sensitive to fabrication defects. The lowest-threshold
spacer lasers have thresholds similar to the high-@) hybrid laser which have no spacer.

Presumably, these low-threshold spacer lasers have the highest (Q)passive values.
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Figure 5.10 shows CW LI curves for a 100 nm spacer laser with varying stage
temperature. This laser bar was attached to a temperature-controlled copper block
with thermal paste. A maximum power output of nearly 4mW was observed at a
pump current of 300mA and a stage temperature of 15°C. Lasing was observed up
to a stage temperature of 85°C. No thermal rolloff is observed for the cooler stage
temperatures, but measurements were limited to pump currents less than 300 mA to
protect the laser bar. No mode hops were observed.

Spacer lasers have the same active region area as high-() hybrid lasers, so they also
have threshold current densities of less than 400 kA cm™2 (assuming uniform current
density).

Figure 5.11 shows CW LI curves for a 150 nm spacer laser with varying stage
temperature. This laser bar was die bonded to a C-mount with indium-based solder.
In the past, thermal paste and die bonding have produced similar results for other
lasers, so these LI curves can be compared to the LI curves for the 100 nm spacer laser

accurately. These LI curves show thermal rolloff, indicating that the thicker spacer



92

—~ 4 L] L] L] L] L]
= 100 nm spacer

351 1
g
N—r
+ 3T
)
2 25} ]
- 15°C
Q
o 2t ]
o
- L i
= 15
o
= Af ]
:
g s / ]
A . =

% 50 100 150 200 g5°(C' 250 300

Pump current (mA)

Figure 5.10: LI curves for a 100nm spacer laser with varying stage tempera-
ture. Light is collected from one facet with an integrating sphere. (Device ID:
Spacer100 B1 S2 D13, A ~ 1563 nm)

=
=~

150 nm spacer

—_
[N]
T
1

—_
T

15°C

< <
=~ D
T T

1

Power out one facet (mW)

| | 45°C
50 100 150
Pump current (mA)

o
o

Figure 5.11: LI curves for a 150nm spacer laser with varying stage tempera-
ture. Light is collected from one facet with an integrating sphere. (Device ID:
Spacer150 B1 S2 D19, A ~ 1562 nm)
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degrades thermal performance.

None of the lasers fabricated with a 200 nm spacer layer lased. The theoretical
model presented at the beginning of this chapter predicts that the critical spacer
thickness is about 200 nm. Threshold is expected to increase for spacers thicker than
the critical thickness, so the fact that none of these lasers worked means that either
the assumed value for Qpassive 0f 1M is too optimistic or active confinement is less

than the simulated value.

Temperature dependence

From empirical observations of semiconductor lasers, threshold increases exponen-
tially with temperature because excited carriers will span a larger energy range at
higher temperatures, providing less gain at each frequency [4, p.81]. The relationship
can be modeled as

L = I /70, (5.4)

where [y and T} are the characteristic threshold current and temperature, respectively.
A laser with a low characteristic temperature is sensitive to temperature.

Figure 5.12 shows a fit to this characteristic temperature for spacer lasers with
100 and 150 nm spacer thicknesses. As expected, the laser with the thicker spacer
has a lower characteristic temperature, suggesting that the thermally insulating SiO,

spacer degrades performance.

5.2.2 1V performance

IV curves for the spacer lasers are given in figure 5.13. The diode has a turn-on
voltage of about 0.7V. The slope of the IV curve after the diode has turned on gives
the series resistance of the device. Both spacer lasers have a series resistance of about
5€), compared to 10€2 in the no-spacer laser. This value is a little high for diode
lasers, and it may be explained by the thin n-contact layer through which the current
must pass. Additionally, imperfect optimization of the contact resistance may have

led to increased series resistance.
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Figure 5.12: Laser threshold at varying stage temperature. The data is fitted to
calculate a characteristic temperature for each device. Stage temperatures below
25°C are excluded from the fit to avoid the effect of transparency in the data. (Device
IDs: Spacer100 B1 S2 D13, A ~ 1563nm; Spacerl50 B1 S2 D19, A ~ 1562 nm;
HQhL1 Chl B5 S1 D15, A &~ 1575 nm)
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Figure 5.13: IV performance of spacer lasers compared to the no-spacer laser. Both
spacer lasers have a series resistance of 52, while the no-spacer laser has a series
resistance of 10 ). (Stage temperature 20 °C. Device IDs: Spacer100 B1 S2 D13, A\ ~
1563 nm; Spacer150 B1 S2 D19, A ~ 1562 nm; HQhL1 Chl B5 S1 D8, A ~ 1546 nm)
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Figure 5.14: Optical spectrum of a 100 nm spacer laser at different pump currents.
(Stage temperature 20 °C. Device ID: Spacer100 B1 S2 D13, A\ &~ 1563 nm)

5.2.3 Optical spectrum and sidemode suppression

Optical spectra for the selected lasers are taken with an optical spectrum analyzer.
They show good qualitative agreement with the passive spectrum simulated in ap-
pendix A (figure A.10).

Figure 5.14 shows the optical spectrum of the 100nm spacer laser at varying
pump currents, from below threshold up to 150 mA. Figure 5.15 shows the calculated
sidemode suppression ratio from these optical spectra. A bit strangely, the strongest
sidemode is seen on the red side of the bandgap, next to the lasing mode. This
mode is 57 GHz away from the lasing mode, so it may be a second-order mode in the
120 GHz deep photonic well. Compared to the fundamental high-Q) mode, a higher-
order mode will experience much more loss through the grating mirrors and therefore
will be unlikely to lase. The measured intensity of this mode may also be an artifact
of being near the strong, fundamental mode. In any case, sidemode suppression ratios
greater than 50 dB are observed at modest pump currents.

Figure 5.16 shows the optical spectrum of the 150 nm spacer laser at varying pump

currents. This laser has a low output power, causing the sidemodes to be lost in the
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Figure 5.15: Sidemode suppression in a 100nm spacer laser, calculated from
optical spectra taken with a resolution bandwidth of 100 pm. (Device 1D:
Spacer100 B1 S2 D13, A ~ 1563 nm)
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Figure 5.16: Optical spectrum of a 150 nm spacer laser at different pump currents.
(Stage temperature 20 °C. Device ID: Spacer150 B1 S2 D19, A ~ 1562 nm)
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Figure 5.17: Laser wavelength measured by a wavemeter for varying pump cur-
rent. Measurements are taken after the temperature controller has time to stabi-
lize. (Stage temperature 20°C. Device IDs: Spacer100 B1 S2 D13, A ~ 1563 nm;
Spacer150 B1 52 D19, A ~ 1562nm; HQhL1 Chl B5 S2 D15)

noise of the OSA. Sidemode suppression is greater than 55 dB.

5.2.4 Wavelength tuning

Wavelength tuning by the thermo-optic effect is measured both as a function of pump
current and stage temperature. Figure 5.17 shows tuning as a function of DC pump
(i.e., not a fast sweep). The device with the thicker SiOy spacer tunes slightly more
with pump current, further indicating that heating is greater for thicker spacers.
Figure 5.18 shows tuning as a function of stage temperature. The device with
the thicker SiOy spacer also tunes slightly more with stage temperature, probably

indicating worse heat sinking.

5.2.5 Frequency noise PSD and linewidth

The frequency noise power spectrum of the spacer lasers is measured with the experi-

mental setup described in section B.1. Figure 5.19 shows the frequency noise PSD for
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Figure 5.18: Laser wavelength measured by a wavemeter for varying stage tem-
perature. Measurements are taken after the temperature controller has time to
stabilize. (Pump 100mA. Device IDs: Spacerl00 Bl S2 D13, A ~ 1563 nm;
Spacer150 B1 52 D19, A ~ 1562nm; HQhL1 Chl B5 S2 D15, A ~ 1575nm)

the lowest-noise 100 nm spacer laser. The spontaneous emission contribution to laser
linewidth is expected to have a white frequency noise spectrum. The measurement
shown here does not have a flat noise spectrum characteristic of white noise, so the
lowest frequency noise PSD value is used to set an upper bound on the linewidth due
to spontaneous emission using equation 2.75. This laser has a “spontaneous emission
linewidth” narrower than 20 kHz at a pump current 45 mA above threshold.

Figure 5.20 shows the frequency noise PSD for the lowest-noise 150 nm spacer
laser. This spectrum does not have a flat segment either, so an upper bound for the
“spontaneous emission linewidth” is set at 16 kHz at a pump current 30 mA above
threshold.

