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EXECUTIVE SUMMARY

There is no reliable way, using the conventional semiconductor material (silicon), to detect temperature in extreme environments.  Silicon is well suited for a broad range of applications when operating below 250°C. To keep silicon based microelectromechanical systems (MEMS) within their operating limits while allowing operation in high temperature environments can be space and cost intensive, leading to impracticality for many applications [8]. In the area of remote temperature sensing, most silicon based temperature sensors are rated by their manufacturer for temperature sensing ranges of 0 -150° C.

This temperature sensor must be a small bolt on package capable of detecting temperatures up to 500° C and physically withstanding temperatures in excess of the sensing range.  To ensure accurate measurements, the tolerance of the device should be within ± .5° C at 25° C. For implementation into both new and legacy systems the sensor module will operate over a voltage supply range of +5V to +25V.

As an alternative to silicon we will incorporate silicon carbide (SiC), a new semiconductor technology being used in harsh environments. Research has shown that for a fixed maximal junction temperature a SiC device can sustain about twice the power than a Si device [9]. High temperature operation, wide bandgap, and high electric field breakdown are some of the desirable attributes that SiC possess [2].  First we will discover through our own testing the thermal characteristics of SiC as compared to Si.  After which, we will implement a design to sense temperature and transmit acquired data via a RS-232 interface to a personal computer utilizing a graphical user interface system for the temperature display.

By using silicon carbide, temperatures can be accurately sensed up to 500° C.  This is a dramatic increase of 333% above common rated silicon devices.  Even though the sensor may not be able to acquire exceptional temperature magnitudes in excess of 500° C, the device will physically withstand these environments without breakdown.  In addition, the design of this sensor will integrate analog to digital conversion in the microcontroller used for the serial interface thereby removing the need for additional chips to perform this operation.  This will reduce the cost and size of the overall package, which will make it well suited for integration into applications requiring multiple testing points. 

There will be an opportunity for further developments involving integration of this product with various other silicon carbide based sensors for other various applications. For example, other devices are being developed in conjunction this project that will sense vibration and pressure.  The final goal of the entire project will be to use microelectromechanical systems (MEMS) technology to incorporate all three sensing devices onto the same silicon carbide chip.  This presents the opportunity to test these related stresses from a single point source.  An integrated multiplexing device would allow for a single line acquisition of sensor data.  This will provide the opportunity for monitoring of these stresses in harsh environments where sensor data can be used  to  trigger  compensation  systems in order to allow  early prevention of possible problems.
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ABSTRACT

Silicon is well suited for many commercial applications, yet it has been shown through research that this material cannot withstand the severe conditions of various environments.  The objective of this project is to produce a temperature-sensing device that will operate in harsh environments, specifically high temperature.  This particular sensor is being produced for NASA to be attached to spacecraft for information gathering purposes.  The use of silicon carbide is essential for this device to operate within the high temperature range that propulsion systems and re-entry produce.

1.
INTRODUCTION

In about AD 170, the Greek physician and philosopher Galen proposed the first known standard of a “neutral” temperature, composed of equal quantities of boiling water and ice.   He proposed having four “degrees” of temperature on each side of this standard value.  Later, the idea of a device to measure temperature came with the development of the thermoscopes.  The thermoscopes consisted of a glass bulb having a long tube extending downward into a container of colored water. Some of the air in the bulb was expelled before placing it in the liquid, causing the liquid to rise into the tube. As the remaining air in the bulb was heated or cooled, the level of the liquid in the tube would vary reflecting the change in the air temperature. The addition of an engraved scale on the tube allowed for quantitative measurements of the fluctuations.  The air in the bulb is known as the thermometric medium, or the medium whose property changes with temperature.

In 1724, Gabriel Fahrenheit used mercury as the thermometric liquid. Mercury's thermal expansion is large and fairly uniform, remaining a liquid over a wide range of temperatures. Its silvery appearance makes it easy to read.  Fahrenheit made points of reference on his thermometer -- one being the freezing point of water, which he called 30°, and another being the oral temperature of a healthy man, which he called 96°.  Using this scale, he found the boiling point of water to be 212°.  He then adjusted the freezing point to 32° in order to get a scale with 180 divisions.  Thus was born the Fahrenheit scale, a scale still widely used today.  About this same time, Anders Celsius was the first to use the freezing and boiling points of water as the defining points.  Celsius’ temperature scale contained 100° from the boiling to the freezing point.  His scale initially used the boiling point as zero degrees and the freezing point as 100°. The Celsius scale is used worldwide, although the actual standard has the freezing point as 0° C and the boiling point as 100° C.

In 1780, J. A. C. Charles, a French physician, discovered that for the same increase in temperature, gases exhibit the same increase in volume.  This lead to the development of the constant volume gas thermometer, where the temperature rise of a trapped gas allows for a scale that is based on a singular fixed point instead of two fixed points as the Celsius and Fahrenheit scales use.  The relationship for temperature to the pressure of the gas in the tube has a constant linear relationship.  The scale has an absolute zero, which is defined for the temperature at which the pressure within the tube is zero.  With this point fixed there need only be one other point established.  This value is know as the triple point of water and is the temperature at which, water, ice, and water vapor all coexist in equilibrium.  This temperature is 273.16 Kelvin; the Kelvin unit in honor of Lord Kelvin William Thompson.  

Once the temperature scales were created, devices to measure temperature with reasonable accuracy were needed.  T. J. Seebeck, in 1826, discovered that when wires of different metals are fused at one end and heated, a current flows from one to the other. The electromotive force generated can be quantitatively related to the temperature and hence, the system can be used as a thermometer - known as a thermocouple. The thermocouple is used in industry and many different metals are used - platinum and platinum/rhodium, nickel-chromium and nickel-aluminum, for example.  Though thermocouples can sense heat in the range of which this project is there are drawbacks associated with it.  The response of the thermocouple is highly non linear, and has a high self-heating associated with it.

Sir William Siemens, in 1871, proposed a thermometer whose thermometric medium is a metallic conductor whose resistance changes with temperature. The element platinum does not oxidize at high temperatures and has a relatively uniform change in resistance with temperature over a large range.  This discovery lead to the creation of RTDs (Resistive Temperature Devices).  They produce a voltage drop caused by a current passed through the metallic material, and calculate temperature through a calibrated display device.  Though these sensors are very accurate, they are also very costly, since platinum is in high demand.

In recent years, silicon has been used to create small packaged temperature sensors readily suited for use in computer systems.  These devices are simple, linear, accurate and low cost.  All of these characteristics make the silicon temperature sensors and ideal choice for applications where cost and space may be a factor in the overall system constraint.  The drawback of utilizing a silicon-based sensing device is the limited temperature range in which it will operate.  Once the ambient temperature rises above 150° C, the sensor will not read properly because electrons will saturate the carrier concentration of the material with the silicon substrate flowing through the material.

