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ABSTRACT 

This thesis investigates the effects of ionizing radiation on the noise properties of n-

channel power DMOS transistors. The pre-iiradiation noise power spectral density of these 

transistors was found to vary as 1//* where X (the slope of the noise power spectral 

density when plotted on a log-log scale) ranged from approximately 0.5 to 1.0. Radiation-

induced trapped charge density was found to have a large effect on the magnitude and slope 

of the noise. Irradiation of devices was found to produce a more uniform distribution in 

time constants leading to the more ideal 1//noise power spectrum as total dose increased. 

Polarity of bias applied during post-radiation anneal was found to force a distribution in 

time constants leading to an increase in X for devices under negative gate bias and a 

decrease in X for devices under positive gate bias. Radiation hardness of power 

MOSFETs was investigated as a function of their pre-irradiation 1 If noise. No correlation 

was found between noise magnitude and device hardness. 
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CHAPTER 1 

INTRODUCTION 

This thesis investigates the 1 If noise properties of the vertical, double-diffused 

m e t a l - o x i d e - s e m i c o n d u c t o r  ( D M O S )  f i e l d  e f f e c t  p o w e r  t r a n s i s t o r .  T h e  g o a l  i s  t o  u s e  I f f  

noise measurements as a tool for characterizing the effects of ionizing radiation on power 

MOSFETs. 

For the past three decades, low frequency noise has been a well-known 

phenomenon associated with MOSFETs. In general this noise decreases with increasing 

frequencies and in many applications, the noise power spectral density has been found to 

vary inversely with frequency. Therefore it is broadly designated as "1//noise" even 

though the exact frequency variation may be somewhat different. It has been reported by 

various authors that a relation exists between the density of traps near the silicon-to-silicon 

dioxide (Si/Si02) interface and the 1 If noise measured in the device [1, 2, 3,4], Several 

detailed models for 1//noise in MOSFETs have been presented and can be classified as 

number-fluctuation models [1, 2, 3, 4, 5], mobility-fluctuation models [6, 7], 

combinations of the number-fluctuation and mobility-fluctuation models [8], and a model 

based on the random walk of mobile electrons via interface states [9]. Because of the 

relationship between trap densities and 1 If noise, the noise properties of MOSFETs have 

been proposed as a useful diagnostic tool for determining trap densities [8], 
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1.1 Motivation 

The determination of the number of oxide traps and interface traps generated in a 

radiation environment is of great concern for design and manufacture of MOS devices 

destined for operation in space and militaiy applications. Spaceborne equipment designers 

require a high degree of knowledge as to how a device will behave in a radiation 

environment and how reliable a device will be during mission requirements. It is critical to 

know beforehand whether or not a "radiation hard" device will operate properly in a space 

or military environment or if an unexpected failure may result. 

Spacecraft utilization of power MOSFET technology is limited by the vulnerability 

of the device technology to radiation exposure. The effect of radiation exposure on the 

operating characteristics of power MOSFETs has been studied by a number of authors over 

the past few years [10, 11, 12, 13, 14, 15]. In an ionizing radiation environment, MOS 

performance degrades primarily due to the oxide-trapped and interface-trapped charge that 

accumulates in the gate dielectric [16, 17]. The dominant effect resulting from these 

trapped charges is a shift in the threshold voltage of the device. 

Although several methods, such as subthreshold measurements and charge 

pumping, exist for extracting radiation-induced charge densities, they all have their 

limitations. Capacitance-voltage curves can be used, but this method requires the use of 

MOS capacitors rather than transistors. Measurements of oxide and interface charge 

densities can be obtained directly from MOSFETs by using the mid-gap technique [18] or 

charge pumping techniques [19]. However, post-radiation subthreshold characteristics 

may not be strictly exponential. This makes it difficult to define a single slope on a semi-



13 

log plot, and may adversely affect the accuracy of the mid-gap technique. Charge pumping 

measurements [19] are also widely used, but in many integrated circuits and in power 

MOSFETs, the substrate is not electrically accessible and therefore charge pumping is not 

possible. Thus, while subthreshold measurements and charge pumping are both useful 

techniques, they both have limitations in power MOSFETs. 

Recent work on characterization of semiconductor device degradation due to 

ionizing radiation has indicated that some MOS devices degrade faster then other devices 

manufactured nominally the same, but differing in the pre-irradiation 1 If noise magnitude 

[20]. It has also been shown that some MOS devices may be more susceptible to radiation 

damage at low dose rates, while other devices may tend to be more resistant to low dose 

rate radiation than initially expected [21,22]. It has thus been suggested that single-point 

tests may not be sufficient to determine the radiation hardness of a part. In fact, it has been 

pointed out that there may be a need to perform tests at multiple dose rates and at multiple 

times after irradiation [23]. 

Though a purely electrical means (Fowler-Nordheim tunneling electron injection) 

has been investigated to determine the radiation response of transistors [24], to date, there 

is no nondestructive pre-iiTadiation technique available to determine device hardness to 

radiation. Improvements in the characterization of MOSFETs and a non-destructive test for 

radiation hardness for devices to be used in the space environment could significantly 

reduce the cost of future space programs. 

Past experiments have shown that the increase in radiation-induced trap density is 

accompanied by a proportional increase in the amount of Iff noise present in MOS 
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transistors [25]. Meisenheimer and Fleetwood [26] found that the magnitude of the noise 

in N-channel integrated MOSFETs con-elates with the amount of radiation-induced positive 

oxide-trapped charge present during irradiation and anneal, but noise magnitude does not 

correlate with the interface-trapped charge. A correlation between pre-irradiation l//noise 

and radiation hardness has also been reported [20] and it was found that the magnitude of 

the 1 If noise present in an MOS device is correlated with the radiation-induced hole-

trapping efficiency of the oxide [27]. The physical reasons for the correlation have been 

attributed to the simple oxygen vacancy near the Si/SiC>2 interface known to be present in 

the Si02 before irradiation. 

To date, there has not been a large amount of research conducted on the noise 

properties of DMOS power transistors. Furthermore, without performing an irradiation or 

an equivalent "destructive" test it is almost impossible to predict the intrinsic radiation 

hardness of MOS devices [28,29, 30,31]. This leads to the great practical and economical 

importance of finding a non-destructive total-dose hardness test that can be applied to 

devices destined for use in satellite or military applications. Finally, 1 If noise 

measurements may offer an additional technique of extracting the charge density near the 

Si/Si02 interface in power DMOS transistors. 

1.2 Power DMOS Devices 

The vertical, DMOS field effect transistor is the most common structure used for 

power MOS devices [32], The wide use of the DMOS structure results from its ability to 

obtain high voltage blocking capabilities while maintaining relatively short channel lengths 

[32]. Large cuiTent ratings are achieved by connecting thousands of DMOS cells together 

in parallel. Figure 1.1 shows a cross-section of a typical DMOS transistor. Doping 



15 

profiles are achieved by using a double-diffusion technique to define the channel. This 

technique allows the channel length to be controlled to submicron dimensions, since 

distances are determined by diffusion times rather than mask alignments. A lightly doped 

drain is used to help support large voltage requirements at the drain. 

j > i t > J j yy 
Source Metallization 

IvSiGl 

N Epitaxial Layer 

Electron Current Flow 
Substrate 

Drain Metallization 
V//////S//A 

Figure 1.1. Schematic of a typical vertical DMOS transistor with a poly crystalline 

silicon gate. 

Like the conventional MOS transistor, the DMOS transistor modifies the effective 

number of earners in the channel of the device by adjusting the gate voltage. In the DMOS 

transistor, current flows laterally from the source through the channel, parallel to the silicon 

surface, then turns vertically and flows down to the drain contact The doping profiles in 

the DMOS structure allow the depletion layer, which supports VDS, to extend down into 

the epitaxial layer rather than laterally into the channel. This is what gives the DMOS 

transistor its ability to support large voltages. 
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Additional advantages of the power DMOS structure over other power devices are 

its frequency response and its switching speed capabilities. Gain can be maintained at 

much higher frequencies than for power bipolar transistors, while also maintaining a linear 

transfer characteristic. Like all other MOS devices, the DMOS transistor offers circuit 

designers an ability to achieve very high input resistance and extremely low power 

requirements to maintain it in an ON state. 

1.3 Radiation Effects on MOS Devices 

It has long been known that exposure of solid state devices to a radiation 

environment can degrade the electrical characteristics of the devices. This degradation can 

result in a possible system failure. The form and type of device damage has been found to 

be dependent on the radiation environment, the structure of the device or circuit, and the 

operating conditions. Thus, in order to obtain high performance, high reliability products 

destined for use in radiation environments, the operating conditions and type of radiation 

must be considered. 

1.3.1 Sources of Radiation 

Radiation can occur naturally or as the result of man-made sources, such as solar 

winds in a space environment or nuclear weapons explosions . Solid state devices are 

primarily effected by radiation through two basic mechanisms: displacement damage and 

ionization. There are three basic categories of radiation - neutrons, charged particles, and 

photons [28]. 
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Displacement damage is caused by high energy neutrons and heavy charged 

particles. When an energetic neutron or charged particles strikes a material it can cause the 

displacement of atoms from their lattice structure. The disturbed lattice has localized 

discrete energy levels in the band gap resulting in additional trapping centers and 

generation-recombination centers. This type of displacement damage is dependent on the 

mass, charge, and kinetic energy of the incident particle, and the mass, charge, and density 

of the semiconductor material. In addition to displacement damage, charged particles can 

cause the generation of electron-hole pairs (ionization) while passing through a material. 

Both effects may cause temporary (transient) or permanent damage to semiconductors. 

In an MOS device, photon damage results when high energy photons, typically 

Gamma Rays or X-Rays, penetrate the device. The passing of a photon through a material 

results in the production of electron-hole pairs. Some of these newly created electron-hole 

pairs will recombine, while others will be swept out of the device due to the electric field in 

the gate oxide. However, a finite number of holes will be trapped in the device causing a 

bias independent change in the internal fields of the device. In addition to this oxide-

trapped charge, ionizing radiation produces a bias dependent interface-trapped charge. The 

interface-trapped charge and the oxide-trapped charge are the primary cause for the 

degradation in electrical performance of MOS devices in radiation environments. 

Ionizing radiation is typically measured by the amount of energy absorbed per gram 

of material irradiated. In the international system of units, the MKS unit for absorbed dose 

is called the gray (GY). One GY is defined as the deposition of 1 joule per kilogram of 

radiation energy. The CGS unit of this radiation absorbed dose is called a rad and is 
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defined as follows: 

1 rad = 100 = 0.01 -j- = 0.01 GY , (1.1) 
gm Kg 

where the absorbing material must be specified. The rad can be related to the number of 

electron-hole pairs created in a material being irradiated by considering the amount of 

energy required to create an electron-hole pair. For example, if the material being irradiated 

is silicon dioxide, then for approximately every 18 eV of energy absorbed, one electron 

hole pair will be created. Thus in Si02, the number of electron-hole pairs generated per rad 

is given by 

(lOO^i) x ( IQ'VV \ x X (ifeM) = 8.68 xio'^, (1.2) 

* \1.6 x 1019 ergs] ' cm3 I U8eV/ Cm3 

or 1 rad generates 8.68 x 1012 (e-h pairs) / cm3. Thus, as the dose increases, the number 

of carriers generated in the material will also increase. 

