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Abstract

A simple and non-destructive optical characterizing method for the 2D photonic crystal (PC) slab was carried out by using specular
spectroscopic ellipsometry. The rigorous coupled-wave analysis (RCWA) was further applied to analyze the measured ellipsometric
parameters and then to simulate the structure of the measured photonic crystal. A 2D square lattice of silicon rods fabricated by elec-
tron-beam lithography on the silicon substrate was used as a testing sample in this study. The reflectance spectrum of the characterized
2D PC was also simulated by RCWA to reflect its photonic bandgap behavior directly.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Photonic crystal (PC) [1] with two or three periodic
structures has recently received plenty of attention. Spatial
refractive index modulation would lead light propagation
into definitely different ways as compared with bulk mate-
rials. It enables one to manipulate light and then to pro-
duce the amazing phenomenon that is impossible with
conventional optics. The most important optical property
of the PC is its bandgap behaviors. In the bandgap region,
there are no corresponding optical states and the incident
light is highly reflective. The main difficulties for studying
PC are its fabrication and characterization. Although the
3D PC structures can provide much more exciting potential
in applications, the fabrication of such PC structures with a
photonic bandgap in the visible or infrared regime is a chal-
lenge. On the other hand, the 2D PCs have attracted con-
siderable attentions since it would be much more easier to
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fabricate them using the existing semiconductor fabrication
methods.

The other problem of the PC development is measure-
ment. The common method in determining the 2D PC
structures is to measure the transmittance and reflection
spectrum from the PC waveguide [2,3]. However, the cou-
pling loss and the out-of-plane loss may degrade the phe-
nomenon of the PC effects. Previously, a simple and non-
destructive optical characterizing method for 2D photonic
crystal has been demonstrated by using specular spectro-
scopic ellipsometry [4]. In this work, the rigorous cou-
pled-wave analysis (RCWA) [5,6] was further applied to
analyze the measured ellipsometric parameters and then
to simulate the structure and the optical behavior of the
measured photonic crystal. A 2D square lattice of silicon
rods fabricated by e-beam lithography on the silicon sub-
strate was used as a testing sample in this study.

2. RCWA analysis

RCWA is one of the most widely used methods for the
rigorous analysis of the optical diffraction by periodic
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gratings. Fig. 1(a) illustrates the geometry of the diffraction
configuration for RCWA. The whole structure can be
divided into three regions: the incident region (Region I),
the grating region (Region II) and the exit region (Region
I1I).

The total electric fields in the external regions (I, I1I) can
be expressed as
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where E;, is the incident electric field; R,,, and T,,,, are the
electric field amplitudes of (m,n)th reflected and transmit-
ted orders, respectively. The wave vector components k,,,
and k,,, are determined from the Floquet conditions and
are given by
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where ki, is the wave vector of the incident field; A, and 4,
are the periods of the grating along x and y direction,
respectively.

The magnetic fields in the external regions can be
obtained from Maxwell’s equation
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where g is the permeability of free space and w is the angu-
lar optical frequency.

In the grating region, its periodic permittivity can be
expressed in the Fourier expansion
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For a periodic circular pillar shown in Fig. 1(b), the Fou-
rier coefficients &, can be written as [7]
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The electric and magnetic fields in the grating region can be
expressed with a Fourier expansion in terms of the space-
harmonic fields
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where ¢y and o are the permittivity and permeability of
free space, respectively. S,,, and U,,, are the amplitudes
of the (m,n)th space-harmonic fields.

Finally, by applying the Maxwell’s equation in the grat-
ing region and matching the boundary conditions at the
interface of the three regions, the unknown amplitudes
R, and T, of the diffracted waves can be determined.

Gratingregion h ||

Fig. 1. (a) The geometry of the diffraction configuration for RCWA. (b) Top view of the unit cell of a circular 2D periodic grating.
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3. Experiment
3.1. Fabrication of silicon 2D PC slab

Fig. 2 shows the fabrication procedure of the 2D PC
slab by utilizing the semiconductor process. The substrate
is the silicon wafer. To have the enough protection in the
subsequent etching, the oxide film with the thickness of
550 nm was used as the hard mask and was formed on
the silicon substrate with a wet oxidation process at
980 °C in the ASM/LB45 furnace. The 2D rectangular
array with a period of 600 nm and the rod width of
400 nm was defined by the electron-beam lithography.
The negative tone resist used here was Sumitomo NEB22
with a thickness of 400 nm. The electron-beam patterning
was performed on the Leica WEPRINT200 operated at
40 keV. After the resist development, the patterns were
transferred to the oxide layer by the RIE oxide etcher

