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Abstract

Nonuniform absorption of thermal radiation in the rapid thermal processing of wafers is a critical problem facing the semiconductor
industry. This paper presents a parametric study of the radiative properties of patterned wafers with the smallest feature dimension down
to 10 nm, considering the effects of temperature, wavelength, and angle of incidence. Various gate and trench sizes and their dimensions
relative to the period are used in examining the effect of device scaling on the spectral-directional absorptance via numerical solutions of
the Maxwell equations. In the cases with trench size variation, the resonance cavity effect may increase the absorptance as the trench
width increases. In the cases with trench size increases at several different filling ratios, the absorptance does not change much at small
filling ratio. Wood’s anomaly appears in the directional-hemispherical absorptance with gates on top of silicon substrate.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

According to the International Technology Roadmap
for Semiconductors [1], the gate length and junction depth
of the 65-nm devices used in high-performance complemen-
tary metal oxide semiconductor (CMOS) technology will be
25 and 13.8 nm, respectively. Rapid thermal processing
(RTP) currently provides the high-temperature annealing
needed to create ultra-shallow junctions. However, the ion
implantation annealing time, which ranges from 1 to 10 s
above 1000 �C in conventional RTP, is too long to confine
ion diffusion and achieve the implanted doping distribution
within the junction. This difficulty can be overcome by using
high-intensity flash-lamps or laser annealing with heating
pulses lasting only a few milliseconds [2]. The typical energy
sources are Ar or Xe arc lamps, which mainly emit ultravi-
0017-9310/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2008.03.003

* Corresponding author. Tel.: +1 321 674 7246; fax: +1 321 674 8813.
E-mail address: phsu@fit.edu (P.-f. Hsu).
olet and visible radiation. In flash-lamp heating, optical
energy is absorbed at the wafer front side because of the
small penetration depth that results from the large absorp-
tion coefficient of Si within the lamp spectrum.

Because the energy is absorbed within milliseconds,
thermal diffusion cannot distribute heat uniformly across
the wafer surface. Therefore, temperature uniformity
across the wafer continues to be a critical issue even with
the new annealing processes. Temperature nonuniformity
may cause uneven activation of the implants, as well as
excessive thermal stresses that can introduce crystallo-
graphic defects [3]. One major reason for the temperature
nonuniformity arises from the difference in the absorptance
of various device patterns in different regions of the wafer
surface. Several studies have examined the radiative prop-
erties of different patterned structures on wafers and
obtained reasonable agreement with experimental results.
A quick review is given by Chen et al. [4].

Radiative properties of nano-structures may be very
different from those of microstructures made of similar
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Nomenclature

d depth, m
E electric field vector, V/m
H magnetic field vector, C/m s
i square root of (�1); node index
j diffraction order; node index
K grating vector, m�1

k wavevector, 2p/k, m�1

l length, m
n refractive index; superscript for time step
rpq Fresnel reflection coefficient from medium p to q
t transmission coefficient
tpq Fresnel transmission coefficient from medium p

to q

Greek symbols

a absorptance
c phase difference, rad

ê electrical permittivity, C2/N m2

l̂ magnetic permeability, N s2/C2

r̂ electrical conductivity, C2/N m2 s = (X m)�1

r̂M magnetic conductivity, N s/C2

ee equivalent electrical permittivity, C2/N m2

re equivalent electrical conductivity, C2/N m2 s =
(X m)�1

e dielectric function
h polar angle, rad
j extinction coefficient, m�1

k wavelength in vacuum, m
/ filling ratio
w amplitude of the magnetic field, C/m s
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materials [5]. It is essential to know the spectral-directional
absorptance of the patterned wafers across a broad range
of wavelengths, including the ultraviolet region, so the
amount of energy absorbed from the flash-lamp can be
determined accurately. The feature size of the new genera-
tion of semiconductor devices is already below 65 nm,
which is smaller than the wavelength (200–1000 nm) of
the flash-lamp annealing heat sources. Little is known
about the influence of nanoscale patterns on the radiation
absorption and reflection during the millisecond annealing
process. The objective of the present research is to continue
the prior work by Chen et al. [4] to model the radiative
properties of periodically patterned wafers that include fea-
tures expected in advanced CMOS device technologies. The
effects of wafer temperature, wavelength, polarization, and
angle of incidence on the spectral directional-hemispherical
directional absorptance are investigated for selected two-
dimensional (2D) patterned structures with multilayer grat-
ings. In the present study, the rigorous couple wave analy-
sis (RCWA) [6–9] and finite-difference time-domain
(FDTD) methods are employed to numerically solve the
Maxwell equations and obtain the radiative properties of
various wafer front side geometries. For periodic struc-
tures, RCWA can produce accurate solutions much faster
than FDTD. The FDTD method incorporates a Debye
time-domain optical property model for treating the Si
optical constants at the wavelengths where the extinction
coefficient (j) is greater than the refractive index (n) [10].

Previous studies have used the method of homogeniza-
tion or effective medium theory (EMT), in which the grat-
ing region is treated as a homogeneous layer with an
effective dielectric function. This way, the 2D patterned
structures are simplified to planar multilayer structures,
which allows the use of very fast calculations based on
the matrix equations of thin film optics [11,12]. The EMT
is often helpful for understanding the behavior of subwave-
length gratings with small period-to-wavelength ratios. By
using RCWA in the small-depth limit, it has been shown
that the effective properties of subwavelength gratings
strongly depend on the grating depth [13]. Moreover, the
effective properties have been shown to depend not only
on the grating structure but also on the optical indices of
the surrounding media. A simple expression for the effec-
tive indices of 1D and 2D gratings with arbitrary depths
was proposed. Comparison with rigorous computations
showed that for transverse electric polarization of 1D grat-
ings the depth dependence of the effective index prediction
is accurate [13].