Figure 5.21 shows the upper bound on the “spontaneous emission linewidth” of
these two spacer lasers compared to the no-spacer lasers presented in chapter 4. The
linewidths of two no-spacer lasers are presented because the lowest-noise laser was
physically damaged by the electrical probe before enough low-pump data points were

taken. Increasing the pump level above threshold increases the number of stored
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Figure 5.19: Frequency noise power spectral density for the lowest-noise 100 nm spacer
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Figure 5.20: Frequency noise power spectral density for the lowest-noise 150 nm spacer
laser. (Pump 95mA; I—I;, = 30mA. Device ID: Spacer150 B1 S2 D19, A ~ 1562 nm)
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Figure 5.21: Upper bound on the “spontaneous emission linewidth” of various hybrid
Si/III-V lasers as a function of pump current above threshold. Solid lines indicate
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HQhL1 Ch2 B5 S2 D10, A ~ 1567 nm; HQhL1 Chl B5 S1 D11, A ~ 1560 nm)
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Spacer thickness | Measured linewidth | Predicted linewidth
(nm) (relative) (relative)
0 1 1
100 1/2.9 1/4.0
150 <1/5.4 1/25

Table 5.3: Relative linewidth of spacer lasers compared to the high-Q hybrid (no-
spacer) laser, from both simulation and measurement. Linewidth values are taken at
the same pump current above threshold.

photons (equation 2.65), leading to a (I — Ii,)~' dependence in the linewidth of the
laser (equation 2.79). Thus, a fair comparison of two lasers should be made at the
same pump level above threshold and the vertical distance between two of the fit lines

in figure 5.21 reflects the difference due to p/Q?* between the two lasers.

Table 5.3 presents the linewidth of spacer lasers relative to the no-spacer laser.
The 100 nm spacer laser has a linewidth 2.9 times narrower than the no-spacer lasers
presented in chapter 4. The 150 nm spacer laser has a linewidth at least 1.8 times
narrower than the 100 nm spacer laser, for a total improvement of at least 5.4 times
compared to the no-spacer laser at the same pump current above threshold. A semi-
conductor DFB laser manufactured by JDS Uniphase is presented as a control (see
section B.2). The thick spacer laser has a linewidth at least 110 times narrower than

this already-narrow control laser at the same pump level above threshold.

While spacer lasers have narrower linewidths than the comparison lasers at the
same pump current above threshold, the measured upper bound on linewidth at high
pump currents is the same for all lasers. Section B.2 discusses the various calibra-
tion and control procedures used for the measurement. A fiber laser is measured to
have more than an order of magnitude less frequency noise than the values discussed
here, showing that the measurement setup is capable of measuring much narrower

linewidths and that these measurements are valid upper bounds.

Figure 5.22 shows the minimum measured upper bound on the “spontaneous emis-

sion linewidth” for all hybrid Si/III-V lasers.
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values for each data point have been jittered slightly to separate duplicates. (Stage
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5.3 Conclusions

Fabricated spacer lasers exhibit many of the properties predicted by the theory:

1. Linewidths are more than 5.4 times narrower than the non-spacer lasers pre-
sented in chapter 4 at the same pump current above threshold, though line-

widths limited by spontaneous emission are not found.

2. The lowest thresholds of thin-spacer lasers and non-spacer lasers are the same,

even with 5 times less modal gain in the devices with 150 nm spacer.

3. Measured spacer laser properties show high variance, indicating that they are
sensitive to fabrication defects because of the critical dependence on Qpassive-

Lasers with thicker spacers have higher variance.

4. The addition of the SiO5 spacer makes heat sinking even worse in these spacer
lasers compared to non-spacer Si/III-V lasers. The p-side of these lasers should

be mounted to a heat sink to greatly improve thermal performance.
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It’s unfortunate that the demonstrated linewidth narrowing in spacer lasers is
less than the predicted value of up to 400 times compared to non-spacer Si/Ill-
V lasers. However, there is hope left due to the fact that the values discussed in
this chapter are only upper bounds on the “spontaneous emission linewidth”. The
smallest upper bound on linewidth is approximately the same for five different chips
with three different spacer thicknesses fabricated in two different runs, hinting that
a bigger effect is masking the true “spontaneous emission linewidth”. Three likely
candidates to explain the linewidth floor seen in hybrid Si/III-V lasers are apparent:
(1) two-photon absorption leading to a saturation in Quybrid, (2) diffusion of heat
or carriers due to spatial hole burning [75-79], and/or (3) thermal noise inducing
refractive index fluctuations via the thermo-optic effect [80; 81]. Future work should
include cryogenic testing of the lasers and replacing silicon with a material that has

reduced or no two-photon absorption.
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Chapter 6

Conclusions

6.1 Modal engineering

This thesis has presented modal engineering as the optimal way to decrease phase
noise in lasers where optical losses are dominated by absorption near the active region.
Modal engineering shifts modal energy away from the active region, reducing gain,
loss, and the spontaneous emission rate by the same factor, thereby keeping threshold
constant while decreasing linewidth.

Modal engineering was compared to the straightforward approach in which low-
loss silicon replaces lossy III-V, reducing losses while keeping gain constant. The
replacement transformation was found to suffer from diminishing returns because
transparency sets a minimum amount of spontaneous emission into the mode. Modal
engineering, by contrast, avoids this problem by reducing modal gain.

Modal engineering was demonstrated on the hybrid Si/III-V platform by intro-
ducing a low-index spacer layer to reduce the coupling between the silicon and ITI-V
waveguides by physically moving them farther apart. These spacer lasers were shown
to have narrower linewidths than non-spacer lasers at the same pump current above
threshold. They also have similar thresholds as non-spacer lasers.

Modal engineering can be applied to any platform on which optical losses are dom-
inated by absorption near the active region. All types of semiconductor lasers fit this
profile now or will fit the profile as fabrication techniques improve. Furthermore, the

spacer laser is only one implementation of modal engineering. Any method of varying
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the coupling strength or phase detuning between two adjacent waveguides will change
the fraction of the mode in each waveguide and can be used for modal engineering.
For example, modal engineering could be used in two coplanar waveguides defined in

the same semiconductor layer.

6.2 The hybrid Si/III-V platform

Hybrid Si/III-V de-couples electrical and optical performance, making it an exciting
platform for future devices because it integrates materials good for making electronics
and photonics on a single chip. The excellent fabrication quality in silicon determines
the losses of the laser instead of the relatively poor fabrication quality in ITII-V mate-
rials. Many of the advances made in large-scale integration of silicon electronics will
transfer to the hybrid Si/III-V platform.

Conveniently, modal engineering in Si/III-V moves the ITI-V farther from the
silicon, meaning that each material will disturb the other less. Because nearly all of
the light in a spacer laser is confined in silicon, coupling between active and passive
photonic segments is effortless. Reflections from simply terminating the I1I-V will be
very weak. Spacer lasers, therefore, can be integrated with a wide range of on-chip
photonic devices.

Heterogeneous integration via wafer bonding is not limited to the silicon and
InP/InGaAsP materials used in this thesis. Various semiconductor materials provide
gain over a wide range of wavelengths, and a process could be developed to bond
each to the amorphous SiO, spacer layer. Gain materials are not limited to quantum
wells; in fact, hybrid Si/III-V lasers with quantum dots have been demonstrated [82]
and may provide many advantages over quantum well material. Silicon is absorbing
at shorter wavelengths, below about 1100nm, but it could be replaced with silicon
nitride, for example, to make visible lasers. Magneto-optical materials can be inte-
grated with silicon to create on-chip isolators [83-85] or birefringent materials can
be integrated with silicon to make modulators [86-88]. Modal engineering is com-

patible with all of these methods and therefore could be used improve virtually any
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semiconductor laser.

6.3 Future outlook

Modal engineering has immediate commercial potential as hybrid Si/III-V lasers are
already sold in niche markets. Future research to narrow linewidths, on the other
hand, may concentrate on extending the platform by integrating other electronic or
photonic devices on-chip.

Electronic feedback to stabilize the phase of a laser will be essential to future
narrow-linewidth lasers. Feedback can be provided by a high-() cavity external to
the laser [89] or by beating the laser against a narrower-linewidth master laser or
against a delayed version of itself [90]. Hybrid Si/III-V offers the ability to integrate
the optical and electrical components needed for these feedback techniques with a
narrow-linewidth laser employing modal engineering.

Nonlinear optics require a laser source with very low phase noise in order for
coherent interactions to build up. Modal engineering therefore can be used to create
pumps for on-chip Brillouin lasers that could have linewidths orders of magnitude
narrower than the values presented in this thesis [91-93].

Narrow linewidth lasers can be used to probe atomic frequency standards to reduce

drift, leading to applications in chip-scale atomic clocks [94; 95].
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Appendix A

High-() single-mode resonator
design

The noise theory presented in this thesis is valid for any resonator in which in the
hybrid Si/III-V cavity losses are dominated by absorption in III-V. It is independent
of any specific resonator design. The challenge of making all other sources of loss
small is met by careful design of a high-@ silicon resonator.

Modegap waveguide resonators are chosen for the lasers made in this thesis because
they can host a single longitudinal mode with very high ). The quality factor of the
passive resonator (Qpassive) is used as a metric for the upper bound on the amount of
ITI-V that can be usefully replaced with silicon. Passive modegap resonators designed
to be similar to the active laser resonator were fabricated and measured to have Q) passive
around 1M [96]. This value of Qpassive has been assumed in calculations throughout
this thesis. More information on modegap resonator design can be found in Christos

Santis’s thesis [71].

