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Beginning to see the light

Calculating the reflectance of semiconductors with vias

Michael Quinten

The reflectance of a semiconductor wafer changes if vias
or trenches are etched into the semiconductor. We pres-
ent arigorous far-field model that allows to calculate the
reflectance under consideration of the geometrical prop-
erties of thevia aswell as possible transparent coatings on
the wafer surface or transparentfillings in the via. For this
the wafer is divided into units with a single via or trench.
Each unit can further be divided into regions, the wafer
surface region and the via or trench region. Transparent
coatings or transparent fillings of the via are considered
by simulating the reflectance of each region as the reflec-
tance of a layer stack.

In smart electronics devices the basic semiconductor com-
ponents must become smaller and more compact. This can
be achieved by chip stacking in the manufacturing process.
In this respect, etched vias and trenches establish vertical
electrical connections (through-silicon vias, TSV) of upper-
layer circuits and lower-layer circuits or shorter horizontal
electrical connections (trenches) within a circuit.

For monitoring of the etching process and quality control
of the vias and trenches the measurement of their critical
dimensions (CD), i.e., their lengths, widths, diameters at top

and bottom, the taper angles and their depths, is requested. P?

The preferred measuring methods are optical methods since HH” ,’,‘ "H" L 5 | (T ;

they are contactless and nondestructive. Among them the . M=o 0N O CLERS
semiconductor surfaces with

measurement of the reflectance of the textured surface and multisensor technology
its interpretation with a proper model is a promising tech-
nique. We present a rigorous far-field modeling of broad-
band reflectance spectra of distinctly textured surfaces and
apply it to semiconductor wafers with vias or trenches.
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Basics of the model

For simplicity but without restriction of the gener-
ality, we consider in the following only vias with the
shape of a truncated cone including perfect cylin-
ders. Further, we consider the interference of the light
reflected at the top surface and the light reflected at
the bottom of the via. The detection spot (field-of-
view) has the diameter D and the via opening has the
diameter dtop. This corresponds to the situation of a
reflectance measurement through a microscope with
circular field-of-view as illustrated in . Cuboidic
vias as well as rectangular field-of-views can also be
calculated with similar results [1].

The basic idea of the current model is that the
reflectance of each region can be simulated by the
reflectance of a layer stack consisting of a substrate
and a number N of thin layers with different thick-
ness on the substrate. For N = 0 the stack consists
only of the substrate. The reflectance (and transmit-
tance) of a layer stack can exactly be calculated using
either the Propagating Wave Model also called Abeles
method [3, 4] or the r-t-¢ model introduced first in
the book of Azzam and Bashara [5]. For a survey on
the calculation of the reflectance and transmittance
of layer stacks we refer to [6].

The next step is to calculate the interference of the
light reflected from region 0 and the light reflected
from region 1. Then, the calculation of the energy
flux density of the interference wave yields the reflec-
tance R of the textured surface. It is
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with R, and R, being the reflectances of region 0 and 1.

As the bottom of the via (region 1) resides deeper
than the wafer surface (region 0) by the depth ¢, the
light coming out of the via has traveled the distance

Fig. 1 Sketch of a field-of-view with diameter D
with cylindrical cavity with diameter d and depth t.
Definition of the critical dimensions and the depth
of a via with truncated cone geometry according
to the SEMI norm [2]

2 t before it can interfere with the light reflected at
the wafer surface. Therefore, we have an extra phase
factor exp(i-2n/(A-2¢)) for the light reflected at the via
bottom, leading to the cosine term in the reflectance.

Since the via forms only a part of the unit, the
reflected light from region 1 can interfere only with a
part of the light reflected in region 0. This is consid-
ered by the ratio of the via area to the area nD?/4 of
the field-of-view as a multiplier of the Fresnel coef-
ficients of each region.

The factor F in the equation above considers several
effects that diminish the amplitudes of the electro-
magnetic fields of the reflected wave in the via region.
Two effects that are obvious from are inclined
walls and a curved surface. Both mainly lead to a
decrease of the field amplitudes or the intensity due to

multiple reflections at the via walls on the way down-
wards to the via bottom as well as upwards to the via
opening. For silicon each reflection leads to a loss of
intensity of 50 % averaged over s- and p-polarization
and all angles of incidence. Finally, as the opening of
a via is as small compared to the wavelength as dif-
fraction becomes significant, diffraction must also be
considered as source for losses of light coming out
of the via region because the diffracted light will be
reflected at the walls multiple times. Hence, the factor
F can be assumed to consist of three factors: F, for
the diffraction losses, F, for the losses due to inclined
walls, and F, due to a curved surface. While F, and
F, can be calculated to a certain degree (see [1]), F,
can only be estimated. F, and F, are equal to 1 for a
perfect cylindrical via but F, remains as a factor less
than 1. A curved via bottom but to a certain extent
also inclined walls can lead to beats in the spectral
reflectance since the light gets not only reflected at
the depth ¢ but also at depths ¢ - At close to .