In this study, the structures considered include Si grat-
ings and SiO2 trenches embedded in the Si substrate. The
wavelength range of the radiation from the heat source
covers from 200 to 1000 nm. The incident radiation is at
normal or arbitrary angles of incidence with the plane of
incidence perpendicular to the gratings or trench lines. Ear-
lier investigations explored the behavior for relatively sim-
ple patterns with features on the order of micrometers and
at wavelengths longer than 400 nm, i.e., ultraviolet wave-
lengths were not considered [14–17]. This study expanded
the prior work by the authors. Furthermore, extensive fea-
ture size variations, in conjunction with the wavelength
variations, were considered for three different nano-struc-
tures on the wafer front side. The effects of the resonant
cavity, diffraction, wave interferences on the spectral-direc-
tional absorptance were discussed.

2. Theoretical analysis

Two rigorous methods were used in this work: FDTD
and RCWA. A much simpler and physically intuitive
EMT was also used to help explain the absorptance pre-



Table 1
Geometry of studied structures

A3 lT lP lT/lP

1 20 40 0.50
2 20 80 0.25
3 20 200 0.10
4 20 400 0.05
5 50 100 0.50
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dicted by the two methods. The purpose was to understand
the pattern and the device size scaling on the resulting spec-
tral-directional absorptance. Three different groups are
used and the geometries are illustrated in Fig. 1 for pat-
terned structures for CMOS devices. In Fig. 1a, a periodic
pattern is formed on a Si wafer that includes trenches filled
with SiO2, which provide electrical insulation between
active areas of the device where transistors are formed.
Fig. 1b depicts a polysilicon gate array on the Si substrate,
while Fig. 1c gives important parameters needed in the
analysis of the absorptance of the patterned wafer, upon
which the electromagnetic wave irradiates. A plane wave
is incident on a 1D grating surface from free space by
neglecting the effect of gases in the RTP chamber. Region
I is free space with eI = nI = 1 and jI = 0, where e =
(n + ij)2 is the dielectric function. Region II is composed
of materials A and B such that its dielectric function is a
periodic function of x with a period K, which is the grating
period. The filling ratio of material A is /, and the lateral
extension of the gratings is assumed to be infinite. Region
III is the substrate with a dielectric function, eIII. The wave-
vector k defines the direction of incidence, and the angle
between k and the surface normal (z-axis) is the angle of
incidence h, also called the polar angle. The grating vector
K for the structure shown in the figure is defined in the
positive x direction with a magnitude K = 2p/lp. For
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Fig. 1. Illustrations of the device and model structures. (a) Parameters for
cases A3 and A4; (b) parameters for case B1; (c) geometry of the problem
(TM mode).
simplicity, it is assumed that incidence wavevector is on
the x–z plane, that is, the y component of k is zero. For
a transverse magnetic (TM) wave, the magnetic field H is
perpendicular to the plane of incidence, i.e., parallel to
the y direction and perpendicular to the grating vector K,
as shown in Fig. 1c. On the other hand, for a transverse
electric (TE) wave, the electric field E is perpendicular to
the plane of incidence and the vector K. The following dis-
cussion is for the TE wave. The magnitude of the incident
electric field, after normalization, can be expressed as
exp ikxxþ ikzz� ixtð Þ, where kx and kz are respectively
the x and z components of k (the wave vector), x is the
angular frequency, and t is time. For simplicity, the time
harmonic term exp(-ixt) will be omitted hereafter. The
dimensions of the structures examined in this study are
listed in Table 1. Although real device structures comprise
6 50 200 0.25
7 50 500 0.10
8 50 1000 0.05
9 100 200 0.50

10 100 400 0.25
11 100 1000 0.10
12 100 2000 0.05

A4 lT lP lT/lP
1 10 50 0.2
2 20 100 0.2
3 40 200 0.2
4 80 400 0.2
5 40 80 0.5
6 80 160 0.5
7 160 320 0.5
8 320 640 0.5
9 160 200 0.8

10 320 400 0.8
11 640 800 0.8
12 1280 1600 0.8

B1 lG lP lG/lP
1 30 60 0.50
2 30 120 0.25
3 30 300 0.10
4 30 600 0.05
5 20 40 0.50
6 20 80 0.25
7 20 200 0.10
8 20 400 0.05
9 10 20 0.50

10 10 40 0.25
11 10 100 0.10
12 10 200 0.05

Device dimensions are in the unit of nm; trench depth dT and gate height
dG are constant at 300 nm and 100 nm, respectively.
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a mixture of isolation areas and active areas containing
gates, in this study we attempt to uncover the basic phe-
nomena introduced by each type of feature by studying
the effects of arrays of trenches and arrays of silicon gates
separately. In reality, the gates are isolated from the Si sub-
strate by a very thin dielectric film. Because this dielectric
film is only about 1 nm thick, it is neglected in the model.
The gates are usually made of polysilicon, but in this study
they have been modeled as being made of silicon. Because
poly-Si occupies a small volume fraction only, the use of
the optical constants of silicon should not cause significant
errors. This study assumes that the structures are 1D grat-
ings and the depth of the gates is fixed at dG = 100 nm
while the depth of the trenches is fixed at dT = 300 nm.
The effects of period lP, width of the trench lT, and the
width of the gate lG on the absorptance are explored.