1.3.2 Effects of Ionizing Radiation on MOS Devices 

Ionizing radiation produces its primary effects in dielectric materials (i.e., in the 

gate oxide and field oxide regions of MOS transistors). These effects result in a shift of the 

threshold voltage and a degradation of the channel mobility of the device. Possible results 

may be reduced performance of the system and/or an eventual system failure. 
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Deep Hole Trapping 
At The Interface 

Ionizing 
Radiation 

Si 

r\J~\y 

(±K 

Electron-Hole Pairs Generated 
By Ionizing Radiation 

Radiation-Induced 
Interface Traps 

Hopping Transport of Holes 
Through Localized States in the 
Bulk Oxide 

Figure 1.2 Schematic of ionizing-radiation-induced effects in an MOS device under 

positive gate bias (after McLean et al. [16]). 

Figure 1.2 illustrates the process in which ionizing radiation affects a MOS device. 

Electron-hole pairs are created during irradiation. Immediately after ionization, the process 

of electron-hole recombination will occur, in addition to carrier transport. The fraction of 

electrons and holes that recombine depends to a great extent on the oxide quality, the 

applied field, and the energy and kind of incident particle. At room temperature, electron 

mobility in Si02 is approximately 20 cm2/V-sec, while the hole mobility is approximately 

2 x 10'5 cm2/V-sec [33]. Thus, if an electric field exists, then any electron that has not 

undergone recombination will be swept out of the gate within picoseconds. The holes that 

remain behind will begin a rather random and irregular stochastic hopping transport 

through the oxide in response to the field. Some of these holes will pass into the silicon, 
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while others are captured in long term trapping centers (or defects) near the interface. This 

trapped charge causes a negative voltage shift that is not sensitive to the silicon surface 

potential and can persist in time for hours to years. This long-lived radiation effect is the 

most commonly observed form of radiation damage in MOS devices [16]. 

In addition to the buildup of trapped oxide charge, ionizing radiation can produce 

interface trapped charge which can continue to increase long after exposure to radiation. 

Despite many years of research, the mechanisms governing interface trap creation by 

ionizing radiation in MOS devices remain somewhat controversial. The most commonly 

used models can be divided into two categories; trapped hole models [34, 35, 36, 37] and 

models based upon hydrogen chemistry [38, 39, 40]. Recent evidence has supported 

models based on the hydrogen chemistry [41], where hydrogen ions are created after 

radiation induced holes react with the oxide. The H+ ion then drifts through the oxide 

toward the Si/Si02 interface. Once at the interface, the H+ reacts with Si-H trap precursor 

and electrons from the substrate to form a silicon dangling bond and neutral H2 [38]. 

Several fundamental properties can be associated with all interface traps. One of 

these properties is that they must be located within one or two atomic bond distances from 

the silicon lattice [17]. A second property is that the charge in the trap can be positive, 

neutral, or negative. The designation of acceptor is given if the charge state of the trap is 

neutral when above the Fermi level, and becomes negative when below the Fermi level. 

Similarly, the designation of donor is given if the trap is neutral when bellow the Fermi 

level and positive when above the Fermi level. It is often assumed that radiation-induced 

interface traps are acceptor like in the upper part of the bandgap and donor like in the lower 

part of the bandgap [17]. 
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Interface-trapped charge results in a bias dependent trapped charge which tends to 

stretch out the i-v characteristics of a MOS device. For n-channel transistors biased at 

threshold, the charge from the interface traps is negative and, thus, can "compensate" for 

the oxide trapped charge. In some cases where the interface trapped charge overwhelms 

the oxide trapped charge, a device can exhibit what is known as positive rebound [42,43]. 

Rebound is the term used to describe a threshold voltage recovery such that the threshold 

exceeds its pre-irradiation value. For p-channel devices, the charge from the interface traps 

is positive and, thus, will add to the charge from the oxide trapped holes when biased at 

threshold. The interface-trapped charge results in a larger net shift in the threshold voltage 

of p-channel transistors. 
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CHAPTER 2 

NOISE 

This chapter is concerned with the basic properties governing noise in electrical 

devices. A general interpretation of noise is discussed for a system exhibiting random 

fluctuations. A brief description of the various types of noise found in electrical devices is 

given [44, 45, 46]. 

2.1 Introduction To Noise 

When we hear the word "noise", we commonly associate it with an audible sound 

that is unpleasant and uninformative. When listening to a musical concert, we tend to 

associate noise with the warming up of concert members or the coughing of the audience 

during the performance. A closer inspection of the nature of noise shows the undesirability 

arising from its random and complicated structure that our minds refuse to resolve into 

anything coherent. Many qualitative words can be used to describe noise such as buzz, 

bang, hiss, roar, and rumble, all of which suggest a sound effect that we have learned to 

identify. 

A more precise definition of noise involves its relation to a signal. Signal is that 

part of the received energy which removes uncertainty. Therefore, the signal is that part of 

the received energy which contains information. The noise is the remaining part. Though 

noise is always present in one form or another in all systems, it is usually not the dominant 
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thing we focus on, as can be seen in a crowd of people where an assemblage of sound 

from people talking seems chaotic and thus noisy, yet we can understand the person next to 

us perfectiy well when our attention is on them. 

The ideas associated with audible noise can now be extended to any system which 

exhibits an assemblage of random fluctuations as the "noise" of the system. Some 

examples of noise include; the "snow" on a television set (noise to the eye), hiss over a 

phone (electrical signal noise), the annual number of sun spots, and the annual number of 

lightning strikes on a mountain top. As a final example of a system that can be modeled as 

noise, consider when traffic emerges from the center of a big city at the onset of rush hour. 

The behavior of an individual motorist can be considered as almost random to an outside 

observer! The motion resembles a "random walk" of traffic as the number of cars diffuses 

to the outskirts of the city [46]. 

2.2 Electrical Noise 

Noise in electrical systems arises from the spontaneous fluctuations of the 

current or voltage seen at the terminals of a device and thus sets the basic limit on small 

signal detection. The quite general description above includes a rather wide range of noise 

sources. In almost every application, there is a fundamental lower limit for the noise 

generated. In particular, if a receiver operates above absolute zero temperature, 

measurements will be limited by the thermal noise present in all devices. 

All electrical components generate electrical noise to one degree or another. Though 

the amount and character of noise varies with the nature of a device, the noise generation 



24 

mechanisms can be divided into five basic categories: (1) Thermal Noise; (2) Shot Noise; 

(3) Avalanche Noise; (4) Multistate Noise; and (5) Flicker or 1 // Noise. A brief 

description of each of these will be given in the following paragraphs. 

One of the most commonly encountered sources of noise is the so called thermal 

noise exhibited by any resistive element. Thermal noise arises from the random thermal 

motion or Brownian motion of charge carriers (electrons and/or holes) in a conducting 

material. Thermal noise was first observed by J.B. Johnson in 1927 [47] and, in his 

recognition, is often called Johnson noise. Nyquist furnished a quantitative description of 

the theory behind thermal noise in 1928 [48]. The noise power spectral density of a 

resistive device, Sv, is given by [49]: 

Sv Af = AkTRAf, (2.1) 

where k is Boltzmann's constant, T is temperature in Kelvin, R is the resistance, and Af 

is the bandwidth. As can be seen from the above equation, thermal noise has a "flat" or 

"white" frequency characteristic (i.e., noise voltage is independent of frequency) and has a 

Gaussian amplitude distribution. A Gaussian amplitude distribution describes the time 

dependence of the amplitude of a sinusoidal wave at a particular frequency. In other 

words, the noise generated at any particular frequency will fluctuate about some average 

value throughout time. The above equation is found to hold over an extremely high 

frequency range; for a further discussion see Van Der Ziel [49], 

Shot noise is a natural characteristic of all p-n junctions. It arises from the random 

passage of discrete carriers across a barrier or discontinuity such as a semiconductor 

junction. The noise power spectral density of shot noise varies directly with the applied 



25 

current and is given by the following equation 

S/ = 2qIAf, (2.2) 

where q is the electron charge and I is the current flowing through the device. Shot noise 

is similar to thermal noise in that it also has a "white" frequency characteristic and Gaussian 

amplitude distribution. 

Avalanche noise is similar to shot noise in that it is also a junction phenomenon. 

The difference is that carriers are subjected to a large voltage gradient causing them to 

develop enough kinetic energy to dislodge additional carriers through physical impact. The 

dislodged carriers also develop enough energy to further dislodge additional carriers in a 

cascading fashion. The random passage of these carriers across the junction generates 

avalanche noise, which may reach very high levels. Avalanche noise has a "white" 

frequency characteristic and Gaussian amplitude distribution. 

Multistate noise is found occasionally in diodes and bipolar transistors. It is 

characterized by an erratic switching that is generated within the device at various well 

defined levels [50]. The levels at which the noise occurs is completely dependent on the 

individual component. Though present research indicates that this noise is a surface effect, 

very little is known of its origin. 

1 If noise (sometimes referred to as flicker or excess noise) was first observed in 

1925 by J.B. Johnson [51] and is still a dominant source of low frequency noise in many 

semiconductor devices. This noise decreases with increasing frequency and in many 
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applications, the noise power spectral density has been found to vary inversely with 

frequency. Therefore, it is broadly designated as "1/f noise" even though the exact 

frequency variation may be somewhat different. Although the source of 1/f noise remains 

somewhat elusive, the McWhorter number fluctuation model [5] appears to explain the 

nature of Iff noise in many devices. 1 If noise arises in any system exhibiting an 

assemblage of relaxation constants, each of which has a cutoff frequency given by one over 

the relaxation time (1 /rt). The superposition of all the relaxation time constants then gives 

rise to a characteristic 1/f noise, as is shown in Figure 2.1. 

C/3 s 
<3J a 
2 

/ 1/T, 

Figure 2.1. 1/f noise produced by an assemblage of relaxation constants 1/T-. 

In Figure 2.1, the noise-power spectral density, at a particular frequency \/x i  and 

in a bandwidth 4£ is determined by the summation of squared probabilities of capturing or 

emitting an electron for all time constants greater than T(*. Thus, as 1/T;- (i.e., the 

frequency) gets smaller, a larger number of time constants contribute to the noise power 
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spectral density. If the distribution of time constants is uniform, then the noise power 

spectral density is of the form 1//. Otherwise, the noise power spectral density is of the 

form Iff*- where X is greater than unity if the distribution in time constants is skewed 

towards the lower frequency range (larger T). 

For the reader who is interested, a detailed theoretical discussion of 1 If noise is 

presented in Appendix A. 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUE 

3.1 Introduction 

The study of fluctuation phenomena, or noise, in semiconductor devices is of 

significance for several reasons. First, the random fluctuation of carriers, field, or mobility 

reflect in part the atomistic characteristic of conduction mechanisms and the inherent 

behavior of materials used in these devices. Second, after the fluctuation phenomenon has 

been understood, noise can then be used as a tool to understand the physics of new 

materials and devices. Thus, noise measurements can offer a method of measuring a 

physical quantity or quality of a material that may be difficult to obtain by other methods. 

This chapter describes in detail the methods and equipment used to measure noise in 

semiconductor devices. The bulk of the experimental work presented here has been done 

on power DMOS transistors. Verification of the correctness of the noise measured was 

performed using resistive elements and then comparing the calculated thermal noise with 

the measured thermal noise. 

3.2 Measuring Circuit 

Since electrical noise arises from the spontaneous fluctuations in the field or current 

through a device, noise can be measured by applying a direct current to a device and then 
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measuring AC current fluctuations through the device. Alternatively, one can measure the 

voltage fluctuations across a device. The main difference between measuring noise and 

other electrical quantities is that noise voltage magnitudes can lie in the nV range. 

