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Abstract

There are many current and future temperature measurement applications that would benefit significantly from a commercially available, low power consuming, ultra-small-scale temperature sensor.  The superior properties of carbon nanotubes (CNTs) have suggested that using them on small-scale sensors would lead to sensor performance that is better than other devices of similar size, or likewise, would lead to a smaller size than other devices of comparable performance.  However, there are currently no commercially available temperature sensors that make use of CNTs as a small-scale sensing element.  This report outlines the design, fabrication, and testing of a novel CNT-based Temperature Sensor encapsulated in a thin film of flexible Parylene C.  The design employs a single-walled carbon nanotube (SWNT) network between two micro-scale electrodes as the sensing element.  The resulting device exploits the extremely small size of SWNTs as well as their superior thermal and electrical properties by deriving the temperature based on a change in electrical resistance.  The resistance of the SWNT network is controlled by a thermal expansion element (with high thermal coefficient of expansion), which is a novel method for regulating strain in the network and is a key factor in relating mechanical strain to electrical resistance and thus temperature.  The sensor requires power in the microwatt range—orders of magnitude less than that of typical micro-scale sensors.  The basic concept prototype sensors being fabricated can be characterized to measure temperature and predictions can be made successfully about the improvement in overall performance of the expanding element concept, when compared against the design specifications.
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Figure 1: CNT Based Temperature Sensor design with novel expanding elements, encapsulated in Parylene C
The Need for Project 

	This project will contribute significantly to many current and future temperature measurement applications in the field of aerospace, medicine and flexible electronics.   
	As scientific research moves towards technological advancements on a smaller scale than ever before, it becomes necessary to develop sensing capabilities on an equally small scale in order to successfully study these technologies.   Since the discovery of carbon nanotubes (CNTs) and the advent of nanotechnology, it has been proposed by researchers in the field that measurement capabilities can be improved dramatically for many significant thermal, electrical, and mechanical properties.  However, no commercially available sensors exist which exploit the superior properties of CNTs that have been demonstrated in research labs, primarily because the required nanomanufacturing processes are still too costly to offer a sufficient potential for revenue. The results of this project will improve the performance of CNT-based temperature measurement, an improvement that is necessary because it works towards a generic sensor for many future ultra-small-scale applications and industries that are currently in development.  With high applicability in a single design comes an increased potential for batch fabrication and ultimately, lower manufacturing costs.   


The Design Project Objectives and Requirements

	The project goal is to design, fabricate, and characterize a competitive, ultra-small-scale, low power consumption, CNT-based temperature sensor that is encapsulated in a flexible substrate.
	Design Objectives
To meet the current need for a highly applicable sensor, the measurement accuracy and sensitivity must remain comparable to other industry standard sensors.  In addition, the device needs to retain several other characteristics of currently available sensors such as biocompatibility, chemical and moisture resistance, batch fabrication, and ease of integration.   It is possible to use CNTs in order to meet these performance requirements for multiple ultra-small-scale application areas, where currently available sensors are designed to the specific application. 
Design Requirements

The temperature range of -50 ºC to 80 ºC and accuracy of +/- 1ºC will satisfy a broad and unique set of applications if the overall sensor size is kept under 150µm by 50µm and the sensitivity is relatively high. The power consumption is in microwatts (µW) and the device is chemical and moisture resistant.  Fabrication should be possible using available methods and the basic concept should be easily integrated in multiple applications. 