The three groups of structures explored help us under-
stand the consequences of variations in the density of pat-
terns on wafers, as reflected in the ratio of the pattern pitch
to the width of isolation regions (oxide trenches), active
regions (silicon) or gate width. They also allow us to see
what happens as dimensions are reduced for further device
scaling.

Group A3: This group helps us explore the effect of vary-
ing the ratio of isolation width (oxide trenches)
to the pattern pitch, for three sets of fixed
trench widths. For each set the ratio of isola-
tion width to pitch varies from 5% up to
50%, while the three sets explore trench width
scaling from 100 nm down to 20 nm.

Group A4: This group helps us explore the effect of vary-
ing the active area (silicon) width, for three sets
of fixed isolation density (the ratio of the
trench width to the pitch). The three sets cover
isolation densities of 20%, 50% and 80%. In
each set the active area width takes values of
40, 80, 160 or 320 nm. The isolation trench
width and the pattern pitch are set to be con-
sistent with the isolation density and active
area size.

Group B1: This group helps us explore the effect of varying
the ratio of gate width (silicon bars) to the pat-
tern pitch, for three sets of fixed gate widths.
For each set the ratio of gate width to pitch var-
ies from 5% up to 50%, while the three sets
explore gate width scaling from 30 nm down
to a very narrow gate width of 10 nm.
2.1. Finite-difference time-domain method

The direct numerical simulation of electromagnetic
wave propagation can be carried out with the finite-differ-
ence time-domain solution method of the Maxwell equa-
tions. The rigorous solution allows one to understand the
wave propagation process and compare the experimental
measurements after making a few assumptions, which are
typical in analytical models. Maxwell’s equations take the
following form for a linear isotropic material (the two
Gaussian laws are not used in the FDTD solution):

ê
oE

ot
¼ r�H� r̂E� Js ð1Þ

l̂
oH

ot
¼ �r� E� r̂MH�Ms ð2Þ
Js and Ms are the electrical and magnetic field sources; ê, l̂,
r̂, and r̂M are the permittivity, permeability, electrical con-
ductivity, and magnetic conductivity or equivalent mag-
netic loss of the material, respectively. Note that ê ¼ e0e,
where e0 is the permittivity value in vacuum. In the current
problem, Js and Ms are zero. In this study, the 1D grating
structures have to be solved in the 2D space. Maxwell’s
equations are split into two sets for two polarizations: the
TE polarization and the TM polarization. Furthermore,
since the material properties are complex numbers, to
adapt them to real number computation, their equivalent
real properties ee, re are used ðl̂ ¼ l0, r̂M ¼ 0 in the current
problem) [10]. By replacing the electric and magnetic fields
with their vector components and employing the equivalent
properties [10], the 2D TE set of equations is

ee
oEy

ot
¼ oH z

ox
� oH x

oz
� reEy ð3aÞ

l
oH x

ot
¼ � oEy

oz
� rMH x ð3bÞ

l
oH z

ot
¼ oEy

ox
� rMH z ð3cÞ
The 2D TM set of equations is similarly obtained for
Hy, Ex, and Ez, which are field vector components in the
coordinate directions shown in Fig. 1c. In fact, TM set is
the dual form of the TE set, i.e., the two sets of equations
are mathematically equivalent. Therefore, a solution to
either set of equation will take the same mathematical
form. The above equations are coupled linear first-order
partial differential equations.

The detailed numerical scheme, periodic boundary treat-
ment, and perfectly matched layer absorbing boundary
condition can be found in many references, including Taf-
love and Hagness [18] and our previous work [19]. Only the
essential difference equations are presented below. For a
2D geometry, the solutions for the TE wave with a sec-
ond-order central-difference scheme can be written as

En
yði; jÞ ¼

ee � reDt=2

ee þ reDt=2
En�1

y ði; jÞ þ
Dt

ee þ reDt=2

� 1

Dx
H n�1=2

z ðiþ 1=2; jÞ � Hn�1=2
z ði� 1=2; jÞ

� ��
ð4aÞ

� 1

Dz
H n�1=2

x ði; jþ 1=2Þ � Hn�1=2
x ði; j� 1=2Þ

� ��
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H nþ1=2
x ði; jþ 1=2Þ ¼ l� rMDt=2

lþ rMDt=2
Hn�1=2

x ði; jþ 1=2Þ

� Dt
ðlþ rMDt=2ÞDz

En
yði; jþ 1Þ �En

yði; jÞ
h i

ð4bÞ

H nþ1=2
z ðiþ 1=2; jÞ ¼ l� rMDt=2

lþ rMDt=2
Hn�1=2

z ðiþ 1=2; jÞ

þ Dt
ðlþ rMDt=2ÞDx

En
yðiþ 1; jÞ �En

yði; jÞ
h i

ð4cÞ

where the superscript of the field components stands for
time step index (n) and the subscript represents the vector
component: x is the grating groove direction, z is the
height direction, y is normal to the paper plane. Dt is the
time step size used in the time derivative terms. Note that
in Eq. (4), re and rM are set to zero for ideal dielectric and
non-magnetic materials. According to Yee’s notation, a
spatial point in a Cartesian coordinate that is written as
(i, j) corresponds to the co-ordinates (iDx, jDz), where,
Dx and Dz are the lattice space increments in the x and z

directions, and i and j are integer indices. The calculations
were carried out on a 48-processor Beowulf cluster, and
the mesh size used was 5 nm. Smaller mesh sizes were used
to verify the accuracy of larger mesh size – it is found that
there is little difference between the 2 nm and 5 nm mesh
solutions. The time step (Dt) size is based on the Cou-
rant–Friedrichs–Lewy criterion [19] and is on the order
of 10�16 s.
2.2. Rigorous coupled-wave analysis

