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Two-dimensional numerical analysis
on mid-infrared emission
from IV-VI lead salt photonic crystal microcavity
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An optimal design of two dimensional (2D) hexagonal photonic bandgap (PBG) resonating
micro-optical defect cavity on IV-VI lead salt material has been carried out. The nature of both
the transverse electric (TE) and transverse magnetic (TM) band structure for the electromagnetic
waves in the periodic triangular lattice pattern is formulated by the well-established plane wave
expansion (PWE) method. The defect cavity is engineered to resonate at ~4.17 pm in TM bandgap.
The field distribution in the defect cavity has been analyzed based on two very efficient and popular
schemes — perturbation correction finite difference (FD) method and finite difference time domain
(FDTD) mechanism which is truncated by uniaxial perfectly matched layer (UPML) absorbing
boundary condition (ABC). FD method efficiently solves Helmholtz equations to evaluate the field
distribution in the semiconducting waveguide for any single spectral wavelength. The numerical
results by FD method are re-established by the FDTD scheme that incorporates a precise numerical
analysis within a specified wavelength range.

Keywords: lead salts, plane wave expansion (PWE), finite difference (FD) perturbation method, finite
difference time domain (FDTD), mid-infrared emission.

1. Introduction

The tremendous interest in mid-infrared spontaneous emission lies mainly in the fields
of industrial trace-gas sensing application [ 1], environmental pollution control [2], and
the inspection of industrial chemical processes. Mostly group III-V [3, 4] and IV-VI
semiconductor materials [5—7] in the periodic table are pioneers in manufacturing
mid-infrared light emitters to meet the application requirements. Easy spectral
tunability of emitted light by joule-heating method, comparatively narrower full width
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half maximum (FWHM), and low power consumption make IV-VI materials a superior
candidate to pursue the industry needs for gas sensors [8, 9] compared to its [1I-V
counterparts. Other than a threshold population inversion a resonating cavity is
essential for lasing to occur from semiconductor materials. The resonating cavity can
be formed utilizing the natural cleavage planes of semiconductor. IV-VI lead salt
materials have a natural cleavage plane along the [100] direction and therefore this is
utilized to make Fabry—Perot resonating cavity for lasing at mid-infrared spectrum.
We have theoretically [10] established that the molecular beam epitaxy (MBE) growth
orientation along [110] direction is the best for lead salt laser fabrication as this
orientation provides higher quantum efficiency and spectral gain [7]. Fabry—Perot
resonating cavity formation can easily be formed by using {100} natural cleavage
planes for [110] growth orientation as well. Recently we have demonstrated [11]
electrically injected pulsed lasing at A=5.2 um from lead salt epitaxial structure
grown on a polished [110]-oriented PbSnSe substrate.

However, the MBE growth of lead salts is generally carried out on Si and BaF,
substrates in order to reduce manufacturing cost as well as to avail of the established
device fabrication technologies on these substrates. Both Si and BaF, have natural
cleavage planes along [111] direction which is dissimilar to that of the epitaxial layer.
The absence of {100} natural cleavage planes pose a serious challenge in device
fabrication on these substrates.

This necessitates making a resonating cavity on the epitaxial layer by implementing
the idea of well-known photonic crystal (PC) methodology, the physics of which does
not depend on growth orientation. PC scheme demonstrates a perfect optical analogy
of semiconductor bandgap where the electric potential distribution is governed by
a periodicity of regularly distributed lattice dielectric medium (mainly air) in another
highly contrasting dielectric medium. This helps in the confinement of light modes by
creating a specific frequency bandgap which in other way opens up new horizons for
tailoring the light-matter interaction in the crystal lattice. Due to the existence of
bandgap effect in photonic crystals, optical waves corresponding to the bandgap
frequency are forbidden [12] to propagate, whereas waves outside this range are
allowed to propagate. This basically provides a provision for suitably engineering
the crystal design and localizing light modes within a semiconductor slab. The size of
the bandgap is determined by two factors: the dielectric contrast of the constituent
materials that build up the photonic crystal and the higher dielectric material filling
fraction [13]. Several research studies [14—18] regarding photonic crystal fabrication
and characterizations in the semiconductor structure are cited in the literature. In this
note, we investigate two-dimensional (2D) hexagonal PCs comprising of air columns
periodically distributed on the PbSe-Pby, 43St (,Se multiple quantum well structure.
The purpose of this study is to create a mid-infrared bandgap region in the photonic
crystal and afterwards extracting the resonant mode in the frequency bandgap by
designing a suitable defect cavity in the crystal structure. The resonant mid-infrared
optical cavity mode thus obtained is immensely useful mainly for industrial trace gas
sensing application.
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The study of in-plane band structure behavior of the crystal is performed with
the help of plane-wave expansion (PWE) method [19] by applying appropriate Bloch
boundary conditions over a unit cell of the periodic photonic crystal. In order to choose
an optimized design, the PC lattice is scanned to obtain modal band diagram by
varying air-hole radius. Bandgap structure both for TE as well as TM polarizations for
the optimized design is then evaluated. The resonating optical cavity is made by
creating defects in the crystal structure which helps localize a mid-infrared optical
mode in the bandgap region. The analysis of modal behavior of the defect cavity
structure is accomplished by implementing two very popular mathematical schemes,
namely finite difference (FD) perturbation method and finite difference time domain
(FDTD) method. FD algorithm [20—23] along with the perturbation correction method
[24, 25] which is a very popular method for optical waveguide analysis is devised to
generate modal field distribution as well as effective refractive indices in the structure
in a fast and accurate manner. The fundamental principle of the perturbation
technique is to determine modal behavior of an imaginary structure, a “perturbed” form
of the real waveguide structure. These values so obtained are then used as the initial
parameters for the FD analysis of the real waveguide. The numerical simulation is
continued by getting modal values of field and refractive indices from one convergence
scan and using those as the initial parameters of the second scan till the analysis
accurately reaches the desired mode within a specified tolerance. The results obtained
by FD perturbation analysis are re-established by FDTD method. FDTD is a numerical
tool that is implemented to find out discrete numerical solutions to the Helmholtz’s
electromagnetic equations for guiding waves in the photonic structure. The uniaxial
perfectly matched layer (UPML) absorbing boundary condition (ABC) [26—28], which
is a very efficient method of dealing with the scattering of particles in a vacuum, is
implemented as the boundary layers outside the computational window.

