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The success of the model-based infrared reflectrometry (MBIR) technique relies heavily on accurate modeling
and fast calculation of the infrared metrology process, which continues to be a challenge, especially for three-
dimensional (3D) trench structures. In this paper, we present a simplified formulation for effective medium ap-
proximation (EMA), determined by a fitting-based method for the modeling of 3D trench structures. Intensive
investigations have been performed with an emphasis on the generality of the fitting-determined (FD)-EMA for-
mulation in terms of trench depth, trench pitch, and incidence angle so that its application is not limited to a
particular configuration. Simulations conducted on a taper trench structure have further verified the proposed
FD-EMA and demonstrated that the MBIR metrology with the FD-EMA-based model achieves an accuracy one
order higher than that of the conventional zeroth-order EMA-based model. © 2011 Optical Society of America

OCIS codes: 120.0120, 300.6340, 050.6624, 050.2065.

1. INTRODUCTION
The demands on optical metrology of etched deep-trench
structures continue to increase as microelectronic devices be-
come more complex and three dimensional (3D). In recent
years, the model-based infrared reflectrometry (MBIR) tech-
nique has been developed with unique advantages for the mea-
surement of 3D deep-trench structures, and it has already
been exploited in the application of dynamic random access
memory (DRAM) and finfield-effect transistors (FinFETs) de-
vices [1–3]. It is well recognized that the success of MBIR me-
trology relies heavily on accurate forward modeling and fast
calculation of the infrared metrology process, which still re-
mains a challenge, especially for 3D deep-trench structures.
Rigorous coupled wave analysis (RCWA) [4–6] is ideally sui-
ted to simulate the optical response of periodic surface-relief
structures and has been commonly used for modeling in scat-
terometry [7–9]. RCWA can achieve optical responses with
very high accuracy, but its calculation is quite time consum-
ing. Another attractive modeling method, effective medium
approximation (EMA) [10–14], which provides more efficient
computational ability than RCWA [15], has also been adopted
to estimate the optical characteristics of deep-trench struc-
tures in MBIR [1]. EMA treats a periodic structure as a ho-
mogeneous medium and has been suggested for several
applications, such as the design of diffractive optical elements
(DOEs) [16–18] and the measurement of optical critical di-
mension (OCD) [19–21]. Although the optical response calcu-
lated with the EMA-based model may be slightly different
from that with RCWA, it is much simpler for the forward
modeling process of complex DOEs design and OCDmeasure-
ment. As in the application of MBIR for metrology of periodic

trench structures that correspond to advanced technology
nodes in integrated circuit (IC) manufacturing, the trench
structures are typically characterized by a pitch well into
the submicrometer range and, thus, are much smaller than
the optical wavelength in the mid-infrared that the MBIR tech-
nique performs [2]. The infrared light propagates through the
trench structure as if it were a homogeneous medium with an
effective permittivity that can be analytically determined from
the geometry of the structure with an EMA approach.

Two main types of EMA have been adopted in MBIR:
namely, zeroth-order EMA and second-order EMA. For two-
dimensional (2D) trench structures, such as line/space test
structures, that are widely used in the IC industry, zeroth-
order EMA, taking a simple form in the static-limit regime,
provides an acceptable modeling accuracy [2,11], while
second-order EMA, with a closed form, achieves more accu-
rate approximation [20,22]. Zeroth-order EMA of 2D trench
structures in TE and TM polarization is expressed as

ε0∥ ¼ ð1 − f Þεg þ f εm; ð1Þ
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where ε0∥ and ε0
⊥
are the zeroth-order effective permittivities of

the trench structures for the electric field parallel and perpen-
dicular to the trenches, respectively, ε2∥ and ε2

⊥
are the second-

order effective permittivities of the trench structures for the
electric field parallel and perpendicular to the trenches, re-
spectively, f is the void fraction of the trench structure, εg
and εm are the permittivities of the trench material and the
inclusion material, respectively, Λ is the trench pitch, and λ
is the wavelength of the incidence beam.