2.    PROBLEM

For years, the push of technology has been to take existing products and make them smaller, lighter, more reliable, and more efficient. This push can be seen in the area of space travel, where system complexity far exceeds that of the common automobile or airplane.  As detection can be can be closely related to problem prevention, NASA has expressed needs for new, innovative ways to detect temperature in the harsh space environment.  Aircraft have used temperature sensors since the late 1930’s, but common temperature sensors will not stand up to the rigorous feat of space travel [1]. The most widely used semiconductor, silicon, has limited capabilities in the high temperature range [5].  This is where silicon carbide has emerged as the next semiconductor leader in demanding electronics applications where sensing of and operation in high temperatures is desired.  It allows operation in extremely high temperatures, faster switching time, and lower resistance.

NASA currently has no available means to detect temperature, pressure, and vibration in harsh, high temperature environments using a single, small unit.  In the interest of high temperature sensing, NASA has funded this project to help solve several problems involving high temperatures in the Space Shuttle program.  Our project involves the design of the temperature-sensing portion of a single unit sensor, which will later be incorporated into a MEMS (Micro-Electro-Mechanical Systems) technology device. A wide bandgap, outstanding techniques properties, chemical inertness, and compatibility with silicon micromachining techniques make silicon carbide (SiC) the leading semiconductor material for MEMS in harsh environmental applications [10].  The material is superior to standard silicon, and offers new possibilities in sensing applications where such harsh environments exist.  With its high temperature threshold, a silicon carbide sensing device will easily withstand the extreme conditions of rocket boosters, spacecraft reentry, as well as any other extremes that can be found in space [2].

The ability of the device to detect and withstand high temperatures is joined by many other factors.  There is also a need for the sensor to offer a quick response time (a low temperature time constant) [7].  With equipment costs ranging in the millions, detecting problems in their early stages could mean the difference between a successful mission and a costly disaster.  To aid in response time, a device manufactured in silicon carbide offers faster switching capability than that of silicon [3].  

Self-heating is a problem with temperature sensors because self-heating must be compensated for in order to obtain accurate ambient measurements.  The devices’ total circuitry will contain active devices that raise the temperature above actual ambient [4].  The total increase above the ambient temperature may not increase greater than that of the tolerance of the device for correct operation to occur.

Silicon carbide sensors offer many advantages over present devices. Using the silicon carbide technology, we will fabricate a device that addresses problems such as those expressed by NASA.  The device, having a high temperature range, quick response time, and small packaging will address NASA needs while adding efficiency to overall operation.

3.    OBJECTIVES

The design constraints for this sensor are as follows:

1. Temperature Sensing Range:  Our device will have the ability to operate in ambient temperatures ranging from 25° C to 500° C.

2. Ambient Operating Temperature:  The sensor must be able to withstand temperatures in excess of 500° C.

3. Tolerance:  The device must read temperature within ± .5° C at 25° C.

4. Self-heating:  The unit must not generate more than 0.5° C of internal heat caused by resistor power dissipation.

5. Transient Response:  The device will have a thermal time constant of less than 25 in still air and less than 5 in still liquid.

6. Reliability:  Our device will have the capability of making temperature readings accurately without frequent calibration.

7. Physical Packaging:  The unit must be small and lightweight, having a bolt-on design. 

8. Operating Requirement:  The device must operate within a voltage range of +5 to +25 Volts.

9. Cost:  The cost of the controller board and sensor will remain less than $300.
The purpose of this project is to produce a reliable temperature sensor fabricated in silicon carbide  (SiC) for operation with NASA equipment.  Due to the extreme temperatures NASA space vehicles encounter, the use of most widely used materials cannot be considered [6].  Silicon will under no circumstances operate at the temperatures required such use.  Silicon Carbide (SiC) is known to have much better properties than silicon, such as a wide band gap, high breakdown electric field, and good thermal conductivity [9].  The desired temperature range for the device is 25° C to 500° C.  A tolerance goal has currently been set for ± .5° C, but this tolerance is subject to change due to what is discovered throughout the testing process.

Under the extreme conditions, the sensor must show uncompromising long-term reliability and accuracy.  This consideration is very important for the effectiveness of the sensor, due to the fact that recalibration or replacement in the working environment is nearly impossible.  In addition, the response time of this sensor must also be considered.  Not only must this sensor provide repeated accurate readings, it must also be able to respond to quickly to large magnitude temperature changes. The sensor must provide continual, reliable monitoring.  

Size of the sensor is also of considerable importance.  The unit should allow placement onto the hull of a spacecraft without impeding the aerodynamics of the craft itself.  With this in mind, the device must be small and light weight.  When considering size, the operating requirements become important factors.  The voltage required to operate will range from +5 volts to +25 volts.
We intend to approach this problem by first comparing the resistance of silicon to silicon carbide. Recognizing the differences in the behaviors between Si and SiC will prove essential in creating a working model of the SiC prototype.  Once established, we will have a basis on which a software package can be created to test the prototype.

In order to develop prototypes, N-type junctions will be grown on SiC wafers.  This will allow us to vary doping levels in each wafer in order to determine the most efficient levels to use in the sensor.  Once the proper levels are determined, we will be able to complete the total temperature sensor package by adding the necessary components needed to complete the circuit.  Additional components (such as an A/D converter) will be needed to interface the device with the software, thus allowing visual representation of temperature to be displayed on a control panel.

3.1    Temperature Sensing Range

Current solid-state temperature sensors have a relatively low temperature range.  The silicon used to fabricate current sensors limits the temperature sensing range of the device to 125° C - 150° C.  Therefore our sensor will supply a demand for high temperature sensing applications with the use of silicon carbide.  Silicon carbide’s ability to withstand extreme temperatures without breakdown will allow us to push our device’s temperature range to 500° C.  That is a 333% increase over the current capability of solid-state sensors on the market.

3.2    Ambient Operating Temperature

Even though the sensor may not be able to acquire exceptional temperature magnitudes, it must physically withstand these environments.  Again, the ability of silicon carbide to withstand extreme temperatures without breakdown will allow survival in these cases.  SiC melts at an amazingly high 2200 °C, well higher than the projected maximum sensible temperature.

3.3    Tolerance

Tolerance can become a large issue when critical systems are monitored remotely with sensors.  If sensor readings skew from actual values, unnecessary compensation could adversely affect system efficiency.  Sensor readings from the SiC sensor will conform to a tolerance of   ± 0.5° C at 25°C in order to address this issue.  This tolerance will make our sensor comparable with other sensors currently available.

3.4
Self – Heating

Self-heating is a problem with some temperature sensors, such as thermistors.  Self-heating of a device will cause the temperature calculations to stray as the internal heat production of the device rises.  Our proposed silicon carbide sensor will maintain low self-heating (less than ½° Celsius).  The controller circuit component values will minimize the amount of power lost to heat dissipation, thereby reducing the amount of internal heat produced within the device and around the device.

