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Abstract 

The International Technology Roadmap for Silicon (ITRS) predicted that by the year 2016, a 

high-performance chip could dissipate as much as 300 W/cm2 of heat. Another more noticeable 

thermal issue in IC's is the uneven temperature distribution. Increased power dissipation and 

greater temperature variation highlight the need for electrothermal analysis of electronic 

components. The goal of this research is to develop an experimental infrared measurement 

technique for the thermal and electrothermal analysis of electronic circuits. The objective of the 

electrothermal analysis is to represent the behavior of the temperature dependent characteristics 

of electronic device in near real work condition. 

An infrared (IR) thermography setup to perform the temperature distribution analysis and 

power dissipation measurement of the device under test is proposed in this research. The system 

is based on a transparent oil heatsink which captures the thermal profile and run-time power 

dissipation from the device under test with a very fme degree of granularity. 

The proposed setup is used to perform the thermal analysis and power measurement of an Intel 

Dual Core E2180 processor. The power dissipation of the processor is obtained by calculating 

and measuring the heat transfer coefficient of the oil heatsink. Moreover, the power consumption 

of the processor is measured by isolating the current used by the CPU at run time. A three

dimensional finite element thermal model is developed to simulate the thermal properties of the 

processor. The results obtained using this simulation is compared to the experimental results 

from IR thermography. 
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A methodology to perform electrothermal analysis on integrated circuits is introduced. This 

method is based on coupling a standard electrical simulator, which is often used in the design 

process, and IR thermography system through an efficient interface program. The proposed 

method is capable of updating the temperature dependent parameters of device in near real time. 

The proposed method is applied to perform electrothermal analysis of a power MOSFET to 

measure the temperature distribution and the device performance. The DC characteristics of the 

device are investigated. The obtained results indicated that the operating point, I-V 

characteristics and power dissipation of the MOSFET vary significantly with temperature. 
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Chapter 1 

1. Introduction 

Technology scaling and increasing circuit density (Moore's law) will continue in spite of 

tremendous technology development barriers, design challenges, and prohibitive costs. 

Miniaturization of electronic devices and circuits has lead to the emergence of self-heating as a 

critical bottleneck to the performance and reliability of emerging electronic circuits and systems. 

Consequently, thermal management has become one of the most challenging factors in modem 

electronic design. 

The continuous and aggressive scaling of CMOS IC technology has resulted in higher 

performance at the expense of higher power consumption, higher operating temperatures and 

reduced reliability. Furthermore, local hot spots, which have much higher temperatures 

compared to the average die temperature, are becoming more prevalent in VLSI circuits. If heat 

is not removed at a rate equal to or greater than its rate of generation, junction temperatures will 

rise, reducing mean time to failure (MTTF) for the devices [ 1]. Device reliability has a direct 

impact on the overall system reliability. Removing heat from these devices is thus a major task 

facing design engineers of modem electronic systems concerned with improving reliability [2] 

and electrothermal analysis has become an important part of modem electronic design enabling 

designer to calculate the critical thermal variables as key factors in electrical analysis and 

accurate performance [3]. 

The key to successful thermal management is the ability to obtain comprehensive and accurate 

prediction of temperature gradients influencing the quality of electronic products under near real

time operating conditions. However, the commonly used method of gathering these temperature 
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gradients using thermocouples is limited by the large number of points to be monitored and the 

small size of the components being measured. Connecting tens to hundreds of thermocouples is 

very time consuming. Also, thermocouples can act as heatsinks and conduct away heat, affecting 

the accuracy of measurements since the action of the heatsink: may lower device temperatures. 

Infrared (IR) thermal imaging system is a method which addresses the above-mentioned issues 

by providing comprehensive two-dimensional temperatures gradients of components under test. 

This is accomplished without the need to make contact with the components. 

1.1 Thermal Investigation of Electronic System 

There are three levels of thermal analysis (experimental and/or numerical) and depending on 

the level of the design an electronic designer is engaged, one of these analyzing levels must be 

chosen that gives out only the sufficient and relevant information about the thermal behaviour of 

the subject of the thermal analysis. These levels are as follows: 

1.1.1 System Level of Thermal Analysis 

Accurate experimental and/or numerical thermal analysis of a complex electronic system 

including several packages, discrete elements, printed circuit boards, connectors and mechanical 

parts, heatsink:s and cooling mechanism, and enclosure is almost impossible with existing 

experimental, analytical and numerical techniques, because of its complexity and the large 

number of thermal characteristics affecting the thermal behaviour of the system and the output of 

the analysis includes large amount of unnecessary information. The alternative solution is to 

perform experimental and/or numerical analysis of packages, boards, devices and other parts of 

the system separately and use them as the building blocks of the thermal analysis of the system. 

This system level model then generates the thermal variables of the desired locations within the 

system. 

1.1.2 Package Level ofThermal Analysis 

This level of thermal analysis is useful when the electronic designer needs to calculate the 

temperature profile and inward/outward heat fluxes of an electronic package working as a part of 

an electronic system. A package can be analyzed thermally using IR experimental analysis or 
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numerical simulation software. One of the subjects of this thesis is thermal analysis 

(experimental and numerical) in package level which will be explained thoroughly in Chapters 3 

and 4. Detailed IR experimental analysis of package provides a relatively accurate temperature 

profile for every location on the surface of package. 

1.1.3 Component Level ofThermal Analysis 

At the component level a single component or some specific components of the electronic 

circuit are the subjects of thermal analysis. It's desirable for the designer to study the effect of 

thermal behaviour of components on their own electrical behaviours and the mutual effects of the 

thermal behaviours of components on the electrical behaviours and operating points of their 

adjacent components. This level of analysis is usually used in electrothermal analysis of the 

electronic circuit [5]. When there are some components which play key roles in the circuit and 

it's critical for the designer to predict their electrical and thermal operating points in order to 

design a stable, predictable, and reliable circuit, electrothermal analysis of the circuit is 

necessary. 

Unlike ordinary electrical analysis by which the electrical operating point of the circuit is 

calculated for a fixed and predetermined temperature (usually room temperature), electrothermal 

analysis performs both electrical and thermal analyses concurrently. It is well known that 

electrical current flowing through the materials causes heat dissipation and temperature 

elevation. This phenomenon is called Joule heating and in most cases changes the electrical 

operating point of the component and the circuit in which it is operating. Electrical analysis with 

fixed temperature, thus, is not sufficient for an accurate analysis. Electrothermal analysis should 

be performed so the effects of temperature variation and electrical operating point variation are 

taken into the consideration. This is the subject of Chapter 5 of this thesis. 

1.2 Thesis Objective 

The goal of this research is to develop an infrared thermography infrastructure for the 

electrothermal analysis of electronic circuits. This research project aims to create a method to 

enable accurate assessment of thermal parameters affecting performance in electronic 

components. The thesis focuses on electrothermal analysis at package and component levels. 
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An IR thermography measurement setup, based on an infrared transparent oil heatsink, is 

developed to capture run-time power dissipation and thermal characteristics from modem 

processors. In addition this work aims to couple the thermal profile of the electronic device 

obtained by thermography with electrical model of the device to perform the electrothermal 

analysis and acquire the temperature dependent parameters. 

1.3 Thesis Outline 

In this research important subjects required for thermal mapping and electrothermal analysis 

of electronic devices are covered. 

Advantages and disadvantages of different thermal mappmg techniques are discussed in 

Chapter 2. In Chapter 3 different infrared thermography setups are discussed and the proposed 

infrared setup measurement to measure the temperature profile and power dissipation of the 

device under test (DUT) is introduced. The proposed measurement 'Setup is used to capture the 

temperature distribution and power dissipation of a Dual Core processor. The numerical analysis 

of the processor is performed using finite element software (COMSOL) in Chapter 4. Chapter 5 

concentrates on the proposed electrothermal analysis method by coupling IR thermography 

technique with an electrical simulator and the experimental results of designed electrothermal 

analyzer on a power MOSFET is presented. Finally, the conclusions and suggested future works 

are summarized in Chapter 6. 
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Chapter 2 

THERMAL MAPPING 

This chapter is an introduction to different types of thermal mapping and recent advances 

which have taken place in this area. 

2. Thermal Mapping 

Thermal mapping can be used to give visual information about temperature gradient and heat 

fluxes on the surface of a chip to observe, for example, the preferred location of a typical failure 

and to understand the thermal dynamics that lead to it. Many methods of thermal sensing can be 

exploited to monitor the superficial temperature gradient of an IC and they can be categorized 

with respect to their invasiveness, spatial and thermal resolution, bandwidth and temperature 

range. Hereunder some of the most important and widespread techniques are presented along 

with their peculiar features [8]. 

2.1 Liquid Crystal Thermography 

Thermochromic liquid crystals (TLC) are temperature indicators that modify incident white 

light and display color whose wavelength is proportional to temperature. They can be painted on 

a surface or suspended in the fluid and used to make visible the distribution of temperature. 

Normally clear, or slightly milky in appearance, liquid crystals change in appearance over a 

narrow range of temperature called the "color-play interval" (the temperature interval between 
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first red and last blue reflection), centered around the nominal "event temperature." These color 

changes are repeatable and reversible as long as TLCs are not physically or chemically damaged. 

The response time of TLCs equals about 10 ms. 

The displayed color is red at the low temperature margin of the color-play interval and blue at 

the high end (Fig. 2.1). Within the color-play interval, the colors change smoothly from red to 

blue as a function of temperature. Pure liquid crystal materials are thick, viscous liquids, greasy 

and difficult to deal with under most heat transfer laboratory conditions [9]. 

CHIRALNEMATIC OR CHOLESTERIC (Ch) isolropic 

WIDTH 

Figure 2.1: Typical reflected wavelength (color) temperature response of a TLC mixture. 

Spot values or temperature distribution is determined by comparing the image from the object 

with the calibrated data. To facilitate data analysis and enhance accuracy, both the calibration 

and test images are stored electronically. These images are first digitized and a software program 

compares the two based on the pre-specified spatial resolution. The result of this comparison is a 

detailed temperature distribution map of the electronic part [10]. 
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The color-temperature distribution of an operating electronic device measured by this method 

is shown in Fig. 2.2. 

Figure 2.2: Color-temperature distribution of an operating electronic device. 

The accuracy of the temperature measurement using liquid crystals is strongly dependent on 

the calibration as well as the resolution of the viewing window (field of view). The field of view 

can be obtained by using microscopic optics with a video camera. The spatial resolution of the 

field of view and temperature resolution of the liquid crystals generating the image, defines the 

boundary of the measurement capability. The spatial resolution is dependent on the liquid crystal 

and the hardware. The temperature resolution is based on the availability of a given liquid crystal 

mixture [11] . 

The temperature measurement accuracy and temperature resolution of measurements made 

with LC thermography is directly related to the accuracy and consistency used in calibrating the 

color-temperature response of the TLC. Inconsistencies in the lighting-viewing arrangements 

that are presented when performing the TLC color-calibration process and interpreting the actual 

TLC color response of the coated device, can contribute significantly to measurement errors in 

LC thermography. The optical setup includes the lighting-viewing arrangement and wavelength 

spectrum of the white light source. 