For 3D trench structures, such as a square lattice of cylind-
rical trenches, the MBIR technique with an EMA-based model-
ing method has a special advantage because it is possible to
perform in-chip metrology of the 3D trench structures rather
than using the line/space test structures mentioned earlier. In
comparison with EMA for 2D trench structures, the no-static
EMA solution with a closed form has been developed for 3D
trench structures. As in the metrology of 3D trench structures
byMBIR, the expression of EMA given by Eq. (1) is adopted for
TE polarization, and another zeroth-order EMA, a Maxwell–
Gamett-type formulation, is adopted for TM polarization [2]:

ε⊥ ¼ ε1
�
1 − f

2ðεg − εmÞ
εg þ εm þ f ðεg − εmÞ

�
: ð5Þ

Unfortunately, the zeroth-order EMA formulations given by
Eqs. (1) and (5) have been demonstrated to provide only a
rough approximation for 3D trench structures [22].

There are several other analytical formulations of EMA that
have been reported for modeling 3D periodic structures in
applications other than deep-trench metrology with MBIR.
Jackson and Coriell derived the upper and lower bounds of
the zeroth-order effective permittivity for 3D periodic struc-
tures, and their method can achieve acceptable approxima-
tion only for structures with similar optical indices of the
composedmaterials [23]. Motamedi et al. proposed an approx-
imate solution by averaging the two zeroth-order effective
permittivities of a 2D periodic structure in TE and TM polar-
ization so that the 3D problem is converted into a 2D one [24],
but their solution has been demonstrated to be quite inaccu-
rate [25]. Lalanne and Lalanne presented a rigorous formula-
tion of the second-order effective refractive index based on
the Fourier decomposition of the wave propagating along
the direction perpendicular to the 3D periodic structures
[26]. Although this method provides a good approximation
for the infrared spectroscopic ellipsometry [27], the rigorous
solution to the zeroth- and second-order term coefficients of
the second-order EMA formulation requires the inversion of
infinite matrices, which limits its application in the nonlinear
regression for fast parameter extraction in MBIR.

In 2006, Moon and Kim developed a fitting-based method
for the determination of the effective permittivity of 1D metal-
lic gratings [28] and successfully applied it to the optimal de-
sign of photonic crystals [29]. The effective permittivity was
obtained by fitting to the reflectance characteristic calculated
by the RCWA, and this fitting-based method could yield cor-
rect results that were not achievable through analytical EMA
formulations. Therefore, the numerical fitting-based method
may provide another choice for the determination of effective
permittivity of subwavelength periodic structures. Motivated
by its success in the modeling for optimal design of 1D metal-
lic gratings, we attempt to explore its potential in the modeling
of MBIR metrology of 3D deep-trench structures. Instead of

directly fitting only one parameter (namely, the effective per-
mittivity), as in the case of 1D gratings in [28], we propose a
simplified formulation with two parameters (namely, zeroth-
and second-order term coefficients) to calculate the effective
refractive index for 3D deep-trench structures, and then we
apply the fitting-based method to determine these two param-
eters. This fitting-determined (FD)-EMA formulation, particu-
larly suitable for 3D trench structures, can be considered as an
approximate expression of the rigorous solution of the
second-order EMA derived in [26]. This is the main point of
our improvement. In our previous work [22], a similar
FD-EMA formulation was simply introduced and successfully
applied to a bottle trench structure in MBIR metrology. In this
paper, we present the FD-EMA formulation with sufficient
details and perform further intensive investigations with an
emphasis on the possibility of generalizing the FD-EMA for-
mulation in terms of trench depth, trench pitch, and incidence
angle so that its application is not limited to a particular
configuration. As an example, we conduct simulations on a
3D taper trench structure to further verify the usefulness of
the FD-EMA formulation for MBIR metrology.

