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Abstract

We use guided mode expansion (GME) to analyze surface etch photonic crystal (PhC)
structures in order to evaluate photonic crystal surface emitting laser (PCSEL) designs and their
optical modes. The three dimensional optical modeling reveals that the modal quality factor and
modal coupling to the substrate vary periodically with increased PhC etch depth. We propose a
method based on GME modeling to analyze the in-plane modes of finite-sized PCSEL lattices.

Index Terms

Photonic Crystal, Diode Laser, Photonic Crystal Surface Emitting Laser, Guided Mode
Expansion

I. Nomenclature

A. Abbreviations

« PCSEL photonic crystal surface emitting laser
e« PhC photonic crystal
« FDTD finite-difference time-domain
« RCWA rigorous coupled wave analysis
« PWE plane-wave expansion
« GME guided mode expansion
« DBR distributed Bragg reflector
« VCSEL vertical cavity surface emitting laser
« DFB distributed feedback
.« Q quality (factor)
B. Symbols

e Ao free-space wavelength
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A photonic crystal period
« Mp Bragg order
n effective refractive index

e Mp diffraction order
o w angular frequency (radians per second)
T cavity photon lifetime
o internal loss coefficient
o cavity mirror loss coefficient
o U, group velocity
o« Q quality factor

II. Introduction

Photonic crystal surface emitting lasers, commonly referred to as PCSELs, are a class
of semiconductor diode lasers with in-plane propagation/oscillation of the optical mode
that use photonic crystals (PhCs, structures with periodic variation of refractive index)
to provide in-plane confinement and diffractive out-coupling to surface emissions. Recently
PCSELs have gathered attention as a promising semiconductor diode laser structure that
provide high spectral and spatial brightness in a manner that is scalable to higher powers.
Orif. Susuma Noda has been the primary investigator of these structures, working on
the earliest manifestation [1] as well as their newest and most advanced forms [2]. The
PhC structure effectively controls the optical modes across a broad gain area, providing a
stabilized lasing wavelength and narrower lasing spectrum bandwidth, as well as distributed
diffractive emission from a broad area that gives a high quality and low divergence beam.
Reported power metrics have been constantly increasing along with device area:

o 2014, 200 pum diameter, 1.5 Watts continuous or 3.4 Watts pulsed, M?=1 up to 0.5
Watts [3]

o 2018, 500 pum diameter, 10 Watts pulsed with M2<2.5 [4]

« 2021, 3 mm diameter, 150 Watts pulsed [2]

It is expected that further scaling in size and power to kilowatt levels is possible [2].

The specifics of PCSEL designs can vary greatly. Generally, an epitaxially grown gain
region is embedded within a dielectric slab waveguide providing optical confinement in the
epitaxial dimension, and a PhC structure is located in proximity to the optical mode
to provide optical feedback/confinement within the wafer plane. Various PhC designs
have been used. The PhCs have include triangular lattices [1], square lattices [5], and
centered-rectangular lattices [6]. The PhC etch patterns have included circles [1], ellipses
[7], equilateral triangles [8], right isosceles triangles [3], and others. Past PCSELs have used
PhCs that were high index-contrast air/semiconductor structures embedded within the
laser structure [1] or etched into the surface [9], while others have used low index-contrast
semiconductor/semiconductor structures [10].



With all the numerous design parameters that greatly modify the laser mode and beam
properties, the ability to effectively model potential PCSEL structures and evaluate them
becomes a critical component of the design and engineering process. Various modeling
methods have been proposed and applied to PCSELs in the past. This includes methods
such as finite-difference time-domain (FDTD) simulation [11], rigorous coupled wave analysis
(RCWA) [12], modal index analysis [13], coupled-wave theory [14], and plane-wave expansion
(PWE) [15]. These methods are varied in the ability to effectively model a PCSEL structure
as well as the results that they produce for subsequent analysis.

This work applies a different electromagnetic modeling method to the problem of eval-
uating PCSEL structures, namely guided mode expansion (GME) [16]. We will analyze a
theoretical structure that uses a surface etched square lattice of right isosceles triangles.
However, GME is not limited in applicability to only these sorts of structures. The PhC
structure has been demonstrated to reach Watt-levels of power [3] and surface etch structures
represent a relatively simple fabrication process (as compared to embedded PhC designs
that generally require either regrowth [17, 10] or wafer fusion [1]).