2.1.1 Limitation in Liquid Crystal Thermography 

This method can be considered a very simple, fast and cheap technique, but loses in terms of 

dynamics, transients must be slower than 0.1 sec, and is not contactless. Obtaining accurate and 

high resolution temperature measurements with LC thermography requires the proper 
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combination of the color-temperature response characteristics of a TLC material and the 

consistent use of image acquisition and interpretation. 

In addition, the highest spatial resolution achievable with LC thermography is limited by the 

type of TLC formulation and resolving capability of the optical system (camera and lenses). 

Unencapsulated TLC formulations [10] coupled with high performance microscope optics can 

provide sub-micron spatial resolution over reasonably sized fields of view. 

2.2 Thermoreflectance Technique 

Thermoreflectance is a useful non contact technique to measure temperature variations of a 

device submitted to an electrical current [13-14]. Indeed, the latter is then submitted to a 

temperature variation ~T, which creates a reflectivity variation ~Rat the device surface [15]: 

(2.1) 

where R is the sample mean reflectivity and k is the thermoreflectance coefficient which is 

dependent on the nature of the material, on the passivation layer thickness [14] and on the light 

wavelength [ 16]. The reflectivity variation implies an intensity variation of the light reflected to 

the photo detector (CCD camera, photodiode). Thus, by measuring the relative variation of 

photocurrent M/1 of the detector, we can deduce the relative variation of reflectivity ~R/R and 

then the temperature variation ~ T if k is known. Unfortunately, the value of k is often only 

known for a few bulk materials at a precise wavelength under specific experimental conditions. 

This value cannot be used for microelectronic devices which are covered with passivation 

layers whose thickness has a great influence on k. As k depends on the microelectronic structure 

and on experimental conditions (wavelength illumination), every studied sample and every 

experimental setup need a new calibration. Once the value of k is determined, one can obtain 

quantitative temperature variations. 

The setup to measure thermomechanical behavior of a biased microelectronic heater is 

presented in Fig. 2.3. One arm of the interferometer is used as a reference aim whereas the 

second one (object arm) is ended by the device under test. The luminous source is a red LED 
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with a 6° dispersion angle .An interferential filter (IF) reduces the spectrum of emission of the 

LED and improves the spectral purity of the light source, which enables one to increase the 

coherence length. The lens (L 1) enables one to adapt the size of the luminous beam to the size ·of 

the object under study. As we use a polarizing beam splitter (PBS) and as the light emitted by the 

LED is unpolarized, a sheet polarizer (Pl) is used to polarize it and to balance the light intensity 

in both arms of the interferometer. 

l 0 
··~ 

Figure 2.3: Measurement setup for Thermoreflectance technique [13]. 

An optical image of the sample is presented in Fig. 2.4. 

800 
~Ill 

800 um 

Figure 2.4: Image of the micro heater under study [13]. 

Using the thermoreflectance imaging technique, a relative reflectivity variation image of the 

central part of the device has been obtained (Fig. 2.5a) and once both polysilicon and dielectric 
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thermoreflectance coefficients are known, a quantitative temperature variation image can be 

obtained (Fig. 2.5b ). 

5.10-2 

ARIR 

(a) b) 

Figure 2.5: Images of (a) L'.R/R and (b) L'.T for a dissipated power of2 mW [13]. 

2.2.1 Limitations in Thermorejlectance technique 

The challenge of the thermoreflectance method is to resolve the small change in the reflection 

coefficient. Typically for metals, the reflection coefficient only changes by about 1/105 for each 

degree Celsius change in surface temperature. For high resolution thermal measurements it is 

necessary to use a high gain photodiode and lock-in amplifier, while thermally cycling the active 

device at a known frequency [ 1 7]. 

2.3 Scanning Thermal Microscopy 

Another method for directly measuring the microscopic thermal properties of a surface is to 

use Scanning Thermal Microscopy (SThM) [18], which is capable of simultaneously acquiring 

thermal and topographic images (see Fig. 2.6). 

The requirements of SThM in the context of thermometry are additionally that the sensor be 

susceptible to meaningful calibration and should not only have high spatial resolution, but the 

sensitivity to temperature should rapidly fall to as close to zero as possible at distances 

significantly in excess of that resolution [19]. 

These requirements, coupled with the ability to measure electrically live ' specimens are 

particularly relevant when imaging semiconductor devices, which often have lifetimes 
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determined by thermal management and so are particularly relevant for study using SThM. No 

existing SThM system possesses all of these desirable characteristics [20]. 

Figure 2.6: Scanning thermal microscopy system. 

2.3.1 Thermal sensors 

Various sensors have been employed in SThM, these include Schottky diodes [21], resistors 

[22] and thermocouples [23]. Each has strengths and weaknesses, with the major factors as 

explained next. 

• Schottky diodes offer high sensitivity and straightforward fabrication on a silicon probe. Less 

ideally, they are light sensitive and the semiconducting probe has relatively high thermal 

conductivity. Calibration of a Schottky diode thermometer is necessary due to the need to 

compensate for non-ideal diode characteristics. 

• Resistors are well-established thermal sensors, are stable and display a near linear response to 

temperature change. This makes them well suited to calibration. They can be fabricated from 

deposited metal films or doped semiconductors and so are amenable to integration into most 

conventional probe fabrication schemes. Less desirable for thermometry is the fact that their 

measurement results in Joule heating, so that some tradeoff between sensitivity and self-heating 
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must be made in use. Along with Schottky diodes, however, this self heating may be usefully 

applied to the measurement of thermal conductivity . 

• Thermocouples can display a high sensitivity to thermal change and are passive sensors. They 

can be fabricated from deposited metal films, making their inclusion in a probe fabrication 

procedure possible. Regrettably, thin film thermocouples seldom display the sensitivity of their 

bulk counterparts and they have a non-linear thermal response, requiring calibration over their 

whole operating range. A more intractable problem is that their operation relies upon a constant 

temperature being maintained at their second "cold" junction. This can be impossible to achieve 

when scanning a small SThM probe in very close proximity to a much larger, hot substrate. 

2.3.2 Limitations in Scanning Thermal Microscopy 

Scanning thermal microscopy (SThM) is an effective tool for temperature and energy 

dissipation measurements. However, because the contacted thermocouple or heated probe tip 

scans the specimen surface, the resolution is not high, and the dissipation of energy is caused. To 

solve this problem, researchers use SThM by integrating a thermal sensor into the tip of an 

Atomic Force Microscopy (AFM). Atomic Force Microscopy is the technique that gives the best 

spatial and thermal resolution but is also the most expensive. The atomic repulsive forces 

between a micromachined probe and the surface of the DUT are measured by an optical system. 

The signal retrieved can be related to the surface temperature. With such a system spatial 

resolutions in the order of tenths of nanometer and temperature sensitivities around 5°C can be 

achieved. Nonetheless bandwidth is limited compared to laser techniques [24]. 

2.4 Infrared Thermography 

All objects radiate infrared energy proportional to their temperature. Infrared imaging systems 

convert infrared heat emissions into a picture that shows the relative temperature differences in a 

range of gray tones or a series of colors. Most conditions in which an anomaly is characterized 

by an increase or decrease in surface temperature or retained residual heat are detectable with 

infrared thermography [25]. 
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2. 4.1 Range within the electromagnetic spectrum 

Infrared radiation is that part of the electromagnetic spectrum that is immediately adjacent to 

the red light of approx. 760 nm on the long-wave side of the visible spectrum and extends to a 

wavelength of approximately 1 mm (see Fig. 2.7). In this respect, the wavelength range of up to 

approx. 20 J..Lm is of importance to technical temperature measuring. In the second half of the 19th 

century, it became known that heat radiation and other electromagnetic waves, such as visible 

light or radio waves were similar in nature. This was followed by the discovery of the laws of 

radiation by Kirchhoff, Stefan, Boltzmann, Wien and Planck. By the mid-20th century, intensive 

and successful work on the military use of infrared technology facilitated the building of first 

infrared viewers. 

Later the first thermographic devices for non military application became available in the 60s. 

Parallel to this, however, in considerably larger diversification of available devices, pyrometry 

developed to become a wide-spread approach in industrial temperature measuring. 
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Figure 2.7: The infrared bands in the infrared spectrum. 
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2.4.2 Radiation laws of the black body 

The bodies occurring in real life show very diverse radiation properties. Therefore, it has 

proved worthwhile to initially consider the simplified laws of a model body of ideal radiation 

properties to be then applied to actually occurring objects. This model body is known in radiation 

physics as the "black body." It distinguishes itself by the fact that, of all bodies of equal 

temperature, it shows the largest possible emitted radiation. The spectral spread of radiation 

emitted by a black body is described by Planck's radiation law: 

(2.2) 

where C1 =3.74x10-16 Wm 2 and C2 =1.44x10-2 Km. 

Figure 2.8 shows that the spectral composition varies with the obj~ct temperature. Bodies of a 

temperature of beyond 500 °C, for example, also emit radiation in the visible range. Furthermore, 

it must be noted that, at each wavelength, radiation intensity increases with rising temperature. 
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Figure 2.8: Planck's radiation law. 

Planck's radiation law represents the principal correlation regarding non-contact temperature 

measuring. Due to its abstract nature, however, it is not directly applicable in this form to many 

practical calculations. But a variety of further correlations can be derived from it, two of which 

shall briefly be mentioned in the following. By means of integrating the spectral radiation 
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intensity across all wavelengths, the value of the entire radiation emitted by the body is obtained. 

This correlation is called the STEFAN BOLTZMANN's law (Fig. 2.9). 

M = aT 4 (2.3) 

Due to its simple mathematical correlation, it is well suited for rough estimates, particularly 

when calculating the heat balance of objects as well as interrelations of total radiation 

pyrometers. However, the spectral measuring range of most measuring devices is usually 

strongly limited and, therefore, this equation IS inapplicable to this research. 

0 100 200 300 400 

Temperature (°C) 

Figure 2.9: Stefan Boltzmann's law. 

WIEN's displacement law can be derived from PLANCK's equation by differentiation. 

Amax X T = 2896JLm X K (2.4) 

The lower the temperature of the object to be measured the further its radiation maximum 

shifts towards larger wavelengths. At room temperature, it is about 10 IJ.m. 

2.4.3 Parameters affected Infrared thermography 

a) Measuring distance 

Since infrared thermography is a non-contact procedure, infrared radiation needs to travel over 

a certain distance between the object to be measured and the measuring device through a 
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medium whose infra optical properties may affect the measured result. In most cases, this 

medium is likely to be air, but also other materials, such as infrared-transmittant "windows" 

occur in real life. In the case of air, its components, such as water vapour and carbon dioxide, 

affect its infrared transmittance. 

