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Abstract

This thesis applies the unique properties of photonic crystals to enhance the perfor-
mance of several III-V optical sources. Emphasis is placed on the primary limitation of using
photonic crystals for III-V optical sources: nonradiative recombination pathways introduced at
the high dielectric contrast interfaces of the photonic crystal. Chapter 1 begins the thesis by pro-
viding a theoretical and historical framework for photonic crystals, and lays the foundation for the
design of the novel optical sources presented in the later chapters. Chapter 2 develops a frame-
work for improving the external efficiency of a semiconductor LED using photonic crystals. The
design, fabrication, and testing of a novel high-efficiency semiconductor LED is described in
detail. To improve coupling to radiation modes without introducing nonradiative surface recom-
bination pathways, a triangular lattice photonic crystal in two-dimensions is etched into the top
layer of an asymmetric InGaP/InGaAs quantum well structure emitting at 980 nm. Enhanced
injection and external efficiency of the LED is demonstrated. Chapter 3 develops methods of lat-
erally steam oxidizing AlAs into Al,O; to form large-area wide stop-band one-dimensional
Al,0O3/GaAs photonic crystals. The mechanical stability of the high-dielectric contrast interface
determines the quality of the photonic crystal and is therefore explored in detail by examining the
AlAs steam oxidation process. The Al,0;/GaAs photonic crystal is integrated with an InP/
InGaAs absorber region and used to self-start ultra-short 35 femtosecond pulses in a Cr**:YAG
laser. Chapter 4 develops the design, fabrication, and testing of a novel low-threshold microcav-
ity laser. Feedback in the microlaser is provided by a one-dimensional photonic crystal embedded
in a ridge-waveguide containing an InGaP/InGaAs quantum well structure emitting at 980 nm.
The rate equations are solved for the microlaser and several models are developed that identify
the key role of nonradiative recombination on the threshold properties of the microlaser. Chapter
5 concludes the thesis and presents several potential pathways for future work.
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Chapter 1. Photonic Crystals from III-V Materials

1.1 Introduction

Photonic devices at telecommunication wavelengths (1.3-1.55 um) require micron
size features (microphotonics). The use of traditional index confinement is useful for certain
aspects of microphotonics, but cannot support the growing diversity of integrated photonic
devices required to generate, sort, filter, combine, detect, and guide optical signals on a chip.
Photonic crystals provide an attractive alternative for microphotonics because they give unique

control otherwise unachievable from conventional index confinement.

In particular, photonic crystals (PCs) constructed from semiconductor materials
provide: 1) a large dielectric contrast, with air or various oxides, enabling small footprints for
microphotonic devices and 2) the ability to integrate electrical devices with microphotonic
devices on the same chip. Furthermore, the use of III-V semiconductor materials provides the
ability to integrate optical sources with passive microphotonic devices on the same chip. It is
therefore worthwhile to explore the enhanced performance of optical sources in III-V materials

using PCs.
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1.2 Introduction to Photonic Crystals

This section discusses the origin of the various properties of PCs. A deep under-
standing of the condensed matter theoretical framework of PCs becomes crucial in the design,

fabrication, and testing of the III-V semiconductor devices described in this thesis.
1.2.1 Photonic Band Structure

Electromagnetic radiation interacts with a material through the dielectric constant
of the material. For instance, waveguiding of light is achieved by surrounding a high-dielectric
material with a lower dielectric material, creating total internal reflection at the dielectric inter-
face. Thé high-dielectric material effectively forms a frequency-dependent potential well for the
photon in an analogous fashion to an electron confined in an electronic potential well (a quantum
well). The minimum energy eigenstate of each system confines the majority of its wavefunction
inside the potential well. It is well known from solid-state physics [1] that a periodic variation in
the electronic “potential wells”, as established by the atoms in a crystal lattice (Figure 1-1a), cre-
ates bands of allowed and forbidden electronic states within a material (Figure 1-1b). The eigen-
states are Bloch waves and are solutions to the Schrodinger equation resulting from the coherent
scattering of an electron from the periodic electronic potential. Analogously, a PC repeats the
optical potential (the dielectric constant) periodically throughout a material (Figure 1-1c). The
coherent scattering of light from the periodic dielectric contrast interfaces creates new types of

optical modes and forbidden frequency ranges or photonic band gaps (PBGs) [Figure 1-1d].
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Figure 1-1. (from [2]) The allowed electronic states of a crystal such as silicon (a) are displayed in a band diagram (b)
that may contain an electronic bandgap (shaded). Analogously,aPCisa periodic arrangement of dielectric (c) that
may create a PBG (shaded in (d)), a range of frequencies in which light cannot propagate through the structure.

1.2.2 The Master Equation

The behavior of electromagnetic radiation in macroscopic media is summarized by

Maxwell’s equations:

VeD = 4mp
vxi-1L _ 47y
c dt c

(EQ 1) VeB =0
(EQ 3 VXE+1§E =0
c ot

(EQ 2)

(EQ 4)
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Assuming a linear, isotropic, and macroscopic material, the displacement field is

related to the electric field by a scalar dielectric constant
D(r, ®) = €(r, ®)E(r, ®). (EQ 5)

Provided the material is lossless and disregarding any frequency dependence of the

dielectric constantl, EQ. 5 becomes
D(r) = e(r)E(r). (EQ 6)

The semiconducting materials discussed hereafter are nonmagnetic so that the
magnetic induction field (B) is equal to the magnetic field (H). Further assuming no free charges

or currents p = J = 0, Maxwell’s equations can now be rewritten in the following simplified

form:
Vee(r)E(r,t) = 0 (EQ7) VeH(r,t) = 0 (EQ 8)
_&(r)E(r, 1) _ 10H(r, t) _ (EQ 10)
VxH(r, t) c Fra 0 (EQ 9) VXE(r, t) + P =0

Any solution to Maxwell’s equations may be formulated from a linear combination

of harmonic modes each with the general form:

E(r,t) = E(r)elmt (EQ 11)

(r,t) = H(l‘)el(Dt (EQ 12)

Substituting EQ. 11 and EQ. 12 into EQ. 7-EQ. 10 eliminates the explicit time

dependence:
Veg(r)E(r) = 0 (EQ 13) VeH(r) = 0 (EQ 14)
H(r) io _ io _
xe(r) - (E(r)) =0 (EQ 15) VXE(r) + c H(r) =0 (EQ 16)

EQ. 13 and EQ. 14 maintain that the direction of propagation of the electromag-
netic waves is transverse to the polarization of both the displacement and the magnetic fields.

Taking the curl of EQ. 15 and substituting EQ. 16 yields a master equation in H(r):

1. areasonable assumption for the optical wavelengths in semiconductors of concern in this thesis
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Vx(%VxH(r)) = (%))2H(r) (EQ17)

EQ. 17 is in many ways similar to the Schrodinger equation in quantum mechanics
[1] since the operator

1
O = Vxe(r)Vx (EQ 18)

is both linear and Hermitian. The difference is that H(r) is a vector whereas ¥(r)
in the Schrodinger equation is a scalar. Directly analogous to quantum mechanics, however, the
eigenvalues are real while the orthogonal, normalizable, eigenfunctions may be obtained by a

variational principle and catalogued according to their symmetry properties [2].
1.2.3 Symmetries of Photonic Crystals

The solutions to EQ. 17 must be Bloch waves since the commutator of ® and the

translation operator is zero [3]:

TRAT) = f(r-R)

o.T -0 (EQ 19)
[ ’ R] -

Bloch wave solutions may be indexed by a wavevector k=(ky kyk,) and written:

o = ¢ On )

hk(r) = hk(r +R) VR

(EQ 20)

The master equation, EQ. 17, may now be reduced even further by eliminating the

plane wave component from the Bloch form in EQ. 20:

. - _ (0k)?
(1k+V)X?r)(1k+V)th(l‘) = (T) hk(l')

5 (EQ 21)
Oyhy (r) = (%k)) hy (r)
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EQ. 21 shows that all the information about each mode is given by the wavevector
k and the periodic function hy (r). The periodic boundary condition given in EQ. 20 allows a
restriction of the eigenvalue problem in EQ. 21 to a single unit cell of the PC. A family of dis-
crete eigenvalues is thereby created for each wavevector k and indexed with a band number n.

lst

The band number indicates that unique solutions for the PC exist only within the 1** Brillouin

zone.

The number of unique solutions is further reduced by examining other symmetries
of the PC besides translational symmetry. If A is a symmetry besides a translation (that is A com-

mutes with ©) and 7 is a translation that is not a symmetry of the PC then

(on(k) = mn(Ak). (EQ 22)

Invariance under time-reversal yields one final symmetry [2]:

(on(k) = (on(—k). (EQ 23)

EQ. 22 and EQ. 23 enable use of a reduced Brillouin zone to describe the band
structure [the (on(k)] for the PC (e.g. Figure 1-1d).

1.2.4 Frequency Domain Calculations

EQ. 17 describes the propagation of light in a material and since Maxwell’s equa-
tions are exact, it is the starting point for calculating the allowed states of a PC. The non-interac-
tion of photons greatly simplifies the calculation of allowed states in a PC as compared to the
allowed electronic states in a periodic electronic potential. The method for calculating the
allowed states of the various PCs presented in this work is done ab-initio (from first principles).
No prior knowledge of the electromagnetic field distribution is necessary to calculate the band-
structure. Inessence, EQ. 21 is a standard eigenvalue equation and the eigenvalues may be solved
for by diagonalizing @k for each wavevector k. Indeed, the calculation need only be performed
over wavevectors K in the reduced Brillouin zone, thanks to the symmetries of EQ. 22 and EQ. 23.
Since the magnetic field must be transverse (EQ. 14), it is appropriate to expand the hnk in a

. ik+G)-r . )
basis of transverse plane-waves: exel( ) , where e, are unit vectors perpendicular to the
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wavevectors k + G . Plane-waves form a particularly useful basis because they are complete, can
be systematically improved upon, in addition to allowing calculation ab-fnitio. The dielectric
function is periodic and therefore may also be expanded in a basis of plane-waves. The photonic
band structure may then be readily calculated by substituting both plane-wave expansions into
EQ. 21 and using one of many techniques available for solving Hermitian eigenvalue problems
[4]. Since a PC is periodic, the computational cell itself need only be the size of the structure’s
unit cell, further simplifying the calculation. It is possible to even further simplify the diagonal-

ization of the operator @k by exploiting representation theory [3].

The number of plane waves (N) used in the expansion of hnk per polarization
must be at least as great as the number of grid points used in the computational cell [4]. The com-
putation time required to diagonalize the operator @k by storing every element of the N x N
matrix, can therefore be substantial especially for large computational cells. A straight-forward
diagonalization is therefore unrealistic for nonperiodic structures where the computational cell
must be larger than just a unit cell (such as for defects in PCs). Instead, a variational approach is

used where each eigenvalue is computed separately by minimizing the functional
h 1 1O fh ). (EQ 24)

The minimum is found by using a conjugate gradient method with precondition-
ing, the details of which are presented in more detail in [4]. Briefly, each eigenvalue is calculated
individually while remaining orthogonal to any previously calculated eigenvalues. The conjugate
gradient method allows for storage of each of the N matrix elements individually, dramatically
reducing the number of iterations until convergence and hence saves computing time. The band
structures of PCs with defects can then be calculated by imposing an artificial periodicity, that is,
choosing a “super-cell” that is repeated in space [5]. The piece-wise continuity of the dielectric
function also requires smoothing algorithms to improve the accuracy of the conjugate gradient

method [4].

To summarize, frequency domain calculations allow one to determine the photonic

band structure for any given PC. In particular, the conjugate gradient plane-wave method pro-
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vides a fast means of determining band structure, even for PCs containing defects. In addition to
the band structure, the polarization, symmetry, and electromagnetic field distributions of each
eigenstate of the PC are determined using the conjugate gradient plane-wave method in the fre-

quency-domain.
1.2.5 Time-Domain Calculations

The temporal response of a PC is determined by discretizing EQ. 9 and EQ. 10 on
a simple cubic lattice so that space-time points are separated by fixed units of time and distance.
The derivatives at each lattice point are calculated using a centered difference with the surround-
ing points, giving rise to standard finite-difference equations. Since the calculation domain is
finite, particular care must be taken to the boundary conditions at the border of the calculation
cell. For this thesis, the boundary conditions used in the calculations presented are either
Berenger’s Perfectly Matched Layer (PML) conditions for 2D calculations, or Mur’s absorbing
boundary conditions for 3D calculations [5]. The equations are then stepped-through in time to
obtain the temporal response of the PC structure.

1.2.6 Scaling PCs

Consider scaling a PC by a factor s so that if s> 1 the PC contracts and if s < 1
the PC expands. EQ. 17 in becomes

Lva(t)| - (&) ().

r
8—
S

VX

r" Since V = sV',

o] v (u(E)| - (29"w(2)

where the scaled coordinate system obeys the mapping r —

page 30 Photonic Crystals from III-V Materials




The eigenstates scale (H(r) —» H(g) ) along with the corresponding eigenvalues
(o— %) ). Therefore, the calculation of a photonic band diagram for a PC structure need only be
done once on an arbitrary length scale; this is reflected in Figure 1-1, where the axes are labeled in
units of an arbitrary lattice constant (a) Scalability to any desired wavelength of operation helps

make PCs attractive for microphotonic applications.
1.2.7 One, Two, and Three Dimensional PCs

One-dimensional (1D) PCs are fairly common. A good example of a 1D PC is the
quarter-wavelength dielectric stacks used as high-reflectivity mirrors in vertical cavity surface-
emitting lasers (VCSELs). Although the index contrast is less than is typical for a PC, distributed
feedback lasers (DFBs) use quarter wavelength gratings to achieve narrow linewidth single mode
lasing [6]. Two-dimensional (2D) PCs consist of a periodicity in the dielectric constant in two
dimensions. Dielectric contrast in the third dimension may be used to confine light within the

two-dimensional periodicity yielding a PC slab (Figure 1-2a). Dielectric confinement may also

|

a b

Figure 1-2. Example of a PC slab (a) with a dielectric periodicity in two-directions and index contrast confines light
in the third (z) direction. Example of a 1D PC where index contrast confines light in the other two (x,z) directions.

be used in two directions to obtain a 1D PC waveguide structure (Figure 1-2b). The structures
shown in Figure 1-2 are planar and thus are feasible using modern fabrication techniques devel-
oped for microelectronic chip fabrication (reactive-ion etching, film deposition, optical lithogra-
phy, etc.). Three dimensional PCs (Figure 1-1c), however, are much more difficult to fabricate

and therefore have less potential for low-cost semiconductor-based photonic devices.
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1.2.8 Physical Origin of PBG

A physical understanding of the origin of the PBG may be obtained by considering
a simple 1D periodicity in the dielectric constant as depicted in Figure 1-3a. The structure is
assumed to be uniform and infinite in the two (x,y) directions orthogonal to the 1D periodicity.
The 1% Brillouin zone for such a structure has a boundary2 atk = g, where a is the lattice con-
stant of the PC. At the boundary of the 1% Brillouin zone, a PBG may appear (given a finite
dielectric contrast) within which electromagnetic radiation is forbidden from propagating (Figure
1-3b). A PBG occurs because there exist two unique electric field distributions that match the
symmetry of the structure’s unit cell about its center. The two field distributions correspond to the
lowest energy state in the upper band and highest energy state in the lower band, located at the
edge of the 1% Brillouin zone. The two field distributions must be orthogonal and to be eigen-

states of the system they must minimize the energy functional:

1 1 2

f = 2(H, H) Je(r)

0]

E - dr3 (EQ 27)

To minimize its variational energy then, inspection of EQ. 27 shows that the lower
band (lower frequency) eigenstates concentrate their electric field intensity in the high-dielectric
region; for this reason the lowest band is sometimes termed the “dielectric band”. The upper band
(high frequency) eigenstates, however, have a significant amount of electric field intensity in the
low-dielectric region. Since the low-dielectric is often air, it is sometimes referred to as the “air
band”. Higher order PBGs will also occur at the edges of the 13! Brillouin zone as more complex
field distributions attempt to minimize the energy functional while simultaneously remaining
orthogonal to lower energy eigenstates. For higher dimensionality PCs (Figure 1-1b) the same

rules apply creating PBGs such as that shown in Figure 1-1d.

2. From time-reversal symmetry the eigenmodes at -k are identical up to a phase shift.

3. Minimizing the energy functional directly relates to minimizing the functional in EQ. 24 [2] and therefore
corresponds to an eigenstate of the system.
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Figure 1-3. a) Schematic demonstrating how two orthogonal eigenstates with wavevector k = g distribute their

electric field intensity differently in a 1D periodic dielectric structure. b) Photonic band diagram (from [2]) showing
PBG in allowed energies for structure in (a).

1.2.9 Defect Modes

Perhaps the most interesting applications of PCs arise by breaking the translational
symmetry of the crystal lattice. Analogous to localized electronic states created by defects in
semiconductor crystal material, localized optical states may be introduced into PCs by creating a
defect in the periodicity [7,8]. For instance, consider a two-dimensional PC consisting of infi-
nitely long dielectric rods surrounded by a lower dielectric material and the corresponding photo-
nic band diagram (Figure 1-4). As the radius of a single dielectric rod decreases (an air defect), a
localized optical state is created within the PBG. The defect state emerges from the top of the
dielectric band because as the rod diameter is reduced some of the electric field intensity that was
within the rod is forced to coincide in the lower dielectric material. Therefore, the energy of the

optical state is slightly higher than the eigenstate at the top of the dielectric band. As the diameter
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of the dielectric rod is reduced even further the defect state sweeps across the PBG. A similar pat-
tern is observed as the dielectric radius is increased (a dielectric defect). An isolated defect state
emerges from the bottom of the air band and sweeps across the PBG towards lower frequencies as
the radius of the rod decreases and more and more of the electric field intensity near the defect is

forced to overlap the high dielectric.

K

Frequency (wa/2rc)

Figure 1-4. (from [2]) A defect introduced into the periodicity of a PC creates states within the PBG Adding or
removing dielectric determines the symmetry of the state. The size of the defect determines the frequency of the
state.

1.3 History of PCs
1.3.1 Early Development

The idea that a material containing a dielectric periodicity in three dimensions may
yield a complete PBG that forbids the propagation of certain frequency light in any direction was
first proposed in 1987 [9,10]. It was believed that such a structure could be useful for semicon-
ductor lasers, solar cells, or even heterojunction bipolar transistors where spontaneous emission
into unwanted optical modes limits device performance; the dielectric periodicity could be
designed so that the unwanted optical modes are eliminated within a certain range of frequencies

corresponding to the PBG.

Ever since the work of Purcell [11] it has been realized that the rate of spontaneous

emission can be controlled by modifying the radiation field surrounding an optical source (such as
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an atom), thereby altering the atom-field coupling or the density of allowed optical states. Indeed,
work with microwave cavities experimentally demonstrated inhibited spontaneous emission [12].
It was well established that a dielectric stack consisting of alternating layers of high and low
dielectric material with quarter-wavelength thicknesses creates “stop-bands” for light at normal or
near normal incidence within certain frequency ranges, a concept used for DFB semiconductor
lasers, VCSELSs, and various interference coatings. Analogously, it was believed that there may
exist a 3D periodic structure with a lattice constant on the order of half the wavelength of light in
the material that opens a complete 3D PBG. An optical source whose emission frequency lies
within the PBG should then experience inhibited spontaneous emission because of the reduced

density of allowed optical states.

Initial work involved searching both experimentally and theoretically for 3D struc-
tures possessing a stop band [13-15] in all directions and climaxed with the first discovery of a PC
with a complete PBG [16]. Many papers were subsequently published in the past decade detailing
new 3D PBG structures and corresponding fabrication techniques. The minimum feature size of
each PC is on the order of half the wavelength of light. Therefore, most of the initial experimental

work on 3D PCs was performed at microwave frequencies for ease of fabrication.
1.3.2 Recent Progress

The use of 3D PCs for integrated optical devices at telecommunication wave-
lengths (1.3-1.55 pum) requires minimum features sizes on the order of hundreds of nanometers;
the construction of a 3D PC with such feature sizes has proven difficult and therefore the more
interesting applications of PCs are in one and two dimensions. Recent work at telecommunica-
tion wavelengths has explored PC waveguides created by introducing line defects in 2D PCs [17-
20], 2D PC lasers [21,22], microcavity filters [23], PC fibers[24-26], and 2D add-drop multiplex-

ers\demultiplexers [27].
1.3.3 Future Trends

An extensive amount of theoretical and experimental work has been performed

throughout the past decade exploring novel 3D PC structures that possess a complete 3D PBG and
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corresponding fabrication techniques [28-30]. Until difficulties in fabricating 3D PC devices are
overcome, the next generation of PC research will focus on device applications and implementa-
tion of microphotonics devices using 1D and 2D PCs. The continuous symmetry in one or more
directions for lower dimensionality PCs introduces complications to device design otherwise
absent in a perfect 3D PC. It is the interaction of a PC with its surroundings (in particular radia-
tion modes that propagate away from the PC) that has become more important in terms of func-
tionality than the specific design of the PC itself. For example, it is now well-established that
linear defect waveguides may exist in a PC, but efficient input and output coupling of light from

the waveguides has proven extremely challenging [31].

1.4 Enhanced Optical Sources Using PCs

Most of the work over the past decade on PCs has dealt with passive devices such
as waveguides and filters. This thesis explores the use of PCs in enhancing the performance of
light-sources based in III-V semiconductor materials. In particular, a PC (Figure 1-2a) is used to
~ enhance the brightness of a light-emitting diode (LED). A large area PC is developed as part of a
saturable Bragg reflector (SBR). Finally, a PC embedded in a waveguide (Figure 1-4b) is
explored for use as an integrated ultra-low threshold microcavity laser with potential application

to high-speed on-chip interconnection.

The goal of this thesis is to design, fabricate, and characterize the high-brightness
LED, the large area SBR, and the microcavity laser; to do this more general problems concerning
the use of PCs with active material are explained. For instance, the competition between radiative
and nonradiative processes such as surface recombination is of central importance to the fabrica-
tion of any PC light source. Throughout the exploration of the PC devices presented in this work,

several additional applications of PCs to microphotonics are discovered and investigated.
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Chapter 2. The Two-Dimensional PC Semiconductor Light
Emitting Diode

2.1 Semiconductor LED Efficiency

The total conversion efficiency of a light-emitting diode (LED) is given by the

expression:
n=nn"N,- (EQ 28)

where M ; is the injection efficiency, c is the radiative efficiency, and Ne is the extraction effi-
ciency. Semiconductor LEDs have the potential to be low-cost and long-lifetime solid-state light-
ing sources for applications as varied as room lighting to flat panel displays [32]. LEDs are also
used in short-range telecommunication systems and may be desirable for optical interconnects in
future optoelectronic systems [33, 123]. The interest in semiconductor LEDs as light sources
stems in large part from their high injection and radiative efficiencies. That is, most of the cur-

rent injected in a semiconductor LED generates photons rather than, for instance, generating heat
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which unnecessarily wastes power. Unfortunately, most of the light emitted from a semiconduc-
tor LED is lost to planar guided modes propagating within the high dielectric material, where it
may be reabsorbed, resulting in a low external efficiency (Figure 2-1a). The goal of Chapter 2 is
to explore all methods of using a 2D PC to enhance light extraction from a semiconductor LED

(Figure 2-1b) [34].

Low External Efficiency High External Efficiency

a b

Figure 2-1. a) Total internal reflection causes reabsorption of emitted light. b) Periodicity in the dielectric constant increases
LED efficiency.

2.1.1 Injection Efficiency

The injection efficiency for an electrically-pumped LED is the number of carriers
that recombine in the active region relative to the total number of carriers injected into the device.
Testing of LED designs often utilizes optical pumping of the active material to avoid lossy electri-
cal contacts that may absorb significant amounts of the emission. For an optically-pumped LED,
the injection efficiency is the number of photons that generate carriers relative to the total number
of photons incident on the device. Different semiconductor LED designs may have different
injection efficiencies. Therefore, in measuring LED performance by optical pumping it is impor-
tant to account for effects on the injection efficiency. Since efficient electrical injection of carri-
ers is typically used for LED devices in practice, the effect on n; should be normalized out when

exploring novel LED designs by optical pumping.
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2.1.2 Radiative Efficiency

The radiative efficiency may be written in terms of the radiative and nonradiative

recombination rates:

(EQ 29)

where 1 ; and T, are the characteristic radiative and nonradiative recombination times that may
each be subdivided into several different mechanisms. For the context of an LED, the component
of Tl due to stimulated emission is negligible and emission into all modes may be considered
sponlianeous. The irreversible spontaneous emission rate at a position r in a weakly-interacting

system is given by Fermi’s Golden Rule [35]:
2
I(r) = 2% -E(r)) p(w) Ea )

where d is the electric dipole moment of the transition, E(r) is the local zero-point rms electric
field, and p(®) is the density of electromagnetic modes. Inspection of EQ. 30 shows that emis-
sion may be inhibited/enhanced by minimizing/maximizing the dipole matrix element

((d-E(r))) orby decreasing/increasing the density of available optical states [p(m) ].

The spontaneous emission rate may be modified when emitting into a resonant
optical mode, such as an optical cavity. Indeed, the maximum possible emission rate enhance-

ment over that of bulk material is [35]:

I _ 3Q(k/n)3

r‘0 41t2n3V

(EQ 31)

where Q = ® o/ (A®) is the quality factor of the resonance, n is the index of refraction of the

semiconductor, and V is the effective volume of the mode. EQ. 31 is called the Purcell enhance-
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ment [11], and is particularly useful for enhancing emission from narrow linewidth emitters in
microcavities. However, even semiconductors with high-quality quantum wells have broad emis-
sion linewidths at room-temperature and therefore the Q in EQ. 31 needs to be replaced by the
material quality factor Q , which is typically much smaller. The exact value of the Purcell

enhancement for a semiconductor quantum well is [36]:

3
E = 3——ng(%/“) (EQ 32)
I‘o

161tn3V
where g is the degeneracy of the resonant optical mode. Therefore, the potential Purcell enhance-
ment of M r is typically small for a semiconductor LED. Even considering the smallest possible

semiconductor cavity (V = 2(A/ 2n)3 ) and = 10 for an InGaAs quantum well, the enhance-

m
ment is only ~2.5 (5 if both degenerate polarizations are included) [37].

2.1.3 Extraction Efficiency

The extraction efficiency is the number of photons that escape from the semicon-
ductor LED into radiation modes relative to the total number of photons generated. Recall, that
the primary reason for poor extraction efficiency in a semiconductor LED is reabsorption of the
emitted light due to total internal reflection at the dielectric interfaces (Figure 2-1a). Reabsorp-
tion may not always translate to loss, however, as it may generate additional electron-hole pairs
that recombine radiatively, a process called “photon-recycling.” In theory then, if the radiative
efficiency is equal to unity and no other parasitic absorption exists, then all photons are recycled
and eventually extracted from the LED, no matter how poor the extraction efficiency. In most
semiconductor LEDs, however, a finite nonradiative recombination rate exists. Even semicon-
ductor LEDs fabricated from the highest-quality material, that intentionally use “photon-recy-
cling” to achieve conversion efficiencies of 72%, are very susceptible to parasitic losses such as

free carrier absorption [38].

page 40 The Two-Dimensional PC Semiconductor Light Emitting Diode




2.1.4 LED Figure of Merit

Clearly, neither the radiative nor the extraction efficiency by itself is sufficient to
fully measure the performance of a semiconductor LED. Rather, a more appropriate figure of

merit is to couple the two together and define an external efficiency,

MNext = Zmrme, (EQ 33)
N
where N is the number of modes available to the emitting active region, 1i . is the partial radiative

efficiency into the i mode, and i o 1s the extraction efficiency of the i mode.

To fully characterize a semiconductor LED then, the relative rates of electron-hole
recombination, photon extraction, and photon reabsorption must be compared. An electron-hole
pair generated in a semiconductor LED that recombines radiatively may either emit a photon
directly into a free space mode or emit a photon into any other available mode in the high-dielec-
tric semiconductor material. The former are extracted from the LED as useful light output, while
the latter may either be extracted, recycled, or lost to any parasitic absorption mechanism, such as
free carrier absorption. It is helpful then to rewrite EQ. 33 in terms of free and non-free space

modes, so that the external efficiency for a LED becomes:

TL + %Pi
n.., = fr 1 (EQ 34)
ext 1 1 ’ 1
— + —(Pi +A i) + —
Tr Y Tar

where 1 is the emission rate into free-space modes, ’tl is the emission rate into the i™® non-free
space mglae, 'cl is the nonradiative recombination ratei, and Pi and A'i are the probabilities of
extraction and rﬁg.rasitic absorption, respectively. The extraction efficiency of free space modes is
assumed to be unity even though a small percentage of light is reflected at the interface between
the dielectric and the free space. Even with such reflections, eventually, light emitted into free
space modes is extracted and very little is absorbed. Notice that a photon-recycling rate term does

not appear in the denominator since its net contribution to electron-hole recombination is zero.!
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Since it is often the case that a single dominant non-free space mode (such as a guided mode) lim-

its external efficiency, EQ. 34 is rewritten for sake of clarity as

TL x 1 o 1 x P
Mext = T 7 b Tt T —— = nifn T 4 nONnNON; eq 5,
— + P+A)+— —+—P+A)+—
Ttr  Tnon nr “fr  ‘non Tar

EQ. 34 can easily be extended for multiple non-free space modes.
2.1.5 Semiconductor LED Design

As stated in Section 2.1.2, the Purcell enhancement of the emission rate is small
for semiconductor LEDs because of the broad emission linewidth of quantum wells at room tem-
perature. However, the emission rate into a non-free space mode may be much higher than the
emission rate into free space. For instance, for the standard dielectric-slab semiconductor LED
shown in Figure 2-1a, the majority of radiative recombination emits into guided modes for which

the extraction efficiencies are all zero because of total internal reflection. Therefore, in designing

non
(5]

into multiple non-free space modes are com-

a high-efficiency semiconductor LED it is important to maximize the extraction efficiency n

non

of the dominant non-free space mode. If the n;

parable, all the ngon should be maximized.

The leakage rate of the dominant non-free space mode in EQ. 35 into free space
modes is 2ny , where Vv is the photon frequency and Q is the modal quality factor. The absorp-
tion rate is vgl"(oc +a’), where v g = c/n g is the group velocity, n o is the group index of the
modes [6], ¢ is the speed of light in vacuum, I" is the overlap of the non-free space mode with the

active region, o is the band-to-band absorption coefficient per unit centimeter, and o.” is the total

1. Photon recycling actually lowers the probabilities of both extraction and parasitic absorption.
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parasitic absorption coefficient per unit centimeter. Using EQ. 35 then, the extraction efficiency

for any non-free space mode may be written using the relative rates of extraction and absorption:

Extraction Efficiency: Non-Free Space Mode

2nv
ngon =5 Q (EQ 36)
—g—v + ng(a +a’)

If non-free space modes are available in the semiconductor LED, a high-efficiency
design attempts to maximize the extraction efficiency through EQ. 36 by reducing the modal Q to

satisfy the condition:

\Y%
ng a

2Vnv

(a+a’)«1 (EQ 37)

\Y%
where the modal overlap is approximated as I" = va where V a and V are the active and modal

volumes, respectively. If the modal Q drops below the material Q, however, a reduced emission
rate into the non-free space mode results (EQ. 32) in a lower external efficiency. EQ. 36 also
states that a high-efficiency semiconductor LED minimizes the overlap between the non-free

space modes and the active material to prevent reabsorption.2

Minimizing I, however, will also
reduce the dipole matrix element in Fermi’s golden rule (EQ. 30). Therefore, a high-efficiency
semiconductor LED design compromises emission rate and photon reabsorption. Calculations

have been performed that lead to the conclusion of an optimal Q of [39]:

Q-Qpaterial’ (EQ 38)

[())
material™ ZEO) and ® o and A® are the center frequency and full-width half-maximum

of the emitter respectively. A maximum Q is desirable for narrow linewidth emitters (e.g

where Q

Er>*emitters [40]) and a maximum I if photon reabsorption is weak (e.g. certain organic emitters

[39]). However, a semiconductor LED needs to be designed more carefully using EQ. 37 and EQ.