Therefore, it is necessary to have a low-noise, high-gain pre-amplifier if accurate 

measurements are to be achieved. In addition, since noise is a random process, time 

averaged measurements must be performed in order to get physical meaning from the data. 

Low Noise 
Pre-Amp Spectrum Analyzer 

1 
R<. > I Cs Shielding 

Computer 

Nvwv 

Figure 3.1 Experimental setup used to measure the low frequency noise of an MOS 

transistor. 

Figure 3.1 depicts the experimental setup used for measuring the noise 

characteristics of a power DMOS transistor. The device under test (DUT) can be adjusted 

to any operating point in the saturated region by varying the bias at the gate and drain of the 

MOSFET. If the linear region of operation is desired, then the resistance and capacitance at 

the source of the MOSFET must be shorted out. However, the high current requirements 

of the power MOSFET in the linear region made 1//noise measurements impractical and 
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unstable for devices biased in the linear region of operation (see Appendix B). Appendix C 

discusses in detail the technique used to stabilize MOSFET operation in the saturated 

region. 

After the device has been properly biased, the ac voltage fluctuations across the 

device under test are coupled to a PAR Model 113 low-noise preamplifier with a gain of 

5000 and a bandwidth from 0.3 Hz to 3 kHz. The noise signal is time averaged for 

approximately 1.2 seconds using an HP 3582A Spectrum Analyzer. After repeating the 

measurement 256 times, and averaging the results from a frequency of 10 Hz to 256 Hz in 

1.5 Hz bandwidth, the noise spectrum is extracted by an HP 9121 Computer and the 

equivalent noise power spectral density seen at the gate of the device is calculated. Time 

averages of 256 measurements were found to give a repeatability of 2% to 5%, thus giving 

a more accurate noise characteristic of the MOSFET. The equivalent noise at the gate of the 

transistor was calculated in order to account for any degradation in transconductance of the 

device during irradiation (section 3.7 discusses this topic in detail). 

In Figure 3.1, the resistance Rs was used to stabilize the DC operating 

characteristics of the DUT, while the capacitance C5 was chosen so that the source of the 

DUT was seen as an AC ground for the frequencies of interest (i.e., from 10 Hz to 256 

Hz) (see appendix B for a more detailed discussion of the stabilization conditions and the 

actual calculations). For all transistors measured and ID £ 10 mA, the noise of the amplifier 

circuit was found to be an order of magnitude or more below the noise of the DUT. 

Furthermore, in order to help eliminate the possibility of errors induced by the experimental 

setup, measurements were performed on multiple devices in two laboratories (University of 

Arizona and Naval Weapons Support Center) with similar results using two slightly 

different setups. 
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3.3 Shielding Techniques 

When small signals are to be measured, additional care must be taken in order to 

avoid unwanted interference from magnetic fields and capacitively-coupled noise. Several 

methods exist for reducing this type of noise. First, sources of noise such as fluorescent 

lights, motors, and power supplies can be eliminated. Second (and more practical), the 

measurement system can be shielded inside a material of high conductivity and high 

permeability. This method is based on electromagnetics and the fact that fields become 

reduced by a factor of when penetrating a "good" conductor to a skin depth 5 given by 

[52] 

a=-=J=, (3.i) 
ifitjia 

where / is the frequency, fx is the permeability, and cr is the conductivity. For 

aluminum, the skin depth at 60 Hz is on the order of 9 mm. Thus, in order to decrease the 

skin depth, AD-MU metal with a maximum permeability of 350,000 was wrapped around 

an aluminum enclosure to increase shielding capabilities. With the use of AD-MU metal, a 

skin depth of approximately 15 fim was achieved at 60 Hz. Finally, in order to reduce 

capacitively coupled noise, all stray capacitances were minimized and the shielding was 

connected to the zero ground reference [53], 

3.4 Noise Model of an Amplifier 

Preferably any preamplifier, in a receiving or measuring circuit, should have a 

wide band response and low noise characteristic. Since all amplifiers exhibit noise to one 
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degree or another, proper noise modeling of an amplifier is important. Any amplifier can 

be modeled as an "ideal" noiseless amplifier with an equivalent noise-current source and 

noise-voltage source at the input of the amplifier along with the equivalent input impedance. 

Figure 3.2 shows the basic model used for most amplifier circuits [54]. 

Figure 3.2. Equivalent noise model for an amplifier. 

In Figure 3.2, Z,- is the input impedance of the amplifier, vn is a noise voltage-source, 

and in is a noise current-source. In order to determine vn, a short circuit is applied to the 

input of the amplifier above. Thus, in produces no voltage fluctuations, since it is shorted. 

Therefore, we get the following equation 

v0 = = Avn (3.2) 

or 

where A is the gain of the amplifier and bars (v„ , v^) indicate time averaged values. Note 

that time averages are important since noise is a random process. Next, an open circuit is 

applied to the input of the amplifier and the output voltage is measured. 
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v0 = voc = A(inZ[ + v„) (3.4) 

Next, taking the time averaged value of the output and assuming no correlation 

(i.e., v„ in — 0), we get: 

We now have obtained a practical method for determining the equivalent noise that an 

amplifier will produce in terms of measured quantities. Next we shall discuss the noise 

measured in an actual MOS transistor under a constant DC bias. 

Consider the DC bias circuit along with its equivalent small signal circuit shown in 

Figure 3.3 (note, Rs and Cs have been shorted out, thus, the following analysis is valid 

only for frequencies greater then 2 Hz (see appendix B)). The noise in any passive or 

active two-terminal network at the temperature T can be represented by an e.m.f. 

= UkTRAf in series with the impedance Z= (R+pC), where R is the equivalent 

noise resistance of the network and X is the equivalent reactance of the network [54]. 

From basic circuit analysis we get the following equation: 

in = ̂ tV(voc
2-Vk

2) . (3.5) 

^4 = ̂ 2 + in\Req II Zi) 2+ V +{vggm{Req II Zi))2 

A L 
(3.6) 

where Req = Rd II Rch. Solving for v and using equations 3.5 and 3.3, we get: 

v * = i i  Z , ) A  V7"2'%cl' rc-*' ^K^fz)2 
- 

A27'i2 (3J) 
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or 

" u^t z,)a V v^<3-8) 

If vJC » Vqip j, which is normally a good approximation since | Z, |» then 
+ Zj/ 

Vg ° - v.2 -^2vct?
2 , (3.9) 

where veq = V 4kTReqAf. 

Thus, we see that the characteristic equivalent noise at the input of the MOS 

transistor can be found quite readily from the output noise measured from the amplifier 

minus a noise correction term (vyC
2 + A^veq^). If the noise of the DUT is much greater 

than the noise of the amplifier, then one can obtain the equivalent noise of the MOSFET 

directly from the noise measured divided by the gain of the amplifier. This condition was 

satisfied for the work done in this thesis (typically the noise of the DUT was an order of 

magnitude or more above any extraneous noise of the test system). In conclusion, we can 

readily see the importance of having low noise linear amplifiers in order to achieve 

meaningful measurements. It is also important to minimize any resistances used in the 

system in order to reduce extraneous thermal noise. 
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Figure 3.3. DC bias circuit for measuring noise of a MOSFET along with its small 

signal equivalent circuit. Ris the equivalent small signal channel resistance and gm is 

the small signal gain of the MOSFET. 
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Figure 3.4 shows the actual short circuit and open circuit noise power spectral 

density produced by the PAR Model 113 low noise amplifier. In order to determine the 

measurement capabilities of the amplifier, noise measurements were performed on unbiased 

carbon resistors. It was found that the minimum detectable thermal noise occurred for a 

resistance of approximately 400 Q, at room temperature (300*K). 

Figure 3.5 displays the noise power spectral density measured from a 9.2 kfl 

resistor at room temperature (300°K) and at liquid nitrogen (77"K) along with the amplifier 

short circuit noise power. In Figure 3.6, the equivalent noise of the 9.2 k£2 resistor is 

calculated by subtracting off the short circuit noise of the amplifier. The dashed lines in 

Figure 3.6 show the expected theoretical noise (equation 2.1) produced by a 9.2 k£2 

resistor at 77°K and at 300*K. The difference between the expected and the calculated 

noise can be attributed to the fact that, in the calculated noise, we neglected the effect of the 

noise current source of the amplifier. The noise current source has a more dominant effect 

at cryogenic temperatures, since the noise voltage fluctuations across the resistor due to the 

current source remain the same at 77 °K and at 300*K while the thermal noise of the resistor 

drops by almost a factor of four. 

When investigating thermal noise it is important to use unbiased carbon resistors 

since any application of a current through a carbon resistor will result in additional 1// 

noise [55]. This phenomenon does not occur in wire wound resistors, so all resistors used 

in the measuring circuit of Figure 3.1 were wire wound. 
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Figure 3.4. Equivalent open circuit and closed circuit noise power spectral densities seen 

at the input of the amplifier. 
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Figure 3.5. Noise power spectral density of a of a 9.2 k£2 resistor at 300*K and at 77°K 

along with the short circuit noise power spectral density of the amplifier. 
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Figure 3.6. Equivalent noise power spectral density of a 9.2 kf2 resistor at 300*K and 

77°K versus the theoretical thermal noise power spectral density of a 9.2 kI2 resistor at 

300°K and at 77 °K. 

3.6 Radiation Sources 

Irradiation of devices used in the experiments was performed at the University of 

Arizona and at the Naval Weapons Support Center. All devices were irradiated with 

Cobalt-60 gamma rays. Figure 3.7 shows the Cobalt-60 irradiation facility used at the 

University of Arizona. The dose rate for irradiating devices was determined from 

D = Dcal (7-28cmf 
(x + 13.03cm)2 

(3.10) 

where Dcai is the cuirent dose rate, determined from a calibration chart at the facility, and x 
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is the distance from a specified reference point (shown in Figure 3.7). Devices were 

positioned to achieve maximum uniformity of radiation. This was accomplished by 

placing three to six devices in a tight circle centered with the beam of radiation from the 

source. Corrections in the dose rate are made from the known half-life of Cobalt-60. 

Checks of the 200-Ci facility are performed by the Nuclear Engineering Department at 

three-month intervals. Source calibrations are traceable to the National Institute of 

Standards and Technology utilizing FWT-60-00 radiochromic film dosimeters. 
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Figure 3.7. Cobalt-60 irradiation facility used at the University of Arizona. 

3.7 MOSFET 1//Noise 

The pre-irradiation and post-irradiation 1//" noise in MOS transistors was 

measured using the setup of Figure 3.1. The equivalent noise-power spectral density seen 

at the gate of the MOSFET is obtained from the small signal model of Figure 3.8: 
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sre= Svp , 
(GnRd)2 

(3.11) 

where SVD is the noise-power spectral density at the drain of the device, gm is the 

transconductance of the device, and Rd is the resistance at the drain of the device. 

R 

Figure 3.8. Equivalent small-signal circuit model of a noise voltage source driving a 

MOS transistor. 