First the Bragg condition and diffraction of the photonic crystal is discussed. The quality
factor is introduced for loss induced in-plane and by the photonic crystal. Next GME is
applied to analyze an InP PCSEL emitting at 1550 nm. The effects of etch depth and higher
order resonances are explored.

ITI. Theory and Methods
A. Bragg Resonance and Diffraction in Photonic Crystals

Photonic crystals are a class of structures with periodic refractive index structuring that
produce distributed resonant effects at (in-material) wavelengths commensurate with the
period of the PhC. One dimensional forms of PhCs include distributed Bragg reflectors
(DBRs) used in vertical cavity surface emitting lasers (VCSELs) and the gratings in
distributed feedback (DFB) lasers. Two dimensional forms of PhCs have been used in
edge-emitting lasers for mode control, as a confinement means for nanolasers, and form the
basis for most PCSELs.

The period (A) of a PhC is often related to the in-material wavelength of the Bragg
wavelength (free-space wavelength \g) via the effective index within the PhC (7):

mpAo

o (1)
The mp term is the positive integer Bragg order. Using higher order Bragg resonances
(mp > 1) gives larger PhC periods that are some multiple of the in-material half-wavelength
(which may be desirable from an ease of fabrication perspective), however higher order PhCs
tend to be associated with lesser mode control and higher losses (as will be discussed later).

A=

Equation (1) is generally acceptable for one dimensional PhC structures with an oscillation
along the direction of periodicity, but for two dimensional PhC structures, such as those
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Fig. 1: Diffraction angle as a function of diffraction order and grating period (in multiples
of the in-material wavelength).

commonly used in PCSELs, this fails to incorporate all of the higher order resonances.
Consider a two-dimensional square lattice PhC with two axes (z and y) of equal period.
A optical wave propagating in the & or g direction would see a periodic index structure
repeating at the lattice period A, but a wave propagating in another direction would also
see period index structuring with a different effective period. To incorporate these non-axis-
aligned higher order resonances we define a new equation for the PhC period that uses two
Bragg order terms, mp, and mp,, that correspond to the effective Bragg order along each
of the axes (and in this case one of the two Bragg order terms may be zero):

A /mQB@ + mQB’y)\O
A= = (2)
2n
Note that Equation (2) is only valid for a two-dimensional square lattice.

The Bragg resonance effect provides the in-plane optical feedback and confinement that
provides the mode control in PCSELs, but diffraction provides the critical out-coupling
to create what would otherwise be an edge-emitting laser into a surface emitting laser.
Diffraction is also a resonant effect that relies on periodic structuring. Diffraction of order
mp (non-negative integer) will out-couple light at an angle 65 from the surface-normal [18]:

Op = sin™* (ﬁ - mp%) (3)

We calculate the valid diffraction angles as a function of the grating period using Equation
(3) and plot the results in Fig. 1. As we want diffractive out-coupling to surface-normal
emission (p = 0), we find that our PhC would need a period that is an integral multiple
of the in-material wavelength. Our observation from Fig. 1 implies that we may have both
the in-plane feedback and out-of-plane out-coupling that PCSELSs need under the condition
that mp = 2mp. While these results suggest that we may be able to use higher-order Bragg
resonances and diffraction in PCSEL design, the effectiveness of such a design remains to
be seen. As Fig. 1 shows, higher PhC periods tend to have more solutions for potential



diffractive out-coupling via the various diffraction orders, so while surface-normal emission
is possible, it may be less efficient than emission into the other orders at non-surface-normal
angles.

B. Photonic Crystal Modes, Infinite and Finite

Analysis of photonic crystals often invokes the photonic band diagram, that plots the
frequency of the optical field solutions within a infinite PhC as a function of the in-plane
wave-vector [19]. PCSELs operate at what is generally referred to as the I'-point of the
PhC band diagram [1], where the wave-vector is proportional to an integral multiple of the
PhC period. In an infinite PhC lattice the solutions for the modes form continuous bands
(except for the discontinuities at the photonic band-edge/band-gap). The group velocity is
related to the slope of the photonic bands [19], and at the edges of the bands (such as near
the I'-point of PCSEL band diagrams) the slope approaches zero, indicating a “slow light”
effect.