3.5
Transient Response

Temperature readings from the SiC sensor will conform to a time constant of 25 in still air and 5 in still liquid.  This will allow the sensor to deliver temperature changes promptly. 

3.6
RELIABILITY

The reliability of the unit is crucial to practicality.  Our sensor will not require constant calibration.  This device will be capable for reuse in the field without the need for recalibration of the sensor.  This requires devices used throughout the system to be of strict tolerance, and brings a streamlined approach to the system, since the system should be less likely to fail if the number of critical components can be minimized.

The sensor should be able to withstand not only the extremes of its sensing range, but also the extremes of its ambient operating temperature for up to an hour.  Afterwards, the sensor should return to proper, accurate operation upon reaching temperatures that are once again in the sensing range.  At least one thousand cycles such as this should be acceptable for the life of sensor.

3.7
PHYSICAL PACKAGING

Intelligent packaging will allow the device to be placed on the outer hull of the spacecraft without the need for compensation.  This will be accomplished through a small bolt-on package.  The packaging is crucial to the air resistance the device would create, and higher air resistance would mean cooling the sensor during possible operation time, when accurate readings would be desired.  The size of the device controller on board will be restricted to 2 ¾ square inches length and width, with a one inch maximum height.

3.8
OPERATING VOLTAGE

The allowable operating voltage will range from +5V to +25V.  This facilitates operation from a variety of power sources.  The wide range allows for use with newer equipment, which usually contains +5V sources, as well as integration into older equipment where standard +5V supplies may not be available.

3.9
COST

In order to stay in competition with the other high temperature sensors currently on the market, our unit will have a relatively low cost.  The desired cost for the sensor/control board unit will remain less than $300.

4.    APPROACH

The temperature sensor design is separated into three sections.  The first section contains the silicon carbide p-n junction that will physically “sense” the temperature change.  The second is the controller board and interface that will read a voltage from the sensor and convert the value into a digital signal, which will be sent to a personal computer via a DB9 serial interface.  The last section is the software interface that will calculate and display the temperature given the output from the sensor.  This software package will also include various specialized functions for logging and graphical representation.

4.1    Silicon Carbide Sensor

The silicon carbide sensor will be made using a p-n junction.  This junction will function as a temperature dependent resistor in a resistor network whose output voltage will be digitized and input into a personal computer for processing.

4.1- 1    Geometric Parameters  

The p-n junction resistance  is given by the following equation:

R = (L / A
where ( is the resistivity of the material, L is the length of the sample, and A is the cross-sectional area of the sample (i.e. width x thickness).  For a given resistivity, the minimum and maximum resistance of the junction will be given from the above equation.  It is important that the range be sufficient so that the values of the resistance will be distinguishable for the tolerance specified. Also it is important not to vary resistance too extremely as that will cause a large output voltage that will peak additional component input voltage ratings and cause a plateau for several values.  

The value of resistivity, (, is determined by the following equation:

(=1/(n * q* (n)
Where n is the total number of charges (doping concentration “level” Nd + intrinsic carrier concentration ni), q is the charge of the electron, and (n is the mobility of the electrons. The intrinsic carrier concentration ni is calculated using the following formula:

ni=sqrt(Nc*Nd)*e-Eg/2*k*T
where Nc and Nv are constants used, Eg is the bandgap energy in eV, k is a constant, and T is temperature in Kelvin. The only problem that exists is that (n is dependent on temperature and there is no equation to express its dependency on temperature. The only way to solve this problem is to use experimental data of (n and try to come up with equation of the line that will fit the curve from experimental data. Using the graph provided to us by Dr. Jeffrey Casady, we were able to use MathWorks Software’s MatLab package to assist in deriving the equation for (n. The calculated equation is as follows:

(n=(2.5E7)*T-2
The following graph shows how our plot matches the actual experimental plot:
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Figure 4.1-1 – Electron mobility vs. Temperature for SiC

4.1- 2    Device parameter design

By using the geometric parameters, we can now proceed to design the actual device parameters. 

The first consideration is the doping level. By keeping the resistance of our sample high, we will be able to detect resistance change per degree without worry about signal to noise ratio or any other effects. To get the high resistance, a low doping level is needed. This is explained by the fact with low doping levels, there are not many carriers and therefore the resistance of the material is higher. Due to the cost requirements, we decided to use a 1E16 doping level. This doping material has not yet been determined, yet this element will be kept constant throughout the process.

The second consideration is the thickness of the epi layer. This is important because thickness will affect the cross-sectional area in the resistance formula:

Area = thickness * width

Again, due to the cost requirements, we decided that the thickness should be 5(m. This will be  another element kept constant throughout the process.

The third and final parameter is to vary width of the contacts and distance between the contacts. By increasing the width and keeping the distance constant, the resistance will decrease. Also, by increasing the length and keeping the width constant, the resistance will increase. The following graph illustrates this process.

[image: image18.wmf]Resistance Vs Temperature

0

1

2

3

4

5

6

7

8

9

0

50

100

150

200

Degrees Celcius

Resistance (Kohms)

10 5000

20 5000

50 5000

100 5000

20 1000

50 1000

100 1000


Figure 4.1-2 – Resistance vs. Temperature for SiC

By comparing these curves, we have decided to use the following values: width will be 5000(m and length between the contacts should be 20(m. These values were chosen because they will produce the most linear increase in resistance over the temperature range that we are concerned with. This graph is represented as the red dotted line on the previous graph.

4.1-3 Mask Layout

In order to fabricate the silicon carbide junction that will be used to sense the temperature changes, a mask will be produced to outline areas for etching and metal placement on the wafer.  The mask design will be done in LASI 6 design software for the Microsoft Windows environment.  In addition, the mask will also consist of various test structures.   The layout can be crucial to the cost of the overall device, due to the fact that the SiC wafer is the most expensive part of the system.  The spacing of the layout must produce the maximum number of devices possible in order to minimize cost per device.

4.1-4    Fabrication
The first step of the fabrication process is doping the intrinsic semiconductor (SiC) with either n or p type material. Typically, for n type material we would use group V elements (Nitrogen [N]), and for p type material we would use group III element (Boron [B]). The process is done with EMRL’s SiC epitaxy reactor (Figure A-1). During this process the sample is places inside the vacuum environment, and it is heated to approximately 1500-1550°C depending on process and the application needed. The dopant is inserted at constant rate over several hours. The usual thickness of a layer is approximately 2.5(m per hour. This way we can control the thickness and doping level just by setting the parameters on the begging of the run (amount of dopant, dopant type, time duration, etc.).

