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Introduction 
Semiconductor metrology is critical in the semiconductor fabrication process. The complex 
nature of semiconductor fabrication now requires multiple test stages in between processing 
steps. Thin film semiconductor wafers are tested using several techniques including 
ellipsometry and reflectometry. Sophisticated optical equipment is used to inspect for defects as 
well as for accurate dimensional measurements. Manufacturers of optical inspection systems 
must integrate a thermal solution for temperature stabilization of optical components. Thermal 
noise can impact the imaging system by degrading the quality of the image resolution. Thermal 
noise fluctuations can also reduce the lifetime of thermally sensitive components, leading to 
downtime in the inspection system and the semiconductor fabrication process. Downtime of 
equipment can lead to millions of dollars of lost revenue for manufacturers. 
 
Background 
The semiconductor industry has grown into a 500 billion dollar a year industry. Making up more 
than 99% of the market, the metal-oxide-semiconductor field-effect transistor (MOSFET) is the 
most popular semiconductor device.  
 
The thin film semiconductor industry has been one of constant process improvement, with each 
generation of the semiconductor manufacturing process is referred to as process node. 
Depending on the specific semiconductor process, there are rules on the minimum size and 
spacing for features on each layer of the chip. With advancements in manufacturing processes, 
several fabrication plants can now produce 5 nm semiconductors. Other common sizes are 10 
nm and 12 nm. Constant process improvement is necessary in order to establish cost effective 
high yielding production lines as they struggle to keep pace with Moore’s law. Much of this has 
been made possible through the integration of automated optical inspection systems. 
 
 

 
 

Enhanced manufacturing processes such as automated optical inspection systems have  
enabled production of 5 nm semiconductors. 
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Modern Metrology Systems 
Automated metrology systems are now implemented throughout the manufacturing process. 
Some of the key parameters measured are thickness, refractive index, resistivity and stress of 
the thin films. These systems are used to not only characterize all of the physical properties of 
the device during fabrication including: the electrical, optical and mechanical properties of the 
material, but to feed this information back into the manufacturing process.   
 
Metrology techniques differ according to the number and type of integrated circuit. Metrology 
tools that work within one process tend to be more stable. Those that are applied to differing 
products will require periodic requalification. One example of an evolution in metrology can be 
found in the measurement of the thickness of a thin film. Various thin film measurement 
methods, such as surface profilometry and resistivity measurements are very difficult to carry 
out during processing, and analysis of thin film growth rate is usually performed after the 
deposition run. Traditionally ellipsometry was used for thin film thickness measurements but it 
lacks the ability to make measurements when the film is opaque. In this area, ultrasonics are 
especially valuable for measuring the thickness of various films opaque or transparent.  
Though the tooling and strategies may change, some things remain constant. The number of 
measurement points varies by semiconductor device manufacturer or device. Metrology is 
undertaken according to the following sampling method: 10 to 100 points for one die, 5 to 20 die 
taken from one wafer, and 1 to 2 wafers taken from each lot (25 wafers). Newly designed 
devices may go through several thousand metrological processes for one wafer during the start-
up period of manufacture. 
 
One major change in the semiconductor industry has been the introduction and use of real time 
process control. Sensors within automated optical inspection systems are used to provide live 
feedback of local process conditions to the process tool. This data can be used to modify the 
process parameters of the tool or to stop the line. This type of test characterization is referred to 
as in-situ process measurements.  
 
Application Challenges 
The need for higher throughput, higher packaging density and repeatability combined with a 
high speed optical measurement system places ever increasing demands on the thermal 
management system associated with metrology tools. Furthermore, the lack of precise 
temperature control will lead to bad data, incorrect decisions, conclusions and significant yield 
loss.  
Temperature Control 
No matter the type of automated optical inspection method, tight temperature regulation is 
required for the proper performance and long-term operation of optical components. Many 
modern semiconductor automated optical inspection systems, like ultrasonics, now use lasers 
as the source for testing speed and accuracy. If the optical source is a laser, it inherently 
generates heat during operation and must be precisely cooled to maintain the desired 
wavelength. Lasers will pulsate with change in temperature, effecting the testing accuracy.  
Metrology imaging techniques using a CCD- or CMOS-based camera also require tight 
temperature tolerances as resolution degrades with increasing temperatures. Depending on the 
design of the automated optical inspection (AOI) tool, the system may contain several imaging 
sensors creating high quality 3D images.  The imaging sensors must be kept below room 
temperature with a temperature stability of ± 0.5°C or better. Precise temperature control is 
needed to keep the imaging sensor stable to maintain high image resolution. Cooling laser 
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optics and key components also helps increase equipment uptime, reduces maintenance and 
lowers total cost of ownership by extending the mean time between failures (MTBF).  
 
