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Abstract:  Spectral properties of photonic crystal double heterostructure
resonant cavities are calculated numerically using the three-dimensional
finite-difference time-domain method. Resonance frequencies and quality
factors are reported for various bound states that form near stationary
points in the photonic crystal dispersion diagram. The associated electric
field spatial profiles are presented indicating potential for in-plane laser
optimization. In addition, Fabry-Perot oscillations are observed in the
spectra.
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1. Introduction

Both passive and active materialsin planar slab geometries patterned with two-dimensional pho-
tonic crystals are interesting candidates for optical integrated circuits due to their flexibility and
small size. Thetheoretical properties of photonic crystal heterostructures have been investigated
over the last several years|[1, 2, 3, 4]. The photonic crystal double heterostructure (PCDH) pic-
turedin Fig. 1(b) has recently been shown to have an experimental cold cavity quality factor (Q)
of over 10° and amode volume on the order of a cubic optical wavelength [5, 6, 7] making this
geometry a good candidate for compact chip-scale sources and filters [8, 9, 10]. Other methods
of forming PCDH cavities have been reported including local modulation of a photonic crystal
line defect width [11], local air-hole infiltration [12, 13], local change in membrane refractive
index in photosensitive materials [ 14] and local modulation of the holeradii [15].

In addition, the waveguide-like shape of these cavities enhances their edge-emission and
ability to channel electromagnetic energy directly into adjoining photonic crystal waveguides
(PCWG) [16, 17]. PCDH cavities may aso be formed by locally decreasing the lattice con-
stant as shown in Fig. 1(c). Furthermore, one may perturb the lattice in two-dimensions, and
experimental lasing results for this type of perturbation have been reported [18]. In this work,
we extend the theoretical understanding of the PCDH with a detailed analysis of PCDH cavity
spectra that indicates the presence of bound states near stationary points in the PCWG disper-
sion diagram associated with the unperturbed sections of the PCDH. With this information one
can use PCWG dispersion diagramsto predict resonance frequencies and understand other fea-
tures of numerical and experimental resonance spectra. Furthermore, we present mode profiles
for several bound state resonances whose in plane confinment properties differ significantly.
This added information is useful in designing PCDH lasers for edge emission.

2. 3-D FDTD Analysis of photonic crystal double heterostructureresonant cavities

Figure 1(a) shows a single line defect PCWG dispersion diagram calculated using the three-
dimensiona finite-difference time-domain (FDTD) algorithm. The index of refraction of the
slabis 3.4, itsthicknessis 0.6a and the hole radii are 0.3a where a is the period of the photonic
crystal hole spacing. Because Bloch boundary conditions are implemented along the propaga-
tion direction, only a single unit cell of the PCWG is stored in memory, and the computational
resources required are moderate. In the case of PCDH cavities, the computational resources
required are significant, as the number of PCWG cladding periods on either side of the defect
areamust be enough to simulate an effectively infinitely long waveguide. Adjacent to the PCWG
bandstructurein Fig. 1(a) are resonance spectra of two PCDH: one for a positive defect and one
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Fig. 1. (a) Left: Single line defect air-clad photonic crystal waveguide dispersion diagram.
Dark gray indicates photonic crystal cladding modes. Light gray indicates slab radiation
modes. Right: Photonic crystal double-heterostructure (PCDH) resonance spectrafor posi-

tive and negative defects. (b.) Top view of PCDH with one-dimensional positive defect. (c.)
Top view of PCDH with one-dimentional negative defect. Darkened circles are perturbed.

for anegative defect. The material propertiesare the same as for the PCWG cal culation, and the
|attice constant perturbation is +5% for the positive defect and -5% for the negative defect. We
are working with a 5% perturbation here as opposed to the 2.5% perturbations reported by [5]
to separate the bound state resonance from the PCWG Fabry-Perot resonances which will be
discussed in Section 4. Thisincreased spectral separation made obtai ning mode profiles through
spectral filtering and the numerical estimation of Q more reliable. Increasing the perturbation
tends to lower the Q of these devices; however, this difference does not effect the conclusions
regarding the general PCDH concepts made in this work.

The perturbationis along x only, and there are 20 PCWG periods on either side of the defect.
These spectra were obtained by taking a discrete Fourier transform of a 200000 time-step se-
guence initialized with a broad-band source. The time-step sequences required about 20 hours
of computation on 100 parallelized processors.

