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L Introduction

Project WASP, or Wafer Automated Surface
Profiler, is an end-to-end proof of concept

wafer metrology system. The team’s goal is to
prevent micro deformities from going unde-
tected in tight tolerance production lines.
Extremely tight specifications make it easy to
miss an over-warped wafer, resulting in lost
revenue every year. This white paper outlines
the process taken to meticulously analyze,
design, build, and test a benchtop metrology
system capable of outputting highly sensi-
tive and repeatable surface profiles of
wafers in an automated environment.

Render Image

This project has the potential to assist a wide
array of industries, but it has been designed spe-
cifically for semiconductor manufacturing purpos-
es. Over 10 months, the undergraduate team has
worked closely with KLA, an industry leader in pro-
cess control and computational analytics out of
San Francisco, CA, to develop and fund an imple-
mentable end product.

Although there is room for improvement, the team
Is confident that their metrology system will prove
crucial towards quality control of all products,
helping industry processes become increasingly

more efficient.
Final Assembly




System Requirements

Benchtop Testing System
Project WASP includes the development of a benchtop testing system. While this benchtop system will not
be implemented at KLA, it is designed to mimic silicon wafer transfers that happen in house. The goal of
this system was to create a repeatable motion process that can be used to validate the function of our
sensor array and software. The benchtop testing system holds to the following specifications:

- Similar wafer transfer speeds equivalent to in-house systems

- Volume constraints designed to interoperate with client systems

- Static and dynamic deflection no more than 10 micrometers during wafer transfer
Probe selection
The use of non-contact sensors to detect surface deformities can be seen across various past designs and
research documentation. There are multiple possible technologies that can be leveraged for this use
including eddy current, capacitance, laser triangulation, confocal chromatic, and fiber optic measurement.
Sensor selection is critical for the development of our product. The selected sensor array takes the follow-
Ing engineering requirements into consideration:

- Non-contact

- 1S0O5 Cleanroom compliant

- Sensitivity of 10 micrometers

- Repeatability of 100 micrometers

- Compact with a large working range and stand-off distance

- High sampling rate
Software
A major component of this project is the software integration used to process the data received from the
sensors post-capture. The goal of this software is to analyze the distance measurements from the sensor
array and determine a number of attributes of the wafer. To accomplish these goals, the team implement-
ed several algorithmic tools to refine the raw data and interpolate missing data. The software was held to
the following requirements:

- Acquire and process data during wafer motion (one wafer processed every 5 seconds)

- Repeatability of 100 microns




®: Hardware

Frame

40-series 8020 extruded aluminum was utilized
to build the test bench structure due to its
adjustability and high strength-to-weight ratio.
The 8020 40-series frame has exterior dimen-
sions of Tm (L) x 0.48m (W) x 0.3m (H) (3.28 x 1.57
x 0.98 ft) and each member has a cross-section-
al area of 8742 cm?. All fasteners used in the
frame are standard 8020 off-the-shelf fasteners
sized at M8x16mm machine screws and ‘T-nuts’.
The total system height comes to 0.35m (115 ft)
and weighs approximately 24.32 kg (53.61 Lbs).

Motion Simulation System

The Frame

Motion Simulation

Festo's toothed belt axis unit (8083936)
linear actuator was chosen to simulate the
movement of client's robotic arm as well as
meet velocity and acceleration require-
ments. The linear actuator has a built-in
encoder, end-position sensing, overheating
protection, and automatic homing to pro-
duce the necessary parameters below:

- Maximum payload supported: 2.8 kg at full
stroke

- Maximum acceleration allowed: 85 m/s"2
- Desired maximum acceleration: 3 m/s"2

- Maximum speed supported: 1.2 m/s

- Desired speed: 0.7 m/s

- Maximum stroke allowed: 600 mm

- Desired stroke: 464 mm

- Maximum force supported: 50 N at full
stroke




ardware

Sensor Systems

The WASP system, as a proof of concept, consists of
one displacement lens which has a housing diameter
of 46mm. The sensor has a standoff distance of
60mm and a working range of 70+10mm. This lens has
a high resolution with a measurement repeatability of
22um. The system also requires the use of one opti-
cal unit, one controller, and one power supply unit. A
major benefit of this system Is that it provides auto-
matic noise and vibration isolation which will allow
the system to pre-process the data and remove the
noise of mechanical vibrations from the measure-
ments, greatly improving the reliability and accuracy
of the system’s measurements and analysis.