Since the RCWA formulation was presented only for
the TE wave incidence in previous work [4], RCWA for
the TM wave incidence is briefly illustrated here. Note that
the plane of incidence is perpendicular to the grating
grooves, such that all the diffracted waves lie in the same
plane as the plane of incidence. The normalized magnetic
field in region I shown in Fig. 1c is a superposition of inci-
dence field and all reflected wave field and is expressed as

H Iðx; zÞ ¼ expðikxxþ ikzzÞ þ
X

j

Hrj expðikxjx� ikr
zjzÞ ð5Þ

where kx and kz are the x- and z-components of k, and Hrj

is the amplitude of the jth order reflected wave magnetic
field normalized to the incidence. The subscript or super-
script ‘‘r” symbols the reflected wave. The magnitude of
k in regions I and III can be expressed as

kI ¼
2pnI

k
¼ 2p

k
¼ k and kIII ¼

2p
k

ffiffiffiffiffiffi
eIII

p ¼ k
ffiffiffiffiffiffi
eIII

p ð6Þ

where nI is the refractive index in region I. It should be
mentioned that e here denotes dielectric function which is
a complex number whose value equals (ee + ire/x)/e0. kxj

is determined by the Bloch–Floquet condition [4]:
kxj ¼
2p
k

sin hþ 2p
lP

j ¼ kx þ Kj ð7aÞ

The above equation can be expressed in terms of the zenith
angle of reflection:

sin hj ¼ sin hþ jk
lP

ð7bÞ

where hj = sin�1(kxj/k) is the jth order diffraction angle for
reflection and Eq. (7b) is the well-known grating equation.
The z component of k for the jth order reflected wave is

kzj ¼
k2 � k2

xj

� �1=2

; k > kxj

i k2
xj � k2

� �1=2

; kxj > k

8><
>: ð7cÞ

Note that the incidence magnetic field magnitude is as-
sumed to be unity such that Hrj equals to rj, which is the
Fresnel reflection coefficient. The normalized magnetic field
in region III with respect to the incidence is expressed as

H IIIðx; zÞ ¼
X

j

H tj expðikxjxþ ikt
zjzÞ ð8Þ

where Htj is the amplitude of the jth order transmitted
wave. Similarly, the subscript or superscript ‘‘t” symbols
the transmitted wave. The normalized magnetic field in re-
gion II with respect to the incidence is

H IIðx; zÞ ¼
X

j

wyjðzÞ expðikxjxÞ ð9Þ

where wyj(z) the amplitude for the jth space-harmonic of
magnetic field in the grating region. From the Maxwell
equations, the magnetic field, which lies only in the y direc-
tion, can be expressed in the form of the related electric
field:

H II ¼ H II;y ¼
i

xl0

oEII;z

ox
� oEII;x

oz

	 

ð10Þ

where the two partial derivatives of electric field compo-
nents can also be expressed by the magnetic field, such that
the magnetic field in region II should satisfy equations
below:

o

oz
oH II;y

oz

	 

¼ �eðxÞ o

ox
1

eðxÞ
oH II;y

ox

	 
� �
þ k2H II;y

� �
ð11Þ

where the left side of Eq. (11) is a continuous function
while e(x) has jump discontinuities at the interface between
material A and B. As a result, the right hand side must be
the product of two functions, which only have pairwise-
complementary jump discontinuities. For such product of
two functions, its Fourier coefficients can be expressed by
those of the inverse of one function and those of the ordin-
ary of the other function based on the inverse rule [8].
These Fourier coefficients are important for RCWA
obtaining radiative properties later. Here, the inverse of
the function e(x), which is 1/e(x), is expanded as a Fourier
series below:
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1

eðxÞ ¼
X

m

einv
m exp i

2mp
lP

x
	 


ð12Þ

where einv
m is the mth Fourier coefficient for 1/e(x) and not a

physical property for passive medium. On the other hand,
the Fourier series of e(x) is expressed as

eðxÞ ¼
X

m

eord
m exp i

2mp
lP

x
	 


ð13Þ

where eord
m is the mth Fourier coefficient of e(x) and not a

physical property for passive medium as well. Caution
must be taken because einv

m 6¼ 1=eord
m for most cases. In order

to solve Eq. (11), one should also be careful when handing
the Fourier series of the terms in the brace at the right side
of the equation. Failure of correctly Fourier factorizing
functions can result in slow convergence and even errone-
ous solutions [8]. Consequently, Eq. (11) can be rearranged
in terms of jth order in exp(ikxjx) as follows:

X
j

X
m

einv
j�m

o2wym

oz2
�
X

m

kxj eord


 

�1

j;m
kxmwym þ k2wyj

 !