Noise measurements throughout the entire experiment were found to be very 

repeatable using time averages of 256 measurements. The most sensitive part of the 

experiment is the measurement of the small signal gain of the transistor at its DC 

operating point, since this term becomes squared when calculating the equivalent noise 

power spectral density seen at the gate of the transistor (see equation 3.11). Figure 3.9 

depicts the degradation in small signal gain, gm> versus total dose. Degradation in 

MOSFET transconductance was taken into account, prior to any noise measurement, by 

measuring the slope of a tangent line to the i-v characteristics at the DC operating point 

If this degradation in gain is not taken into account, then large errors in the equivalent 

noise will result. 
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Figure 3.9. Small signal gain, gm, in the saturation region with a constant 

IDS - 10 mA and VDS = 5 V versus total dose and total time annealing. 

Typically 1 If noise measurements require approximately 12 minutes per device to 

perform. The most time-consuming part of the measurement is in the 256 time averages 

done on the spectrum analyzer. If less accuracy is acceptable, and one is only interested in 

general trends, then fewer time averages can be made, thus reducing the time of 

measurement. Finally, it should be pointed out that although measurements required 12 

minutes to perform, only a minimal amount of annealing occurred during this time. For all 

radiation experiments, subthreshold and threshold characteristics were taken before and 

after noise measurements with only a few millivolts difference compared with several 

hundred millivolts total shift due to irradiation. 
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Figure 3.10 Flowchart used to calculate noise. 
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Figure 3.10 gives the algorithm used to calculate the equivalent noise produced by a 

device under test. An HP 9121 computer was used to implement the program. After the 

spectrum analyzer has completed its time averages, the user must enter the value of the 

resistance at the drain of the MOSFET and its small signal transconductance. The computer 

then extracts the data from the spectrum analyzer. Next the program numerically filters out 

unwanted noise at harmonics of 60 Hz. The computer then calculates the equivalent noise 

at the gate of the transistor. 

Appendix D gives the actual computer program program used at the University of 

Arizona. 

3.8 Charge Extraction 

The MOSFET subthreshold and threshold characteristic, as well as the 

transconductance, were obtained from an HP 4145B semiconductor parameter analyzer. 

Threshold and subthreshold voltage shifts were measured and stored. Figure 3.11 depicts 

a typical subthreshold characteristic for a power DMOS transistor prior to irradiation and 

after exposure to radiation. Figure 3.12 depicts the threshold characteristics of the same 

device. Post-irradiation voltage shifts (AVot and AVi() were then obtained from the 

midgap extraction technique [18]. The radiation-induced noise was then compared to the 

amount of radiation induced voltage shifts (i.e., AVot and AVU). 
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Figure 3.11. Subthreshold characteristics of a power DMOS transistor, pre- and post-

irradiation. 
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Experimental N-channel DMOS power transistors manufactured by Harris 

Semiconductor were exposed to ionizing radiation in Co-60 sources at dose rates of 100 

rad(Si)!min and 6000 rad(Si)/min. Irradiation of devices was performed under a +9 V 

bias applied to the gate of the transistors. The pre-irradiation and post-irradiation l/f noise 

in the devices was measured using a low-noise preamplifier and a Hewlett-Packard 3582A 

spectrum analyzer. High current requirements of the power MOSFET in the linear region 

made 1 If noise measurements impractical and unstable for devices biased in the linear 

region of operation. Thus, in order to get more repeatable and stable noise measurements, 

all noise measurements were obtained while the device was biased in the saturation region 

with a constant IDS = 10 mA and VQS = 5 V. 

The radiation induced noise was compared to the radiation induced voltage shifts 

(i.e., AVot and AV;t). Chapter Four describes in detail the results obtained from this 

experiment. 
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CHAPTER 4 

RESULTS 

In this chapter, the low frequency, or I f f ,  noise properties of DMOS power 

transistors are examined as a function of total ionizing dose. Results indicate that the slope 

of the noise spectrum, in addition to the noise magnitude, is required to fully characterize 

the effects of radiation on MOSFET 1 ff noise. In the absence of radiation, the noise varied 

as 1 ff* where X ranged from approximately 0.5 to 1.0. As the total dose level increased, 

X increased and, in general, approached unity, while the magnitude of the noise increased 

proportionally with the radiation-induced charge density. In addition, noise measurements 

were performed after irradiation, while the devices were annealing under either a +12 V or 

-12 V bias. It was found that, under the +12 V bias, X increased and under the -12 V 

bias, X decreased. Finally, no correlation was found between the pre-irradiation 1 If 

noise magnitude and the radiation hardness of DMOS power transistors. 

4.1 Radiation-Induced Trapped Charge and l//Noise 

The square of the noise voltage for a typical device is plotted vs. frequency in 

Figure 4.1 with total ionizing radiation dose as a parameter. Before irradiation, the noise in 

a 1 Hz bandwidth was described by a noise-power spectral density of the form 

(4.1) 
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where, for the devices tested, X ranged from approximately 0.5 to 1.0; and the noise 

magnitude A ranged from 10~14 to 10"12 V2/Hz. After irradiation, X increased and 

approached a saturation value close to unity with increasing levels of total dose, as can be 

seen in Figure 4.2. During post-radiation room-temperature anneal, X decreased under 

positive gate bias and X increased under negative gate bias, as shown in Figure 4.3. 
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Figure 4.1. Typical gate-voltage noise spectrum. 
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Figure 4.4. AVot and Noise magnitude versus total dose and anneal time for a typical 

device. 
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Figure 4.5. AVu and noise magnitude versus total dose and anneal time for a typical 

device. 
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The magnitude of the noise spectrum and AVot are plotted vs. total dose and total 

time annealing in Figure 4.4. Figure 4.5 depicts the magnitude of the noise spectrum and 

AVit plotted vs. total dose and time annealing. The midgap method was used to estimate 

AVot and AVit [18]. During irradiation, the magnitude of the Uf noise increased 

approximately linearly with both radiation-induced charge densities ANand ANot 

(Shown in Figure 4.6). 
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Figure 4,6. Noise magnitude versus AVj( and AVot measured at dose levels of: 5 krad 

(Si), 51 krad (Si), 144 krad (Si), 188 krad (Si), 311 krad (Si), 882 krad (Si), and 1.48 

Mrad (Si). 

In Figures 4.4 and 4.5, the magnitude of the noise spectrum, AVot, and AV,•/ 

increase with total dose. While annealing (Figure 4.4), the magnitude of the l/fnoise and 

oxide-trapped charge decrease with time, while the interface-trapped charge increases 

(Figure 4.5) with time. Thus, the llf noise is more strongly correlated with the amount of 

oxide-trapped charge for devices positively biased than with the interface-trapped charge. 

This result is in agreement with previous results obtained by Meisenheimer et al. [26], 
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Figure 4.7. AVot and Noise magnitude versus total dose and anneal time. 
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Figure 4.8. AV^ and Noise magnitude versus total dose and anneal time. 
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Figures 4.7 and 4.8 exhibit the 1 If noise characteristics for a device with positive 

bias applied during irradiation and negative bias applied during anneal. In Figure 4.7, the 

oxide-trapped charge increases with anneal time, while the noise magnitude tends to 

increase in a more random fashion. Thus, from Figures 4.7 and 4.8, it can be seen that a 

more complicated correlation exists among the Iff noise and oxide-trapped charge and 

interface-trapped charge for devices switched to negative bias for anneal. 

4.2 l/fNoise and Radiation Hardness of Power MOSFETs 

A blind experiment was conducted to determine if changes in the pre-irradiation 

noise parameters from device to device correlates with radiation hardness. A selection of 

power MOSFETs were provided (by NWSC), manufactured nominally the same, but 

obtained from three different lots. The parts were identified only by number. After the 

noise characteristics of the devices were obtained, it was found that the devices had slopes 

that ranged from 0.60 £ A ^ 1.05, and noise magnitudes that varied by as much as an order 

of magnitude or more. 

Figure 4.9 and 4.10 show the pre-irradiation noise characteristics versus 

temperature for a typical device from each lot sample. A wide range in variation of the 

noise magnitude and slope was observed to exist between devices obtained from different 

lots. (Since no correlation between MOSFET hardness and Iff noise was found, noise 

characteristics of devices from lot 32 and 25 were only investigated at 300*K and at 77*K). 

From Figure 4.10, it can be seen that cryogenic temperatures tend to produce a slope close 

to unity. 
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Figure 4.9. Pre-irradiation noise magnitude versus temperature for a typical device 

obtained from each of three different lots. 
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Figure 4.10. Pre-irradiation noise slope versus temperature for a typical device obtained 

from each of three different lots. 
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Figure 4.11 depicts the increase in AVol vs. total dose for three devices that were 

manufactured nominally the same, but were obtained from different lots. It can easily be 

seen (Figures 4.11 and 4.12) that the characteristics of devices from lot 28 had the least 

sensitivity to radiation damage, while devices from lot 25 had the worst. However, 

devices from lot 25 had the lowest pre-irradiation noise magnitude. This indicates that the 

relationship between pre-irradiation noise magnitude and radiation hardness reported in 

earlier work [20,27] does not hold in these devices. On the other hand, there appears to be 

a stronger correlation with the slope X and the radiation hardness of these power 

MOSFETs. It was found that devices with a slope X between 0.70 and 0.60 tended to 

have little or no interface-trapped charge buildup, while devices with a slope A greater 

than 0.70 had a substantial buildup of interface-trapped charge. Figure 4.12 shows the 

typical pre-irradiation and post-iiradiation subthreshold characteristics for a representative 

device from each lot. 

Prc-Inadiation Noise S v a  =A/ f  

• Lot #25 A = 3.85X10*14, A=0.98 

• Lot#32 A = 1.73X10"13, A=0.71 

A Lot# 28 A=558X1(T1! A=0.67 
•ITI If II] 

10J 104 

Total Dose [krad (Si)] 

Figure 4.11. Increase in AVol versus total dose for three nominally identical devices 

with different pre-irradiation noise levels. 
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4.3 Interpretation of Results 

The fluctuation of the charge carriers in the channel due to their interaction with 

traps located within the oxide is one of the dominant factors responsible for the 1 If* noise 

behavior. If the distribution of the traps in the oxide leads to a distribution of time 

constants that is skewed towards the higher frequency range, then X is less than unity [1, 

4], If, after gamma-radiation, the distribution of time constants becomes more uniform, 

then X approaches one. This trend is noted in Figure 4.1. During anneal, a +12 V bias 

initially reduced the slope of the noise, while a -12 V bias forced the slope to further 

increase towards unity. Thus, the bias field applied during anneal may have forced a 

change in the charge distribution near the Si/Si02 interface that the 1//noise was sensitive 

to. 

All of the devices tested exhibited increasing noise magnitude with increasing total 

dose levels. However, for these devices, no correlation between their pre-irradiation noise 

magnitude and radiation hardness was observed. Data from Figure 4.2 clearly indicate that 

ionizing radiation tends to produce a more uniform distribution in the time constants 

associated with the low-frequency noise in DMOS devices. Finally, the lot with the lowest 

slope X, but the highest initial noise magnitude, exhibited the least sensitivity to radiation. 

This correlation may be due in part to the mechanical stress in the Si02 film near the 

Si/Si02 interface [56, 57, 58, 59, 60, 61, 62]. It has been suggested, in many of these 

papers, that the interface-trapping efficiency of a device is correlated with the mechanical 

stress present at the Si/Si02 interface, while oxide-trapping efficiency shows less 

dependence [57, 59, 60]. 



58 

Because the slope X  of 1 f f ^  noise is sensitive to the charge distribution near the 

Si/Si02 interface, 1 ffx noise measurements should be sensitive to the mechanical stress in 

the Si02 film near the Si/Si02 interface. This may explain why devices from lot 28 had 

little or no interface-trapped charge buildup, while exhibiting pre-irradiation slopes of 0.7 

to 0.6. The results presented should provide a basis for additional studies on the 

relationship of the low slope k and the interface-trapping mechanisms in MOS transistors. 