The level of transmittance of air (see Fig. 2.10) is strongly dependent on wavelength. Ranges 

of high attenuation alternate with ranges of high transmittance (shaded), the so-called 

"atmospheric windows." While transmittance in the range of (8 ... 14) 11m, i.e., the long-wave 

atmospheric window, maintains to be equally high over longer distances, measurable attenuation 

caused by the atmosphere already occurs in the range of (3 ... 5) 11m, i.e., the short-wave 

atmospheric window, at measuring distances of some ten meters. 
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Figure 2.10: Spectral transmittance of air (10m, 25 °C, 1013 mbar, 85% rel.hum.). 

b) Measured Object 

The black body as a radiometric model is indispensable when considering principal 

correlations. Since real objects that are to be measured deviate more or less strongly from that 

model, it may become necessary to take this influence into account in measurements. Especially 

suited for this purpose is the parameter of emittance which is the measure for a body's capability 
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of emitting infrared radiation. Having a value of 1, the black body has the highest possible 

emittance, which is additionally dependent on wavelength. Contrary to this, the emittance of real 

objects to be measured may show more or less strong dependence on wavelength. The following 

parameters may also be of some influence: 

~ Material composition 

~ Oxide film on the surface 

~ Surface roughness 

~ Angle to the surface normal 

~ Temperature 

~ Polarisation degree 

A multitude of non-metallic materials, at least within the long-wave spectral range, shows 

high and relatively constant emittance regardless of its surface structure. These include the 

human skin in the same way as most mineral building materials and coating paints (see Fig. 

2.11). 
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Figure 2.11 : Spectral emissivity of a few non-metals (enamel, gypsum, concrete, Chalmette). 
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In contrast, metals generally have low emissivity that greatly depends on the surface properties 

and drops as wavelengths increase (see Fig. 2.12). 
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Figure 2.12: Spectral emittance of metals (Silver, Gold, Platinum, Rhodium, Chromium, Tantalum, Molybdenum) and other pure 

materials (Graphite, Selenium, Antimony). 

2. 4. 4 Why Use Infrared thermography? 

A picture says a thousand words; infrared thermography is the only diagnostic technology that 

lets one instantly visualize and verify thermal performance. Infrared cameras show thermal 

problems, quantify them with precise non-contact temperature measurement, and document them 

automatically [28]. 

An infrared camera is a non-contact device that detects infrared energy (heat) and converts it into 

an electronic signal, which is then processed to produce a thermal image on a video monitor and 

perform temperature calculations. Heat sensed by an infrared camera can be accurately 

quantified, or measured, allowing one to not only monitor thermal performance, but also identify 

and evaluate the relative severity of heat-related problems. Recent innovations, particularly 

detector technology, the incorporation of built-in visual imaging, automatic functionality, and 
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infrared software development, deliver more cost-effective thermal analysis solutions than ever 

before [27] . 

The innovative focal plane array (FP A) sensor, which is the heart of any infrared camera 

system and a major component of overall system performance, has greatly enhanced the spatial 

resolution and quality of thermal images. Recent IR cameras with their fast frame rates, 

adjustable and triggered integration times, allow capturing fast moving objects and those with 

rapidly changing temperatures with special resolution up to megapixel and temperature 

sensitivity ofless than m°K[8]. 

2.5 Summary 

Thermal mapping technique which provides visual information about temperature gradient and 

heat flux on the surface of an electronic device was introduced. Different thermal mapping 

techniques including liquid crystal thermography, thermoreflectance technique, scanning thermal 

microscopy and infrared thermography were discussed and their setup measurement, advantages 

and limitation were reviewed. Infrared thermography which is a none contact thermal mapping 

technique was selected for our application in this project. 
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Chapter 3 

INFRARED THERMOGRAPHY SETUP 

In this chapter different setups developed for infrared thermography by researchers are 

introduced and their advantages and limitations are discussed. The most appropriate setup for 

this research is selected according the work of J. Renau and M. Brown and the proposed setup is 

used to obtain the test results of an Intel Dual Core E2180 processor in terms of temperature 

gradient and power dissipation. 

3. Infrared Thermography Setup 

The thermally sensitive parameters vary according to the type of semiconductors used and, 

thus, would require a unique measurement setup and calibration procedure for systems using 

different type for electronic devices [29]. 

Several points should be considered m experimental setup for infrared thermography. 

Atmospheric temperature, reflected temperature, emissivity, distance of measurement, relative 

humidity and the reference temperature. Different setups have been explained in the literature 

which will be discussed in details, but nobody has clearly explained all these conditions 

prevalent during the performance of their experiments. 

20 



3.1 Literature Review on Infrared Thermography Setup 

The setup for infrared thermography that permits the removal of heat from the backside of an 

integrated circuit semiconductor substrate while performing optical based testing through or at 

the backside surface of the semiconductor substrate was described by [30]. 

The electronic device is to be kept upside down as emission from the back side of an 

integrated circuit may be measured to determine a variety of defects such as impact ionization, 

shorts, hot carrier effects, forward and reverse bias P-N junctions, transistors in saturation and 

gate oxide breakdown. Figure 3.1 shows a typical setup for infrared thermography. Heatsink is 

thermally coupled to the outer edges of the heat slug's top surface. Heat slug has to be infrared 

transparent and so it is usually made of diamond as it is excellent conductor of heat and infrared 

transparent as well. However, depending upon the application, the material used for the heat slug 

can be changed, i.e. sapphire, germanium and gallium arsenide, etc. Heatsink may include metal 

plate (e.g. aluminum, copper). The only constraint is that the binding used for heatsink should 

have a large thermal mass and a large heat transfer area. Thermal grease or oil can be placed 

between heatsink and heat slug as a heat transfer medium to reduce thermal resistance at these 

interfaces. Here the electronic device is mounted on Pin Grid Array (PGA) with the ball bonds. 

Heats ink 

Figure 3.1 : Typical IR thermography setup. 

This work relied on a diamond heat spreader, but the actual cooling rates of this heatsink are 

typically not sufficient for high power, state of the art microprocessors running full workloads. In 
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addition, this diamond heat spreader involves an interface between the Si chip and the heat 

spreader, which is naturally difficult to control. 

A more recent infrared thermography setup was proposed by [31] in 2006. As illustrated in 

Fig. 3.2, an IR transparent liquid flows through a micro-duct of a specifically designed cooling 

cell directly over the microprocessor die. The duct height as well as the flow speed can be 

adjusted, which allows for different cooling rates can be readily tuned between 0.2 W/cm2K all 

the way up to 4.0 W/cm2K depending on the choice of the fluid and flow conditions. 

While the variable cooling rates provide the opportunity to investigate power and temperature 

distributions under various cooling and operating conditions and to trigger thermal and power 

management schemes of the chip to study their effectiveness, high cooling rates are especially 

important for several other reasons. 

liquid N2 cooled 
lnSb array detector 

IR imaging 
objective 
/ 

sapphire 
1window 

micro-
duct 

Figure 3.2: Spatially imaging technique and theIR-transparent cooling cell [31]. 

Hamann proposed the new method that provided real time temperature mapping of fully 

operating electronic devices [32]. The method utilizes infrared (IR) temperature imaging, while 

an IR-transparent coolant flows through a specially designed cell directly over the electronic 
' 

device. 
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The cross section diagram of the measurement setup is shown in Fig. 3.3. In some cases it 

maybe preferred to use thermal reflectance to monitor the temperature of the electronic device, 

such as photon detector which detects the amount of reflected photons from electronic device 

which changes optical reflectivity with temperature. To remove the heat from device under test a 

fluid is passed through a duct. The wall of the duct and fluid should be at least semi-transparent 

to infrared radiation. This setup creates a thermal profile of the top surface of the chip. 

IR Detector 

Duct wall 

Fluid 

Chip 

Figure 3.3 : Cross section diagram of the measurement setup. 

Another optical technique for surface temperature measurement was proposed by [33]. The 

scanner lens that was used gave the system a field of view, which could be varied from 

120 mm x 120 mm to 3.5 m x 3.5 m, a temperature resolution of 0.7 OC and a geometrical 

resolution of 0.86 mm at the minimum field of view. The IR camera field of view was arranged 

such that the temperature across the surface of the entire PCB was captured. 

The material in the system wall between the IR camera and the PCB had to be transmissive for 

the surface temperature to be measured. A polypropylene film, calibrated against a 

thermocouple, met this requirement. Figure 3.4 shows a schematic of the experimental setup. 

From this schematic, radiative heat can be seen to reach the IR camera from three separate 

sources: 
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Figure 3.4: Schematic ofiR thermography measurement of component surface temperature through a polypropylene film. 

(1) Qs is the heat radiated by the PCB surface. Qt is the fraction of Qs that reaches the camera. 

(3 .1) 

where rY is the Stefan-Boltzmann constant, cs is the PCB surface emissivity, rr is the 

transmissivity of the polypropylene filmand Ts is the PCB surface temperature. 

(2) Qra is the quantity of heat radiated by the polypropylene film that reaches the camera: 

(3.2) 

where cf is the polypropylene film surface emissivity and Tr is the polypropylene film surface 

temperature. 

(3) Qoo is the amount of heat radiated by background surfaces. Qre is the quantity of that heat 

which is reflected off the surface of the polypropylene film to the IR camera: 

Qre = Pi Q = P.flcoor' oo (3.3) 

where coo is the background surface emissivity, pr is the polypropylene surface reflectivity and Too 

is the background surface temperature. 

The total heat radiated to theIR camera is therefore: 

Q 4 T 4 ,.,.. 4 4 
T = (J Cs 1f T s + (J cj f + (J coo PJ.L oo = rYcsT ap (3.4) 

where T ap is the PCB surface temperature which is apparent to the IR camera as a result of the 

radiation QT which reaches it. This is the uncalibrated temperature which the IR camera reads. 
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Assuming Tr ::::: Too and rearranging Eq. (3.4) gives 

Tap 4 =((cooP!+ cj)l cs) Too4 + TJT s 4 (3 .5) 

Calibration was performed by measuring values of Ts with a thermocouple over a range of 

values of Tap· To ensure the radiative properties of the polypropylene film did not change with 

time (due to possible contamination of its surface), calibration was performed before and after 

the measurement cycle, and to ensure consistency of these properties between locations, 

calibration was carried out at different points on the PCB surface. 

Oil based heats ink was suggested for thermal mapping of microprocessor by [34]. The 

proposed setup measures processor temperature using an infrared camera. It ciptures the chip 

temperature with an infrared (IR) camera. An infrared transparent heatsink is used to allow the 

IR camera to obtain the processor die temperature. Figure 3.5 shows the measurement setup 

using this method. 

Figure 3.5: Measuring setup [34]. 

After considering most recent infrared thermography measurement setups, the method 

proposed by [34] was selected which is the most appropriate one according to our field of 

interest. 
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3.2 Proposed IR thermography setup 

The major apparatus used in the proposed experimental setup include an FLIR infrared camera 

system, data acquisition system, digital thermometer, infrared transparent oil (Aldrich oil), oil 

pump and power supply. A typical measurement setup is shown in Fig. 3.6. The measurement 

setup is capable of capturing up to 420 frames per second (fps) with a 10!-tm x 10!-tm spatial 

resolution, and it can be applied to multiple chips with relative simplicity. The IR camera frame 

rate can be increased up to 10 KHz as long as the bandwidth of the camera stays under 1 GB/s. 

The equipment and instrumentation used to conduct the experimental measurement are discussed 

in this chapter. 

Figure 3.6: Typical measurement setup. 