� expðikxjxÞ ¼ 0 ð14Þ

where keordk�1 is the inverse of matrix M, (i.e., M�1). M is
the Toeplitz matrices [8] generated by the Fourier coeffi-
cients of the dielectric function such that the element of
matrix M is Ml;p ¼ eord

m , where m = l � p, l and p are posi-
tive integers. A sufficiently large number of diffraction or-
ders must be included for the calculation to be accurate
although most diffraction order far-field efficiency is zero.
Eq. (14) can be represented in a matrix form and solved
by obtaining its eigenvalue. Boundary conditions require
that the tangential components of the electric and magnetic
fields be continuous at the boundaries between different re-
gions. The field components are consistent for all x once
the boundary conditions are satisfied at x = 0 because of
the Bloch–Floquet condition. After substituting the bound-
ary conditions, the electromagnetic fields in different re-
gions can be solved. Consequently, the diffraction
efficiencies and radiative properties of periodic structures
can be obtained.
2.3. Effective medium theory

Apart from FDTD and RCWA, other simplified model-
ing algorithms may provide fast calculation speed with rea-
sonable accuracy. Some previous studies have used the
method of homogenization, and the underlying physics is
based on the EMT [6,7,11,12,20]. The EMT may be valid
when the grating period is much shorter than the wave-
length because all the diffracted waves are evanescent
waves, except the zeroth-order in specular direction. As a
result, the radiative properties of periodic structures can
be treated as those of a homogeneous layer with an effec-
tive dielectric function. This way, the patterned structures
are simplified to planar multilayer structures, which
requires much less computation time to solve the matrix
equations based on thin film optics.

Although the effective dielectric function has been pro-
posed in different ways and includes multiple terms, adding
more terms (orders) does not always guarantee better
approximation [4]. Moreover, the simplest (zeroth-order)
expressions have been successfully used for anti-reflection
coating design [12]. As a result, the zeroth-order expres-
sions first proposed by Rytov [21] are employed here.
The zeroth-order effective dielectric function for a mixture
of materials A and B is given below:

êTE ¼ /êA þ ð1� /ÞêB and

êTM ¼
/
êA

þ 1� /
êB

	 
�1

ð15Þ

where / is the filling ratio of material A and subscripts TE
and TM indicate the polarization of the incident light. For
modeling structures in the present work, the grating region
will be homogenized into a film with the same thickness but
different effective dielectric function based on the EMT.

3. Results and discussion

Comparison of the results obtained by the FDTD and
RCWA methods reveals good agreement between these
two sets of solutions. The agreement verified the validity
of the use of FDTD and RCWA to study grating effects
that lead to rather complicated absorptance (or reflectance)
curves for different conditions. To analyze how the absorp-
tance curves are affected by device size, i.e., device scaling,
the following factors are included: grating geometries and
structure, wavelength, polarization, angle of incidence,
and the wavelength- and temperature-dependent optical
constants.

First, we consider normal incidence and a temperature
of 910 �C. The optical constants of silicon and SiO2 are
shown in Fig. 2 [4]. The optical constants of SiO2 are
assumed to be independent of temperature.

The absorptance of bare Si, SiO2 and SiO2-over-Si
(300 nm SiO2 film thickness) are shown in Fig. 3. The
SiO2 has the lowest n value which thus allows more inci-
dent energy to penetrate and thus has the highest transmit-
tance. The absorptance of SiO2-over-Si depicts the typical
oscillations that arise in thin film coatings [22].

3.1. Trench structures in the A3 and A4 groups

Fig. 4 shows the absorptance from structure A3 with dif-
ferent geometric sizes. The A3 group cases have four differ-
ent filling ratios. For each filling ratio, the trench width (lT)
increases from 20, 50, to 100 nm. Thus, this group has a
total of 12 geometry sizes (Table 1). Fig. 4a shows clear
interference effects at long wavelengths. For the TE wave,
the interference appears at wavelength longer than
540 nm. According to thin film theory, interference hap-
pens when the extinction coefficient is small enough, or
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jdT/k is small enough, which is verified in Fig. 2. Note that
the multiple reflection effect starts at a much shorter wave-
length for the TM wave. If we use the concept of effective
medium theory and consider the mixture of SiO2 and Si
as a homogeneous, effective medium, then this becomes a
thin film problem. Since the effective medium is not isotro-
pic, the dielectric function can be written as êTE and êTM.
The SiO2 is insulating, which makes the overall conductiv-
ity along grating direction smaller than the average of Si
and SiO2, so the extinction coefficient j becomes smaller
than the average. In thin film theory, the smaller the j is,
the stronger the interference effect will become. This
explains why multiple reflection effect starts at a shorter
wavelength in the TM wave as in the case A3-1.

Fig. 4 also shows the EMT prediction improves when
the lT/lP ratio is small except at short wavelength. It is of
course true when the ratio is close to 1. This is because
the TE and TM absorptance curves approach to those of
pure Si or SiO2 when the lT/lP ratio decreases to zero or
increases to 1. However, EMT does not agree with FDTD
at short wavelengths for the TM wave, as shown in Fig. 4a,
and the absorptance of TM wave from EMT in Fig. 4d
clearly shows oscillations that are not predicted by the
FDTD method. The reason is that EMT simplifies the grat-
ing structure into a uniform medium with effective dielec-
tric constants, which requires the grating’s geometrical
size to be smaller than the wavelength. For the short wave-
lengths in Fig. 4a, the EM wave could be treated as ray
tracing energy bundles which separates the reflection from
Si and that from SiO2 trench, instead of the diffractive wave
which is not significant at short wavelengths and does not
distinguish the reflected waves from either region. This can
affect the penetration depth. Fig. 5a shows the effective
extinction coefficient j from EMT, with lT/lP = 0.5. The
incident TM wave in nearly all wavelengths considered
can easily penetrate the trench depth of 300 nm. That is
why there is strong interference effect at short wavelengths
in the EMT result. However, the actual penetration depth
of Si at 910 �C is much smaller, as shown in Fig. 5b. At
wavelengths smaller than 630 nm, the incident wave cannot
penetrate 300 nm in Si, thus a weaker interference at short
wavelengths in the FDTD TM polarization results in
Fig. 4a. Another reason is that the zeroth-order EMT
dielectric function, Eq. (15), can not account for the optical
constants effect from the homogeneous layers above and
below the device or grating layer, as explained in [13]. It
should be recognized that in general the EMT TM wave
prediction is less accurate than that by EMT TE wave.