Design Concepts Considered 

	The design concepts that were considered incorporated several methods for sensing temperature and were evaluated based on weighted criteria.
	All of the possible solutions were generated from extensive background research and were formulated within the scope of the design constraints.  Concepts were developed based on the following known techniques for measuring temperature: bimetallic expansion, resistance-based (with nano wire and CNT network concepts), thermocouple theory, and fluidic expansion. 
The concepts considered were not all based on using CNTs. Additional options might have made it possible to meet the design requirements without having to characterize the unique electrical and mechanical behavior of CNTs, which is a time consuming process that requires the use of costly nanomanufacturing processes for testing and implementation.  However, upon evaluating the design concepts based on weighted criteria that were developed from the needs and design requirements, it was determined that these alternative options would fall short.  Additionally, it would be hard to justify the novelty and advantage of the device if the employed techniques have been previously characterized and optimized for commercialization 
The most promising initial design concept is shown below in figure 2. It involves a SWNT network between two metal electrodes as a resistive temperature sensing element.  The entire device would be encased in Parylene C, a flexible substrate often used on micro and nano-scale devices that would protect the sensor from moisture and chemical exposure.  The concept incorporates a novel method for increasing the sensitivity of the device, the expansion element.  This element would expand due to an increase in temperature and would apply a perpendicular strain to the SWNT network, in addition to the predicted thermal strain in the Parylene substrate.  This would result in a higher change in electrical resistance of the SWNT network per degree, and ultimately a higher sensitivity in temperature measurement. 
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Figure 2: Initial expanding element concept


Recommended Design Concept 

	The recommended design utilizes a network of SWNTs between metal electrodes as well as an expanding element to control strain, and ultimately electrical resistance, in the network.


	Design Description 

The basic design concept was improved when a previous work revealed a previously characterized trend between the linear strain in a SWNT network and its electrical resistance.  The trend was useful only if the strain in the SWNT network was solely lengthwise, in a parallel direction to the network itself.  Any perpendicular strain would be hard to predict and would not allow the use of this strain-resistance relationship. Figure 3 below shows the improved concept, which allows the relationship to be used for calculations and result predictions.  Two gold electrodes are connected by a CNT network and the two (top and bottom) expanding elements work to stretch the network in the lengthwise direction as the temperature increases.
[image: image2.jpg]



Figure 3: Improved expanding element concept
Analytical Investigations

  The final design evolved from modeling of the improved concept.  Through the use of finite element analysis software as well as analytical hand calculations, the behavior of the device due to changes in thermal and mechanical conditions can be predicted; By using the previously characterized relationship between strain and electrical resistance in a SWNT network, it is possible to adjust the design dimensions and material selections so that the thermal expansion over the selected temperature range induces an appropriate strain in the CNTs to achieve sufficient performance.  However, the models only provide an approximation to the expected performance of the device.   A necessary next step will be to test the preliminary prototype and compare the performance results to modeling predictions. 
Experimental Investigations

       Prototypes of the basic SWNT temperature sensor will be tested by using a micromanipulator to apply a current through the electrodes.  A thermocouple will be used to measure the local device temperature while the ambient temperature is varied over the selected range.  Measurements of voltage and current will be recorded at each temperature and the electrical resistance of the device, as limited by the CNT network, can be calculated using the relationship V=IR. Resistance data will then be graphed versus temperature to obtain the temperature coefficient of resistance (TCR), a calibration curve for the prototype, and to provide trend information for the given temperature range. 
Key Advantages of Recommended Concept

       This concept represents a generic ultra-small-scale temperature sensor.  Unlike other small-scale sensors, the CNT based sensor can be utilized for many applications of precision temperature measurement.  Designing a generic sensor allows for batch fabrication and will ultimately lead to an affordable, ultra-small-scale industry standard sensor.  


Financial Issues
	Approximate overall cost of prototype is $549.
	  Because the processes required to fabricate the device are still relatively new, they are still quite costly.  It will be hard to commercialize the device until this cost goes down and it is currently unknown how soon this will happen.  Based on the current nanomanufacturing lab costs, the total predicted cost for fabricating the prototype sensor design is $549.


Recommended Improvements 
	Additional efforts are needed for complete testing and characterization of the expanding element concept, as well as for batch fabrication and commercialization of the SWNT temperature sensor. 
	     The time limit associated with the project will allow the team to prototype and test only the basic temperature measurement concept.  Based on the correlations between modeling and testing results for the basic concept, reasonable predictions can be made for the overall performance of the expanding element concept.  However, additional efforts are needed to properly test and characterize the novel concept.  It is also recommended that additional work be performed to study the repeatability, frequency response of the device and its active life.  Finally, future work is required for interfacing and connecting with the sensor to other device for in vivo and in situ applications.  
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