3.2.1 Infrared Camera 

The infrared camera used in this measuring setup is a FLIR SC4000 camera (Fig. 3.7) which is 

a high-speed, high-resolution, high sensitivity, science-grade infrared camera with Gigabit 

Ethernet, Camera Link and USB interfaces for maximum flexibility and performance. With a 

320 x 256 pixel Indium Antimonide (InSb) detector, the Thermo Vision SC4000 camera offers 

unmatched resolution and thermal sensitivity. An extremely sensitive detector and high speed 
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read out design, provide the camera with extraordinary image quality for the most demanding 

applications. 

Figure 3.7: Infrared camera SC4000. 

The Thermo Vision SC4000 outputs 14-bit digital data at rates up to 50 Mega pixels per 

second, yielding 420Hz frame rates for 320 x 256 pixel imagery. For high speed applications 

and increased frame rates the Thermo Vision SC4000 supports windowed readout modes, 

allowing a subset of the total image to be selectively read out with user-adjustable window size 

at a much higher frame rate. The sub-sample window sizes and locations can be arbitrarily 

chosen and are easily defined using the camera control software [51]. 

3.2.2 Data Acquisition System 

The data was captured and analyzed using the integrated data acquisition system of the optical 

system, supported by PC-based ThermaCAM Researcher software for data acquisition, analysis 

and reporting. ThermaCAM Researcher software contains powerful measurement and analysis 

functions for extensive temperature analysis, including isotherms, line profiles, area histograms 

and image subtraction capability. The acquired input data were recorded in real time for 

subsequent analysis using this software package. Additionally the SC4000 camera system has an 

optional Software Development Kit (SDK) for custom programming and interfacing to the 

camera which is introduced in detail in Chapter 5. 
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3.2.3 Heatsink 

A heatsink is a medium that enhances heat dissipation from a hot surface, usually the case of a 

heat generating component, to a cooler ambient, usually air. In most situations, heat transfers 

across the interface between the solid surface and the coolant air and the solid-air interface 

represents the greatest barrier for heat dissipation. A heatsink lowers this barrier mainly by 

increasing the surface area that is in direct contact with the coolant. This allows more heat to be 

dissipated and/or lowers the device operating temperature. 

The primary purpose of a heatsink is to maintain the device temperature below the maximum 

allowable temperature specified by the device manufacturer [35]. Using temperatures and the 

rate of heat dissipation, a quantitative measure of heat transfer efficiency across two locations of 

a thermal component can be expressed in terms of thermal resistance R, defined as: 

R = !1T 
Q 

(3.6) 

where !1T is the temperature difference between the two locations. Figure 3.8 shows the thermal 

resistance circuit between junction and ambient of a chip. The measurement unit of thermal 

resistance is in °CIW, indicating the temperature rise per unit rate of heat dissipation. This 

thermal resistance is analogous to the electrical resistance Re, given by Ohm's law: 

R = !1V 
e J 

with 11 V being the voltage difference and I the current. 
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Rsa 

Res 

Rjc: 

Figure 3.8: Thermal resistance circuit. 

a) Heatsink Selection 

One of the most important considerations in this measuring setup is to have the DUT operating 

in the conditions under which it was designed to operate. Under these conditions the cooling 

system of our DUT (a Dual Core processor) is a passive air cooling system which uses a fan with 

variable speed to remove the heat according to power dissipation. 

The temperature distribution of the processor without a cooling fan is shown in Fig. 3.9. The 

thermocouple installed under the heatsink (L01) indicates temperature of 52.3°C. However the 

heatsink is not transparent to IR radiation, therefore; the DUT temperature cannot be obtained 

directly. 

Several liquids to act as coolants were explored in [34]. Water, which has a very high specific 

heat, makes it ideal for such experiments, but it is opaque to the IR camera. Several fluoride 

materials are extremely transparent to IR with a high capacity to cool down modem processors, 

but their toxic nature makes them unsuitable. The most transparent IR material was olive oil 

which was transparent enough to perform good measurement, but difficult to be pumped due to 

its high viscosity. 

Aldrich Mineral Oil 161403 was selected as the heatsink for the test setup due to its elevated 

transparency in the infrared spectrum, high specific heat, relatively high thermal conductivity, 

relatively low viscosity, and chemical safety. The oil was pumped to the surface of the chip 'and 

is capable of removing lOOW heat from the DUT. 
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Figure 3.9: Temperature distribution of the processor with air cooling. 

b) Heatsink Flow 

The oil flow regime is a major factor affecting the temperature measurement of the DUT in the 

experimental setup. Several different oil flow scenarios were studied. Three important cases are 

reported as follow: 

1) Turbulent flow: the oil pipe is positioned about 5 em above the DUT and the oil was 

pumped directly to the surface of the DUT. The magnitude of the temperature versus time is 

represented in Fig. 3.10. 

2) Turbulent flow at an angle of 45 degree: the oil pipe is positioned about 5 em above the 

DUT, but the oil was pumped with 45 degree angle. The magnitude of the temperature versus 

time is represented in Fig. 3 .11. 

3) Laminar flow: oil flows over the DUT with almost angle of zero and in parallel layers. The 

magnitude of the temperature versus time is represented in Fig. 3.12. 

The obtained results indicate that the turbulent flow in both Fig. 3.10 and Fig. 3.11 has more 

fluctuation in temperature than laminar flow shown in Fig 3 .12. Since the obtained results of 

turbulent flow were unstable, laminar oil flow regime was chosen as the heatsink system. 
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Figure 3.10: Temperature measurement with turbulent oil flow. 

Figure 3.11: Temperature measurement with turbulent oil flow at an angle of 45°. 
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Figure 3.12: Temperature measurement with laminar oil flow. 

3.2.4 Oil Pump 

The utility pump shown in the Fig.3 .13 is suitable for variety of tasks such as pumping mineral 

oil [7] since it is designed especially for harsh fluid transfer. A 12V DC battery was used to 

power the pump. 

Standard 

Figure 3.13: Utility pump. 
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3.2.5 Thermocouple and Digital Thermometer 

The measured temperature in this setup is initially verified by using a thermocouple. A variety 

of thermocouples are available for different measuring applications. They are usually selected 

based on the temperature range and sensitivity needed. Thermocouples with low sensitivities (B, 

R, and S types) have correspondingly lower resolutions. In this setup a type K ( chromel-alumel) 

thermocouple is used which is the most common general purpose thermocouple. It is inexpensive 

and available in a wide variety of probes. They are available in the -200 octo +1350 oc range. 

An Omega HH-23A digital thermometer was used with the thermocouple probe to record and 

display the temperature of the DUT [36]. 

3.2.6 Emissivity 

One of the most important parameters that affect the temperature measurement of the DUT is 

emissivity. As described previously it defmes the fraction of radiation emitted by an object as 

compared with emitted by a perfect radiator (blackbody). Emissivity value is between 0 and 1 and 

depends on the material of the object, surface condition (surfacing method, geometry), the 

temperature of the object, wavelength, and direction of radiation. 

The default emissivity of camera is set to 0.92; however the real emissivity might be different 

from this value. Figures 3.14 and 3.15 illustrate the temperature measurement of the DUT using 

different emissivity values and the average error percentage of IR thermography measurement 

with reference to thermocouple measurement, respectively. 

Figure 3.14: Emissivity effect on themperture measurement of the DUT. 
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As shown in Fig. 3.15 the error percentage calculated for emissivity of 0.61 has the least error 

of 1.09%. 

%Error 

8 I--Average %Error I 
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Figure 3.15: Percent error with emissivity from 0.5 to 0.7, 

Another way to create a uniform surface emissivity and increase the accuracy of the 

measurement is covering the surface of DUT by special coating with known emissivity. Boron 

nitride spray and black paint are suitable for PCB and electronic devices; however in our 

experimental setup we didn' t use them and measured the emissivity. 

3.2. 7 Type of Analysis 

The measurement setup introduced in previous sections is used to perform two type of analysis 

a) steady state analysis, b) transient analysis. In steady state analysis, after switching the power 

ON, a time interval is given to the system to reach its steady state condition. It is due to the fact 

that oil based heatsink takes some period of time to completely cover the whole surface of the 

DUT and remove the heat homogenously. 

To perform transient analysis on the DUT, an abnormal stress is imposed to a system. This can 

be in the form of changing ambient temperature, different load condition, changing cooling 

speed, etc. In this work a standard benchmark was used to test the DUT in different workload 
I 

condition. 
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3.3 Thermal Analysis of an Intel Dual Core E2180 Processor 

The proposed setup was used to obtain the test results of an Intel Dual Core E2180 processor 

[38] in terms of temperature gradient and power dissipation. The proposed setup provides the 

temperature profile of the processor using the infrared camera system. Power dissipation data is 

obtained by calculating the heat transfer coefficient of the oil based heatsink and verified by 

isolating the current used by the CPU at run time. 

The temperature and power dissipation of an Intel Dual Core E2180 processor packaged in a 

775-Land LGA package were measured. The package interfaces with the motherboard via a 

LGA775 socket. The LGA package is a standard flip chip Ball Grid Array (BGA) shipped with no 

sphere. The processor has an integrated heat spreader (IHS) whose main function is to transfer the 

non-uniform heat distribution from the die to the top of the IHS, out of which the heat flux is 

more uniform and spread over a larger surface area. The amount of power that can be dissipated 

as heat through the processor package substrate and into the socket is usually minimal. 

3.3.1 Temperature Measurement 

The temperature profile of the processor during transient condition was obtained using the 

proposed setup. After the system reached its steady state condition, transient analysis of the 

system was performed by running SPEC CPU 2006 version 1.1 [ 46] benchmark. The benchmark 

is an industry-standardized, CPU-intensive benchmark suite, stressing a system's processor, 

memory subsystem and compiler. It has been designed to provide a comparative measure of 

compute-intensive performance across the widest practical range of hardware using workloads 

developed from real user applications. 

By running the benchmark, the temperature of the DUT increased from 36°C to maximum 

44.8 °C. The different components of the benchmark were run for a time period of 3 minutes. 

After stopping the benchmark, the temperature decreased in less than 10 seconds and reached its 

steady state condition. The 2D temperature profile at t=57s and temperature evolution of SP01 

location (spot 1 which is a hot spot on the processor surface) versus time of the processor running 

the benchmark components are shown in Fig. 3.16 (a) and (b), respectively. The cooling system 
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was sufficient enough to remove the heat and control the temperature distribution over the 

processor. 

(a) 

(b) 

Figure 3.16: Transient analysis of the processor, (a) 2D temperature profile at t=57s, (b) temperature evolution of SPO 1 location 

versus time. 

3.3.2 Power Measurements 

To measure the power dissipation and power consumption of the processor two approaches 

were used. The first approach consists of power dissipation measurement by calculating the heat 

transfer coefficient of the heatsink whereas in second approach the power consumption was 

calculated by measuring the current flowing through the processor 

36 



a) First Approach 

The processor is cooled by a forced convection cooling system using a mineral oil as coolant . 

and an oil pump. The specifications of the oil and pump are listed in Table 3 .1. 