2. Situations do arise in which a maximum overlap with the active region is desired, an example of which is the low-threshold
microcavity laser to be discussed in Chapter 4. Indeed, a high-Q is also desirable for the low-threshold microcavity laser to maxi-

mize the spontaneous emission rate and potentially increase the modulation rate.
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38. Creating a high extraction efficiency non-free space mode using PCs will be explored in Sec-

tion 2.2.4.

Another method of maximizing the external efficiency is to eliminate the existence
of any non-free space modes (i.e. n?on = 0). In this case, the primary figure of merit to con-

sider is the radiative efficiency nfr.

Figure of Merit: Only Free Space Modes

(EQ 39)

Elimination of non-free space modes using PCs will be explored in Section 2.2.2 and Section

22.3.
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2.1.6 Previous Attempted Solutions

Truncated
Inverted
Surface Pyramid
Resonant Tg‘{fsptf:f:‘ Texturing  (32.6%)
cavity o (3 1%) .
@7%) (30%)

Figure of Merit: External Efficiency
|

Dielectric Slab
(2.5%)

Figure 2-2. Past improvements on semiconductor LED external efficiency. For sake of comparison, the numbers plotted are
“bare” external efficiencies which do not include any form of lens encapsulant.

Ever since the first demonstration of a practical semiconductor LED [41], several
improvements have been made to enhance the external efficiency as summarized in Figure 2-2.
By placing the emitter inside a microcavity, the number of optical modes may be limited to a set
of resonant modes that couple light out of the device with maximum reported external efficiencies
of 27% [41]. Microcavities are high-Q devices, however, and that limits the achievable extraction
efficiency for semiconductor LEDs. In addition, the enhanced frequencies are limited to only the
cavity resonances [43]. Semiconductor LEDs employing thick (albeit costly) transparent semi-
conductor layers have been optimized to gain external efficiencies as high as 30% [44]. Surface
texturing is a promising technique for infrared semiconductor LEDs, with 31% demonstrated
external efficiency. But surface texturing requires a relatively long free path before photons
escape, which may be a problem for shorter wavelength visible LEDs that have more significant
photon reabsorption [45]. Another costly approach used since the 1960s is to use chip-shaping
technology (such as semiconductor domes [46, 49] and other shapes [48]) that help direct the

emitted light out of the semiconductor. Recently, a more cost-effective approach using a trun-
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cated-inverted-pyramid produced an external efficiency of 32.6% [49]. In addition, several
groups have considered surface-plasmon-enhanced LEDs usiﬁg periodically patterned metallic

contacts, although no external efficiency data has been reported [50,51].

During the author’s doctoral work, several other research groups began to simulta-
neously explore PCs as a method of increasing the external efficiency of semiconductor LEDs
[36, 52-55]. In general, most groups report an “enhancement factor” by comparing the photolu-
minescence (PL) from an unpatterned device to that of a patterned device. In [52], a 10 times
enhancement is reported from a 2D array of semiconductor microcolumns. In [53], a 6.25
enhancement is reported by using separate photon generation and PC light extraction regions. In
[54], an enhancement factor of 4.5 is reported using a hexagonal pattern of holes as the PC. How-
ever, it is not clear if these observed enhancement factors directly correspond to an enhancement
of external efficiencies. To determine the exact effect of the PC on external efficiency, it is not
sufficient to simply compare the PL of the unpatterned reference structure to that of the PC struc-
ture. The PC LED and the unpatterned reference LED structures may have different injection

efficiencies in addition to different radiative and extraction efficiencies.

In this work, the contributions of each injection and radiative efficiency are care-
fully separated from EQ. 28 while testing the devices in order to extract the true external effi-
ciency of the semiconductor PC LED. Only then may a comparison be made to the alternative

methods presented in Figure 2-2.

2.2 PCs for Semiconductor LEDs

PCs are used to design high-efficiency LEDs according to the guiding design prin-
ciples presented in Section 2.1.5. PC LEDs have several additional important advantages that are
worth considering especially from a cost-effective manufacturing point of view. First and fore-

most, the design may be scaled to any wavelength of operation simply using the scaling principles

~discussed in Section 1.2.6. In principle, the photonic band diagram only needs to be calculated

once and may be applied to any wavelength of LED operation. The only limitation to the wave-
length of operation is technological constraints on the fabrication at smaller wavelength dimen-

sions. PCs also enable control over the directionality of the LED output, a useful characteristic for
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interconnecting the PC LED with other optical components or directional display technology. PC
LEDs may also enable rate-enhancement when using narrow-bandwidth emitters and therefore
may operate at fast-modulation speeds. Finally, PCs are cost-effective in that they may be incor-
porated into any planar semiconductor LED design without dramatically increasing the cost of

manufacturing.

2.2.1 Radiation States and Guided States
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Figure 2-3. a) Dispersion relation along any direction in a dielectric slab. b) The effect of a periodicity in the dielectric constant
on the disperison relation.

Semiconductor LEDs typically consist of a slab of high-dielectric semiconducting
material such as AlGaAs or InGaAsP sometimes embedded with several quantum wells. A PC
modifies the dispersion relation for a slab of dielectric material by opening several pathways to
improve light extraction from an LED. Figure 2-3a shows light propagating in any direction in a
slab of dielectric material® surrounded by some medium of lower dielectric constant (e.g air or
oxide). The corresponding dispersion relation is also plotted in Figure 2-3a in units of 1 , Where

a
a is the unit cell repeat distance, or lattice constant, for the structure to be discussed in reference

3. A 1D scenario is presented for sake of clarity, but the conclusions drawn carry over easily into higher dimensionality.
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to Figure 2-3b. For the simple slab scenario, there exist two types of optical modes, guided modes

and radiation modes, separated by the “light-line:”

o = cko. /5, (EQ 40)

where kg is the wavevector of light in vacuum with frequency ® and €, is the low-dielectric

medium surrounding the LED slab.

The system has mirror symmetry about the plane parallel to the center of the
dielectric slab. Therefore, there exist two irreducible representations of the eigenstates corre-
sponding to transverse electric (TE) and transverse magnetic (IM) modes; TE/TM modes have

their electric/magnetic field polarized in the plane of the dielectric slab. The guided modes are

solutions to the transcendental equations:

TE Modes TM Modes
€ 2
2k /BZ K2 21&(8_2)/\/(3 —€1k02)
tan(k d) = —= (B —#1ko) €aan tan(k,d) = L ,  (EQ42)
(k. d) 5 (2 2
ki—(B —811(02) kl—(s—)(ﬁ —€1ko)

where [} is the in-plane propagation wavevector of the guided mode, €, is the dielectric constant of
the surrounding medium, €, is the dielectric constant of the slab, and k, is the wavevector per-
pendicular to the plane of the slab. Again, the solutions are eigenstates of the system that mini-
mize the variational energy by confining their energy within the high-dielectric region while

remaining orthogonal to lower energy eigenstates (see Section 1.2.4).

The solutions to EQ. 41 and EQ. 42 become imaginary when for a given frequency
B <k je_1 = %), which corresponds to the light line of the surrounding medium (EQ. 40). Thus,
above the light line there are no guided modes but rather a continuum of radiation states. The
radiation states cannot couple to guided states because of a phase mismatch; the tangential
wavevector must be equal across the interface between the slab and the surrounding medium [56].
As aresult, only light at a given frequency emitted in directions within the light line (or light cone

for all directions in the 2D slab) will escape from the dielectric slab.
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Therefore, using EQ. 34 and ignoring photon recycling so that all guided light is
assumed to be parasitically absorbed (A = 1), a lower limit on the external efficiency of the

semiconductor slab may be written:

_ 1
Mext = — > (EQ 43)

T
1+-2
Ter

where 1/1 g is the emission rate into guided states, and the active material is assumed to be of
high-quality so that non-radiative recombination may be neglected. The relative fraction t g/‘cfr
of the partial radiative emission rates is given by the fraction of emission into 47 steradians that
falls within the light cone, 1/ (2(n1/n2)2) , where here both sides of the slab are being included
in the external efficiency. For an index of refraction of n = 3.5 (typical for a semiconductor),
and a surrounding medium of air (n2 = 1), the external efficiency of the semiconductor slab is
only about 4%. The low external efficiency of the slab is due to the large partial emission rate
into guided slab modes relative to radiation states. If one were to include photon recycling the
external efficiency would rise slightly and the parasitic absorption probability would be less than

one.

A PC may be used to enhance the extraction of light from a semiconductor slab
LED by: 1) eliminating guided modes in the plane of the dielectric slab with a PBG, 2) diffracting
light into the radiation continuum, or 3) creating phase-matched (or “leaky”) resonant states in the
plane of the dielectric slab. A PC may also be used to create a cavity where a resonant mode effi-
ciently couples light to radiation. The high Q cavity, however, results in a low figure of merit
according to EQ. 36 and is therefore not an attractive use of PCs for high-efficiency semiconduc-

tor LEDs.
2.2.2 Elimination of Guided Modes with PBG

The folding of the dispersion relation for guided modes at the edge of the 1% Bril-
louin zone (Figure 2-3b) due to the PC may create a PBG for guided modes (see Section 1.2.8).

By designing the PC such that the lattice constant (a) is on the order of the wavelength of light
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emitted from the LED, the PBG may be made to overlap the emission spectrum. Since no guided
modes are available within the PBG, emitted light is forced to couple to fadiation states potentially
leading to higher external efficiencies [34].4 Photon recycling and parasitic absorption need not
be considered for the case of the PBG provided the thickness of the slab is greater than their
respective absorption lengths. An examination of EQ. 34, leads to a conclusion of 100% external
efficiency when the emission spectrum lies within the PBG. However, the external efficiency is
limited by nonradiative recombination. As discussed in Section 2.1.5, the figure of merit for the
PBG LED should be the radiative efficiency, which for only free-space modes is equivalent to the

external efficiency

_ 1
=0 (EQ 449)
1+£

Tl’ll’

Next

The external efficiency is therefore entirely determined by the competition between radiative and
nonradiative processes. The expected enhancement relative to a dielectric slab is given by the

ratio of the corresp'onding extraction efficiencies (EQ. 43 and EQ. 44):

Photonic Band Gap Enhancement

T
1+ T_fr
E- — & (EQ 45)

T
1+£

Tl‘ll‘

2.2.3 Elimination of Guided Modes at High Frequencies

As was seen in Section 2.2.1, by calculating the dielectric modes of a semiconduc-
tor slab, the coupling of guided states to radiation states is forbidden due to a phase mismatch of

the tangential wavevector at the interface between the dielectric slab and the surrounding low-

4. Here it is implied that a sufficient overlap exists between the zero-point field intensity of the radiation states above the light-
cone and the active material so that the dipole matrix element in EQ. 30 is non-zero. Otherwise, no modes are available and emis-
sion will be completely suppressed.
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dielectric medium. However, large wavevector photons emitted in the plane of the PC are Bragg

scattered into the continuum of radiation modes by satisfying the phase-matching condition

(ﬁ—k') =G (EQ 46)

where k” is the component of k, parallel to the plane of the dielectric slab and G is a reciprocal
lattice vector. EQ. 46 amounts to a folding of the light cone at the edge of the 1% Brillouin zone
(Figure 2-3b), creating a frequency cutoff above which only radiation states exist. Since only
radiation modes exist, the external efficiency for a PC LED with an emission spectrum above the

frequency cutoff is given by

1

T
1+ﬁ

TIII'

Next = Q47

where as in the case for the emission spectrum of the LED in the PBG the external efficiency is
determined entirely by the radiative efficiency. The enhancement in external efficiency is then
again given by:

Enhancement Above Upper Frequency cutoff

T
1+ T_fr
E= — & (EQ 48)

T
1+£

an

2.2.4 Extraction through PC Resonant States

The diffraction condition (EQ. 46) is also satisfied by folding guided modes at the
edge of the 1% Brillouin zone (Figure 2-3b) to create resonances that exist above the light line.
The resonant states may be “leaky” (finite Q) depending on the symmetry of the state. In general,
the amount of light coupling between the resonant state in the slab which may be written as
Egn) = &fEg(rfe ® P

to:

, and the free space modes E(l‘)fr = éfr‘Efr|el(k'r) , is proportional
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IE* B(r) . E(r)frdV (EQ49)
\%

where e is a unit vector that gives the polarization, and V is the volume over which the modes are
coupling. Note that if B does not equal k, then the integral in EQ. 49 goes to zero and coupling
cannot occur; the periodicity in the PC enables such phase-matching (EQ. 46). The integral also
goes to zero if the resonant states do not have the same irreducible representation (the same sym-
metry) as that of the radiation states [57, 58]. A particularly useful case to consider is the
enhancement of light extracted into the vertical direction through a guided resonance at the I'-

point in the 1% Brillouin zone [59].

The external efficiency when the material emission overlaps a leaky resonant state

(denoted by the subscript “Ir”) is given by:

T
1 +£1’] Ir
Tr ©
MNext = Tf — (EQ 50)
1+ —r(nér+A') i
e Tar

where 'nér is the extraction efficiency of the leaky mode (EQ. 36). The enhancement factor rela-

tive to the unpatterned dielectric slab becomes:

Enhancement From Leaky Resonant Modes

T T
[1_'_ frnlr}[“_ fr}
T € T
r g

= . - (EQ51)
1+ if(néu A') + iy
Yr Tar

2.3 Two-Dimensional Slab PCs

Any periodic dielectric contrast may be used to improve the extraction efficiency
from a semiconductor dielectric slab LED. In general, 2D periodicities are preferred because of

simplicity in fabrication relative to 3D structures and the higher order of symmetry relative to 1D
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lattices. There is a large number of potential 2D lattices that may be chosen. This section
describes the reasoning behind using a triangular lattice PC for a high-efficiency semiconductor

LED.
2.3.1 The Triangular Lattice PC

Discrete periodicities, such as a square lattice of dielectric posts, yield PBGs only
for transverse magnetic (TM) polarizations (Figure 2-4a); the physical reason being that the low-
est energy band of optical states (the dielectric band) for the TE polarization has a low filling fac-
tor defined as

J;, E(r) D(r)d’r
) [ E() - D(r)d’r '

(EQ 52)

The filling factor describes the extent that the displacement field is concentrated inside the high-
dielectric regions and hence, from EQ. 27, determines the energy of the optical state. For a square
lattice of discrete dielectric posts, the transverse electric (TE) displacement field lines must be
continuous and are forced to intersect the low-dielectric medium separating the posts, thereby
reducing f and increasing the energy and the frequency of the dielectric band. The air-band con-
centrates itself in the lower dielectric region (low value of f) as well. Therefore, the two bands are
too close to each other in energy to allow a PBG for the TE polarization. For the TM polarization,
however, a PBG is possible with a discrete structure because of a large difference in f between the
dielectric band and the air band. Conversely, connecting the posts to form a square weave pattern

(Figure 2-4b) allows the displacement field lines to be continuous within the high-dielectric inside
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the plane of periodicity. A PBG for the TE polarization is therefore possible with a connected

structure.

Frequency (wa/2ac)

Frequency (waf2ae)

. .

Figure 2-4. (from [2]) a) A square lattice of discrete dielectric posts allows for PBGs for TM polarizations but not for TE
polarizations. b) A connected square weave pattern allows for PBGs for TE polarizations but not for TM polarizations.

By compromising the ratio of the lattice constant to the hole radius Gl) , the hexag-
onal PC lattice (Figure 2-5a) can exhibit some extent of both connectivity and discreteness yield-
ing a complete PBG for both polarizations (Figure 2-5b). The generic PC used consists of a
triangular lattice of air holes of diameter (d) and hole spacing or lattice constant (a), embedded
within a high-dielectric semiconductor. Air holes are used rather than rods to allow for more

active material within the semiconductor slab per unit area.
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Figure 2-5. (from [2]) a) Generic PC consisting of a triangular lattice of air holes in high-dielectric semiconductor. b) Calculated
photonic band diagram for PC in (a) extruded infinitely in the z-direction with r=0.35a (inset: the Brillouin zone and reduced
Brillouin zone (shaded) along with the real space orientation of the triangular PC.

The second reason for using triangular lattice PCs for high-efficiency semiconduc-
tor LEDs stems from the high order of rotational symmetry in the system leading to: 1) an
increased density of resonant optical states available for diffracting light out of the plane of sym-
metry and a subsequent increase in the partial rate of emission into those leaky resonant states,
and 2) an increased directionality in the emission. The density of states is inversely proportional
to 1/(Vpw(k)). The slope of each band of optical states approaches zero near points of high
symmetry in the 1% Brillouin zone, such as the I'-point, corresponding to the vertical direction
(normal to the plane of periodicity). Therefore, as the number of optical bands folded back to the
I-point that overlap the emission spectrum increases, the density of states increases. The higher
the order of rotational symmetry, the more points in the 1% Brillouin zone at which optical bands
are folded back to the I'-point. Therefore, a triangular lattice is used in the LED design rather

than a square lattice such as that shown in Figure 2-4a.”

5. An even higher density of states may be possible using quasicrystalline structures. However, the emission rate is still limited by
the broad material quality factor for semiconductors (see Section 2.1.2).
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2.3.2 Mirror Symmetry: TE-like and TM-like Solutions

When the generic 2D PC shown in Figure 2-5 is truncated to form a semiconductor
slab of finite height in the z-direction, a light-line is introduced separating guided states from radi-
ation states (see Section 2.2). The LED slab must be relatively thin so that higher-order guided
modes are not introduced that result in additional pathways through which light may be parasiti-
cally absorbed. However, the slab must be thick enough to provide sufficient electron confine-
ment in the active material (typically a quantum well located at the center of the semiconductor
slab). A thickness on the order of %1 is optimal which for a semiconductor LED and for optical
fiber telecommunication wavelengths is approximately 200 nm. Since the slab LED is so thin, it
must be placed on a thicker substrate for physical strength. The introduction of a substrate, how-
ever, removes the mirror symmetry from the LED slab. Therefore, the optical modes may no
longer be classified in a strict formalism as purely TE (TM), but rather TE-like (TM-like), in the
sense that the majority (above some predetermined threshold) of the electric (magnetic) field is

polarized in the plane of the LED slab.
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2.4 Materials Design

A TII-V semiconductor material system is chosen for the high-efficiency PC LED
to maximize the radiative efficiency of the active region. The active material needs to be epitaxi-
ally-grown and lattice-matched to a high-dielectric III-V substrate (GaAs or InP) for sufficiently
high radiative efficiency. If the thin generic PC slab shown in Figure 2-5 were to be placed
directly on the high-dielectric substrate, then the majority of emitted light would be lost to guided
modes in the substrate. Therefore, a lower dielectric material is required to separate the active
region from the substrate. Since radiation modes exist in both the air above the PC slab and in the
underlying low-dielectric, a low loss mirror would be beneficial to reflect downward propagating
light into the forward direction for maximum brightness. One possibility is to separately grow the
active region and the low loss mirror and then wafer bond them together. However, wafer bond-
ing may degrade the quality of the active region leading to poorer radiative efficiency. Therefore,
a more attractive solution is to epitaxially grow and process the entire structure without the need

for wafer bonding.
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2.4.1 Generic High-Efficiency PC LED Structure

Triangular lattice
photonic crystal

Quantum Well

Low-dielectric
spacer layer

Distributed
Bragg —_—
Reflector

Substrate

Figure 2-6. a) High-Efficiency PC LED generic design

The chosen generic PC LED structure (Figure 2-6) consists of a quantum well
active region, a low-dielectric spacer layer, a low-loss distributed bragg reflector (DBR), and a
substrate. A quantum well is chosen because it emits primarily TE radiation [6]. The TM-like
PBG closes because of the low-dielectric spacer layer and the absence of mirror symmetry. The
TE-like PBG remaiﬁs large enough however to eliminate guided TE-like modes (see
Section 2.3.1). The entire LED structure lies on top of a high-dielectric substrate. A DBR con-
sisting of alternating high and low dielectric layers of quarter-wavelength thickness is placed
beneath the active region to avoid loss of emitted light to the substrate. The DBR is in essence a
PC in 1D with a PBG encompassing the emission spectrum. DBRs are commonly used for
VCSELSs and strongly reflect light at normal or near-normal incidence [6]. The DBR is separated
from the active region of the LED structure by a low-dielectric spacer layer. The purpose of the
low-dielectric spacer layer is to avoid loss of emitted light to the high-dielectric layers within the

DBR.
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2.4.2 Nonradiative Surface Recombination

Figure 2-7. a) Asymmetric active region used in high-efficiency PC LED structure

One of the major concerns of using PCs in active devices, such as an LED, is the
presence of surfaces near the active material. Surface states provide pathways for nonradiative
recombination reducing the external efficiency of the device (see EQ. 44, EQ. 47, and EQ. 50).
One method of avoiding surface recombination is explored in [53], where the active (light-emit-
ting) region is separated from the PC (light-extracting) region. A more compact design, however,
is to place the active material directly below the PC region (Figure 2-7). Therefore, electron-
hole pairs that are confined in the quantum well cannot recombine non-radiatively at the surfaces
of the air holes. By making the active region asymmetric, the relative depth of the holes may be
made deep enough to strongly scatter the light in the dielectric slab and obtain the high-efficiency
benefits of the PC.

2.4.3 Advantages of Asymmetric Active Region

There are several advantages to the asymmetric active region in addition to com-
pactness. For the PBG-enhanced structure, where nonradiative recombination directly competes
with radiative emission into free space modes, it is important to not have any exposed surfaces in
the quantum well. For the leaky resonance-enhanced structures, the asymmetric active region
skews the leaky resonant mode profile towards the top air-interface thereby decreasing I' and the

rate of reabsorption before the light can escape.

1. Compactness is crucial for III-V semiconductor LED manufacturing since the cost per unit area is much higher than in silicon.
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2.4.4 Active Region

The active region consists of an InGaP/InGaAs quantum well structure emitting at
a wavelength of 980 nm. InGaAs is a fairly common material for semiconductor lasers because
980 nm is the wavelength that pumps erbium-doped optical amplifiers [60,61]. A high-efficiency
LED emitting at 980 nm may become useful for optical interconnection. InGaP is chosen as the
barrier layer for the quantum well because it can be easily lattice-matched to GaAs. Also, the sur-

face recombination of InGaP is an order of magnitude lower than that of GaAs [62-64].

2.4.5 Spacer Layer: Thermal Oxidation of AlGaAs

The spacer layer must be a low-dielectric material compatible with the other mate-
rials in the high-efficiency PC LED structure. One option is to deposit a low-dielectric material
directly; but since the spacer layer is buried, the deposition would need to occur prior to the depo-
sition of the active region. The active region is a crystalline material and hence must be grown
epitaxially along with the rest of the structure. Various semiconductor materials are available for

epitaxial growth, but the dielectric contrast is very small.

Another option is to convert a semiconductor material into a lower dielectric mate-
rial after it has been grown epitaxially. AlAs may be grown epitaxially and lattice-matched to the
GaAs substrate. Throughout the past decade, thermal oxidation has been used in various applica-
tions to convert high Al-containing layers of AlGaAs into a low-dielectric Al,O3 material [66].
Therefore, Al,Oj5 is chosen as the material for the spacer layer. The thickness of the spacer layer
is 0.5 um (thick enough (>21n) to reduce loss of emitted light to the high-dielectric layers in the
DBR). Since the spacer layer is relatively thick it is grown epitaxially as Aly 9gGag gpAs, where

2% Ga has been added to reduce the amount of interfacial strain upon oxidation (see Section 3.3).
2.4.6 The Distributed Bragg Reflector
To obtain the high-dielectric contrast necessary for a DBR with a wide stop-band,

each period is chosen to consist of the bilayer period GaAs/Al,O5. Figure 2-8 shows the calcu-

lated reflectivity spectrum of a 6-period oxidized GaAs/Al,O, mirror and compares it to the
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unoxidized 6-period GaAs/AlAs mirror. Transmission matrices are used in the calculation and
the MATLAB code may be found in Appendix A.1. It is possible to simply use a GaAs/AlAs mir-
ror for high-reflectivity, as is commonly done for VCSELSs, but the very small index contrast
between GaAs and AlAs (An=0.4) usually requires nearly 30 pairs for sufficient reflectivity.
The low-dielectric Al;O3 (n = 1.6), however, requires less layers in the DBR as compared to
AlAs (n= 2.91), creates a wide stop band from 800-1300 nm, and uses the same thermal oxida-
tion process step as is already necessary for the conversion of the spacer layer. Maximum reflec-

tivity at A~980nm is obtained when the thickness of each layer is given by a quarter-wave
(t = 980

= ), where n, is the index of refraction of the corresponding layer.
4nlay er ayer

----- GaAs/AlAs
_ Ga;‘ﬂtxs;'»‘ikl2 03

Figure 2-8. a) Reflectivity (calculated) of a 6 period AlAs/GaAs DBR (dotted line) as compared to a 6 period Al,03/GaAs DBR
(solid line).
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2.4.7 Material Growth and Characterization

The material system for the PC LED is grown using gas-source molecular beam
epitaxy (GSMBE) in a Riber 32P system (Figure 2-9). GSMBE provides the thickness and com-
positional control necessary for the high-efficiency PC semiconductor LED structure. The group
III elements (Al, Ga, In) are evaporated from solid sources while the group V elements are
cracked from gas sources (AsH; and PHj). The material composition and layer thicknesses are
verified by x-ray diffraction. A typical x-ray diffraction spectrum taken from the PC LED mate-
rial structure (as-grown but not oxidized), is compared to the simulated structure in Figure 2-10.
Matching the positions of the experimental peaks to the calculated peaks determines the composi-
tion of the grown structures. Matching the widths of the peaks determines the thicknesses of the
as-grown structure (see [67] for more detail on the x-ray analysis). The oxide does contract upon

oxidation so that thicker AlAs layers may need to be grown. However, the DBR layers are typi-
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cally still grown as quarter-wave Al,O5 thicknesses because of the wide stop-band of the DBR
(see Section 3.2.2).

Gas Cabinets

AsH,  PH, H,Se

II-V Gas
Scrubber

MDA Auger Electron
Toxic Gas Spectroscopy
Monitor Charnber

Figure 2-9. a) Riber 32P molecular beam epitaxy system and other interconnected ultrahigh vacuum chambers
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Figure 2-10. X-ray diffraction measurement of PC LED materials structure grown by GSMBE.
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Figure 2-11. a) PL experimental set-up. b) Room temperature PL from InGaP/InGaAs quantum well.
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Figure 2-11. a) PL experimental set-up. b) Room temperature PL from InGaP/InGaAs quantum well.
The emission spectrum of the quantum well is measured using room-temperature

photoluminescence (PL) [Figure 2-11a]. The sample is pumped using an argon laser emitting at a
wavelength of A = 514nm. Light is focused into a spectrometer and the intensity is measured
with a lock-in amplifier (see [67] for more detail on the PL measurement). A typical emission
spectrum for an 8 nm Ing,,GaggAs quantum well with Ing5;Gag 4oP barrier layers lattice-
matched to GaAs, is shown in Figure 2-11b. The emission peak is at A = 980 nm, the desired
wavelength for the high-efficiency PC LED. The high-frequency feature in the spectrum corre-
sponds to a higher order transition in the quantum well and can be removed at lower pump pow-

€rS.
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2.5 Photonic Crystal Design

Various parameters of the PC such as hole radius, lattice constant, and index con-
trast determine the photonic band structure. In this section, PC designs are presented that yield
PBG-enhanced structures (Section 2.2.2) and structures that contain leaky resonances
(Section 2.2.4). A large majority of the emission from the leaky resonant structures is above the
upper-frequency cutoff (Section 2.2.3) so that the emission rate into radiation modes and the leaky

modes may be compared.
2.5.1 PBG-Enhanced Structure

To enhance extraction from the LED by eliminating guided modes (section 2.2.2),
the PC depicted in Figure 2-12a is inserted in the active region of the generic high-efficiency PC
LED structure (Figure 2-5). The PC creates a PBG (shown in white in Figure 2-12c) that overlaps
both the GaAs/Al,O; DBR stop-band and the InGaAs quantum well emission peak.

The photonic band diagram (Figure 2-12b) is calculated using the methods
described in Section 1.2.4. Even though the calculation is performed without the presence of the
DBR, it is accurate since the Al,O5 thickness is large enough (500 nm) to optically isolate the
modes in the active region from the high-dielectric layers in the DBR. For A= 980nm, the
dielectric constant of Al,O5 is € = 2.75 [69] and the dielectric constant of the entire active
region is assumed to be € = 10.43 for InGaP. The change in the dielectric constant of the active

region due to the InGaAs quantum well is neglected because of its small thickness (8 nm) relative
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to the entire active region (134 nm). Finally, to center the PBG at A= 980 nm, the lattice constant

issetata = 319nm.

04
=03
2
0.2 4.3% (o/Am)
3 , Photonic

o1l Band Gap

r M K r
wavevector
b

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
021
0.1

O B e e - Lk
600 700 800 900 1000 1100 1200 1300 1400 1500
wavelength (nm)
c

reflectivity
PL intensity (a.u.)

Figure 2-12. a) PBG-enhanced LED structure (a) used for calculation of photonic band diagram (b). A PBG is created
surrounding the quantum well emission and overlapping the DBR stopband.

Figure 2-13 is a plot of the electric field intensity when a dipole is excited inside a
slab, embedded with the PC from Figure 2-12a, at a frequency that lies inside the PBG. The
absence of guided modes at that frequency within the PC slab forces light to emit into radiation
states that propagate away from the structure. For the PBG-enhanced structure in Figure 2-12a,

30% of the total amount of emitted light is expected to emerge from the active region when con-
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sidering both sides of the slab. The calculated enhancement assumes the absence of nonradiative
recombination which according to EQ. 44 should yield an external efficiency of 100%. The rea-
son for the difference in values is due to the asymmetry of the structure in Figure 2-12a. Since the
modes are not entirely TE, but rather are TE-like as discussed in Section 2.3.2, the PBG must be
thought of as a pseudo-gap. Some of the emitted TE-radiation may couple to TM-like guided
modes that do exist in the TE-like pseudo-gap shown in Figure 2-12b. Still, a 30% external effi-
ciency is a vast improvement over the unpatterned semiconductor dielectric slab (nex i~ 2.5 %),

and is competitive with the past designs described in Figure 2-2.

high

a b

Figure 2-13. a) top view and b) side view of electric field intensity calculation of a photonic crystal slab when a dipole is excited
that emits a frequency within the PBG.

2.5.2 Resonance-Enhanced Structure

A leaky resonance-enhanced structure contains smaller air holes (Figure 2-14a)
and a thicker active region relative to the PC used to create a PBG (Figure 2-12a). A portion of
the photonic band diagram is shown in Figure 2-14b. A comparison to Figure 2-14b shows that
the smaller holes (r=.15a) and thicker active region (198 nm) decrease the energy of the bands as
prescribed by EQ. 27. Figure 2-14b is plotted for a lattice constant of a = 380nm. The guided

resonances at the I'-point overlap the emission spectrum of the quantum well leading to higher
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extraction from the LED. As in Figure 2-12c, the emission spectrum overlaps the wide stop-band

of the DBR

quantum well
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o (2rc/a)
© © o9
[\ w E=N

o
—

wavevector
a b

Figure 2-14. Schematic of diffraction-enhanced LED structure (a) and corresponding calculated photonic band diagram (b). The
solid line indicates a band that is folded at the edges of the Brillouin zone to create a guided resonance at the I"-point that lies
within the emission spectrum of the LED (dark-shaded region).

Figure 2-15 is a plot of the enhancement from the structure in Figure 2-14a as
compared to an arbitrary reference. The various spikes in the enhancement spectrum are attrib-
uted to the high partial emission rate into leaky-resonance modes as compared to free-space radi-
ation modes, both of which overlap the quantum well emission spectrum (Figure 2-14b). It is

assumed in the simulation that no nonradiative recombination exists. The total external efficiency
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expected from such a structure is over 90% [34] provided: 1) that nonradiative recombination

does not exist and 2) that all light reflected by the DBR is collected.
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Figure 2-15. Calculated enhancement from leaky-resonance high-efficiency LED structure.