Oxide layer
deposition

Photoresist
coating

E-beam
exposure

Develop

(TEL TE5000) and then transferred into the silicon sub-
strate by the poly-silicon etcher (Anelva ECR-6001) with
a designed depth of 1 um. The ECR microwave power
was set to 250 W and the feed gases were Cl, with the flow
rate of 95sccm and O, with the flow rate of 5 sccm.
Finally, the resist was stripped and the oxide layer was
removed by dipping the sample into the HF solution.
Fig. 2(b) and (c) show the SEM image of the fabricated
2D PC slab in top view and cross-section view, respectively.
The etching depth is around 900 nm. There is a tilt in the
sidewall. The top width of the silicon rod is round
360 nm and the bottom width is round 480 nm.

3.2. Measurement with spectroscopic ellipsometry
Fig. 3 shows the experimental configuration of the

specular ellipsometric measurement for the PC structure.
The measurements were performed on a Sopra SE-5

Transfer
oxide pattern

Silicon pattern
with ECR-RIE

-
\ 4
\ 4
PR strip and

Fig. 2. (a) The fabrication procedure of the 2D PC slab by utilizing the semiconductor process. (b) and (c) SEM micrography of the fabricated 2D PC slab,

top view and cross-section view, respectively.
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Fig. 3. Schematic diagram of the specular ellipsometric measurement
setup for the PC structure.

spectroscopic ellipsometer in the reflection mode. One of
the periodic directions of the PC sample was aligned with
the plane of the incidence on the ellipsometer. The Oth
reflected order of the diffracted waves was measured at
the wavelength ranging from 400 to 800 nm. The measured
ellipsometric parameters tan(¥) and cos(4) are defined as
90 _ Ewpo/Eipo is

pr N rs,O B Ers,O/Eis,O B tan(‘P) - (7)
where 1, is the Oth order of the p-polarized reflectance
coefficient and r, is the Oth order of the s-polarized reflec-
tance coeflicient.

4. Results
4.1. Convergency and computing efficiency in RCWA

To perform RCWA, the diffraction orders and the Fou-
rier expansions in the grating region are truncated to a
finite number. The accuracy of the analysis depends on
the number of retained orders in the calculation. Fig. 4(a)
shows calculated ellipsometric parameters of the Oth order
of the reflected waves as a function of the highest retained
order with respect to the wavelength of 400 and 800 nm,
respectively. The parameter M denotes the highest order
retained in both of the x and y directions. The convergence
rate of RCWA in the 400 nm wavelength is slower as com-
pared with the calculation in the 800 nm wavelength. The
reason is that more non-evanescent orders are excited by
the same grating structure in a shorter wavelength.

To achieve a higher accuracy of RCWA, more retained
orders are needed in the calculation. However, the comput-
ing time increases exponentially with the increase of the
retained orders as shown in Fig. 4(b). Note, the figure is
plotted in a log scale. The computing time was measured
in the computation of a single wavelength. There is a tre-
mendous difference of the computing time between 1D
and 2D grating. For example, the computing time of 2D
grating was 3447 times than that of 1D grating when
M =28 and was 18,684 times when M = 12. The major
computing time is consumed in solving the eigenvalue
problem of the coupled set first order differential equation.
For a given highest retained order M in a 1D grating, the
retained orders are 0, 1, +2,...,+£M. The matrix size of
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Fig. 4. (a) The calculated ellipsometric parameters of the Oth order of the
reflected waves as a function of the highest retained order with respect to
the wavelength of 400 and 800 nm, respectively. (b) The computing time as
a function of the highest retained order for 1D and 2D gratings.

the eigenvalue problem is 2(2M + 1) x2(2M + 1). How-
ever, for a 2D grating, the matrix size is
202M + 1)* x 2(2M + 1), which is much more larger.
Therefore, there should be a trade-off between the accuracy
and the computational expense.

The RCWA for the 2D grating is demanding of memory
and time-consuming. To achieve a reasonable computing
efficiency, the symmetric condition of 2D grating was fur-
ther considered and implemented in our RCWA simulation
[8]. As shown in Fig. 4(b), the computing time for the new
algorithm was reduced by factors of 5.86 for M =8 and
6.56 for M = 12, respectively. The computation was per-
formed on a workstation with the AMD Opteron 844
CPU operating at 1.8 GHz.

