• white paper • white paper

• white paper • white paper •

industry: semiconductor
author: kevin ptasienski

Demonstrating
Real-Time
Precision
Temperature
Control in
Electrostatic
Chucks (ESCs)

Summary:
Semiconductor fabrication demands a high level of control of process parameters related
to equipment temperature. This is especially true when it comes to temperature uniformity
of the electrostatic chuck. Controlling temperature variation in real time is a challenge, and
current systems require a number of wires and filters to sense temperatures and change
individual zone power within heaters. We tested an ESC with 106 independent heater
zones where separate sensor wires were not required and demonstrated that precise
control of temperature is possible with only 61 individual wires, with a 53% reduction in
temperature range and 59% reduction in temperature variation.
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Introduction: The Need for Precise Equipment Temperature
Control
Semiconductor fabrication demands a high level of control of process parameters related to equipment
temperature. This is especially true when it comes to temperature uniformity of the electrostatic chuck (ESC, or
simply “chuck”), which plays an important role in adsorbing and cooling/heating of wafers. Indeed, one of the
primary functions of a chuck is to provide an acceptable level of temperature uniformity so that the system yields
consistent results.
That said, thermal gradients do occur as a result of non-uniform heat input from heating elements and heat
transfer between the system and the surrounding environment.1 For example, heat loss at the edge of the plate is
not uncommon, creating unfavorable temperature uniformity.2
We set out to demonstrate that, with the appropriate control systems, it is possible to measure and control
temperature differences at a small scale, in real time. This allows temperature corrections to be made “on-the-fly,”
removing the need for pre-run setup and eliminating waste in the process.

Current Approaches to Temperature Control
In many fabrication processes, ESCs are divided into a number of zones, each with its own heater elements. Thus, adjustments
can be made by changing the power set points of each zone. But fine-tuning the temperature of each zone in order to get
a uniform temperature across the ESC surface occurs by something of trial-and-error: A process qualification wafer is sent
through the process, and based on the measurements of this wafer, adjustments are made to the system by altering the power
set points for each zone. The process repeats until an acceptable wafer is being produced consistently.
Not only is this procedure wasteful during process setup, but it can also run into problems if there are any changes to boundary
conditions during the process itself. For example, a change in temperature in one part of the chuck will likely go unnoticed until
a number of wafers come back that do not meet standards or that are suboptimal. Then the calibration procedure will need to
be repeated, wasting more time and resources.
One way to improve this process is to embed sensors into the chuck to record temperature in several regions, preferably in as
close to real time as possible. While this is a step in the right direction, there are currently some limitations. For one, additional
sensors require additional wires, which adds to the complexity of the system: These wires take up space and require design
considerations for countering any thermal shunting effects.
Furthermore, these sensors must attach to a controller that can adjust the heating elements on-the-fly as well, to create the
kind of closed-loop in-situ temperature feedback needed to achieve uniform temperature over time.3
This is exactly the kind of system we set out to test, but using the same wires for heating, sensing and control.

1 Strehlow,

Russel (2008). Designing Heated Chucks for Semiconductor Processing Equipment. Minco. https://www.minco.com/~/media/
files/minco/whitepapers/heaters/minco_heatedchucks.ashx accessed 2/15/2021.

2 Kuo-Chan

Hsu, Jaw-Yen Yang, Jian-Zhang Chen, Yi-Hsiuan Yu, and Yen-Ju Chen, “Modeling and simulation of heat transfer characteristics
of 12-inch wafer on electrostatic chuck,” 2015 10th International Microsystems, Packaging, Assembly and Circuits Technology Conference
(IMPACT), Taipei, Taiwan, 2015, pp. 304-307, doi: 10.1109/IMPACT.2015.7365248

3 We

note here that there are other approaches currently being tried to achieve uniform temperatures, such as planar heating elements. See
Dong-Hyeok Im, Woo-Sig Min and Sang-Jeen Hong. “Planar heating chuck to improve temperature uniformity of plasma processing equipment.”
Japanese Journal of Applied Physics, Volume 59, April 2020, The Japan Society of Applied Physics. Note that these approaches do not improve
control, but rather suggest optimal chuck design based on thermal-electrical simulation analysis.
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Set-Up and Testing of the System
We devised an ESC with 106 independent zones, with 61 externally run wires (see Figure 1). These were then
connected to a controller for monitoring and controlling the temperature of the chuck in real time. An IR camera
was positioned above the chuck to take measurements of surface temperature.

Figure 1: Schematic of the ESC and
the different heater zones.
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Each of the 106 zones in this system can be controlled independently. No secondary sensors are present: The
system uses information directly from the heater circuitry itself to control temperature variations.
We began testing the system by taking a baseline temperature reading from our IR camera. An example is shown
in Figure 2.
The presence of warmer and colder spots, like those shown in the figure, can lead to suboptimal wafer
production.
The next series of images shows the same baseline image next to an image of the same chuck taken after the
controller has been brought online. The third of the images shows the change in temperature that the controller
enabled; this image is generated by subtracting the first image from the second image.

Figure 2: Baseline temperature for an ESC.

Optimized image

Overall, the system is showing a 55% reduction in temperature range and an overall 59% reduction in temperature
variation across the ceramic surface.
To indicate the level of control possible for each zone, we took similar subtraction images under a number of
circumstances. Figure 4 shows the degree of independent pixel control possible, varying each neighboring zone in
an opposite direction. This shows that temperature changes can be discrete and, in fact, quite different from zone
to zone.
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Figure 3: Baseline and optimized ESC
temperatures and change in temperature
by the controller.
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Figure 4: Subtraction image showing independent pixel
control. Here, the range of power control is 15% and the
range of temperature control is +/- 1.7°C. Pixel groupings
will yield larger values for range of temperature control.
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We experimented with a number of patterns. Figure 5 shows a radially symmetric picture of temperature change:
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Figure 5: Subtraction images showing independent pixel control, radial pattern.