3. Propertiesof photonic crystal double heter ostructurebound states

In the PCWG dispersion diagram, there are three waveguide modes in the photonic crystal
bandgap with one additional modejust below the photonic crystal cladding modes. These modes
have TE-like symmetry, and the corresponding bandgap is the lowest frequency bandgap with
TE-like symmetry. Increasing (decreasing) the lattice constant of afew periods of the otherwise
uniform PCWG shifts the local bandstructure at the perturbation down (up). In comparing the
two spectra to the PCWG dispersion in Fig. 1(a), one can see that there are resonance peaks
near stationary points in the unperturbed waveguide dispersion. When the lattice constant is
locally increased (decreased), the bound state forms near stationary points that are concave up
(down). Only below and above (for positive and negative defects, respectively) the extrema of
the dispersion relation in the uniform PCWG regionsis there a possibility for amodeto existin
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the central region without the possibility of there simultaneously being a mode in the cladding
at the same frequency a small distance in wave vector away. |n other words, only in these cases
is there no mode that is nearby (in the wavevector sense) in the cladding at the same frequency.
Thismodeformation is anal ogousto the formation of bound states in el ectronic heterostructures
at the extrema of the electronic dispersion relations.

Table 1. Resonance frequencies and quality factors for a PCDH with Aa = 5% in one
dimension. Frequencies are in normalized units (a/A). Spectral resolution is 0.0002.

Resonance PCWG Stationary  Quality  Pertur-
Frequency  PointFrequency Factor  bation

0.2115 0.2112 1130 -
0.2628 0.2654 266000 +
0.2837 0.2861 12700 +
0.2986 0.2968 260 -
0.3252 0.3290 8820 +

Table 2. Resonance frequencies and quality factors for a PCDH with Aa = 5% in two
dimensions. Frequencies are in normalized units (a/A). Spectral resolution is 0.0002.

Resonance PCWG Stationary  Quality  Pertur-
Frequency  Point Frequency  Factor  bation

0.2116 0.2112 1190 -
0.2621 0.2654 141000 +
0.2835 0.2861 2230 +
0.3002 0.2968 238 -
0.3217 0.3290 1930 +

The quality factors of the different bound states in these PCDH resonant cavities are obtained
from the resonance spectra by dividing the resonance frequency, fo, by the full width at half
maximum (FWHM), Af, or Q= fo/Af. Our simulation technique consists of aspatially random
distribution of broad band initial conditions. The resonant modes are excited, and the energy
gradually leaks out of the cavity upon subseguent time stepping. The characteristic ring-down
time of the different modes gives rise to the corresponding spectral width. Error due to early
truncation of the time sequence is reduced using the Padé interpolation method [20]. Center
frequenciesand Qs for bound states formed in PCDH cavities with defectsformed by increasing
(+) or decreasing (-) thelattice constant by 5% in one-dimension are summarizedin Table 1. The
corresponding results for a two-dimensional perturbation are shown in Table 2. As discussed
previously, the bound state frequencies are just below (above) the PCWG band edge for PCDH
cavities formed by positive (negative) defects.

The high quality factor of the second mode listed in Table 1 has been discussed by [5, 19].
However, pointing out that PCDH bound states form near any stationary point in the dispersion
diagram with varying quality factors is useful for semiconductor laser applications. To achive
laser operation, only moderate quality factors having values around 1000 are required [16, 21]
with the first demonstration of a photonic crystal laser having an estimated passive Q of 250
[22]. Therefore, any of the resonance modes listed in Tables 1 and 2 is aviable candidate for a
laser. We attribute the exceptionally low Q of the fourth mode to significant out of plane radia-
tion due to the close proximity to the light line of the concave down stationary point associated
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with this mode.
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Fig. 2. y-component of the electric field along with their spatial Fourier transforms
Ey(Bx, By) for the modes in Table 1.

Spatial mode profiles associated with the different resonances of a PCDH with a one-
dimensional defect were obtained from subsequent FDTD runs with a discrete-time filter [23]
to isolate the mode of interest. The y-component of the electric field at the midplane of the
dlab for the bound states associated with each mode in Table 1 is shown in Fig. 2. The mode
profiles apprear to be approximately uniform PCWG mode profiles multiplied by a confining
envelope function centered at the defect. The spatial mode profiles are qualitatively similar for
the two-dimensional perturbation.

The qualitative features of the spatial distribution of the Ey(X,y) components are useful in
design considerations. To enhance edge-emission along the PCWG direction, a more extended
mode such asthat shownin Fig. 2(a) would be preferred. For vertical emission and smaller mode
volume, the modes in Fig. 2(b) or (c) are the best candidates. Finally, for emission through the
photonic crystal cladding, the mode shown in Fig. 2(€) is promising.