A.1 Modegap grating resonators

A periodic perturbation to a waveguide, known as a grating, will couple a forward-
propagating wave to a backward-propagating wave. Let the field in such a waveguide

be given as the sum of the forward- (42) and backward- (—Z2) propagating waves,

E(z) = A(2)Eo(z,y) expli(wt — 52)] + B(z)Eo(z,y) expli(wt + 52)], (A.1)
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where A(z) and B(z) are the slowly-varying mode amplitudes, Fy(x,y) is the trans-
verse mode profile, and 3 is the propagation constant of the mode. Let the slowly-

varying mode amplitudes be given by

A(z) = a(z) exp(iAfz) (A.2)
B(2) = b(=) exp(iAf2),
where AS is the phase mismatch between the mode and the grating, given by

27Tneﬁ“

Ap

=— (= fp) (A.3)
where neg is the effective index of the mode and fg is the Bragg frequency of the

grating. Then, the coupled-mode equations relating a and b for a weak grating are

given by [2, p.727]

%a@) — (v—iAB)a(z) — ikb(z) (A.4)
%b(z) = iK"a(z) + (=7 +1AB)b(2),

where 7 is the net gain coefficient (7 = T'etg — @), and & is the coupling strength
of the grating. A waveguide grating like this will reflect incident light over a certain
frequency range, known as its “photonic bandgap” in reference to electronic bandgaps
in crystals. Continuing the analogy, the high-frequency edge of the photonic bandgap
is called the “conduction bandedge” (f.) and the low-frequency edge the “valence
bandedge” (f,). The coupling constant  is related to the bandgap width by [2,

p.577]
NegT

(fe = fv)- (A.5)

k| =

These coupled mode equations can be diagonalized to find second-order differential

equations for a(z) and b(z). In the case that A5 and k are nearly constant in z and
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Figure A.1: A quadratically-modulated photonic well. The shaded area represents the
bandgap, in which optical waves are forbidden to propagate except at the resonance
frequency. The Gaussian-like envelope for the resonant mode is plotted also.

v = 0, the equation for the forward-propagating wave is

2
%a(z) = —(AB* — K%)a(z). (A.6)
This equation is analogous to the 1D, time-independent Schrédinger equation in which
the frequency valence band edge (f,) is the analogue of the potential energy function
from quantum mechanics. Therefore, the solutions known for particles trapped in
energy wells in quantum mechanics are useful to understand how optical modes can
be localized in photonic wells in these grating resonators.

In quantum mechanics, a particle in an infinite quadratic energy well (the quantum
harmonic oscillator) is known to exist in quantized energy states. The ground state

“well-behaved” in both real space and k

has a longitudinal Gaussian profile, which is
space. A shallow, quadratic photonic well which only hosts the single “ground state”
is therefore a good design for a laser resonator. Figure A.1 shows an example of a
photonic well like the ones used in this thesis. The valence bandedge of the well is

modulated quadratically at the center of the resonator to create the photonic well
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Figure A.2: Cartoon drawing of a 1D modegap resonator. The width of the holes in
the waveguide are modulated to form a quadratic photonic well.

A

Z—»

Figure A.3: Size and shape of the holes fabricated by electron beam lithography.
The width of the holes (wy) is varied along z to achieve the desired valence frequency
bandedge (f,). The period (A) is kept constant for a single device, but varied between
devices to tune the operating wavelength of a high-@Q) hybrid laser. Here, the wave
propagates in +2.

with uniform mirror sections on each side of the well. The frequency depth of the
well is V, as shown in the figure. The uniform mirrors are terminated after a certain
length, allowing light to couple out of the resonator. A single mode is localized in this
well, with the Gaussian-like mode envelope plotted near the well. Optical resonators
made using this design methodology are known as “modegap” resonators, and they

have very high quality factors [50; 58; 97].

The quadratic modulation can be applied in one-dimensional photonic crystal
waveguide resonators by modulating the width of periodic holes in the waveguide [98—
102], as seen in figure A.2. The grating in the lasers from this thesis is formed by
etching holes in a silicon waveguide (which will then be bonded to III-V). Holes are
rectangular with round caps as seen in figure A.3. They have constant period A,

around 240nm, and a duty cycle of 50%.
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A.2 Transverse geometry

The transverse cross-section of the waveguide is designed using Comsol (a commer-
cial finite element solver) to solve for the eigenmodes of the waveguide. The design

constraints are:

1. Most of the mode should reside in the low-loss silicon, in order to make 'y

as small as possible.

2. The waveguide trench etch should be shallow and the waveguide rib wide in

order to keep the mode weak at the rough etched sidewalls.

3. The waveguide should be single-mode or nearly single-mode, with any higher-

order modes having odd symmetry so they are not reflected by an even grating.

The III-V structure is mostly determined by the need to have it perform well
electrically, so there is little flexibility for changing its structure to get better optical
performance. Actually, this constraint is an advantage of the hybrid Si/III-V plat-
form: the silicon portion of the cavity can be designed for good optical performance,
leaving the III-V design to concentrate on good electrical performance. More details
on the IT1I-V wafer structure used in high-Q) hybrid lasers can be found in section C.2.2,

and a cartoon cross section of the final design can be found in figure 4.1.

A.3 The resonator’s quality factor

The total quality factor of a cavity can be broken down into its constituent parts
according to equation 2.13. The notable sources of loss in these cavities are absorption,
scattering, coupling to radiation modes, and external coupling as useful output. The

total @) is then
Qrot = Qo + Q" + Qran + Q2 (A7)

with their respective subscripts. The total () is therefore limited by its lowest compo-

nent, which in ITI-V lasers is usually either absorption or external coupling in ITI-V
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lasers. The lasers presented in this thesis aim to minimize these components of loss.
A side effect of increasing Q.,s and @), is that the other components of loss begin to
limit the total (). Thus, all of these components should be considered during the de-
sign of a high-@Q) hybrid laser. This section will show that the components other than
absorption are independent of I'tjry, so the assumption that Qpassive is independent

of I'iy in equation 3.4 is a good approximation.

A.3.1 Absorption

Optical absorption is weighted by the confinement factor of the mode in each material,
as given by equation 2.6. III-V is much more absorbing than silicon; therefore, @)
is maximized by shifting as much modal energy away from lossy III-V into low-loss
silicon as is possible, either through replacing the I1I-V with silicon or through modal

engineering. The total absorption @ is

_ mv  1—-Tny
Qus = + A8
5 Quv T Qs (4.8)
Ty
Quiv

Here, Qv is the material absorption of III-V, approximately 10k for highly-doped

active material [36-42].

A.3.2 Scattering

Scattering is most significant from the rough etched waveguide sidewalls. Scattering is
reduced in the lasers presented in this thesis by guiding the mode with a very shallow
etch in silicon, as seen in the cross-section of the waveguide (figures 4.1 and 5.1).
The shallow etch results in very little sidewall and, therefore, little scattering [51; 52].
Similarly, the waveguide is designed to be 2 1m wide to make the mode weak at the
sidewall, also reducing scattering.

Silicon dioxide is easily grown from silicon, providing one further way to reduce

scattering. Thin layers of thermal oxide (~25nm) are grown on the etched silicon
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chips used to make the lasers from this thesis. Scattering is reduced because the ther-
mal oxide physically smooths rough surfaces and reduces the index contrast between
the rough silicon waveguide and its cladding [55].

Scattering depends on the intensity of the mode at the sidewall, so it may depend
on I'yiy. Under the replacement transformation, the shape of the mode doesn’t
change. Under the modal engineering transformation, the mode concentrates in the
silicon waveguide, but the etched sidewalls are far from the most intense region of the

mode. For this reason, (). is assumed to be independent of I'jy.

A.3.3 Radiation

The biggest potential problem with using a shallow-etch rib waveguide is that the
guided mode may easily couple to radiation modes in the adjacent silicon slab, losing
stored energy [103]. The strength of the coupling can be found by finding the longi-
tudinal mode profile in the resonator and transforming it into k-space. Waves with
small values of k along the propagation direction are not guided by the waveguide, so
an integral of the k values which lie across the light line yields the coupling to leaky
modes [98].

It is clear that coupling to radiation modes will be minimized by having a very
narrow distribution of k values. This is the primary advantage of the 1D modegap-
type resonator discussed at the beginning of the section: it is easy to tailor the
envelope of the mode along the propagation direction by deterministically modulating
the valence bandedge. By designing a quadratic photonic well, the field envelope is
Gaussian in both real space and k space. A broad, shallow photonic well thus has a
very tight distribution of £ values, minimizing the potential coupling to leaky modes.