The second step in the process is sputtering the sample with the metal. This is done in EMRL’s Thin Films Laboratory with Sloan DC Sputtering system (Figure A-2). The reason for doing this is to make contacts on the semiconductor to which the connector wires will be attached through wire bonding. The metals usually used are Aluminum [Al] and Nickel [Ni].  The process is done under vacuum where the sample is sputtered with metal particles that are heated until the particles evaporate onto the surface of the exposed semiconductor substrate. Varying the time that the sample is exposed in the chamber alters the thickness of metal layer.

The third step is to etch out the highly doped layer of SiC and metal layer between the contacts thereby exposing the lowly doped SiC and forcing the current to go through this lower doped region. The etching is done in EMRL’s Thin Films Laboratory with plasma RIE system. Etch rate can be varied from 10 nm/minute to 150 nm/minute by varying the chemistry, power, pressure, or electrode-to-sample spacing of the system.

The forth step is called contact annealing. This process is done in EMRL’s Contact Anneal System (Figure A-3).  The purpose of this step is to make ohmic contacts instead of Schottky contacts. This is important because ohmic contacts allow a much greater current flow without any barriers. The process involves heating the sample to approximately 900° C to initiate chemical reaction between SiC and metal that was deposited on the surface. Metal atoms are combined with SiC atoms and silicide mass is formed. Also in the process the oxide mass is formed on top of the silicide mass. This oxidation be removed using the hydro-frolic acid [HF] so that silicide mass is exposed and ready to be packaged.

The fifth and final step is packaging. It is done using the Micro-Manipulator Probe Stand. This is when the sample contacts are connected with gold wires to the outside connectors. Usually the finished sample is loaded into the pre-made holder. This holder has pins that will be connected by wires to the bridge.        
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Figure 4.1-4 – Cross sectional sensor view

4.2    Controller Board
The function of the controller board is to take the resistance of the SiC device and relay this information to a computer for temperature calculation.  The controller board will consist of a whetstone bridge, an analog to digital converter, voltage regulator, and an RS-232 serial interface to a personal computer.  The controller board will run independently of the software, and since the device will constantly transmit temperature information via serial port and will come pre-programmed to perform its tasks, there is no chance of accidentally reprogramming the controller board thereby causing malfunction.

4.2-1    Whetstone Bridge
Almost as old as the concept of electrical circuits is the Whetstone Bridge.  The bridge was originally designed to determine the value of an unknown resistance.  In our configuration, it is used to determine an output voltage from a variable resistance, as well as reference voltages from fixed resistance values.  The Whetstone bridge configuration employed by our device is shown below:
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Figure 4.2-1 – General Whetstone Bridge Configuration

When R2 and R4 are fixed resistances, and the variable R3 is equal to R1, the potential difference between the output terminals is zero.  In this case the bridge is balanced.  For the temperature sensor circuit, the design zero will be the design specification high temperature.  As the resistance increases with temperature the amount of voltage “dropped” across the variable resistance will decrease causing the output voltage at Vout+ to decrease as well.  Therefore, the output voltage of this circuit would vary negatively with respect to temperature.  The design of this device will not employ the common approach of taking the difference of the output terminals, but will use the bridge to allow greater output sensitivity to a temperature change.  

Another advantage of the Whetstone Bridge is that it allows for easy adjustment of the circuit to match resistance values from the SiC that could vary from the theoretical models.  In the event that the theoretical range of the SiC resistance is incorrect, the values of the other resistances in the bridge can easily be adjusted, resulting in a very flexible design requiring quick easy component changes versus time-consuming program code changes.

The values of R1, R2, and R4 can be chosen in order to produce easily interpreted output from the bridge.  R1 should be set to the value of R3 at 25°C, and R2 and R4 should both be set to the value of R3 at 500°C.  Through simulation data, a somewhat linear response curve can be obtained over the temperature range when employed in this configuration.  When the source voltage is at least 3.1V, the bridge produces a range of values with voltage increments greater than that of the A/D threshold voltage for each .5°C step.  Still, this source voltage must not exceed +5.5V due to the limitations of the inputs of the A/D converter.

The design of the circuit and its output to the A/D converter and references is quite simple, yet effective.  Not only does the circuit draw very low current from the source (around 375 uA maximum with a +5V source and using the calculated R3 values), it dissipates very little power, thereby not generating large quantities of heat itself.  The low cost of the resistors combined with a requirement for only 5 per controller device bring down costs compared to that of a circuit requiring amplification.

4.2-2 Voltage Regulation

Voltage regulation provided by the Motorola 78M05.  The 78M05 will be implemented on the controller board and is essential to ensure that the sensor can be incorporated into legacy systems where standard +5 VDC sources of most modern day systems are not present.  This gives the device flexibility in applications not bounded by those of spacecraft alone.

The 78M05 regulator will be used to adjust the +5V to +25V input voltage to the controller to a regulated +5V supply for the bridge circuit and the VCC for the PIC microcontroller.  Excessive voltage would be harmful to the microcontroller, as well as drive the voltage levels output by the bridge to indistinguishable levels.  The voltage regulator will be accompanied by small capacitors used to filter both input to and output from the regulator.  After consideration, the series “M” chip was decided upon to supply an adequate current at the rated output.  It will not require a heat sink for dissipation with the lower current drawn from our design.
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Figure 4.2-2 – Voltage Regulator Implementation

4.2-3
PIC16773 Microcontroller
The Microchip PIC16C773 is a very flexible microcontroller with many features.  The device employs a 20MHz processor, onboard A/D conversion, and USART serial communications.  In our application, this device is a great way to limit size and complexity of our controller board.  By using the PIC, we were able to offer a single-chip A/D and controller solution.  The A/D converter is a 12-bit 6-input type, allowing for future expansion of up to 6 sensor/bridge combinations to this same controller.  The controller offers programmable functions, and could be used in the future to perform the temperature calculations on-board and output them to an LCD in applications where controlled environments allow for closer user proximity to the controller board device.  Each of the following subparts explains the role of the subsystem of the PIC.

The PIC16C773 microcontroller was chosen after comparison to various other microcontroller models that offered on-board A/D conversion, but was the only one that offered the needed 12-bit resolution with low cost.  Outboard A/D chips were also considered, but with single input chips costing as much as half the total cost of the 8 input PIC, these were dismissed due to the desire to incorporate more sensors to the single control board in the future.
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Figure 4.2-3 – Microcontroller Implementation

4.2-3.1    Analog to Digital Converter

Analog to digital conversion will be performed by the Microchip PIC16C773 microcontroller.  The PIC contains a 12-bit A/D converter, which provides enough quantization levels to produce the required tolerance specified in the requirements section.  The original specification called for a 10-bit A/D.  However, the 10-bit A/D allows very little room for deviation from linear response as it provides the computer 1024 values of temperature.  A perfectly linear sensor output will require 1000 different digital values to achieve ± 0.5°C accuracy through the 0° C to 500° C range.  Through simulation data (see graph 4.2-4), the resistance of the p-n junction was found to be near linear, but not ideal.  The 4096 levels provided by the 12-bit A/D will insure that the small voltage changes in the non-linear regions will be distinguishable.  Software interpretation will be used to compensate for the non-linear response of the circuit.