This, in turn, could lead to the use of low frequency noise measurements as a 

nondestructive technique for determining the radiation hardness of MOS devices. These 

are the first reported results to indicate that the slope of the noise spectrum, in addition to 

the noise magnitude, is required to fully characterize the effects of radiation on MOSFET 

Iff noise. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

This thesis investigated the low frequency or 1//noise properties of n-channel 

power DMOS transistors subjected to ionizing radiation environments. The focus of the 

work has been on using Iff noise measurements as a tool to characterize the effect of 

radiation-induced trapped charge density in n-channel power DMOSFETs. Finally, the use 

of pre-irradiation 1 If noise measurements as a radiation hardness assurance technique has 

been considered. 

5.1 Summary 

In a space or radiation environment, the utilization of MOSFET technology is 

primarily limited by the susceptibility of these devices to ionizing radiation. In MOS 

devices, ionizing radiation produces electron-hole pairs in the gate oxide. In the presence 

of an electric field, the highly mobile electrons tend to be swept out of the oxide within a 

few picoseconds. The holes that remain behind have a very low effective mobility and 

migrate towards the Si/Si02 interface in a rather anomalous stochastic hopping process. 

Some of these holes will pass directly into the silicon, while others become trapped in long 

term trapping centers (or defects) near the interface; this is what is known as the oxide-

trapped charge. Oxide-trapped charge produces a bias independent trapped positive charge 

which results in a parallel shift of the i-v characteristics of a device. 
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In addition to the oxide-trapped charge, ionizing radiation produces interface-

trapped charge. This interface-trapped charge is believed to be related to the freeing of a 

hydrogen ion which drifts to the Si/Si02 interface and reacts to form a silicon dangling 

bound and a neutral Hydrogen (Hj). Interface-trapped charge results in a bias dependent 

trapped charge which tends to stretch out the i-v characteristics of a device. The dominant 

effect resulting from the oxide-trapped charge and interface-trapped charge is a shift in the 

threshold voltage and a degradation in the carrier mobility and small signal gain of the 

device. 

I f f  noise measurements have been found to track the amount of oxide trapped 

charge in n-channel power MOSFETs throughout irradiation and for devices annealed 

under positive gate bias. During irradiation, the magnitude of the 1 If noise increased 

approximately linearly with both radiation-induced charge densities ANit and ANot. A 

more complicated correlation between Iff noise and trapped charge has been observed for 

devices annealed under negative gate bias. 

Ionizing radiation has been found to produce a more uniform distribution in time 

constants leading to the more ideal "Iff noise" as total dose increases. For the devices 

tested in this thesis, the pre-irradiation noise power spectral density varied as 1 //* where 

A ranged from 0.5 to 1.0. In all experiments, as total dose increased, X approached 

unity. 

A blind test was performed to determine if changes in the pre-irradiation noise 

parameters from device to device correlates with radiation hardness. No correlation was 

observed between the noise magnitude of a device and its susceptibility to radiation. These 
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results indicate that the relationship between pre-rad noise magnitude and radiation 

hardness reported in earlier work [20, 27] does not hold in these devices. On the other 

hand, there appears to be more of a correlation with the pre-rad slope X and the radiation 

hardness of these power MOSFETs. It was found that devices with a pre-rad slope X 

between 0.70 and 0.60 tended to have little to no interface trapped charge buildup, while 

devices with a pre-rad slope X greater then 0.70 had a substantial buildup of interface-

trapped charge. 

5.2 Conclusions 

Iff noise measurements have been found to be sensitive to the charge trapped near 

the Si/SiC>2 interface. A linear correlation with 1// noise and radiation-induced oxide 

trapped charge has been found to exist during irradiation and positive biased anneal. A 

more complicated correlation exist for devices annealed under negative bias. 

During anneal, a +12V bias initially reduced the slope of the noise, while a -12V 

bias forced the slope to further increase towards unity. Thus the bias field applied during 

anneal may have forced a change in the charge distribution near the Si/SiC^ interface that 

affects the 1 If noise. 

Because the slope X of Iff* noise is sensitive to the charge distribution near the 

Si/SiC>2 interface, and because this distribution is mechanical stress-sensitive, Iff* noise 

measurements should be sensitive to the mechanical stress in the SiC>2 film near the Si/Si02 

interface. Differences in stress may explain why devices from lot 28 had little or no 

interface trapped charge build up, while exhibiting pre-irradiation slopes of 0.7 to 0.6. The 

results presented suggest a need for additional studies on the relationship of the low slope 
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Z and the interface trapping mechanisms in MOS transistors. Such studies in turn could 

lead to the use of low frequency noise measurements as a non-destructive technique of 

determining the radiation hardness of MOS devices. 
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APPENDIX A 

THEORETICAL DEVELOPMENT OF 1/f NOISE 

This appendix discuses in detail the general theory of Mf noise in MOS transistors. 

A detailed discussion of the number fluctuation model is given along with a brief 

discussion of the competing models (mobility fluctuation model and a combined mobility 

and number fluctuation model). Finally, the effects of non-uniform trap distributions, 

which give rise to a noise power spectral density of the form Hf\ are discussed. 

A.l Noise Mechanisms in a Resistive Slab 

In order to see mathematically how fluctuations in carriers, field, or mobility can 

give rise to noise in electrical components, consider a resistor of area A and length L with 

N electrons having a mobility i± shown in Figure A.l. 

From Ohm's law, we have the relation R = V/I, and from electromagnetics we 

know I = JA, J = Eqfitiy and V = EL. Substitution of these equations into Ohm's law 

gives: 

R=-^~~. (A.l) 
qfinA 

Recalling that n - we get: 
Ai-i 

R=-±(A.2) 
qflN 
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Thus, we see that only ^ and N can fluctuate in the above formula. Taking the 

partial derivative of this equation we get: 

(A.3) 
R N n 

where R, N, and are the time averaged values. 

Area - A 

- ' » * « . *  • ' . *  « ' „ •  . * „ •  / , •  

V 

Figure A.l. A resistive slab of n-type material with an applied voltage V between its 

terminals. 

A.1.1 Relationship to 1//Noise 

From the preceding section, we found that only number fluctuations ( A N )  or 

mobility fluctuations (Ay.) could lead to resistance fluctuations in a resistive slab. When a 

MOS transistor is "turned on" (i.e., the gate voltage exceeds its threshold voltage), a 

conducting channel appears between the source and drain of the device. If there exists a 

mechanism to drive carrier number or mobility fluctuations, then the MOSFET will exhibit 

noise. 
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An important feature of 1 If noise is that if a constant current I0 is passed through 

the resistor, then the open circuit voltage spectrum varies as 1% [63]. This can easily be 

seen from the model shown in Figure A.2. 

0 

+ 

I0 V + AV(t) 

o 

Figure A.2. Model of a fluctuating resistance driven by a constant current source. 

Results in a constant voltage and fluctuating voltage across the terminals of the device. 

From the above circuit model, the AC voltage fluctuations are given by 

5v(f) = I0SR(t). If the Fourier noise power spectral density is taken we get 

svw-v|sj!m==|sj!m, <a-4> 
R2 

where SR(f) is the frequency spectral intensity due to resistive fluctuations. Thus 

equation A.4 explains the 1% dependance, and indicates that DC current flow is not the 

cause of the resistance fluctuation SR(t) but only a means of detecting it. It should be 

mentioned that 5R{f) may change with temperature induced by the current flow, so some 

care must be taken in order to assure that large currents are not used in the measuring 

system. 

R + AR(t) t 
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A.2 I f f  Noise in the MOS Transistor 

For the past four decades, low frequency, or I f f ,  noise has been a well-known 

phenomenon associated with MOS transistors. If a direct current is passed through the 

channel of a MOS transistor, a considerable low frequency noise voltage is generated 

between the drain and source contacts which is over and above any thermal noise of the 

device. This noise has a characteristic spectrum proportional to 1 if- where X has been 

found to range from 0.8 to 1.5 [64]. In the low frequency range this Iff noise has been 

found to extend several decades below 1 Hz [65], and in some devices exhibiting high 

noise levels, this source of noise may dominate the device noise well into the MHz range 

[66]. 

A.2.1 Development of the Number Fluctuation Model 

It has been reported by various authors that a relation exists between the density of 

traps near the Si/Si02 interface and the Iff noise measured in the device [1, 2, 3, 4, 8]. 

Though several detailed models for 1/f noise in MOSFETs have been presented [1, 2, 3, 

4, 5, 6, 7, 8, 9], and will be compared and contrasted later in this chapter, the McWhorter 

tunneling model or number fluctuation model appears to offer a good explanation for the 

noise behavior in many MOS transistors [1, 45]. In deriving the number fluctuation 

model, the analysis of Christensson et al. [1] will be followed. Before beginning, a review 

of the common assumptions and simplifications made in the formulation of the number 

fluctuation model of 1 If noise will be given [1,67]. 

In order to avoid extreme complications in the analysis that follows, we will only 
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consider the simple one dimensional model for the MOS transistor (thus edge effects and 

fringing effects will not be considered). In addition, the device will be considered to be 

biased in the linear region (this allows us to avoid complicated analysis of the channel in 

pinch off, i.e., the saturated region of operation). With all these simplifications, the model 

provides only a general idea of the 1 //noise fluctuation phenomena in MOS transistors. 

(1) The trapping of an inversion layer carrier is assumed to induce a carrier 

number fluctuation only, i.e., scattering due to a trapped charge produces negligible 

mobility fluctuations. 

(2) The MOSFET is biased in strong inversion such that carriers in the 

conduction band tunnel directly into and out of the oxide traps at the same energy level. 

Tunneling between different energy bands is considered unlikely. Transitions between the 

conduction band and interface traps are neglected since these transitions give rise to 

frequencies larger then the frequency range of interest. 

(3) The device is biased in the linear region so that any band bending along the 

channel can be neglected, i.e., the potential barrier at any point along the channel is 

considered constant. Furthermore, the inversion charge Qn, the mobility ji, and electric 

field E are all considered constant along the channel. It should be pointed out that the basic 

principles for the model should hold for a device that is biased in the saturated region, but 

the analysis will become somewhat more complicated since the channel becomes pinched 

off. 

(4) It is assumed that fluctuations in the trapped charge are due almost entirely 

to fluctuations in the channel charge, i.e., tunneling of a carrier from one trap to another 
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trap is considered negligible. Thus when a given charge is trapped at a distance* from the 

interface, the amount of charge fluctuation it produces in the channel is given by 

where SQn is the charge fluctuation in the channel and 6Qt is the trapped charge 

fluctuation in the oxide. When a carrier is trapped, the channel loses a carrier. This 

trapping and de-trapping of carriers in the channel is as if the gate bias were locally 

fluctuating, which also would cause a local fluctuation in the channel charge. Thus, the 

fluctuation in channel charge is assumed to be approximately proportional to fluctuations in 

the MOSFET transconductance. Fluctuations in the transconductance then lead to an 

equivalent fluctuation in the gate voltage SVQS, which is independent of gate bias 

conditions. 

(5) The oxide tunnel barrier as seen by an inversion layer charge is a rectangular 

barrier of height WB, where WB is the barrier height between the oxide conduction band 

and the silicon conduction band (shown in Figure A.3). 