2.6 Device Fabrication

Fabrication of the high-efficiency semiconductor PC LED is non-trivial for two
primary reasons. First and foremost, the minimum feature size [lattice constant (a)-hole diameter
(d)] is on the order of 100 nm requiring sophisticated lithographic techniques. Secondly, the
diverse III-V materials system used contains both In-based and Ga-based ternary compounds

which each require different etch chemistries.
2.6.1 Sample Layout

In order to understand light extraction as a function of the ratio of lattice constant
to the hole radius for the PC LEDs and to compare measured enhancements to predicted enhance-

ments, each sample contains an array of PC LED mesas (Figure 2-16a). The array of LED mesas
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is surrounded by a border of LED mesas that do not contain PCs (Figure 2-16b); the purpose of

the border is a reference for comparison while testing the PC LED mesas.

increasing lattice constant

increasing
hole radius

photonic crystal [ -«— no photonic crystal
a b

Figure 2-16. a) Each PC LED sample contains an array of LED mesas. The lattice constant is changed along one direction while
the hole radius is changed along the other direction yielding a wide range of (/a) ratios. b) The array is surrounded by a border of
LED mesas that do not contain a PC.
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2.6.2 Process Overview

The PC LED mesas are fabricated using various lithography, deposition, oxidation,
and etching techniques as presented in Figure 2-17. The epitaxial growth of the PC LED material
structure is described in Section 2.4.6. The epitaxial growth is performed on a 2 inch GaAs wafer
substrate. Following epitaxy, each wafer is cleaved into approximately .25 cm? samples each of
which is taken through the fabrication process. The fabrication process is closely monitored using

primarily scanning electron microscopy (SEM) and optical microscopy.

2.6.3 Evaporative Deposition of SiO,

The first step for each PC LED sample is the electron beam deposition of 50 nm of
SiO; that is used as an etch mask for transferring the PC pattern into the active region. Although
in theory the PMMA electron beam resist itself may be used as an etch mask, SiO, provides a bet-
ter etch mask during transfer of the PC pattern into the active region. SiO, is also chosen as the
etch mask because it may be stripped using CHF3, a non-destructive etchant gas; metal masks
require etchants that attack parts of the diverse materials system used in the PC LED materials
system. Typically, a quarter of the 2 inch wafer is coated with SiO, prior to cleaving individual

samples.

Several samples (typically 4) are processed in parallel and shall hereafter be
referred to as the “batch.” Processing a batch of samples: 1) saves time in the event that errors
occur during processing of one of the samples in the batch and 2) provides parallel-processed
monitor samples that may be Au-coated and examined with the SEM at any point in the fabrica-

tion process.
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Figure 2-17. Overview of fabrication process for high-efficiency semiconductor PC LED.
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2.6.4 Direct Write Electron Beam Lithography

The minimum feature size for the PC [lattice constant (@) - hole radius(d)] used in
the PC LED is below the resolution limit for conventional photolithography. Available higher
resolution lithographic techniques include inteferometric lithography, deep ultra-violet (UV) pho-
tolithography, x-ray lithography, and electron beam lithography. Interferometric lithography that
provides a uniform periodic pattern across a large area is inappropriate for the PC LEDs because
of the different PC patterns desired on each sample. X-ray and deep UV lithography require the
construction of a hard mask. Therefore, anytime the PC patterns need to be altered a new hard
mask must be constructed, a tedious process. Therefore, direct-write electron beam lithography
(EBL) is deemed the most appropriate form of lithography for the PC LED. New PC patterns
may be generated simply by changing the parameters of a computer-aided design (CAD) file input
into the EBL system. In addition, various PC patterns (of different lattice constant and hole

sizes) are easily included in the same pattern file.

In direct-write EBL, an electron beam is focused onto an electron beam resist, in
this case a 3% solution of polymethylmethacrylate (PMMA) in chlorobenzene; the resist is posi-
tive so that areas exposed to the electron beam are removed during a development process that
follows the exposure. The electron beam translates in an x-y coordinate system by 6.1 nm steps.
Each step is represented by a pixel in the CAD file. Thus, the CAD file for the PC patterns con-
tains selected pixels in the regions of the holes. The PC patterns are created using a CAD pro-
gram developed at MIT specifically for compatibility with the .vsx file format used by the direct-
write EBL system in the nanostructures laboratory (NSL) at MIT.

It was initially believed that the circular electron beam profile may itself be uti-
lized to generate holes of the correct size for the PC by simply having one pixel per hole arranged
in a triangular array. Each dose (related to the amount of time the electron beam remains focused
on each pixel) then corresponds to a particular hole size. The dose was changed by varying the
clock-speed on the EBL system. The hole sizes, however, were too small using only a single
pixel per hole. The holes of the PCs are therefore instead written as multiple pixel square boxes

that subsequently become circular due to the finite electron beam width (~60 nm). The side of
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each square box is approximated by the diameter of the desired hole minus the beam width. Fur-

ther details on the electron beam dosing for the PCs are found in [67].

The coating of the electron beam resist proceeds as follows: first each sample is
placed on a vacuum spinner and sprayed with a N, gun to remove any dust particles that may lead
to a non-uniform coating. An RCA-cleaned glass dropper is used to place a small drop of 3%
PMMA in chlorobenzene on the center of each sample. Each sample is then spun at 3.6k rpm for
1 min. If the uniformity of the coating is non-satisfactory, the PMMA is stripped in acetone,
rinsed with isopropanol, and the coating process is repeated. The samples are then baked at
180°C for 1 hour to further improve surface uniformity of the PMMA. The pyrex carrier boat
used to bake the sample is placed inside the oven ahead of time to help maintain a constant tem-

perature throughout the entire hour. The final layer thickness of the PMMA is 200 nm.

Following electron beam exposure each sample is developed in 300 mL of a 1:2
solution of methyl-isobutyl-ketone (MIBK): isopropanol (IPA) in the clean-room of NSL. The
components of the solution are carefully measured in a graduated cylinder (a new batch for each
sample). The solution is hand-warmed to 20°C (slightly above room temperature) and the sample
is submerged for 90 seconds, followed by a 1 minute rinse in IPA to dissolve the MIBK. The
sample is then dried with a N, gun and the development is verified using an optical microscope

with a 100x objective. A typical scanning electron micrograph (SEM) of holes in PMMA is
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shown in Figure 2-18. The sample shown is Au-coated to provide a higher-quality image of the

PMMA (a poor conductor).

PMMA

AIR

a b

Figure 2-18. a) SEM of PC pattern in PMMA following development (100k magnification). The CAD pattern files have square
holes but following development the holes are circular b) Close-up view of a hole in another PC pattern (200k magnification).

2.6.5 Transfer of PC Pattern to SiO,

Transfer of the PC pattern to the hard mask layer requires an anisotropic etching
technique that selectively removes SiO, relative to the PMMA mask. Reactive-Ion Etching (RIE)
in a CHF3 plasma is a well-developed process that generates smooth, straight sidewalls in the
SiO, mask layer. Following etching, the PMMA is removed by placing each sample in acetone
for 5 mins followed by 1 min. in IPA and then drying with an N, gun. The samples are then ashed
in an O, plasma for 5 mins to clear any residual PMMA. The complete removal of the PMMA is

verified with an optical microscope for each sample.
2.6.6 Transfer of PC Pattern to InGaP

The SiO; is used as a hard mask to transfer the PC pattern to the top InGaP layer of
the active region using RIE in a CH4:H,:0, gas mixture. Large features located on each sample
next to the array of PC patterns are used to obtain a course estimate of the etch rate using a profi-
leometer. Once the etch rate is determined, etching is continued until a depth 10 nm above the

InGaAs quantum well is achieved, providing a thick enough overlayer to prevent carrier tunneling
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out of the quantum well to the etched surface and nonradiative recombination. Each of the
remaining samples in the batch is etched using the established etch rate. Figure 2-19 shows a top
view and a cross-sectional SEM of the PC holes etched into the top InGaP layer. It is interesting
to note the hexagonal pattern easily distinguished by the absence of every other hole etched in the
cross-sectional view. Once the desired etch depth has been reached, the SiO, mask is removed

using RIE with the CHF; etchant gas.

a b

Figure 2-19. a) Top view and b) side view of PC holes etched in InGaP. The etch depth is stopped approximately 10 nm short of
the InGaAs quantum well.

2.6.7 Photolithography to Define LED Mesas

After successful pattern transfer into the top InGaP layer of the active region,
mesas are defined surrounding each PC using contact photolithography in the Technology
Research Laboratory (TRL) at MIT. Samples are first dehydrated in an oven set at 130 degrees
for 30 mins. to improve photoresist adhesion. Each sample is next placed on a vacuum spinner
and simultaneously spun and sprayed with a N, gun to remove any dust particles that may lead to
a non-uniform coating. Using a dropper, a single drop of Shipley 1813 (a positive photoresist
that works well as an etch mask) is placed at the center of each sample. The sample is then spun
for 30 seconds at 4k rpm. If the uniformity of the coating is non-satisfactory, the photoresist is

stripped in acetone, rinsed with IPA, and the coating process is repeated starting with the dehydra-
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tion bake. The resulting thickness of the photoresist following the coating process is 1.3 um. The
samples are next soft baked at 90°C for 30 mins to further increase surface uniformity of the pho-

toresist.

Figure 2-20. a) Mesas defined in photoresist cover the PC patterns.

The LED mesa mask consists of 9 x 9 arrays of chrome squares or circles that
mask the 7 x 7 PC pattern region during the exposure (the array on the chrome mask is larger than
the PC array to form a border of blank PCs as depicted in Figure 2-16). The size of the mesas
ranges from 50 pum to 250 um in width. Using a Karl Suss contact aligner in vacuum contact
mode, each sample is exposed for 210 seconds. After exposure, each sample is submerged in MF-
319 developer for 60 seconds followed by a 60 second deionized (DI) H,O rinse. Satisfactory
mesa pattern definition is verified using an optical microscope with a 100x objective. Figure 2-20
shows an SEM of several mesas defined in photoresist. The final step in preparation for etching

of the mesas is to hard-bake the samples in an oven at 130°C for 30 mins.
2.6.8 Mesa Etching

Using the photoresist as an etch mask, the mesas are etched into the active region
using an AZTeX PlasmaQuest Series III Electron Cyclotron Resonance (ECR) RIE located in
TRL, with a CH4:H;,:0, gas mixture (appendix A.4.2). The reason for performing the active
region etch in the PlasmaQuest is that the ECR generates a high-density He:BCl;:Cl, plasma that
quickly etches the AlAs/GaAs/AlGaAs layers, avoiding burning of the relatively soft photoresist
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mask. Sufficient etch depth of the mesas is verified using an optical microscope, by first focus-
ing on the PC region (covered in photoresist) and then comparing that focal plane to that of the
etched surface; this is a coarse approximation of the etch depth but the exact depth is not crucial
as long as the etching has progressed completely through the underlying DBR. Following etch-
ing the photoresist mesa mask is removed in NSL by placing each sample in acetone for 5 mins
followed by 1 minute in IPA and then drying with an N, gun. The samples are then ashed in an
O, plasma for 5 mins. to clear any residual photoresist. The complete removal of the photoreéist

from each sample is verified using an optical microscope at 100x magnification.
2.6.9 Wet Thermal Oxidation

The final step in the fabrication of the PC LEDs is a wet thermal oxidation process
(Figure 2-21), used to convert the Aly 9gGa pAs spacer layer and the AlAs DBR layers into the
low dielectric Al,03. A N, gas flows over a DI H,O bubbler heated to 90°C and carries H,O
vapor through a quartz tube inside an oxidation furnace maintained at 435°C. The temperature of
the furnace is monitored by two separate thermocouples. The sample is placed on a quartz boat
that is positioned inside the quartz tube at the center of the oxidation furnace. The positions of the
thermocouples, the relative position of the sample on the quartz boat, and the position of the
quartz boat inside the furnace are kept constant for each oxidation. The quartz boat is heated
inside the furnace until the temperature stabilizes. The quartz boat is then removed from the fur-

nace and replaced with the sample on the boat. The N, is kept constant at 1.5 liters/min.

Thermometer

Sample in Quartz tube (50mm O.D.)

N, in quartz boat To exhaust
—_— £
N, in
e
Flowmeter
Temperature controller Thermocouple #1 reading
Bubbler

| Hot water bath
Thermocouple #2 reading

Figure 2-21 a) Oxidation set-up used to convert high Al-containing AlGaAs ternary compounds into low-dielectric Al,O3.
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Samples containing 50 pm LED mesas are oxidized for 6 hrs. Samples containing
100 um LED mesas are oxidized for up to 24 hrs. The oxidation time is limited by the oxidation
rate of the Ga-containing spacer layer since the oxidation rate drops off significantly as the Al
content decreases [66]. The measured initial oxidation rate for pure AlAs is 0.5 wm/min. and is
determined by examining the progression of oxidation fronts into the LED mesa using both opti-
cal microscopy and SEM. The oxidation rate is non-linear as described in further detail in Chap-
ter 3. SEM gives high-contrast micrographs of the entire oxidized DBR stack and spacer layer
(Figure 2-22a) along with a close-up view of a partially oxidized test DBR structure (Figure 2-
22b); note the high contrast between AlAs and A12031. Figure 2-22c shows a SEM of a com-

pleted high-efficiency semiconductor PC LED mesa structure.

Photonic Crystal ¢ 100 nm

ALO, Spacer Layer, : Sy

oxidation

photonic

crystal diameter mesa

Figure 2-22. a) Cross-sectional SEM of cleaved mesa showing oxidized layers. b) SEM of a single DBR period showing the
strong contrast between Al,O3 and AlAs. c) Completed high-efficiency PC LED structure.

1. The oxide phases is labelled Al,Oy sometimes since several intermdiate phases exist as the oxide front progresses, as described
in detail in Chapter 3.
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2.7 Optical Characterization

Initial optical characterization of the high-efficiency semiconductor PC LED sam-
ples was performed using the room-temperature PL setup depicted in Figure 2-23. A Ti:Sapphire
pump laser emitting at a wavelength of 810 nm is focused onto the sample through a microscope
objective with a numerical aperture of 0.25, collecting light up to 15 degrees off-axis with the nor-
mal direction. The 810 nm pump light generates carriers in the InGaAs quantum well but is not
absorbed by the surrounding InGaP barrier layers. The pump light is reflected by the wide-stop
band of the DBR and is also absorbed in the GaAs layers. LED light is collected and imaged onto
a charge-coupled device (CCD) camera through various chromatic filters. By replacing a flip-

mirror, the LED light may also be directed into an optical spectrum analyzer (OSA).

=3 Chopper . Microscope Sample
Beamsplitter Objective

Chromatic
Filter

Spatial Filter ==

CCD Camera Flip Mirror

Computer

Figure 2-23. High-efficiency semiconductor PC LED measurement (setup #1)
The measured PL is related to the input pump power by:
PL = nxPump (EQ 53)

where PL and Pump are the measured PL and input pump power respectively measured in watts,
and n = NNy M 18 the total (injection, external, and collection) efficiency. A collection effi-

ciency has been added to the original expression for n given in EQ. 28 where it was assumed for
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simplicity that M, = 1. When measuring the PL of the LED devices, however, n_#1 in general
so that it must be written explicitly. In addition, the radiative and extraction efficiencies are com-
bined as was done in Section 2.1.3 to define an external efficiency. Physically, if every input pho-
ton generates an electron-hole pair that recombines radiatively and is subsequently collected by
the detector, then the total efficiency of the optically-pumped LED is equal to one. PL is mea-
sured on the LED mesa inside the PC region and either compared to PL outside the PC region or

to a blank mesa containing no patterning. The ratio in total measured PL power is:

PC.,PC.,PC
PLPC _ nPC _ Ny Mexte
ref = ref . ref.ref. ref Eash
PL n N MextNe

Since LED sources typically have Lambertian far-field spatial distributions [68], a
cos® angular dependence is assumed for both the reference and the PC sample. It is also verified
in [36], that the emission from similar PC LED samples is Lambertian. Therefore, provided iden-
tical collection angles are used and the same range of wavelengths are collected between the ref-

erence and PC samples, it is assumed that n(I:’C = n(r:ef_ EQ. 53 then reduces to:

PC.,PC
PLPC _ N; Mext

1:,Lref nirefnfr:;{

(EQ 55)

2.8 Optical Characterization: Resonance-Enhanced PC LED

The enhancement in external efficiency due to a leaky resonance in the PC is given

by EQ. 51 which is repeated here for convenience:

T T
[1 + _fl.‘nh‘] .[1 + ﬁ]
T € T
r g

E = , (EQ 56)
T T
I C T
r nr

1+
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where the only assumption is high-quality epitaxial material so that there is no nonradiative
recombination in the unpatterned LED. The extraction efficiency from the unpatterned region (or

a blank LED mesa) is:

1
T
ref _ fr _ 1 1
ext — 1 1 = » 5 + 0 5 (EQ 57)
— = f f
J Tox Dair

where emission directly into the air above the active region and reflections from the DBR below
are accounted for explicitly. Using the known indices of refraction for the oxide and the active
region at 980 nm, n ox — 1.66 and n¢ = 3.23, yields an extraction efficiency of 1 ext = 89 %;
EQ. 57 ignores photon recycling, so this is actually a lower limit on the extraction efficiency. The
maximum obtainable enhancement in extraction efficiency (ignoring photon recycling) for the

leaky resonance-enhanced PC LED structures is then:!

Maximum obtainable enhancement from resonance-enhanced PC LEDs

T
E = 1+7Eg = Lf = 11.23, (EQ 58)
re
g Mext

According to EQ. 55, a higher-extraction efficiency enhancement than the EQ. 57 threshold may
be observed only if the injection efficiency for the PC region is greater than the injection effi-

ciency for the reference.
2.8.1 Initial Observations

A portion of the calculated photonic band diagram for an instructive PC LED
structure that will be examined in detail in this section with a lattice constant (a) of 380 nm, hole
radius (r) of 56 nm, and hole depth (d) of 101 nm, having a 198 nm thick active region, is shown
in Figure 2-24a. A close-up SEM of the PC is shown in the inset. Since the quantum well emits

primarily TE-radiation, only modes with at least 80% of the electric field polarized in the plane of

1. It is reasonable to ignore photon recycling since the PC LED structures are low Q.
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the active region are included; this requirement creates the shown band discontinuity. As an addi-
tional requirement, and in order to clearly identify leaky resonant modes, only bands above the
light line with at least 80% of their power concentrated in the active region are plotted. A clear
folding of the guided modes below the light line (white region) occurs at the points of high-sym-
metry in the 1% Brillouin zone (inset). A guided resonant state capable of coupling to vertical

radiation is created at the I" point at a frequency of .4064 (%) that corresponds to 935 nm.

0.4 -
. .
g03 3 PC region
N; -‘3 /

0.2 ~
g = reference
=1
=2 2
2 0.1 oh 5_:,

0.0 @—of oxide| © E —

r M wavevector K r T '
900 950 1000 1050
wavelength (nm)
a b
mesa

edge

N

intensity (a.u.)
I

1 ]

0 25 50 0 25 50

position (nm) position (pum)
C

Figure 2-24, a) Calculated photonic band diagram. b) PL from PC LED mesa containing PC featured in (a). Localized PL from
regions internal and external to the PC (c)

The PC LED mesa containing the PC featured in Figure 2-24a is optically excited
using a broad spot, and the PL is passed through a 10 nm full-width at half-maximum (FWHM)
filter centered at 925 nm before being imaged onto the CCD camera (Figure 2-24c). The region
inside the PC appears approximatély 6x brighter than the region of the LED mesa surrounding the

PC (filters are used to avoid saturating the CCD camera, making the surrounding LED region
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appear especially dark). The LED mesa is also pumped with a small 5 pm spot in each of the two
regions with and without the PC pattern. The emitted light from each region is directed into the
OSA producing the two spectra in Figure 2-24b. The sharp feature in the spectrum emitted from

the PC region near 935 nm is attributed to leaky resonant mode at the I" point.
1000 975 950 925

orientation
marker

>

=-==50 um

Figure 2-25. PL with various chromatic filters. The pump laser is positioned on the portion of the LED mesa external to the PC
region.

To verify the wavelengths of the resonances, various chromatic filters are placed in
front of the CCD camera and localized excitation of the quantum well is shown in Figure 2-25.
Each filter transmits a spectral range FWHM of 10 nm centered around 925 nm, 950 nm, 975 nm,
or 1000 nm. The pump light is focused down to a <5 um spot just outside the edge of the PC

region on the LED mesa. !

By optically pumping a region external to the PC, light that is emitted
from the quantum well is index guided in all lateral directions, with some of the light coupling to
modes in the PC. Only wavelengths of the quantum well emission near the calculated resonance
of 935 nm are efficiently extracted in the vertical direction. Therefore, the image taken with the

925 nm filter shows the most light extracted from the device.
2.8.2 Resonance-Pump Coupling

There exist higher-order resonances at energies above the emission frequency at
the I" point. Since optical pumping must also occur at a frequency higher than the emission fre-
quency, it is important to consider the possibility that the pump wavelength also overlaps a higher
energy resonance causing an enhanced injection efficiency into the PC structures as compared to

the reference. Indeed, coupling of the pump light at 810 nm to a higher energy resonance was

1. The small feature in the upper-left hand corner of the PC region in each image was used to verify the orientation of the Brillouin
zone with respect to the PC lattice.
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observed on many PC LED structures. Figure 2-26a shows the photonic band diagram for one
such PC with a=340 nm, =104 nm, d=60 nm, having a 135 nm thick active region. A SEM of the
PC is shown in the inset. The optical modes plotted are TE-like and satisfy the same criteria as
the modes plotted in Figure 2-24a. A resonance at the I" point is calculated to be near .4304 (2mc/
a), which corresponds to 790 nm. Figure 2-26b shows a composite image of eight CCD images
taken with a broad spectral filter that covers the entire quantum well emission spectrum. For each
image, the pump light is focused down to a <5 pum spot size and excites a region inside the edge of
the PC featured in Figure 2-26a. Strong optical pumping is observed outside the PC region. The
collection angle of the focusing lens combined with inaccuracies of the SEM micrographs (~+5

nm) give some spread to the resonance at I'.

LED mesa
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Figure 2-26. a) Calculated photonic band diagram. b) Composite image of enhanced optical pumping occurring outside the edge
of the PC region when the pump light is focused just inside the edge of the PC region.

White-light reflection measurements were performed to directly detect higher
order resonances that may overlap with the pump wavelength causing enhanced injection of the
pump light into the PC structure featured in Figure 2-24a. The spectrum is plotted in Figure 2-27
and clearly shows a resonance at the pump wavelength of A=810 nm. The reflectivity measure-
ment was performed using the setup in Figure 2-28 except with a filter in place to avoid lasing in
the source cavity. With the pump wavelength on resonance it may be the case that niPC # niref ,

so that the enhancement in external efficiency may not be deduced directly from the PL measure-
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ments shown in Figure 2-24c. By tuning the pump wavelength off resonance, however, the condi-

tion T 1P C. niref is satisfied and EQ. 53 reduces to:

PC nPC
PI-‘ref - % -5 (Ea59)
PL 11ext

enabling a direct measurement of the external efficiency enhancement due to the PC.
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Figure 2-27. White-light reflectivity spectrum for PC structure featured in Figure 2-24.

2.8.3 Literature Review

From the input coupling observations it can be concluded that the same leaky reso-
nances that help enhance emission may also have a significant effect on the optical pumping of
each PC LED structure. That is, the injection efficiency may be enhanced significantly by the PC
making it difficult to separate out a measured enhancement in external efficiency. Despite the
importance of ensuring the condition n, PC_ nref when using EQ. 59, it is not described in any

of the reports of optical testing of PC LED structures by other groups [36, 52-55]. Therefore, the
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quoted enhancements in the literature presented in Section 2.1.6 may derive from enhanced opti-

cal pumping/injection efficiency, instead of enhanced external efficiency due to the PC.
2.8.4 Quantifying the Resonance Enhancement

Figure 2-28 depicts a schematic of a second high-efficiency PC semiconductor
LED measurement apparatus, used to collect narrow angle PL spectra and to quantify the
enhancement in external efficiency. Pump light from a tunable Ti:Sapphire source (730-950 nm)
is focused down to a < 5 pm spot on the sample through a lens that also collects light up to 5 off-
axis with the normal direction. Emitted light is either directed into a viewing CCD or into a

cooled CCD spectrometer for spectral analysis.
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Figure 2-28. High-efficiency semiconductor PC LED measurement (setup #2)

It is important to justify the assumption that photon recycling may be ignored in
the calculation of EQ. 58. The effect of photon recycling should be small if light is collected from
a region significantly less than the reabsorption length of guided modes in the active region.
Assuming an absorption coefficient in the InGaAs quz%}tum well of o0 = 5x 1030m_1 [6] and a
conservative estimation of the modal overlap of I' = va , or 4%, with the 8 nm quantum well in

the 198 nm active region, the average absorption length is about 50 pm. It is therefore unlikely
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that recycled photons are being collected for the reference structures provided the pump spot is
sufficiently less than the reabsorption length. Accordingly, a small 5 um spot size is used in the

measurements of the PL enhancement.

The leakage length for the resonance with quality factor Q is g—g . For the
observed Q ~ 30 at 935 nm in Figure 2-24c, the leakage length is ~1.4 um. Therefore, most of
the light in leaky resonance modes escapes before being reabsorbed and possibly recycled.
Indeed, the absorption length is larger than the entire PC region on each LED mesa so that any
error in the PL. measurement of the PC LED regions due to photon recycling should be negligible.

It is also reasonable to assume that parasitic reabsorption is playing a minor role
within the small spot size of the measurement setup. Although the carrier density may be high in
the quantum well depending on the pump power, the overlap of the leaky resonance mode is only
4% at maximum. The actual overlap is even less because of the asymmetry of the active region.
For the average parasitic absorption length to be 5 pum, the parastic absorption coefficient needs to
be o = 5x 104cm_1, an order of magnitude greater than the reabsorption coefficient in the
quantum well. As further justification, an examination of Figure 2-26b shows strong scattering at
the edge of the PC mesa when the pump spot is at least 10 pm away. It is therefore unlikely that
parasitic absorption is playing a significant role. Therefore, for the small spot size measurement,
it is reasonable to assume that the extraction efficiency for leaky resonance modes is nér =1.

The measured enhancement in external efficiency for the small spot size then becomes:

T T
[1 . T_fr] | [ . Tir]
Ir
E = & ; (EQ 60)
e T
l+—+—
“Ir Tar

An additional advantage of a small spot size is the uniformity of the PC pattern
being measured. Back-scattering of electrons from the semiconductor layers during EBL causes
holes in the center of the PC pattern to receive a larger effective dose than holes on the edges of

the PC. Therefore, holes in the center of the PC pattern develop larger than holes on the edge
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(~10% variation in hole diameter from the center to the edge of a 30 um PC area is measured

using SEM). The effect is worsened for even larger pattern sizes.

The only unknowns in EQ. 60 are Ter/ Tor and 1¢ /7. For a semiconductor, the

radiative and nonradiative rates in EQ. 60 may be rewritten [6]:

1,1 Tt T
(T—+T—](I+T—r) BN2-(1+£J
B fr Clr g Tg
= 1 1 N = 5 (EQ 61)

— BN +(AN+CN3)

The radiative recombination term requires both an electron and a hole, the densities of which are
assumed to be equal under normal injection currents yielding the quadratic dependence. The
coefficient B may be enhanced or suppressed according to Fermi’s golden rule, as discussed in
Section 2.1.2. The linear term represents nonradiative recombination through surface or defects
states and the coefficient A depends on the nature of the recombination process; for instance, the
surface recombination velocity and total exposed surface area. The cubic term represents Auger
recombination that requires the presence of three carriers to support the energy transfer; therefore,

this term only arises at extremely high carrier injection or high-temperatures.
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2.8.5 Resonance External Efficiency Enhancement

Figure 2-29a shows the calculated photonic band diagram near the I point for a
measured PC LED structure used to quantify external efficiency enhancement. A parabolic
approximation to the bands near the I' point was used with the same restrictions given in
Section 2.8.1. The inset SEM shows a close-up of the PC structure itself. Band 1 intersects the I’
point at 920 nm, bands 2 and 3 at 896 nm, band 4 at 884 nm, and bands 5 and 6 at 860 nm. Bands
2 and 3, and bands 5 and 6, are degenerate at the I" point; the six-fold symmetry requires two dou-

bly-degenerate bands and two nondegenerate bands at the I point.

As discussed in Section 2.8.2, in order to compare the reference LED spectrum to
that of the PC LED, the injection efficiencies for each need to be the same. Therefore, to accu-
rately measure the PC enhancement, the pump wavelength used must not overlap a high-energy
resonance in the PC structure. Figure 2-29b shows the white-light reflectivity spectrum for the
structure in Figure 2-29a taken with a narrow collection angle of 5 degrees off-axis with the T’
point. A strong resonance appears near 787 nm. The greater than one reflectivity near 840 nm
may be due to nonuniformity in the underlying DBR mirror. As the pump wavelength is tuned on
and off the resonance, the integrated PL enhancement relative to the unpatterned mesa increases.
The peak enhancement occurs ét a pump wavelength that exactly matches the dip in reflectivity.
The pump power incident on the sample for the spectra in Figure 2-29b is 3 mW.! It is concluded
that an enhancement in injection efficiency is occurring in the PC region when the pump wave-
length is aligned with the 787 nm resonance. The raw PL at 6 mW pump power pumping on and
off resonance is also given in Figure 2-29b and compared to a reference unpatterned LED mesa.
The effect of injection efficiency is dramatic and must be eliminated before measuring an

enhancement in external efficiency due to the PC resonances.

The PL enhancement for the PC region at a pump wavelength of 831 nm (off-reso-
nance with the pump wavelength) is also shown in Figure 2-29b. The pump power used in the

measurement is 112 mW. Increases in the spectral enhancement correspond directly to dips in the

1. Higher pump powers can damage samples because of the large increase in power coupling from the pump into the PC reso-
nance.
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reflectivity spectrum and are attributed to the degenerate leaky resonant modes calculated in Fig-
ure 2-29a. Bands 2 and 3 correspond to the longer wavelength resonance at 910 nm while bands
5 and 6 correspond to the resonance near 875 nm. The SEM measurements were calibrated to the
lattice constant with an error bar of approximately 5%. For instance, a conservative 2% underes-
timation of the lattice constant places the resonances at about 910 nm and 875 nm. Therefore, the
match between the simulated and measured resonant peaks appears accurate. Indeed, the separa-
tion between the measured enhancement peaks is ~35 nm and matches well with the separation
between the simulated peaks. Since the band structure scales with wavelength (as discussed in
Section 1.2.6), it is the separation between the resonances rather than the absolute wavelength
that should remain constant to first order to errors in the SEM-measurement of the lattice con-

stant.

Spectral enhancement in the normal direction from leaky resonances in the PC
structure is also calculated in the time-domain yielding supplemental information to the frequency
domain calculation of the band structure. The spectral enhancement calculation from Figure 2-15
is reproduced for comparison to measurement in Figure 2-29c. The positions of the resonances
are the most important information yielded by the calculation while the absolute magnitude of
enhancement is arbitrary. Two strong resonances occur centered near 870 nm and 950 nm closely
matching the measured structures. Some error arises from fabrication variations such as nonver-
tical etching of the holes. However, the higher frequency resonance is much sharper (higher Q)
than the long-wavelength resonance in close agreement with the reflectivity spectrum in Figure 2-

29b.
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Figure 2-29. a) Calculated band structure near the I point for inset PC. b) Narrow collection angle reflectivity spectrum matches
well with spectral and integrated enhancement pumping on and off resonance. c) PL spectra taken at 6 mW pumping on and off
resonance and compared to an unpatterned reference LED mesa. d) Finite-difference time-domain calculation of enhancement
relative to an arbitrary reference

From EQ. 53, the ratio of PL to pump power is equivalent to the total efficiency of
the LED. According to EQ. 60, radiative recombination should dominate nonradiative recombi-
nation at intermediate carrier densities (or intermediate pumping powers) where Auger recombi-
nation is negligible. Therefore, intermediate-power measurements of PL should yield the highest

levels of enhancement from the PC. Figure 2-30 shows the effect of the PC on the external effi-
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ciency as a function of pump power. All of the plots are taken while exciting carriers off-reso-
nance with the pump wavelength, so that injection efficiencies are approximately the same and
the PL from the PC may be directly compared to the PL from the blank reference mesa. Very little
resonance-enhancement is observed at low powers because there is little overlap between the
material emission and the leaky resonances identified in Figure 2-29. In addition, Figure 2-30b
shows that the peak intensity from the PC structure is approximately 40% less than the peak inten-
sity from the reference structure, indicating the presence of nonradiative recombination that may
be introduced during device processing. As the pump power is increased, however, the external
efficiency increases as radiative recombination dominates nonradiative recombination and as
higher-order transitions in the quantum well shift the spectrum to shorter wavelengths, thereby

increasing the overlap with the leaky resonances.