The A/D itself can only sense voltage changes on the order of 1mV, so the input to the A/D must increase by at least 1mV for a .5 degree C increment throughout the temperature sensing range.  Also, the input to the A/D converter must stay below the source voltage to the PIC chip + .3V.  Since the same +5V source used to power the bridge will also power the PIC chip, this is addressed by the design.

The A/D, in addition to its voltage inputs, also contains inputs for reference maximums and minimums (Vref+ and Vref-).  In our configuration, the Vref- is the case when R3=R4, which causes an exact voltage division across the resistors.  Therefore to obtain a steady Vref- of one half the source voltage, a simple voltage divider with equal resistances can be used.  Vref+ is the case when the temperature is lowest (therefore causing the output to the A/D to be its highest).  The voltage division of R1 and R2 readily provides this value.  Example of this configuration is shown below:
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Figure 4.2-4 – Resistor network voltage outputs to A/D converter

In this circuit, “Fixed Low” and “Fixed High” represent the lower and upper bounds of the variable R3 over the temperature range.  Using this circuit to feed the A/D input and references is quite simple, yet very effective.  The circuit needs no amplification, thereby cutting costs of devices and power requirements associated with amplifier circuitry.  Also, since the A/D input and references are the same basic circuit design and all are connected to the same source, anomalies such as noise and source voltage fluctuations cancel themselves out.  For example, the close proximity of the resistor network will mostly contain the same amount of noise signal in each.  When this noise signal is equal and present at both input and reference pins, the effective A/D conversion “window” is shifted equally to the input shift, meaning the interpreted logical value would be the same as that in a noiseless environment.  This “shift” effect is also seen in the fluctuation of source voltage, which is already minimized by the 78M05 voltage regulator.

4.2-3.2    Low-Level Serial Interface

The low-level serial interface will also be supplied via the PIC microcontroller.  The PIC can be programmed to read the output from the A/D subsystem and digitally transfer to the serial subsystem.  The serial controller will be run in asynchronous mode to interface with the line-level driver chip.  The internal low-level serial interface allows for easier configuration when used with the line-level driver as opposed to slaving the line-level driver directly to PIC output ports.  

4.2-4    Line-Level Serial Interface

With the low-level serial interface provided by the PIC microcontroller, serial communications to a PC would not be possible, due to the RS-232 standard requiring higher voltages for line-level communication.  The device of choice here was decided to be the MAX233CPE. The MAX233CPE requires only a +5V source voltage and converts the input on-board into +10V for line-level use.  Each MAX233CPE contains both a pair of transmitters and a pair of receivers.  Package type is a 16-pin plastic DIP.  Also, the MAX233CPE does not require any external components for operation.
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Figure 4.2-5 – Serial Line Driver Implementation

Also considered was the MAX232CPE.  The MAX232CPE is basically identical to the MAX233CPE, except that the MAX232CPE requires outboard capacitors.  The MAX233CPE was chosen for ease of replacement where a 16-pin DIP socket is used to hold the driver.

4.3    Software Interface
The Microsoft Visual Basic suite will be used to create the software interface.  Visual Basic was chosen due to its ease of use.  This choice was also in consideration of the end user being able to easily customize the interface to their needs, whether as simple as cosmetic GUI changes or integration with databases.

System monitoring will be accomplished through a histogram of temperature readings for a range specified by the user.  Special functions such as high temperature alarms and invalid input indicators will be integrated to alert a user of a possible problem.  Values will also be stored into a database for later reference.  The database backend used will be Microsoft SQL Server 7.0.  SQL Server is a very robust, reliable database server package using structured query language.  Integration of a web-based solution could be implemented where the web page reads the values from the offsite database backend.
5.    TEST SPECIFICATION

Testing of the silicon carbide temperature sensor will be performed using university provided software packages, equipment, and facilities.  MATLAB and other software simulations will be conducted to verify that the circuit produces a useable output and the software yields the corresponding temperature values for that output over the proposed temperature range.  Mask design will be performed using LASI 6 software.  This mask will be used to produce the silicon carbide chip that will perform the temperature sensing.

Table 1 outlines the scope of the testing process to verify the circuit design will conform to the specified design constraints.  Each constraint must be met in order for the design to operate efficiently in the daunting environment for which it is designed.  Pre and post-production tests are outlined in this matrix.

	Design Constraints
	MATLAB
	Heating Chamber
	Performance Testing
	Software Simulation


	LASI 6

	Temperature Range
	(
	(*
	
	
	

	Operating Temperature
	
	(*
	
	
	

	Tolerance
	(
	
	
	
	

	Mask Layout
	
	
	
	
	(

	Operating Voltage
	(
	
	
	
	

	A / D Conversion
	(
	
	
	
	

	Software Interface
	
	
	
	(
	

	Reliability
	
	
	(*
	
	


Table 5-1 – Tests for Operation of the SiC Sensor

(*) Denotes a test to be performed after fabrication of the device.
5.1
Temperature Range

The temperature operating range requirement is from 0° C to 500° C.  Using silicon carbide models written in MATLAB, the circuit will be simulated over the required temperature range.  The output from this temperature sweep will be plotted to graphically depict the circuits’ functionality through the region, ensuring proper operation of the sensing unit.  Also, the actual fabricated device will be confirmed in post-production testing performed in a heat chamber.  

5.2
Operating Temperature

This post-production test will demonstrate the ability of the silicon carbide chip design to survive temperatures in excess of its sensing range.  Though the circuit is only guaranteed to sense to 500° C, it must be able to withstand higher temperatures in the event of a sudden increase in ambient temperature above 500° C.  Testing of this attribute will be performed using a heating chamber supplied by the Emerging Materials Research Laboratory.  While in operation, the sensor will be heated above 500° C.  Once heated, the sensor will be brought back below the sensing threshold and will resume operation according to design constraints.

5.3
Tolerance

Tolerance of the device, ± .5° C at 25° C, will be tested through MATLAB simulation and oscilloscope measurements.  Pre-production testing will utilize MATLAB to plot the output signal versus temperature during a temperature and voltage sweep simulation to verify that the change in the output signal will not cause a swing in temperature readings greater than the tolerance specified in the design constraints.  After production, testing of this constraint will involve laboratory measurement using an oscilloscope.

5.4
Mask Layout

After the device parameters are designed the mask for fabrication will be created.  LASI 6 software will be utilized for the mask layout.  The layout must be done so that a wafer will produce enough devices in order that the cost per sensor does not exceed the cost requirement of the design.  Simplicity of the mask layout will also effect cost, as time involved with cutting devices from the wafer will depend on simplicity.