Numerical examples

In this section we give selected numerical examples
for the reflectance of silicon surfaces with perfect
cylindrical vias. In all following examples we con-
sidered the spectral range from 250 nm to 1050 nm
with a constant wavelength resolution of 0.5 nm. Dif-
fraction and scattering are not considered, i.e., F, = 1.
As the area ratio ar = dfOp/D2 has the most impact on
the reflectance, we demonstrate the influence of ar
on the reflectance spectrum for a via with d, /=5 um
and depth ¢t = 5 um and for ar = 0.5, 0.25, 0.125, and
0.0625 in . For comparison, the upper and lower
envelope are also drawn (red lines).

In the maxima of the cosine term we obtain R () as
upper envelope. The lower envelope is given from the
minima of the cosine and is R .(1)-(1 - 2ar)*. Obviously,
the maximum modulation is obtained for ar = 0.5. This

means that the maximum modulation is obtained if
the diameter D of the field-of-view is D = V2 - dtop.
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Fig. 2 Reflectance spectra for a silicon surface with perfect cylindrical via with Oyop = > WM and depth t =5
pum for varying ratio of via opening area to field-of-view area ar = 0.5 (largest modulation), 0.25, 0.125, and
0.0625. The upper and lower envelopes of the reflectance are also drawn

For inclined walls or a curved via bottom the
reflectance spectra are quite similar to those in
Fig. 2. The difference is caused by a factor F < 1,
which leads to an upper envelope that is lower
than R.(A) and a larger lower envelope R_.(1)-
(1 -ar-F-ar). Then, the modulation of the oscilla-
tion becomes still smaller than already caused by
the area ratio ar. For examples we refer to [1].

The last examples are concerned with thin trans-
parent layers on the top surface. Then, R, is different

from R,. Additional coatings of a silicon wafer par-
ticularly with silicon oxide (SiO,) or silicon nitride
(Si,N,) or even a double layer of these materials can
often be found. These layers are intended as hard
mask or buffer layer or were needed in the litho-
graphic processing of the wafer. The thickness of these
layers is in the order of a few 10 nm to a few 100 nm.

A thin film of a transparent coating changes the
reflectance spectrum of the silicon wafer by introduc-
ing oscillations caused by white light interference at
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the interfaces of the thin film. The number of oscil-
lations increases with increasing thickness, however
for one complete oscillation the optical thickness n-d
= refractive index x geometrical thickness must be at
least =300 nm in the considered spectral range. For
silicon wafers coated with such a transparent film
and including a cylindrical via, the high-frequency
oscillations due to the depth of the via superpose the
low-frequency oscillations of the coatings. This is
demonstrated in Fig. 3. The calculations are carried
out for a perfect cylindrical via with d, |/ = 5 ym and
depth t = 5 um and for an area ratio ar = 0.25. The
via bottom is uncoated. The via bottom is uncoated.
The top surface is coated with 250 nm SiO, or with
150 nm Si;N, or with the double layer of SiO, and
Si,N,. For comparison, the reflectance spectra of the
silicon surface coated with the thin films are also
drawn (red lines).
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Fig. 3 Reflectance spectra of a silicon wafer with perfect cylindrical via. The top surface is coated with thin

films of SiO, and SigN,,. The via has dto

=5pum and a depth t =5 um. The area ratio is ar = 0.25. For com-

parison, the reflectance spectra of the silicon surface coated with the thin films are also drawn (red lines)

One can recognize that the reflectance spectrum of
the silicon wafer with coating is almost reproduced
but is also clearly modified by the fast oscillations
due to the via depth. A separation of both oscillations
becomes difficult but not impossible.

Summary
The proposed rigorous model in the far-field is orig-
inally intended to be applied on semiconductor sur-

faces with vias to simulate broadband reflectance
spectra of such structured surfaces. The main com-
ponent of the model is the simulation of the reflec-
tance of each region by the reflectance of a layer
stack. By this way, we obtain a large variety of sim-
ilar structured surfaces, since only thickness of the
layers and their refractive indices are necessary to
calculate the reflectance of each region. The effects
caused by diffraction, scattering, inclined walls, or a

curved via bottom are the same also for other mate-
rials.

The biggest advantage of the proposed far-field
model compared to other techniques like rigorous
coupled wave analysis (RCWA) or finite difference
time domain (FDTD) is the computational efficiency.
It does not need all the time-consuming elements
like discretization of Maxwell’s equations on a grid.
Moreover, it can be combined with a least-square fit
algorithm to determine critical dimensions and the
depth of the vias and trenches.

The proposed model can be combined with an
upstream fast Fourier transform to determine roughly
the depth ¢ of the via from a measured reflectance
spectrum and then being used in a least square fit
to determine the critical dimensions on top and on
bottom, the curvature of the via bottom, and the via
depth more precisely.

The most prominent restrictions of the proposed
model are related to the via shape. As long as the
deviations in shape can be considered to lead to a
loss of intensity, they can be treated with this model
via a factor similar to F, F;, and F.,.

The proposed model is an optional part of a highly
sophisticated software of the author for calculation
and fit of layer stacks.
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