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ABSTRACT

In the semiconductor manufacturing, the control of Chemical-Mechanical Planarization (CMP) process time for Shallow
Trench Isolation (STI) is important. A wafer under- or over-polishing causes leakage and short-circuits making the chips
defective. The CMP process control by interferometry is one of the most used systems to monitor the polishing time. In
some cases, the interferometry process control is not possible because the wafer patterns cause some unwanted effects
such as scattering, diffraction, and absorption. Consequently the signal is affected. In this paper, we apply a theoretical
and experimental approach on the light reflected from different STI stacks in order to interpret the observed optical
phenomenon. The experimental study is done to get close to the light measurement conditions within the manufacturing
environment. With this experiment, we evidence that the trench pattern inside memory zones is responsible for the
diffraction effect on the signal. In a production environment, this pattern results in a lower measured intensity when the
size of memory area increases. Besides, numerical calculations are performed based on differential method in order to
predict the diffracted intensity, which depends on the chip design parameters and the incident wavelengths tuning. By
using STI models, this method helps to determine the wavelengths with the highest reflected intensity.

Keywords: optical endpoint detection, interferometry, CMP, STI stack profile, wafer pattern, diffraction, scattering,
wavelength.

1. INTRODUCTION
1.1 STI CMP process control

STI CMP process is essential to create the right Step Height (SH) of silicon dioxide (SiO;) to separate electrically the
transistors implemented later in the fabrication process (Fig.1). Thus in order to remove the right amount of SiO,
thickness, the process requires a reliable system to control the material removal at nanometer accuracy. One of the most
relevant process control widely used for CMP is the optical endpoint detection, with a monochromatic laser source!* or,

for advanced nodes a white-light source®.

In this paper, the focus is made on the endpoint detection by interferometry for STI CMP process. Light interferences
enable to correlate the SiO; thickness with the intensity detected during polishing time. Thus the sinusoid signal obtained
is used to stop at the SiO» thickness target wanted. To achieve it, a detection algorithm is created. It is composed of two
key elements: filters to smooth the raw signal and detection windows to detect sinusoid slopes. Nevertheless, the signal
must be sufficiently intense and with a correct amplitude to achieve process control by the optical system. The
interferometric signal ideally presents a perfect sinusoid. In a context of polishing, it is noisy by the wafer patterns and
the movements of the polishing process, such as the platen rotation, the head rotation and head sweep. In some cases, this
signal does not have the necessary conditions for the correct detection and this paper is aimed at this category of
products.

Previous researches and experimental results® illustrate that the interferometric signal shape strongly depends of the
product patterns. Under some parameters combinations, the signal might present weak amplitude and a bad signal to



noise ratio. Such of signals can prevent from creation of a robust detection algorithm and thus the use of the endpoint
detection by interferometry.

The objective here is to study the light reflected upon STI profiles and to investigate the associated optical effects such as
scattering and diffraction. With the understanding of these effects, it is possible to highlight the incident light behaviors
according to the product parameters. Thus, the goal is to make some analogy between the results and the poor detection
in production. In addition, in order to find a configuration for better signal detection, calculations are made on the visible
band and near infrared. This part of the research allows us to see the evolution of light intensity as a function of product
parameters and ranges of wavelength. So, the goal is to give a range of wavelengths which are better suited to a given
Si0; thickness and trench depth combination.

1.2 Context

The STI CMP is composed of three polishing steps, performed by three different platens, each of them having a specific
objective: the platen 1 is responsible for polishing the most of the SiO; layer and leaving 100nm of SiO- thickness above
the Si3N4. The platen 2 removes the SiO; remaining above the Si3Ny. Finally the platen 3 slightly polishes the Si3N4 to
overcome any residual oxide problem on the active areas (Fig. 1.a). As part of this study, the process control by
interferometry is used to polish SiO, on the platen 1. The method is based on the optical interference of the laser beam
reflections from the interface of a semi-transparent material layer. The optical system is positioned under the polishing
platen and the red laser beam crosses a transparent window (Fig. 2).
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Fig. 1: Schematic representations of cross-sectional views of the materials stack at the CMP STI step for a) and the stack after the
Si3Ns removal and the SH between the Si and the SiO2 STI for b).
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Fig. 2: Side view of the optical system assembly with the polishing platen

1.3 Purpose

In this previous experimental research’, a Design Of Experiment (DOE) has studied the impact on signal shape of three
key product features at the STI manufacturing step: memory size, SiO» thickness before STI CMP and trench depth (see
Fig. 3). It demonstrates two significant observations about the influence of product parameters on signal shape:

- At the scale of the chip, the bigger the memory zone is, the larger the noise and the smaller the amplitude are.
The important feature of memory design is that a periodic grid of SiO; trenches structures it.

- For a given memory size, the trench depth is the main influent parameter on amplitude of sinusoid signal.
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Fig. 1: The diagram shows that microchips are made up of several types of pattern like memory zones which have a periodic
structure of trenches with high density, compared to logic zone.