5.5
Operating Voltage

A MATLAB file simulating a DC voltage sweep will be conducted to verify that the circuit will operate using an input voltage of  +4.8 to +5.2 volts to the controller board.  The range is due to rated fluctuation in the output of the voltage regulator.  Any voltage fluctuation must not cause the device to perform erroneously.

5.6
A / D Conversion

The signal produced from the sensor will need to be digitized to interface with a digital computer.  The A/D circuit will need to be matched to the output of the device to obtain the correct resolution for the specified design tolerance.  A theoretical minimum of 10-bit resolution is required to represent the 25° C to 500° C temperature range with a ± .5° C tolerance.  Some additional resolution may be required to handle non-linearity associated with the SiC sensor.

5.7
Software Interface

The software interface will be simulated using a subroutine that will mimic a digital signal passed to the program.  The program will then produce a temperature output corresponding to the data input from the subroutine.  Also, since the A/D converter will only operate on a certain voltage range, a variable DC voltage source could be set up in order to simulate output from the bridge in order to test functionality of the software interface for advanced functions such as the histogram and logging.

5.8
Reliability

This testing constraint will be performed after production of the prototype.  In order to assure reliability of the sensor, the circuit will be placed in a variety of environments with outside “noise” and a wide range of ambient temperatures.  In order for the device to be considered “reliable”, it must operate equally well in all environments without the need of recalibration.  Each test period will consist of three days continuous operation in the respective environment.

6.
TEST Certification

6.1
Temperature Range

The temperature range of the device is specified to be 25° to 500° C.  Using characteristic semiconductor equations for silicon carbide, a MATLAB M-file was created to simulate the resistance of the silicon carbide junction.  This test was needed to prove that the resistance change for each half-degree Celsius is large enough to produce at least a 1 [mV] change in the voltage from the bridge circuit due to restrictions of the analog to digital converter.  The design equations for the junction listed in the approach were used to create the following plot:
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Figure 6.1-1 - Resistance vs Temperature design values

The range of resistance obtained provides a resistance slope over the temperature range that produces a voltage greater than 1[mV] per one-half degree Celsius.  The slope for the plot is not uniform throughout, but maintains a value in the range of 1.6 to 2.1 [mV].

The further testing of the sensor range will occur after fabrication of the device, when it will be heated in the heat chamber.  The heat chamber testing will be used to verify the device performs to theoretical calculations.

6.2
Operating Temperature

The circuit is designed to measure temperature in the range of 25° to 500° C, but it is very desirable for the sensor to survive even higher temperatures in the range of 500° to 1000° C.  This should not pose a problem for the sensor, since the melting point of silicon carbide is above 2000° C.  The testing of the operation range will occur after fabrication of the device, when it will be heated in the heat chamber.  According to our research, the temperatures above the 500° level should not effect the integrity of our sensor.

6.3
Tolerance

The ± .5° C at 25° C proposed tolerance was tested through MATLAB simulation.  With the proposed device parameters (L=50um, W=20um), the device was proven to have a significant resistance change throughout the sensing range for each .5° step.  This resistance change was used along with the other fixed resistance values in the bridge and related to the +5V voltage input to the bridge to simulate output to the A/D converter.  Since the response of the sensor was not linear, the software algorithm to change the digital representation back to a temperature value was tested also, and was found to be accurate within the specifications throughout the range.  The details of this test are shown in the analog to digital converter section.

6.4
Mask Layout

The mask layout was carefully planned in LASI 6 in order to maximize device count per wafer.  Also, the mask was required to contain other structures such as Schottky diodes that will be used in characterization of the material.  

The layout for this device was drawn out in the LASI 6 mask design software package.  With this software the individual cells that hold the device drawings themselves were produced.  Eight different devices with different geometric parameters were produced to increase the probability of a usable device.  Producing multiple devices of multiple parameters allows for errors that could have occurred during and theoretical simulation of the output of each device.

Spacing for this device is critical.  To provide adequate spacing for the testing of each cell and the cutting of the wafer the cells themselves are 8 x 8 millimeters.  Each device was then drawn inside its own individual cell.  The devices were placed at a spacing of 3.5 mm from the edge of each cell to place the device itself in a much better area of the wafer.  This maximizes the number of devices we can place on a wafer thus reducing the cost of an individual device as well as minimizing the amount of unused space on the wafer.  To allow for the size of the diamond blade that will cut the cells out of the wafer each cell is also spaced a distance 200 (m from each other.

The mask for this device is only one layer.  This does not mean the device is made of just the substrate and contacts.  The epi layers that will be grown on the substrate will be uniform over the entire surface of the wafer.  Therefore the epi layers do not have to be accounted for in the layout drawing of the device.  The layer that is drawn is simply the outline of the contacts that will be placed on the epi layers grown.  This layer is also the etching guide that will be used to etch away the n+ layer between the contacts.
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Figure 6.4-1 – Single Device Layout in LASI 6
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Figure 6.4-2 – Multiple Device Wafer Layout in LASI 6
6.5
Operating Voltage

The MATLAB M-file used to simulate tolerance and general accuracy was proven using a standard +5V input.  However, the 78M05 chip used in our design can only guarantee regulation from 4.8 to 5.2 volts.  Therefore, the voltage input parameters were changed to both 4.8 and 5.2 volts.  Through the test, the tolerance and accuracy were virtually unaffected through the range.  This is due mainly to the implementation of the analog to digital converter, which is addressed below.

6.6
Analog to Digital Conversion

Apart from the actual temperature sensing by the silicon carbide device, the analog to digital conversion is effectively the most critical part of the system.  MATLAB was used in testing of the conversion, all desirable temperature values were simulated, and their respective voltage levels were input to the A/D input.  Also, the reference voltages for the A/D were set with the highest and lowest levels that would be output by the bridge, being Vref+ and Vref-.

In this test, the A/D input range defined by (Vref+ - Vref-) was divided by 4096 (212) to obtain the voltage increment for each logical step.  Then, the matrices for the desirable temperature values and the corresponding SiC resistance were looped through in order to ensure that each successive .5 degree C increment would cause a change at the bridge output of at least 1mV, the minimum change detectable by the A/D.  Next, these values were compared with the logical step size vector to prove that each temperature level would correspond to a distinct digital representation.

In each test, the A/D was shown to handle the equivalent input of each temperature step.  It could then interpret the input into a distinct digital representation.  This distinct representation can then be passed to the software for reconstruction of the temperature value.

Figure 6.6-1 – Flow Chart of A/D Process Testing
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6.7
Software Interface

Visual Basic was utilized to create the graphical user interface, which is shown below.  The algorithm used to calculate a temperature output from the digital signal sent to the program via the serial port was tested in MATLAB.  