When the grating period is significantly larger than
wavelength, the small Si substrate between trenches only
affects the neighboring region, not the whole period. That
means the thin film effect will be much weaker than what
is predicted by EMT. Two pairs (A3-5 and A3-6) of
absorptance curves with the same lT/lP ratios, as those in
Fig. 4a and b but lT = 50 nm, are presented in Fig. 6. Com-
paring Figs. 4 and 6, the EMT results in Fig. 4 are more
accurate than that in Fig. 6. This conclusion can be further
verified in Fig. 7, in which lT/lP is maintained at 0.2 but lP
varies from 50 to 400 nm. In Fig. 7a, the EMT result agrees
well with FDTD result (only FDTD is plotted). With the
increase of period, the agreement becomes worse (note that
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the EMT result does not change according to Eq. (15)), and
TE and TM results are closer to each other. It is noted that
when EMT gives a good prediction in Fig. 7a of Case A4-1,
the period size (50 nm) is far smaller than the shortest
wavelength (200 nm) of the light source. As the period sizes
gradually increases to 400 nm in Case A4-4 (Fig. 7d,
lP = 400 nm), the EMT prediction was not good.

The high TM wave absorptance at some wavelengths of
the trench structures, e.g., the absorptance ak reaches 1 at
800 nm of Case A3-5 in Fig. 6a, needs careful examination.
Fig. 8 shows the TM mode Poynting vector magnitude dis-
tribution of Case A3-5 at 800 nm wavelength. In Fig. 8,
PML stands for the perfectly matched layer, which is an
absorbing boundary condition. The Poynting vector plot
clearly indicates the incident wave easily penetrates into
the trench SiO2 and little energy is able to go through the
neighboring Si regions in layer II (Fig. 1c). The trench acts
like an open valve or a wave guide.

Fig. 6 results indicate that the absorptance curves of dif-
ferent dimensions are similar to those in Fig. 4 with the
same lT/lP but with a slight spectral shift, except at short
wavelengths where the TE wave absorptance has a drastic
increase, i.e., at k = 200 nm. The absorptance increase can
also be found in Fig. 7c. By comparing different geometry
sizes in Figs. 6 and 7, it is found that the absorptance
increase appears only in the TE polarized wave, and is
highly dependent on trench width – that is, the increase will
shift towards longer wavelength with the increase of trench
width. According to Fresnel equations, the reflectance at
oblique incident angle from vacuum to Si for the TE mode
is higher than that for the TM mode, and considering the
relation between trench size and the absorptance peak posi-
tion, it can be concluded that the absorptance increase is
caused by trench resonance ‘‘cavity” effect [23].

Fig. 9 shows absorptance of trench structures with a
large filling ratio (0.8) and larger periods (200–1600 nm),
e.g., in Fig. 9a, at short wavelengths (k < 300 nm) the
absorptance curves have strong oscillations. Due to the
large extinction coefficient of Si at short wavelengths, the
oscillation cannot be caused by thin film interference.
Therefore, the interference is generated from the coherent
interactions of the reflection on trench cavity and the direct
reflection on the Si between trenches. When comparing
Figs. 4, 6, 7 and 9, we find that these phenomena only
appear when the period or pitch is comparable to the wave-
length and lT/lP is not too small. When the period is much
smaller than the wavelength, the wavelength will be bigger
than the microcavity cutoff wavelength (see discussion in
the Section 2). Thus, there is no resonance cavity effect.
On the other hand, while the period is much larger than
wavelength (as in Fig. 9c and d), the reflections from Si
and SiO2 are considered separately and the absorptance
will be the filling ratio weighted average of two separate
reflectances. The effect of lT/lP is also evident, because the
interference is strong only if the amplitudes of the reflected
wave from the SiO2 trench and that from Si substrate are
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about the same, which would not happen if lT/lP is too
small. Comparing the cases A3-1 (Fig. 4a, lP = 40 nm, lT/
lP = 0.5) and A3-5 (Fig. 6a, lP = 100 nm, lT/lP = 0.5), it is
clear that the EMT results are more accurate when the per-
iod is small compared to the wavelength, i.e., subwave-
length gratings.

Fig. 9 depicts the influence of temperature on the
absorptance. The temperature effect could have been on
the amplitude and phase shift, but overall it doesn’t change
absorptance curve much. This does, however, simplify the
radiant energy absorption/reflection analysis on the the Si
wafer front side when its temperature changes.