4.2. RCWA of 2D photonic crystal

In the following RCWA simulation, the highest retained
order M was chosen to be § as a trade-off between the accu-
racy and the computing time if not specially mentioned. To
simplify the computation, the silicon rods were assumed to
be the prefect cylinders with the period of 600 nm so that
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only a single grating layer was considered in the simulation.
Two unknown geometrical parameters were needed to
determine, the width w and the height / of the silicon
rod. Fig. 5 shows the dependencies of the ellipsometric
spectra over the rod radius and height. It is found that
the ellipsometric spectra are sensitive on the grating geom-
etry. Fig. 6 shows the measured and simulated ellipsometric
spectra in various incident angles ranging from 70° to 85°.
The rod width of 396 nm and the rod height of 900 nm
were used in the simulation. The phase term, cos(4), was
found to be a better parameter as used to characterize
the PC structure. There is a difference in tan(¥) term
between measured and simulated spectra. However, the
shapes of measured and simulated tan(¥) spectra are sim-
ilar. In addition, the ellipsometric spectra at the incident
angle of 70° were calculated with the highest retained order
M =12. As compared with the spectra of M =S8, the
results are similar except for the wavelength smaller than
470 nm. This confirms again with the results from
Fig. 4(a) that RCWA in shorter wavelength has a slower
convergence rate.

With an extension to the multi-layer analysis, RCWA is
applicable to 3D PC structures. In addition, the 2D peri-
odic structure with an arbitrary profile can be approxi-
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Fig. 5. Simulation of the ellipsometric spectra over: (a) the width w and
(b) the height /4 of the silicon rod. The incident angle is 75°.
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Fig. 6. Measured and simulated specular ellipsometric spectra: (a) tan(¥)
and (b) cos(4) of the fabricated 2D PC slab. The rod width =396 nm,
height = 900 nm in the simulation.

mated as a stack of lamellar gratings in RCWA as shown
in Fig. 7(a). To have a better approximation with the
experimental result, we further considered the circular sili-
con rod with a trapezoidal profile in its cross-section. The
continuous trapezoidal profile was approximated by five-
layer 2D grating with an equal thickness. The top width
and the bottom width of the silicon rod are 360 nm and
432 nm, respectively. The height of the rod is 900 nm.
The highest retained order is 12 in this analysis. As shown
in Fig. 7(b), the simulated spectra have a better agreement
with the experimental result. But there is still room to
improve it. A complicated profile with the multi-layer
approximation is the way. However, there will be many
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Fig. 7. (a) The periodic structure with an arbitrary profile can be
approximated as a stack of lamellar gratings in RCWA. (b) Simulated
spectra of the circular rod with a trapezoidal profile in its cross-section.
The incident angle is 75°. The trapezoidal profile was approximated by
five-layer 2D grating with an equal thickness.

unknown parameters to be determined and it will take long
computational time to search for the optimal profile. A
practical way is to generate a compete database as a library
before the measurement.

The photonic band gap that forbids propagation of a
certain frequency range of light is an important feature
of the photonic crystal. As shown in Fig. 8(a), the band
diagram and photonic bandgaps in TE-polarization (elec-
trical filed parallel to the rods) for 2D square lattice was
calculated by the plane-wave expansion method. Fig. 8(b)
shows the corresponding reflectance spectrum in the I'-X
direction calculated by RCWA method to confirm the pho-
tonic bandgaps directly. Ten lattice layers were considered
and the rod height is assumed to be infinite in the simula-
tion. From the two figures, there is a good agreement in
the photonic bandgaps. The smaller peaks in the visible
wavelength regime are due to the strong absorption of sil-
icon in that regime.

5. Conclusion

In this work, RCWA was applied to analyze the mea-
sured ellipsometric parameters of the 2D PC slab. By
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Fig. 8. (a) Band diagram and photonic bandgaps in TE-polarization for
2D square lattice. (b) The corresponding reflectance spectrum in the I'-X
direction calculated by RCWA. The rod width is 396 nm and the rod
height is assumed to be infinite in the simulation.

applying the symmetric condition of 2D grating in the
RCWA algorithm, the computational efficiency can be
increased up to around 6 times as compared with the con-
ventional algorithm. When applying RCWA multi-layer
approximation for the circular silicon rod with a trapezoi-
dal profile in its cross-section, there is a good agreement
between the simulated and measured ellipsometric spectra.
The phase term, cos(4), was found to be a better ellipso-
metric parameter as used to characterize the PC structure.
The reflectance spectrum of the characterized 2D PC was
also simulated by RCWA to reflect its photonic bandgap
behavior directly. The simulated reflectance spectrum con-
firms with the bandgap diagram calculated by the plane-
wave expansion method.
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