The remainder of this paper is organized as follows. Section
2 introduces the FD-EMA formulation and describes in detail
how to determine it for 3D deep-trench structures. Section 3
investigates the applicability of the FD-EMA formulation in 3D
deep-trench modeling for MBIR metrology. Section 4 presents
a simulated study to apply the FD-EMA formulation to the 3D
taper trench metrology and demonstrates its high accuracy.
Finally, we draw some conclusions in Section 5.

2. FD-EMA FORMULATION
In the fabrication of microelectronic devices, such as DRAM
and FinFETs, high-aspect ratio cavities are etched on a silicon
substrate to form the charge-storage capacitors, and the MBIR
technique has been introduced for process control of this fab-
rication step. Therefore, a simple 3D trench structure is con-
sidered to derive the FD-EMA formulation as depicted in
Fig. 1(a), where a vertical trench array is formed on a silicon
substrate with a depth of H, equal trench pitches of Λ in the x
and y directions, and equal trench widths of W in the x and y
directions. Since the cross section of the 3D trench structure
in microelectronic devices is usually designed to be circular or
square, we narrow the following discussion to centrally sym-
metric trench structures. The refractive indices of the inci-
dence medium (air) and the substrate material (silicon) are
set to be ni and ns, respectively. In the setup of MBIR, the
wave probes on the trench structure with an incidence angle
θ of 45° and an azimuthal angle φ of 0°, and the wavelength λ of
interest ranges in the mid-infrared from 2 to 20 μm. For a large
wavelength-to-pitch ratio, if an effective medium exists such
that the trench structure of Fig. 1(a) is functionally equivalent
to that of Fig. 1(b), in which a single, homogeneous film of an
equal thickness is layered on the silicon substrate, the effec-
tive permittivity εeff of the effective medium can be expanded
in a power series [11]:

εeff ¼ ε0 þ ε1α−1 þ ε2α−2 þ…; ð6Þ
where α ¼ λ=Λ is the wavelength-to-pitch ratio, ε0 is the
square of the zeroth-order effective refractive index, and εi,
i ¼ 1;…; N represents the ith-order term coefficient of the
series expansion. As derived in [26], the odd-order terms in
the power series can be omitted, and only the zeroth- and
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second-order terms are retained for second-order EMA. This
rigorous expression of the zeroth- and second-order term
coefficients is obtained by using the Fourier series expansion
method. However, the rigorous derivation requires solving the
inversion of infinite matrices; thus, the computation of solving
the inverse problem is extremely time consuming. Here, we
employ the fitting-based method to obtain the approximate
expression of the zeroth- and second-order term coefficients
of the series expansion. We substitute the refractive index for
the permittivity and simplify the power series into the follow-
ing FD-EMA formulation:

neff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
0 þ B

�Λ
λ

�
2

s
; ð7Þ

where neff and n0 represent the second- and zeroth-order ef-
fective refractive indices, respectively, and the second-order
term coefficient ε2 is substituted by B for simplicity.

In general, n0 and B mainly depend on the relative permit-
tivity and the void faction of the trench structures. For a
certain trench structure to be measured by MBIR, the permit-
tivities of the composed materials are a priori knowledge and
can be determined in advance, hence, n0 and B are affected
only by the void fraction f . We employ the fitting-based meth-
od to determine the approximate expressions of n0 and B as a
function of f . At the very beginning, an equal-thickness effec-
tive medium model of the 3D deep-trench structure is estab-
lished, and the effective refractive index of the effective
medium is described by the FD-EMA formulation, as shown
in Fig. 1(b). The procedure to determine the approximate ex-
pressions of n0 and B is shown in Fig. 2 and described in detail
as follows.

Step 1: the reflectance Rr of the 3D trench structure in
Fig. 1(a) is simulated with the 2D RCWA [6]. With a compro-
mise to achieve a balance between accuracy and time con-
sumption, we employ about 10 × 10 spatial harmonics,
which obtain an average relative error of less than 0.05% as

compared with the simulated results using 50 × 50 spatial
harmonics in the mid-infrared wavelength range.