Figure 2-30e plots the integrated PL from the PC LED mesa to that of the unpat-
terned mesa as a function of pump power. From EQ. 58, the ratio of the two plots in Figure 2-30e
is equivalent to the enhancement in external efficiency. The enhancement in external efficiency
due to the resonances in the PC saturates at high-pump powers. Since the external efficiency of
the blank LED mesa is 8.9%, the observed factor of ~2 enhancement at high-pump powers trans-

lates to an external efficiency of 17.8% due to the leaky resonances of the PC.
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Figure 2-30. a) Measured PL spectra for PC LED mesa compared to an unpatterned LED mesa for several different pump
powers. b) Integrated PL/pump power as a function of pump power. The ratio of the two plots is equivalent to an enhancement in
external efficiency.
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Figure 2-30. a) Measured PL spectra for PC LED mesa compared to an unpatterned LED mesa for several different pump
powers. b) Integrated PL/pump power as a function of pump power. The ratio of the two plots is equivalent to an enhancement in
external efficiency.

The external efficiency of 17.8% from the PC is actually a promising result since
the measured structure is not optimized because the leaky resonance does not completely overlap
the material emission peak. At high pump-powers, the material emission lineshape shifts to

higher-energy quantum-well transitions, and a larger portion of the material emission linewidth
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overlaps the PC resonances. In addition, the external efficiency given in EQ. 61 assumes emis-
sion into only free-space modes and resonances in the PC. For the structure described above,
however, the longer-wavelength tail of the material emission may also overlap guided modes

below the light line.

It is also desirable to limit nonradiative recombination pathways that may be intro-
duced during the device processing and compete with the leaky resonant modes through EQ. 60.
That is, the value of A in EQ. 61 is larger for the PC sample than for the reference sample as indi-
cated by the less than unity enhancement factor of 0.6 at 7 mW of pump power in Figure 2-30e.
Although the holes do not penetrate the active region so that surface recombination is unlikely,
other nonradiative recombination pathways may have been introduced in the high-temperature
device processing.2 A less-invasive shallower hole structure may reduce the nonradiative recom-

bination component introduced in the device processing.

To clarify each component of the external efficiency of the PC LED structure, it is

helpful to rewrite the “ideal” PC resonance-enhancement (EQ. 61) as

1 1 1 1 1 1 T
—t+ — /| —+—+—+ 2 fr
( Thj Tor B’N -(1+—]

Tir T Ur T T
Ir
E = ] 7 1 = > , (EQ 62)
—/(— + —) BN + AN
Ter Tr Tg

where all possible partial emission rates have been explicitly written including partial emission
for the PC into guided modes under the light cone I/I:g. The possibility of slight Purcell
enhancement has also been allowed in EQ. 62 (B#B”) and it is assumed that the pump powers
are too low for Auger recombination to be important.3 At low powers there are no available leaky
resonant modes within the material emission and no possibility of Purcell enhancement so that

EQ. 62 becomes:

2. The degradation of the radiative efficiency of the quantum well is even more pronounced when testing the PBG-enhanced struc-
tures as will be explained in the next section.

3. A slight roll-off in the PL is observed in Figure 2-30 at high-powers and may be due to the onset of Auger effects.
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BN’

Elow = 2
BN + AN

= 0.6 (EQ 63)

The enhancement at low powers is less than unity due to the presence of nonradiative recombina-
tion pathways. At high pump powers, the emission bandwidth shifts to higher-energies and over-
lap with leaky resonances in the PC occurs. It is unlikely that the overlap is enough to cause a

large Purcell enhancement (B = B’), so that:

Tfr = Tlr - (EQ 64)

EQ. 64 states that the partial emission rate into leaky resonant modes is about the same as the
emission into free space modes; this is due to the relatively small overlap of the material emission
with the PC resonances even at high pump powers. The external efficiency may be further opti-
mized by maximizing the overlap between the material emission lineshape and the PC resonance

so that emission into the leaky resonances dominates.
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Figure 2-31. a) Reflectivity spectrum and PL enhancement spectrum for a PC structure where two-doubly degenerate resonances
overlap a large portion of the quantum well emission. b) A 6-fold enhancement in external efficiency is observed and attributed to
the large resonance overlap in (a).
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Figure 2-31a shows the reflectivity spectrum for a PC LED structure designed for
larger overlap with the material emission spectrum and shallower (less-invasive) holes. A pump
resonance is revealed near 790 nm. When pumping off-resonance near 850 nm, strong spectral
enhancement is observed near 950 nm and 970 nm indicating that the two doubly-degenerate res-
onances now have much stronger overlap with the material emission spectrum. Figure 2-31b
shows a 6-fold enhancement in total integrated PL intensity from the PC LED structure as com-
pared to the reference structure. The enhancement is observed at all pump-powers indicating little
to no nonradiative recombination pathways. The 6-fold enhancement corresponds 5-times faster
emission into leaky resonant states as compared to free space and a 54% external efficiency. The
external efficiency from the optically-pumped resonance-enhanced structures is significantly
larger than the best reported external efficiencies using alternative methods (Figure 2-2). The
external efficiency may be further improved by ensuring that none of the material emission tail
falls below the light-line at longer wavelengths. The ideal resonance-enhanced PC LED structure

is achieved by perfectly overlapping the material emission lineshape with that of the PC reso-

nances (Q~Q,).
2.9 PBG-Enhanced PC LED Results

2.9.1 Initial Observations

The predicted 30% external efficiency from the PBG-enhanced structure (see
Section 2.5.1) was not observed initially. The result, however, was not all that surprising since the
PBG reduces the density of available optical states and therefore (see EQ. 30) suppresses emis-
sion to the point where nonradiative recombination may become more influential. The predicted
enhancement does not account for nonradiative recombination. EQ. 44 and EQ. 45 state that the
external efficiency will be significantly limited in the presence of strong nonradiative recombina-
tion pathways. Even though by design the holes of the PC do not penetrate the quantum well
region, other nonradiative recombination pathways (defects, impurities) besides surface recombi-
nation may be introduced during the fabrication of the devices. Indeed, the only reported mea-
surement in the literature of an observed enhancement in emission attributed to a PBG was

performed at low-temperature where nonradiative recombination effects are reduced [55]. A low-
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temperature PC LED however has no practical application besides being of theoretical interest.
Therefore, attempts to observe low-temperature enhancement were not explored. Instead, the
quantum well damage process was investigated. Since the holes do not penetrate the quantum
well (no surface recombination), it should be possible to observe enhancement at room-tempera-
ture provided the active material can remain of high-quality throughout the fabrication process.
Indeed, enhancement was observed in the resonance-enhanced PC LED structures where there is
a higher available density of optical density of states. A nonradiative recombination component

however was also discovered in the leaky resonance structures and needs to be investigated.
2.9.2 Quantum Well Damage

By carefully measuring the PL before and after each step in the fabrication pro-
cess, it has been determined that the final wet thermal oxidation step in the fabrication process
(Figure 2-17) causes damage to the quantum well enabling the characteristic nonradiative recom-
bination time to become significantly shorter than the radiative recombination time. Figure 2-32
shows various PL measurements that verify the quantum well damage due to oxidation. The dam-
age is first qualitatively observed in the CCD image shown in Figure 2-32a. The dark region
inside the PC LED mesa corresponds to poor PL due to the wet thermal oxidation process. The
damage is not observed, however, in the region external to the PC. Figure 2-32b is a plot of the
PL before and after oxidation from a test PC LED structure. The fabrication process is identical
to Figure 2-17 for the test structure except that a mesa is not defined prior to oxidation. There-
fore, the effect of oxidation on the quality of the quantum well itself may be isolated without
changing the structure’s reflectivity by oxidizing the underlying AlGaAs spacer layer and AlAs
DBR layers. Prior to oxidation, the PL for the PC region is approximately 40% of the GaAs sig-
nal, that primarily comes from the underlying substrate and acts as a reference in the measure-
ment. After 30 mins of oxidation,* the PL drops to approximately 10% of the GaAs reference, a

four-fold decrease in PL intensity due to the quantum well damage. It should be noted that any

4. In this context, oxidation refers to exposure in the steam oxidation furnace under normai oxidizing conditions even though a
mesa has not been defined and sidewalls are not exposed for oxidation.
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effects on emission due to the PC should remain constant before and after oxidation since the

underlying layers are not being oxidized in the experiment.
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Figure 2-32. a) PC LED mesa with quantum well damage. The center PC region is designed for PBG-enhancement. b) PL
spectra from PC structure before and after oxidation. ¢) Dependence of quantum well damage on air filling factor.

2
The drop in PL was also found to scale with the air filling factor (1—2—2 G) Yof
the PC. Figure 2-32c plots the fractional change in PL versus the filling factor for several differ-
ent test PC LED structures. Lower air filling factors result in less degradation of the PL signal.
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Moreover, the dependence on filling factor may partially explain the retained high-quality of the
quantum wells in the resonance-enhanced structures where the air filling factor is significantly
less (~.23) than the PBG-enhanced structures (~.45) and the range of test PC LED structures in
Figure 2-32c. The required mesa oxidation time for the high-efficiency semiconductor PC LED is
well above 30 mins (~ 6 hrs for a 50 um wide mesa). Therefore, the quantum well damage will

need to be eliminated to observe a room-temperature PBG-enhancement.
2.9.3 Literature Review

Although the oxidation process is common for optical sources such as VCSELs
where one may expect such quantum well damage to appear, only one report was found that
matched the quantum well damage results in Figure 2-32. The reason for few reports may be that
the majority of the lasing action in a VCSEL occurs far away from the oxidation front. Indeed, a
damaged quantum well region on the edges of a VCSEL mesa may even prove beneficial since
gain is undesirable far from the center of the mesa. In [70], however, a 5-fold decrease in PL is
observed from an In 5,Ga gyAs quantum well near an oxidizing AlGaAs layer along with a corre-
sponding increase in the radiative lifetime from 1 to 12 ns. Secondary ion mass spectroscopy was
used to identify significant oxygen concentration in the degraded quantum well region. As
reported, the oxygen diffused from the oxidizing layer through a 22.5 nm AlGaAs barrier layer
and a 10 nm GaAs layer into the quantum well; these depths are even greater than the distance
from the Ing 5(Gag goAs in the PC to the exposed surface. In addition, the dependence on air-fill-
ing factor (Figure 2-32c) is indicative of a diffusion dependent process. For lower air-filling fac-
tors, such as the resonance-enhanced PC LED structures, the percent of quantum well material
containing significant oxygen defects is reduced as compared to the higher air-filling factor PBG-

enhanced PC LED structures.
2.9.4 Reducing Quantum Well Damage

One potential method of preserving the high-quality of the Ing50Gag ggpAs quan-
tum well is to deposit a protective overlayer prior to the oxidation process. To determine the ben-
efits of a protective overlayer, a 500 nm thick SiO, layer was sputtered on a PC LED test sample

(without mesas) before commencing oxidation. Unfortunately, similar quantum well damage was
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observed when comparing PL before and after oxidation. Alternative protective overlayers such
as Si3N, and spin-on glass were deemed incompatible with the PC LED fabrication process and

therefore were not pursued.

Since the drop in PL arises from the proximity of the quantum well to the surface
in the etched PC holes, it is reasonable to consider etching the PC holes as the last step in the fab-
rication sequence (i.e. after the oxidation). Two methods were investigated for doing the PC etch-
ing after the oxidation process: 1) A dual-hard mask process and 2) an electron-beam alignment
process. In the dual hard-mask process, a metal mask is defined using EBL and then left on dur-
ing the mesa definition and the oxidation. The metal is used at the end of the process as a mask to
etch the PC region. However, initial experiments with Ni, Ti, and W metal masks for the PC dem-
onstrated poor adhesion during the high-temperature oxidation process. In addition, a lift-off step
must be used for the metal mask process so all of the area surrounding the holes needs to be
exposed in the EBL step. The inverted pattern requires a larger total written area than the process
depicted in Figure 2-17, and therefore the uniformity in hole size across the PC pattern is more
difficult to control due to the proximity effect. For these reasons, the dual-hard mask process is

not suitable for the fabrication of the PC LED.

The second option is to define and oxidize the mesas first followed by definition of
the PC pattern by aligning electron beam lithography system to the predefined mesas. The elec-
tron-beam alignment is not critical to the process and may easily be performed with <5 um accu-
racy using alignment marks defined in the same step as the mesas. Therefore, performing the
EBL on the predefined and pre-oxidized mesas is the most attractive solution for eliminating

quantum well damage from the PC LED structures.
2.9.5 Pump-Coupling to PBG Structures

As was detailed in Section 2.8, coupling of the pump light to higher-order reso-
nances in the PC LED can greatly enhance injection efficiency and therefore may prove useful in
testing PBG-structures. According to EQ. 45, enhancements in external efficiency due to a PBG

will only be observed if radiative emission into free-space modes (a relatively slow process as
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evidenced by the poor external efficiency of plain slab LEDs) exceeds nonradiative recombina-

tion. Rewriting EQ. 45 for a semiconductor as

T
BN2(1+irJ
g
E= 2 3 (EQ 65)
BN +(AN+CN)

shows explicitly the direct competition between radiative and nonradiative recombination. EQ.

65 is very similar to EQ. 61 except that the factor B is suppressed by the PBG.

To test these ideas, white light reflectivity is performed on a PC LED mesa with a
lattice constant of 320 nm and a hole radius of 220 nm yielding an r/a ratio of about 0.35 and a
PBG around the emission wavelength according to the calculated photonic band diagram shown
in Figure 2-12. Figure 2-33a shows the white-light reflectivity for a PC (shown in the inset) that
according to the calculated band diagram may contain a PBG. The peak in reflectivity is unphys-
ical and must be due to a nonuniformity in the mirror or a Fabry-Perot effect due to the reduced
effective index of the top layer from the holes of the PC. A resonance peak near 740 nm is used to
pump the PBG LED structure that otherwise shows low PL. The PL spectra for the PC region is
shown along with the reference emission from a blank mesa both taken while exciting with the
pump laser tuned to 740 nm. Strong emission is observed near the material emission peak and it
is speculated that the strong emission may be due at least in part to the presence of a PBG. The
enhancement is mainly attributed, however, to the enhanced injection of carriers while pumping
on resonance and therefore the enhancement in external efficiency due to the PBG cannot be

directly extracted from this data. When tuned off resonance the PL emission from the PBG is
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drastically reduced. A four-fold decrease in PL due to quantum well damage has been demon-

strated in Section 2.9.2, making a room temperature measurement of the PBG difficult.
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Figure 2-33. Reflectivity and PL emission from a PC structure that may contain a PBG. PL is observed when the pump
wavelength is tuned to a resonance near 740 nm.

From the results, it is concluded that using a PC with a PBG surrounding the mate-
rial emission is an interesting but impractical method of obtaining an enhancement in external
efficiency. Suppression of radiative emission in the PBG constrains the device processing to
extremely sensitive processes that do not introduce any nonradiative recombination pathways.
The presence of oxygen in the PC LED quantum wells has created a nonradiative recombination

mechanism that may be greatly magnified due to the presence of a PBG.
2.9.6 Upper Frequency Cutoff

The folding of the light-cone at the edges of the Brillouin zone creates an upper
frequency cutoff above which only leaky resonances and free-space modes exist as discussed in
Section 2.2.3. The external efficiency for such a structure is given by EQ. 48 and is identical to
that for a PBG structure provided the emission rate into free space modes remains relatively con-
stant between the two. Since the emission rate into free space is a relatively slow process in com-
parison to the emission into leaky resonance modes, the creation of an upper-frequency cutoff is a

less promising PC LED design. For this reason, PC structures with an upper frequency cutoff
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were not directly explored. However, emission into free-space modes does contribute a small

amount to the 17.8% external efficiency reported in Section 2.8.4.

2.10 Conclusions: PCs for High-Efficiency Semiconductor LEDs

PCs have been examined in detail as potential candidates for high-efficiency semi-
conductor LEDs. Enhancement through leaky resonances in the PC was identified at the most
promising method. Careful testing was performed allowing a direct measurement of a factor of 6
enhancement due to resonances in the PC. A large external efficiency of 54% is reported for a
particularly noninvasive high-efficiency PC LED structure, a dramatic improvement over past
attempts. Even larger enhancements in external efficiency are expected for devices that contain
PC resonances with maximum overlap of the material emission (Q~Q,). Many such structures
have been fabricated and should be explored in the near future at MIT. A particularly important
measurement that needs to be performed uses a wide-collection angle to ensure equal injection
efficiencies between the PC structure and the reference structure as initially assumed in

Section 2.7.

This chapter has also identified and quantified oxygen contamination of the quan-
tum well during the oxidation process that introduces nonradiative recombination pathways.
When considering the impact of nonradiative recombination, a PC structure containing a PBG or
an upper-frequency cutoff is a less promising means of obtaining a practical high-efficiency semi-
conductor LED. However, a means of eliminating the oxygen contamination by reversing the

fabrication process has been suggested.

This chapter has presented a framework for the implementation of PCs into any
thin-film semiconductor LED. The generic designs given are especially attractive because they
are noninvasive in that material is not removed in creating the PC and surface recombination may
be potentially eliminated. The designs are more easily transferable into manufacturing than previ-
ously attempted solutions, even those using PCs. The challenges of making the high-efficiency

PC LED presented in this chapter electrically-active need to be explored in the near future.
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Chapter 3. Large Scale Oxidation of AlAs Layers for
Broadband Saturable Bragg Reflectors

3.1 Motivation: Ultrashort Optical Pulse Generation

Time-division multiplexing (TDM) combines data in time from one or more opti-
cal sources for transmission through optical fibers. The generation of ultrafast optical pulses
allows for higher bit transmission rates [74]. In general, narrowing of the pulse width is limited

by the uncertainty principle

AVAT> ‘%t . (EQ 66)

By increasing the spread in frequencies (and correspondingly the range in Fourier components

that constitute the pulse), the pulse width may be shortened to only a few optical cycles; the lower

limit being the natural time-scale of a single optical cycle:

A

T~=, (EQ 67)
c

where A is the wavelength of light used to generate the pulse and c is the speed of light in vac-

uum. For instance, for A=1.55 um (the minimum loss wavelength in standard optical fiber), the
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minimum pulse width is 5 fs. The Cr**:YAG laser system provides a widely tunable range near

1.55 um suitable for the generation of ultrafast laser pulses for telecommunications [75].

Optical pulses are generated in a laser cavity provided they experience higher gain
than continuous wave (cw) light. To create this condition, periodically-spaced frequency domain
laser cavity modes are phase-locked to each other to take advantage of the entire gain spectrum, a
technique termed modelocking. In cw operation, the electric field energy is concentrated in only
a few modes near the laser cavity gain peak. By phase-locking a large number of modes together,
a much larger bandwidth is utilized and from EQ. 66 a shorter duration optical pulse is achievable.
However, the control of large bandwidths of light is difficult and relies on broadband dispersion
compensating and reflective optical elements.  In addition, one must consider effects such as

gain, loss, group delay dispersion, and self-phase modulation.

Modelocking is accomplished by creating a time-dependent optical loss within the
laser cavity either by an optical modulator (active modelocking) or by nonlinear interactions
within the laser cavity itself (passive modelocking). Active modelocking, while effective in rap-
idly compressing long pulses, is ineffective in further compressing already short pulses. In con-
trast, passive modelocking creates a time-dependent loss based on the intensity of the pulse itself,
and shortens pulses further by a process called self amplitude modulation (SAM). A saturable
absorber is an optical element thkat exhibits such an intensity-dependent loss mechanism; an
example of a typical saturable absorbing material is shown in Figure 3-1. Low-intensity cw light
is absorbed linearly, while high energy density short intense pulses experience less absorption. If
the recovery time of the absorbing medium is fast enough, both the leading and trailing ends of
the optical pulse experience significant loss leading to a shorter pulse. A fast saturable absorber
in combination with large bandwidth reflective optical elements may generate pulses short
enough to allow further reduction through self-phase modulation and group velocity dispersion;

the balance of the two creates soliton-like pulse shaping effects. Fast-saturable absorbing materi-
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als are also self-starting in that they require no external perturbation to initiate passive modelock-

ing.

Absorption

Enel:gy Density '

Figure 3-1. Absorption fraction of transmission in a saturable absorbing material (from [76]).

An elegant method of combining a broadband reflective optical element and a sat-
urable absorbing material for use in an ultrashort pulse laser cavity is to epitaxially grow a semi-
conductor quantum well on a Bragg mirror to form a saturable Bragg reflector (SBR). The
quantum well is the saturable absorbing medium while the Bragg mirror provides a broadband
mirror that is also low-loss, an essential feature for the low gain of the Cr**:YAG laser. The
recovery time of a semiconductor quantum well is on the order of 10 ns and is therefore not by
itself capable of generating femtosecond pulse widths. However, the quantum well may be used
to quickly self-start a nanosecond optical pulse that may be further compressed using Kerr-lens
modelocking (KLM). KLM is a fast saturable absorber form of passive modelocking that relies
on the optical Kerr effect which is an intensity-dependent index of refraction. In Kerr media,
high-intensity pulses “self-focus” creating a different beam profile than low-intensity cw radiation
in the laser cavity. Spatial filters may then be inserted in the laser cavity to preserve only the
intense short pulses. By using KM, the pulse width becomes primarily limited by the bandwidth

of the Bragg mirror.
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3.2 Saturable Bragg Reflector Design

To date, several groups have reported using SBRs for modelocking Cr*:YAG
lasers [77-80] where the saturable absorbing material is typically an InGaAs quantum well (emit-
ting near 1.55 wm) clad with either InP or InAlAs barrier layers, and the Bragg mirror consists of

GaAs/AlAs pairs.

Figure 3-2 shows the optical power spectrum of a Cr*":YAG pulse. To take full
advantage of the entire available bandwidth from the Cr**:YAG laser, the SBR mirror design
should be centered near 1440 nm and should have a reflectivity greater than 99.5% spanning over

300 nm. Likewise, the saturable region of the SBR should absorb wavelengths above 1580 nm.
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Figure 3-2. Optical power spectrum of a Cr**:YAG pulse (from [76]).

3.2.1 Mirror Design

Even with upward of 30 periods, the GaAs/AlAs mirror is limited to a useful
bandwidth of ~100 nm, which limits the achievable pulsewidth to ~ 60 fs. The bandwidth of the
mirror may be expanded significantly by instead using a GaAs/Al,O5 mirror, a 1D PC, with a
much higher index contrast for each mirror period. Figure 3-3 compares the calculated reflectiv-
ity from a 30 pair GaAs/AlAs Bragg mirror to that of a 7 period GaAs/Al,O5 Bragg mirror. The
indices of refraction of the GaAs, AlAs, and Al,O5 are 3.43, 2.87, and 1.66 respectively at 1440
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nm. The thickness of each layer is equal to a quarter-wavelength in the respective material. A
10% volume contraction upon conversion to Al,0O; is accounted for in the design (the oxidation
process is further detailed in Section 3.3.5). The number of periods is set at 7 to maximize the
bandwidth while also limiting the nonsaturable loss in the mirror. The reflectivity is calculated
using transmission matrices (see Appendix A.1). The mirrors are both centered at 1440 nm. The
GaAs/Al,O5 mirror has a broadband reflectivity of >99.5% from 1250 nm to 1850 nm, where as
the same threshold only spans from 1400 nm to 1550 nm for the GaAs/AlAs mirror. The high-
index contrast of the GaAs/Al,O5 system offers the additional advantages of a smaller number of

periods, short epitaxial growth times, and a relaxed requirement on the thickness control.

7-pa1r GEAS/A]203

Figure 3-3. Calculated reflectivity for a GaAs/AlAs Bragg mirror (dotted line) and high-index contrast GaAs/Al,0
Bragg mirror (solid line).

Group delay dispersion (GDD) describes the effect on radiation propagating

through a medium with a frequency-dependent index of refraction. GDD must be carefully con-

trolled or compensated for during generation of ultrashort optical pulses. Figure 3-4 shows a plot

of the calculated GDD for a 7 layer GaAs/Al,O3 Bragg mirror. The dispersion is close to zero
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from approximately 1200 nm to 1800 nm closely matching the broad stopband of the GaAs/Al,O5
Bragg mirror. Therefore, the GaAs/Al,O5 mirror itself does not cause significant dispersion. The
broadband reflectivity, low loss, ease of epitaxial growth, and lack of dispersion motivate the use

of a GaAs/Al,O5 mirror in the Cr*:YAG laser cavity.
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Figure 3-4. Calculated GDD for a 7 pair GaAs/Al,05 Bragg mirror (from [75]).

3.2.2 Absorber Design

The absorber region, lying on top of the GaAs/Al,O5 mirror, consists of a quantum
well comprised of a 10 nm Ing 5,Gag 43As layer centered within a half-wavelength thick InP layer
and designed for a band-edge near 1580 nm (Figure 3-5). The center wavelength for the SBR
structure is chosen to be 1440 nm, sufficiently below the band edge of the absorbing quantum
well. A standing field pattern is created by the interference from the GaAs/Al,O5 mirror and the
incident radiation. The quantum well is placed at an anti-node in the standing wave pattern,
which lies at the center of the half-wavelength absorber region, to maximize the overlap with the

local energy density. A more detailed analysis of the absorber region design may be found in

[75].
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Figure 3-5. SBR design using A=1440 nm includes an InGaAs/InP quantum well and a 7 pair GaAs/Al,O5 Bragg
mirror.

The AlAs layer is grown approximately 10% thicker than the final thickness of the
AlyOs. It has been reported that the AlAs layer shrinks by approximately 12% upon oxidation
and this shrinkage is therefore accounted for in the epitaxial growth [113]. Actually, the large
bandwidth of the mirror due to the high index contrast between Al,O5 and GaAs makes the per-
formance of the mirror less sensitive to the exact thickness of the low-index layer. Figure 3-6
shows the reflectivity of the Bragg mirror for various thickness contractions upon oxidation. Con-
sidering a threshold of > 99.5% reflectivity for the SBR, a wide range from approximately 1250 to
1700 nm of usable bandwidth from the Cr**:YAG is still available over a 20% final Al,O5 thick-

Ness €1ror range.
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Figure 3-6. Calculated reflectivity spectrum of high-index contrast GaAs/Al,O4 Bragg mirror for a 20% range of
error in thickness of the low-index Al,O5 layer.

3.2.3 Epitaxial Growth of the Absorber Region

Of particular interest is the quality of the absorber region grown by GSMBE on the
Riber 32P system shown in Figure 2-9. Since the GaAs/AlAs mirror layers must be grown lattice-
matched to a GaAs substrate, the InGaAs/InP absorber region is heavily strained due to the lattice
mismatch between GaAs (a=5.65 A) and InP (a=5.87 A). The epitaxial growth process may
therefore only progress pseudomorphically to some critical thickness at which point defects are
introduced that limit the internal efficiency of the quantum well. The critical thickness at which a
layer relaxes may be calculated by balancing the strain energy at the growth interface with the
energy required to generate misfit dislocations as was done by Matthews and Blakeslee [81]. Itis
well known that the critical thickness is less than 100 A for InP on GaAs. The index of refraction
of InP near 1440 nm is approximately 3.1 so that the total required thickness of the absorber

region is 232 nm (for half a wavelength in the material), well above the critical thickness. Indeed,
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the lattice mismatch is so severe that separate islands of material form to minimize the surface
energy of the growth interface. As a general rule of thumb, an interface that has greater than 1.5%
lattice mismatch (~3.5% for InP on GaAs) will exhibit such island growth. Island growth yields a
poor quality active material for most light-emitting applications where high internal efficiency is

essential (e.g.the PC LED discussed in Chapter 2).

Room-temperature PL from the SBR material is plotted in Figure 3-7; this PL was
taken using the setup detailed in Figure 2-11. The full-width at half-maximum is ~90 nm indicat-
ing the poor quality of the quantum well. However, the presence of defects in the quantum well
may actually enhance the passive modelocking process by decreasing the carrier lifetime in the
quantum well. The quality of the InP/InGaAs absorber region is therefore sufficient for use in the
Cr*:YAG laser cavity, but must first be confirmed by pump-probe measurements as reported in

[75].
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Figure 3-7. PL emission from the absorber region of a broadband SBR.

A potential alternative to growing a quantum well for the SBR in the Cr**:YAG
laser is to instead grow InAs quantum dots that may demonstrate higher luminescence efficiency
near 1.55 um. Size nonuniformity, however, may increase the required saturation fluence of the
absorbing region. In general, one wants the saturation fluence to be on the same order as the int-

racavity pulse intensity incident on the SBR.
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3.2.4 Additional Growth Observations

The PL of the quantum well improves if a phosphine overpressure is applied
before commencing the growth of the lower InP layer in the absorbing region [121]. The phos-
phine overpressure induces the growth of a thin monolayer of GaP (a=.545). The heavy lattice
mismatch between the InP layers (a=5.87 A) and the GaP monolayer (~7.1%) causes the interface
to immediately relax generating defects. The defect density then decreases with distance from the
relaxed interface. The quality of the quantum well is therefore slightly improved by inducing the
surface relaxation immediately at the absorber region interface, rather than allowing pseudomor-
phic growth to progress up until the critical thickness (<10 nm). In the latter case, misfit disloca-
tions are formed that extend into the quantum well itself further decreasing the radiative

efficiency.
3.3 Large Scale Oxidation of GaAs/Al,O3; Mirrors

As described in Chapter 2, a steam oxidation process is used to convert the AlAs
layers to Al,O3. For use in the ultrashort Cr**:YAG laser cavity, however, the size of the mirrors
must be greater than approximately (200 |J,m)2. The reason for the large mirror size is that a
smaller mirror requires a smaller beam spot size incident on the SBR, translating to higher flu-
ences. At high fluences two-photon absorption begins to limit the narrowing of the pulse width
by acting as an inverse saturable absorber; this limiting effect may be observed using pump-probe
spectroscopy [82]. Indeed, it is expected that a (500 },Lm)2 mirror may eliminate the effects of
two-photon absorption in the Cr*":YAG laser cavity [82]. The effect of two-photon absorption
absorption is particular severe because the quantum well is placed at an anti-node in the standing
wave pattern of the SBR. The large-scale oxidation of GaAs/AlAs pairs, however, can be prob-
lematic. AlAs layers contract to Al,O5 creating interfacial stress that results in the delamination
of layers. The goal is then to successfully fabricate a large area GaAs/Al,O3 PC directly inte-

grated with a saturable absorber for use in the Cr*:YAG laser cavity.
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3.3.1 Fabrication

All SBR samples are oxidized using the setup in Figure 2-21. Careful attention is
given to consistency between oxidation runs. The bubbler temperature is maintained at an aver-
age temperature of 90°C. The N, flow is set at 1.5 liter/min. for all oxidations, well above the sat-
uration threshold at the temperatures of interest [72]. Therefore, the oxidation rate is at a
maximum for any given oxidation temperature and independent of slight variations in the N,
flow. Only the temperature and time are varied between oxidations. Samples are either prepared
by cleaving a wafer to expose an edge facet, or by defining mesas using photolithography and

acid wet-etching.