The quadratic well can be formed in either the valence band or the conduction
band. Continuing the earlier analogy to quantum mechanics, an upward-opening well
in the conduction band is a “donor”-type well and a downward-opening well in the
valence band is a “acceptor”-type well. Acceptor-type wells are slightly farther from

the light line, so they are chosen for these resonators.
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Figure A.4: Mode envelope profiles for a 1D modegap grating resonator and a stan-
dard QWS DFB. The QWS DFB has « the same as in the uniform modegap mirrors.
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Conveniently, the broad field envelope along the resonator also reduces spatial
hole burning compared to the field profile of quarter-wave shift (QWS) DFB gratings,
which are sharply-peaked at the center of the cavity, as seen in figure A.4. Modegap
cavities therefore improve upon QWS DFBs in two ways: (1) the field envelope is
smoother, causing a tighter distribution in k-space, reducing coupling to radiation
modes, and (2) the field is broader in real space, reducing spatial hole burning.

Radiation loss depends on the longitudinal parameters of the grating, so it is also

independent of I'jLy.

A.3.4 External coupling

External coupling is determined by the uniform mirror sections on each end of the
quadratic well. The field envelope decays exponentially in the mirrors, such that the
number of mirror holes determines the amount of stored energy that couples to the
output. External coupling is often considered separately from the other sources of

loss because it provides useful output; however, external coupling reduces the number
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of photons stored in the cavity just the same as the other sources of loss, thereby
increasing phase noise, and should be considered as just another source of loss.

For minimum phase noise, lasers should operate in a regime in which external
coupling is minor compared to the dominant source of loss in order to store as many
photons as possible. In such a cavity, more photons will leave the cavity and be
lost than the number of photons leaving as useful output. The external efficiency
describing the fraction of photons leaving the cavity which are useful output is given
by [2, p.696]

-1
Nex = Q; (Ag)

Q-+
where @), is the ) for external coupling and @); is the “intrinsic” @), accounting for
all other sources of loss. The optical output power in steady state can be found by
multiplying the external efficiency by the stimulated transition rate into the mode
and the energy of a single photon. Therefore, there is a tradeoff between large stored
energies in the cavity and high external efficiency.

The field envelope is exponentially decaying in the mirror section, so external
coupling decreases exponentially with an increasing number of mirror holes on both
sides of the photonic well. External coupling is therefore highly sensitive to deviations
in mirror coupling strength, so the devices made for this thesis are fabricated as several
different designs, each with a different number of mirror holes.

External coupling can be controlled independently of the other cavity parameters
by tuning the number of mirror holes, making Q). a useful parameter to vary in an
experiment. It can be made independent of I';jy by adjusting the mirror length for

designs with different I'iy.

A.4 Simulation

Numerical calculation is used to find the various properties of the modegap resonators,
like the number of resonant modes in the well, their resonant frequencies, external

coupling, coupling to radiation modes, and the threshold gain of all modes in the
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laser. A specific transverse design is needed in order to calculate the strength of
the grating (k) which links the various parameters used in the design (f., fy, etc.).
This section will use the transverse profile from the high-() hybrid lasers presented

in chapter 4.

A.4.1 Frequency bandedges

A modegap grating is designed by choosing values for the photonic valence bandedge
(fy) along the length of the grating. The physical size of the holes (wy) needed to
make the designed values can be found by 3D simulation of a single grating unit cell
containing one hole. The simulation will also give the photonic conduction bandedge
value (f.) and, therefore, the coupling strength of the grating unit cell (k) through
equation A.5.

Simulations are performed using Comsol (commercial 3d finite element solver) to
find eigenfrequencies of a unit cell. The width of the holes (wy) is varied to find f,
for each hole width. To save computation memory and time, even symmetry is used
to simulate half of a unit cell with an even boundary condition applied to the plane
dividing the cell in half. Periodic boundary conditions are applied in the propagation
direction and scattering boundary conditions are applied to the boundaries far from
the mode. The simulation finds the photonic bandedges (f, and f.) for each unit cell.
Figure A.5 shows the electric field of the photonic bandedge modes as solved for by
Comsol.

The mapping of f, — wy constitutes a “lookup table,” used to translate the de-
signed photonic frequency well into the hole widths needed to fabricate the resonator.
Figure A.6 shows an example lookup table.

Figure A.7 shows an example of a photonic well designed using this process. The
design starts with the valence bandedge shape (fy(z)) with the parameters given in
table A.1. The hole widths (wy, figure A.8) necessary to make the valence band-
edge shape are then found using the lookup table. With the hole sizes fixed, the
conduction bandedge (f., figure A.7) and the coupling coefficients (k, figure A.9)
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Valence Conduction

Figure A.5: Electric field norm of the photonic bandedge modes as solved for by
Comsol. The valence bandedge mode ( f,, with peaks in silicon) is shown on the left,
while the conduction bandedge (f., with peaks in air) is shown on the right. This
simulation was performed using the geometry of a high-Q hybrid laser (chapter 4).
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Figure A.6: This example lookup table is used to map the designed photonic well
bandedges to the needed hole widths (wy). This lookup table was made for the
transverse geometry of a high-@) hybrid laser with no spacer (chapter 4).
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Figure A.7: Example of a designed photonic well, with the valence bandedge (f,) and
conduction bandedge (f.) labeled.

Parameter Value
Well depth (V) 100 GHz
Number of well holes (Ny) 801
Number of mirror holes (Ny,) | 600 per side

Table A.1
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Figure A.8: The hole widths needed to realize the photonic well design for the mod-
egap resonator designed in this section.

can be calculated. It’s important to note that the conduction bandedge also has a
quadratic-like shape, forming a “barrier” that will partially reflect incident waves at

these frequencies.

A.4.2 Passive transmission

The transmission of a passive modegap grating as a function of frequency can be
found by evaluating the coupled mode equations (equation A.4) numerically with net
gain () set to zero. Figure A.10 shows the simulated transmission of the example
modegap resonator. Several features are notable. The high-Q) mode is found to
be resonant at a wavelength inside the photonic well, near the valence bandedge as
expected. Ripples in transmission occur on either side of the bandedge, but the ripples
near the conduction bandedge show smaller maximum transmission because they are

attenuated by the barrier.

Calculating the simulated transmission is necessary to ensure that only a single

mode is hosted by the well.
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Figure A.9: The calculated coupling strength of the example modegap grating de-
signed in this section.
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Figure A.10: Simulated transmission of the example modegap resonator designed in
this section.



123
A.4.3 External coupling

The only source of loss in the transmission simulation is external coupling. Therefore,

(. can be found by fitting the resonance transmission to a Lorentzian,

(Af/2)?
(f = fo)? + (Af/2)*

T(f) = (A.10)

where Af is the full-width at half maximum, and f, is the center frequency of the

resonance. The FWHM of the resonance is related to ), by

_Jo

Qe = AF (A.11)

The example resonator designed in this section has Q). of 400k.
Calculating the simulated transmission is therefore very useful to determine the

number of mirror holes needed to achieve a given value of Q).

A.4.4 Longitudinal field envelope

The longitudinal field envelope (a(z)) is found by by evaluating the coupled-mode
equations (equation A.4) at the resonance frequency.
Figure A.11 shows the longitudinal mode envelope for the high-() mode designed

in this section.

A.4.5 Coupling to radiation modes

Coupling to radiation modes can be estimated by taking the Fourier transform of the
fast-oscillating longitudinal field that was found using the coupled mode equations
(equations A.1, A.2, and A.4) into k-space. Mirror length is increased until the field
near the facets no longer affects the spectrum. In k-space, the field is tightly centered
around 0, as seen in figure A.12. The field may couple to radiation modes in the
silicon slab if the k-values are equal. The maximum k for the silicon slab (kcytorr)

provides a cutoff value above which coupling will not occur. Therefore, integrating
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Figure A.11: Longitudinal mode profile for the high-() mode in the example modegap
resonator designed in this section. The mode is normalized to have 1 unit energy at
the input and output.
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Figure A.12: Spectrum of the longitudinal field in k-space of the example modegap
resonator designed in this section. An upper bound on the coupling to radiation
modes is calculated by integrating the field with |k| < Keutor (shown in red).
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over the k < Fkeuor puts an upper bound on the loss due to coupling to radiation
modes.

This method of calculating radiation is highly sensitive to the value of k.o and
only gives a lower bound on ;.q, so it should be used to compare different designs
instead of to calculate exact values of (Q;.q. As expected, the best (Q,.q values are for
modegap resonators with broad Gaussian-like mode envelopes, found in wide, shallow

quadratic wells.

A.4.6 Threshold of all modes

The net threshold gain (7, = Cactgin — @; modal gain net of distributed losses like
absorption and scattering) for each mode can be found using the coupled mode equa-
tions. The only source of loss inherent to the coupled mode equations is external
coupling, so the net threshold gain must be exactly enough to overcome this loss.