The algorithm was designed using an ideal response of the silicon carbide junction and uniform flat top sampling of the signal with 4096 levels (corresponding to the 12 bits of the A/D converter) to be incorporated in the design.  The software calculates a temperature value from the decimal value of the various digital levels using a 10th order polynomial.  This approach was chosen to suppress errors in the output due to variations in the source voltage.  The accuracy of the ideal response algorithm was, at worst, 0.13°C away from actual ambient, which is within the 0.5°C tolerance set by the test specifications.  The actual circuit response will vary from this ideal response and correction to the code may be needed if near theoretical values of silicon carbide temperature response are not obtained through the fabrication of the device.
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Figure 6-7.1 - Screen-shot of graphical user interface
       Figure 6.7-2 – Flowchart of Software Testing

6.8
Reliability

The reliability of the sensor is defined to be the ability of the system to produce accurate and repeatable results in a wide range of operating environments.  The unit must survive during extended exposure to the extremes of its operating range, and then make accurate measurements once returned to its sensing range.  This constraint to the design will be measured once the system is fabricated in the spring.
6.9     Cost Analysis

The number of devices per wafer and t he overall yield of the fabrication process affect the silicon carbide sensors’ cost.  The cost of the sensor is broken down as follows:



Silicon Substrate:
$2000



Epitaxy Growth:   
$600



Fabrication Run:   
$400



Devices / Wafer:   
25

The yield is approximated to be 90% for each of the fabrication procedures resulting in a 72% overall yield.  This will result in 18 usable devices per wafer.



Cost per sensor = $3000 / 18 = $167.67

The controller board cost was to remain below thirty dollars.  The parts specified for the controller board are broken down as follows:

	Part
	Vendor
	Quantity
	Unit Cost
	Total

	Motorola

78L05
	Allied
	1
	$0.77
	$0.77

	Microchip

PIC16C773-I/SP 
	Allied
	1
	$6.66
	$6.66

	AMP DB9 Male Right Angle .318PCB 
	Digi-Key
	1
	$0.47
	$0.47

	AMP Banana Jack, Black 
	Digi-Key
	1
	$0.63
	$0.63

	AMP Banana Jack, Red 
	Digi-Key
	1
	$0.63
	$0.63

	AMP Solderless Banana Plugs (one red, one black)
	Digi-Key
	1
	$1.63
	$1.63

	Printed Circuit Board
	MSU ECE Laboratory
	1
	Estimated $15.00
	$15.00

	4.53 kOhm resistor 1%
	Digi-Key
	1
	$0.07
	$0.07

	27.4 kOhm resistor 1% 
	Digi-Key
	4
	$0.07
	$0.28

	2.21 kOhm resistor 1%
	Digi-Key
	2
	$0.07
	$0.07


 =============

Controller Board Total:   $26.61

Total Cost per Usable Device: $194.28

7.
Hardware TEST verification

7.1
Temperature Range

After fabricating the device, we performed an I-V measurement of its resistance over a temperature sweep from 25°C to 150°C.  This was done using a hot chuck with ability to electronically control the temperature of its surface.
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Figure 7.1-1. I-V Testing

We measured the resistance change of several samples so that we can get better idea of resistance change over the temperature range.  The results of this sweep showed results contrary to the simulated response.  Instead of the resistance increasing as temperature increases, the resistance decreased with a temperature increase, which is opposite to the results our model predicted.  The results obtained from the temperature sweep are shown in Figure 7.1-2.


 

   Figure 7.1-2: Resistance vs. Temperature Sweep Measurements 

7.2
Operating Temperature

To test the sample, it was wire-bonded in the EMRL laboratory.  Wire bonding was performed using the EMRL wire-bonder at 180°C using gold wires.  However, the approach of wire bonding will not provide the temperature durability necessary to meet the 1000°C upper limit of the operating temperature range.  In order to meet the temperature requirement on a commercial production of the sensor, mechanical contacts composed of metals capable of withstanding 1000°C will used instead of wire-bonding.

7.3
Tolerance

Due to the fact that the sample produced undesirable resistance versus temperature response, the tolerance of the design was not evaluated.  

7.4
Mask Layout

The mask layout for the temperature sensor was adjusted from the original design.  Originally a single cell, 8 cm X 8 cm, contained just a single device with the placement of Schottky diodes inside each cell.  Through further consideration of the cost involved, more devices were placed into a single cell to reduce cost.  To maximize the number of devices produced in a single run (one fabrication run costing the same no matter how many devices are present) we placed many devices in a single cell and repeated the cell over the area of the wafer as shown in Figure 7.4-1.  As shown in Figure 7.4-2 there is a separate row of devices with a different value for the width (1000 um) than was originally considered.  Using the 1000-micron width allows us to increase the device number significantly.  Also under further consideration a 2nd cell was added with the length equal to 100 microns, 500 microns, and 1000 microns using both width values, 1000 and 5000 microns.  The substantial increase in device number provides a means to formulate a characteristic Resistance vs. Temperature response for the devices.  The diodes present in each cell are present for the purpose of C-V characterization.  C-V characterization is needed to provide an accurate measurement of the doping concentration of the thin epitaxial layer.  If the substrate used to produce the devices is without defects and the epitaxial layer growth is uniform over the wafer surface, then the only factor that will vary the response between each device is the geometric dimensions.

Silicon carbide is a very expensive material; therefore using all the available space on a sample is very cost effective.  Also with the device number increase that was done we have significantly reduced the cost associated with production of one sensor, and thus one entire temperature sensing system.
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Figure 7.4-1 – 3X3 in. Square of Alternating Rows of the 2 Device Cells.
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Figure 7.4-2 – This cell encloses 8 devices and 4 diode structures.

7.5
Operating Voltage

The PCB screw-down type input terminals accept the controller board power. Two terminals each for positive and negative input offer the ability to easily parallel the board with other devices on the same power line. The input voltage to the controller board first undergoes regulation before it is used to power the other device components.  A 10uF 35V electrolytic capacitor is used as a filter of the input voltage before regulation.  Protection is given by the use of a 1N4004 diode rated at 1.1A, which allows for over current protection of the entire circuit.  The diode output is then fed to a 78L05A voltage regulator.  The output of the regulator is then high and low frequency filtered with both 10uF and .1uF electrolytic capacitors before feeding the various controller components.  The output of the 78L05A regulator is a 5V DC source to power the resistor network, microcontroller, and the RS232 line driver.