2. Results and discussion

The PC semiconductor consists of PbSe-Pb, 43St (,Se multiple quantum well (MQW)
structure, grown on BaF, substrate, which has arrays of dielectric air columns
periodically distributed in hexagonal fashion on the surface (as shown in Fig. 1a).
Figure 1b demonstrates the symmetry points of the first Brillouin zone in the periodic
hexagonal crystal. The structure has the following constituent material parameters:
refractive indices are npyg, = 5.0 (bulk PbSe), npg.q. = 4.6 (Pb 93Srj 0oS€) and n, = 1
(air). Figure lc is a schematic view of the MBE-grown epitaxial slab waveguide
structure. The active region comprises of PbSe/PbSrSe MQW structure grown on
Si(111) substrate with two top and bottom confinement layers. The active layer is
considered to have a A/2 thickness, where A is the emission wavelength. In this case,
the optical field along the vertical direction (i.e., y-direction) could be successfully
controlled by proper design of two confinement layers. In this report, we would
consider only the two dimensional modal confinement of optical fields in the active
region. In order to choose an optimized design, a scanning has been done to calculate



502 S. MUKHERIJEE et al.

o O O 0O
’ OO OO?.?? O Central
O_ho .‘%/ efec b
"20 C.0
© 0 0 0O O
0 . @) O

Top confinement layer

Perforated m PbSe/PbSrSe MQW active region
air-holes

Bottom confinement layer

Si substrate

Fig. 1. Top view of triangular photonic crystal lattice structure (a). Schematic of the first Brillouin zone
for the hexagonal lattice pattern (b). Schematic view of the MBE-grown sample with photonic crystal
structure in the active region (c).

modal band structure and the corresponding bandgaps in the crystal lattice for varying
radius of air-hole.

This is illustrated in Fig. 2, where all the frequency eigenvalues from the dispersion
curves are combined along the single vertical line for each specific scanned value of
radius. The crystal is optimally designed to have a diameter of dielectric air-hole (d)
of 0.63 um with a periodic lattice constant (A) of 0.96 um. The air-fraction (d/A) in
the photonic crystal plays an important role in creating bandgap. The band frequency
tends to rise with an increase of air-fraction for a fixed lattice constant (A) in
the crystal, as can be seen in Fig. 2a. In Figure 3, TE as well as TM band structures
are plotted with the help of PWE method. However, it is worthwhile to mention
that the resonating optical modes in such a periodically patterned crystal are not
distinctively TE or TM but they can be thought of as TE-like and TM-like [29].
The band diagrams (for PC crystal with d =0.63 um, and A= 0.96 um) in Fig. 3
demonstrate one narrow and another quite broad TM-like photonic bandgaps

Table. TM bandgaps in the hexagonal periodic photonic lattice structure on IV-VI lead salt
semiconductor.

Serial number Bandgap [um]
™1 1.916-2.038
™2 3.959-5.872
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existing in the structure, but no TE-like bandgaps. The bandgap values are populated
in the Table. Moreover, the broad TM bandgap covers the mid-infrared spectral region
where room temperature photoluminescence from lead salts takes place. Therefore,
we focus on engineering a defect cavity mode in this frequency bandgap region.

The defect cavity is designed (as illustrated in Fig. 1) by omitting the central air
column, four vertical (two on top and two at bottom) lattice atoms along X-direction
surrounding the central defect are made to have a diameter of 0.8 um, two adjacent
horizontal atoms along Z-direction surrounding the central defect are made to have
a diameter of 0.46 wm.