However, practical PCSEL structure do not have infinite PhC lattices. These finite-extent
structures have constraints imposed on the wave-vectors based on the cavity that the finite
PhC lattice creates [19], such that when translated to the band diagram, manifests itself
as discrete points on the diagram. If we have a finite PhC with N-many periods, then we
can estimate the permitted wave-vector magnitude values k,, to be:

mm
For integer values of the finite in-plane mode index m. We can see in Equation (4) that
as the lattice grows larger (that is, IV is larger) then the spacing between the permitted
modal wave-vectors will decrease due to the N term in the denominator, as expected.

C. Quality Factor and Group Velocity

In our analysis of PhCs for PCSELs, we will quantify the interaction between the optical
mode and PhC in part using the quality, or Q, factor. Quality factors are used in various
engineering contexts and have numerous definitions. It can be defined in terms of the
complex resonance wavelength w that some simulations return [12]:

R(w)
Q=—75 (5)
23(w)
In optical cavities it can be related to the photon lifetime 7, or group velocity v, and
mirror/internal loss coefficients «a,, and «; [20]:

O e e v

Or more generally it is defined in terms of energy and power [18]:

Energy stored
Q=2

T
Energy dissipated per optical cycle



Q values can be used in several ways to elucidate the behavior of PhC structures. Higher
Q is generally associated with lower losses from a cavity, likely implying lower threshold
gain for an optical mode. Differences in Q between modes can relate differences in modal
losses and modal threshold gains, potentially allowing us to predict modal discrimination
and selection within a cavity.

We can identify two main forms of optical loss in our (idealized) PCSEL structures. First
is loss due to PhC diffractive out-coupling through the surface that occurs in an infinite
PhC lattice. The GME software will return a Q factor that quantifies these losses. The
second form of optical loss we consider is loss from the optical mode leaking through the
edges of a finite PhC lattice. These losses are not calculated directly by GME software
we use. However, we can quantify an estimate if we model the finite PCSEL structure as
an optical cavity with in-plane oscillation. We can estimate the mirror loss for the optical
cavity model and incorporate the PhC effects via the group velocity term in Equation (6)
(the group velocity can be derived from the PhC mode bands that GME software can solve
for). Once we have calculated the PhC diffractive losses and lateral losses as Q factors, we
can combine the two to obtain a single overall modal Q factor:

1
Qmode = 1 1 (8)

QpPnC Qlateral

D. Guided Mode Expansion

As previously mentioned, various methods have been previously used to model and analyze
PCSEL structures. They have varied greatly in their capabilities, runtime performance, and
ease of analysis of the simulation results. There are a couple capabilities that guided our
choice of modeling method /software:

« Solve for PhC resonant mode frequencies (in order to align resonance to gain)

« Solve for PhC resonant mode fields (in order to analyze near-field/far-field/beam)

« Solve for PhC resonant mode Q (in order to quantify diffractive losses)

« Solve for PhC band diagram (in order to calculate group velocity and estimate edge
losses)

« Capable of modeling three dimensional structure (simultaneous modeling of PhC and
epitaxial structure)

FDTD is a very capable method that can be applied to all sorts of electromagnetic problems,
including PCSELs [11]. It has all of the desired capabilities, but it can be computationally
intensive and the time-domain nature can make analyzing the results relatively complicated
relative to frequency-domain algorithms for our application. PWE is a common and intuitive
choice for PhC modeling [15], but it is not well suited for analyzing finite-extent, non-periodic
dimensions (such as the epitaxial structure), limiting it’s usefulness for our analysis. RCWA
is capable of modeling the full three dimensional structure and calculating the Q factor
and resonance frequencies, but analyzing the fields and obtaining the PhC band diagram is
somewhat involved [12]. GME, on the other hand, provides all of the capabilities we desire
in a relatively straightforward manner [16].
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Fig. 2: Cross-sections of a hypothetical surface-etch PCSEL.