The A4 cases are considered to examine the effect of
varying the period at the constant lT/lP ratio. From the
results of A4-1 to A4-4, it is found that the absorptance
spectra for different period sizes are all similar to that for
plain Si. The only obvious difference is at the short wave-
length part of A4-4 TE absorptance, where strong interfer-
ence effects are observed. This, as discussed before, may be
caused by the coherent interactions between the reflection
from SiO2 trench and that from the neighboring Si sub-
strate. This effect becomes stronger in A4-6, A4-7, and
A4-8 cases where lT/lP ratio increases to 0.5 and the periods
are also larger compared to the A4-1 to A4-4 cases. A4-4
and A4-6 cases both have the same lT, but A4-4 has the
smaller filling ratio (lT/lP) and larger lP. In the cases A4-9
to A4-12 with filling ratio = 0.8 and much larger period,
the absorptance curves are more like that of an unpat-
terned 300 nm thick SiO2 film on plain silicon. The A4-4
and A4-10 cases have the same lP but different lT. Case
A4-10 approaches that of the thin film interference pattern
as its filling ratio is much larger. In addition, although A4-
4, A4-8, and A4-12 all have the same space distance
(320 nm) between trenches, but their absorptances are quite
different – from close to pure Si absorption (A4-4) to close
to thin film absorption (A4-12). As has been shown so far,
the filling ratio and the period have stronger influence on
the absorptance than the trench size.
3.2. Gate structures in the B1 group

The absorptance by B1 structures is shown in Fig. 10.
While the gate sizes, ranging from 10 nm to 30 nm, are very
small compared to wavelength, the numerical results show
rather unusual phenomena. The FDTD and RCWA
absorptance results of B1 cases are in good agreement.
Therefore, only the FDTD result is presented. Fig. 10a
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shows that the absorptance calculated by EMT is in agree-
ment with FDTD except for some small differences at short
wavelengths. The agreement is expected due to the small
gate and period sizes. Even though the penetration depth
might be smaller than the gate height 100 nm at small
wavelength, it is comparable to the gate size, and the neigh-
boring medium of the gate is air, which makes it easy for
incident light to diffract into the space between gates. This
tends to reduce the error of EMT. Fig. 10b shows the
absorptance with smaller lG/lP and larger lP. While the
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EMT results still gives a good agreement, the error at short
wavelengths increases. With the increase of period and
decrease of lG/lP ratio, both EMT and FDTD results for
TM mode approach to pure silicon since the grating effect
diminishes. However, the error of EMT results for TE
mode becomes considerable, as shown in Fig. 10c and d.
The error is caused by the limitation of EMT, which
requires the period to be significantly smaller than the
wavelength.

To understand how the gate height influences the overall
grating TE absorptance, several gate heights are selected:
20 nm, 40 nm, 60 nm, and 80 nm. The other dimensions
are based on case B1-2. Since EMT works well in this struc-
ture size, the EMT-computed absorptance for different gate
height is shown in Fig. 11. In the figure, when gate height is
20 nm, the absorptance curve is close to that of pure sili-
con. However, when the height increases to 40 nm or
above, the gate height significantly changes the absorp-
tance curve. This shows a slight increase in the gate height
can drastically increase the absorptance or produce the
equivalent effect of anti-reflection coating. The increased
gate height shifts the peak absorptance to longer wave-
length due to the increase of optical path length in the effec-
tive thin film. According to Airy’s formulas, the thin film
transmission coefficient t is obtained as

t ¼ t12t23e�ic

1þ r12r23e�2ic
ð16Þ

where r12 and r23 are the Fresnel reflection coefficients from
medium 1 to 2 and medium 2 to 3, respectively. t12 and t23

are the Fresnel transmission coefficients and c is defined as

c ¼ 2p
k

n2d cos h2 ð17Þ

where n2 is the refractive index of the thin film, h2 is the an-
gle of refraction inside the thin film and d is the thickness.
For the cases in Fig. 11, thin film layer is the effective med-
ium, h2 = 0. If we further assume that the refractive index
of Si is 4.0 + 0i at wavelengths longer than 500 nm, n2

can be calculated from Eq. (15), and for case B1-2 it is
equal to 2.33. Thus we have 0 < t12t23 < 1 and
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Fig. 11. The TE wave absorptance calculated by EMT for B1-2 base case
at h = 0� with different gate heights.
0 < r12r23 < 1, and when c = p/2, jtj reaches the maximum
value, which corresponds to k = 704 nm for d = 80 nm,
and k = 528 nm for d = 60 nm, which match the results
in Fig. 11.

Note that the cavity size is only 90 nm for case B1-2,
which limits the resonance cavity effect at wavelength
below 180 nm, as the resonance cavity wavelength klmn

are determined by [23,24]

klmn ¼
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l=Lxð Þ2 þ m=Ly

� �2 þ n=2Lzð Þ2
q ð18Þ

where l, m, and n are integers, Lx, Ly, and Lz denote the
cavity size. In this study, B1 cases have Ly ?1. Since
the wavelength of interest in this study is above 200 nm,
which is greater than the upper wavelength limit of the res-
onant cavity, therefore, the resonance cavity effect can be
excluded in the B1 cases.

As discussed earlier, EMT fails to approximate the TE
absorptance in Fig. 10c and d, and the cavity widths and
heights exclude the resonance cavity effect in these cases.
To explain these absorptance curves for TE wave, two
more B1 cases are plotted for comparison in Fig. 12. It is
noted that the TE absorptance curve separates from that
of plain Si at the wavelength equals to the grating period.
As the gate can interact with its neighboring region by dif-
fraction, when the wavelength is small and consequently
diffraction effects are weak, the affected region is very lim-
ited. In this situation the effective medium theory is not
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reliable [25]. The absorptance is close to that of the plain Si.
It is only when the wavelength increases to the grating per-
iod, then the affected region covers the whole grating struc-
ture and the gate size relative to wavelength is small enough
to have strong diffraction, which then causes absorptance
to deviate from that of pure Si. In this case, the combined
gate and vacuum space starts to emulate the mixture
concept implied in the EMT. When wavelength increases
further, e.g., above 1000 nm in Fig. 10d, the EMT predic-
tion approaches the FDTD result.