The photolithography is performed to define mesas in photoresist that act as masks
for the wet-etching process. Wet-etching of the active region is accomplished using a (1:1)
HCI:H5PO, solution to remove the top and bottom InP layers (10 seconds each) and a (1:8:40)
H,S04:H,0,:H,0 acid solution dip to remove the InGaAs quantum well. The H,SO4:H,0,:H,0
acid solution also nonselectively etches the AlAs/GaAs material system. 3 mins is typically suffi-
cient to penetrate the entire 7-period GaAs/AlAs stack. DI H,O is used to rinse each sample and
stop the etching process between each wet-etch step. Samples are each dried with an N, gun and
examined under the microscope to verify removal of the various materials. Sufficient etch depth

is also confirmed using the SEM.
3.3.2 Delamination of AlAs layers at High Temperature

Figure 3-8a shows a top down SEM of a circular SBR mesa, 500 m in diameter,
oxidized at 435°C for 2 hrs. The roughness of the GaAs substrate surrounding the SBR mesa is
due to nonuniform wet-etching rates along defects on the surface. Several layers in the mesa
structure have apparently buckled and delaminated during the oxidation process. Figure 3-8b ver-
ifies that the delaminated interfaces exist between the GaAs and the AlAs interfaces. The same
SBR material system also showed severe delamination after only 45 mins of oxidation at 435°C.

Clearly, the oxidation process itself is causing enough stress at the oxidation front to propagate
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delamination throughout the mesa structure. Therefore, the oxidation process itself needs to be

thoroughly investigated before large-scale SBR mirrors can be successfully fabricated.

[ GaAs substra |

Figure 3-8. a) Top down SEM of mesa structure oxidized at 435°C for 4 hours. b) Cross-sectional view showing
' delamination.

3.3.3 Literature Review: GaAs/AlAs Mirror Oxidation

Some groups have met with success of oxidation of structures containing GaAs/
AlAs mirrors, but all at smaller length-scales than the large-scale oxidation (>~(200 pm)?)
required for the SBRs. A particularly popular application of the GaAs/Al,O3 mirror is for verti-
cal cavity surface-emitting lasers (VCSELSs), but typically the mirror is of much smaller area than
that required for the SBR [89]. In [90], a 57 um wide ridge containing 3 GaAs/AlAs periods was
oxidized successfully. However, the mirror is designed for a reflectivity centered around A=1 um,
and therefore the pre-oxidation AlAs layers are thinner (162 nm) than for the SBR (240 nm) cen-
tered around A=1.44 um. In addition to the smaller length-scale of oxidation, the thinner layers

and less periods should reduce delamination in such ridge mirror structures.

In [95], a 5 period GaAs/Alg 9sGa gsAs mirror centered at A=1.55 um is oxidized
without report of delamination. The width of the mirrors are less than 40 um, however, and the
oxide is (Al,Gay_,),0O5 rather than Al,O5. It is expected that the addition of Ga helps stabilize the

structure (see Section 3.3.6), but reduces the oxidation rate dramatically, limiting the width of the
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mirrors (40 um or less). Indeed, in additional work by the same authors [94], Al,Ga;_ ,As with
lower Al compositions (ranging form x=0.65 to x=0.8) are deliberately utilized to slow the oxida-

tion rate and create stable mirror structures.

In [92], a Bragg mirror consisting of 2.5 periods of Al 1Gag 9As/Al,Oj is success-
fully constructed and even actuated to form a tunable filter. The stability of the mirror is attrib-
uted to the small number of periods used in the mirror and the added Al-content in the high-index
layer of the mirror. In [93], an AlGaAs/Al,O5 mirror is constructed and no delamination is
reported, again in large part due to the Al-content of the high-index layer. The small structures
(50 um) and relatively low temperature (400°C) for steam oxidation also contribute to the stabil-

ity of the reported mirror.

In summary, the oxidation of AlAs/GaAs mirrors appears feasible over a small
scale, provided sufficiently thin layers and a small number of periods are used. Recall that the PC
LED structure presented in Chapter 2 does not suffer the same delamination problem as the SBR,
primarily because of the thinner Al,O3 layers required for the Bragg mirror centered at A=980
nm. Bragg mirrors in the PC LED structure as large as 250 um in diameter have been success-
fully oxidized without delamination. The thickness of the mirror, however, and number of peri-
ods is dictated by the high-reflectivity necessary for the SBR centered at 1440 nm as described in
Section 3.2.1. As demonstrated in the literature [92-93], the addition of Ga to the oxidizing layer
helps stabilize certain mirror structures. But the Al-content of the oxidizing layer must remain
close to unity, however, since large area oxidations in a reasonable time period are required for the
SBR. Therefore, alternative methods must be pursued to stabilize a large area SBR mirror where

the oxidizing layer is binary AlAs.
3.3.4 Alternative SBR Designs

Before undertaking the endeavor of stabilizing the SBR structure, one should con-
sider alternative materials systems and processing schemes. Perhaps the most obvious solution to
stabilizing the SBR structure is to utilize a different materials system that does not require oxida-
tion for the mirror. However, the index contrast available using semiconductors is limited. For

instance, GaAs-based GaAs/AlAs mirrors were shown in Section 3.2.1 to have insufficient index
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contrast (An=0.4) and do not cover the entire Cr+:YAG gain spectrum. Sb-based AlAsSb/
AlGaAsSb (An=0.52) [96] and InP-based InGaAs/InP (An=0.31) [95] mirrors also do not offer
sufficiently high index contrast. Alternative materials such as (Al,Ga)-InP/AlAs have been inves-
tigated as Bragg mirrors [97], but oxidation for large area mirrors is expected to yield the same
delamination problems for the SBR as the GaAs/AlAs materials system. Si/SiO, mirrors offer
high-index contrast, but are not crystalline and therefore cannot be used as substrates for growth
of reasonable quality absorber material using molecular beam epitaxy. It is possible, however, to
sputter InAs quantum dots on Si/SiO, mirrors as described in [75]; this method is currently being

explored in the ultrafast optics group at MIT.

An alternative process is to grow the active material on InP (where it is lattice
matched), remove the substrate, and then wafer bond to a broadband mirror (S1/Si0, or GaAs/
Al,O3). The wafer bonding process is not trivial but may be explored in the future in the CBE
group at MIT. The oxidation of InAs/AlAs superlattices [98] and AlAs/GaAs digital alloys [99]

also show promise for use in constructing broadband SBRs in the future.

3.3.5 AL,Ga;_,As Oxidation Process

In order to completely understand the nature of the Al,0O3 interface delamination,
the oxidation process itself must be considered in detail. The oxidation of Al,Ga;  As to
(Al,Ga;_4),05 involves three primary steps: transport of reactants from the bubbler (see Figure 2-
21) to the oxide terminus, reaction at the oxide terminus to form Al,O5 or other reaction by-prod-
ucts, and the creation and transport of volatile by-products away from the oxide terminus. The
entire oxidation process may be described by the Deal and Grove model [100]:

& d

+

t =
kdiff k

(EQ 68)
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where the rate is either reaction- or diffusion-limited depending on the values of the reaction con-
1 1

, — and —

1(diff eru

tively, each dominated by the corresponding rate-limiting process. A reaction-limited regime is

stants. Here represent the sum of all diffusion and reaction rate constants, respec-

preferable because of the precise process control, but several authors have reported a parabolic
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oxidation rate especially for long oxidation times [82,101-104]. For the SBR, long oxidation
times (estimated >5 hrs. for oxidation temperatures less than the InP growth temperature) are nec-
essary, and therefore the transfer from the linear regime to the parabolic regime needs to be exam-
ined. For large scale oxidations it is preferable to remain in the linear regime as long as possible
so the overall oxidation time is reduced. The variation between the two regimes is best explained

by examining the several phases present during the temporal evolution of the oxidation process.

In [105], the initial reacting species are determined using ultra-high vacuum con-
ditions in conjunction with Auger electron spectroscopy (AES). The oxidation process begins
with the molecular adsorption of water vapor on the reacting Al,Ga;_,As layer, that occurs any-
where above 100 K (steam oxidations are typically performed from 573-773 K). The adsorbed
water vapor either desorbs or dissociates into various Al-O, Al-H, and As-H species on the

Al,Gay 4As surface. The As-H species are then observed to form arsine which readily desorbs.

Following [106] then, the initial stages of the oxidation process may be summa-

rized by the equivalent molecular equations,

2AlAs +3H,0,.. = AL O, +2AsH AG = 451X (EQ 69)
2+(g) 2¥3 3 mole

2AlAs +4H,0,.. = 2A10(OH) + 2AsH AG = 404 XL (EQ 70)
27 (g) 3 mole

where it is assumed that As-H dissociates directly into As-H;. EQ. 69 and EQ. 70 are energeti-
cally favorable at 425°C, as evidenced by the corresponding change in Gibbs free energy (AG)
associated with each reaction (AG is at 425°C, a temperature comparable to those used for oxidiz-
ing the SBRs).  Although the AsH3 may desorb above 200 K as reported in [105], it is not
detected as a by-product in [106]. Using Raman spectroscopy, however, a constant a-As,O;

intensity is detected from the reaction:

kJ
mole

2AsH; +3H,0,, = As,04,+6H, AG = -22 (EQ 71)

The relatively low change in Gibbs free energy at 425°C associated with EQ. 71 most likely
explains why the formation of a-As,O3 was not observed in [105], where the measurements were

performed at lower temperatures. A constant Raman intensity for As was also observed through-
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out the temporal evolution of the oxide in [106]. Indeed, it is energetically favorable for the a-

As,05 species to further dissociate into elemental As:

Asy05q)+6H, = 2As+3H, +3H,0,,) AG = -13120 (EQ 72)

Combining EQ. 71 and EQ. 72 shows that AsH3 may also directly dissociate to form elemental

As:

2AsH, = 2As+3H, AG = -153—~L (EQ73)
mole

The resulting arsenic either diffuses from the film, resides in interstitial sites, or segregates to
nearby interfaces, a problem shown to be detrimental to metal-insulator-semiconductor (MIS)
devices based on the steam oxidation process [107]. The complete oxidation process is therefore

described by combining EQ. 69 and EQ. 70 with EQ. 73:
kJ

2A1As +3H,0, = Al,O; +2As +3H, AG = -604— = (EQ 74)
2A1As +4H,0,,, = 2A10(0H) +2As +3H, AG = -5571% (EQ 75)

EQ. 74 and EQ. 75 show the possibility of two amorphous materials that may exist behind the a-
As,03-containing amorphous region at the oxidation front (AlIO(OH) and Al,O3). Using elastic
recoil detection (ERD), however, it has been shown that the hydrogen concentration is too small

to support hydroxide phases in the oxidized layer [108].

The critical role of hydrogen in reducing the a-As,O5 has been demonstrated by
using an O, carrier gas [109] as it consumes atomic hydrogen (inhibiting oxidation) to form water
(AG=-1148 kJ/mole), and helps substantiate the intermediate oxidation steps given in EQ. 71 and
EQ. 72. The existence of a thin (~10 nm) dense amorphous region at the oxidation front has also
been observed [66]. The formation (EQ. 71) and reduction (EQ. 72) of a-As,05 is critical in
determining the regime of oxidation (linear or parabolic) as described by EQ. 68. Figure 3-9is a
schematic of the growth of the dense amorphous region at the oxidation front and the change from
a linear (reaction-limited) to a parabolic regime (limited by diffusion through the dense amor-
phous region). An increased width of the dense amorphous region and the subsequent change to a

parabolic time dependence is favored by increasing oxidation temperature and Al mole fraction
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[106]. The overall effect on extended oxidations is to slow the oxidation rate, making large-scale
oxidations difficult. It is speculated that the dense amorphous region containing a-As,05 also
contributes to the low reported rates of dry O, oxidation of AlGaAs [110]. It should be noted that
the transport process through the oxide regions behind the dense amorphous region is not, at least

initially, rate-limiting in the oxidation process since ky;¢~8.5xk,,, [111].
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Figure 3-9. a) Schematic showing transition from linear to parabolic regimes for extended steam oxidations

Figure 3-10 shows transmission electron micrographs of oxidizing AlAs (a) and
Al 9yGa ggAs (b) layers. The oxidizing conditions are comparable to those used to oxidize the
SBRs. The dense As,O3-containing amorphous region can be easily distinguished at the oxida-

tion front in both micrographs.
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a b

Figure 3-10. a) Oxidation front progressing in AlAs [108] b) Oxidation front progressing in Al g,Ga ggAs [108]
3.3.6 Al,O3 Microstructure

The microstructure of the oxidizing film is determined primarily using electron
diffraction. An amorphous solid solution of (Al,Ga;_4),0O5 (since nonstoichiometric alumina is
uncommon), extends from behind the a-As,O3-containing layer to the edge facet of the exposed
oxidizing layer [108]. Over time, and especially at higher temperatures, a small fraction of crys-
talline (Al,Ga;_,),03 may form along with grains ~10 nm in size of y-(Al,Ga; 4),053 [112]. A
complete transition from AlAs to crystalline y-Al,O3 corresponds to a 20% linear contraction.
Experimentally, a 12-13% contraction has been observed for AlAs steam oxidation [113] and a
6.7% contraction for Alyg,Ga ggAs [112]. The crystallization to y-(AlyGa; ),05 grains may
also be induced by electron beam exposure. By contrast, the a-As,O;-containing amorphous
region at the oxidation front (Figure 3-10) is stable under electron beam exposure. In Figure 3-
10a, the coarse Yy-(Al,Ga;_4),05 grains behind the oxidation front can easily be distinguished. In

Figure 3-10b, however, the amorphous Al,O3 has not yet begun to crystallize.
3.3.7 Oxide/Semiconductor Interface

A sharp interface has been reported between GaAs and the amorphous solid solu-

tion Al,O5 layer [108]. Void formation is reported to occur, however, because of electron beam-
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induced crystallization during examination with TEM. Indeed, examination of SBR samples
using SEM has routinely revealed void formation. At the oxide/GaAs interfaces a Ga,O5 layer
has been observed to form [108]. The thickness of the Ga,O5 layer depends on the amount of
time the porous oxide layer is exposed to the GaAs interface. Therefore, a thin but significant
Ga, 03 layer should exist at the GaAs/oxide interfaces in the lengthy oxidations of the SBRs. The
thickness of the Ga,O3 layer will depend on the proximity to the exposed facet where the oxida-

tion process commenced.
3.3.8 Literature Review: Mechanical Instability of GaAs/AlAs mirrors

The mechanical instability of the interface between GaAs and Al,O3 has been
noted by several groups [65, 84-88] although no systematic study has been performed to date and
no data is available for large-scale (>100 um) oxidation. In [65] and [85], the mechanical stabil-
ity of mesas containing oxides formed from Al ggGa ,As vs. AlAs are discussed following ther-
mal annealing. The (Al ggGa )03 is found to be more stable than the Al,03. GaAs/Al,O;
interfaces in VCSELS are also found to degrade over the time of laser operation. The authors cite
a reduction in strain due to smaller contraction of the Al 9gGa ,As layer as a possible explana-
tion for the stability of the Ga-containing oxide. The strain field in the AlAs layer is found prima-
rily at the oxide terminus and is not present for the Ga-containing oxide layer. The authors do
not, however, report any delamination during the oxidation process itself, as is the case for the
SBRs. In a conflicting argument, however, local stress measurements on a GaAs surface layer by
shifts in the Raman spectra, reveal no difference between regions with an underlying (Al;.
x02ax),03 layer as compared to an underlying Al,O5 layer [114]. The authors report the same
instabilities to thermal cycling as in [65] and [85], but conclude instead that delamination must be
due to the chemical nature of the GaAs/oxide interfaces rather than the difference in strain due to
volume contraction. As pointed out in [65] and [85], though, the strain is concentrated primarily
around the oxide terminus rather than at the GaAs/(Al;_,Ga,),0; interfaces. Indeed in [99],
delamination is found to originate at the oxide terminus itself. Therefore, one is led to believe that
the delamination of the SBRs originates at the oxide terminus. However, because the layers

delaminate during the oxidation process itself, it is difficult to immediately conclude the location
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that the semiconductor/Al,O5 interfaces begin to delaminate. This issue will be further investi-

gated in Section 3.5.1.

In [86], oxidation is performed on a GaAs/AlAs mirror structure for 30 mins at
425°C followed by a 10 min. oxidation to determine the resilience of the structure to repeated oxi-
dations. The structure is found to delaminate during the second (10 min.) sfep of oxidation. Weak
Ga,0; formed at the GaAs/Al,Oj3 interface is discussed as the source of delamination. A graded
AlGaAs layer introduced between the GaAs and the AlAs stabilized the structure by slowing the
formation of Ga,0j3 (i.e. slowing the progression of oxidation in the orthogonal direction to the

oxidizing AlAs layer).

Multiple oxidations is also reported to cause delamination in GaAs/(Al;_,Ga,),03
mirror structures in [87]. The authors find that low (x<0.96) Al-containing oxides are more stable
than higher Al-containing oxides. Thinner oxidation layers in mirror structures containing less
total numbers of layers are also found to be more stable. Buffer layers of various Al composi-
tions, placed between the high Al content oxidizing Al;_,Ga,As layer and the surrounding GaAs
layers, are used to help stabilize structures during annealing and secondary oxidations. Contrac-
tion of the oxide layer due to crystallization during thermal cycling, and separation from the weak
Ga,05 layer, is concluded to be the primary mechanism of delamination. It is interesting to note
that structures that have oxidized to completion are reported to be stable under further annealing
and secondary oxidations, although no explanation is provided. The stability of a completed
oxide in contrast to an unstable partially oxidized GaAs/AlAs structure is, however, discussed in
some detail in [88]. The authors speculate that delamination during post-oxidation annealing is
due to interfacial strain arising from the presence of by-products of the oxidation reaction. Raman
spectroscopy was used to detect As and As,O3 in partially oxidized samples, completely oxidized
samples, and over-oxidized samples. The over-oxidized structures contained less As and As,O5
and displayed improved thermal stability. However, an explanation of the relation between the
reaction by-products to strain is not provided. On the other hand, according to previous resuits
[86], extended oxidations should weaken the structure (increased Ga,O5 growth and crystalliza-

tion/contraction of Al,0O5).
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3.3.9 Delamination of the SBR

It is somewhat surprising that literature was not found that describes delamination
during the oxidation process itself, partly because large scale oxidations of structures similar to
the SBR are not routinely performed (see Section 3.3.3). As detailed in Section 3.3.8, the delam-
ination of GaAs/Al,O5 mirror structures typically occurs for multiple oxidation or oxidation/
annealing processing sequences. It is therefore worthwhile to test the thermal stability of the SBR
material itself prior to oxidation. The same SBR material as shown in Figure 3-8 was annealed in
the oxidation furnace at 435°C while exposed to a constant flow of dry N,. No structural changes
were observed optically when comparing the annealed sample to an as-grown reference sample.
To test the effect of thermal cycling, oxidations were attempted under the same conditions as
those used for the delaminated structure shown in Figure 3-8, except with a cool-down step
inserted. During the cool-down step the oxidation furnace is allowed to ramp down to a tempera-
ture of 200°C over the time period of 1 hr., before removing the SBR samples from the furnace.
No significant reduction in delamination was observed by inserting the cool down step into the
SBR oxidation process. Oxidations with and without a heating step, in which the furnace temper-
ature is allowed to stabilize prior to flowing steam, also both produced delaminated structures. It
is therefore concluded that thermal cycling is not the primary source of the observed delamination

in the SBR structures

Oxidizing the PC LED structure discussed in chapter 2 was performed with no
delamination. The difference between the Bragg mirror used in the PC LED and the SBR helps
shed light on the nature of the delamination process. The AlAs layers in the SBR are almost 100
nm thicker (240 nm) than the AlAs layers in the PC LED (152 nm). Thicker AlAs layers suffer
more volume contraction than thinner layers upon oxidation, so that the entire stack is under

greater strain for the SBR as compared to the PC LED.

It is therefore hypothesized that the primary cause of the delamination observed in
Figure 3-8 is stress induced during volume contraction at the oxide terminus. It is believed that
the delamination originates at the oxide terminus [65,85,99], a hypothesis that will be supported

by the results presented Section 3.5.1. Once the delaminated interface is incubated due to the

Large Scale Oxidation of AlAs Layers for Broadband Saturable Bragg Reflectors page 129



stress in the direction perpendicular to the oxidizing direction upon contraction at the oxide termi-
nus, it propagates causing entire layers to buckle. The report that the stress in a GaAs surface
layer on top of (Al; ,Ga,),05 is independent of the Al concentration also supports this theory
[114], since the measurement may not have been able to detect stress in the plane of the oxide ter-
minus. The dense As,O;-containing intermediate species, in addition to slowing the oxidation
process, may be noncompliant at the oxide terminus causing layers to buckle as supported by the

results in [88].
3.3.10 Oxidation Rate Dependencies

The highest oxidation rate is desired that does not degrade or delaminate the layers
in the SBR structure. The rate of oxidation depends on various conditions during the steam oxida-
tion process including: temperature [65,102,116], water temperature [115], composition [65,73],
layer thickness [65,116,117,118], geometry [116, 119], and surrounding layers [120]. In addition,
the oxidation rate itself is not constant and depends on the length of oxidation as discussed in Sec-
tion 3.3.5. Detailing the rate dependencies of oxidizing the SBR structure is outside the scope of
this work. Rather, the goal is to maximize the (stable) oxidation rate given the constraints of the

SBR design.

Higher temperatures and increased Al content increase the rate of oxidation in the
SBR structure. The temperature of the oxidation, however, must lie below the growth tempera-
ture of InP (~470°C). In addition, although less total number of layers should produce a more sta-
ble SBR structure for oxidation, at least 7 periods in the Bragg mirror are required for sufficiently
high reflectivity (Figure 3-3). Lengthy oxidations also translate to a greater number of refills of
the bubbler depicted in Figure 2-20. During each refill the water temperature varies (by ~ +/-5°C)
leading to a slight variation in the oxidation rate. The effect on the oxide is noticeable under an
optical microscope; therefore, the water is routinely heated on an external hotplate to reduce this

effect and help ensure mirror uniformity.
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3.4 Stabilizing the SBR Structure

As discussed in Section 3.3.3, stabilizing the SBR structure may be accomplished
by oxidizing Al;_,Ga,As to form (Al;_,Ga,),05 which undergoes less volume contraction than
Al,O5 formed from binary AlAs. The oxidation rate, however, drops dramatically with the addi-
tion of even small percentages of Ga [66]. In [66], the oxidation rate drops by more than 75% at
440°C, with the addition of only 2% Ga. It is possible to oxidize at higher temperatures to
increase the oxidation rate. The InP growth temperature, however, is only 470°C, and oxidation
well below that temperature is required to avoid degradation of the absorber region. Since for the
SBR mirror, large-scale oxidation in a reasonable time period is required, the oxidation of Al;.
xGayAs is less attractive. Grading the Ga concentration at the interface between AlAs and GaAs
is another method used to stabilize the GaAs/Al,Oj3 interface [86,91]. Compositional control of
the grading is difficult though during the epitaxial growth and may lead to insufficient reflectivity

of the Bragg mirror.
3.4.1 Stabilization of SBR at Reduced Oxidation Temperature

Higher temperatures will help activate the delamination process at the oxide termi-

nus. Stress introduced upon contraction of the Al,O5 layers commences the delamination pro-
cess. Oxidation at a lower temperature, however, may reduce the propagation of the delaminated

| AlAs layer and should help stabilize the entire SBR structure. In addition, as discussed in Section
3.3.3, lower temperature oxidized Bragg mirror structures have appeared in the literature, albeit of
much lesser area, without report of delamination. The disadvantage of oxidizing at reduced tem-

peratures is of course a slower oxidation rate.

Figure 3-11a is an SEM cross-sectional micrograph of the unoxidized/as-grown
SBR structure that previously delaminated when oxidized at the elevated temperature of 435°C
(Figure 3-8). The SEM-measured thickness of the AlAs layer (290 nm) is larger than the intended
design (240 nm), indicating an approximately 17% higher than expected AIAs MBE growth rate.
The GaAs thickness, which is more easily calibrated than the AlAs growth rate, is measured to be

105 nm and taken as the standard in the SEM measurement.
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Figure 3-11b is an optical micrograph showing partial oxidation of a 500 wm diam-
eter SBR mesa. A cylindrical geometry is used because of the increased oxidation rate [119]. The
oxidation is performed at 400°C for 2 hrs. during which the oxidation front progresses isotropi-
cally 115 um from the mesa edge. The oxidation is stopped short of completion to illustrate ter-
mination of the oxidation fronts. The material system is stable and delamination is not observed
(compare to Figure 3-8a oxidized at 435°C). Oxidations were also attempted at the intermediate
temperature of 415°C but severe delamination of the SBR layers, similar to that shown in Figure
3-8a, was still observed. Even at 400°C, some regions of delamination are observed at the edges
of the SBR mesa shown in Figure 3-11b. SEM is used to verify that the delamination is occurring
only at the top GaAs/Al,O5 interface, while other interfaces in the SBR remain intact. The layers
surrounding the interior GaAs/Al,O; pairs help stabilize the inner-most interfaces in the mirror
stack. The top GaAs/Al,0O5 interface may be stabilized by oxidizing at even lower temperatures,
although the linear oxidation time decreases exponentially. Figure 3-11c is an SEM showing the
oxidized layers of the SBR structure. From the SEM, the measured thickness of the Al,0O5 layer

is 230 nm (an AlAs contraction of ~14%).

To measure the reflectivity of the mirror structures in Figure 3-11a and Figure 3-
11c, the top active layer is removed using the acid wet etch described in Section 3.3.1. The reflec-
tivity of each mirror is measured using Fourier-transform infrared (FTIR) spectroscopy with a 150
um diameter spot size on the mesa. Even though a gold mirror serves as a 100% reflective refer-
ence in the measurement, it still remains difficult to quantify the absolute reflectivity. For this
reason, it is helpful to normalize each measured spectrum to its own reflectivity peak. The magni-
tude of the measured reflectivity peak is then scaled to the magnitude of the calculated peak for a
direct comparison between the two. In addition, it should be noted that the accuracy of the FTIR
system is limited for longer wavelengths above approximately 1900 nm, as indicated in the figure.
The roll-off in the measured broadband reflectivity on the longer wavelength side of the stopband
is also an artifact of the measurement. The same roll-off occurs when using gold and silver mirror

standards, and other mirrors calibrated for absolute reflectivity.
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The measured reflectivity is shown in Figure 3-11d and is compared to simulation
for both the oxidized and unoxidized SBR structure. There is excellent agreement between the
measured spectrum for the unoxidized mirror and the spectrum calculated using the layer thick-
nesses in Figure 3-11b. The FTIR measured oxidized mirror also matches well with the calcu-
lated mirror using the thickness measured in the SEM in Figure 3-11c. An extremely broadband

SBR mirror is measured from 1200-2000 nm covering the entire Cr*:YAG power spectrum.

270 pm

(unoxidized)

pm GaAs substrate

Figure 3-11. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR. b) Optical micrograph of oxidation

front progressing in SBR mesa oxidized at 400°C c) Cross-sectional SEM of SBR with oxidized low-index layers. d)
Comparison between measured (solid-line) and simulated (dotted line) reflectivity.
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Figure 3-11. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR. b) Optical micrograph of oxidation

front progressing in SBR mesa oxidized at 400°C c) Cross-sectional SEM of SBR with oxidized low-index layers. d)
Comparison between measured (solid-line) and simulated (dotted line) reflectivity.

An additional contribution to the stabilization of the SBR structure at lower tem-
peratures is the slower oxidation of the GaAs. In [84], an AlAs surface layer is oxidized and the
AlAs/GaAs interface is examined using Auger spectroscopy. At 430°C Ga,O5 is detected at the
AlAs/GaAs interface and layer delamination occurs. It is reported that Ga,O5 does not form,

however, at the interface at 400°C. Indeed, the GaAs substrate of each sample was examined fol-
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lowing each oxidation at different temperatures. Discoloring of the GaAs surface indicating
oxide formation was only observed above 400°C. Therefore, the formation of Ga,O5 is most
likely reduced in the SBR structures when oxidizing at 400°C and below, strengthening the inter-

face at the oxide terminus.

Although the quarter-wave SBR may be mechanically stabilized by oxidizing at
lower temperatures, the oxidation rate is low, making it a less attractive solution for large-scale
SBR structures. Alternative mirror designs are therefore pursued to stabilize the SBR material

system at high-temperatures.

3.4.2 Alternative High-Reflectivity GaAs/Al,O3; Mirror

The successful oxidation of Bragg mirrors in mesas for the PC LED of diameters
up to 250 um encourages investigation into an alternative high-reflectivity GaAs/Al,O5 mirror
that contains thinner Al,O4 layers. The Al,O5 layers of the PC LED (152 nm) are thinner than the
Al,O; layers of the SBR (217 nm) and therefore induce less strain in the heterostructure upon
contraction during oxidation. In addition, as discussed in Section 3.3.3, thinner layer Bragg mirror

structures (of much lesser area) have appeared in the literature without report of delamination.

The Al,O5 layer in the SBR may be made thinner by a corresponding increase in
the thickness of the high-index GaAs layer such that the total phase-shift in propagating through

the GaAs/Al,0O; period remains constant:

A= kGaAstGaAs + koxidetoxide (EQ 76)

n

—;‘:"ide . For a quarter-wave stack, as depicted in Figure 3-5, the

2mn 2
——Jahs and koxide=

where Kgaas=
total propagation phase shift is 7 so that reflections from the dielectric interfaces add up in phase.
The same condition is required for a broadband mirror consisting of thinner Al,O5 layers. For
instance, if tyy;q.=135 nm (~20 nm less than the thickness of the Al,O5 layers in the PC LED)
then the thickness of the GaAs layer must satisfy:

7 — Koxidetoriae

tGaAs= (EQ 77)

kGaAs
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Using EQ. 77, the thickness of the GaAs layer is calculated to be 145 nm for a 135
nm Al,O; layer. Figure 3-12 shows the calculated reflectivity for a 7-period Bragg mirror con-
sisting of 135 nm Al,O3 layers and 145 nm GaAs layers. The original 7-period quarter-wave
stack is also included for comparison. Although the mirror bandwidth (1300-1700 nm for a

>99.5% reflectivity threshold) is slightly less than for the quarter-wave stack, most of the 1250-
1700 nm power spectrum of the Cr**:YAG laser (Figure 3-2) is still included.
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Figure 3-12. Reflectivity of a 7 period quarter-wave Bragg mirror (dashed line) and thinner oxide Bragg mirror
(solid line). The thinner oxide mirror has a >99.5% reflectivity from 1280 to 1730 nm.

Figure 3-13a is a cross-sectional SEM of the as-grown/unoxidized SBR material

system. Although in this particular structure only 6 periods are included in the Bragg mirror, the
stopband of the oxidized structure should still be sufficiently wide. The GaAs thickness is ~145
nm, but the AlAs layers appear to be too thick as verified below using FTIR. Figure 3-13b 1s an
optical micrograph showing partial oxidation of a 500 um diameter SBR mesa containing the

material system in Figure 3-13a. The oxidation was performed for 2 hrs. at 435°C and the oxida-
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tion front progresses isotropically approximately 150 pm from the mesa edge. The oxidation is
stopped short of completion to illustrate the progression of the oxidation fronts. Complete oxida-
tion of the SBR mesa takes approximately 3.5 hrs. The SBR mesa is mechanically stable with the
thinner Al,Oj3 layers, and no delamination is observed. The uneven oxidation fronts in Figure 3-
13b arise from the slowing of the oxidation rate due to the growth of the dense As,O3-containing
section at the oxidation front and the transition to a diffusion limited oxidation process as
described in Figure 3-9. As the dense As,O3-containing section grows, oxidizing reactants can
diffuse through neighboring GaAs layers and continue the oxidation process, leaving a portion of
the AlAs layer unoxidized (Figure 3-13c). The oxidation rate in each AlAs layer depends as well
on the progression of the oxidation front in neighboring AlAs layers that provide an alternative
fast-diffusion pathway. Slow diffusion through the dense As,O;-containing oxidizing layer may
force reactants to an alternative faster diffusion pathway through the neighboring porous y-Al,04

or AlO,Hy layers in the mirror stack.