Step 2: the reflectance Rs of the effective medium model in
Fig. 1(b) is calculated using the Fresnel coefficients equation
[30]:

Rs ¼
����r1ejδ þ r2e−jδ

ejδ þ r1r2e−jδ

����2; ð8Þ
where

r1 ¼
ni cos θ1 − neff cos θ2
ni cos θ1 þ neff cos θ2

; r2 ¼
neff cos θ2 − ns cos θ3
neff cos θ2 þ ns cos θ3

;

ð9Þ

δ ¼ 2πHneff cos θ2=λ: ð10Þ
Here, θ1, θ2, and θ3 denote the incidence angle in the inci-
dence medium, the effective medium, and the substrate,

Fig. 1. (a) 3D trench structure and (b) its effective optical model. The incidence beam probes on the trench structure with the incidence angle θ
and azimuthal angle φ.

Fig. 2. Flow chart for determining the approximate expressions of n0
and B.
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respectively, and they are related by Snell’s law. The above
calculating process of Rs is used for the fitting procedure
in Step 3.

Step 3: the zeroth-order effective refractive index n0;i and
the second-order term coefficient Bi at the void fraction f i
are obtained by a fitting procedure based on a binary search,
through all possible combinations of n0;i and Bi in a given
range, where i represents the sequence number of the void
fraction that is taken into account. This results in an optimal
pair that minimizes the deviation between Rr and Rs.

Step 4: the void fraction f i varies in the range considered,
and then the corresponding n0;i and Bi are obtained with the
above fitting procedure.

Step 5: a high-order polynomial is adopted as an attempt to
fit the discrete data of n0;i and Bi, and the approximate ex-
pressions of n0 and B as the functions of f are achieved by
the following expressions:

n0 ¼ a0 þ a1f þ a2f 2 þ…þ ajf j

B ¼ b0 þ b1f þ b2f 2 þ…þ bkf k; ð11Þ

where aj and bk are the polynomial coefficients to be deter-
mined by the least squares method, and j and k represent the
highest polynomial orders.

3. APPLICABILITY OF FD-EMA IN 3D
TRENCH MODELING
A. Modeling of a 3D Trench Structure
Figure 3 shows the FD discrete data of n0, B, and neff and their
best-fitting polynomial curves in both TE and TM polarization
for 3D trench structures with ni ¼ 1, ns ¼ 3:4, H ¼ 4 μm,
Λ ¼ 0:2 μm, andW varying from 0.02 to 0:18 μm (i.e., f varying
from 10% to 90%). The discrete data of n0 and B are obtained
by the fitting-based method described in Section 2, and then
best fitted by a second-order polynomial and a sixth-order
polynomial, respectively. We achieve the final solutions of
ai and bi, as shown in Tables 1 and 2, with the least squares
method. From Figs. 3(a) and 3(b), we find that the best-fitted
polynomial curves of n0 in TE and TM polarization are almost
in coincidence with each other, and the best-fitted polynomial
curves of B are slightly different from each other for TE and
TM polarization. It is also noted in Fig. 3(c) that the neff cal-
culated with the FD discrete data of n0 and B shows accep-
table continuity, which indicates that n0 and B are the global
solutions in the fitting-based method.

To estimate the modeling accuracy with FD-EMA, simula-
tions have been carried out in different polarization states at
the void fractions of 20%, 40%, 60%, and 80%. The simulation
results are obtained with four models, including RCWA, FD-
EMA by Eq. (7), zeroth-order EMA by Eqs. (1) and (5), and
second-order EMA by Eqs. (3) and (4). As shown in Fig. 4,
it can be noted that the FD-EMA-based model achieves a sa-
tisfactory accuracy of approximation as compared with the
rigorous calculations in both TE and TM polarizations. The
modeling accuracy with the proposed FD-EMA formulation
has been dramatically improved as compared with both
zeroth-order EMA and second-order EMA.