From equation 2.14,
w

TVth = -
T 0Qe

(A.12)

The net threshold gain for the high-Q) mode is therefore easy to calculate. It’s
also helpful to calculate the net gain required for other modes to lase. The threshold
gain for each mode in the design can be found by solving the coupled mode equations
(equation A.4) with gain, finding the values of gain for which transmission at a certain
frequency goes to infinity. Infinite transmission physically means finite output with
no input, which is laser oscillation [2, p.728].

Figure A.13 shows the threshold gain for all modes. As expected, the high-Q)
mode in the photonic well has the lowest threshold. As an interesting side note, the
single transmission peak in the “barrier” region, closest to the conduction bandedge,
has split into two distinct lasing modes. This may be due to the photonic barrier
causing two coupled modes, one on each side of the barrier, to interact and split into
two slightly different resonant frequencies.

Gain should clamp at threshold, so the other sidemodes would never reach thresh-

old in an ideal laser. However, carriers are injected uniformly along the length of the
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Figure A.13: Net threshold gain for each longitudinal mode in the high-Q hybrid
laser. The high-) mode is located in the bandgap and has the lowest threshold gain.
The modes in the barrier region are the main competing sidemodes.

laser and are slow to travel along this dimension. The laser field is peaked near the
center of the laser, so stimulated emission causes carriers to recombine fastest in the
center of the laser and slower near the facets. This causes the carrier density to in-
crease past the threshold density near the facets, in a phenomenon known as spatial
hole burning. Modal gain, therefore, does not fully clamp at threshold everywhere in

the laser.

Spatial hole burning causes the sidemodes to reach their threshold gains and
lase when pumping far beyond the threshold of the fundamental mode. The pho-
tonic barrier encountered for frequencies outside the conduction bandedge (the short-
wavelength side of the photonic bandgap) causes these modes to be weaker in the
center than they are near the facets. Therefore, these modes are the ones likely to
receive the most gain as a result of spatial hole burning and compete with the high-
@ mode. In the hybrid Si/III-V lasers presented in this thesis, one blue sidemode
will lase simultaneously with the high-() mode at very high pump currents in some

devices.
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Spatial hole burning is reduced in lasers with a flat longitudinal field envelope
because the stimulated emission rate is more constant along the length of the laser.
Conveniently, the Gaussian shape of the longitudinal field envelope in modegap-type
resonators is flatter than the decaying exponential of traditional quarter-wave shift
DFB resonators. Therefore, spatial hole burning is expected to affect quadratic-well
modegap resonators less than conventional quarter-wave shift DFBs.

This simulation of net gain for all modes is important to learn the gain margin
for these sidemodes and to choose a design with relatively high gain needed for the

sidemodes to lase.
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Appendix B

Measurement techniques

This chapter will discuss the measurement techniques used in this thesis. The most
important is the frequency noise power spectral density measurement. Some calibra-

tion measurements used to validate the frequency noise measurements of the low-noise

hybrid Si/III-V lasers are provided.

B.1 Measuring frequency noise with a short-delay

interferometer

An interferometer can be used to measure the frequency noise spectral density of the

optical field. Consider an optical field with no intensity noise given by
E(t) = Egexpli(wot + 0(1))]. (B.1)

The optical field is sent through a Mach-Zehnder interferometer (MZI) with equal
power in each arm and a relative delay between the two arms of T. The output of
the MZI is measured with a photodetector, which has a photocurrent proportional to

the intensity of the electric field,

La o Ej [cos(woT + AO(T)) + 1], (B.2)
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Figure B.1: Response of the MZI in wyT. When the center frequency is set to
the quadrature point, phase fluctuations are converted to photocurrent fluctuations
linearly, and can be measured by an RF spectrum analyzer.

where I,q is the photocurrent and A#(T) = 6(t) — 6(t — T') is the phase difference
between the two arms. In the case of a very short delay, there is not enough time for

a large phase difference to accumulate and Af < 1. The photocurrent is
Iq < E¢ [cos(woT) — AO(T) sin(weT) + 1] . (B.3)

The center frequency of the laser can be tuned to bias the interferometer in quadrature

(woT = nmw + 7/2, with n any integer). Then,
Iq o< E5 (AO(T) +1). (B.4)

The photocurrent contains a DC term plus a fluctuating term containing the statistics
of Af. An intuitive depiction of how an MZI biased to quadrature converts phase

fluctuations to photocurrent fluctuations can be found in figure B.1.

The constant of proportionality in equation B.4 can be found experimentally by
varying wo1’ from its quadrature point to measure the maximum excursion of the
photocurrent. Finding the constant this way is convenient because it automatically

includes all the different sources of loss in the measurement. The minimum excursion
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should be measured too. In practice, it is not zero because the optical splitters are
not exactly 50/50, the polarization of the field is not perfectly maintained, etc. Then,

the photocurrent is given by

Lpq = Loy + AO(T)1,, (B.5)

where [, is the average current at quadrature and I, is a phase-to-current gain

coefficient, both of which can be measured on an oscilloscope. They are

Imax ]min
Ly = e T dmin, (B.6)
2
Tax — I
I — max mln‘
& 2

Measuring the photocurrent on an RF spectrum analyzer will yield the power
spectral density of the photocurrent (S; ., units W/Hz), which can be converted to
the spectral density of the phase variation (Sag(r)) by

St,a(f) = I RLSnor) (f). (B.7)

where Ry, is the load resistance of the spectrum analyzer. The spectral density of the

phase variation is in turn related to the frequency noise spectral density by [8, p.217]

sin?(woT'/2)

Saoery(f) = (27T)2T25f(f)W-

(B.8)

The sinc? term in this equation causes the rolloff of the MZI, limiting its frequency
response to its free spectral range (FSR = 1/T'). A measurement of the laser’s phase
noise should be restricted to frequency ranges in which the sinc? term is approximately
unity. In this regime, the power spectral density of the photocurrent measured on

the spectrum analyzer can be converted to the frequency noise spectral density by

S1,4(f)

(27 )21, R T? (B-9)

Si(f) =
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Figure B.2: Setup for measuring frequency noise power spectral density. The de-
vice under test (DUT) is shown in the upper-right corner. Black denotes electrical
components, while blue denotes the optical path.

The linewidth can then be calculated using equation 2.75. It is important to choose
the delay (7T") carefully. A shorter delay (larger FSR) increases the useful bandwidth
of the measurement, which was restricted by the sinc? term, but it also reduces I,
by making the slope in figure B.1 shallower, reducing the signal-to-noise ratio when
measuring St

The configuration used to measure frequency noise spectral density in this thesis
is shown in figure B.2. The output of the MZI is split between two photodetectors
(PDs): one to measure the frequency noise spectral density of the photocurrent and
one to provide electronic feedback to the laser, locking its frequency to the quadrature
point of the MZI through (slow) thermal tuning. The output of the first photodetector
is switched between an oscilloscope (scope), which is used to measure I,, and an RF
spectrum analyzer (RFSA), which is used to measure Sy ,. Both instruments have
the same input resistance.

Intensity noise was neglected in deriving equation B.4, though the coefficient Ej
multiplied by the DC term hints that strong intensity noise would dwarf the (assumed
small) phase noise and should be remembered in this measurement. The intensity
noise of the laser can be measured by connecting the laser output directly to the
photodetector (without using an MZI) and using a variable optical attenuator to
make I,,, the same as for the phase noise case. Then, S; , of both cases can be
compared to verify that the phase noise measurement is stronger than the intensity

noise measurement.
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B.2 Measurement calibration and validation

Measuring the frequency noise power spectral density is an absolute measurement and
needs to be carefully calibrated in order to trust the results. Measurements are vali-
dated using control lasers with known frequency noise PSD, and suspect components

(optical amplifier, photodetector, etc.) are investigated.

B.2.1 Control lasers

Two commercially-available lasers are measured as controls: a semiconductor DFB
laser (JDS Uniphase, CQF-935/908) and an ultra-low noise fiber laser (NP Photon-
ics, The Rock Module). The frequency noise spectrum of the JDSU laser was also
measured at Orbits Lightwave (Pasadena, CA) several years ago using equipment
traceable to NIST standards. The measurements of this control laser on the experi-
mental setup used to characterize hybrid Si/III-V lasers are found to be essentially the
same as the measurements on the traceable setup, thereby validating the experimental

setup.

Figure B.3 shows the measured frequency noise PSD of these control lasers com-
pared to the showcase 150 nm spacer laser, all with the same I,,,. The upper bound on
the “spontaneous emission linewidth” of the spacer laser is taken at about 100 MHz
carrier offset. At this offset, the fiber laser is two orders of magnitude less noisy
than the spacer laser, so the detection electronics are capable of measuring less noise.
Therefore, the measurement of the spacer laser frequency noise PSD is not limited by

the detection electronics.