Changes in temperature need not follow a radial pattern, however. Figure 6 shows axial symmetry—
a rough “W” for Watlow.

In-situ Testing and Adaptive
Response
Demonstrating precise control of an array of heaters
is one thing; showing that this mechanism can allow
heaters to adapt to changing environmental conditions
is quite a step further. We thus ran tests to see if a 106
zone ESC plus a PID controller could adjust temperature
across its surface when impinged upon by some
disturbance—in this case, a puff of cold air.
The setup can be seen in Figure 7. A series of flexible
impingement hoses were attached to a manifold that
was positioned just above the ESC. For this test two
hoses, positioned opposite from each other, were used
to introduce a puff of air at a precise time, effectively
cooling the area of the chuck in the path of the air.
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Figure 6: Axial symmetry for temperature change:
A “W” for “Watlow.”
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Air disturbance supply and manifold

Figure 7: Setup for testing in-situ response.

With this setup, we tested two conditions: One where a multi-parallel (MP) PID controller was used to monitor
the temperatures of the zones and make adjustments to their temperature on-the-fly (before, during and after
the delivery of the air), and a control condition where no such adjustments were made. We expected the control
condition to register a sustained cooling effect of the air on the ESC, whereas the experimental condition with the
PID would adjust the zones as necessary, introducing closed-loop feedback into the system. The results can be
seen in Figure 8.

Figure 8: IR camera frame grabs of the ESC surface during in-situ testing.
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IR Image Statistics

Constant Power Control

PID Control

Change from Start

Change from 15 Sec

Overall Change from Start

%

%

%

Mean

-2.5%

-0.9%

-34%

StDev

37.5%

18.2%

62.5%

Mean

-1.5%

0.0%

-1.5%

StDev

14.3%

12.5%

28.6%

Table 1: IR image statistics for the constant power (control) and PID control conditions.

Both rows in the image show IR camera frame grabs indicating the temperature of the chuck surface at three time
slices: T=0 seconds, T=15 seconds and T=30 seconds. The puff of air is introduced at 15 seconds. The top row
shows the ESC with constant power, i.e. no adjustment from the PID controller. The bottom row shows the ESC
with the controller in use.
As can be seen, the temperature drop is much more noticeable in the constant power case, with a 37.5% drop
in temperature for the affected zones when the puff of air is introduced. This drop can be seen in the upper right
and lower left quadrants of each image—exactly where the air hoses are located. Over time, the temperature drop
continues, with an overall 62.5% drop between test start and 30 seconds.
In the PID controlled case, the temperature drop is much less dramatic than for the control. The puff or air only
manages to change the zone temperatures by 14.3% when introduced, showing that the controller is responding
to the impinging air appropriately. At 30 seconds, the overall change from start is only 28.6%, reflecting a 0.2°C
drop.
Figure 9 here shows the time-course for three different variables in the control condition: The average surface
temperature of 11 zones chosen at random, the internal filament temperature of the heaters at those zones and
the power being supplied to each. As expected, the air disturbance creates a significant and sustained drop in
temperature almost immediately, as registered by the IR camera and the internal filament temperature.

Surface temps continue to fall...
No power response, as expected...
Filament temps continue to fall...

Disturbance applied at T=5 sec

Surface Temperature
Figure 9: Time course of the control condition.

Other “Constant Power” Controls
- No closed loop feedback

Internal Filament Temperature

Individual Pixel Power
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By comparison, the test condition tells a different story, as can be seen in Figure 10. The air disturbance still
creates a temperature drop, though the drop is less dramatic. The temperature drop also plateaus as the PID
controller modifies the power to the heaters. Filament temperature is much less variable and does not show the
marked drop that the control situation does.

Initial surface temperature drop stabilized. Delta remains
because control point (filament)is buried beneath ceramic.

Filament temps maintain setpoint...

Watlow Multi-Parallel Control
- In-situ closed loop feedback

Disturbance applied at T=5 sec

Power responds to change in filament
temperature as the control input

Figure 10: Time course of the PID controlled zones.

What our testing here shows is that a PID controller with multi-parallel can create a closed-loop feedback
response, helping to buffer the system against external disturbances that could affect the temperature of some
segment of the zones. Thus, we are able to achieve much better temperature uniformity of the ESC surface over
time as the system adapts, in near real time, to impinging environmental conditions.

Implications and Further Research
What we have demonstrated here is quite modest but has some important implications for semiconductor
fabrication.
There are heated ESCs that have far more temperature zones than the one we have worked with here, which has
106. But we have demonstrated that we can precisely control these zones with minimal wiring (61 external wires).
We have also demonstrated that our controller can adjust temperatures on-the-fly, in close to real time, and we
have demonstrated that this can be done in response to external disturbances using a closed feedback loop.
This kind of control eliminates the need for expensive calibration runs even while ensuring a higher count of
optimal wafers. It also eliminates the need to stop processing in order to make adjustments during a run. The
result is much less waste and greater control of the process.
We are continuing to test this system and make improvements. For example, we are looking into systems with
multiple layers to enable both coarse and fine temperature control in one system. We also continue to develop the
algorithms for the controller, enabling a greater degree of automation in the system. Finally, we are working to bring
much of the networking internal to the tool.

Further information is available at: www.watlow.com
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