B. Independence Investigation
The approximate expressions of the zeroth-order effective re-
fractive index n0 and the second-order term coefficient B in
the FD-EMA formulation are determined at certain trench
depth, trench pitch, and incidence angle. Therefore, it is

Fig. 3. FD discrete data (circles and squares) and the best-fitted
polynomial curves (solid and dashed curves) of (a) zeroth-order effec-
tive refractive, (b) second-order term coefficient, and (c) second-
order effective refractive in the FD-EMA formulation for TE and
TM polarization.

Table 1. Polynomial Coefficients of the Best-

Fitting Curve of the Zeroth-Order Effective

Refractive Index in TE and TM Polarization

a0 a1 a2

TE 3.462 −0:545 −1:831
TM 3.450 −0:489 −1:848

Table 2. Polynomial Coefficients of the Best-Fitting

Curve of the Second-Order TermCoefficient in TE and

TM Polarization

b0 b1 b2 b3 b4 b5 b6

TE 3.127 −25:81 280.7 3034 −7193 6593 −2136
TM 9.354 −177:6 980.7 −1359 159.6 624.4 −226:8
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necessary to investigate the independence of n0 and B on the
three parameters mentioned above. We have determined n0

and Bwith one of the three parameters varying while the other
parameters are fixed. Figures 5–7 show the simulated results
performed on the 3D trench structure in Fig. 1. For simplicity,
all the simulations have been performed for TE polarization.

First, a numerical analysis has been performed to investi-
gate the independence of the FD-EMA formulation on the
trench depth. The trench depth varies from 0.01 to 10 μm.
The trench pitch is fixed at 0:2 μm, the incidence angle is fixed
at 45°, and the void fraction is set at 20%, 40%, 60%, and 80%,
respectively, for each simulation. The discrete data of n0 and
B at each trench depth are determined by the fitting-based
method described in Section 2, and the simulation results
are shown in Fig. 5. It is clear that n0 remains almost constant
as the trench depth varies, and B also remains constant at the
trench depth range, especially for high void fraction.

A similar study has been performed to investigate the inde-
pendence of the FD-EMA formulation on the trench pitch. The
trench pitch varies from 0.04 to 0:2 μm with an increment of

0:04 μm, the trench depth is fixed at 5 μm, the incidence angle
is fixed at 45°, and the void fraction is set at 20%, 40%, 60%, and
80%, respectively, for each simulation. Figure 6 shows the FD
discrete data of n0 and B in each fixed void fraction, respec-
tively. It is noted that n0 almost remains unchanged as the
trench pitch varies, while B changes as the trench pitch varies.

Finally, the independence of the FD-EMA formulation on
the incidence angle has been investigated with the geometry
of the 3D trench structure fixed and the incidence angle varied
from 0° to 80° with an increment of 10°. For each simulation,
the trench depth is fixed at 5 μm, the trench pitch is fixed at
0:2 μm, and the void fraction is set at 20%, 40%, 60%, and 80%,
respectively. From the simulation results in Fig. 7, it is
observed that both n0 and B remain almost constant as the
incidence angle varies.

These investigations evaluated the impact of the three
considered parameters on n0 and B, and the simulated results
reveal that n0 is almost independent of the three parameters
while B is partly affected by them. It is noted from Eq. (7)
that n0 is the main factor to influence the accuracy of the

Fig. 4. Reflectance spectra calculated by RCWA, the FD-EMA-basedmodel, the zeroth-order EMA-basedmodel, and second-order EMA at the void
fractions of (a) 20% in TE polarization, (b) 20% in TM polarization, (c) 40% in TE polarization, (d) 40% in TM polarization, (e) 60% in TE polarization,
(f) 60% in TM polarization, (g) 80% in TE polarization, and (h) 80% in TM polarization. The trench parameters for the simulation: trench depth is 4 μm
and trench pitch is 0:2 μm.
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calculated effective refractive index, and B can be considered
as a corrected factor that only plays a role in the short wave-
length range. From this point of view, the FD-EMA formula-
tion is independent of the considered parameters and
guarantees its generality; thus, its application will not be
limited to a particular configuration.