TABLE 3.1: S PECIFICATION OF THE COOLING SYSTEM 

Length of the processor Scm 

Surface area of the 

processor 

Oil free -stream velocity 0.4m/s 

Oil viscosity 0.013-0.015 kg/m.s 

Oil density 838 kg/m3 

Oil specific heat 

Oil thermal conductivity 

Under typical conditions the processor is cooled via a forced air cooling system using an aluminum 

heatsink and attached fan. The heatsink is attached to the integrated heat spreader (IHS) by a thermal 

interface material (TIM) as shown in Fig. 3.17. 
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Figure 3.17: Processor thermal characterization parameter relationships. 

The case-to-local ambient thermal characterization parameter value (\fleA) is used as a measure of the 

thermal performance of the overall thermal solution that is attached to the processor package. It is defined 

by the following equation, and measured in units of °C/W: 

IJfcA = (Tc - TA) I Po 

Where: 

\fleA = Case-to-local ambient thermal characterization parameter (°C/W) 

T e = Processor case temperature (°C) 

T A = Local ambient temperature in chassis at processor (0 C) 

P0 = Processor total power dissipation (W) (assumes all power dissipates through the IHS) [38] 

(3.8) 

The case-to-local ambient thermal characterization parameter of the processor, \fleA, is comprised of 

\f'es, the thermal interface material thermal characterization parameter, and of \f'sA, the sink-to-local 

ambient thermal characterization parameter: 

(3.9) 

The interface material, aluminum heatsink and its fan have been replaced by a transparent oil heatsink 

which dissipates the heat by forced convection cooling method. It was assumed that all power dissipates 

through the IHS [38] and the heat transfer by conduction through ball contacts is neglected. Therefore, to 

calculate the heat flux (power) one needs to measure the heat transfer coefficient of the convection 

cooling system. 
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1) Heat transfer coefficient correlations 

To calculate the heat transfer coefficient the cooling system should be defined as follow [39]: 

• Flow scenario: Forced convection, Natural convection, Mixed convection 

• Flow domain scenario : External flow, Internal flow 

• The geometry in the case of internal flow: Cylinder, Annulus, parallel plate ,duct 

• The geometry in the case of external flow: Flat surface, Sphere, cylinder, Tube bank, Packed bed, 

• The flow direction : Parallel to axis, Normal to axis, oblique to axis 

There are different equations in literature [39- 42] for various conditions in forced convection. They are 

based on the Dittus- Boelter heat transfer correlation for fluids . These equations can be expressed as 

follows : 

(3 .10) 

where k is the thermal conductivity of the liquid, e is hydraulic diameter, length of the plate (in this study) 

and Nu is the Nusselt number. The Nusslet number is a function of Prandtl number which is the ratio of 

momentum diffusivity and thermal diffusivity and Reynolds number .This number is the ratio of inertia 

force to viscous force. 

where: 

v Cp 
P, = Prandtl number = - = Ji

a k 

l l 
Re=Reynolds -number = V- = pV-

v Ji 

Ji Ki ... ( 2/ ) v = - = nematic v1scos1ty m s 
p 

k 
a= ""(PCJ = Thermal diffusivity (m2/s) 

(3.11) 

(3.12) 

Ji = Viscosity (pa. s), p = Density (kg/m3) , C P = Specific heat (J/kg.k) , V = Fluid velocity 

(m/s) 
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There are different Nusselt relations for various flow conditions such as internal, external, over a 

vertical plate or horizontal surface plate. According to [ 40] the Nusselt relation which applies for 

horizontal flat surface can be expressed as: 

I 

Nu = 0.664R~ 5 P} (3.13) 

To use Eq. (3.13) one should assume that the cooling system should be forced convection, the plate 

should be isothermal (constant temperature) and the fluid should be Newtonian, (fluid continues to flow, 

regardless of the forces acting on it). 

2) Heat transfer coefficient calculation 

By using the specification of the oil, pump and processor, listed in Table 3.1, the Prandtl number, 

Reynolds number and finally Nusselt number can be calculated according to the Eqs. (3.11), (3.12), and 

(3.13) as follows: 

• Re: 1420 

• Pr. : 157 

• Nu.: 135 

By substituting the cooling system specification m Eq. (3.10), the heat transfer coefficient of 

339 W/m2.K was obtained. 

3) Heat transfer coefficient measurement 

To measure the heat transfer coefficient, a 50 n power resistor was installed over a circuit board and 

connected to a DC power supply. By increasing the voltage, the power dissipation of the resistor was 

increased and its case temperature profile was measured using the IR camera. By considering the applied 

voltage, power dissipation of the resistor (PD=V2/R), ambient temperature (23 ° C) and case temperature 

profile of the resistor, a formula according to Eq. (3.8) was included in the "Formula" section of the IR 

camera software to measure the case to ambient thermal resistance. 

The power dissipation of the 50Q resistor increased from 4.5W to 32W as shown in Fig. 3.18 and the 

thermal resistance was plotted according to different powers versus time. 
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Figure 3.18: Thermal resistance for various power dissipations. 

The average thermal resistance versus power is shown in Fig. 3.19. 

Thermal resistance {°C/W) 

4 

3 

2 

0 
0 5 10 15 

--+-- Average Thermal 
Resistance 

Power {W) 

20 25 30 35 

Figure 3.19: Average thermal resistance. 

It can be seen that the thermal resistance reaches a constant value as the power dissipation 

increases. By considering the average thermal resistance of 1.5° C/W and surface area of the 

resistor (19cm 2), the heat transfer coefficient of350 W/m2 .K (h= 1/R.A) can be obtained. In this 

case the average error between measurement and calculation is 3.5%. The obtained heat transfer 

coefficient by resistor (350 W/m2 .K) was used to calculate the power dissipation of the 

processor. 

The processor workload was changed from idle mode to load condition by performing ~he 

SPEC CPU2006 benchmark. The sequential views of the temperature profiles obtained from this 
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test are shown in the Fig. 3.20 (a)-( d). It can be seen that the temperature of the SPOl (spot 1 

which is a hot spot on the processor surface) increases from 36.7°C to 38.3°C, 42.3°C and 

44.8°C, respectively. 

The power dissipation curve versus time obtained from the test is shown in Fig. 3.21. It can be 

seen that dissipated power changed from 5.5W in steady state mode to maximum of 18W under 

loading condition. In addition, it can be observed that the fluctuation of the power dissipation 

under loading condition is much more than steady state mode due to running different programs 

and therefore increasing the dynamic power dissipation. 
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(b) 

(d) 

Figure 3.20: Temperature profile at (a) t=32 sec. (b) t=41 sec. (c) t=60 sec. (d) t~ 73 sec. while running the benchmark. 
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Figure 3.21: Power dissipation curve versus time. 

b) Second Approach 

The main power lines for the processor operate at 12V, and then are fed to a voltage regulator 

(VR) module, which converts this voltage to the actual processor operating voltage and provides 

tight control on voltage variations. Therefore, the power was measured as follow: 

1- The current of the power lines for the processor was measured by a Fluke 80i current 

probe which has two output conversion of 1Om VI A and 1OOm VI A. 

2- The output of the current probe was read by a Fluke 45 digital multi meter (DMM) which 

has a pc interface via RS232 serial port. 

3- Labview version 8.5 was used for data acquisition (DAQ) and DMM control. A program 

was written by its programming language "G" to read the output of the DMM and 

calculate the power consumption of the processor. The program and waveform of the 

power are shown in Fig. 3.22 and Fig. 3.23, respectively. 
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Timeout (25 sec) 

Measurement 1 

Figure 3.22: Labview interface with DMM. 

Waveform Chart 

Figure 3.23: Total power consumption waveform. 

The waveform in Fig. 3.23 is related to the power consumption of the processor and its voltage 

regulator circuit when it goes from idle mode to executing the Spec CPU2006 with rate of 5 

samples per second. The power increased from 8.5W in idle mode to 30 W (load condition) and 

after stopping the benchmark it decreased to 8.5 W. 
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Since the voltage regulator is not 100% efficient then the power wasted in VR was discounted 

and new waveform which shows the power consumption of the processor is illustrated in 

Fig. 3.24. The power consumption of the processor was around 7W in idle mode and reached a 

maximum of 24.5W at load condition. 

Figure 3.24: Power consumption of the processor during load condition. 

3.4 Discussion 

In the first approach the power dissipation of the processor was measured by IR thermography 

while running the SPEC CPU2006 benchmark. The two main sources of power dissipation in the 

microprocessor are static power, which results from resistive paths between power supply and 

ground, and dynamic power, which results from switching capacitive loads between different 

voltage levels. There is a third source of power dissipation in CMOS circuits, short-circuit 

current, which results from both transistors in a CMOS circuit being on at the same time while 

the input switches, however the short-circuit component is small and negligible [57]. 

At the same time of measuring the power dissipation by IR thermography, the total power 

consumption of the processor was measured according to the method described in second 
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approach. The results showed that around 80% of the total power consumption was dissipated as 

heat. Since the power dissipated in a CMOS circuit accounts for more than 75% of the power 

consumption for recent technologies [53], the obtained results are satisfactory. 

3.5 Comparison With Existing Work 

The thermal measurement setup used in this work has similarities with the one reported by 

Hamann et al [58]. The key difference is that their setup only performs measurements for steady 

state thermal analysis; therefore, the evolution of power cannot be captured. 

Isci et al [ 4] measured the overall power consumption with a multimeter and used a logger 

machine to collect the power data. A significant difference between the proposed power 

measurement setup and [ 4] is that the proposed approach also takes into account the efficiency of 

the on-board voltage regulator to increase the accuracy. The main difference is the fact that this 

setup also captures the temperature profile of the DUT. 

The proposed thermal measurement setup is similar to the setup described by Martinez et al 

[34]. However a major difference is the use of a clamp ammeter instead of a shunt resistor to 

avoid the need to cut the power supply lines and add more wires to the system. In addition, the 

proposed approach converts the temperature profile of the device to its power dissipation at run 

time by calculating the heat flux of the cooling system, however; [34] only measures the total 

power consumption of the device under test. 

3.6 Summary 

Different setups developed for infrared thermography by researchers were introduced and their 

advantages and drawbacks were discussed. Infrared thermography setup based on "Oil heatsink" 

was selected for this research. 

The IR thermography measurement setup to obtain the temperature profile and power 

dissipation of a modem high performance processor was discussed. The major equipments and 

the systems used in the experiment setup were discussed in detail in this chapter. The effect of 

various parameters such as the oil flow condition and emissivity of the target were studied and 

the proposed setup for this research work was discussed. 
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The measurement setup was used to obtain the temperature profile and power dissipation of the 

processor while running the SPEC CPU2006 benchmark. Power dissipation of the processor was 

measured by calculating the heat transfer coefficient of the heatsink and verified by measuring 

the total power consumption of the processor at the same time. The results showed that around 

80% of the total power consumption was dissipated as thermal energy (heat). 
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Chapter 4 

THERMAL MODEL OF THE INTEL DUAL CORE E2180 

PROCESSOR 

In this chapter the proposed measurement setup is used to verify the thermal model of an Intel 

Dual Core E2180 processor. The processor was modeled by COMSOL 3.4 [45] which is based 

on finite element method. This software is able to perform 3D transient and steady state thermal 

analysis and post process the output data, such as temperature distribution, in a 3D domain. The 

simulation results are compared to the experimental results obtained in Chapter 3. 

