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FINITE DIFFERENCE TIME DOMAIN MODELING

OF GRATING-COUPLED QUANTUM WELL
INFRARED PHOTODETECTOR
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Abstract ; Diffraction grating is indispensable for quantum well infrared photodetectors( QWIP ) in order to improve optical
coupling because of the limitation of quantum selection rules. A numerical approach based on finite difference time donrain
(FDTD) method was presented for investigating the diffraction effect of a metal grating fabricated in QWIP. Simulation re-
sults demonstrate that such a complicated structure can be optimized by electromagnetic analysis based on the FDTD meth-
od. Detailed field distribution inside QWIP can be obtained for estimating the optical coupling efficiency of the grating.
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Introduction

During the past decade, the quantum well infrared
photodetectors ( QWIP ) have attracted much research
attention for their advantage, i. e. high speed and very
long wavelength availability!'!, in large focal plane ar-
ray( FPA). However, quantum selection rules only al-
low the detection of the incident light with electric field
component perpendicular to the quantum well planes.
That means that the electric field of the incident light
which is always parallel to the quantum well planes

cannot be absorbed by the quantum well. One solution
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is to fabricate a grating above the quantum well plane,
50 that some of the incident light propagates at some
angles other than the perpendicular direction and be-
comes absorbable for QWIP!' "', In this way, the
grating improves the optical coupling between the inci-
dent light and QWIP. One typical grating is a periodi-
cally arranged matal patches or holes in the same di-
mension of wavelength’®!. Obviously the optical cou-
pling efficiency depends on the wavelength of incident
light, the grating structure and its position. Some au-
thors have studied the topic as a scalar diffraction

process with Huygen's principle’'* . The light intensi-
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ty absorbed by the QWIP is then estimated with the
wave vector parallel to the quantum well plane. Strictly
it is not the exact case that the quantum selection sules
require, and the boundary condition at the grating in-
terface has to be greatly simplified. In this paper, a
numerical approach based on FDTD is developed to
simulate diffraction effect of metal grating on QWIP.
The only obstruction of its application is the high re-
quirement on computer resources. How to decrease the
requirement is an important research topic for
FDTD!). As regard to QWIP with metal grating, it is
found that periodical boundary conditions are applica-
ble to decrease the computational requirement greatly.
A typical QWIP element is calculated as an example.
All components of electromagnetic field are accurately
obtained at any position inside the QWIP, which is

used for investigating the diffraction effect of the metal

grating.
1 Methodology

For numerical solution of Maxwell's equations,
one main difficulty is the coupling between electric and

magnetic fields, which is expressed as;

__ M GE
VxE = L VxH= o’E+gat (1)
The novel solution in FDTD method is to discretize

Within the

rectangular cell, all the components of electromagnetic

the interested region into Yee’s cells'®

fields are positioned at different points so as to imple-
ment finite difference from of the coupled equations
conveniently. At each time step, components of elec-
tric field are updated with corresponding components of
magnetic field at previous time step, and vice versa.
The iteration algorithm for Z component of electric field
is given as:
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where i,j,k denote the numbers of Yee's cell, n is in-
dex of time step, Ax,Ay and Az describe the size of
three dimensional cell, At is time step, and g, is e-
lectric permittivity at the cell. Algorithm for other com-

ponents of electromagnetic field has a similar form.

Reflecting layer

Substrate

Fig. 1 Schematic structure of QWIP with diffraction grating
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Yee's cell size, must be of tenths of an incident wave-
length in order to avoid numerical inaccuracy. The
time step must be kept small enough to prevent from
dispersion in time iteration. The critical value can be
estimated from cell size and light speed as:

At = i . (3)
l b 1 l
A Ay Az

In the computation, Mur’s absorption boundary

condition 1s gmployed[s]. For normal incident wave,
the first order Mur’s absorption boundary condition can
give high accuracy, and the reflectance is zero. But
the reflectance will be about 0. 17 if the incident angle
is 45°. The first order Mur's absorption boundary con-
dition( ABC) is applied only at the edges of the re-
gion. For non-edge points at ABC boundary, Mur’s
second order ABC is enforced. It is much more compli-
cated in mathematics than the first order one. The re-
flectance will be about 0. 03 in the case of the incident
angle as 45°. While the region contains ideal conduc-
tor, special boundary condition must be enforced. All
electromagnetic field components disappear inside ideal
conductor. At intetface between ideal conductivity and
dielectric, the electric field is always perpendicular to
the surface of the ideal conductor, and magnetic field

parallel to it.
2 Numerical experiment

A typical structure of QWIP with metal grating is
The QWIP consists of multiple

quantum wells and a two-dimensional grating above it.

depicted in Fig. 1.