Sensor Mounting System
(Full Range of Positions)

V

Displacement Sensor

Sensor Mounting

The sensor mounting system is responsible for
holding and isolating the sensor for proper mea-
surements when the test wafers are passed over
the array from above. The mounting structure is
made of 25 series 8020 extruded aluminum and
a custom made sensor clamp to 8020 adaptor so
that sensor mounting position is adjustable
(7.87
side-to-side and up to 155mm (610 in) vertically.

within a range of about 200mm in)
This mounting system was designed to take
system vibrations into account with the option
for four vibration isolating feet to separate the
mounting structure from the rest of the testing

system.




@4 Software

Introduction

Data
The WASP algorithm takes real Processing
world data and extracts vital topo-
graphical information from it. o} Datainiake
Input i
A set of ‘watchdog programs con-
stantly monitor the input folders 1 e _
designated by the user for new csv P —— MUCTIBLE TRACES

files. When a new file is detected,
it is renamed and moved to the
appropriate folder specified in the
data processing block.

Data Processing
The algorithm diverges and takes
one of two paths; one for a multi- |

LOGIC

ple sensor setup and another for a

single sensor setup. .

Single Trace Analysis

In the single trace block, the csv
file is parsed into an array and a
complementary x-value array Is generated. These two arrays comprise the x and y data that is used to fit a
2nd-order curve to the data whose equation Is then optimized within the bounds of the original dataset.

Software Diagram

Multi-trace Analysis

Similarly in the multiple traces block, the algorithm first waits to receive all the traces from a single run. It
then generates a point cloud by assigning appropriate x and y values to the raw data which makes up the z
values.

Logic

This point cloud is used to fit a 2nd-order surface that represents the collective sum of the point cloud and
its equation is optimized to obtain the maximum and minimum points on the surface. Both paths reconverge

in the logic block where, in the multiple trace case, a surface type is identified, either concave, convex, or
saddle.
Output
Both 3D and 2D options also use the maximum and minimum points to determine the maximum height vari-
ance in the surface and the algorithm outputs these properties along with a GO/NO-GO signal as a final
result. Previous run csv files are stored in a rolling archive that is managed by another ‘watchdog’ program.




a5 System Operation

Triggers Forward
Motion

Triggers Data Capiure

. Relocates Measurement
Primes Sensor Data
Sends Measurement Data
L
Sends Formatted Data Cutputs Wafer Profile

Mechanical Motion

Project WASP utilizes three primary systems that operate in tandem to capture and process data. The first
two systems are the electronic hardware components of the system, specifically the linear actuator and the
sensor, and the last would be the computer itself, which acts as the data capture and processing center.
The linear actuator is the only piece of the system that is run without the use of the computer; it operates
through settings via the built-in human-machine interface (HMI) and an electronic switch. The switch utiliz-
es three settings: forward motion, no motion, and reverse motion. This switch utilizes digital 10 communica-
tion to trigger this movement. For fully automated movement, a programmable logic controller (PLC) is
required, along with an additional controller for the linear actuator. These components were deemed
unnecessary in the scope of this project, and would have tripled the project budget.

Data Acquisition and Processing

The sensor runs continually, and requires no specific input for the system to run. The computer captures
the data measured by the sensor, and the communication between the two systems is performed via Ether-
net IR The data capture settings are configured within the included software for the sensor, while the
triggering and data formatting is handled by a Matlab script. Once the data is formatted, it's saved in a
target folder that is watched by a Python program. The Python program processes the data to create a
profile of the wafer and then moves the original data into a different folder to archive the raw data if
needed.




Testing

Testing Introduction

Testing is an imperative component of this project. As the majority of requirements rely on the repeatable
operation of the system, all preliminary analysis was verified through testing. Linear motion was verified to
ensure reliable movement of the wafer. Vibration testing was performed on the frame, the sensor mounting
system, and the wafer motion system to ensure that no additional noise is introduced via the linear actuator
or otherwise. Lastly, measurements were taken to determine the repeatability of the system; in this stage the
velocity of the motion was tested and minor adjustments were made to meet the repeatability criteria set by

the requirements.