4. Thermal Model of the Intel Dual Core E2180 Processor 

The processor was an Intel Dual Core E2180 processor packaged in a 775-Land LGA package 

(see Fig. 4.1) that interfaces with the motherboard via a LGA775 socket as discussed in section 

4.1. In this type of processor there are no additional components, such as BSRAMs, which 

generate heat on this package; therefore; amount of power that can be dissipated as heat through 

the processor package substrate and into the socket is usually minimal. 

4.1 Finite Element Model 

The processor, socket and its contact balls were modeled using COMSOL 3.4 finite element 

software. Since processor is Dual Core, two cores with total surface area of 111 mm2 were 
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considered as heat sources with variable power consumption from zero to 65 W (Maximum 

thermal guideline ofthe processor [43]). 

•-T A 

Heatsink I I 'PeA 

TIM 
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IHS 
Tc 
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1-LGA77S Socket 

t. 
SystftD Board 

Figure 4.1: LGA 775 socket with its processor components. 

The three dimensional finite element model developed to study the thermal properties of the 

package is shown in Fig. 4.2. The thermal model consisted of approximately 410000 solid 

elements. This model was divided into eight major parts: IHS, die attach, die, substrate lands, 

package housing, contact, solder and PCB [38]. 

Figure 4.2 shows the developed finite element model of the processor installed on the PCB 

which is an FR4 PCB with three copper layers. The material properties and dimensions of each 

layer are listed in Table 4.1. 
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(a) 

(b) 

Figure 4.2: Finite element model (a) 2D, side view , (b) 3D view . 
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TABLE 4. 1: MATERIAL PROPERTIES AND DIMENTJONS OF LAYERS OF THE THERMAL MODEL OF THE LGA PROCESSOR AND ITS SOCKETS. 

Thermal Top view 

Layer Material Conductivity Dimension 

(W/m °K) (mm) 

Nickel 90.7 
HIS 36 x36 

Copper 400 

Die attach Soft solder 80 10 X 11 

Die Silicon 163 2 x (5 x ll) 

Substrate Lands Reinforced resin 0.6 37.5 X 37.5 

Package housing Plastic mold 0.6 42 X 42 

Copper 400 

Contact Gold 317.. 35 X 35 

Nickel 90.7 

Gold 317 
Solder 35 X 35 

Copper 400 

FR4 0.3 
PCB 240 X 240 

Copper 400 

4.2 Boundary and Subdomain Settings 

The governing heat transfer equation is: 

Q=V.(-kVT)=h(T5 -T) (4.1) 

where Q (W/m3) is heat source, h is the heat transfer coefficient (W/m2.k), Ts denotes the surface 

temperature (0 C) and k is the thermal conductivity (W/m.k). 

The boundary conditions were set as follows: 
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• The top layer of the board was considered as an insulator since under actual operating 

conditions this layer is filled by components. 

• For the bottom layer of the PCB and sidewalls, heat flux was considered with a heat 

transfer coefficient of 10 W/m2·K [44]. 

• For the top layer and sidewalls of the processor, heat flux was considered according to 

Eq. (4.1).The measurement results obtained in Chapter 3, including power dissipation and 

heat transfer coefficient were used to solve the boundary condition of this part. In Eq. 

(4.1), the power dissipation of the processor was considered as a heat source with ambient 

temperature of23°C, and the obtained heat transfer coefficient was used for h. 

4.3 Simulation Results 

The numerical simulation was performed by applying the above-mentioned boundary 

conditions. Figures 4.3 and 4.4 show the simulation results for power dissipation of 5.5W and 

18W, respectively with heat transfer coefficient of 350 W/m2.K in ambient temperature of 23°C. 

The maximum case temperature of the model at power dissipation of 5.5W and 18W was obtained 

as 37.51 °C and 46.25°C respectively which are in good agreement with the temperature profile of 

the processor obtained in Chapter 3. TheIR thermography showed average temperature of 36°C 

for power dissipation of 5.5W and 44 oc for power dissipation of 18W. There was good 

correlation between the temperature profile obtained from test results and finite element 

simulation. 
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Max: 37.519 
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Figure 4.3: Temperature profile of the FEM simulation for power dissipation of 5.5W. 
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Figure 4.4: Temperature profile of the FEM simulation for power dissipation of 18W. 

In addition, the developed finite element model was assessed for several boundary conditions 

scenarios, i.e. various heat transfer coefficients, according to Intel documentation for the 

processor [38]. The power dissipation was varied from 6 W to 65 W according to the thermal 

profile of the processor in its data sheet. The evolution of obtained temperature at the center of 

the processor from simulation results and [38] is shown in Fig. 4.5. It can be observed that the 

maximum error percentage is around 2.7% 
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Figure 4.5: Comparison of simulation results and [38]. 

4.4 Summary 

A new finite element thermal model, which included eight major parts: IHS, die attach, die, 

substrate lands, package housing, contact, solder and PCB, was developed for the Intel Dual 

Core E2180 processor. This developed model was shown to accurately simulate thermal 

behavior of the processor. Results from the thermal model of the processor provided data on the 

overall temperature distribution for several configurations that compared well to the 

experimental data obtained in Chapter 3. 
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Chapter 5 

ELECTROTHERMAL ANALYSIS 

In this chapter a method to design a new electrothermal analyzer is elaborated. This approach 

is based on coupling a circuit simulator and IR thermography measurements through an 

application program interface using the FLIR Software Development Kit (SDK) that updates the 

temperature information in near-real time. To examine the performance of the proposed 

electrothermal analyzer, DC analysis is performed on a power MOSFET circuit and the results of 

circuit parameters with and without temperature updating were obtained and discussed. 

5. Electrothermal Analysis 

The performance and characteristics of semiconductor components in electronic circuits can 

be considerably affected by temperature variations. Therefore, accurate electrothermal analysis 

method requires that the dynamic temperature effects induced by the heat dissipated in the circuit 

be taken into consideration. 

Modeling electrothermal interactions in integrated circuits has been addressed in a variety of 

ways [56]. Based on the literature and available reports, existing methods can be broadly 

classified into two major methods: direct method and relaxation. In the direct method, the 

thermal model resembles an electrical circuit and the thermal and electrical problems are then 

solved simultaneously, while in the relaxation method the electrical and thermal systems are 
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solved separately and the solutions were obtained by applying successive relaxation between the 

two systems. Both methods are typically based on numerical and simulation results. 

There are different numerical methods to solve the thermal problem (heat transfer equations) 

such as, Fourier series, fmite difference method (FDM), finite element method (FEM), boundary 

element method (BEM), and extraction approximation approaches which are based on 

mathematical manipulation. An excellent review of these methods is reported in [6]. These 

numerical solution methods provide an approximation of the thermal behavior of the DUT. 

These methods always come with assumptions and approximations related to geometrical and 

material properties, discretisation of the heat transfer equations, coupling of multiple heat 

sources, etc. 

In this research, a new electrothermal analyzer is proposed. The major difference between the 

proposed electrothermal analyzer and reported works in literature is in its thermal analysis 

method. The temperature distribution of the DUT is directly measured by IR thermography and 

is not based on simulation or calculation. Therefore, by using the experimental results the error 

percentage due to prediction of temperature by numerical methods is reduced significantly. 

In our approach the temperature profile obtained from IR thermography measurement 1s 

coupled with the proper electrical model to update the temperature related parameters of DUT in 

near-real time condition. 

5.1 Electrical Analysis 

To perform electrical analysis on an integrated circuit, an electrical circuit simulator is needed. 

Every circuit simulator has a library which includes model definitions for each element type. In 

these models a set of equations are defmed to specify the characteristics of the element. 

One of the primary circuit simulators is called SPICE (Simulation Program with Integrated 

Circuits Emphasis) which was originally developed at the electronic research laboratory of the 

University of California, Berkeley in 1975. There are different versions of SPICE such as 

PSPICE which is a PC version of SPICE, and HSPICE which runs on UNIX workstations and 

large computers. In this research we used PSPICE as the electrical simulator [47]. 
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5.1.1 MOSFET Pspice MODEL 

The DUT in this study is a FDD8780 Fairchild Power MOSFET, [48]. To perform the 

electrothermal analysis of the MOSFET, the SPICE model parameters such as mobility, 

threshold voltage, saturation velocity, parasitic series resistance, and source/drain junction 

characteristics were modified to include temperature-dependent behavior. The inclusion of these 

parameters is described in the following sections. 

a) Temperature dependence of mobility 

Much research has been done to model the inversion charge mobility as a function of channel 

doping concentration, the gate and substrate voltages, and temperature. It is well known that 

phonon scattering, surface scattering, and columbic scattering (including ionized imputy 

scattering and interface charge scattering) are the three major scattering mechanisms governing 

the characteristics of carrier mobility in the inversion layer. For temperatures above 250K, 

phonon scattering is the dominant mechanism [49]. 

Several empirical unified formulas have been suggested to describe the mobility as a function 

of process parameters and bias conditions. However, all of them contain a quantity, Eerr that is 

not readily available for circuit simulation. It has been shown that Eerf may be expressed simply 

as (Vgs +Vth)/ (6Tox) [49]. In BSIM3 V3, a second order polynomial with parameters Ua, Ub , and 

Uc which are linear functions of temperature, is used to describe the temperature dependence of 

mobility [50]. 

For the MOSFET BSIM3 model, the mobility model including temperature effects becomes 

(5.1) 

where 

(5.2) 
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(5.3) 

(5.4) 

where parameters J.lo , UA, UAI, UB, UBI, Uc, Uc1, and UTE can be extracted from the measured I-V 

data and T is the temperature in Kelvin. Tnom is the nominal temperature where the model 

parameters J.lo; UA, UB, and Uc are extracted. 

b) Temperature dependence of the threshold voltage 

Threshold voltage (Vth) is another important parameter that is sensitive to temperature. It 

increases as temperature decreases due to the Fermi-level and band gap energy shifts. Vth 

depends linearly on the temperature over a wide range of temperature for devices with long 

channel lengths [ 49]. Recent experiments show that Vth rolloff, i.e. the ?ependence of Vth on V ds 

and L(length of channel), is intensive to temperature. This can be explained by the fact that Vth 

rolloff results from the capacitive coupling of the drain and the channel, a temperature 

independent phenomenon. 

The following temperature model ofVth is used in BSIM3 [50]: 

~h(T)= ~h(TNOM,L,Vds)+(Kn + KnL +KT2Vbs)(__I_-lJ 
L TNOM 

(5.5) 

where ~h (TNoM, L, Vds) is the threshold voltage value at T NOM. The parameters Kn, KnL, and KT2 

are extracted from the experimental data and K TIL is a minor term introduced to improve the 
L 

fitting accuracy. 