In our analysis, we will use the free and open source GME software legume [21]. This
software exposes GME functionality via a programmatic Python language interface. The
general modeling process is as follows:

Define the PhC lattice (lattice period and lattice basis vectors)

Define top and bottom interface relative permittivity values (air and semiconductor
substrate)

Define the thickness and relative permittivity of each epitaxial layer (with any etched
PhC features in the layer, if relevant)

Define the wave-vectors to solve for (for PCSELSs, these should be at the I" point or
in it’s vicinity) and which modes to solve for (depends on the lattice type and the
design resonance order)

Run GME simulation

Obtain solutions for the modal frequency, PhC Q factor, fields, and coupling coefficients
to the top/bottom interfaces and analyze them

In our analysis, we will consider a hypothetical surface etch PCSEL that would approx-
imate a structure in the InP/InGaAs material system targeting a wavelength of 1550 nm.
We assume a waveguide core layer of 300 nm thickness and refractive index 3.2 with a
cladding of refractive index 3.1 (1300 nm of upper cladding between the core and upper air
surface). In Fig. 2 we illustrate such a structure with a right isosceles triangles etched on
a rectangular lattice of 496 nm period that has been etched 500 nm through the surface.
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Fig. 3: Free-space wavelengths of the PhC resonant modes in a first-order PCSEL.
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Fig. 4: PhC quality factor of the PhC resonant modes in a first-order PCSEL.

IV. Results
A. Modeling Effects of Etch Depth

First, we explore the effects of PhC surface etch depth on the first-order resonances. For
the first-order structure we use a PhC lattice period of 496 nm, and we solve for the four
modes that have a resonance wavelength near the desired 1550 nm.

In Fig. 3 we plot the free-space wavelength for the four PhC modes as a function of
etch depth. While there are four modes, we can only discern two lines in Fig. 3 as we have
two pairs of nearly degenerate modes. We find that as we etch deeper the resonances shift
towards shorter wavelengths. This is consistent with published experimental observation
[9]. We also observe that the wavelength splitting between the two pairs of modes increases
with increased etch depth.

In Fig. 4 we can see the quality factors incorporating the PhC diffraction loss. We find
that one pair of modes has a higher Q factor than the other, and that all modes have a
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Fig. 5: Coupling coefficients of the PhC resonant modes in a first-order PCSEL.

general trend of decreasing Q with increased etch depth. This is expected as etching deeper
brings the PhC closer to the mode within the epitaxially defined waveguide, increasing the
interaction between the mode and the PhC and increasing the diffraction losses (lowering
Q). Less expected is the periodic variation in Q as a function of etch depth. To try to
investigate why, we look at the coupling coefficients for the modes.

Fig. 5 shows the modal coupling coefficients to the air and substrate. Higher coupling
coefficient values reflect higher radiation losses. These modeling results show a general trend
of increase losses to air with increased etch depth, but the losses to the substrate show a
general increasing trend with very strong periodic etch-dependent variation. Comparing the
coupling coefficients to air and substrate we find that the coupling to substrate alternates
between being higher and lower than coupling the the air. This implies that controlling the
etch depth may be a way of biasing emissions into the desired direction (top vs bottom
emission).

B. Modeling Higher-Order Resonance

We can explore higher order resonances by modeling structures with appropriately larger
lattice periods and evaluating the corresponding higher order resonant modes. In our case,
the next set of resonances is the set of the next four modes in a PCSEL with the same
right isosceles triangle but now with a 705 nm period.

In Fig. 6 we plot the free-space wavelength for the four PhC modes as a function of
etch depth. As before, the resonance wavelength shows a decreasing trend with increased
etch depth, and now the degeneracy between the modes is broken as we can make out four
distinct curves.

Fig. 7 plots the corresponding modal PhC ) as a function of etch depth. As before, there
is a decreasing trend with increased etch depth. The periodic variation that was observed
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Fig. 6: Free-space wavelengths of the PhC resonant modes in a higher-order PCSEL.
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Fig. 7: PhC quality factor of the PhC resonant modes in a higher-order PCSEL.

in the first-order modes either does not occur or is much less pronounced.