7.6
Analog to Digital Conversion

At the heart of the controller board is the Microchip PIC16C773 microcontroller.  The microcontroller is used to read the analog signal from the SiC sensor and output the digitized data via RS232.  A 4Mhz crystal is used as a clock source for the microcontroller, and the crystal is coupled to ground using two 22pF ceramic disc capacitors.  Pin 2 is the A/D input, and is connected to the SiC/fixed resistance divider, while a 10uF capacitor acts as a filter for the A/D input.  The A/D reference voltages are input to pins 4 (Vref-) and 5 (Vref+).  The reference voltages are tied directly to the same regulated 5V supply that feeds the SiC sensor. This eliminates the need for tight regulation of the supply voltage due to the fact that the SiC/fixed resistance divider will always output as a function of supply voltage.  An extra 42k ¼W resistor is required to function as a pull-up for the MCLR line of the microcontroller, and can be grounded in order to reset the microcontroller.

In order to take the RX/TX signals of the microcontroller and convert them to line-level signals for cable connections with the computer, the Maxim MAX233 is used.  The MAX233 is a simple line driver chip where the 5V microcontroller signals can be input, and 15V line levels can be output to the DB9 serial port.  Unlike other line drivers, no external capacitors are required, and only a single +5V power source is required.  Processing of the signal is performed in the visual basic software interface.

7.7 Software Interface

TempCenter was created using Microsoft Visual Basic 6.0 and uses the MSCOMM control for serial communications.  TempCenter is a basic graphical user interface for temperature display.  Development in the Visual Basic environment ensures the end user can modify the program for custom functionality.

The baud rate, COM port, and characteristic equation are set under the ‘Settings’ menu.  The baud rate must match that of the microcontroller (1200 baud used throughout our models).  The COM port needs to be set to the location of the cable connecting the sensor control board.  The characteristic equation is used in temperature calculation, and is generally device specific at this time, due to the current inconsistencies with sensor manufacturing.  Once these settings have been made correctly, the sampling interval can be entered from the front panel, and operation can begin.  

Upon clicking the “Start” button, the TempCenter begins to request and read data from the sensor control board.  The data is requested by sending any single ASCII character to the control board.  The control board then responds with a four character hex string.  This hex string denotes the current logical reading from the sensor that is fed to the A/D input on the microcontroller.  The software converts this to a decimal value, and uses the characteristic sensor equation (in the Settings menu) to determine the temperature value.

The interface also includes some small, yet useful features.  The histogram window shows a graphical view of the last 120 samples.  There is also a graphical thermometer scale for the present real-time value.  Average, high, and low temperature values are listed below the current temperature display.

Also included is the ability to log temperature and date/time information to a SQL database.  When the “Use Database” box is checked from the front panel, the database information is available on the right side of the window.  Clicking on the word “database” will slide out the setup bar for the database.  The DSN refers to the ODBC Data Source that will be used for database connectivity (ODBC data sources are setup in the Windows Control Panel.  For more information on setting up an ODBC data source, see your Windows Help documentation.)  Fill in the “username” and “password” fields with the login for the database, and the “table” field with the table name to insert the values into.  The table should contain two columns:  “temperature” as integer, and “date” as date/time.  The syntax for the insert statement used for the database is as follows:

Insert into *table* (temperature, date) values (*temp value*, *date/time*)

Lastly, to exit the TempCenter, simply click the “Exit” button.  It is not required to stop temperature readings before exiting.


Figure 7.7-1: TempCenter Screen Shot

7.8     Cost Analysis

The mask re-design reduced the cost of each individual sensor.  This results in a decrease of a complete system far below the original predicted cost. The cost of the sensor is broken down as follows:



Silicon Substrate:
$2000



Epitaxy Growth:   
$600



Fabrication Run:   
$400



Devices / Wafer:   
120

The yield is approximated to be 90% for each of the fabrication procedures resulting in a 72% overall yield.  This will result in 120 usable devices per wafer.



Cost per sensor = $3000 / 120 = $25.00

Combining the sensor cost with the cost of the controller board brings the complete system cost to $51.61, almost ¼ of the original cost.

8.
Temperature response analysis

From theory we know the resistance of a fully ionized epitaxial layer of SiC will increase at temperature values less than 500°C due to its wide bandgap (2.9eV for SiC compared to 1.1eV for Si).  This is because the intrinsic carrier contribution will not increase to the carrier doping level concentration until well past 500°C.  Therefore, to justify the laboratory results, the defects in the substrate material were examined.

The micropipe defect (see Figure 8-1) [24] density in Silicon Carbide P-type substrates is approximately 100 per square centimeter.  Micropipes usually form during crystal growth to relax stresses in the crystal and are usually unavoidable.  They then extend throughout the epitaxial layer during thin film growth.  If a micropipe defect is present in the active region of a device, the device will not operate according to theoretical expectations because the epitaxy layers are no longer isolated from one another.


Figure 8-1. Micropipes as they appear on waver surface

Using this knowledge, we changed the Matlab model of the SiC junction to take into account that the micropipes were causing the n- and p+ layers to be shorted together. The short between the epitaxy layers eliminates the depletion region that in theory keeps the current flowing trough the n- (higher resistance) region.  The new model also had to account for the Aluminum doped p+ substrate.  Aluminum is a good doping agent that is used throughout the industry, but it does not ionize fully at room temperature.  Using the data provided by Dr. Andrei Laos of the Mississippi Center for Advanced Semiconductor Prototyping, we were able to determine that aluminum is only 10% ionized at room temperature, therefore operating in ‘carrier freeze-out’. The carrier ionization level of aluminum is shown in figure 8-2.

The graph indicates that as temperature increases, the number of free carriers to conduct charge through the p+ region increases as well.  This results in a decreasing resistance with an increase in operating temperature.  Incorporating the carrier ionization and the micropipe effect, the simulations were updated to model the parallel combination of the p+ and n- layers in the device.  


Figure 8-2: Fractional ionization of Aluminum in substrate
The new model for the junction produced a linear increasing resistance in the n- layer, and an exponential decreasing resistance in the p+ layer as shown in Figure 8-3.


Figure 8-3: Resistance response for n- and p+ layers vs. temperature

The total resistance of the Silicon Carbide junction was approximated as the parallel combination of the resistances of each individual layer.  The results of the new model correspond to the measured laboratory data of an exponential like decrease in resistance with an increase in temperature.  A comparison of measured data to the new model is shown in Figure 8-4.


F

Figure 8-4: Comparison of Measure and Simulated Data

9.
future work
The device area of the SiC resistor geometries explored during this project is too large to operate without encountering effects due to micropipes.  Further design considerations for this project indicate that reducing the device geometries is needed to operate within the theoretical operating range of the original simulations.

A more reliable re-design approach is to use an N-type substrate instead of the P-type substrate used during production this semester.  Currently N-type substrates have a lower micropipe density than their P-type counterparts [24].  Using the N-type substrate would allow for larger device geometry than the P-type substrate, which would be a more practical approach since even small on-chip resistors are large area devices when compared to transistors.
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Figure A-1:  Epitaxy Reactor
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Figure A-2:  Sloan DC Sputtering System
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Figure A-3:  Contact Anneal System
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* Flow chart for A/D conversion is viewable in section 6.6 
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