As it shows in the Fig. 4, the largest memory sizes have a signal with weak amplitude, and prevent from the creation of
detection algorithm. Nonetheless, the previous study shows that the signal can be improved by varying two key
parameters: deposited SiO; thickness and the trench depth, in a hundred-nanometer scale. However, this result does not
give information about the optical phenomenon associated with the light reflected upon different STI stack profiles and,
at which wavelength it could have higher signal intensity.
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Fig. 2: The graphs show filtered memory products’ signals. Each curve represents the signal intensity during the polishing process of
platen 1. The a) has the smallest memory size, b) an intermediate size and c) the largest memory size. For a), the signal is correct for
developing the detection algorithm in contrast to b) and c) which have poor endpoint detection.

So this paper presents theoretical and experimental approaches to respond to these interrogations. In a first part, the
experimental study is presented, set up with the light measurement conditions close to the manufacturing environment.
To complete, numerical calculations based on differential method are performed to predict the diffracted intensity as a
function of the chip design parameters and of the incident wavelengths. Used on STI models, this method helps to
determine the wavelengths with the highest reflected intensity. The conclusions to this research will give directions of
future works, about the necessity of topology characterization and the possibility to adapt the STI topology.

2. EXPERIMENTAL STUDY

2.1 Angular Resolved Scatterometer

To analyze the laser source behavior reflected at the wafer surface, the experimental study is carried out using an
Angular Resolved Scatterometer developed at the Fresnel Institute5'°. The light source used for this experiment is a laser
He-Ne at 632.8 nm. The incidence angle is 45°. To have the same wafer illumination surface conditions, the beam shape
is widened with the use of a beam expander, and then the source passes through the same window used for the polishing
process. Figure 5 shows a scheme of the measurement device.
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Fig. 3: Angular Resolved Scatterometer scheme

2.2 Samples

Wafer samples measured are composed of three different memory sizes. Reflecting spectra is collected as a function of
the angle, from (-10°) to 60°.

Table 1: Samples and characteristics associated

Sample n° 1 2 3
Optical process control YES NO NO
Memory size (kbits) 32 512 2048
% of memory coverage/chip 10 53 70

As said previously, the objective of this experiment is to determine the optical phenomena associated with mono-
chromatic laser on the wafer surface. The method used to determine scattering or diffraction is based on the results
obtained by the light intensity over the angle.

2.3 Results of light diffraction from a laser source (A = 632.8nm)

The Fig. 6 a) highlights the intensity measurement in function of the scattering angle for three memory sizes, with an
identical trench depth. Apart from the diffraction orders, the scattered light is close to zero. This result shows that the
light scattering by the STI profiles is negligible. Thus the surface roughness should have a little impact on the reflected
light loss in production.
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Fig. 4: Chart a) shows the normalized intensity detected as a function of scattering angle. The first order corresponds to the beam
diffraction caused by the periodicity of the sample patterns. Graph b) shows the result of the laser intensity average per wafer during
polishing process from the same three types of samples.



To add, the measured intensities of samples 2 and 3 present diffraction at the first order. Using the grating equation (1),
the experimental result of the distance between successive grooves responsible of the first diffracted order is calculated'!.

m* A

a =
Ny * (Sini + sinr)

(1)
- g air refractive index (1)
- m: diffraction order (-1)
- A:laser wavelength (632.8 nm)
- 1i:incidence angle (-45°)
- r1: refractive angle (-3°)

The experimental result of the groove spacing is expressed as a value normalized by a reference surface S. The
experimental result a/S = 33.32 nm'! is closed to the theoretical size of a trench period in the memory area: a/S = 33.60
nm’'. The path period calculation highlights that the pattern responsible for the diffraction is the dimension of a trench
period in memory zone. This experiment shows that the light behavior is different according to the percentage of
memory zone and logical zone in the chip. With a memory that covers 10% of the chip, it is the light and logic zone
interaction that predominates. In contrast to memories covering a larger chip area, it is the interaction between light and
memory zone that predominates. Moreover, the diffraction reduced the intensity of the signal reflection. Measures of
average intensities in production shows that the interferometric signal decreases as the memory size increases (see Fig. 6
b).

To complete these experimental measures, the second part presents which conditions would be more favorable to
increase the reflected intensity by numerical calculations and by making the focus on periodical structures in memory
zone.

3. THEORITICAL STUDY
3.1 Description

The simulation code, initially developed in the Fresnel Institute’, calculates the intensity diffracted by any two-
dimensional profile using the differential methods. This code makes it possible to simulate the interaction of an incident
wave with periodic or random structures, and, therefore, in this case to take into account the variation of different
parameters of the microstructures (the trench depth and the deposit SiO» thickness). Thus, the calculations are made in
the range of visible and near-infrared range with a step of 10nm.