The behavior of the threshold voltage (Vth) versus temperature for n-channel MOSFET with 

W/L=6J.!rni0:25J.lm are given in Fig. 6.1. This shows that the temperature dependence of short 

channel effects can be well described by Eq. (5.5). 
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Figure 5.1 : V1h-T data of a W/L=6J . .un/0.25j.!m n-channel MOSFET at different Vbs [49J. 

c) Temperature dependence of the saturation velocity 

It is known that the saturation velocity (Vsat) is a weak function of temperature. For simplicity, 

the temperature dependence ofVsat is usually ignored in the compact modeling ofMOSFETs. 

In BSIM3v3, the temperature dependence ofVsat is modeled with the following [50]: 

(5.6) 

where AT is a parameter extracted from the measured data, and v sat is the saturation velocity at 

TNOM. 

d) Temperature dependence of the parasitic drain/source resistances 

With the increasing current drive of MOSFETs and dropping supply voltages, the drain/source 

series resistance (Ris) becomes a more important parameter. Rts is composed of contact 

resistance, drain and source diffusion sheet resistance, and spreading resistance at the edge of the 

inversion layer due to current crowding. Rts increases almost linearly with rising temperature. 
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In BSIM3 v3, Rls and its temperature dependence is modeled as [50]: 

R (r) = Rd.w (r)[l + PRWGvgseff + PRWB (~¢s- vbseff - K)] 
liY 'WR 

weff 
(5.7) 

Rd.w (T)=RDSW,Tnom +PRT(TT -1) 
NOM 

(5.8) 

where Rosw , PRwB , PRwB and WR are extracted from the measured Ris data at TNoM. PRT is 

extracted from the measured data at different temperatures. Werf is the effective channel width 

without consideration of bias dependence. V gsteff is equal to V gs-Vth in the strong inversion 

region [50]. 

e) Temperature dependence of the SID diode characteristics 

For the source/drain junction in a MOSFET, the temperature dependences of the saturation 

current, Is, and the junction capacitance at zero bias, Cjo, are important ~nd need to be considered 

in the device model. The saturation current of a p-n junction is determined by the intrinsic carrier 

density, ni, or the energy band gap of the material, Eg [ 49], both of which are temperature 

dependent. Similarly the Zero-bias junction capacitance is determined by the temperature 

dependent parameters dielectric constant of silicon material, Esi, and the junction built-in 

potential, V bi [ 49]. 

In BSIM3 v3, the temperature dependence of the Source to Bulk and Drain to Bulk junction is 

described by the saturation current Isbs , the zero-bias unit area/perimeter junction capacitances 

CJ(T), Cjsw(T), and junction built-in potentials Pb(T) , Pbsw(T) and Pbswg(T) . 

Isb is calculated as 

(5.9) 

(5.10) 

where ls is the saturation current density of the source or drain junction and As and Ao are the 

areas of the source and drain junctions. Jssw is the saturation current density of the source or 

drain sidewall junction and Ps and Po are the perimeters of the source and drain junctions. Both 
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Js and Jssw are functions of temperature and are described by [50]. Figure 6.2 shows the current 

characteristics of the drain/bulk junction at several temperatures for the BSIM3 v3 diode model. 

Figure 5.2: I-V characteristics of the drain/bulk junction at different temperatures [49]. 

The temperature dependence of the zero-bias junction capacitance is modeled with the 

following equations [49]: 

C1 (r) = c;[t + rCI (r- T NoM )] 

c jsw (r) = c JSW [1 + T CISW (r- T NOM )] 

c jswg (r) = C JSWG [1 + T CISWG (r- T NOM )] 

(5.11) 

(5.12) 

(5.13) 

where Cj(T) , Cjsw(T) and Cjswg(T) are zero-bias junction capacitance per unit area, the perimeter 

junction capacitance per unit length at the field -oxide edge , and perimeter junction capacitance 

per unit length at the gate edge . C1 , C1sw and C1swa are the zero-bias capacitance at the nominal 

temperature T NOM. T c1 , T c1sw and T cJswa are the model parameters for the temperature 

coefficient of Cj , Cjsw and Cjswg . ' 

The temperature dependence of the built-in potentials in the junction capacitances is modeled I 
with the following equations [49]: 

(5.14) 
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p bswg (T) = P BSWG - T PBSWG (T- T NOM ) 

(5.15) 

(5.16) 

where Pb (T), Pbsw (T), and Pbswg (T) are the built-in potentials of the bottom junction, the 

periphery junction at the field - oxide edge, and the periphery junction at the gate edge at 

temperature T in Kelvin. Ps, Pssw and PsswG are the built-in potentials of the bottom junction, 

the periphery junction at the field -oxide edge, and the periphery junction at the gate edge at 

temperature TNOM· Tps, Tpssw and TpsswG are the temperature coefficients of the built-in 

potentials. 

The Icts-Ygs characteristics for then-channel MOSFET with W/L=6J .. un/0.25J.lm at Ycts=0.05V 

and Vbs=OV is given in Fig. 5.3 for different temperature and the Icts -Vcts characteristics of the 

same MOSFET at Vgs=2V and Vbs=OV is given in Fig. 5.4 as well. 

0.00020 ......--- ------------, 
W11..=610.25 
ToX=4.5nm 

0.00015 Vds=0.05V 
Vbs::OV 

~ I o.ooo1o -
0.00005 

0 0.5 1.5 

Vga (V) 

2 

T=25 
50 
75 
100 
125 
150 

2.5 

Figure 5.3: Ids - V gs curve of ann-channel MOSFET of a WIL=6J .. un/0.25~m at different temperature after Cheng et al. [49]. 
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Figure 5.4: Icts - V cts curve of ann-channel 0.25J.!m MOSFET at different temperature after Cheng et al. [ 49]. 

5.2 Thermal Analysis 

The thermal analysis of the DUT was performed using IR thermography. The SDK of 

SC6000/SC4000 cameras allows users to write applications that can control and acquire the 

temperature profile as a collection of data points which can be provided to the simulator. 

Following is a brief description of SDK interface. 

5.2.1 Camera SDK 

Camera SC4000 SDK is a collection of several other SDKs, each with a specific function [51]. 

a) Accessories SDK 

The Accessories SDK provides the interface for communicating with and acquiring image data 

from the camera. This SDK can discover available interfaces and devices, open a device, 
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read/write bytes to the control channel of the devices, and/or grab frames of image data from the 

device. 

b) Phoenix Protocol (API) 

The Phoenix Protocol API is responsible for formatting messages that use the phoenix 

protocol. 

c) IACF Protocol (API) 

The IACF Protocol API is responsible for formatting messages that use the IACF protocol. 

d) Cielo SDK 

The Cielo SDK provides functions for controlling the Cielo board in the SC6000/SC4000 

camera. This board handles communications and some triggering tasks. 

e) IACF SDK 

The IACF SDK provides functions for controlling the SC6000/SC4000 camera core. Most of 

the functions called to control the SC6000/SC4000 are from this SDK. 

f) IACF Util (API) 

The IACF Util API contains utility functions for handling calibrated SC6000/SC4000 

cameras. This includes changing the calibration range, converting camera data to temperature, 

saving/loading calibrated data files (.SEQ files). This API also contains a utility function for 

saving a 16-bit TIFF file. A brief overview of the component layers in an application that 

communicates with the camera core is diagramed in Fig. 5.5. 
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Figure 5.5: Camera SDK diagrams [52]. 

5.2.2 Temperature Profile by SDK 

To obtain the temperature profile of the DUT a set of programs were written in Visual C++ 

2008 by using the SDK functions as follow: 

a) Set camera port : 

A program was written to connect the camera over gigabyte Ethernet (GigE), USB or RS-232 

interface. In this study the camera was connected by GigE due to its faster speed, allowing a J 

higher frame rate. 
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b) Set camera IP: 

The program must be configured to choose the correct IP address of the camera in order to 

perform calibration. 

c) Set and save calibration 

The output of camera is a set of raw data which should be calibrated before using. The 

SC4000 camera is calibrated for a range between -1 0°C to 360°C. "Set Calibration" is another 

program which is written to list all the calibration range in the camera and set the active one. 

After setting the active calibration, the camera output counts in the calibration range. The "Save 

Calibration" program is used to save the calibration data to disk. 

d) Acquire data 

This program acquires raw frames from the camera and saves them to disk. The window 

size(X, Y) and number of frames (N) should be specified in this section. There will be N Excel 

files generated, each contains X rows and Y columns of temperature data. 

e) Apply calibration 

The result of acquire data is a set of raw output which should be calibrated to show the actual 

temperature. The "Apply Calibration" is used to apply the saved calibration file to the acquired 

data. 

f) Select the position of DUT and create thermal profile 

The SDK output is a set of files with specified window size. To have the temperature profile 

of the DUT the position of the device should be clear. Another program was written to read the 

frames one by one and select the temperature data of a specified row and column corresponding 

to the position ofDUT and save them in another file. 
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5.3 Methodology of IR Thermogrpahy and PSPICE Simulator Coupling 

An electrothermal measurement-simulation method has been developed by coupling the IR 

thermography measurement and PSPICE simulator to update the temperature related parameters 

of DUT in near real time condition. Visual C++ was chosen as the environment to transfer the 

measured data to the simulator. 

5.3.1 Implemented Algorithm 

The flowchart of the developed algorithm is shown in Fig. 5.6. The procedure begins by 

running the SDK to obtain the temperature profile of the DUT. The setup steps mentioned in 

section 5.2.2 should be performed to obtain the temperature profile. The temperature is imported 

to PSPICE as an include file and SPICE is run for specified temperature. To avoid computing of 

very close temperatures in electrical model, a convergence parameters E is considered as the 

temperature difference between 2 frames. The electrical simulation is performed if the difference 

is greater than the specified E. The simulation is continued till last temperature which is related to 

the last frame. 
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Figure 5.6: Flowchart of the electrothermal analysis. 
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5.4 Electrothermal Anlysis of a power MOSFET 

To examine the performance of the proposed electrothermal analyzer, DC analysis was 

performed on a power MOSFET circuit. The results of circuit parameters with and without 

temperature updating were obtained and discussed. 

5. 4.1 Power MOSFET Electric Model 

The DUT is a Fairchild FDD8780 Power MOSFET [48]. Figure 5.7 represents the electrical 

circuit of the FDD8780 Power MOSFET. 

VDD 

.----,...,....---o VEE 

M1 

I V2 

t-------i' ~~~1-·-~o VDD 
FDD8780 

-=- o 

-=- o VEE 

Figure 5.7: Schematic of the MOSFET. 

The MOSFET was biased in a moderate inversion region with Vas=2.7V. The supply voltage, 

V00 was lOV and the drain current, 10 , was 4.236 A. Figure 5.8 shows the graph of 10 versus 

V00. The power dissipated in the MOSFET when it is fully on is the product of the drain-source 

voltage and the current flowing through the device. The voltage across the MOSFET in this case 

will be the drain-source resistance of the MOSFET, Ros (on) times the current. The resistance, 
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Ros (on), for this power MOSFET at operating point and ambient temperature of 25°C was 

simulated as 3.7mn , therefore; the power dissipated in the MOSFET at operating point was 

66mW. 

60A 

4 0A 

~ 
Q -

2.0A 

Voo (V) 

OA 

Figure 5.8: MOSFET DC characteristics. 

To consider device temperature (Tj) in PSPICE, the device model was modified to include Tj. 