C. Accuracy Evaluation
In metrology by MBIR, the accuracy of parameter extraction
depends on the forward modeling accuracy. As in the forward
modeling process, the EMA-based model provides an approx-
imate value of the reflectance spectrum that can be rigorously
calculated by RCWA. To further evaluate themodeling error of
the FD-EMA-based model, we performed a quantitative analy-
sis with the average absolute relative error (AARE) given by

AARE ¼
P

N
i¼1 j½RrðλiÞ − RsðλiÞ�=RrðλiÞj

N
× 100%; ð12Þ

where N is the total number of wavelength points λi at which
the calculation is performed. The AARE evaluates the overall
discrepancy of the reflectance spectrum calculated by the
FD-EMA-basedmodel andRCWA. Figures 8–10 show the simu-
lation results of AARE versus the trench depth, the trench
pitch, and the incidence angle, respectively, and the simula-

tions are performed with the same conditions shown as in
Figs. 5–7, respectively.

As shown in Fig. 8, the maximal AARE for the trench depth
appears at the minimal depth for each simulation. This obser-
vation agrees with the simulation result in Fig. 5, in which a
significant variation arises for B in the small trench depth
range. However, the maximum of AARE at the trench depth
of 0:1 μm is less than about 0.5%, which indicates that FD-EMA
is not only applicable to deep-trench structures, but also to
shallow trench structures. This capability is particularly useful
for the modeling of taper trench structures, which need to be
divided into multiple thin layers. The application of FD-EMA
to a taper trench structure is further discussed in Section 4.

Figure 9 represents the AARE for variable trench pitches.
As the trench pitch decreases from 0.2 to 0:04 μm, the AARE
increases and reaches a maximum of less than 2%. The result
reveals that the FD-EMA formulation determined at a certain
trench pitch is also applicable for variable trench pitch. How-
ever, it is necessary to carry out a different FD-EMA formula-
tion for different technique nodes to achieve more accurate
modeling results.

Figure 10 depicts the AARE as a function of the inci-
dence angle. As the incidence angle varies from 0° to 80°,
the AARE varies below 0.35%, which indicates that the

Fig. 5. Zeroth-order refractive index n0 and the second-order term coefficient B in different trench depths calculated by the fitting-based method.
The void fraction f is set at 20%, 40%, 60%, and 80%, respectively.

Fig. 6. Zeroth-order effective refractive index n0 and the second-order term coefficient B in different trench pitches calculated by the fitting-based
method. The void fraction f is set at 20%, 40%, 60%, and 80%, respectively.
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FD-EMA formulation determined at a certain incidence angle is
applicable to different incidence angles. This observation will
be useful for the MBIR setup with variable incidence angle,
although, in MBIR, the incidence angle is usually chosen
around the Brewster’s angle.

Finally, we estimate the modeling accuracy with the FD-
EMA formulation in different polarization. The AARE as a
function of void fraction is carried out as shown in Fig. 11.
It is noted that the FD-EMA-based model achieves more accu-
rate results in the TE polarization than in the TM polarization.
When the void fraction varies from 10% to 90%, the FD-EMA-
based model produced an AARE lower than 0.4%.

Fig. 7. Zeroth-order refractive index n0 and the second-order term coefficient B with variable incidence angle calculated by the fitting-based
method. The void fraction f is set at 20%, 40%, 60%, and 80%, respectively.

Fig. 8. AARE of the FD-EMA-based model as a function of the trench
depth at the void fractions of 20%, 40%, 60%, and 80%.

Fig. 9. AARE of the FD-EMA-based model as a function of the trench
pitch at the void fractions of 20%, 40%, 60%, and 80%.

Fig. 10. AARE of the FD-EMA-based model as a function of the in-
cidence angle at the void fractions of 20%, 40%, 60%, and 80%.