GaAs substrate

a

Figure 3-13. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR. b) Optical micrograph of oxidation of
SBR material containing thinner Al,O5 layers in the Bragg mirror. ¢) Obstructed oxidation due to dense As,05-
containing layer at oxide terminus causes uneven oxidation fronts to develop. d) Cross-sectional SEM of SBR
structure with oxidized low-index layers and the top absorber layer removed. €) Comparison between FTIR measured
reflectivity from the mesa edge and unoxidized mesa (solid lines), the mesa center (dashed-dotted line), and
calculated (dotted line) reflectivities
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Figure 3-13. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR. b) Optical micrograph of oxidation of
SBR material containing thinner Al,O5 layers in the Bragg mirror. c) Obstructed oxidation due to dense As,O5-
containing layer at oxide terminus causes uneven oxidation fronts to develop. d) Cross-sectional SEM of SBR
structure with oxidized low-index layers and the top absorber layer removed. €) Comparison between FTIR measured
reflectivity from the mesa edge and unoxidized mesa (solid lines), the mesa center (dashed-dotted line), and
calculated (dotted line) reflectivities
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Figure 3-13. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR. b) Optical micrograph of oxidation of
SBR material containing thinner Al,O3 layers in the Bragg mirror. c) Obstructed oxidation due to dense As,O;-

containing layer at oxide terminus causes uneven oxidation fronts to develop. d) Cross-sectional SEM of SBR
structure with oxidized low-index layers and the top absorber layer removed. ) Comparison between FTIR measured
reflectivity from the mesa edge and unoxidized mesa (solid lines), the mesa center (dashed-dotted line), and
calculated (dotted line) reflectivities

Figure 3-13d is a cross-sectional SEM of the SBR in Figure 3-13b with the top
layer removed for reflectivity measurements. No delamination has occurred at the interfaces of
the Al,O3 and the GaAs layers. The GaAs thickness is measured to be 145 nm while the Al,0;4
thickness is measured to be 140 nm, corresponding to a high measured volume contraction of

almost 25%. The SEM-measured thicknesses are verified using FTIR-reflectivity.

To accurately measure the reflectivity of the mirror, the top absorber region is
removed using the acid wet etch described in Section 3.3.1. The FTIR-measured reflectivity for
both the oxidized and unoxidized mirror is shown in Figure 3-13d and is compared to simulation.

The measurement was taken using the procedure described in Section 3.4.1. First, the simulated
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reflectivity of the unoxidized structure is fit to the measured reflectivity and used to determine the
exact unoxidized/as-grown layer thicknesses. While the measured thickness of the GaAs is 145
nm and matches that of the mirror design, the thickness of the AlAs is found to be ~187 nm, veri-
fying the higher than expected Al1As MBE growth rate as initially suspected in the SEM measure-
ment. The similar widths of each stopband indicates the accuracy to the choice of index contrast

between AlAs and GaAs in the simulation.

The thicknesses measured by SEM are used to simulate the oxidized mirror reflec-
tivity which agrees well with the measured reflectivity. The broad measured stopband shown with
a solid line is from the outer portion of the mesa where the oxidation surfaces are uniform. Irreg-
ularities occur in the measured spectrum from the center of the oxidized mesa (dashed-dotted
line), due to the slowing of the oxidation process from a reaction-limited to a diffusion-limited

regime and the resulting uneven oxidation fronts (Figure 3-13c).

3.4.3 Buffer Layer at GaAs/Al,O3 Interface

Although grading the interface between the AlAs and the GaAs has been used to
stabilize Bragg mirror structures [86,91], compositional control is difficult with MBE. The com-
position of a discrete buffer layer, however, is easily controllable and will not affect the optical
properties of the SBR mirror provided the buffer layer is thin enough relative to the wavelengths
that compose the Cr**:YAG laser pulse. The lower Al-content layers may buffer the contraction
of the AlAs upon oxidation helping to stabilize the GaAs interface. The lower Al-content layers
also help limit the formation of weak Ga,O3 bonds at the GaAs interfaces. To test these ideas,
thin 15 nm Alg;Gag 3As buffer layers are added to the SBR material system between the AlAs
and the GaAs at each interface. Figure 3-14a is an optical micrograph of a partially oxidized
mesa (435°C, 1 hr.) containing the SBR material in Figure 3-14a. The oxidation front has pro-
gressed 205 um from the mesa edge. Complete oxidation of the SBR mesa is achieved in less
than 2 hrs. Slight delamination has occurred near the mesa edges but overall the mechanical sta-
bility of the mesa is much improved over that of the same structure oxidized at 435°C but without
the buffer layers (Figure 3-8a). The slight delamination appears to be an edge effect that occurs at

the beginning of the oxidation process. The edge delamination may be removed by oxidizing at
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slightly lower temperatures. It may be possible to further improve the mesa stability by increas-
ing the thickness of the buffer layers. The ideal solution which complicates growth is grading the
Al-content more gradually at the AlAs/GaAs interface. The oxidation rate of Aly;Gag3As at
435°C is ~3 nm/min.; it is therefore expected that the buffer layers completely oxidize as well.
Figure 3-14b is a cleaved cross-section of the oxidized material where some of the interfaces have
separated during sample preparation. A small (~15 nm) granular region is revealed at the bottom

of the GaAs layer indicating that the buffer layers have oxidized as well.

Figure 3-14c is an SEM showing the oxidized layers in the SBR mesa in Figure 3-
14b and the interfaces stabilized by the (Alg 7Gag 3)30, buffer layer. Since the (Aly;Gag 3);0,
buffer layers also oxidize, it is difficult to determine the exact layer thicknesses using only SEM.
Instead, fitting to the measured reflectivity of the mirror structure (shown in Figure 3-13c) pro-
vides a more accurate determination of the layer thicknesses. The buffered-interface SBR struc-
ture is measured using FTIR after removing the top active region by wet-etching as described in
Section 3.3.1. A completely oxidized 500 pm diameter SBR mesa is used for the FTIR measure-
ment. The reflectivity spectra for both oxidized and unoxidized SBR mirrors are shown in Figure
3-14d and is compared to the calculated spectra. The unoxidized spectrum is calculated for the
GaAs/AlAs quarter-wave mirror where the Alg 7Gag 3As buffer layers are included as part of the
lower index AlAs layer. The best-fit of the unoxidized spectrum is for a 105 nm thick high-index
layer and a 240 nm thick AlAs (combined with Al ;Gag ;As) layer. The calculated spectrum fits
reasonably well while any inaccuracy is associated with the buffer layers. The measured stop-
band of the oxidized structure is broad ranging from 1100-1800 nm. The best-fit calculation of
the measured spectrum is for an Al,O5 layer thickness of 195 nm corresponding to ~19% total
volume contraction of the oxidized AlAs and Al ;Gag 3As material. The reduced total volume
contraction (relative to that measured in the thinner-oxide SBR structure) may be due in part to

the buffered interfacial (Al ;Gag 3),05 layers.
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Figure 3-14. Optical micrograph of a partially oxidized SBR mesa containing SBR material (1 hr. at 435°C). b)

Close-up SEM of interface separated during sample preparation revealing an oxidized interfacial buffer layer. b)

Cross-sectional SEM of SBR with oxidized low-index layers. d) Comparison between measured (solid line) and
calculated (dotted line) reflectivity.
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Figure 3-14. Optical micrograph of a partially oxidized SBR mesa containing SBR material (1 hr. at 435°C). b)

Close-up SEM of interface separated during sample preparation revealing an oxidized interfacial buffer layer. b)

Cross-sectional SEM of SBR with oxidized low-index layers. d) Comparison between measured (solid line) and
calculated (dotted line) reflectivity.

Error is introduced in the measurement of the buffered-interface SBR structure
because the buffered layers may not be completely oxidized at the center of the SBR mesa. To
check the amount of error, a comparison is made between the FTIR-measured reflectivity using a
150 um spot positioned at the edge of the 500 um mesa. The stopband measured towards the
edge of the mesa is red-shifted by approximately 10 nm from the stopband at the center of the
mesa. A red-shift is indicative of a thicker total oxide layer in the SBR mirror on the edges of the

mesa due to the extended exposure time to oxidizing reactants relative to the mesa center.

3.4.4 AlGaAs/A1,O; SBR Structure

It is also found that Aly_,Ga,As/Al,O3 mirrors are more stable than their GaAs/
Al,O3 counterparts [92-95]. Although the index of refraction decreases with Al content, the
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index contrast with Al,O5 is still large enough for the mirror to be broadband. Figure 3-15 shows
the calculated reflectivity spectrum for a 7 period Al »Gag 3As/Al,O3 mirror and compares it to
the GaAs/Al,O5 stopband. The index of refraction of refraction for Aly-Gag3As at 1440 nm is
3.08 so that the quarter-wave thickness of the Aly;Gag3As layer is 117 nm. Although the stop-
band (>99.5% reflectivity) has decreased because of the lower index contrast for the AlGaAs/

Al,O5 mirror, it still covers the majority of the Cr*:YAG gain spectrum in Figure 3-2.

1250 nm
-

Figure 3-15. Reflectivity of a 7 period GaAs/Al,O; Bragg mirror (dashed line) and a 7 period Alj ;Gag 3As/Al,O4
Bragg mirror (solid line). The Al ,Gag 3As/Al,O3 mirror has a >99.5% reflectivity from 1260 to 1680 nm.

Figure 3-16a is a cross-sectional SEM of the unoxidized/as-grown Al 7Gag 3As/
AlAs SBR structure. Notice the low contrast between the high and low index layers of the mirror
stack due to the higher Al-content in the low-index layers. Figure 3-16b is an optical micrograph
of a partially oxidized 500 um diameter SBR mesa containing the Alj-Gay3As/AlAs mirror
structure. The oxidation is performed at 435°C for 1 hour during which the oxidation front
progresses 190 um from the mesa edge. Complete oxidation of the SBR mesa is achieved in less
than 2 hrs. All layers in the structure are intact with only small amounts of delamination occur-

ring near the edges of the mesa. Since Aly;Gag3As oxidizes slowly at 435°C, the oxidation
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extent into the high-index layer of the periods in the mirror should be a function of distance from
the mesa edge. The initial thickness of the Alj ;Gag 3As layer and the AlAs layer are determined
to be 150 nm and 270 nm, respectively, by a combination of SEM and by fitting to the FTIR
reflectivity spectrum of the unoxidized structure. Figure 3-16¢ shows the Aly;Gag 3As/Al,O5
multi-layer mirror stack following 2 hrs.of oxidation taken from the center of a 500 wm mesa; the
thicknesses are relatively unchanged. Figure 3-16d is an SEM of the same mesa now 50 um in
from the mesa edge. Only ~40 nm of the high-index layer remains, the rest of the material having
been converted to oxide. Close to the edge of the mesa, the high-index Alj;Gag3As layer had
completely oxidized. As a result of the oxidizing high-index layer, the measured reflectivity of
the completely oxidized SBR mesa was poor, demonstrating that a lower Al-content layer is

needed as the high-index layer.

A10.7G30.3AS

120 pm

(unoxidized)

a b

Figure 3-16. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR containing GaAs/Aly 7Gag 3As layers.

b) Optical micrograph of partially-oxidized SBR mesa (1 hr. at 435°C) containing SBR material in (a). An oxidation
time of 2 hrs. completes the mesa oxidation. c) Cross-sectional SEM of SBR with oxidized low-index layers taken
from the center of a 500 pm mesa and 50 um from the edge (d).
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Figure 3-16. a) Cross-sectional SEM of unoxidized/as-grown layers in SBR containing GaAs/Alj ;Gag 3As layers.

b) Optical micrograph of partially-oxidized SBR mesa (1 hr. at 435°C) containing SBR material in (a). An oxidation
time of 2 hrs. completes the mesa oxidation. c) Cross-sectional SEM of SBR with oxidized low-index layers taken
from the center of a 500 pm mesa and 50 pum from the edge (d).

It is important to note here that the absorber quality of the SBR mirror structures
fabricated from the Al ;Gag 3As/Al,O5 mirrors was poor as determined by PL. A close examina-
tion of Figure 3-15b reveals oscillations at the GaAs interfaces, the amplitude of which increases
until the interface with the absorbing region. Such oscillations at the interfaces do not appear in
GaAs/AlAs mirror structures (Figure 3-11a and Figure 3-13a). It is therefore speculated that
immobility of Al adatoms on the growth surface cause the interface oscillations and the corre-
sponding poor quantum well efficiency. In addition, RHEED oscillations show improved surface
reconstruction when growing GaAs in the mirror structures as opposed to Aly;GagzAs. It is
therefore believed that the lower Al content AlGaAs high-index layer will also allow growth of a
high-quality active region. Such an oxidized structure should demonstrate improved stability

over even the buffer-interface structure discussed in Section 3.4.3.

3.5 Self-Starting Cr**:YAG Laser

The SBR materials system is grown epitaxially and characterized using pump-
probe spectroscopy, PL, and SEM to determine the quality of the growth. Although suitable mir-

rors were designed and oxidized using the various techniques described in this chapter, the quality
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of the absorbing region was not always sufficient to modelock the Cr**:YAG laser, due mainly to

the heavy lattice-mismatch discussed in Section 3.2.3.

Growth R885, however, self-started modelocking of the Cr**:YAG laser. The
R885 structure contains the same original quarter-wave mirror design that delaminated in Figure
3-8 at 435°C, but stabilized at the reduced temperature of 400°C as described in Section 3.4.1.
The higher quality of the absorbing region on R885 relative to other growths is likely due to the
phosphine overpressure applied before the growth of the absorbing region. The temperature, and
therefore the emission wavelength, vary radially across each as-grown wafer. Therefore, to probe
the performance of the Cr**:YAG laser versus wavelength of the absorber region in the SBR, a
strip of material 1 inch in length is cleaved from the R885 wafer and oxidized. The high-reflectiv-
ity portions of the SBR used to initially modelock the laser are located near the cleaved edge. An
oxidation time of 9.5 hours produced oxidation fronts terminating at depths between 200 and 300
um as determined by SEM and optical microscopy. Although some localized delamination of the
upper-most GaAs/Al,O; interface occurred near the cleaved edge (the same as that shown in Fig-
ure 3-11b), self-started modelocking of the Cr*:YAG laser was achieved by narrowing the beam

spot size.

To self start modelocking, an end mirror in the Cr**:YAG laser cavity is replaced
by the broadband oxidized SBR. The position and orientation of the SBR are optimized by maxi-
mizing the feedback from the laser cavity. Further details about modelocking the Cr*:YAG laser
are reported elsewhere [75]. Figure 3-17 shows the results of self-starting modelocking using the
broadband SBR from growth R885 in combination with KLM. The wide tunability range of the
laser (Figure 3-17a) is evidence of the high-quality of the broadband GaAs/Al,O5 mirror. The
peak of the pulse spectrum is at 1490 nm (Figure 3-17b). A fringe-resolved auto-correlator was
used to measure the pulse-width that fits a 32 fs sech-shaped pulse (the true bandwidth limited
pulse would have a pulse-width of 35 fs). To the best of our knowledge, these are the shortest
self-started pulses in a Cr**:YAG laser cavity due to the high-quality large-scale Bragg mirrors in
the SBR [75].
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Figure 3-17. Measured data from the Cr**:YAG laser cavity modelocked using the oxidized SBR from growth
R885 in combination with KLM. Results show a) Tunability from 1400 to 1525 nm. b) Pulse spectrum c)
Interferometric auto-correlation.
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3.5.1 Reducing Two-Photon Absorption

To reduce two-photon absorption, a larger (500 pm)? high-quality surface area of
SBR material is desired so that a broader spot size may be used in the Cr**:YAG laser cavity.
SBR mesas having a cylindrical geometry oxidize faster than a cleaved edge because the total sur-
face area at the oxidation front decreases with time [119]. In addition, a mesa geometry simplifies
alignment in the Cr**:YAG laser cavity. To probe the performance of the laser versus wavelength
of the absorber region in the SBR, an array of 500 m mesas are fabricated on a strip of material 1
inch in length from the center of the as-grown wafer. Oxidation at 400°C produces a small
amount of delaminated material near the mesa edges as shown in Figure 3-11b. Since the perfor-
mance of the Cr**: YAG laser is extremely sensitive to nonuniformities in the SBR, 500 um mesas
were oxidized at the reduced temperature of 375°C in an attempt to obtain a larger surface area
with no delaminated material. Figure 3-18a is an optical micrograph of a 500 pm diameter SBR
mesa from growth R885 oxidized for 2 hours at 375°C. The oxide extends 60 m from the mesa
edge with little evidence of delamination. An oxidation of 10 hours (Figure 3-18b), however, pro-
duced an oxidation extent of only 140 um indicating that the oxidation rate has slowed. The rea-
son the oxidation rate has slowed is that the process has become diffusion-limited, as described in
Section 3.3.5, due to growth of a dense As,O3-containing region at the oxidation front. It is
believed that the region of highest stress in the GaAs/Al,O5 layers, that causes delamination at
higher temperatures, is at the oxidation terminus. To verify the assumption, Figure 3-18c shows
the result of reintroducing the SBR structure in Figure 3-18b to the oxidation furnace for an addi-
tional 2 hrs.of oxidation at 375°C. Since localized layer delamination occurs only at the oxidation
terminus, it is concluded that delamination can originate from the oxide terminus when oxidizing
at higher tempertures. As further evidence, the SBR material is oxidized at 435°C and the oxida-

tion front is examined using SEM. Figure 3-18d shows that delamination is occurring at the oxi-
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dation front due to stress in the plane of the oxide terminus. A delaminated layer then propagates

(especially at high temperatures) yielding the structure originally shown in Figure 3-8.

unoxdd)

.| (unoxidized)

V-ALO, il Progressing

oxidation
~q— front

d

Figure 3-18. a) Original SBR structure oxidized at 375°C for 2 hrs. b) Original SBR structure oxidized at 375°C for
10 hrs. ¢) Continued oxidation of structure in (b) at 375°C for 2 hrs. causes delamination at the oxide terminus. d)

Cross-sectional SEM of delaminated layer originating at oxide terminus in SBR structure oxidized at 435°C for 45
mins.

From the experiments detailed in Figure 3-18, it is clear that a large (500 um diam-
eter) mesa required for the Cr**:YAG laser cannot be fabricated from the same materials system
used to generate the ~200 um SBRs and the 35 fs pulses in Figure 3-17. Clearly, a higher temper-
ature oxidation process is desired so that oxidation may be completed prior to the onset of a diffu-
sion-limited regime. The alternative thinner-oxide SBR mirror design (Section 3.4.2), the
buffered-interface SBR (Section 3.4.3), and the Aly,Gagy3As/Al,O3 (Section 3.4.4) all may be

oxidized at higher temperatures (435°C) with little delamination.
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Figure 3-19 shows optical micrographs of 500 pm mesas containing the alternative
SBR mirror design (a), the buffered-interface SBR (b), and the Alj;Gag 3As/Al,03 SBR design
(c), each with the top absorber layer removed. The original SBR materials system that delami-
nates at high oxidation temperatures is included for completion (d). For comparison, all four
structures are oxidized to completion at 435°C for 3.5 hrs; structures (b) and (c) are over-oxidized
based on the rates reported in Section 3.4.3 and Section 3.4.4. The corresponding FTIR reflectiv-
ity spectra, each normalized to its respective peak reflectivity, taken from the center of each mesa

are compared in Figure 3-19e.!

a b c d |

Figure 3-19. 500 pm SBR mesas with top absorbing layer removed, each oxidized for 3.5 hrs.at 435°C: Thinner-
oxide (a), buffered-interface (b) A1GaAs/Al,O3 (c) and standard quarter-wave stack (d). e) FTIR-measured

reflectivity for structures (a)-(c).

1.Reflectivity from the original quarter-wave stack structure in (d) is nonuniform and therefore omitted because of the delaminated
layers throughout the mesa.
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Figure 3-19. 500 um SBR mesas with top absorbing layer removed, each oxidized for 3.5 hrs.at 435°C: Thinner-
oxide (a), buffered-interface (b) AlGaAs/Al,0O5 (c) and standard quarter-wave stack (d). ) FTIR-measured

reflectivity for structures (a)-(c).
The high-index layers of the Alj ;Gag 3As/Al,O3 SBR have oxidized vertically in

the mirror stack as described in Section 3.4.4, leading to the poor reflectivity of the structure in
Figure 3-19b. The alternative thinner-oxide mirror SBR has a relatively wide stopband, but is
irregular because of nonuniformities in the mirror as shown in Figure 3-19a. The nonuniformi-
ties develop because of the onset of the diffusion-limited oxidation regime (as discussed in
Section 3.4.2) for the slower oxidizing thin AlAs layers. The buffered-interface SBR materials
system shows a widest-stop band, due to the high-quality of the oxidized mesa shown in Figure 3-

19b.

The buffer-interface SBR therefore shows the most promise for modelocking the
Cr*:YAG laser with reduced two-photon absorption. Unfortunately, the absorber region of the

buffered-interface SBR structure was not of high-enough quality for use in the Cr**:YAG laser.
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However, there is no reason to expect that a sufficiently high-quality absorber region, like that
grown on the structure used to generate the 35 fs pulses, cannot be grown as well on the buffered-

interface SBR structure in the future.

The Aly5Gag3As/Al,O5 SBR is another potentially well-suited structure. How-
ever, the Al-content must first be reduced to eliminate the possibility of vertical oxidation of the
high-index layers and to improve the quality of the absorber region as discussed in Section 3.4.4.
The alternative mirror design structure, although nonuniform for 500 um diameter mesas because
of the slower oxidation rate of the thinner AlAs layers, is also well-suited for smaller [(150 um)z]

SBREs.

3.6 Conclusions

SBRs using quarter-wave stack GaAs/Al,O5; mirrors ~200 um wide were fabri-
cated in a III-V materials system and used to self-start mode-locking of an ultrafast Cr*:YAG
laser, tunable over a range of 1425-1500 nm, and able to generate 35 fs pulse-widths, the shortest
pulses to date for a Cr**:YAG laser with a SBR. The GaAs/Al,O5 Bragg mirror may be inter-
preted as a one-dimensional PC because of the high-index contrast and wide stopband (or PBG).
Using FTIR, the stopband was measured and extends from 1200-2000 nm covering the entire
Cr*:YAG laser power spectrum. The InP/InGaAs absorbing quantum well is heavily lattice-mis-
matched to the GaAs substrate, but may be made of sufficient quality for the SBR by applying a
phosphine overpressure that induces the growth of a thin GaP layer just before beginning the
growth of the lower InP layer. The Al,Ga;_,As/Al,O; materials system provides high index con-
trast so that the Bragg mirror stopband (>99.5% reflectivity) covers the entire Cr**:YAG laser
gain spectrum. Fabrication of large-scale Bragg mirrors in the Al,Ga;_,As/Al,O3 materials sys-
tem is feasible provided particular care is taken in the design of the broadband mirror to avoid

delamination during the steam oxidation process.

Even larger SBR structures (~(500 um)z) are desired to reduce the limiting effects
of two-photon absorption. Therefore, three separate alternative Bragg mirrors to the standard
GaAs/Al,O5 quarter-wave stack that may be oxidized at higher temperatures were designed and

fabricated. A thinner oxide GaAs/Al,O3 mirror, a GaAs/Al,O5 Bragg mirror with interfaces buff-
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ered with a thin AlGaAs layer, and an AlGaAs/Al,O; Bragg mirror were all explored with the
steam oxidation process. A 500 um diameter buffered-interface SBR mesa was successfully fab-
ricated and identified as the most promising structure to be used in the future for reducing two-
photon absorption in the Cr*:YAG laser cavity. The thinner oxide GaAs/Al,O5 mirror is entirely
stable for smaller (~150-200 um) diameter SBR mesas. The AlGaAs/Al,O; mirror was also
shown to be stable, but requires further investigation using lower Al-content high-index layers to

avoid vertical oxidation of the entire mirror stack and improve the quality of the absorber region.

Overall, the mechanical stability of large-scale oxidized Alj ,Ga,As/(Al;.
«Ga,),03 Bragg mirrors has been thoroughly investigated. The work presented in this chapter
lays the foundation for the design and fabrication of large-scale mirrors in the Al;_,Ga,As/Al,O3

materials system for SBRs and various other optical applications.
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Chapter 4. The Monorail Microcavity Laser

4.1 Optical Sources for Integrated Optoelectronics

Driving the integration (and miniaturization) of electronic devices is the dramatic
reduction in manufacturing cost resulting from decreasing the length of interconnects (Figure 4-1)
involved in a system all the way from the global network to the chip level. By 2010, it is believed
that ultra-fast electronic systems will consist of multiple interconnected microprocessor chips that
process in parallel with >500 MHz off-chip clock speeds [123]. As more functionality is con-
densed onto each chip, electrical interconnection at both the board and the chip level is com-
pressed and high-frequency transmission becomes difficult due to crosstalk (interaction between
the charged electrons carrying current in adjacent interconnects). An additional problem of
densely-packed electronic interconnects is breakdown due to atomic motion of the metal, or elec-

tromigration [124], as more and more current is forced down each small wire.
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Figure 4-1 (from [123]) The cost per interconnection decreases dramatically as optical networking becomes more integrated.

A potential solution is to utilize optical interconnects that do not suffer the same
crosstalk and breakdown problems as electrical interconnects [125]. The generation of the optical
signal to be transmitted is a major concern for future integrated electrooptical systems. For
instance, LEDs typically have poor external efficiency, although as shown in Chapter 2, PCs offer
promising results for enhancing the external efficiency. The poor external efficiency results in
unnecessary power dissipation and a maximum of 1000 LEDs/cm?, operated under normal mW
conditions, before the chip melts; a larger packing density than this is required, however, for
future integrated optoelectronic systems. Although optical sources (lasers and LEDs) with typical
mW power consumption may be appropriate for such applications as optical clock distribution at
the board level, faster low-power emitters are needed at the chip level. ‘Indeed, buried deep within
a chip where the packing density is at its greatest, even nW optical sources may need to be consid-

ered [123].

The lowest levels of a chip require the highest operation speeds (>500 MHz) for an
optical interconnection system. The spontaneous emission in a semiconductor is limited to the
order of nanoseconds making high-speed operation of an LED difficult for such applications.
Operation speeds at more than a few gigahertz bandwidth are possible, however, through stimu-

lated emission above threshold in a laser cavity. In addition, the high-speed laser signal may or
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may not need to be waveguided depending on the specific level of integration and application
desired. Although wireless broadcast of a signal may be appropriate at the board level and the
less-densely packed upper regions of a chip, guided wave interconnects are more appropriate for
the interconnections at the highly-integrated levels buried deep within an optoelectronic chip. To

avoid coupling losses, a laser integrated into a waveguide is ideal.

It is concluded that an ultra-low threshold/low power, high-speed, integrated
waveguide laser is desirable for interconnection in future optoelectronic systems. The purpose of

this chapter is to explore the use of PCs in achieving such a design.

4.2 Literature Review: Low-Threshold Semiconductor Lasers

In a semiconductor laser, the fraction of light coupling into the lasing mode rela-
tive to the total spontaneous emission is called the spontaneous emission factor B. In the context

of laser device physics it is helpful to define B as [125]:

B = AFC av (EQ 78)
(I- A)Ffree + Al_‘cav
where A is the fraction of solid angle subtended by the lasing mode and Fc av and rfr ce ATC the

emission rates into the cavity mode and into free space respectively.

Low-threshold, low power laser operation therefore requires designs that maxi-
mize . A value of B=1 indicates that all of the emitted light is coupled into a single lasing mode
creating a thresholdless laser. In fact, if all spontaneous emission could be collected from a laser
it would also appear thresholdless regardless of the value of 3, and the laser output would resem-
ble that of an LED. However, stimulated emission is faster than spontaneous emission, so that

laser oscillation is typically more useful for high-speed operation. In addition, nonradiative
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recombination pathways will increase the lasing threshold. Therefore, high-speed low-threshold

semiconductor lasers are designed for high radiative efficiency directly into the lasing mode.
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Figure 4-2 (from [126]) Low-threshold lasing is obtainable by limiting the available optical and electrical density of states in a
semiconductor laser.

The value of B may be increased by limiting the degrees of freedom in the avail-
able optical and electrical density of states as summarized in Figure 4-2. The optical density of
states may be limited by reducing the dlmenswnahty of the system, the limit being a single mode
optical microcavity of volume V = ( Zn) . Reducing the electrical density of states narrows the
emission linewidth leading to Purcell enhancement according to Fermi’s golden rule (EQ. 30).!
For instance, quantum dots or quantum boxes create a 0-D density of electrical states that
increases the emission rate into the lasing mode at the expense of other competing processes such
as nonradiative recombination. Therefore, as a general rule of thumb, a low-threshold semicon-
ductor laser is achieved by reducing the volume of the optical cavity to limit the density of avail-
able optical states, and narrowing the emission linewidth (low-temperature or quantum

confinement) to increase the emission rate into the lasing mode.

As the dimensionality of the laser is reduced, the reflectivity of the mirrors sur-
rounding the cavity must be correspondingly increased. That is, since the total gain on each pass

of the optical mode is reduced for smaller optical microcavities, the number of passes must be

1. A weak-coupling regime where irreversible radiative processes dominate is assumed in this discussion so that Fermi’s golden
rule applies.
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increased before energy leaks out of the optical mode. The number of cycles before the energy in
the cavity is reduced by a factor of ™" is equivalent to the cavity Q. Therefore, high Q microcav-
ities are required for low-threshold laser oscillation. A maximum overlap I' between the active
region and the lasing mode also increases the gain on each pass, possibly enabling lower Q cavi-
ties to exhibit low threshold. Another important parameter to consider when reducing the volume
of the laser cavity is the nonradiative recombination lifetime that is likely to be reduced due to an

increase in the ratio (~1/r) of surface area (~r2) to volume (~13).

In conventional in-plane cleaved facet lasers, the spontaneous emission factor is
low (~1073). The most straightforward method of increasing 3 is to reduce the cavity length along
the axial direction of a laser diode. By reducing the cavity length and introducing high-reflectiv-
ity facets, submilliampere threshold currents in short-stripe laser diodes have been demonstrated
[127]. A different method of increasing the value of B is a vertical cavity surface emitting laser
(VCSEL). A VCSEL consists of a 1D PBG created by quarter-wave Bragg mirrors surrounding
an active region with thickness equal to A/n [128-130]. The value of B for a VCSEL (1073-107)
depends on the width in the directions perpendicular to the Bragg mirrors where other optical
modes may exist. By also reducing the width in the perpendicular directions to the order of a
wavelength, lasing in “micropost” cavities has been demonstrated [131-133] with threshold cur-

rents below 40 pA [133].

Microdisk [134-137], microsphere [138], and microcylinder [139] lasers rely on
total internal reflection to create “whispering gallery” mode operation. Various values of B for
such structures, as high as 0.1 for a microdisk [136], have been calculated or demonstrated
depending on the temperature of operation and the emission linewidth of the active medium. A
record low threshold current of 40 LA has been reported for a microdisk laser [137]. The main
problem, however, for such microcavity laser structures lies in integration and coupling of light
from the lasing mode into a waveguide for interconnection purposes. One approach to output
coupling from the lasing mode is to place an output waveguide next to the microcavity, as was

done for the “photonic wire” microlaser reported to have a value of B=0.3 [140-142]. Typical
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values of important properties for low-threshold operation are summarized for several microcav-

ity lasers in Figure 4-3.

Nonradiative Lifetime

Microcavity " Active Volume (um®)  Mode Volume (um?) Cavity Q (ns)
Airpost VCSEL 10! 10 2,000 - 20,000
Microdisk 10! 1 100-1,000 1
Microcylinder 107! 10 100-1,000 1
Short Cavity Diode 1 100 10,000-20,000 10

Figure 4-3 (from [126]) Properties of several microcavity lasers

Low-threshold semiconductor lasers using PCs have also recently been explored.
A PC surrounding an active medium with a PBG that overlaps the material gain creates a high Q
optical cavity enabling lasing at low powers. The first such laser was presented in 1999 [143], by
introducing a defect in a hexagonal lattice PC; the PBG that overlaps the material emission cre-
ates a high Q microcavity. A modal volume of 2. 5(20) a cavity Q of 250, and a threshold
optical pump power of 500 uW are reported [144]. A similar electrically-pumped PC microcavity
laser reported in [145] showed a threshold current of 300 LA and a cavity Q of ~1164, but was
limited by poor radiative efficiency due to heat generation through nonradiative recombination
pathways. The radiative efficiency may be improved by cooling the lasers, a bulky and expensive

solution, however, for optical interconnection.