To perform the simulation, it is first necessary to create a model of the STI stack. In order to be the most precise in the
shapes of material each layer, wafers cross sections before and after polishing were done. The Scanning Electron
Microscopy (SEM) images made from its sections allowed reproducing a model that is as close as possible to reality in
terms of thickness and shape of the different layers. On the other hand, the refractive indices n and k for each material
must be defined to calculate the diffracted intensity. The n and k calculation is performed with the Cauchy-Urbach
formula!*!3:

B C
n(A) = A, + 242
2

1
k(1) = A, * b(1.24um(3-Eg))

- A wavelength,



- Ap, By and Cy: index parameters,

- A extinction coefficient amplitude,
- b: the exponent factor,

- Eg: the band edge

The coefficients are measured on a Semilab ellipsometer!4, on a wafer with STI stacking before polishing with a fit
quality of RZ=10.99.

Table 2: Coefficient values for n and k calculation

n k
An 2.00E+00| 1.45E+00
Si3Ny B, (um?) 1.25E-02| 4.20E-03
Ca (um*) 7.00E-05 1.40E-07
Ag 6.53E-02| 4.47E-02
SiO; b (1/eV) 6.19E+00| 1.12E+00
Eg(eV) 8.21E+00| 6.43E+00

Besides, the substrate considered is a silicon substrate and the superstrate is air. The model size is ten micrometers and
the calculation is done in two dimensions. Nine models are built, with different trench depths and SiO; thicknesses:

Table 3: STI models

Model SiO, thickness (nm) Trench depth (nm)
1 650 535
2 650 575
3 650 615
4 720 535
5 720 575
6 720 615
7 800 535
8 800 575
9 800 615

The purpose of these calculations is therefore to study the behavior of the reflected light in the periodic trench structures
and to extract the wavelengths with the highest order O intensity.

3.2 Results from the calculations

Numerical calculations give the result of the efficiency as a function of the scattering angle. From these results, the light
reflected at the order O is extracted. This light reflected at the order O is expressed as a function of the wavelength to thus
study the wavelengths with the maximum reflected intensity. Each curve in Fig. 7 corresponds to a STI model and the
nine models are divided into three graphs. In the same graph, the deposited SiO, thickness is identical.
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Fig. 5: Graphical result of the reflected intensity in function of the visible and near infra-red wavelengths.

First, all models have a reflected intensity, for wavelengths above 990nm, lower compared to the rest of the light
spectrum. This wavelength range is obviously not optimal for maximizing the intensity of the reflected signal. For
endpoint detection, the wavelength used is in the range of red. The calculation results of the intensity as a function of the
wavelength show that the red range is not the optimal zone in terms of intensity reflected at the order O with an efficiency
around 0.05. This result is valid for all models except the 7 model, with an efficiency around 0.2 (four times greater).
However, during polishing, the thickness of SiO, decreases. It is therefore essential that the reflected intensity is also
optimized at the lower SiO, deposits. Models 4 and 1 are models equivalent to Model 7 with the same trench depth and a
lower deposit, but a low efficiency value. We must therefore find a compromise between a high efficiency and a deposit
thick enough to have a good planarization. Indeed, the trench period is a parameter that cannot be modified because it
would change the properties of the device. However, the SiO» deposit can be modified, while respecting a ratio of SiO,
thickness on trench depth acceptable for polishing. Models 7 to 9 with the thickest deposit (§00nm) do not show peak
efficiency at the same wavelengths as the other models with lower SiO, deposition. Taking as SiO- thickness before
CMP at 720nm, we are therefore looking for models 1 to 6 with efficiency peaks at the same wavelengths. For
optimizing the intensity of the measured signal for models 1 to 6, the reflected intensity around the 870nm wavelength is
about three times as much as in the red range. In conclusion, for product with large zones of periodic structures, to



maximize the signal intensity and improve the signal-to-noise ratio for endpoint detection, the recommended wavelength
in these calculations is around 870nm, for a SiO; thickness before CMP at 720nm.

4. CONCLUSION

The purpose of this study is to complete the results of previous experiments, which shows that the size of the memories
has an impact on the interferometric signal used as a process control for STI CMP. On one hand, the goal of this work is
to analyze the origin of the light loss for the products with large memory. On the other hand, to propose an experimental
set up that maximizes the signal, and improves the signal-to-noise ratio for endpoint detection. Thus, with the
experiment, it has been possible to demonstrate that the periodicity of SiO; trenches in memory zone diffracts the
incident light, when these areas reach a certain percentage of the entire chip. The diffraction might be the cause of the
intensity loss of the reflected beam at order 0 and the deterioration of the signal-to-noise ratio. In addition, numerical
calculation of the intensity reflected on STI profiles of a memory zone has shown that in other wavelength range,
especially around 870nm, the reflected signal is 3 times more intense. However, calculations are limited to small
structures and do not take into account logic zone inside the chip. Thus, it would be interesting to go further in this study
by measuring the same type of products with the selected wavelengths.
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