The general format for modeling a MOSFET in PSPICE is as follow [49]: 

MNAME ND NG NS MODEL NAME 

.MODEL MODEL NAME TRANSISTOR TYPE 

MODEL PARAMETERS 

ND, NG, NS are the node numbers for the drain, gate and source, respectively. 

MODEL_NAME is a name for the particular model. 

TRANSISTOR TYPE can be either NMOS or PMOS 

MODEL _PARAMETERS are the parameters that model the MOSFET characteristics. Device 

junction temperature is included in these parameters. 
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The SPICE model of FDD8780 was modified to include the temperature dependent parameters 

and junction temperature as follow: 

.MODEL Bsim3 NMOS (LEVEL=7 VERSION=3.1 MOBMOD=3 CAPMOD=2 paramchk=1 

*Process Parameters 

+ TOX=455e-10; Oxide thickness 

+ XJ=0.49e-6; Channel depth 

+ NCH=1.35e17; Channel concentration 

*Channel Current 

+ U0=850 VSAT=5e5 DROUT=1.8 

+ DELTA =O.ll PSCBE2=1e-5 RSH=1.63e-3 

*Threshold voltage 

+ VTH0=2.1 

*Sub-threshold characteristics 

+ VOFF=-0.23 NFACTOR=1.1 

*Junction diodes and Capacitance 

+ LINT=0.185e-6 DLC=0.185e-6 

+ CGS0=85e-12 CGSL=O CGD0=38e-12 CGDL=270e-12 

+ CJ=O CF=O CKAPPA=1.8 

* Temperature parameters 

+ KT1=-1.1 KT2=0.022 UA1=0.6e-8 UB1=-7.61e-18 UC1=0.056 

+ UTE=-1.5 XT/=3.0 NJ=10 

+T_ABS=<Tj>) 
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5.4.2 Power MOSFET IR Thermography 

The circuit shown in Fig. 5.9 was biased at an operating point, VGs=2.7V, Voo=lOV, and the 

thermal profile of the MOSFET with and without an oil heatsink was obtained by 

communicating with IR camera system using the developed interface program. Figures 5.9 and 

5.10 illustrate the temperature rise of the MOSFET circuit without and without oil heatsink, 

respectively. The temperature when no heatsink was used increased from 24°C to 54°C during 

the first 5 minutes of operating and did not reach a stable value. However, when the heatsink was 

used, the temperature ofMOSFET increased from 24°C to 34°C and stabilized at 30°C. 

(a) 

Figure 5.9: MOSFET thermal profile with oil heatsink, (a) 2D temperature profile, (b) temperature profile versus time. 
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(a) 

(b) 

Figure 5.10: MOSFET thermal profile without oil heatsink, (a) 2D temperature profile, (b) temperature profile versus time. 
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5.5 Simulation Results 

The thermal profile of the MOSFET obtained by IR thermography measurement was imported 

into SPICE by using the methodology described in Section 5.3 with a convergence parameter of 

0.9 °C, and DC analysis was performed on the circuit. 

5. 5.1 DC Analysis 

a) Using oil based heatsink 

As mentioned in Section 5.4.1 the moderate operating point of MOSFET was selected with 

V00 of lOY and Vas of 2.7V.The threshold voltage of the MOSFET was 2.0Vat the ambient 

temperature of 25°C. In this case the current flowing through the drain of the MOSFET was 

4.236A and the power dissipation of the DUT was 66 m W. After updating the temperature of the 

MOSFET according to the thermal profile obtained by IR thermography measurement, the 

MOSFET current changed as shown in Fig. 5.11 (a) and (b) . 
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Figure 5.11 : MOSFET DC characteristic with updating temperature with cooling system (a) ID versus VDD, (b) ID versus 
temperature. 

As Fig. 5.11 (b) shows, the current ofthe MOSFET at operating point increased from 4.236 A 

to 4.823A and consequently the power dissipation changed from 66mW to 89.74mW which 
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means 13% increase in current and 35% increase in power dissipation. Figures 5.12 (a) and (b) 

illustrate the power dissipation of the MOSFET with temperature increase. 
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Figure 5.12: MOSFET power dissipation with updating temperature with cooling system, (a) Power versus V00, (b) Power versus 
temperature. 
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b) Without using heatsink 

The thermal profile of the MOSFET while working without cooling system was imported into 

SPICE and the results of DC analysis are shown in Fig 5.13. As temperature increased from 25°C 

to 54°C, the current at operating point changed from 4.24 A to 6.1A and power dissipation 

increased from 66mW to 160.89mW. The results indicated that without using a cooling system 

the MOSFET current increased 45% and power dissipation increased 143% (as shown in Fig. 

5.14) due to self heating and lack of a proper cooling system. 
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100m 
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Figure 5.13: MOSFET DC characteristic with updating temperature without cooling system. 
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Figure 5.14: MOSFET power dissipation with updating temperature without cooling system. 
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5.6 Discussion 

As mentioned in Section 5.1.1, the MOSFET characteristics are strongly temperature 

dependent. Here two important characteristics including I-V characteristic and power dissipation 

of the MOSFET were obtained by simulation according to different temperature and work 

conditions. 

Drain current varied considerably with temperature. The temperature coefficient of the drain 

current can be positive, negative or zero depending upon the operating voltage, Vas. The 

negative temperature coefficient of drain current (at higher temperature) is primarily due to (1) 

decrease in the carrier mobility, (2) increase in the threshold voltage, and (3) decrease in the 

carrier saturation velocity. The positive temperature coefficient of drain current occurs when the 

device is operating in the weak and moderate inversion region and is primarily due to an increase 

in the intrinsic carrier concentration [54]. 

The MOSFET circuit tested in previous sections, worked in mod~rate inversion region with 

Vas of 2.7 V while the threshold voltage is 2V. In this case the drain current has a positive 

temperature coefficient and the simulation results showed this fact. 

Another parameter which changed by temperature significantly was power dissipation. In our 

circuit the MOSFET was working fully on and in one state, therefore; the power dissipation of 

the circuit was mostly resistive power due to resistance of drain-source. 

The drain-source resistance (Rns (on)) of the MOSFET was calculated for different temperature 

while the MOSFET was working without a cooling system. Figure 5.15 illustrates the effect of 

temperature on Rns while temperature increased from 25°C to 54°C. This parameter changed 

from 3.70m0 at 25°C to 4.22m0 at 54°C linearly with positive slope of0.0189. 

The simulation results showed the significant effect of temperature on the MOSFET 

characteristics especially at very short period of time and the importance of having an accurate 

electrothermal analyzer. 
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Figure 5.15: Ros (on) ofMOSFET during DC analysis without oil cooling system versus temperature. 

5.7 Summary 

A new electrothermal analysis method to investigate the effect of temperature on 

semiconductor ~omponents characteristics was introduced. The coupling procedure of the 

electrical simulator and IR thermography measurement through software development kit and 

Visual C++ were discussed in detail. 

The proposed electrothermal analyzer was employed to investigate the thermal effect in a 

power MOSFET circuit with and without using oil based heatsink. The DC analysis was 

performed on the circuit. The obtained results indicated that by using a cooling system, the 

temperature increase of 9°C, changed the current and power dissipation of the system 

approximately 13% and 35% respectively and consequently changed the operating point of the 

system. In addition, the system was operated without a cooling system which showed 45% 

increase in current and 143% increase in power dissipation due to 30°C temperature difference. 
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Chapter 6 

6. Conclusions and Future Work 

In this thesis a methodology, implementation and validation of an experimental infrared 

measurement technique for the thermal and electrothermal analysis of electronic circuits was 

presented. The electrothermal analysis was based on coupling a circuit simulator and IR 

thermography measurement through an application program interface that updates the 

temperature information in near-real time. The experimental setup is capable of performing 

steady state and transient analyses. 

The proposed setup was used to perform the thermal analysis and power measurement of an 

Intel Dual Core E2180 processor. The power dissipation of the processor was obtained by 

calculating and measuring the heat transfer coefficient of the oil heats ink while the processor was 

executing SPEC CPU 2006 standard benchmark. Moreover, the power consumption of the 

processor was measured. The obtained results by IR thermography showed that around 80% of 

the total power consumption in processor is dissipated as heat. 

Validation of experimental results was performed by development of a finite element thermal 

model for the processor. The developed model was shown to accurately simulate thermal 

behavior of the processor. Results from the thermal model of the processor provided data on the 

overall temperature distribution for several configurations that compared well to obtained 

experimental data. In addition, the model was simulated for the data sheet thermal profile of the 

processor and the maximum error percentage of 2. 77% was obtained. 

The DC electrothermal analysis of a Fairchild Power MOSFET was performed to examine the 

performance of the designed electrothermal analyzer. The MOSFET was biased in a moderate 

inversion region. The supply voltage, V00 was lOY and the drain current, I0 , was 4.236 A. The 

thermal profile of the MOSFET was obtained by using oil heatsink and without it. The thermal 

profile was imported into SPICE model of the MOSFET. The temperature without heatsink 
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increased from 24°C to 54°C during the first 5 minutes of running and did not reach a stable 

point. However by using a heatsink the temperature of MOSFET increased from 24°C to 34°C 

and stabilized at 30°C. 

Two important parameters including I-V characteristics and power dissipation of the 

MOSFET were obtained according to different temperature and work condition. The obtained 

results showed that the drain current increased considerably with temperature due to its positive 

temperature coefficient in moderate inversion mode. With an oil heatsink the drain current of the 

MOSFET at operating point increased from 4.236A to 4.823A and consequently the power 

dissipation changed from 66mW to 89.74mW- a 13% increase in current and 35% increase in 

power dissipation. Also the results of analysis without using heatsink indicated that as 

temperature increased from 25°C to 54°C, the drain current changed from 4.24 A to 6.1A and 

power dissipation increased from 66mW to 160.89mW. The results indicated that without using 

cooling system the MOSFET current increased 45% and power dissipation increased 143% due 

to self heating and poor cooling system. 

In addition, the drain-source resistance (Ros (on)) of the MOSFET was obtained for different 

temperature at operating point. It changed from 3.70m0 at 25°C to 4.22m0 at 54°C. The 

analysis results showed the significant effect of temperature on the MOSFET characteristics 

especially at very short period of time and the importance of having an accurate electrothermal 

analyzer. 

The major difference between the proposed electrothermal analyzer and reported works in 

literature is in its thermal analysis method. The temperature distribution of the DUT is directly 

measured by IR thermography and is not based on simulation or calculation. Therefore, by using 

the experimental results the error percentage due to prediction of temperature by numerical 

methods is reduced significantly. 

In general, by this work we would like to emphasize on the importance of performing 

electrothermal analysis on integrated circuits. It was shown that thermal issues are critical and 

must be considered during their early design phase. Although electrothermal analysis is more 

time consuming than electrical analysis, more accurate evaluation of the circuit performance can 

be obtained. 
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Hopefully in the future we would like to optimize the developed electrothermal analysis tool 

with crucial aspect being analysis of both spatial and temporal variations in the electrical and 

thermal system and their interaction. This will allow accurate assessment of performance of 

electronic products and systems to avoid high risk of overheating causing early device failure. 
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