Clearly, a low-threshold integrated microlaser is desirable for high-speed optical
interconnection. Low-threshold is obtained by designing high Q, low-volume microcavities. An
important design consideration is minimizing nonradiative recombination such as Auger recombi-
nation and surface recombination, which limit radiative efficiency. Poor radiative efficiency
caused by nonradiative recombination generates heat instead of light. Nearby edges of the micro-
cavity enable high rates of surface recombination increasing the threshold carrier density. The
high carrier densities in small volume optical microcavities then increases the Auger recombina-

tion rate which further increases the laser threshold.
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4.3 Integrated Waveguide Microcavities

A low-threshold microlaser integrated with a waveguide is useful for optical inter-
connection. Before choosing an appropriate generic microcavity laser design, it is important to
first consider some previous experimental and theoretical work that has been performed on
waveguide microcavity structures [146-156]. As discussed in Section 4.2, low-threshold opera-
tion of a laser requires a high-Q, low modal volume microcavity. The modal volume is here

defined as:

feE* Ed’r

V. =+
m (EE* ) E)max €™

where € is the dielectric constant, ¢E*-E is the energy density in the electric field, and
(eE* - E)max is the peak value of the energy density. Various loss mechanisms determine the cav-
ity Q. The total cavity Q for a waveguide microcavity primarily consists of a radiation Q, Qra -
and a waveguide Q, QW g Qr ad Tepresents light lost to free-space modes while QW g represents
useful light extracted into the waveguide surrounding the microcavity. The total cavity Q, is

therefore written as the sum

1 + L (EQ 80)

1
Q Qrad ng .

Perhaps the most intuitive structure for a waveguide microcavity is a structure that
resembles an in-plane DBR laser, as reported in [148]. Deep gratings are etched into a channel
waveguide with a quarter-wave phase shift introduced to form a high measured total cavity Q
(~2500) of the microcavity. The high reported Q is actually ng , however, since the structures
were measured in transmission. The poor transmission indicates that although Qy g is high,
Q rad is correspondingly low, making the structures less attractive for use as an integrated micro-
laser. The index contrast between the core of the cladding and the waveguide is the most likely

source of low Q and subsequent loss in the structure.
rad 9
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To provide a high-Q cavity with improved coupling to waveguide modes instead of
radiation modes, a novel geometry (Figure 4-4a inset) was proposed in [146]. A high-dielectric
waveguide (surrounded by air) is modified by a periodic set of air holes of lattice constant a, cre-
ating a 1D PC. Figure 4-4a plots the photonic band diagram along the waveguide direction for the
parameters given in the caption. A PBG in the guided modes is created that separates the upper-
most state in the dielectric band and the lower-most state in the air band. Figure 4-4b is a vector
plot of the in-plane electric field for each band and for a defect state. The fundamental defect
state for the system is created by separating two of the holes, causing more of the electric field
lines for the lower-most air band state to intersect the high-dielectric region. Therefore, as dis-
cussed in Section 1.2.9, the energy of the lower-most air band state is reduced and a defect state is
pulled down into the PBG. The defect state sweeps across the PBG as the hole separation is fur-

ther increased. For the example given in Figure 4-4b, the defect width is 1.5a.

air band

Frequency (27mc/a)

0 L J— i Fi
0 0.1 02 03 04 0.5

Wavevector (2n/a)

defect state

a

Figure 4-4. a) (from [147]) Photonic band diagram along the x-direction for a waveguide (n=3.37) surrounded by air (n=1)
containing air holes separated by a lattice constant a, with a waveguide width 1.2a, waveguide thickness 0.4a, and hole diameter
0.6a. b) Vector plot of electric field distributions for air-band, dielectric band, and a defect state with hole separation of 1.5a.

Since the defect state derives from the guided state at the edge of the air band it
can be expanded primarily in terms guided modes. Therefore, its projection onto the radiation
continuum is small so that even a well-confined (high Q) mode leaks most of its energy into the

channel waveguide and less into radiation modes, giving the device more potential for an inte-
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grated low-threshold laser as compared to the deep-grating etched structure. A similar microcav-
ity waveguide structure cbntaining notches in the edges of the air-bridge, instead of holes, is
presented in [149]. The PBG along the waveguide for the notch structures is much lower, how-
ever, than for holes. An examination of Figure 4-4b shows that the difference in filling factors of
the air and dielectric bands for the hole structure must be higher than for any notch structure,
yielding a larger PBG. Therefore, the air-bridge microcavity structure containing holes and

detailed in Figure 4-4 is identified as a potential candidate for a low-theshold microlaser.

Air-bridge microcavity structures were successfully fabricated in the InGaAsP
materials system for operation at 1.55 um [150]. At MIT, monorail microcavity structures similar
to the air-bridge have been fabricated in the Si/SiO, materials system with a measured cavity Q of
~265 and a modal volume of .055 um3 [151]. Most importantly, monorail and air-bridge micro-
cavities using the GaAs/Al,05 materials systems have been successfully fabricated and measured
at MIT [152-156]. The monorail microcavity structures have a low-dielectric supporting layer
underneath the waveguide (Figure 4-5a) which reduces the cavity Q relative to the corresponding
air-bridge structures where the underlying low-dielectric is completely removed. A monorail
structure is more practical to consider than an air-bridge for a microlaser design, however,
because of the improved thermal dissipation through the underlying layers. In addition to being
able to lattice-match high-quality active material to GaAs, the GaAs/Al,O5 materials system is
particularly attractive for a low-threshold microlaser because of the excellent thermal properties
of Al,O5 [157]. As described in Section 4.2, the poor radiative efficiency of microcavity lasers
makes heating of the laser a significant problem that may become a fundamental limitation in per-

formance.
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Figure 4-5. (from [155]) a) SEM of several passive monorail microcavity structures in the GaAs/Al,O3 materials system b)
Measured transmission spectra for several different monorail microcavity structures.

The measured transmission spectra for several GaAs/Al,O3 monorail structures
with different defect widths is given in Figure 4-5b. The resonant modal volume associated with
the microcavities is ~.056 pm>. The small modal volume and suitable thermal properties make
monorail microcavities in the GaAs/Al,O; materials system an attractive candidate for a low-
threshold integrated microlaser. Indeed, with a sufficiently narrow bandwidth emitter (such as a

quantum dot) a spontaneous emission enhancement of 1, given by [158]

3
n-= =] (EQ 81)
411;Vm(

becomes possible. Using a modal volume of .056 um?, an index of refraction of 3.37 for GaAs,
the highest measured modal volume of 142, at 1.55 wm an enhancement of 20 is calculated. For a
wide-bandwidth emitter (such as a quantum well) the enhancement must be calculated directly

from Fermi’s golden rule (EQ. 30).

4.4 The Monorail Microcavity Laser

A monorail microcavity laser is proposed for high-speed optical interconnection.

The monorail microcavity laser is initially designed for activation through optical pumping (Fig-
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ure 4-6). It consists of the original monorail structure, but now contains an active medium. In
addition to the potential for low-threshold, low-power operation, the primary benefit of the mono-
rail microcavity, as compared to the other microcavity lasers discussed in Section 4.2, is that light
is easily extracted from the lasing cavity into the channel waveguide. Light leaks out of the lasing
mode along the direction in the channel waveguide. A preferred direction may be chosen by
slightly reducing the size of one of the holes at the output, as shown in Figure 4-6. Therefore, the

emitter and waveguide are fully integrated reducing coupling losses.

C microcavity

smaller hole for output

cylindrical holes form P

active
medium

stibstrate

Figure 4-6. Generic monorail microcavity laser

4.4.1 Materials System

The choice of materials system is crucial in designing the monorail microcavity
laser because of the high surface area to volume ratio which leads to high nonradiative surface
recombination rates. As shown in Figure 4-4b, the electric field energy is concentrated around the
hole surfaces that border the cavity due to the symmetry of the defect state, so that there is a direct
competition between emission into the lasing mode and nonradiative recombination at the hole
surfaces. To minimize nonradiative recombination at the nearby surfaces, the active medium
needs to provide carrier confinement. Therefore, quantum wells are used. In addition, the sym-
metry of the defect state is TE-like which matches well with the emission from the InGaAs quan-
tum well [146]. Quantum wells are used instead of quantum dots because of the present higher

quality of their epitaxial growth using the Riber 32P system (Figure 2-9). Quantum dots, how-
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ever, may prove useful in the future because of their narrower emission bandwidth and potential

Purcell enhancement.

The choice of active material should contain the minimum possible surface recom-
bination velocity. The surface recombination velocity of GaAs and AlGaAs is typically around
10% cm/s, an order of magnitude faster than that of InGaP (=103 cmy/s) [159]. Although it may be
possible to passivate the AlGaAs and GaAs surfaces with a (NH,4),S, treatment, to reduce the sur-
face recombination velocity to ~10° cr/s, the reported values are still not as good as that for
InGaP. It has also been reported that reactive-ion etching of InGaAs with a CH4:H, plasma (a
readily available etchant gas) can reduce the surface recombination velocity of InGaAs/InP quan-
tum well structure to 1.2%10% [160]. The reduction is attributed to H, surface passivation. For the
microlaser then, an InGaAs/InGaP quantum well structure is chosen for the active region. The
emission wavelength is chosen to be 980 nm so that in addition to application as an optical inter-
connect, the monorail microcavity laser could find use efficiently pumping erbium-doped
waveguides. It should be emphasized that a significant improvement in device performance may

be realized with a further investigation of surface passivation techniques.

Figure 4-7 details the materials system for the monorail microlaser. Since the Qof
the structures is not as high as some of the other microcavity lasers described in previous sections,
three quantum wells are used in the active region instead of a single quantum well, to provide the
necessary gain for laser oscillation. The distance from the quantum wells to the oxide interface
and the air interface are large enough to prevent carrier tunneling out of the quantum well. Since
Ing 51Gag 49P is lattice-matched to a GaAs substrate, an AlGaAs layer (also lattice-matched) may
be grown beneath the active region and later converted to Al,O5 to provide the required index
confinement in the active region, in the same manner as for the passive monorail structure. 90%
Al content is chosen for the AlGaAs layer and graded to 80% Al at the InGaP interface to help
stabilize the structure during the steam oxidation process; problems with mechanical stability dur-

ing the oxidation process are discussed in detail in Chapter 3.
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Figure 4-7. Monorail microcavity laser materials system

4.4.2 Design of the Lasing Cavity

Figure 4-8 is a plot of the simulated transmission through a monorail microcavity
containing four holes on either side of the defect cavity. The simulation was performed using a
2D finite-difference time-domain scheme [161]. The fundamental mode is excited at one end of
the waveguide while the transmission is measured at a monitor point on the opposite end of the
structure. The dimensions of the structure are shown in the inset schematic in the arbitrary units
of the lattice constant, since the entire structure can be scaled to any wavelength as discussed in
Section 1.2.6. The given structure is separated from the substrate by a 1.5 pwm thick

(Alp 9Gag 1),04 spacer layer. The peak transmission through the cavity is given by [154]:

2
T =2
max )

QW

(EQ 82)

g

The transmission is close to 95% through the structure which according to EQ. 80 indicates that
Qra a4’ ng, as required for efficient coupling between the lasing cavity and the output
waveguide. The high-transmission is obtained at the expense of a slight increase in the modal

volume and slight-reduction of the overall cavity Q~130. As seen in Figure 4-8, the peak trans-
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mission is even as high as the transmission lower-frequency light outside the bandgap that couples

to guided modes in the dielectric band of the 1D PC.

An index of refraction of n=3.37 for GaAs was used in the calculation. However,
to first order the device dimensions may be scaled to account for the lower index of refraction of
InGaP (n=3.23 at 980 nm), used for its lower surface recombination velocity as discussed in
Section 4.4.1.1 For operation at 980 nm, the lattice constant of the structure is calculated to be

256 nm; the rest of the parameters for 980 nm are listed in Figure 4-8.

100
95% peak A4d oa ., 1.60a b
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waveguide width = 335 nm
hole-to-edge = 107 nm
defect width = 445 nm
hole diameter = 118 nm
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transmitted intensity (%)
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0 ] | 1
0.22 0.24 0.26 0.28 0.30 0.32
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Figure 4-8. Simulated transmission through a monorail microcavity (schematic of simulated structure is inset).

4.5 Rate Equation Analysis

Optical pumping is used to test the monorail microcavity structure; the results are
analogous to dc-bias operation of an electrically activated monorail microcavity laser. The semi-
conductor rate equations in the weak-coupling regime are therefore written with a generation
term, g, that represents the number of excited carriers created per second from pumping. The car-

rier and photon number rate equations are written:

1. Since the InGaAs quantum wells (8 nm thick) constitutes only about 17% of the total active region thickness, the index of
refraction is taken to be that of pure InGaP.
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n= g—(l—[i)Fn—Bl“(n—no)s—l" n (EQ 83)

surf™ ~ I‘auger
§ = [3I‘[n+s(n—n0)]—ys (EQ 84)

where n is the number of free carriers in the cavity, s is the number of photons in the lasing mode,
n, is carrier number required for transparency in the total active medium, rsurf is the surface
recombination coefficient, I" auger is the Auger recombination coefficient, and ¥y is the photon
loss rate from the lasing mode. In writing EQ. 83 and EQ. 84, it is assumed that the spontaneous
emission rate, I, is equal for all modes and in particular for free space modes and the lasing cav-
ity mode; this is a reasonable assumption because of the broad InGaAs quantum well emission
linewidth at room-temperature that limits Purcell enhancement. It is also assumed that the gain
follows a linear dependence on carrier number as is commonly done for microcavity lasers

[6,162]. The form of EQ. 83 is particularly useful because of the explicit dependence of sponta-

neous emission and stimulated emission on f.

Threshold in a microcavity laser occurs when the photon loss rate from the lasing

mode is equal to the gain:
n, = EYI_‘_nO' (EQ 85)
EQ. 85 demonstrates that for a given value of B, threshold is reduced by increasing the radiative
emission rate (I') relative to the photon loss rate(y). For the monorail microcavity laser T is
fixed since Purcell enhancement is limited by the broad InGaAs emission bandwidth. 7 is deter-
mined by the total cavity Q as described by EQ. 80. The cavity Q is 130 in Figure 4-8 and
matches well with the average value of Q for the experimental transmission spectra in Figure 4-5.
Therefore, Q=130 is used as an approximation to the cavity Q for the microlaser in the following
calculations. A typical transparency carrier density for an InGaAs quantum well of
2.1><10180m_3 is also used which is easily converted to carrier number by multiplying by the
total active volume. Three quantum wells are chosen to provide sufficient gain in the active

medium.
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A MATLAB code is written (Appendix A.1) and used to numerically solve EQ. 83
and EQ. 84 for the monorail microcavity laser. The injection current is calculated by estimating
the total amount of pump-light absorbed by the quantum wells in the monorail microcavity. A
A = 810nm pump laser source focused to a reasonable 5 um spot size is assumed. A Ti:Al,O3
laser source readily generates A = 810 nm pump light, and the energy of the input photons lies
below the bandgap of the InGaP barrier layers so that carriers are only generated in the quantum
wells. The only unknown in solving the microcavity laser equations is the value of . The power
leaking out of the monorail microcavity is plotted as a function of both pump power and the cor-
responding injection current in Figure 4-9 for several different values of 3. Important parameters
in the calculation are listed in the inset. The power is measured directly at the lower reflectivity
side of the monorail microcavity. To isolate the dependence of threshold on [, all nonradiative

recombination (surface and Auger) are set to zero.
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Figure 4-9. Calculated power output from monorail microcavity laser with simulated transmission from Figure 4-8 for a wide
range of P} values.

Even for =1 only a maximum power output on the order of 100 uW is expected for 200 mW of

pump power (the damage threshold for optical testing of the devices).

4.5.1 Estimation of Spontaneous Emission Factor

B is less than one for the monorail microcavity lasers because of the broad emis-
sion linewidth of the InGaAs quantum well relative to the microcavity and spontaneous emission
into both radiation modes and guided modes. The bandgap provided by the holes along the mono-
rail waveguide extends from approximately 860 nm to 1120 nm and should forbid propagation of
guided modes across the entire emission bandwidth. The calculation of B begins with Fermi’s

golden rule (EQ. 30) and depends on the active volume, the material and cavity quality factors,
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and the detuning between the material and cavity resonance peaks. For equal emission rate into

‘all modes (no Purcell enhancement) the following expression for B may be derived [125,163]:

4
B = _ (EQ 86)

3
41tne ffVAl

where f is the confinement factor of the lasing mode, n, . is the effective index of the lasing
mode, A is the peak wavelength of the emission, AA is the FWHM, and V is the modal volume.
For V ~.056 |.Lm3, f= %ive =.076, A=980 nm, AA~60 nm, and n eff=3.23 (since the mode
is largely confined in the dielectric in Figure 4-4), a value of B=.005 is calculated. Notice that in
this estimation, the value of Q is irrelevant since it is much larger than the material quality factor

(Qp~16 for FWHM=60 at 980 nm).

Extensive calculations of B for VCSELs of various sizes have been performed
[163]. The monorail microcavity is similar to a VCSEL in that both structures consist of a 1D
PBG along the axial direction with index confinement in the two lateral directions. Therefore, the
values of P calculated for VCSELSs should translate well to the monorail microcavity. Indeed, it
is shown in [163] that EQ. 86 is an accurate calculation of § for VCSELSs containing active mate-
rial with a large FWHM, as is the case for the InGaAs quantum wells. Therefore, a value of
B=.005 is assumed for the monorail microcavity laser. According to Figure 4-9, with $=.005, for
200 mW pump power the maximum power output is < 1 uW (below threshold). Threshold for the

structure occurs at approximately 300 LA of injected current.

The low output power may be increased by increasing the cavity Q, for instance,
by adding more holes to the monorail on the higher-reflectivity side of the microcavity. An
increase in the reflectivity by adding more holes, while decreasing the photon loss rate 7y, also
decreases the radiation Q leading to more loss to radiation modes. Physically, increasing the
reflectivity by adding more holes increases the confinement of the cavity mode along the
waveguide, and correspondingly spreads out the defect state in reciprocal space, enabling phase-

matching to radiation states above the light cone.
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4.5.2 The Effects of Nonradiative Recombination

Nonradiative effects are extremely important in the monorail microcavity laser
because of the small volume and high-carrier densities required in the laser design. The small
volume of the microcavity relative to the diffusion length of a carrier in the quantum well (>1 pm)
enables any carrier to recombine nonradiatively at an exposed surface. The total surface recombi-
nation rate is therefore given by the ratio of the expoged surface area to active volume and the sur-

face recombination velocity (vg) as I Figure 4-10a details the output

surf ~ sts '
characteristics of the monorail microcavity laser as a function of surface recombination velocity
(vg). The effect of surface recombination is to increase the threshold injection current (and pump
power) and to sharpen the threshold transition. A surface recombination velocity of 1.2x104
(H,-passivated InGaAs as discussed in Section 4.4.1) is used in the calculations for the monorail

microcavity laser.
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Figure 4-10. The effects of surface recombination on the power output from a monorail microcavity laser (parameters are inset).

The value T auger is calculated using parameters similar to an InGaAs quantum
well reported in [6]. Further details of the calculation may be found in Appendix A.1. The effect
of Auger recombination is stronger than that of surface recombination. Indeed, according to Fig-
ure 4-10b, reasonable values of the Auger recombination coefficient for InGaAs quantum wells
lead to unreasonable optical pump powers and injection currents at threshold. Clearly, Auger

recombination is a critical problem for the monorail microcavity laser and for all low-threshold

microcavity lasers.!

1. Interestingly, an Auger term is omitted in much of the microcavity laser literature cited in the previous sections.
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Figure 4-11. The effects of Auger recombination on the power output from a monorail microcavity laser (parameters are inset).

4.5.3 Alternative Model of Monorail Microcavity Laser
The standard density rate equations for a semiconductor laser are [6]:

3
—FsurfN—l" N (EQ 87)

. 2
N = G-BN —fvggN auger

Y
. 2
Np = fvgng+BBN —pr (EQ 88)

where N is the carrier density, G is the generation rate per unit volume, Np is the photon density
relative to the modal volume, g is the gain (assumed to have a logarithmic dependence on carrier
density [6]), f = % is the confinement factor of the lasing mode, and B is the bimolecular

recombination coefficient. EQ. 87 and EQ. 88 are numerically solved for comparison purposes to
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the results in Section 4.5.1 and Section 4.5.2, using similar assumptions for the optical pumping
rate. The threshold gain is determined by maximizing the transmission through a standard
VCSEL structure with a phase-shifted defect region sandwiched between two quarter-wave stack
DBR mirrors. The index contrast in the mirrors and the phase-shift of the cavity region are
adjusted to produce a similar transmission spectra to that of the monorail microcavity laser struc-
ture in Figure 4-8. The VCSEL structure is a 1D analog of the monorail microcavity laser and can
be used to determine the threshold gain. Gain is incrementally added to the phase-shift region
until the transmission is maximized. In the calculation it is assumed that gain is only added to the
microcavity even though the lasing mode may overlap active material in the monorail outside the
cavity. As a check of the assumption, when gain is also added to all high-index layers of the test
VCSEL structure, only a small sub-nanometer shift in the transmission peak at 980 nm is
observed. The MATLAB code used in the calculations is found in Appendix A.3. The value of
the gain for maximum transmission through the VCSEL structure provides a reasonable estimate
of the threshold gain for the monorail microlaser. A threshold gain of 2#103 cm™! is found for the

structure and is comparable to typical a semiconductor edge-emitting and surface-emitting lasers.

Figure 4-12 is a comparison between the two models of the monorail microcavity
laser (key parameters are inset). Although for clarity Auger recombination is not included in the

calculation, the effect on both models is the same as the trend shown in Figure 4-11. The two
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microcavity laser models agree well and support the accuracy of the calculations. The threshold

injection current is similar for the two models although the threshold is not as sharp for model 2.

monorail microlaser

Cgu=1.2%10%1

Q=130 TAuger=0
¥=1.48*1013s1  B=.005
B=0.8+10"10%cm3"!

output

Model 1

Figure 4-12. Comparison between monorail microcavity laser models. The first model (dotted line) uses the rate-equations in

EQ. 83 and EQ. 84 and defines threshold as the stimulated emission rate equaling the cavity loss rate. The second mode (solid line)

uses EQ. 87 and EQ. 88 and determines the threshold gain by maximizing transmission through a VCSEL structure analogous to
the monorail microcavity.
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4.6 Device Fabrication

The microcavity laser fabrication involves MBE, electron beam evaporation, elec-
tron-beam lithography, RIE, and steam oxidation processes. The process steps are summarized in
Figure 4-13. Each monorail microcavity laser sample contains many different devices. The lat-
tice constant is fixed on each sample so that the frequency position of the PBG along the axial
direction of the monorail is fixed. The defect width is the most sensitive parameter that will deter-
mine the position of the cavity resonance. The defect width is varied by 25% around the design
parameters in Figure 4-8. The number of holes at the output facet is also varied from 3 to 5 to

adjust the balance between Q rad and QW g as described in Section 4.4.2.
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Figure 4-13. Monorail microlaser fabrication process.
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4.6.1 Materials Growth and Characterization

The fabrication process begins with the materials system growth by MBE using
the Riber 32P system (Figure 2-9). The material composition and thicknesses are determined
using x-ray diffraction (Figure 4-14a) as described in further detail in Section 2.4.7. The quantum
well quality is determined using room-temperature PL (Figure 4-14b) taken with the measure-

ment setup in Figure 2-11.

R S e A

980 nm peak —

Simulation

Measured

a

Figure 4-14. Monorail microlaser materials system characterization. a) Comparison between simulated and measured x-ray
diffraction spectra. b) Room-temperature PL spectra.
Following the material growth, a 100 nm layer of SiO, is evaporated onto the sam-
ple using the electron beam evaporation system in NSL. Evaporated SiO, can be used as an etch
mask through both the In-containing and Al,Ga-containing layers of the monorail material sys-

tem.

4.6.2 Device Patterning

The monorail microcavity structures are patterned using electron beam lithogra-
phy. The resist coating and development use the same process parameters as described in detail in
Section 2.6.4. Patterns are exposed using a base dose of 50 pA, a field size of 100 wm, and a
clock speed of 237 kHz. An SEM of the patterned monorail microlaser structure is shown in Fig-

ure 4-13. Following development, 30 nm of Ni is evaporated onto each sample using the electron
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beam evaporator in NSL. A liftoff process is then used to reverse the pattern. In the liftoff pro-
cess, each sample is sprayed with a sequence of 1-methyl 2-pyrolidinone, acetone, and isopro-
panol until the PMMA has been removed leaving a Ni mask of the monorail structure. An SEM
of the Ni mask is given in Figure 4-13. The Ni pattern is then transferred to the SiO, layer using
RIE with a CHF; etch gas at 10 mT pressure and 300 V DC bias. The etch rate is calibrated
before each etch using a profileometer; the etch rate is stable at ~26 nm/min. for evaporated SiO,.
Finally, the Ni is etched using a standard Transene Co. Ni etchant and rinsed with DI H,O. Resid-

ual Ni is removed using a brief O, RIE step.

4.6.3 Reactive-lon Etching and Oxidation

The SiO, etch mask is used to transfer the monorail microlaser pattern to both
active layer and the AlGaAs underlayer. Etching of the active region uses a CH4:H,:0, etch gas
in the ratio 20:20:2.5 sccm., 5 mT pressure, and 100 W input power, in a converted sputtering sys-
tem RIE in NSL. Etching is continued using a BCl5:SiCly etch at 8 mT pressure and 380 V DC
bias. Further details of the BCl5:SiCly etch may be found in [67]. Figure 4-13 shows SEMs of
each etch step. The remaining SiO, mask is them removed using the CHF; etch described in
Section 4.6.2. The device fabrication is completed using the steam oxidation process described in
detail in Chapter 3. The oxidation is performed at 435°C for 1 hr. An SEM of several completed

device structures is shown in Figure 4-13.

4.7 Device Characterization

The monorail microcavity lasers were tested by optically pumping with a tunable
Ti:Al;O3 (730-950 nm) laser using a similar measurement setup to that shown in Figure 2-28; the
same setup used for testing the PC LED structures in Chapter 2. The PL is observed from the top
of the monorail microcavity devices so that only scattered light from the lasing mode and sponta-
neous emission will be detected. Therefore, the measured light scattered from the lasing mode
should only be a percentage of the power output simulated in Section 4.5. However, the nanowatt
sensitivity of the measurement set-up should suffice to test the monorail microcavities. Unfortu-

nately, initial investigation into the monorail microlaser structures produced no observable PL
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from the monorail microcavity laser structures. Based on the previous discussions in the chapter,

however, this may not be a surprising result.

A potential reason for unobservable PL from the microlaser structures is nonradia-
tive recombination that increases the threshold carrier density and may derive from a combination
of several potential sources: 1) Auger recombination, 2) surface recombination, or 3) another non-
radiative recombination process, such as quantum well damage from oxidation, as was explored

in detail in Section 2.9.2.

To first separate out the effects of nonradiative surface recombination, test struc-
tures that consist of various size boxes and parallelpiped structures are fabricated from the mono-
rail microlaser materials sytem. Figure 4-15a shows an SEM of a test structure fabricated using
the same process as the microlaser described in Section 4.6, but with the process terminating after
the active region etch step (step 6 in Figure 4-13). The various size structures enable measure-
ment of the effects of surface recombination as a function of active volume, and in particular a
measurement of the surface recombination velocity. The surface recombination velocity is mea-
sured by comparing the PL from 10 parallelpiped structures each 10 wm long with widths varying
from 1 to 10 um. The PL from each structure is normalized to the largest structure that has a lim-
ited surface recombination component. The measurement was performed at low enough powers

that Auger recombination should be negligible.

A plot of the normalized PL versus parallelpiped width is shown in Figure 4-15b
along with a curve fitted to the measured data. The effect of surface recombination appears to
become important for test structures with widths below ~ 5 um. From the fitted curve the surface
recombination velocity is determined to be ~5.0%10° cm/s, a larger value than 1.2%10% cm/s previ-
ously assumed from the literature The measured value, however, is an overestimate of the exact
surface recombination velocity since even the largest structure has a finite nonradiative surface
recombination component. In addition, the H,-passivation of the InGaAs sidewalls may be

incomplete due to the brief etch time (~10 mins) at low pressures (5 mT) [160]. An examination
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of Figure 4-10 shows that a slight overestimation of the surface recombination velocity should

only lead to minor discrepancies in the measured output PL.

InGaP/ e
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Figure 4-15. a) A sample consisting olt;I ‘éirnxgllisz ::'jz; Eu:;c;ufll'f; clts1 (1)1;%(} tsggﬁzsggethe effects of surface recombination. b)

A brief oxidation is the final step performed in the fabrication process of the
monorail microlasers (Figure 4-13). The exposed sidewalls of the InGaAs quantum wells may
provide a pathway for the quantum well damage suggested in Section 2.9.2 leading to an addi-
tional nonradiative component. Indeed, detectable PL was measured from test sample structures
similar to those shown in Figure 4-15a, but with smaller active volumes comparable to that of the
monorail microcavity. Like surface recombination, the effect of quantum well damage is also lin-
ear in carrier density and therefore will exhibit a similar effect on the laser properties as that

shown in Figure 4-10.

The simulations presented in Section 4.5.2 identify Auger recombination as the
primary candidate for limiting output power from the monorail microcavity laser. The problem of
Auger recombination is complicated by surface recombination and quantum well damage effects
that increase the threshold carrier density of the monorail microlasers. Cooling to lower tempera-

tures reduces the threshold carrier density by reducing nonradiative recombination and will there-
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fore reduce the effect of Auger recombination. It may therefore be necessary to test the monorail
microcavity lasers at low-temperatures as other authors investigating PC microlasers have been
forced to do [143]. Precise measurement at low-temperatures, however, was not currently avail-

able at MIT.

4.8 Conclusions

A detailed investigation into transforming the monorail microcavity filter into a
microlaser device has been performed. The performance of the monorail microlaser under uni-
form optical pumping (dc-bias) was modelled using the semiconductor laser rate equations in
combination with previously measured and calculated values of transmission through a corre-
sponding monorail microcavity filter. The effects of nonradiative recombination are identified as
severe, with the dominant effect on microlaser performance being a combination of surface and
Auger recombination. These effects have limited the testing of successfully fabricated monorail

microcavity lasers.

The analysis described in this chapter provides the information necessary to
improve upon the monorail microlaser design. The generic models developed and the MATLAB
code provided in Appendices A.2-A.4 may be used, with only slight modifications, to simulate
the output power from any future microcavity laser designs. There are several advantages of the
monorail microlaser that warrant further investigation of the structure including: low modal vol-
ume, low noise due to strong reabsorption of spontaneous emission, direct integration with a
waveguide, and suitable thermal properties. The primary disadvantage of the monorail microcav-
ity laser design identified in this chapter is nonradiative recombination, the most severe of which
is Auger recombination. The effect of Auger recombination is further magnified by surface
recombination which increases the threshold carrier density. Since the effect of Auger depends
on N3 where N is the carrier density, one way to lessen the effect is to increase the total volume of
active material so that the threshold carrier number remains the same but the carrier density in the
quantum wells is reduced. In addition, increasing the volume of active material provides a

greater overlap with the lasing mode which increases the value of B (EQ. 86) and reduces the
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threshold carrier number. Of course, as the gain is increased the transmission spectra of the

monorail will change as well due to the large imaginary component of the index of refraction.

Another method of reducing the effects of Auger recombination is to reduce the
threshold carrier density by decreasing the cavity photon loss rate by increasing Qw g However,
because photons are only trapped by index-confinement in lateral directions along the monorail,
increasing Q wg leads to a corresponding decrease in Q rad and loss to radiation modes. Since
the transmission through the monorail microcavity (~95%) has already been optimized, increas-
ing Q. g further is limited without further increasing the confinement in the directions lateral to
the waveguide. Another method of reducing the threshold carrier density is to enhance the radia-
tive recombination rate by using a narrow bandwidth emitter (such as quantum dots) and taking
advantage of EQ. 81. The relatively low value of Q (~130), however, will limit the achievable
Purcell enhancement to about an order of magnitude (see Section 4.3). An increase in the radia-
tive emission rate though Purcell enhancement will, however, also increase the value of B (~.005)
through EQ. 78.