The sharp peak seen in the fiber laser frequency noise spectrum is the relaxation
resonance. Incidentally, the fiber laser measurement happens to be mostly intensity

noise because phase noise is so small in this laser.
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Figure B.3: Frequency noise PSD of the control lasers compared to the showcase
150 nm spacer laser. (JDSU I = 100mA, [ — I;;, = 77mA. Spacer device 1D
Spacer150 B1 S2 D19, A ~ 1562nm, [ = 95mA, [ — I;, = 30mA.)

B.2.2 Optical amplifier noise

Hybrid Si/III-V lasers are designed to have low external efficiency, so an optical
amplifier is used to increase the signal (ThorLabs BOA 1004). The effect of the
amplifier on phase noise must be considered as spontaneous emission noise from the
amplifier may be stronger than the signal noise. Early experiments investigating
optical amplifier noise suggested that the additional noise was significant [104], but
more recent experiments suggest much smaller effects [105; 106].

Figure B.4 demonstrates that the frequency noise spectrum of the JDSU laser
is not affected by the presence of the optical amplifier. For this measurement, the
CW optical power of the JDSU laser at the input to the amplifier was attenuated
to the value attained by the hybrid Si/III-V lasers using a static attenuator. Hybrid
Si/III-V lasers are about an order of magnitude less noisy than the JDSU control, so
the optical amplifier may affect their noise measurements even when the effect is not
seen in the JDSU control. In any case, the amplifier will only add noise and the real

frequency noise PSD could only be lower than the measured value.
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Figure B.4: Frequency noise spectrum of the JDSU control laser with and without
the optical amplifier. (I = 100mA, I — I;;, = 77mA)

B.2.3 Photodetector response

Frequency noise measurements are taken with two different photodetectors (HP Light-
wave 11982A, New Focus 1544B). Figure B.5 shows that the measurement is substan-

tially the same with the two photodetectors.

B.2.4 RF spectrum analyzer

Frequency noise measurements are taken with two different RF spectrum analyzers
(Agilent 4395A, HP 8565E). Figure B.6 compares the two instruments. The HP 8565E
consistently measures values about 1dB lower than the Agilent 4395A. Also, the
HP 8565E shows some discontinuities in measurements that cross significant frequency
values (e.g., 3GHz). Internal electronics, like a mixing oscillator or a filter, are re-
configured at these frequency values. The Agilent RFSA has been more recently
calibrated, so it should be trusted.
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Figure B.5: Frequency noise PSD measurement taken with two different photodetec-
tors. (Device ID: Spacer150 B1 S2 D19, A ~ 1562nm, I = 95mA, I — I;;, = 30mA)
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Figure B.6: Frequency noise PSD measurement taken with two different RF spectrum
analyzers. (Device ID: Spacer150 B1 S2 D19, A\ ~ 1562nm, [ = 95mA, [ — [, =
30mA)
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Figure B.7: Frequency noise PSD with variable optical attenuation reducing the
optical power incident on the photodetector. Current gain parameters for this mea-
surement are [, = {0.51mA, 0.97mA, 1.5mA, 1.9mA, 24mA}. (JDSU control
I =100mA, I — I, = 77mA)

B.2.5 Optical power

Optical power incident on the photodetector may vary with many different experi-
mental conditions. Coupling from the laser into the lensed fiber is different for each
device. Optical fibers are connected and disconnected regularly, allowing for coupling
between fibers to change. The frequency noise PSD measurement should be indepen-
dent of the optical power falling on the photodetector as the current gain parameter

(I, equation B.9) should account for this.

A variable optical attenuator was used to reduce the optical power incident on
the photodetector. Figure B.7 shows the result of this experiment, demonstrating
that the current gain parameter behaves as expected and the frequency noise PSD

measurement is indeed independent of variable losses in the system.
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Figure B.8: Frequency noise PSD with two different current sources. The ILX LDX-
3620 is a battery-powered ultra-low-noise current source, while the Newport 525B is
not specifically designed to be low-noise. (Device ID: Spacer100 B1 S2 D13, A =~
1563nm, [ = 80mA, I — [, = 45 mA)

B.2.6 Current source

Noise in the pump current source is expected to transfer to the frequency noise spec-
trum of the laser [107; 108]. The frequency noise PSD of a spacer laser was tested
with a second current source (Newport 525B; Irvine, CA) which was not specifically
designed to be low-noise. It runs off of AC power, unlike the battery-powered ILX

LDX-3620 used for other measurements.

Figure B.8 shows a comparison of the same laser pumped by the two different
current sources. At low offset frequencies, using the low-noise current source results
in much lower frequency noise. However, at the high offset frequencies where the
upper bound on the “spontaneous emission linewidth” is taken, there is no difference
between the two current sources, indicating that the measured spectrum is not noise

injected by the current source.
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Figure B.9: Frequency noise PSD of a spacer laser both with and without sidemodes
optically attenuated. (Device ID: Spacer150 B1 S2 D19, A ~ 1562nm, I = 100 mA,
I— -[th =35 mA)

B.2.7 Filtering sidemodes

An optical filter was used to attenuate sidemodes and reduce any potential beating
between sidemodes and the lasing mode. The optical filter has a 3dB bandwidth
of 125 GHz (for comparison, the photonic well in this laser is 120 GHz deep and the
photonic bandgap is 400 GHz). The filter was centered on the lasing mode by using
the optical spectrum analyzer for rough alignment followed by maximizing output
power. Filtering sidemodes runs the risk of increasing intensity noise (mode partition
noise [8, p.163]), though any increase should be minimal in this nearly-single-mode

laser.

Figure B.9 shows the frequency noise PSD for a spacer laser both with and without

the optical filter. The measurement is identical in both cases.
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Figure B.10: Frequency and intensity noise of a 100 nm spacer laser as measured by
the RFSA. (Device ID: Spacer100 B1 S2 D13, A ~ 1563nm, I = 80mA, [ — Iy, =
45 mA)

B.3 Intensity noise

Intensity noise is added to phase noise in the photocurrent, so it must be measured to
ensure that its power spectral density is lower than the frequency noise. Figures B.10
and B.11 show the frequency and intensity noise of spacer lasers as measured by the
RFSA (i.e., S, for the measurement configurations with and without the MZI).

A variable optical attenuator was used to reduce the CW optical power incident
on the photodetector to be the same value as during the corresponding frequency
noise measurement.

The intensity noise is mostly well below the frequency noise for both lasers, veri-
fying that the frequency noise measurement is not actually measuring intensity noise.
From measurements taken with the HP 8565E RFSA, the relaxation resonance of
spacer lasers appears to be higher than 1 GHz, perhaps around 10 GHz as is common
in semiconductor lasers. The data are not presented here as the spectrum analyzer is
not calibrated at high frequency offsets.

The relative intensity noise (RIN) for each spacer laser is about —135dBHz ! at
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Figure B.11: Frequency and intensity noise of a 150 nm spacer laser as measured by
the RFSA. (Device ID: Spacer150 B1 S2 D19, A ~ 1562nm, I = 95mA, [ — Iy, =
30mA)

the pump currents shown. RIN was measured with the BOA as the signal was too

weak to measure without amplification.

B.4 Other measurement tools

The other tools used to characterize the hybrid Si/III-V lasers are listed here by the

measurement type.

IV curves: IV curves are characterized by two different instruments: an HP 41458
Semiconductor Parameter Analyzer for currents up to 5mA and a Newport 525B

CW Laser Diode Driver for all currents.

LI curves: Lasers are pumped CW by a Newport 525B CW Laser Diode Driver
and output power is collected by an integrating sphere with an InGaAs sensor

connected to an ILX 6810B Optical Multimeter.

Optical spectrum: Optical spectra are measured by an HP 70951B Optical Spec-
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trum Analyzer. Lasers are pumped by a Newport 525B CW Laser Diode Driver

and light is collected at the output facet of the laser by a lensed single-mode
fiber.

Frequency noise PSD: Lasers are pumped CW by an ILX Lightwave LDX-3620
Ultra Low Noise Current Source (battery-powered). Light is collected at the
output facet of the laser by a lensed single-mode fiber. There are two fiber
isolators about 1m from the laser facet. The signal is amplified by an optical
amplifier (ThorLabs BOA 1004) pumped by a custom battery-powered current
source made by Arseny Vasilyev (Chipset: Wavelength Electronics LDD400-1P),
with a polarization controller before the amplifier tuned for maximum output.
The light is passed through a custom fiber Mach-Zehnder interferometer (FSR
847 MHz). The MZI output is split between two photodetectors: an HP 11982A
Lightwave Converter Photodetector for the signal and a ThorLabs PDA10CF
for feedback. The optical power incident on the HP photodetector (the signal)
is attenuated by a variable attenuator (JDS Fitel HA9) such that the maximum
power out of the interferometer is just below photodetector saturation. The
MZI fringes are measured on an oscilloscope (Tektronix TDS 3032B) to deter-
mine the frequency-to-amplitude gain of the interferometer and the quadrature
point. The center frequency of the laser is locked in quadrature by locking
the PDA10CF photocurrent to an adjustable reference using a custom battery-
powered feedback circuit made by Arseny Vasilyev. RF spectra are measured

on an Agilent 4395A RF Spectrum Analyzer set to “sample” detection.