Fig. 11. AARE of the FD-EMA-based model as a function of the void
fraction for TE and TM polarization.
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4. APPLICATION OF FD-EMA IN 3D
TRENCH METROLOGY
In order to evaluate its applicability for actual 3D deep-trench
structures, we further apply FD-EMA to fast parameter extrac-
tion for MBIR metrology through a simulation test. The RCWA
simulated spectrum is considered to be the “measured data,”
and then the geometric parameters of the trench structure are
extracted from the measured data with the artificial neural
network and Levenberg–Marquardt combined method pro-
posed in our previous work [22]. As a comparison, the forward
modeling in solving the inverse problem of parameter extrac-
tion is performed based on FD-EMA and the zeroth-order
EMA in Eqs. (1) and (5), respectively. In our previous work,

a similar FD-EMA formulation was simply introduced and ap-
plied to a bottle trench structure with a satisfactory result [22].
In this paper, the simulated test is performed on a 3D taper
trench structure to further validate the proposed FD-EMA
formulation.

As shown in Fig. 12(a), the 3D taper trench structure con-
sists of a tapered layer with gradually varying width as the
depth increases. The trench depth is designed to be 3 μm,
the trench pitch is designed to be 0:18 μm, and the top critical
dimension (CD) and the bottom CD are designed to be 100 and
75nm, respectively. With the EMA method, the taper trench
layer is modeled as a graded effective layer with the refractive
index varying linearly from nt to nb, as shown in Figs. 12(b)
and 12(c). Here, nt and nb represent the refractive index on

Fig. 12. (a) Structure of the 3D taper trenches etched on the silicon substrate, (b) its effective mediummodel, and (c) its effective refractive index
versus the depth.

Fig. 13. Measured data of the taper trench simulated by RCWA and the best-fit spectra with zeroth-order EMA and the FD-EMA-based model. The
trench parameters for the simulation: trench depth is 3 μm, top CD is 0:1 μm, bottom CD is 0:075 μm, and trench pitch is 0:18 μm.

Table 3. Comparison of the Extraction Error of Zeroth-Order EMA and the FD-EMA-Based Model

Trench Depth Top CD Bottom CD

Trench Parameters Error (nm) Relative Error (%) Error (nm) Relative Error (%) Error (nm) Relative Error (%)

Zeroth-order EMA 3.1 0.1 4.1 4.1 3.5 4.6
FD-EMA 1.6 0.05 0.26 0.26 0.19 0.25
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the top and bottom interfaces, respectively. The graded layer
is divided into k thin layers with the refractive index linearly
varying from neff;1 to neff;k, while neff;1 and neff;k are equal to nt

and nb, respectively. The effective refractive index of each di-
vided layer is calculated with the FD-EMA formulation and
zeroth-order EMA formulation, respectively. Then, the for-
ward reflectivity calculation of the effective medium model
in Figure 10b is carried out with the propagation matrix meth-
od of multiple-layered media [31].

Figure 13 depicts the “measured spectrum” simulated by
RCWA, together with the best-fit spectrum calculated with
zeroth-order EMA and the best-fit spectrum calculated by
FD-EMA. The extracted parameters are shown in Table 3.
When compared with zeroth-order EMA, the FD-EMA-based
model has achieved more accurate results, especially for the
trench width (i.e., the top CD and bottom CD). The simulated
test shows that the accuracy of the extracted result produced
by the FD-EMA-based model is one order higher than that of
zeroth-order EMA.

5. CONCLUSIONS
In this paper, we present an FD-EMA formulation for model-
ing 3D deep-trench structures in MBIR metrology. The applic-
ability of the FD-EMA formulation to arbitrary trench depth,
trench pitch, and incidence angle has been intensively inves-
tigated, and the results reveal the generality of FD-EMA for
variable optical configurations and structural changes. A
further quantitative analysis has been performed to evaluate
the modeling error of the FD-EMA-based model for variable
configurations and has achieved satisfactory results. The
FD-EMA formulation has been applied to the parameter ex-
traction process of the MBIR metrology for a taper trench
structure, and the simulation work demonstrates that FD-
EMA achieves an accuracy one order higher than zeroth-order
EMA. FD-EMA is expected to be useful in the fast and ac-
curate modeling of 3D deep-trench structures for MBIR
metrology as well as in other applications.
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