Fig. 8 shows that there is still significant variation in the coupling to the substrate.
Interestingly, we find that at an etch depth around 650 nm the coupling to the substrate
appears to be relatively negligible compared to the coupling to air, implying that biasing
vertical emissions toward top emission as opposed to bottom emission may be possible in
these lasers.

C. Modeling Finite Photonic Crystal In-Plane Modes

One of the challenges in scaling PCSELSs to greater areas involves controlling the balance
between the in-plane feedback and out-of-plane diffractive emission in a manner that will
support broad area single mode lasing. We attempt to model finite PCSEL size dependent
modal behavior by using GME to solve at wave-vectors around the I'-point. Once again we
return to the first-order structure with a lattice period of 496 nm, but now we fix the etch
depth and just look at the different photonic mode bands.
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Fig. 8: Coupling coefficients of the PhC resonant modes in a higher-order PCSEL.
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Fig. 9: Free-space wavelengths of the PhC resonant modes in a first-order PCSEL.

In Fig. 9 we plot the free-space wavelength for the four PhC bands of the first-order
resonances. The I'-point is at the lower left corners of the figures where £, = k, = 0. As
this structure was designed for 1550 nm resonance at the I'-point, it is not surprising that
the higher-order in-plane modes shift away from the design wavelength.

Fig. 10 illustrates the Q factor for the diffractive losses for the in-plane modes. The
different bands show varied trends in Q, as some of them have higher ) along the diagonal,

log10 PhC Q: Band #1 log1p PhC Q Band #2 log10 PhC Q: Band #3 logio PhC Q: Band #4
0.50 0.50 0.50 0.50
>, >,
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Fig. 10: PhC quality factor of the PhC resonant modes in a first-order PCSEL.
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Fig. 11: Estimated in-plane quality factor of the PhC resonant modes in a first-order PCSEL.
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Fig. 12: Estimated overall quality factor of the PhC resonant modes in a first-order PCSEL.

others away from the diagonal, some have lower Q the closer to the I'-point, while others
higher Q.

The previous figures involved quantities directly calculated using GME software. In order
to deduce the in-plane losses for the lateral Q factor we treat the finite in-plane lattice as
an optical cavity (with some mirror loss coefficient) with an effective group velocity derived
from the band diagram (Fig. 9) for each in-plane mode, in accordance to Equation (6).
We calculate the quality factor for the in-plane loss in Fig. 11 assuming a square lattice
of certain size. As with the PhC diffraction Q factor, the different bands and modes show
varied trends. These results show that overall the estimated Q) factors for in-plane losses
are much higher than for the PhC Q factor, indicating that our model would estimate most
of the optical loss to be to the surface-normal emissions as opposed to loss through the
lattice edges. However, were a different lattice size chosen the edge losses could just as well
been higher than PhC diffraction losses.

In order to analyze modal selection and discrimination in finite-size PhC lattices, we want
to calculate the overall quality factor for each of the in-plane PhC modes. We combine the
GME calculated PhC Q with the estimated lateral (Q to get an estimate for the overall
finite cavity Q, illustrated in Fig. 12. As in our hypothetical example the PhC Q was lower
than the lateral Q, we find that the overall Q is primarily determined by the lower of the
two (PhC Q).
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V. Conclusion

We have used guided mode expansion to analyze an example square-lattice photonic
crystal with right isosceles triangle features to model surface etch photonic crystal surface
emitting lasers. We have found that increasing the etch depth shifts resonance wavelengths
toward shorter wavelength, consistent with published experimental results. The model
indicates a general trend of decreased quality factor with increased etch depth with some
periodic variation due to periodic variation in the coupling to the substrate. This periodic
variation may allow for engineering a bias towards either top or bottom emissions via control
of the surface etch depth. GME analysis of photonic crystals with larger periods indicates
higher-order resonances can be found at the desired wavelength, hinting at the possibility
of higher-order resonance PCSELs that have larger feature sizes and lower lithography
requirements. Finally, we have proposed a method of combining GME analysis with optical
cavity modeling to estimate the quality factor of in-plane PhC modes in finite sized PCSELs,
that may enable evaluating size-dependent modal behavior of PCSELs, however the model
has not yet been verified using experimental results.
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