Intensity noise PSD: This measurement is identical to the frequency noise PSD
measurement, except with the MZI removed. The variable attenuator is used
to match the power incident on the photodetector as in the corresponding fre-

quency noise measurement.

Wavelength: Precise wavelength measurement is performed by a Burleigh WA-1100
wavemeter. Lasers are pumped CW with a Newport 525B CW Laser Diode
Driver and light is collected at the output facet of the laser by a lensed single-
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mode fiber. The temperature controller is allowed to settle before the measure-

ment is taken.

The temperature of the laser is controlled in all measurements by a custom
battery-powered temperature controller circuit made by Arseny Vasilyev (Chipset:
Wavelength Electronics WT'C3243). Hybrid Si/III-V lasers are mounted on a custom
copper block with a TEC sinking heat to another copper block below. Lasers are

enclosed by a large plastic box to prevent air currents from affecting measurements.
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Appendix C

Fabrication

This chapter will give fabrication details for the hybrid Si/III-V lasers described in
this thesis.

C.1 Fabrication recipes

Many of the recipes are common to the fabrication workflows used to make high-Q)

hybrid lasers and spacer lasers. These recipes are given here.

C.1.1 Silicon patterning

The modegap grating resonator is patterned by electron-beam lithography and trans-
ferred into the silicon chip and spacer oxide by plasma etching. The process is different
for high-@ hybrid lasers and spacer lasers because the spacer oxide layer must exist
on top of the silicon before etching. The electron-beam resist adheres poorly to ox-
ide, so a layer of chromium is deposited on the oxide to improve resist adhesion and,

conveniently, to reduce charging.

Details for electron-beam patterning of high-@Q hybrid lasers (i.e., no-spacer lasers)
can be found in Christos Santis’s thesis [71]. Table C.1 describes the process for

patterning the resonator for spacer lasers.
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’ Step \ Parameters ‘

Deposit chromium Deposit 200 A at 0.5 A s~! using the CHA Mark 40
electron-beam evaporator

Pattern e-beam resist | Spin ZEP 520A (Zeon Chemicals) at 5000 RPM
for 90s (nominal 350 nm thickness). Bake directly
on a hotplate at 180°C for 10 min. Expose us-
ing a Leica/Vistec EBPG 50004. Grating holes
and the waveguide trench close to the sidewall (the
“sleeve”) are exposed with a dose of 340 nC cm—2,
a beam current of 300 pA, and a beam step size of
2.5nm. The remainder of the pattern (the “bulk”)
is exposed with a dose of 270 nC cm ™2, a beam cur-
rent of 10nA, and a beam step size of 10nm. The
resist is developed in ZED-N50 (Zeon Chemicals)
for 1 min.

Etch chromium Transfer the pattern from the ZEP mask to the
chromium using chlorine-based plasma in the Ox-
ford Plasmal.ab System 100 ICP380. Parameters:
Cly at 60sccm, Os at 3sccm; chamber pressure
60 mTorr; ICP power 1000 W, RF power 100 W.
Etch oxide and silicon | Strip the resist mask with oxygen plasma to reduce
the aspect ratio of the etch. Transfer the pattern
from the chromium mask to the oxide/silicon us-
ing C4Fg-based plasma in the Oxford 380. Pa-
rameters: C,4Fg at 35sccm, Oy at 5scem; chamber
pressure 7mTorr; ICP power 2100 W, RF power
200 W.

Strip chromium Submerge the chip in CR-7S chrome etch (Cyan-
tek) for 45s.

Table C.1: Steps involved in patterning the modegap grating resonator on SOI.
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C.1.2 Thermal oxidation

Oxidation is performed in a Tystar Tytan furnace. Chips are cleaned by repeated
cycles of piranha (H5S04(100%):H205(30%), 1:3)) and oxygen plasma to strip all
organic contaminants from the surface. Spacer chips are oxidized in dry oxygen at

1000 °C for 30 min.

C.1.3 Wafer bonding

Direct wafer bonding is used to attach the silicon and III-V chips. All hybrid Si/III-V
lasers described in this thesis have at least some oxide on top of the silicon chip, so
the bonded interface is always InP to SiOy. Oxide thicker than several nanometers
is amorphous [109-113] though it may retain some small amount of crystalline or-
der [114-117]. It’s probably easier to bond InP to an amorphous material because
there will be fewer defects introduced by a lattice constant mismatch, but the recipe
given here has been used on bare silicon chips (i.e., with no grown oxide), and it
seems to work the same.

There are many different techniques for low-temperature direct wafer bonding [118—
124]. Many were investigated throughout the course of making these narrow-linewidth
hybrid Si/III-V lasers, with varying degrees of success. The recipe given here derives
from my earliest recipe that created hybrid Si/III-V chips that reliably survived the
subsequent processing steps.

The basic steps used in this recipe are: (1) oxygen plasma surface cleaning and
activation, (2) weak van der Waals and hydrogen bonding between the two chips,
and (3) annealing the weak bonds into strong covalent bonds. Figure C.1 depicts
this process. The initial oxygen plasma treatment of the surface cleans the surface
of residual hydrocarbons from previous solvent cleaning steps that would otherwise
form bubbles at the future bonded interface [125]. It is also a highly efficient way
to terminate both chip surfaces with hydroxyl (-OH) groups. When the chips are
brought into contact with some incidental applied contact pressure, weak van der

Waals and hydrogen bonds are formed between the polar hydroxyl groups [118; 122].
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1. Separate wafers 2. Spontaneous bonding
[ [
—P—Ih—P— —P—Ih—P—
e i L i
H H H InP H H H
O O O O O O
[ [
= Si == Si = Si =— = Si == Si == Si =—
[ [
3. Covalent bonding
4. Bonded wafers
[ [
—P=—Inh=—P— —P=—In=—PpP—
InP L1 InP L1
O O O + 3H20 O O O
[ [
= Si == Si == Si =— = Si == Si = Si =—

Figure C.1: Cartoon depiction of direct wafer bonding between silicon and InP.

Then, the chips are annealed under higher temperatures and contact pressures to
convert the weak bonds to covalent Si-O-III-V bonds. This process produces excess
water molecules which must diffuse away from the interface [118]. Therefore, the

anneal step may take several hours.

The most important considerations for successful wafer bonding are (in order):
(1) the surface roughness and flatness of both chips, (2) the surface chemistry state
of each chip, and (3) the anneal process. Practically, I have found that the initial
weak bonding step is a critical juncture of the process. I use vacuum tweezers to
hold the backside of the III-V chip (face-down) while I bring it into contact with the
silicon chip (face-up). After applying light pressure, I try to lift both chips using the
vacuum tweezers that are still attached to the backside of the III-V chip only. The
weak bonding between the chips should be enough to lift the silicon chip with the
ITI-V chip. If the chips are not weakly attached at this point, no amount of annealing

(temperature or contact pressure) will fix it.

Thermal expansion between silicon and InP is very different, so processing tem-

peratures must be kept below 300°C or so [119; 126]. At these low temperatures,
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’ Step \ Parameters

Prior to wafer bonding | Both chips must be perfectly clean. Multiple pi-
ranha (HoSO4(100%):H202(30%), 1:3) and oxygen
plasma cleans may be required.

Oxygen plasma acti- | Oxford ICP 380: 3min, O, flow at 100 sccm,

vation pressure 10mTorr, RF power 20 W, ICP power
3000 W.

Bonding Bring the chip faces into contact. Apply light pres-
sure.

Anneal Suss SB6L: Apply 220 mbar contact pressure to

the two chips. Temperature changes in two steps:
150 °C for 1h followed by 285°C for 5h. Ambient
air pressure is low-vacuum and is usually less than
1 x 10~*mbar.

Substrate removal: Protect edges of the I1I-V chip by spinning thick
PMMA and melting wax along the sides. Scrape
the wax from the top of the III-V chip with
a razor blade. Remove InP handle in HCI
(HC1(38%):H50, 3:1). This takes about 1 h.

Table C.2: Steps involved in wafer bonding.

annealing may take many hours or days to fully convert weak bonds to covalent
bonds and allow the reaction products to diffuse out of the crystal [122]. We use
vertical outgassing channels (VOCs) to create a location for trapped gasses to accu-
mulate, without damaging the interface, from where they may slowly diffuse out of
the chip [127]. The VOCs used are squares 5pum on a side with a center-to-center

spacing of 20 pm and are patterned and etched at the same time as the other features.

After annealing, the thick InP handle is removed in hydrochloric acid. The InGaAs
p-contact layer serves as an etch stop [128], leaving the epitaxially grown III-V layers
attached to the silicon chip and presenting a smooth surface suitable for further
fabrication. The sides of the III-V chip are protected with wax during this step in

order to prevent the hydrochloric acid from undercutting the etch stop.