Semiconductor automated optical inspection (AOI) systems often require removal of up to 100 
Watts or more and temperature stability at 20ºC or below with stability greater than 0.01°C. 
 
 

 
 

Semiconductor optical inspection must be kept at 20ºC or below with a temperature stability of 0.01°C.  
 
 

Reliability 
Many semiconductor automated optical inspection systems operate 24/7. One key cooling 
system requirement is high reliability with minimal down time. The cooling system must 
maximize equipment uptime, reduce maintenance and lower the total cost of ownership by 
increasing the mean time between failure (MTBF). This combined with temperature stability of 
temperature control to as tight a tolerance as possible.  
 
Thermal load typically increases with more electronics inside smaller housings. As automated 
optical inspection (AOI) tool imaging systems commonly feature small housings, cooling 
solutions must offer design flexibility in addition to superior cooling performance. To meet the 
required cooling capacity in a more compact form factor, the thermal management solution must 
have a high coefficient of performance (COP) for cooling well below ambient temperatures. 
 
Space Constraints 
The complexity of metrology systems can increase the heat flux density as more optoelectronics 
are packed into smaller footprints. Dissipating heat away from the sensitive components with 
air-based heat exchangers will raise the temperature of surrounding electronics. By using a 
recirculating chiller, waste heat can be routed out more efficiently and dissipated into the 
surrounding environment. 
 
Noise & Vibration 
Cooling systems for automated optical inspection (AOI) tools must continuously deliver a steady 
flow coolant to the temperature sensitive components without pulsation. Pulsation can distort 
measurement resolution quality from fluctuations in temperature control. This will not only 
degrade ability to measure, but also the operational lifetime of components.  



  

 6 

 
Cooling systems must also be quieter (both lower noise and vibration) during operation. Larger 
compressor-based systems can be distracting and disruptive for operators. Thermoelectric-
based chillers are designed with smaller fans and pumps providing a lower decibel level in a 
semiconductor fabrication facility.  
 
Condensation 
It is also important to protect optoelectronics against condensation. Even for applications where 
the set point temperature is at 20⁰C, the cold side of the thermoelectric cooler can be at 10⁰C or 
colder to maintain that set point temperature. This will most likely be below the dew point 
temperature and cause moisture in the air to condense. Sealing the perimeter of the 
thermoelectric cooler with RTV is not sufficient. It is recommended to have a second insulation 
barrier to protect the thermoelectric cooler cavity. All surfaces that go below dew point will 
require some type of insulation to keep moisture from condensing on those surfaces. This is 
usually a close cell foam or other type of insulation that does not absorb moisture and has good 
thermal insulating properties. 
 
Environmental Regulations 
Environmental regulations continue to phase out the use of destructive refrigerants tied to ozone 
depletion and global warming. Older compressor-based systems utilize environmentally harmful 
HFC refrigerants including R134a and R404A. Modern compressor-based systems now use a 
variety of natural refrigerants: R744 (carbon dioxide), R717 (ammonia), R290 (propane), R600a 
(Iso-Butane), and R1270 (propylene). Although they have their own complications, including 
flammability, these natural refrigerants are significantly better for the environment. 
 
Comparing Technologies 
 
Direct Cooling 
Stages upon which the semiconductor wafers are placed for measurement can be temperature 
controlled using a thermoelectric cooler. Thermoelectric coolers can be used for precise 
temperature control as they have the ability to change the heat pumping direction through the 
device under test by reversing the current flow through the device. This allows the 
thermoelectric cooler to deliver precise temperature stability to within ±0.01°C under steady 
state conditions. For this type of cooling application thermoelectric coolers from tens of watts to 
more than 300 Watts of cooling capacity can be required. 
 
Liquid Cooling 
The water-cooled stainless-steel measurement stage can also be cooled using a water-glycol 
coolant mixture. The channeled cold plate is directly attached to the measurement stage and a 
chiller provides a cooling fluid to maintain precise temperature control. Highly reliable 
thermoelectric-based chillers with capacity up to 400 W are typically used. Units such as these 
are designed for bench-top or rack mount configurations.  
 