3.3. Directional dependence

Fig. 13 shows the TE and TM wave spectral-directional
absorptance of structures A3-3, A3-5, and A3-9, modeled
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by RCWA. Different wavelengths are selected to show
the absorptance in ultraviolet, visible, and near-infrared
regions. Since the filling ratio of 0.1 for A3-3 structure is
small, the absorptance is close to that of plain Si. The
absorptance for the TE wave decreases monotonically
while the absorptance for the TM wave increases with inci-
dence angle up to the Brewster angle or the principal angle.
The TM wave absorptance reaches 1.0 at the Brewster
angle when j of silicon is close to zero and n is 4.3 and
3.95 at the wavelength of 600 nm and 800 nm, respectively.
On the other hand, the peak absorptance at 200 nm, at
which j is 2.9 and n is 1.0 for silicon, is less than 0.7 at
the principal angle. Although j is 2.35, the absorptance
peak at wavelength of 400 nm does not decrease too much
due to the large n value of 5.1 at this wavelength. When the
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incidence angle is close to zero, the absorptance spectrum
at 200 nm for the TM wave shows an abrupt change due
to Wood’s anomaly [24]. For the structure period of
200 nm, Wood’s anomaly can only appear at normal inci-
dence for k = 200 nm.

Fig. 13c and d shows the absorptance of A3-5 (AT3-5)
structures with a period of 100 nm and a trench filling ratio
of 0.5. The absorptance increases at all four wavelengths,
especially at 200 nm. Such a large increase should come from
the anti-reflection effect. Furthermore, the absorptance at
800 nm at normal incidence is close to 1.0, decreasing grad-
ually without an absorptance peak. The absorptance in
Fig. 6a has similar maximum absorptance at normal inci-
dence, which may arise from the cavity resonance effect
[23,26,27]. The TM wave absorptance at other wavelengths
also increases and shows a peak but the incidence angles cor-
responding to the peaks vary with wavelengths and struc-
tures. Fig. 13e and f shows the absorptance of A3-9 (AT3-
9) structures with a period of 200 nm and a trench filling
ratio of 0.5. Since the structure period is the same as that
of A3-3, Wood’s anomaly also shows up for the TM wave.
Furthermore, the TE wave absorptance at 200 nm is the
smallest among all wavelengths considered. The anti-reflec-
tion effect also increases the absorptance at all wavelengths.
However, due to the difference in the period, the TE wave
absorptance of A3-9 at 200, 600, and 800 nm is lower than
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Fig. 14. Effect of the angle of incidence
those of A3-5 but is higher at 400 nm. On the other hand,
the TM wave absorptance spectra at the 400, 600, and
800 nm wavelengths are very close to one another.

Fig. 14 shows the absorptance for structures of B1-3 and
B1-9 modeled by RCWA. For B1-3, even with a very small
gate filling ratio is 0.1 and a relatively thin gate of 100 nm,
the absorptance spectra changes considerably with respect
to that for plain Si. For example, the TE wave absorptance
at k = 600 and 800 nm can exceed 0.8, and the absorptance
at 200 nm shows a peak at the incidence angle of 50.5�.
Moreover, the peak absorptance at 200 nm has the highest
value and the effect of principle angles at k = 200, 600, and
800 nm are not obvious. On the other hand, Wood’s anom-
aly appears at k = 200 and 400 nm when the incidence
angle is 19.5�. Here, the anomaly shows up for both the
TE and TM wave incidence, and the absorptance can either
increase or decrease with the incidence angle at the anom-
aly. Fig. 14c and d shows the absorptance of B1-9 with a
gate filling ratio of 0.5 and a period of 20 nm. The absorp-
tance for the TE wave increases compared to that of plain
Si. On the other hand, the TM wave absorptance increases
at the angle close to normal incidence but the absorptance
peak at the Brewster angle disappears, except at the 400 nm
wavelength. Such absorptance enhancement at normal inci-
dence may come from the anti-reflection coating effect as
well.
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4. Conclusions

An extensive numerical study of the absorptance of the
wafer front side with parametric variation of gate and
trench sizes is presented. The wavelength range of interest,
200–1000 nm, covers the radiation heat sources of flash-
lamp arc and some pulsed laser annealing approaches.
Two rigorous methods, the finite-difference time-domain
method and rigorous coupled-wave analysis, and one
approximate model, the effective medium theory, are used
to solve the electromagnetic wave propagation in nanome-
ter scale device structures. It is found that at small filling
ratios and small periods (subwavelength gratings) the effec-
tive medium theory can describe the spectral variation rea-
sonably well, especially for the transverse electric wave. In
the cases with trench size variation (A3 group), the reso-
nance cavity effect may increase the absorptance as the
trench width increases. Additionally, the interference of
the substrate reflection and trench reflection produces oscil-
lations in the absorptance spectrum. This is an effect that is
distinct from the typical thin film interference phenomena.
In the cases with trench size increases at several different fill-
ing ratios (A4 group), the absorptance does not change
much at small filling ratio, even though the trench width
increases from 10 to 80 nm. However, more significant var-
iation in the absorptance is observed at large filling ratio
(0.8). The peak absorptance in the cases with varying gate
size (B1 group) can be attributed to the thin film effect.
The directional-hemispherical absorptance with gates on
top of Si substrate shows Wood’s anomaly. It is also found
that the principle angle for TM waves is sometimes not
obvious or corresponds to the normal incidence, even at
long wavelengths. This work improves the understanding
of the geometrical effects of device features on the radiative
properties, which is important for optimization of advanced
annealing techniques in semiconductor manufacturing.
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