Performing a two-dimensional spatial Fourier transform of the field profile at the midplane of
the dlab reveal sthe spatial Fourier componentsthat make up the bound state. To theright of each
Ey(x.y) spatial mode profilein Fig. 2, spatial Fourier transforms Ey (B, By) are shown. All but
the mode at a/A = 0.2986 have significant spatial Fourier components near the Brillouin zone
boundary at 8 = +%. Themode at a/4 = 0.2986 has Fourier componentsnear x = 0.6 x £
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as well as significant amplitude in the second Brillouin zone at Bx = 0.6 x Z — 2;” and By =
—06xZ+ 23” All of these results are consistent with the location of the stationary points on
the PCWG dispersion diagram: the four bands flatten at Bx = +Z, and the third band peaks at
ﬁx = Z|206 X %

4. Fabry-Perot resonances

To investigate additional peaksin the resonance spectra near the bound state resonances, PCDH
cavities with 40 PCWG cladding periods were analyzed with the idea that these peaks came
from Fabry-Perot resonances in the uniform PCWG regions. Figures 3(a) and 3(b) show the
resulting spectra.

B

(b)
1000

1000 T T T . .
g 100 | Negative Defect g Negative Defect
B I 1 5 100}
g S
5 10 /J"‘/\/\/\/\/\_/\ &
S 8 10
[} 1F ] [
=} °
2 Positive Defect 2 1 |Positive Defect E
o 01f 1=
< ool | £l _
s - B
© 0.001 | goolt
&, &
0.0001 L v L L L ; 0.001 L L L
0.267 0.270 0.273 0.276 0.279 0.282 0.285 0.288 0.291 0.294 0.297
Normalized Frequency (a/A) Normalized Frequency (a/A)
(c) 30 r v T (d) 30 T — T
O Waveguide Bandstructure O Waveguide Bandstructure
251 Resonance Spectrum,  J 251 Resonance Spectrum,
Positive Defect Positive Defect
Resonance Spectrum, Resonance Spectrum,
é 2 Negative Defepct 1 5 201 Negative Defect s
° °
£ £
o 15f o 15
3 S
o J<I
o 10} ® 10}
51 sk
L L L L L L 0 " L L
0.267 0.270 0.273 0.276 0.279 0.282 0.285 0.288 0.291 0.294 0.297
Normalized Frequency (a/}) Normalized Frequency (a/A)

Fig. 3. Spectra for positive and negative defect photonic crystal double-heterostructure
(PCDH) cavities for points off center along x for (a.) the second PCWG band and (b.)
the third PCWG band. Group index for positive and negative defect (PCDH) cavities along
with group index calculated from the photonic crystal waveguide (PCWG) dispersion dia-
gram for (c.) the second PCWG band and (d.) the third PCWG band.

The time sequence is measured a few periods along x from the center of the cavity. Addi-
tional resonance peaks in the frequency ranges 0.265-0.285 and 0.285-0.297 are apparent and
are present in PCDH cavities with both positive and negative defects. The termination of the
uniform PCWG and the interface between the uniform PCWG and the perturbed region form
mirrors between which oscillation can occur with a group velocity determined by the slope of
the PCWG dispersion diagram [24]. The result of measuring the peak spacing in the PCDH res-
onance spectra and calculating the corresponding frequency dependent group index according
to ng = ¢/2LAf where L is the length of one side of the uniform PCWG region is shown in
Fig. 3(c) and Fig. 3(d). The agreement between the PCDH peak spacing and PCWG dispersion
slope is quite good. We attribute the slight scatter in the data to the low frequency resolution of
0.0003 in normalized frequency.
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5. Conclusion

In this work we have shown that PCDH bound states form near stationary points in the PCWG
dispersion diagram. The bound states form near local minimafor positive lattice constant per-
tubations and near local maxima for negative lattice constant perturbations. Additional Fabry-
Perot resonances are observed whose spectral spacing is consistent with the group index disper-
sion of the the different PCWG bands. Thisinformation is useful in predicting and understand-
ing the properties of numerical and experimental PCDH resonance spectra. Because quality
factor values around 1000 are sufficient to achieve laser operation in quantum well active re-
gions, severa of the bound states described in this paper are candidates for PCDH lasers. The
differing confinement properties of the electric field profiles offer a method to optimize cavity
geometry for different applications.
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