Thermoelectric Solutions 
With the ability to cool to well below ambient, thermoelectric recirculating chillers are a better 
option than passive solutions such as heat sinks and fans or ambient liquid cooling systems. 
Thermoelectric-based recirculating chillers are compact and have few moving parts. This offers 
high reliability with minimal maintenance throughout the product life cycle. Thermoelectrics are 
able to achieve very precise temperature control which is required for spot cooling of metrology 
inspection systems.  
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This illustration shows how a thermoelectric chiller pumps heat from a metrology imaging tool 
down to 18ºC, while room temperature may fluctuate between 20 and 30ºC. Heat from the 
camera system is absorbed by the liquid coolant and flows to a reservoir tank by a pump.  

Cooling of CMOS/CCD sensors in semiconductor metrology systems. 
 

The pump pushes coolant thru the Liquid-to-Air thermoelectric engine, which then cools the 
temperature of the coolant circuit while exhausting waste heat into the surrounding environment. 
The coolant then flows back to the camera system at a set point temperature where the cold 
plate is mounted. The system is semi-closed which makes it difficult for air to seep into the liquid 
circuit and reduces algae growth. An ethanol glycol water mixture is recommended to use as 
coolant since it prevents algae growth from building up over time. The recirculating chiller can 
be designed to cool multiple critical optoelectronic components in series beyond the metrology 
camera system, such as a detector or/and FPGA’s.  

Integrated inside the camera is a thermoelectric cooler that is soldered to the cold plate and 
cools the CCD or CMOS sensor housing down further to -20 or -30ºC depending on the imaging 
resolution required. The combination of a recirculating chiller and thermoelectric cooler keeps 
thermal noise down and maximizes image resolution.  
 
Laird Thermal Systems Solution 
The NRC400 Nextreme Performance Chiller offers OEMs a premium thermoelectric-based 
chiller featuring high performance Peltier coolers and heat exchanger technology. By utilizing 
next-generation thermoelectric coolers, it achieves 400 Watts of cooling capacity and a 
temperature control stability of ±0.05°C under steady state conditions.  
 
Compared to previous models, the NRC400 offers a higher coefficient of performance (COP) 
and quieter operation for semiconductor fabrication facilities. Solid-state thermoelectric 
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technology reduces the number of moving parts, minimizing maintenance requirements 
throughout the life of the product.  
 
Traditional compressor-based systems are often large and heavy. Modern cooling systems such 
as thermoelectric-based chillers are designed with portability in mind, which means that it can 
be used to cool multiple pieces of equipment in the facility. 
 
The NRC400 features an intuitive easy-to-use LCD touch screen display that allows users to 
easily control temperature setpoints and alarm features. The semi-closed system is equipped 
with a larger reservoir tank, requiring less refilling during operation and better temperature 
stability.  
 
This product has been approved by UL for industrial lab use, reference UL 61010-1 and has CE 
marking. The NRC400 is RoHS compliant and environmentally friendly as no harmful HFC 
refrigerants are being used. It operates on a universal power supply, making it easy to source 
one-part number for global use. 
  

  

 
 
 

 

 

 

 

 

Conclusion 
Complex wafer processing has increased the demand for metrology in between the various 
processing steps. Semiconductor automated optical inspection (AOI) systems require highly 
reliable cooling systems that can operate 24/7 and deliver precise temperature control. 
Recirculating chillers assisted by thermoelectric coolers are becoming more popular among 
OEMs due to higher reliability and lower operating costs compared to traditional compressor-
based recirculating chillers. In addition, a recirculating chiller system that uses thermoelectric 
coolers can heat and cool to offer more advanced temperature stability for critical components. 
Recirculating chillers with thermoelectric coolers increase performance, reduce maintenance, 
and lower the overall cost of ownership for semiconductor automated optical inspection 
systems. 

More information on the NRC400 can be found by visiting 
https://www.lairdthermal.com/nextreme-nrc400  
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About Laird Thermal Systems 
Laird Thermal Systems develops thermal management solutions for demanding applications 
across global medical, industrial, transportation and telecommunications markets. We 
manufacture one of the most diverse product portfolios in the industry ranging from active 
thermoelectric coolers and assemblies to temperature controllers and liquid cooling systems. 
Our engineers use advanced thermal modeling and management techniques to solve complex 
heat and temperature control problems. By offering a broad range of design, prototyping and in-
house testing capabilities, we partner closely with our customers across the entire product 
development lifecycle to reduce risk and accelerate their time-to-market. Our global 
manufacturing and support resources help customers maximize productivity, uptime, 
performance and product quality. Laird Thermal Systems is the optimum choice for standard or 
custom thermal solutions. Learn more by visiting www.lairdthermal.com. 
 
Contact Laird Thermal Systems 
Have a question or need more information about Laird Thermal Systems? Please contact us via 
the website www.lairdthermal.com. 
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