At the first step, the properties of the localized defect cavity modes of the lattice
structure such as propagation constant, effective refractive indices, electric field
distribution are investigated with the help of FD perturbation algorithm. By applying
the basic principles of finite difference discretizations [30], both single and double
order differentials from electromagnetic Helmholtz equations guiding optical modes
in the crystal lattice have been properly replaced. A computational window of
a 800x800 mesh points for the periodic lattice is constructed along X-Z plane.
The discretized electric field (e, ,) at each mesh point in the computational domain is
determined by:

€rg+1 T g-11% 11,47 ¢

2.,2( 2 2
4 - (Ax) kO(np,q_neff)

where £ is the free space wave vector, n,,  is the refractive index at the computational
point, and n is the effective refractive index of the semiconductor material. A more
precise value of modal effective refractive index (n.¢,) is obtained after rigorous field
converging scans and this is mathematically expressed as:

= bl (1)

€pq =

2,2 2
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Every time a value of ny, is calculated following Eq. (2), the difference of this
with that of the previous convergence value is evaluated until we reach a specified
tolerance number in the modal effective refractive index difference. The resonating
electric field distributions from the defect cavity in the photonic structure both for
single as well as multi-modal conditions are depicted in Fig. 4.

FD perturbation technique determines the field distribution in the crystal at a fixed
wavelength and therefore it proves to be time-consuming when determining the reso-
nating wavelength for a specific optical cavity. Moreover, we needed to verify
the numerical results with a time domain mathematical approach. This necessitates
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Fig. 4. Resonating electric field distribution at A =4.17 wm for multi-modal (a), and single modal (b)
conditions.

the deployment of FDTD approach which produces a wideband response for the field
distribution in the cavity by exciting the crystal with a Gaussian pulse.

The FDTD methodology is fundamentally based on numerical solutions to
electromagnetic Helmholtz equations. FDTD together with the un-split PML ABC,
which is implemented to truncate the boundary of the computational domain, have
successfully demonstrated optical phenomenon like absorption and scattering [24].
The scheme is actually based on implementing Yee’s numerical approach [31] to
establish central difference approximations for both temporal and spatial derivatives.
The space sampling for the calculation is done on a sub-micron scale. To ensure
numerical stability of the mathematical calculation in the absorbing medium, we have
utilized the Courant—Friedrichs—Levy (CFL) condition [32] as follows:

Ar< ! 3)

J 1 1

¢ 2t 2

(Ax)”  (Az)

where Ax and Az are the spatial steps along X- and Z-direction, respectively. The time

step is designated by the integer n. Each mesh point in the computational zone
has been assigned by the dielectric properties, namely permeability, permittivity, and
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conductivity values of the host medium. The electric and magnetic field at each grid
point is evaluated at half-time steps.

For 2D TE case in X-Z plane, electric and magnetic field components like £, H,
and A would exist. In the Cartesian coordinate system, these can be represented as:

-1 At ) ) 1
Ej(p,q) = By (P, q) + ——| H, (pog+2)-H, *(pg-L)|+

n+7 1 n*2 1 At
n n
o (pavg) =i tparg) e o[ gr 0B e] @
ol o .
H ( —,):H ( —,)— E(p+1,9)-E)(p.
: \Prod x \Prod ﬂOAx[y(P'*‘ q)-E,(p q)]

Similar equations hold for Hy, E., and E, in 2D TM case. In order to excite
the photonic crystal structure, a Gaussian modulated continuous wave (GMCW) point
source is considered which can be expressed as:

2
E,. = Aexp [— _0_5_(_t—7£(i_} sin(wt) S)

T

where 4 is the input wave amplitude, 7 is the half width, w is the angular frequency,
to 1s the time offset. The rigorous numerical analysis produces a precise and efficient
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time domain response for the field distribution in the defect cavity. To generate
the spectral response corresponding to the time domain behavior, discrete Fourier
transform (DFT) is applied. This calculates spectral response for a specific wavelength
as shown by:

N
F(w) = J' TF(t)exp(—ja)t)dt = 3 F(n)exp(<jonAt)At (6)
0 n=20

where F'(n) is the time domain response, N is the number of time steps. The spectral
field obtained from the defect cavity (as in Fig. 1) in the photonic crystal is seen to
resonate at 4.17 wm and is plotted in Fig. 5.

The result seems to be in exact correlation with the numerical results obtained from
the FD perturbation correction analysis. The optimized Q-factor for the resonating
mode is calculated to be 5200.

3. Conclusions

We have demonstrated theoretical investigation of spontaneous mid-infrared emission
from IV-VI semiconductor defect cavity in the hexagonal photonic crystal. The design
is aimed to solve out problems of having resonating cavity for lead salt materials.
The band structure calculations of the periodic crystal are performed using PWE
method. Two approaches have been implemented to analyze and understand modal
field distribution in the defect cavity. FD perturbation correction method and FDTD
algorithms are very popular and well-established mathematical tools for optical
waveguide analysis. It has been demonstrated that the FDTD results reasonably agree
with that of FD perturbation method. A single TM-like mode working at 4.17 pum,
having an optimized Q-factor of 5200, resonates in the designed defect cavity.
The prospective practical applications of the single mid-infrared emission are mainly
in industrial trace-gas sensing systems and emission monitoring.
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