Motion Simulation Validation

In order to accurately process the incoming data
from the sensor, the velocity of the linear actuator
was determined using an accelerometer. This
velocity was found to be 0.733 m/s with a standard
deviation of 0.0032 m/s (30 trials). That level of
repeatability meets our requirements and allows
for an accurate determination of the position
values with their corresponding heights.
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Vibration Testing

The objective of these tests was to determine the vibra-
tions occurring throughout the system at critical loca-
tions including on the side of the linear actuator, on the
wafer handling cantilever, and on the sensor mounting
system. These locations were selected for the purpose
of identifying where vibration Is occurring and deter-
mining whether it is within a threshold that is accept-

able or if further vibration dampening must take
place. The tests were performed using a three axis
accelerometer and indicated that the sensor
mounting system, the frame, and the linear actua-
tor were not experiencing considerable vibration.
However, the wafer handling cantilever showed
higher vibrations in the z-axis, which could have
negative effects on data collection. This vibration
was further analyzed through measurements via
the displacement sensor.

The analysis of the wafer handling cantilever, for
which the Fourier analysis is shown below,
showed the presence of 30 Hz vibrations. These
low frequency vibrations were determined to be
caused by the guidance rods on the linear actua-
tor.
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Testing

Baseline System Testing

As forecasted by the vibration testing, the system
testing indicated the presence of vibrations in the
z-axis. The vibrations, which are better described
as oscillations, source from the movement of the
wafer attached by a cantilever arm. These oscilla-
tions are caused by deflection of the guidance
rods in the Festo actuator. Baseline testing was
performed on a known-flat wafer to determine the
initial repeatability of the system.
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Baseline Data and its Repeatability

The repeatability of this system was determined to
be 154 microns (3-sigma). The purpose of deter-
mining this repeatability is to add a correction
curve in the data processing to correct for this
oscillation. The achieved repeatability is outside of
the requirement range, so further adjustments
were made to bring this value down to 100
microns.

Tuning the System

In order to tune the system and maximize repeat-
ability, all possible adjustments were identified
and tested.

Two main aspects were analyzed to improve the
performance of the system: increasing the travel
speed of the wafer and the addition of a counter-
weight to offset the cantilever of the wafer mount-
Ing system.

The addition of the counter-weight and increasing
the wafer travel velocity to 12 m/s improved the
repeatability by 15 and 10 microns respectively.

400 = =

3o:135.9143 microns hleen Devistion

— — —Error Bounds

300

200

100

100 F

Deviation from Theoretical Flat {micrometers)

500 . . . .
0 50 100 150 200 250 300 350
Time (ms)

Counter-weight Data and its Repeatability

Final System Performance

Combining these adjustments with a more perma-
nent counter-weight yielded a repeatability of 94.2
microns, closely matching the requirements. This
improved repeatability allows our system to take
on a reliable calibration curve in data processing
and surface analysis to accurately measure the
system, process the data, and perform logic to

determine wafer condition.
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™ Future Direction

There is still more to be done before project WASP can be applied to our client’'s manufacturing pro-
cesses. As discussed before, 3 sensors would be ideal to more accurately measure complicated surface
profiles. The team has incorporated mounting space for additional sensors, but testing would be needed
before operational use.
Additionally, the testing section above is meant to demonstrate the necessary steps for any benchtop
system. If implemented into a specific industry use-case, there should be adequate vibration, system,
and repeatability testing conducted on a recurring basis to ensure accurate data.
Lastly, the conditions of the wafer transfer process utilized by KLA provide some unknowns. This project
encountered a range of vibrations which needed to be addressed and this will need to be performed on
KLA equipment in order to obtain repeatable and reliable surface profiles.

; —

L Conclusion

Project WASP was successful in validating the potential for a single-sensor wafer metrolo-
gy system. Integrated metrology systems are becoming increasingly essential to quality
control for high-tech industries as tolerances tighten and processes become more auto-
mated. KLA has been an essential partner to the university and our team, and we hope
this project proves helpful to their mission.
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engineer for project WASP. In this
role he was responsible for the
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designs to life. Nicholas is pursuing
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