Table C.2 details the specific tools used for wafer bonding. Figure C.2 shows the

result of a typical chip after wafer bonding.
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Figure C.2: Typical wafer bonding result.

‘ Step Parameters ‘

Pattern resist Spin AZ 5214E (AZ Electronic Materials) at
2000 RPM for 30s (nominal 2 pm thickness). Bake
on a hotplate at 95°C for 90s. Expose 9s on the
Suss MAG/BAG (25 mW cm™2 at 405nm). Mask
has an 8 um dark (non-implanted) region on top
of each silicon waveguide. Develop in MF CD-26
(Shipley Microposit) for 30s. Hard bake directly
on a hotplate at 115°C for 90s.

Ion implant Leonard Kroko, Inc.: Hydrogen (H™, proton) at
170keV, 5 x 10" cm=2, 7° offset angle.

Table C.3: Steps involved in ion implantation.

C.1.4 Ion implantation

Ion implantation is used to confine electrical current in the III-V to a vertical path
above the silicon waveguide. The implant depth must be chosen carefully to allow
the current to spread outward to the n-contacts.

Implantation is performed by Leonard Kroko, Inc. (Tustin, CA). The chips are
patterned and hard baked before being mailed overnight for the implant. Table C.3

gives the parameters for this process.

After ion implantation, the resist is very gummy and hard to remove. Long solvent
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Non-ion implanted
6.1 pm

Bonded III-V

Silicon device layer
Buried oxide

Si waveguide rib

1.9 pm

Figure C.3: SEM image of an ion-implated device. The dark region of the III-V has
been implanted.

cleans and oxygen plasma are needed to strip the resist.
Figure C.3 shows an SEM image of an ion-implanted device. The image was taken

after all processing steps were completed and the bar was cleaved.

C.1.5 Mesa formation

The ITI-V mesa is formed by wet chemical etching. Three etch steps are needed as
acid etches are selective to the various layers in the III-V stack (table C.8). The p-
contact layer (p-InGaAs) is removed with piranha, the p-InP cladding is removed in
hydrochloric acid, and the undoped InGaAsP quantum wells and strain compensation
layers are removed with piranha [128]. Table C.4 shows the steps used to create the
mesa.

Freshly mixed piranha will be reactive for about 10 min. It is important to mix

new piranha for the final etch step.

C.1.6 Metal contact deposition

Metal contacts are deposited by electron-beam evaporators. The metal stacks are
different for the p- and n-side contacts, though lithography is the same. AZ 5214E is
image-reversed to make a negative impression of the mask with overhanging sidewalls

for easy liftoff. Table C.5 gives the image-reversal photolithography recipe.
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’ Step Parameters ‘

Pattern resist Spin AZ 5214E at 2000 RPM for 60s (nominal
2pm thickness). Bake directly on a hotplate at
95°C for 90s. Expose 9s on the Suss MA6/BAG6
(25mW cm ™2 at 405nm). Mask has a 45 um pro-
tected mesa region on top of each silicon waveg-
uide. Develop in MF CD-26 for 30s. Hard bake
directly on a hotplate at 115°C for 90s.

Etch p-InGaAs Piranha (H2S504(100%):H204(30%):H20O, 5mL:
15mL:40 mL), mixed at room temperature, for 7s.
Pattern resist Remove previous resist in solvent. Spin AZ 5214
with the same parameters as in the first step. Mask
has a 60 pm protected mesa region on top of each
silicon waveguide.

Etch p-InP Hydrochloric acid (38%) at room temperature for
20 s or until bubbles stop forming.

Pattern resist Strip previous resist in solvent. Spin AZ 5214 with
the same parameters. Mask has a 60 pm protected
mesa region on top of each silicon waveguide.
Etch InGaAsP Piranha (same concentration) for 45s.

Table C.4: Steps involved in wet chemical mesa formation.

’ Step Parameters ‘

Spin resist Spin AZ 5214E at 3000 RPM for 45s (nominal
1.6 pm thickness). Bake directly on a hotplate at
110°C for 2 min.

Expose (positive) Expose 2s on the Suss MAG/BA6 (25 mW cm™2 at
405 nm). Mask has a 30 pm dark (metal) region on
top of each silicon waveguide.

Reversal bake Bake directly on a hotplate at 107°C for 2min
to crosslink the exposed areas, hardening them
against the developer. The temperature of this
step is critical.

Expose (all) Flood expose the entire chip (without a mask) for
16s (25mWem™2 at 405nm) to make the non-
crosslinked areas (original mask bright) soluble in
developer.

Develop Develop in MF CD-26 for 30s.

Table C.5: Steps involved in image-reversal lithography for metal contact deposition.



153

’ Metal \ Parameters ‘
Ti Deposit 200 A at 1As™!
Pt Deposit 500 A at 1 As™!
Au Deposit 2500 A at 2A s~ (only 1500 A was de-
posited on the high-Q hybrid lasers)

Table C.6: Metal p-contact deposition recipe. Titanium contacts the p-InGaAs.

’ Metal \ Parameters ‘
Ge Deposit 300 A at 0.5 As™!
Au Deposit 500 A at 1As™?
Ni Deposit 120 A at 1As™?
Au Deposit 2250 A at 2As™!

Table C.7: Metal n-contact deposition recipe. Germanium contacts the n-InP.

The metal contacts themselves are deposited by a CHA Mark 40 or TES Temescal
FC-1800 electron-beam evaporation tool. Recipes are found in tables C.6 and C.7.
Contact resistance is surprisingly low even without annealing (see figure 5.13).
Annealing is usually required to achieve low contact resistance. Some hybrid SI/III-
V devices were annealed in a Jipelec JetFirst-150 rapid thermal annealer at either

325°C or 380°C for 30s, but the IV curve did not change after annealing.

C.1.7 Lapping and cleaving

The silicon handle of completed chips is lapped to a final thickness of around 150 pm.
Thorough cleaning step at this stage is difficult because any chemicals used must be
compatible with all of the various materials on the platform (silicon, III-V, metal,
etc.). Lapping is a dirty process, so the chip surface is protected with PMMA to

prevent contamination by the alumina slurry used for lapping.

After lapping, chips are scribed with a diamond tool using an machine for align-

ment. They are cleaved into bars by hand.
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C.1.8 Anti-reflection coating

An anti-reflection coating is applied to both facets by mounting the cleaved bars in
metal holders. Alumina is deposited on each facet serially using the CHA or TES
e-beam evaporator. The thickness is calculated by 3D reflection simulation for each
particular geometry. Thicknesses tend to be in the 225 to 250 nm range. In the
simulation, the perfect-thickness AR coating would reduce reflections from around
30% to less than 1%, but alumina deposition is difficult and actual thicknesses can

be off by 10% or worse.

C.2 Wafers used

C.2.1 SOI wafers

The SOI wafers were provided to us by Prof. John Bowers’ research group at the
University of California, Santa Barbara. They were originally made by Soitec (Bernin,
France).

Prof. Bowers’ group oxidized the original wafers, reducing the silicon device layer
down to a final thickness of 500 nm. The oxide may be stripped by hydrofluoric acid,
leaving a smooth silicon surface compatible with wafer bonding. Conveniently, the
existing high-quality thermal oxide on the wafer became the spacer layer in the spacer
lasers.

All devices described in this thesis had a buried oxide thickness of 1pm. The
silicon device layer thickness depends on the amount of additional oxide grown on
the chips after the pattern is etched. Device layer thicknesses are given in the chapter

about each device.

C.2.2 III-V wafers

The III-V wafer is custom grown by Archcom Technology, Inc. (Azusa, CA). Table C.8

shows the design used for the I1I-V wafers used in this thesis.
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Name Material Height | Doping Index
(nm) | (cm™3)

Substrate InP n 3.1

Buffer InP 500 | n =1 x 10% 3.1

p-Contact In 55Ga 47 As 200 | p > 1 x 10¥ 3.43

Cladding InP 1500 | p=1 x 10*® 3.1

— 5 x 10Y7

SCL 1.15Q InGaAsP 40 3.33
1.25Q InGaAsP 40 3.3755

QWs x5 InGaAsP 7 3.53

(1% compressive strain) (per well)

QW Barriers x4 InGaAsP 10 3.3755

(3% tensile strain) (per barrier)

SCL 1.25Q InGaAsP 40 3.3755
1.15Q InGaAsP 40 3.33

n-Contact InP 110 [ n =1 x 10'® 3.1

Superlattice (x2) EﬁSGMASMPm ;g n=1x10" 332?

Bonding Layer InP 10 | n=1x 10" 3.1

Silicon Si 3.471

Buried Oxide Si0, 1.462

Table C.8: Active III-V wafer design, with the silicon chip included to easily locate
the bonded interface. The InP substrate and buffer layers are removed by acid to
expose the p-InGaAs surface for processing, noted with a break in the table. The
silicon and buried oxide layers are bonded to the InP wafer, and the bonded interface
is noted with another break in the table.
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