From quantum mechanics, it can be shown that the wave function of the impinging electron 

decays exponentially into such a barrier. Neglecting the energy of the impinging electron 

AE we get a normalized probability of finding the electron at a distance of x + dx inside the 

oxide given by 

(A.5) 

P[x)dx = ae'^dx (A.6) 
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with 

ce = ^ (a7) 

where is the effective mass of the electron,, WB is potential barrier between the Si/SiOz 

interface, and h is Planck's constant. From the above we note that the probability of an 

electron penetrating to a depth x + dx into the oxide is only dependent on the height of the 

potential barrier and not on temperature. Thus, if we have uniform trap distribution in 

energy, \/f noise should be independent of the temperature of the device under test. The 

frequency at which electrons (available for trap capture) in the channel collide with the 

Si/Si02 interface will vary with temperature, but so long as the number of carriers can be 

considered as a sea of carriers as compared to the number of traps, we should never notice 

this effect. 

Potential Barrier 

Oxide Silicon 

Impinging Electron 

AE 

Figure A.3. Potential barrier used to calculate the probability of finding an electron at a 

distance x from the Si/Si02 interface. 
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A Oxide 

Location of Trap 

X 
Figure A.4. Potential barrier used to calculate the average time required for an electron to 

reach a trap located at a distance x from the Si/Si02 interface. 

Next we will consider how a time constant associated with the above tunneling 

model is derived. In Figure A.4, we have /z-electrons in the channel colliding with the 

Si/Si02 interface at a frequency v. From the rate equation, we have the following relation 

where n is the number of carriers in the channel, c\ is the capture cross section of a carrier 

in the channel, -/icie-0* is the number of carriers leaving the channel, and is the 

number of carriers returning to the channel from traps nt with a trap capture cross section 

ci. Next we rewrite the total number of carriers and traps as 

= -ncie'™ + nt C2^'ax 

dt 
(A.8) 
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n = no + Sn(x) (A.9) 

and 

«/ = nto + Sn{x), (A. 10) 

where and n/0 are the steady state carrier and trap concentrations. Substituting these 

into equation (A.8) and recalling that Sn^x) = -Sn(x) we get 

^i=-[(ci + c2)e"»]&. (A.11) 

The above equation has an exponential solution which decays with time given by 

5n{t) = Nl0 e -Kci + °2) e'1"] K (A. 12) 

where Nt0 is the steady state number of traps that can participate in electron capture. It is 

also assumed that some mechanism (such as thermal energy) exists to drive the system 

when in steady state. Thus, equation (A. 12) implies the relaxation time associated with 

traps n( located at a distance* from the interface is given by 

t{x) =%e+ax , (A. 13) 

where 

r0= !  . (A. 14) 
°  C \ +  C 2  

The value of a is typically equal to 2xl08 cm-1 and rc is typically 10~10 s [1], 
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A.2.2 Qualitative Description of the Number Fluctuation Model 

In this section we will describe the mechanics behind 1 If noise and give some 

mathematical models that describe the number fluctuation of trapped charge and channel 

charge. First, consider two multiple trap distributions located at a distance jtj and x2 

from the interface parallel to the channel, as shown in Figure A.5. 

Oxide 

-I l • • . . 

* ••••• * - - • 1* ' - - ' ... * ••.: . 

! i :  ... i  

> T 2  

AN, 

AN.  

Channel 

Figure A.5. Trap distribution located at a distance Xj and x2 parallel to the conduction 

channel. 

In Figure A.5, ANt is the number of fluctuations in carriers due to traps located at 

a distance xt from the Si/Si02 interface. The general differential equation describing the 
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above process of generation-recombination is given by the Langevin equation [44] 

Mi = //£), (A.15) 

where Zj is the average time it takes for a trap at xi to interact with the channel (i.e., it is 

the average life time that a trap is occupied or unoccupied) and H£t) is a white noise 

source which describes the fluctuations of the system (i.e., it is the driving function of the 

system). Taking the Fourier transform of equation (A.15) and solving we get 

= (A.l6) 
' 1 +jCDTi 

where co= 2irf and / is the frequency response. Next if we take the Fourier spectral 

density, defined by SANICD) ~ AN[ x AN*, we get 

(A.17) 
1 + CO Tj 

Since H,{co) is a white noise driving source we have the relation that Hf(co) = Hf(0) .  

Therefore, we see that a trap located at a distance xi from the interface will act like a "white 

noise" generator for frequencies less than \l2%x-v Thus, equation (A.17) is often referred 

to as a shot noise spectrum. 

If we now take the mean square average, A N F , or variance in the number of 

carriers due to traps located at a distance xi from the interface we get 
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S^coW- (A. 18) T,-
Jo 

Integrating, and doing some algebra we get the following 

Sh19) = = . (A.19) 

Let us now consider a collection of traps located at a distance from the interface 

characterized with the time constant TF. If these traps are distributed in energy around the 

electron quasi-Fermi level, then traps a few kT above the quasi-Fermi level will be empty 

and traps a few kT below the quasi-Fermi level will be full. Thus only traps near the 

quasi-Fermi level can contribute to carrier fluctuations. From Van Der Ziel [44] we find the 

following relation holds 

an} = NMi -/,) 

and 

f<=—£-?-• ET - Ef# 

i + e ^ 

where Nt, is the number of traps located at a distance xi from the interface, E, is the trap 

energy level, and EpH is the quasi-Fermi level of the traps. Therefore, ft is the fraction 

of filled traps under steady state and 1 -ft is the fraction of empty traps under steady state. 

Next using equations (A.17), (A.19), and (A.20) we get 

SmM = , X M,/X 1 -/,). (A.22) 
1 + co2zf 

(A.20) 

(A.21) 
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These ideas can now be extended to MOS transistors. Let us first consider Figure 

A.6 which shows a spatial coordinate system for a typical n-channel MOSFET. Figure 

A.7 depicts the energy band diagram as would be seen along the channel if the drain and 

source are at the same potential and the device is biased in inversion. 

Drain 

Source 

Gate 

Sy Channel 

Figure A.6. Schematic of a n-channel MOS transistor. 



76 

AV,AE 

Oxide Silicon 

E  
i > 

y 

X  

Figure A.7. Coordinate system of the MOS energy band diagram. 

If a single trap is located at a distance x-t from the Si/Si02 interface, it will interact with the 

carriers in the inversion layer with a characteristic time constant r(- This capture and 

emission of carriers by a single trap will produce a random telegraph signal (with a shot 

noise spectrum) at the terminals [68]. This type of behavior has been observed in 

extremely small area MOSFETs where the effects of a single trap have been isolated [69]. 

If we now consider a collection of traps in an elemental volume AV where the traps are 

characterized by a single time constant rit then its noise power spectral density is given by 

SmvaeIOJ)= 4Ti xW-ft)AVAE . 
1 + g)2t? 

(A.23) 

The spectral density of the induced channel charge fluctuation is then given by 

SQn£VAE = Q2SAN,AV4E » (A.24) 
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where q is the charge of an electron. The equivalent gate noise spectrum can now be found 

from charge fluctuation across an MOS capacitor, and is given by 

(A'25) 

where Cox is the oxide capacitance per unit area, W is the channel width, and L is the 

channel length. Thus a fluctuation in the channel charge leads to a fluctuation in the gate 

voltage described by 

gy SQN 
8 WLC 

(A.26) 
OX 

Given the above noise spectral density in an elemental volume and energy element, 

we can now find the total noise spectrum by integrating over all space and energy. If we 

assume that each element volume is not correlated then we get 

Sv, = _ q 4T' x N „ M l - f , ) d E d x ,  
1 + g>2t? 

(A.27) 

where Ec is the conduction band energy, Ev is the valance band energy, and xm is the 

depth of traps which contribute to noise in the frequency range of interest. If the trap 

distribution is uniform in space and energy then Christensson et al. [1] have found that the 

integral of 1 - ft) over all energy is approximately N,kT, If we define 

4N[kT = NT{EFN), then the integral in (A.27) becomes 



78 

rxm 

S = q2N7{£>w) | %—dx. (A.28) 
WLClx Jo 1 + 

In order to evaluate the above integral we need to change variables, recalling (equation 

A. 13) that the time constant in the tunneling model is given by 

%- r0e+ax (A.29) 

or 

dx = axdx. (A.30) 

Thus the integral in (A.28) becomes 

Sv = q2NrtEF^ f —^i—. (A.31) 
aWLClx I 1 + co2zf 

Integrating we get 

S V t  =  — M M - 1  a > r { d m ) . cantata] . (A.32) 
' aWLCh ® 

If « fl)« J- then equation (A.32) becomes 
%dnj) t0 

Sv = , (A.33) 
* 4aWLClx f 
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where NJ(EFn) is the oxide trap density within 4kT of the electron quasi-Fermi level. 

From the above equation we can easily see that 1 ff noise decreases with increasing gate 

area and the 1 ff noise will increase with the square of the gate oxide thickness. If the 

number of traps are distributed uniformly in space and energy then the \}f noise produced 

by the device is independent of gate bias. The window accessed by low frequency noise is 

depicted in Figure A.8 where the width of the window is approximately 8kT [1]. 

Silicon Oxide 

Figure A.8. Window of access for Mf noise measured. 

A.2.3 Nonuniform Trap Distribution and Band Bending 

Nonuniform trap distributions, in space and/or energy, in the oxide give rise to a 

power-law dependence of the noise power spectral density of the form 1 //*. If the 
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distribution of traps is uniform in energy but not in space then the noise power spectral 

density will be independent of gate bias. Figure A.9 and Figure A. 10 exhibit the effects of 

nonuniform trap distributions along the window of access for the low frequency noise 

measurement and its corresponding X. If the trap distribution is uniform then X will be 

approximately unity. If the density of traps is skewed towards the Si/Si02 interface then 

X will be less than unity; on the other hand if the trap density is skewed away from the 

interface then X will be greater than unity [1,4]. Nonuniform trap distributions in energy 

give rise to a gate-voltage dependence in the magnitude and the exponent, A, of the 1 ffi-

spectrum [4,70, 71]. 

Spatial Trap Distribution 

N t i  

x 

Figure A.9. Possible spatial distribution of traps in the oxide 
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X < 1  

log(f) 

Figure A.10. The corresponding noise power spectral density for the charge 

distributions pictured in Figure A.9. 

The noise power spectral density seen at the gate of the MOS transistor, depicted in 

Figure A.9, can be written as 

where the constant A is proportional to the total number of traps accessed by the channel 

and associated between the time constants rmin and Thus according to the number 

fluctuation theory, nonuniform distributions of traps in energy can be measured by varying 

the gate bias voltage of the MOS transistor and then measuring the corresponding low 

frequency noise. In addition, if we vary the temperature of the device, we should be able 

to probe the energy distribution of traps by measuring the low frequency noise. The main 

limitation of the number fluctuation model is its neglect of any possible mobility 

(A.34) 
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fluctuations that may arise due to fluctuations in the Coulomb scattering of earners near the 

interface, or mobility fluctuations due to interface traps. 

A.2.4 Mobility Fluctuation Model 

The mobility fluctuation model is based on the random lattice scattering of carriers. 