The grating is actually a pattern of periodically ar-

PSS

et tng..

S



SHU Xiao-Zhou; Finite difference time domain modeling of grating-coupled

6 ]

403

quantum well infrared pholodetector

Fig. 2 Poynling vector distribution at one moment (Y =
6m)
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ranged metal patches, in shape of circular, rectangular
etc. Between the quantum well plane and the grating
there is a spacing layer, A reflection layer is inserted
between the quantum well and the substrate to improve
the light absorption, To mesh the region, the size of
Yee's cell must be small enough to describe the struc-
tural details of the QWIP and far smaller than the
wavelength. Special attention should be paid to the di-
electric layer, in which the large relative electric per-
mittivity leads to a decreased wavelength. Generally
the grating may consist of hundreds of metal patches or
more,

If one simulates the QWIP as a whole, the task
may lead to unacceptable requirement on computer
memory and computing time. In fact, only the region
corresponding to one metal patch is needed to compute
with FDTD because of the translation invariance. The
periodical boundary condition ( PBC) is enforced at
boundaries adjacent to other patches. At other bounda-
ries, Mur’s absorption boundary conditions are en-
forced.

During the simulation, incident plane wave is
stimulated by electric dipoles at a plane before the grat-
ing. The electric dipoles oscillate with a certain fre-

quency corresponding to destined light wavelength. The

incident light can be linearly polarized along any direc-
tion in X-Y plane. By the principle of superposition, it
is then very convenient to investigate the non-polarized
case.

The metal patches of the grating are set as rectan-
gular shape, with a = [0um,b =15um, and thickness
as 0. Spm. Wavelength of incident light is chosen as
10wm (in air) , which is Y-polarized and propagates a-
long Z direction. The relative electric permittivity of
the spacing layer under the grating is assumed as 8. 0.
The size of Yee's cell is 0. 125um x 0. 125um x 0.
125um. The total cell number is about 2. 6million.
Time step is set as 170ps. The simulation lasts 15000
steps.

A simple method to observe the diffraction effect

of the grating is to calculate Poynting vector P. At every

time step, all optical field components within the com-
puting region have been calculated with FDTD simula-

tion. Therefore Poynting vector can be evaluated from

them as:
P, EH, -EH
P \=|EH -EH (4)

P, EH -EH,

Fig. 2 shows the distribution of magnitude of
Poynting vector in the plane Y =6um, which is close
to the center of metal patch. Obviously, Poynting vec-
tor is not aligned with Z axis everywhere because of the
diffraction of metal grating. For the component of
Poynting vector perpendicular to Z axis, the electric
field may be in X,Y or Z directions, Only those in Z
directions can be absorbed‘by QWIP, which can be
written as:

P=[-EH, EH 0] (5)

" Being obtained in time domain, the field compo-
nents within the simulated region oscillate harmon-
ically. It is very diffcult to evaluate optical coupling ef-
ficiency from Poynting vector distribution. Alternatively
it may be more reasonable to derive it from energy den-
sity. The optical coupling efficiency at any Z plane ean

be given as:
[[£.(x y.2) dudy

ﬂEzn (x!y!zﬂ>2dxdy

3 (6)
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Fig.3 Diffraction pattern for energy density from Z-compo-
nent of electric field at different Z plane
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While incident light is set as plane wave, z, in
Eq. (6) can be any position between the electrie di-
poles and diffraction grating. The optical coupling effi-
ciency is calculated to be about 0. 005, being kept
nearly the same value at different Z planes. Undoubt-
edly the coupling efficiency is strongly related with the
wavelength of incident light, the shape and dimension
of the metal grating etc. Different from coupling effi-
ciency, the distribution of absorbable energy density
varies with distance along Z direction rapidly. This can

be observed from the diffraction pattern at different Z

planes. Because of only the Z component of electric’

field being interested, the diffraction patterns shown in
Fig. 3 are calculated by excluding X and Y components
of electric field. The diffraction patterns are very help-

ful for determining the thickness of the spacing laver

between the grating and the quantum plane.
3 Conclusion

By enforcing suitable boundary conditions, FDTD
simulation can simulate detailed optical field distribu-
tion inside QWIP. Especially the distribution of elec-
tric field perpendicular with quantum plane, which is
the only absorbable part for QWIP, can be directly ob-
tained. As a numerical method, FDTD simulation can
be applied without any limitation on the QWIP struc-
ture. The advantage makes FDTD method as a powerful
tool for optimizing the grating structure to get high opti-

cal coupling efficiency.
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