Even with a larger active volume containing a narrow bandwidth emitter that
increases both the radiative emission rate and 3, optical pumping of the monorail microlasers at
pump powers below the damage threshold makes observation of a lasing threshold difficult. As
mentioned in Section 4.5.2, even in the ideal scenario (f=1 with no nonradiative recombination
components), only ~100 uW is expected to leak out of the lasing cavity when pumping at the
damage threshold of 200 mW. In addition, only a small percentage of that light is scattered into
radiation modes that may then be collected using the current PL measurement setup. Therefore,
future measurements of an optically-pumped monorail microlaser structure may benefit from
directly collecting light at the output edge of the waveguide or else coherently scattering output
light into radiation modes using a grating at the output facet. Clearly, however, an electrically-
pumped design is more attractive for future monorail microlaser structures and should simplify

the testing process significantly.
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Future monorail microcavity laser designs should also include larger defect micro-
cavities that are less limited by nonradiative recombination. Even though the value of B is
reduced and the cavity becomes multimode, the large cavity structures provide higher-power out-
put and may be appropriate for some optical interconnect applications. In addition, they provide
an attractive means of studying the lasing threshold as a function of total active volume. Several
such structures have already been fabricated and underwent optical testing. The pumping effi-
ciency of the structures was extremely low, however, so that lasing was not observed. An increase
in pumping efficiency in the larger defect cavity structures may be achieved by electrical pump-

ing.

In summary, future monorail microlaser designs need to optimize the value  and
reduce the threshold carrier density by increasing the amount of active volume of narrow band-
width emitters (such as quantum dots). For ease of testing and to be more attractive for applica-
tion to optical interconnects, an electrically-pumped monorail microlaser is desirable. Quantum-
well disordering should be explored to provide a means of reducing reabsorption of laser light
along the output waveguide. Furthermore, additional surface passivation may help reduce the
surface recombination velocity, thereby reducing the theshold carrier density and limiting Auger
recombination effects. Methods of further relieving the effects of Auger through strain [6] may
also warrant investigation. Further improvements in the monorail microlaser design require
changes to the generic monorail design. For instance, an increase in QW g may be achieved
through suppression of emission into radiation modes by embedding the monorail within a higher-

dimensionality PC.
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Chapter V. Conclusions and Future Directions

5.1 Introduction

The design, fabrication, and testing of several important ITII-V optical sources that
benefit from the unique properties of PCs has been explored. It has been shown that PCs demon-
strate the ability to greatly enhance the performance of optical sources in III-V materials. Con-
versely, it has also been shown that the III-V materials system provides the high-index contrast
necessary for using PCs. Hopefully, the work presented here will provide a basis for continuing

research on the benefits of PCs for III-V optical sources at MIT and beyond.

5.2 Future Work: The High-Efficiency Semiconductor PC LED

Enhancement in external efficiency in a semiconductor LED was demonstrated in
Chapter 2 using a PC. The device was carefully tested optically to isolate the effects of the PC on
external efficiency. A lower limit on the external efficiency of 17.2% was carefully identified and
demonstrated. The same structure is capable of 28.3% external efficiency when nonradiative
recombination introduced by the device processing is eliminated. A method of reducing the quan-
tum well damage introduced during the device processing is suggested in Section 2.9.4 and

should be pursued in the future. In addition, the external efficiency may be optimized by using
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structures with higher overlap between the material emission and the PC resonances; these struc-

tures have been fabricated and are currently being tested at MIT.

From a display application point of view, an electrically-pumped device is more
attractive. Therefore, a useful next step is to demonstrate the total “wall plug efficiency” of the
design by electrically pumping the active region. Figure 5-1 is a schematic of a proposed electri-
cally-pumped semiconductor LED that utilizes the PC designs explored in Chapter 2 to enhance
device performance. The generic device design is similar to that presented in Section 2.4.1, con-
sisting of an asymmetric active region containing a quantum well, an Al,O5 spacer layer, and a
Al,05/GaAs DBR, all grown epitaxially on a GaAs substrate. Metal contacts are made to the top
p-type layer (InGaP:Be) and bottom n-type (AlGaAs:Si) barrier layers surrounding the quantum
well, and are isolated from each other by an insulating SiO, layer. The metal contacts may take
various shapes; in particular, a ring geometry may help inject carriers more uniformly in the quan-
tum well beneath the PC. One potential problem with the device shown that must be addressed is
nonradiative surface recombination at the hole surfaces. It may be possible to passivate the hole
surfaces or directly inject carriers into the quantum well (as was done “artificially” by pumping at

wavelengths longer than the InGaP barrier layers in Chapter 2). A hemispherical glass dome that
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both protects the active region from the environment and helps further increase the brightness of

the LED by widening the escape cone may be used to optimize the design.

e

contact

contact —J

GaAs/ALO,
DBR —p»

Figure 5-1. Generic design for electrically activated high-efficiency PC LED structure.

Further optimization of the PC LED should use narrow bandwidth emitters such a
quantum dots that may experience Purcell enhancement from the leaky resonance modes avail-
able from the 2D PCs used in the LEDs. Quantum dots may also improve carrier confinement
reducing the effects of nonradiative surface recombination. The optimal high-efficiency semicon-
ductor PC LED design will match the resonant state linewidth to the material bandwidth by chirp-
ing the hole size to produce an optimal rate enhancement. To this end, electron beam lithography
is particularly useful because it automatically chirps the PC hole size due to proximity effects. It
may also be possible to further increase rate-enhancement by using quasicrystalline PC structures
that maximizing the available density of states of the PC resonances at the [-point. The high-
emission rate may prove useful for faster modulation of the electrically-pumped structure in Fig-

ure 5-1.

The PC LED structures fabricated have opened the door to a wealth of informa-

tion. Many additional measurements may be performed on the high-efficiency PC LED struc-
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tures that have already been presented in this thesis. For instance, lifetime measurements of PBG
or resonance-enhanced LED structures may provide a direct determination of rate suppression or
enhancement. Low-temperature measurements will suppress nonradiative recombination effects
and enable a more accurate estimate of the external efficiency. An alternative method of reducing
the effects of nonradiative recombination is to perform high-power measurements without sur-
passing the damage threshold of the structures by using picosecond pulses so that radiative

recombination dominates even further.

Another important property identified during measurement of the PC LED struc-
tures is enhanced injection efficiency by optically pumping the PC LED structures at resonance
with the pump wavelength. In measuring the external efficiency, pumping on resonance was
avoided for comparison to unpatterned LED structures. However, when pumping on resonance
over an order of magnitude increase in optical pumping was measured. Sharp resonances that
provide enhanced optical pumping are easily identified from white-light reflectivity spectra of the

PC LED structures.

The large measured enhancements of injection efficiency also encourage further
exploration into applications of input-coupling using 2D PC structures. Potential applications
include input-coupling a signal from low-index materials such as an optical fiber or free-space
into higher-index optical componehts such as a waveguide, a resonator, or a detector. Another
potential application is separate input and output coupling regions using 2D PCs to further
enhance the total PL emitted from a given LED structure. Such structures have already been fab-
ricated (SEMs are shown in Figure 5-2) and should be measured in the near future. Using such
designs it may be possible to generate a white LED by cascading several different PC LED struc-
tures. The shortest wavelength (“blue””) PC LED may be used to pump a longer wavelength (“yel-
low”) LED which subsequently efficiently pumps the longest wavelength (“red”’) LED. The PCs

are designed such that input resonances overlap the pumping color while output resonances over-
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lap the corresponding emission color. White-light is generated from the sum of the various emis-

sion colors.

a b

Figure 5-2. SEMs of LED structures consisting of two separate PC regions. a) The center PC region contains a resonance that

overlaps the pump wavelength at 810 nm and therefore provides enhanced optical pumping of the surrounding PC region. The

surrounding PC contains a resonance that overlaps the emission linewidth. b) The inverse of the structure shown in (a) at higher
magnification.

Lasing action has also been observed on the LED structures and derives from the
2D feedback provided by the PC. The 2D lasing action is fundamentally different than 1D distrib-
uted feedback lasing and has previously been explored in [164-166]. LED enhancement and las-
ing action are measured on the same structure. Lasing occurs when the high-efficiency PC LED
is pumped above threshold. Figure 5-3 shows the lasing peak for a particular PC LED structure
pumped above threshold. The higher-frequency resonances that lead to higher external efficien-
cies are observed on the same structure. The position of the lasing peak was calculated by consid-
ering a small periodic perturbation to the index of refraction of the dielectric slab; the result
matches well with the observed emission peak. The exact nature of the lasing mechanism in the

PC LED structures warrants further study. By pumping on resonance, PC LED structures may be
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excited above threshold without using high-input powers because of the corresponding high-
injection efficiency.
frequency (2nc/a)
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Figure 5-3. A PC LED structure that contains resonances used to enhance external efficiency is pumped above threshold. A
lasing peak is observed at 1005 nm.

5.3 Future Work: Saturable Bragg Reflectors

The design and fabrication of wide-stopband SBRs fabricated over a large area for
use in generating ultra-fast optical pulses in a Cr*YAG laser cavity was presented in Chapter 3.
A low-temperature method of oxidizing large-area SBRs was demonstrated and used to generate
record 35 fs pulses with a mechanically stable 200 wum wide mirror. The limit in pulse-width is
believed to be TPA therefore warranting further investigation into even larger area SBRs. Several
alternative mirror designs were explored that may be oxidized at high temperatures to provide the
necessary (~500 ;un)2 area necessary for a broader laser spot size and reduced TPA. A buffered-
interface approach was identified as the most stable. A higher-quality absorber region needs to be
grown on the structure in the future so that it may be tested in the Cr**:YAG laser cavity.
AlGaAs/As,05 Bragg mirrors should be pursued as the most stable structure in the future since it
is an extension of the buffered interface into the entire high-index layer. However, a sufficiently

low Al-content (<50%) is necessary to ensure negligible oxidation rate in the normal direction to

the mirror stack.
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The dense As;O5 intermediate species has been identified as slowing the oxida-
tion process from a linear to a diffusion-limited regime. In addition, it has been shown that the
primary source of stress and delamination occurs at the oxidation terminus. Further characteriza-
tion of the delamination process is needed. For instance, the role of the dense As,0O; in the
mechanical stability of the Bragg mirrors needs to be investigated further. Clearly, a model is

suggested that characterizes the exact nature of the strain and stress at the oxide interface.

5.4 Future Work: The Microcavity Laser

The design and fabrication of a monorail microcavity laser was discussed in detail
in Chapter 4. The threshold for the monorail microlaser under uniform optical pumping (dc-bias)
was explored and guiding principles put in place for future designs of microlasers embedded in
waveguides using PCs for optical interconnect applications. An electrical design, such as that
proposed in Figure 5-4, is more attractive for testing purposes and for optical interconnects. The
generic monorail design is the same although the lateral index contrast is reduced because of the
barrier layers used for carrier injection. Carriers are injected laterally into the monorail microcav-
ity through a p-type InGaP:Be layer and an n-type AlGaAs:Si layer surrounding the quantum well
(or quantum dot) active region. A similar structure could also be fabricated in Si using narrow

linewidth Er>* emitters enabling an on-chip Si-based optical interconnect.

Figure 5-4. Generic design for electrically activated low-threshold monorail microcavity laser.
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The monorail microlaser is limited at room-temperature by nonradiative recombi-
nation effects which are particularly detrimental because of the relatively low Q of the microcav-
ity. Surface recombination raises the threshold carrier density to a level at which auger
recombination becomes important. To operate at low threshold, quantum dot emitters with a nar-
row linewidth may be used to enhance the emission rate and increase the spontaneous emission
factor B. Additional photon confinement (perhaps with PCs) along the lateral directions of the
monorail may be necessary to raise the cavity Q and enable radiative emission processes to domi-
nate nonradiative effects. The analysis presented in Chapter 4 shall hopefully provide a guideline

for such future designs.

5.5 The Potential of Photonic Crystal Optical Sources

Enhanced performance of several optical sources in a III-V materials system has
been demonstrated using PCs. Enhanced LED external efficiency, 2D PC lasing action, and
enhanced input coupling/injection efficiencies were all demonstrated on a PC LED structures. A
large area PC was carefully designed and fabricated as a mirror in an integrated SBR design.
Finally, an integrated monorail microcavity laser was fabricated and modeled, and the guiding
principles were identified for future monorail microlaser devices using PCs. The importance of
the competition between radiative and nonradiative processes has been identified and character-
ized in detail. Quantum wells are used as the primary emitter material in this thesis, while narrow
linewidth quantum dots are proposed for future designs that may further benefit from enhanced
spontaneous emission (Purcell enhancement). Finally, oxidized Al,Ga;_,As has been shown to be

a useful low-dielectric material in a broad diversity of PC-based optical sources.

The designs presented in the thesis hopefully will lay the foundation for future
designs of optical sources using PCs at MIT. An important next step is to demonstrate the integra-
tion of a device such as the monorail microlaser with another optical component such a splitter, an
add/drop multiplexer, or a PC waveguide. The final step envisioned is the full-integration of an
emitter, waveguide, and detector. PCs may be used to enhance some or all of the components in

the complete optical link.
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Appendix A: MATLAB Scripts

The MATLARB code presented in this Appendix is for use in performing several of
the calculations in Chapters 2-4. Comments are given in italic font while functions and input
parameters are given in SMALL CAPS. The code is included for reference for future researchers
and may require slight modifications when applied to other contexts. Although functions take sev-
eral input parameters, some variables are changed directly within the MATLAB scripts. In some

situations, several possible choices of materials parameters are given as comments.

A.1 SBR Transmission Matrix Reflectivity Calculation
FUNCTION ETALON=ETALON(NS,GAINS,L,LAMBDA)

%This function returns a T-matrix that represents the propagation through a medium of index
ns(2) and gain gains(2) and surrounded by media with indices of refraction n(1) and n(3) and
gain gains(1) and gains(3). All units are taken to be in nanometers.%

% define imaginary component of index of refraction
kappa_left=-gains(1)*(lambda/(4*pi));
kappa_middle=-gains(2)*(lambda/(4*pi));
kappa_right=-gains(3)*(lambda/(4*pi));

% Define reflectivity and transmission values for each interface 1-2 and 2-3
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r_left_middle=( (i*kappa_middle+ns(2)) - (i*kappa_left+ns(1)))/
((*kappa_middle+ns(2))+(i*kappa_left+ns(1)));
t_left_middle=2*sqrt((i*kappa_middle+ns(2))*(ns(1)+i*kappa_left))/
((i*kappa_middle+ns(2))+(i*kappa_left+ns(1)));

r_middle_right=-((i*kappa_right+ns(3))-(i*kappa_middle+ns(2)))/
((i*kappa_right+ns(3))+(i*kappa_middle+ns(2)));
t_middle_right=2*sqrt((i*kappa_right+ns(3))*(ns(2)+i*kappa_middle))/
((i*kappa_right+ns(3))+(i*kappa_middle+ns(2)));

% Propagation constant in “middle” medium
beta_prop=2*pi*ns(2)/lambda + i*gains(2)/2;

% Calculate transmission matrices
T11=(1/(t_left_middle*t_middle_right))*(exp(i*beta_prop*L) -
(r_left_middle*r_middle_right)*exp(-i*beta_prop*L});
T21=(-1/(t_left_middle*t_middle_right))*(r_left_middle*exp(i*beta_prop*L) -
r_middle_right*exp(-i*beta_prop*L));
T12=(-1/(t_left_middle*t_middle_right))*(r_left_middle*exp(-i*beta_prop*L) - -
r_middle_right*exp(i*beta_prop*L));
T22=(1/(t_left_middle*t_middle_right))*(exp(-i*beta_prop*L) -
(r_left_middle*r_middle_right)*exp(i*beta_prop*L));

etalon=[T11 T12;T21 T22];

%----Script for calculating sbr mirror reflectivity: parameters are directly input in .m file----%

% The function ALGAASINDEXADACHI returns the index of refraction for an input photon
energy for a given AlGaAs compound and takes the fraction of Al and the photon energy as inputs.
It is omitted here since the indices may simply be replaced by the best known values of ns for the
chosen materials system.%

resonance=1440;

gains=[0,0,0]; % No gain assumed in mirror so all set to zero
contraction=0; % fractional contraction from oxidation
Ll=resonance/(4*ns(1)) - contraction*resonance/(4*ns(1))

L2=resonance/(4*ns(2)) % quarter-wave stack

L1=135;

L2=145: % thinner oxide mirror

lambdas=[1000:1:3000]; % broad wavelength range to fit to measured reflectivity

both with and without oxidized layer
rgs=zeros(size(lambdas));
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for index=1:length(lambdas) % Calculate transmission matrix for each.
ns=[1.66,algaasindexadachi(0,1.24/(lambdas(index)*107(-3))),1.66];

% The index of refraction of AI203 is assumed constant

over the wavelength range of interest
%ns=[algaasindexadachi(1,1.24/(lambdas(index)*10(-3))),algaasindexadachi(0,1.24/(lamb
das(index)*10”(-3))),algaasindexadachi(1,1.24/(lambdas(index)*10°(-3)))];

9% For unoxidized mirror
%ns=[algaasindexadachi(1,1.24/(lambdas(index)*10°(-3))),algaasindexadachi(0.7,1.24/(lam-
das(index)*10”7(-3))),algaasindexadachi(1,1.24/(lambdas(index)*10°(-3)))];

% For 70% Al low-index layer mirror
nhigh=ns(2);
nlow=ns(1);
beta=2*pi*nhigh/lambdas(index);

T_prop=[exp(i*beta*L2), 0;0, exp(-i*beta*L2)];
T=(T_prop*etalon([nhigh,nlow,nhigh],gains,L1,lambdas(index)))*num_periods;
T=etalon([1,1,nhigh],gains,resonance,lambdas(index))*T; %with air interface added
rgs(index)=((abs(T(2,1))/abs(T(1,1)))"2)*100;

det(T); % Check of reversibility: determinant must equal 1
end;
figure(1); % Plot results internal to function

plot(lambdas, rgs,d");

axis([1000,3000,0,100]);

[X,Y]=max(rgs); ' % Determine peak reflectivity value
Maximum_R=X

Wavelength=lambdas(Y)

[X,Y]=min(abs(lambdas-1440));

R_1440=rgs(Y)

title('Reflectivity");

A.2 Monorail Microlaser Rate Equations Model 1
% SI_FUNDCONST script lists fundamental constants in SI units

q=1.602176462¢-19;
h =6.62606876¢-34;
mo = 9.10938188e-31;
c =299792458;

eo = 8.854187817e-12;
uo = 4*pi*le-7;

k =1.3806503e-23;
h_bar = h./2./pi;
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FUNCTION [PLS, POUTS2]=DC1(RESONANCE, QWTHICKNESS, NUMBEROFWELLS, DIAMETER, WIDTH,
DEFECT, RECOMB, THRESHGAIN)

%This function calculates the input-output characteristics for the monorail microcavity laser.
Several of the input parameters derive from previous functions. Lasertransmit.m calculates the
resonant wavelength for the laser as approximated by a 1D DBR laser. gy, is then determined by
using lasergains.m. A logarithmic dependence of gain on carrier density is then assumed. A
more accurate dependence may be achieved by determining g,,... from material properties and
the form of (fc(N)-fv(N)) for the first quantum well transition. %

SI_FUNDCONST Yofundamental constants function

P- === mmm e Structural properties of microcavity laser-------------------=--—--—-—-—- %

def=defect*107(-3);
d=diameter*10°(-3);
t=qwthickness*107(-3);
w=width*10°(-3);
res=resonance*10/(-3);
num_wells=numberofwells;
vs=recomb;
activethickness=.118;

% ---- ---- Assumed material values--------------========m-cmcememmeee o %

alpha=10"(4); % typical loss in waveguide

As=19.6; % 5 micron pump beam spot size in square microns

N_0=2.1*107(18); % Typical transparency carrier density for InGaAs qw (in
cm?-3) (See C&C pp 167)

Q=130; % Cavity Q: low Qvalue accountsforradiationloss

nu=(2*pi*3*10°(10))/(res*Q*10/(-4)); % Depends on Q and resonant wavelength

A=1/(2.63*10"(-9)); % Typical radiative lifetime in InGaAs qw (See [6] pp 167)

%A_c=2.5*A; % Maximum Purcell enhancement for semiconductor
microcavity with quantum well emitter

wg=10*10"(-4); % output length of waveguide in cm

Go--==-=====mmmmmmmmm e Calculatedvalues from input parameters---------------=--=----------- %

as=d*pi*t + 2*def*t; % surface area

vac=t*(def*w+(d*w-pi*(d/2)*2)); % volume of total active material

vac_total=vac*num_wells % total active volume

gammaconf=(.0043/.056); % confinement factor in quantum well
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As=19.6; % 5 micron pump beam spot size in square microns

Ac=vaclt; % cross-sectional area of single quantum well in square
microns
A_c=A; % Assume qw bandwidth too wide for Purcell enhancement

%C=(beta*A_c)/((1-beta)*A +beta*A_c)*.01
% C-factor, equivalent to B for equal emission rate into all

modes
C=.005; % Input directly from calculation in Chapter 4
Yo---------- Microcavity Laser Model #1: Based on maximizing cavity transmission using laser-
transmit.m and lasergains.m------------ %
%C_auger=4.5%10/(-6) % See [6] pp. 158-160 units of microns"6 s-1
C_auger=0;
a=0.15;

auger=C_auger*(sqrt(.025/(a*(1.24/.98))));
% See [6] pp. 160

B=0.8*107(2) % Bimolecular recombination coefficient for InGaAs qw
model: pp 170 [6] micron3 s-1

gamma=as*vs*10*(4)/vac % surface recombination rate based on geometry of micro-
cavity

Yoauger=3.5*10"(-6)

g_th=(threshgain)/gammaconf % Threshold gain necessary in total active material from
simulations (cm-1)

g_th_qw=g_th/num_wells; % Threshold gain necessary per well

g_o=1.8*10"(3); % InGaAs qw model: pp 167 [6] (cm-1)

n_o=N_o*(10"(-12))*vac % InGaAs qw model: pp 167 [6 ](number for transparency

of an individual well)
n_th_qw=n_o*exp(g_th_qw/g_o) % Threshold carrier number per well
n_th=num_wells*n_th_qw % Threshold carrier number in total active material
x=linspace(0,7,100); % sample set for generating carrier numbers
ns=n_o+(1-exp(-x)).*(n_th_qw-n_o); % sample set of carrier numbers designed to asymptoti-

cally approach n_th_gw in each qw
gs=num_wells*(g_o.*log(ns./n_o)); % logarithmic approximationto gain(pp 167 [6]).
ns=num_wells.*ns %Redefine ns to represent total carrier number

tau_p=Q*res/(2*pi*3*10/714) % Optical losses from cavity
tau_p_wg=Q*res/(2*pi*3*10"14) % All loss assumed to be down waveguide for lasing mode
since transmission is high
tau_p_rad=(tau_p_wg).*tau_p./(tau_p_wg-tau_p)
vg=1/(tau_p*threshgain) % Gamma_conf*g_th*vg=loss
ss=C.*vac_total. *B.*((ns./vac_total).*2)./(1/tau_p - gammaconf.*vg.*gs)
% photon number in lasing mode
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ps=vac_total.*B.*((ns./vac_total).*2) + gammaconf.*vg.*gs.*ss + gamma.*ns +
vac_total.*auger.*((ns./vac_total)."3); % carrier generation rate
pouts1=(1/tau_p_wg).*ss.*(1.24/res).*q.*(exp(-gammaconf*alpha*wg));

% power out waveguide of length wg
pouts2=(1/tau_p_wg).*ss.*(1.24/res).*q;

% power out waveguide
pouts3=(1/tau_p_rad).*ss.*(1.24/res).*q;

% power lost to radiation modes
pls=(ps.*As)./(Ac*(1-exp(-t*num_wells))).*(1.24/.81).*%q;

% pump laser power

QO--==-==m=mmmmmmm i m e oo Plot Results----------------- -—-- -—-%

figure(1); % pump laser power versus carrier number
loglog(pls.*107(3), ns);

xlabel('Input Laser Power (mW)");

ylabel(‘carrier number');

figure(2); % power out waveguide of length wg versus pump laser
power with and without waveguide loss. (loss assumed into
one waveguide direction: otherwise divide power by 2)

loglog(pls.*107(3),pouts1*107(6),pls.*10°(3),pouts2*10°(6));

plot(pls.*107(3),pouts1*10/(6),pls.*107(3),pouts2*10°(6));

title('Input Laser Power versus Power at end of 10 micron waveguide");

xlabel('Input Laser Power (mW)");

ylabel('Power Out Waveguide(microwatts)");

legend('waveguide loss',no waveguide loss');

figure(3) % pump laser power versus power leaking into radiation
loglog(pls.*107(3),pouts3*107(6));

title('Input Laser Power versus Power Out etched Facet');

xlabel('Input Laser Power (mW)");

ylabel('Radiation Power (microwatts)");

figure(5) % Injected current versus power leaking into waveguide
loglog(ps.*q.*107(3),pouts2*10°(3));

title('Injection Current versus Power Out etched Facet');

xlabel('Injection Current (mA)');

ylabel('Power Out Output Facet (mW)');
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A.3 VCSEL Transmission Model for Monorail Microlaser
FUNCTION LASERTRANSMITNEW=LASERTRANSMITNEW(N1,N2,DEF,L.1,L.2, NUM1, NUM2,GAIN)

%This function calculate the transmission through a one-dimensional periodic cavity structure.
The purpose of this function is for use in calcuating transmission properties of one-dimensional
(or higher-dimensional analogous) structures.%

Lcav=def;

ncav=n2;
num_holes_l=numl;
num_holes_2=num?2;
lambdas=[800:.1:13007];
trans=zeros(size(lambdas));

for index=1:length(lambdas); % Calculate using transmissiom matrices
beta_2=2*pi*n2/lambdas(index);
T_prop_2=[exp(i*beta_2*L2), 0;0, exp(-i*beta_2*L2)];
T=(etalon([n2,n1,n2],[gain,0,gain],L1,lJambdas(index))*T_prop_2)*(num_holes_2);
beta_cav=2*pi*ncav/lambdas(index)+i*gain/2;
T_prop_cav=[exp(i*beta_cav*Lcav), 0;0, exp(-i*beta_cav*Lcav)];
T=T_prop_cav*T;
T=((T_prop_2*etalon([n2,n1,n2],[gain,0,gain],L1,lambdas(index))) (num_holes_1))*T;
trans(index)=(1/abs(T(1,1)))"2;

det(T); % Check of reversibility: determinant must equal 1
end
plot(lambdas, trans*100); % Plot transmission versus wavelength

axis([800,1300,0,100]);
[x,y]=max(trans)

FUNCTION [GS, TRANS, GMAX]=LASERGAINSNEW(N1,N2,DEF,L1,L.2, NUM1, NUM2,RES)

%This function calculates the transmission through a one-dimensional periodic cavity structure
as a function of gain. The purpose of this function is for use in calcuating threshold gain in one-
dimensional (or higher-dimensional analogous) cavity structures.%

Lcav=def;

num_holes_1=numl;

num_holes_2=num?2;

ncav=n2;

resonance=res;

gs=[0:.001:.5]*10~(-3); % Typical range of gains
trans=zeros(size(gs));
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for index=1:length(gs)
beta_2=2*pi*n2/resonance;
T_prop_2=[exp(i*beta_2*L2), 0;0, exp(-i*beta_2*L2)];

=(etalon([n2,n1,n2],[0,0,0],L1,resonance)*T_prop_2)"(num_holes_2);

beta_cav=2*pi*ncav/resonance + i*gs(index)/2;
T_prop_cav=[exp(i*beta_cav*Lcav), 0;0, exp(-i*beta_cav*Lcav)];
T=T_prop_cav*T;
T=((T_prop_2*etalon([n2,n1,n2],[0,0,0],L1,resonance))(num_holes_1))*T;
trans(index)=(1/abs(T(1,1)))"2;
det(T);

end;

[x,y]=max(trans);
gmax=gs(y);
plot(gs,trans);

A.4 Monorail Microlaser Rate Equations Model 2

FUNCTION [PLS, POUTS2]=DC2(RESONANCE, QWTHICKNESS, NUMBEROFWELLS, DIAMETER, WIDTH,
DEFECT, CONF, RECOMB)
%This function calculates the input-output characteristics for the monorail microcavity laser and
returns vectors containing the input and output powers during optical testing. The threshold in
this function is determined by letting the stimulated emission rate equal the optical loss from the
cavity to determine ny,. %

SI_FUNDCONST % simple fundamental constants function

Go---=--=m=mmmmmmmmmmmmm oo Structural properties of microcavity laser-------------- -%

def=defect*107(-3);

d=diameter*10/°(-3);

t=qwthickness*10"(-3)

w=width*107(-3);

res=resonance*10°(-3);

num_wellssnumberofwells;

vs=recomb;

activethickness=.118;

as=d*pi*t + 2*def*t;

vac=t*(def*w+(d*w-pi*(d/2)"2)); % volume of single quantum well

vac_total=vac*num_wells % volume of total active material
As=19.6; % 5 micron pump beam spot size in square microns
Ac=vaclt; % cross-sectional area of single quantum well in microns"2
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gammaconf=num_wells*(t/activethickness)*conf
% confinement factor in quantum well

Qoo ---Assumed material values --- %

alpha=10"(4); % typical loss in waveguide

As=19.6; % 5 micron pump beam spot size in square microns

N_o=2.1*107(18); % Typical transparency carrier density for InGaAs qw (in

cm™-3)

Q=130; % Cavity Q

nu=2*pi*3*107(14))/(res*Q) % Depends on Q_wg (assumed to be ~Q for high-transmis
sion structure and resonant wavelength

A=1/(2.63*107(-9)); % Typical radiative lifetime in InGaAs qw (See [6] pp 167)

JoA_c=2.5*%A,; % Typical enhancement for semiconductor microcavity

wg=10*%10"(-4); % output length of waveguide in cm

/. Calculation of - - - %

PoA_c=A, % Assume qw bandwidth too wide for Purcell enhancement

%C=(beta*A_c)/((1-beta)*A +beta*A_c)*.01
% C-factor, equivalent to 8 for equal emission rate into all
modes

C=.005; % Input directly from calculation in Chapter 4

%---Microcavity Laser Model #2: Based on threshold when stimulated emission rate equals opti-
cal loss rate----------=~-=mcmecmeeee - %

gamma=as*vs*10"(4)/vac % surface recombination rate based on microcavity geome-
try

C_auger=10"(-6) % S ee [6] pp. 158-160

%C_auger=0;

a=0.15;

auger=C_auger*(sqrt(.0235/(a*(1.24/.98))))
Jauger=3.5*10"(-6)

B=0.8*107(2) %Bimolecular recombination coefficient for InGaAs
qunatum well model: pp 167 [6] microns™3 s-1

n_o=N_o*(10"(-12))*vac % Transparency carrier number for given quantum well

n_th=nuw/(C*A) + n_o*num_wells % Threshold carrier number in total active material com-
bined

x=linspace(0,14,100); % sample set for generating carrier numbers

ns=n_o*num_wells+(1-exp(-x))*(n_th-n_o*num_wells)
% sample set of carrier numbers
ss=C.*A. *ns./(nu-C.*A *(ns-n_o*num_wells))
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% photon number in lasing cavity mode
ps=A.*ns + C*A.*ss.*(ns-n_o*num_wells)+gamma.*ns+vac_total*auger.*((ns./vac_total)."3);
% generation rate of carriers
pouts1=nu*ss.*(1.24/res).*q.*(exp(-gammaconf*alpha*wg));
% power out waveguide of length wg

pouts2=nu*ss.*(1.24/res).*q; % power out waveguide
%--- oo --Plot Results---------=---=--—=--—- %
% Same as in Appendix A.2
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