The model is related to the empirical relation by Hooge [55] for the spectral density of the 

1 If noise in the conductance G of a homogenous conductor and is given by 

§g_ = jol=sv_ (a.35) 
G2 W v2 

where a is an empirical dimensionless constant related to lattice scattering and is of the 

order of 2 x 10"3. N is the total number of free carriers in the sample and/is the 

frequency. When mobility fi is reduced by other competing scattering mechanisms, a 

becomes reduced by the following relation 

a = cciau |^-J , (A.36) 

where and aiatt are the values the mobility and a would have if no impurity 

scattering would have been present. Experiments have shown that the lattice and impurity 

scattering give rise to llf noise in Ge and GaAs materials [72], 

In order to compare the mobility fluctuation model with experimental results for I f f  

noise in MOS transistors; the noise power spectral density Sv, of the fluctuating voltage is 

normally calculated. Recalling (equation A.l) that the resistance of a slab of material can be 
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written as 

*-&• (A37) 

Sv is then found from equation (A.35) and (A.37), and is given by 

Sv=aqflRV2^ < A 3 g )  

L2f 

where L is the channel length and R is the channel resistance. However, some MOS 

transistors have shown a noise power spectral density which is lower then that predicted by 

equation (A.38) [6]. In order to explain this difference Vandamme [6] uses a one 

dimensional treatment in which the channel is divided into sub-layers parallel to the 

interface. Each sub-layer then has its own mobility, carrier concentration and noise 

parameter a according to equation (A.35). The model then obtains good agreement with 

his experimental results and it is concluded that 1/f noise is a bulk effect in MOSFETs 

caused by mobility fluctuations. 

2.4.5 Mobility and Number Fluctuation Model 

The combined mobility and number fluctuation models assumes \}f noise is due to 

fluctuations in both the mobility and number of carriers in MOS transistors. Several 

authors have proposed a non-correlated mobility and number fluctuation model [70, 73, 

74]. R. Jayaraman et al. [8] proposed a correlated mobility and number fluctuation model 

in which they obtain the total noise power spectral density as the sum of three terms. 
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SVo = Svfl + Syi2 + SVX3 (A.39) 

s, . kTc? y (A.40) 
4au'icl / 

s"«=vife f (A-41) 

Jxi 

rx 2 

S V » = M : J  S  WCfiS - VT? , N7(EF„) dx , (A.42) 

where the first term is from the number fluctuation model derived earlier, the second term is 

the cross product term between the number fluctuations and mobility fluctuations, and the 

third term gives the mobility fluctuation model. S(x) represents the scattering rate which 

depends on the distance of the trapped charge from the interface as well as on the bias 

conditions. 

For the case of uniform trap distributions, the above model predicts that: 

1) 1#"noise decreases with increasing gate area. 

2) If the gate voltage is near the threshold then the l/f noise can be modeled by the 

number fluctuation term. 

3) For large gate oxide thickness the cross-term may start to dominate, giving a linear 

increase in noise with gate bias increase. 

4) For thin gate oxides and large gate bias the mobility fluctuation term can become 

dominant causing the l<(f noise to vary as the square of the gate bias. 



85 

Each of the models discussed thus far have given relatively good agreement to some 

of the experimental observations of low frequency noise in MOS devices. However, none 

of the models explains exactly the observed noise in all MOS transistors. The correlated 

mobility and number fluctuation model appears to offer a wider range for predicting 1 // 

noise in a variety of MOS transistors, but actual control over the numerous variables 

leading to the low frequency noise in this model will be difficult if not impossible to 

accurately measure. 

A.3 Summary 

I f f  noise is a characteristic of MOS transistors and it has been found that this noise 

is correlated with the trap density near the Si/Si02 interface. The McWhorter number 

fluctuation model [5] has been found to explain the 1 If noise in many MOSFETs. 

However, the model by Jayaraman et al. [8] can be used to describe the low frequency 

noise in a wider range of MOS devises, since it takes into account the possibility of number 

and mobility fluctuations in the channel carriers. It has been found that non-uniformities in 

the trap distribution lead to a noise power spectral density of the form 1 ffK In conclusion 

since 1 If noise is sensitive to the number of traps near the Si to Si02 interface, low 

frequency noise measurements should offer a means to measure the number of traps in 

MOS transistors. Furthermore, since the slope X is sensitive to the energy and spatial 

distribution of traps, low frequency noise measurements should offer a means of 

measuring trapped charge distributions. 
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APPENDIX B 

ITNEAR REGION OF OPERATION TN THE POWER DMOS TRANSISTOR 

Figures B.l and B.2 show the typical output characteristics of an n-channel power 

DMOS transistor. Figure B.2 depicts an enlarged view of the linear region along with the 

saturated region. Several complications arise in making 1//noise measurements when a 

power DMOS transistor is biased in the linear region. If a device is biased well into the 

linear region, the channel resistance of the device may become very low (a few ohms). 

When the channel resistance is very low, voltage fluctuations due to the device 1//noise 

become very difficult to detect. In addition, as the drain to source voltage is reduced, the 

amount of 1 If noise observed at the drain to source of the device becomes reduced as 

VDS
2. If high currents are present in the device then thermal heating of the device must be 

taken into account (especially if the density of states near the Si/Si02 interface is non-

uniformly distributed in energy). 

When a MOSFET is biased in the linear region of operation, first-order theory [76] 

predicts the dependance of the drain current to be 

ID-
vnwcc 

CVG-VT)VD (B.l)  

where ID is the drain current, fin is the electron mobility in the channel, W is the channel 

width, Cox = £0Jt0X is the capacitance per unit area, £ox is the permittivity of the oxide, 

L is the channel length, VG is the gate voltage, and VT is the threshold voltage. For a 
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fixed drain voltage, the MOSFET will "turn on" when the gate voltage exceeds the 

threshold voltage. As the gate voltage increases, the operating characteristics of the device 

will move from the saturated region of operation to the linear region of operation (assuming 

the drain to source voltage is held constant). Once high enough gate voltages have been 

reached, the current at the drain of the device should increase linearly with gate voltage (see 

equation B. 1). Figure B.3 depicts the transfer characteristics of a power DMOS transistor 

with the drain voltage as a parameter [75], Note that for VD = vDJ the drain current is 

expected to be a linear function of the gate voltage (based on equation B.l). Obviously, 

this is not the case for this power DMOS transistor. The behavior observed for VD = Vdi 

is due to the resistance in the lightly doped drain of the DMOS transistor [32], 
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Drain Voltage (V) 

Figure B.l Drain current as a function of drain voltage with gate voltage as a parameter: 

VG1 = 3.25 V, VG2 = 3.40 V, VG3 = 3.55 V, VG4 = 3.70 V, VG5 = 3.85 V, and 

VG6 = 4.00 V (after Zupac [75]). 
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Figure B.2 Enlargement of the linear region of operation for a typical DMOS power 

transistor. 
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Figure B.3 Drain current as a function of gate voltage (linear plot) with drain voltage as a 

parameter: VD} = 0.10 V and VD2 =0.20 V (after Zupac [75]). 
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appendix c 

DC STABILIZATION OF A MOSFET 

It was found that immediately after irradiation some MOSFETs exhibited a small 

drift in the DC bias conditions typically resulting in a shift in the drain to source current of 

the device. This shift was attributed to small changes in the threshold voltage due to a 

small amount of annealing of trapped charge near the Si/Si02 interface. In order to get 

more reliable and accurate noise measurements it was decided that a stable DC current 

flowing through the device was required. DC current stabilization was achieved by 

employing the techniques of negative feedback. 

Figure C.l. Noise measurement circuit. 

Figure C.1 shows the circuit used to measure the low frequency noise of a MOS 

transistor. Rd is the resistance at the drain of the MOSFET while Rs in parallel with Cs is 

Spectruum 
Analyzer 

Rs T Q 
zn 
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the impedance at the source of the MOSFET. VGG and VDD are DC voltage sources 

which are adjusted to achieve any operating point in the saturated region. The small signal 

voltage v0 of Figure C.2 (measured with respect to ground) is fed to the low noise 

amplifier. 

Figure C.2. AC circuit model and equivalent small signal circuit. 

Figure C.2 depicts the ac circuit model for the noise measurement circuit along with 

its equivalent small signal circuit. For proper DC stabilization the pole and zero frequency 

of the above circuit must be determined. From the small signal circuit model the output 

voltage is found to be 

Vo  8  m  Ves^d  i  (C.1) 

where gm is the transconductance of the MOSFET and vgs is the small signal voltage from 

the gate to the source. 
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If we define Zs = Rs II -~r = * ; — ,  t h e n  F r o m  K i r c h h o f f s  v o l t a g e  l a w  
jO)Cs 1 jQ)C$t\s 

(KVL) we get the following relation for the small signal voltage at the gate of the device 

Vg  =  v g s +g m v g s Z s  (C.2) 

or 

v - = r f e  ( c 3 )  

From equations C.1 and C.3 we get the small signal gain of the MOSFET as 

vo gmRd 

With some algebra equation C.4 can be rewritten as 

Vo _ \ COzl I SmRd  \  
Vg I +mu1 ' 

(Op) 

(C.4) 

(C.5) 

1 1 "4* jpm/?p pm 
where fit)* = —l— is the zero of the function and cop = 0  ™ ~yr  is the pole of the 

RSCS * RSCS C. 5 
function. From equation C.5 the low frequency gain of the transistor (i.e., CO —» 0) is 

approximately 

Gamu,~%L, (C.6) 

which provides DC Bias Stabilization since gm is taken out of the equation. The high 
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frequency gain (i.e., 0) —»<*>) of equation C.5 is approximately gmRd • Figure C.3 shows a 

Bode plot of the frequency response of the MOSFET. 

I i 

20 dB 
T RA decade 

0) 

c02= ("pi) ' ap=sjcs 

Figure C.3. Bode plot of the small signal gain of a MOSFET with negative feedback. 

In order to pass the low frequencies of interest (i.e., to make low) when 

performing 1 If noise measurements and at the same time drown out dependence on any 

small change in gm (to isolate any change in VG - Vj) the following resistors and capacitor 

were chosen: Rs = 620 Q, Cs = 6800 |iF, and for small signal gain at the frequencies of 

interested = 1700 H. Throughout most of the 1 If noise experiments run, gm ^ 0.08 Q"1. 

With this value for gm the frequency at which the pole of equation A.5 will occur at is given 

by fp ^ 1.87 Hz. Thus there should be no degradation in MOSFET gain when observing 

1//noise in the bandwidth from 10 Hz to 256 Hz. 
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APPENDIX D 

COMPUTER PROGRAM FOR 1/f NOISE MEASUREMENT 

This appendix gives the actual computer program used to extract the I f f  noise 

measured from a MOS transistor and stored on the HP 3582A spectrum analyzer. The 

program was written in HP BASIC with the help of Dr. Amos Avni and Mr. Bill Weber. 

This program requires the HP BASIC software that comes with most HP computers. In 

addition the program requires that the HP 7475A plotter, the HP 2934A printer, and the HP 

3582A spectrum analyzer be connected to the computer. The program has been run on an 

HP 9121 computer at the University of Arizona and an HP 9836 computer at the Naval 

Weapons Support Center at Crane Indiana. 

After the program has been booted up in the computer, the user must enter into the 

computer the measured parameters: the maximum voltage of the 1//noise, gm of the 

MOSFET, Rd, the DC bias conditions, and the device code. Figure 3.10 gives the 

flowchart used in the program. At the conclusion of the program the user is provided with 

a printout of the magnitude and slope X of the noise as would be seen at the gate of the 

device. 



30 ! 
90 OPTION BASE 1 
100 DIM Y(255),R(255),Svo(255) [Dimension array for storing 
110 __ Idata points 
120 DIH flSI20],BS[20],CS[20] IDefine variables for storing 
130 (label names 
131 Cc»0 
140 CflLL Init !Subprogram to initialize 
150 iprinter,plotter 
160 (Subprogram for entering data 
170 CflLL Input(ystart^top^step^arvejXoin^aXjYBin^Ymax^pEa^in^dS,Id 
s )uds$jugss) 
180 (Subprograms to download data points 
193 EEHOTE 711 IDownload the data from the HP3582A to computer. 
194 OUTPUT 711:"SCI" 
196 OUTPUT 71l("LDSu 
197 ENTER 711 USING M25S(K).IB:Y(*) 
198 CLEAR 711 
201 IF Cc=0 THEN 248 
210 CALL Cat(Uc?YC*)) ISubprogram for output of data 
220 CALL &Boother{Ustart,U5top>Ustep.Y(*)) IPrint menu for output 
221 PRINTER IS 1 * 
223 Cc-0 
224 PRINT 
225 PRINT 
227 PRINT "LOftD HEU FOIL IN THE PLOTTER'' 
228 PRINT 
229 PRINT 
230 PRINT "UHEN READY PRESS <CONTINUE)" 
232 PAUSE 
233 CALL Output(UstartjUstopjUstepjNcurvB.Yt^J.Xain.XmaXjYmin.Yoax) 
234 PRINT "LOAD NEU FOIL IN THE PLOTTER" ' 
235 PRINT 
236 PRINT 
237 PRINT "UHEN READY PRESS CONTINUE)" 
239 PAUSE 
244 CALL Noi5(U5tart,Ustop.UstepjY(*)jGBjRd,Gain,CdS,IdS,Ud3$,UgsS) 
245 CALL FitWstart.Ustop^khAfiChi^QJ ' ' ' ' ' S 
24G CALL LQglog(Ustart,Vstop,Oslep,Y(*KA,B) 
247 GOTO 25b 
248 Cc-1 
249 CALL Output(Ustart,Ustop,Ustep,Ncurve,Y(*).Xnin.Xmax.Ymin.Yiaax) 
250 IF Cc-1 THEN 210 > > > > > 
251 GOSUB End 
252 I 
253 |AAuuAUAAUAAAAASUB(End)**********AA**A* 
254 ! 
255 End; I 
256 ZS-CHRS(255)£"KB 
257 OUTPUT 2 USING !Clear the CRT screen 
258 GRAPHICS OFF I Clear the graphics from CRT 
259 PRINT " JtUAAAiH*END OF PROGRAM**********" 
262 END 
263 I 



268 
269 
270 
271 
273 
274 
275 
276 
277 
27B 
279 
2B0 
281 
2B3 

(Subprogram to initialize printer and plotter | 1 | 1*1 i 11 1 
J  X X X X r A n n  

Initialize printer 
Initialize plotter 

,0dsS,VgsS) 
m BEE! 

SUB Init 
PEINTER IS 1 
PLOTTER IS 705, "HPGL" 
SUBEND 
! 

!Subprogram for inp 
!***«******* 
! 
SUB Input (U5tart,Ustop,Ustep,Ncurve,Xmin,Xmax?Y«in,Yn)ax,Gni,Ed,Gain,CdS,IdS 

265 Z$-CHRSC255)&-ICU 
286 OUTPUT 2 USING "l,KH;ZS 
297 I 
298 Vstart-0 

IClear the CRT screen 

! Start frequency 

299 Ustop*254 ! Stop frequency 
300 Vstep«l 
310 Ymin-0 
328 INPUT "HflXIHUH Y-fiXIS VflLUE",Ynax !Input the saxinum y-axis value 
329 INPUT "ENTER & OF DEUICE\Ga IGet the small signal gain of the HOSFET 
330 INPUT "ENTER Rd",Kd IGet the resistance at trie drain of HOSFET 
331 INPUT "ENTER DEVICE C0DE\Cd$ 
332 INPUT "ENTER IdVIdS 
333 INPUT "ENTER Uds^VdsS 
334 INPUT "ENTER Ugs",VgsS 
336 NcarveBl !Input the ntaber of curves for graph. 
337 XnirfO (Frequency goes from 0 to 250 Hz 
338 Xaax-250 
341 (Print out all values previously 
342 {entered so they can be compared 
343 J to the desired values 
344 PRINT "HINUHUH AND HflXIHUH Y-AXIS UfiLUES-'lYnin.Yiaax 
345 PRINT "Gm • ";Gn 
346 PRINT "Rd » "Ed 
347 PRINT "STOP Hz-";Ustop 
348 PRINT "STEP Hz»";Uste| 
349 PEINT "NUMBER OF CURVES"";Ncurve 
350 BEEP (Check if user wishes to change any 
351 (of the parameters 
360 I INPUT "ENTER THE GAIN OF THE PEE-flHPLIFIER\6ain 
361 Gain>5000 
363 INPUT "CHfiNSE PftEflHETEBS? (Y,N,DEFftULT-N)",Y$ 
364 OUTPUT 2 USING "I.K";Z$ IClear the CET screen 
365 IF Y$="Y" THEN 284 (If a change of parameters is 
366 I desired loop back to input neu 
367 (parameters 
366 (if not, go back to vain program 
371 SUBEND 
379 t 



374 
375 
376 
415 
416 
417 
41B 
419 
420 
421 
422 
423 
424 
425 
426 
427 
428 
429 
430 
m 
431 
x) 
432 
ax) 
433 
434 
435 
436 
439 
440 
442 
443 
444 
445 
446 
447 
448 
449 

1 Sob^r o^r am ̂to ̂ choose ̂ metho^ ̂of ̂ otit^ut ̂ f or ̂data ̂ 
!*** 
j 
^BJfat^utjU5tart,U5t0P)UsteP)Ncurve,Y(*),Xnin,Xmax,Yniin,Yiiax) 

OUTPUT 2 USING *I,K";Z$ !Clear the CRT screen 
GRAPHICS OFF 
PRINT "ENTER ONE OF THE FOLLOWING CHOICES" 
PRINT 
PRINT 
PRINT "A) OUTPUT COPY OF GRAPH ON PLOTTER" 
PRINT BB) OUTPUT LIST OF DATA POINTS ON PRINTER" 
PRINT "CJ CONTINUE " 
PRINT 
PRINT 
BEEP 
INPUT "CHOICE:",Y$ 1Input output choice 
OOTPUT 2 USING rfl,K"jZ$ 

I Go to appropriate output subprogra 

IF Y$-"A" THEN CALL PlDt(Ustart,U5top,Ustep,Ncurve,Y(*)fXmin,Xiiax,Yiiiin,Yiaa 

IF YS«"B" THEN CALL Print(Ustart,Ustop,Ustep,Ncurve,Y(*),Xinin,XinaxtYnin,Yii] 

IF YS-'C" THEN 434 
SUBEND n|ii) 

1 SUBPROGRAM TO PLOT DATA POINTS ON THE PRINTER OR PLOTTER 

! 
SUB Plot(Ustart,Ustop,U5tep)Ncurve,Yt*),XBiin)XBax)YBiin,Yniax) 

ZS-CHRS(255)t"Kn 
OUTPUT 2 USING "»,K";ZS 
1-1 
J*1 
INPUT "TITLE OF GRAPH?",flS 
INPUT "HORIZONTAL AXES LABEL?",8$ 

450 BS="Hzu 
451 ! INPUT "VERTICAL AXES LABEL?",C$ 
452 GINIT 
453 PLOTTER IS 705/HPGL" 
454 GRAPHICS ON 
455 X qdu *ax»60*HAX(l,RATIO) 
456 Y gdu~«ax»B0*HAXll,1/RATIO) 

IClear the CRT screen 
I Reset values of I and J 

!Input title of graph, 
!horizontal axes label, and 

Ivertical axes label if desired 
Unitialize graphics parameters 

(Turn on the graphics screen 
(Calculate uiath of the screen 
I Calculate height of the screen 

457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
467 
460 
469 
470 
471 
472 
473 
474 
475 
476 

LORG 4 

FOR L--.1D TO .10 STEP .1 
HOUE X gdu max/2+L,.9*Yodu max 
LABEL J\i " ~ 

NEXT L 
DEG 

I LDIR 90 
CSIZE 2.5 

f HOUE .02*X gda max.Y gdu oax/2 
LABEL CS ~ 
LORG 6 
LDIR 0 
HOUE X gdu »ax/2,.04*Y gdu max 
LABEL IS ~ ~ 

UIEUPORT .1*X gdu_max,.9B*X gdu max, 
FRAHE " 

!Set reference point to center of 
(top of label 
(Offset of x from starting point 

I Hove to center of top of graph 
(Label title of graph 

(Angular mode is degrees 
(Specify vertical labels 
(Specify smaller characters 
(Hove to center of left of graph 
!Label y-axis 
!bottom of label 
(Specify horizontal labels 
(Hove to center, bottom of graph 
I Label x-axis 
(Define subset of graph area 

1*Y gdujiax,.9*Y_gdu_nax 
(Drau a box around defined subset 
(Define x-axis parameters and 
(y-axis parameters 
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477 
478 
479 
400 
4S1 
402 
4B3 
4B4 
485 
406 
487 
488 
489 
490 
491 
492 
493 
494 
495 
49S 
497 
490 
499 
500 
501 
502 
503 
504 
505 
506 
507 
508 
509 
510 
511 
512 
513 
514 
515 
516 
517 
516 
519 
521 
522 
523 
525 
526 
527 
528 
529 
530 
531 
532 
533 
534 
535 
536 
537 
538 

IdlNDOU Xmin,Xmax,Ymin,Ymax 
Xmaj-10 
Ymaj^lO 
Sizea4 
Xtic"(X«ax-Xniin)/100 
YticclYBax-Ymin)/10D 

axes xticjyticjxai^yainjxnia^yntajjsize 

IDefine axes parameters 

CLIP OFF 

CSIZE 1.5 
LORG 4 
FOR N»Xmin TO Xmax STEP (Xtic*10) 

HOUE N,(Yrain-l.GE-2) 
LABEL tlSING "l,Ku;N 

NEXT N 
LORG e 
FOR H-Yttin TO Ymax STEP (Ylic*10) 

HOUE (Xain-.0025),H 
LABEL USING "SD.DEU;H 

NEXT H 
CLIP ON 

k-l 
OcUstart 

FOR J-Ustart TO Ustap STEP Ustep 
PLOT Uc,Y(K) 

IDrau axes 

ISo labels can be outside UIEUPORT 
llinits 
(Specify smaller characters 
ISet reference point to top center 
I Label x-axis every 10 units 
I just b&lou the axis 

ISet reference point to right center 
•Label y-axis every 10 anits 
ljust to the left of the axis 

ISo plot uon't be outside window 
•Set matrix index to 1 
ISet value of UC equal to starting 
!voltage 

!Plot the data points using the 
istarting voltage incremented to 
Ithe stopping voltage for the 
!x-axis value 
! Increment the matrix index 
I Increment value of UC by Ustep 

k"k*1 
Uc"Uc+Ustep 
NEXT J 

PRINTER IS 705 
PRINT "IN;SP1:" 
PRINT uPA500,3000j" 
PRINT "CSl;D^0^l:LBU/n&CHRS(92)i"H^, 

PRINTER IS 1 
PENUP I Break in graph 
GRAPHICS OFF I Return to output subprogram 
CALL Output(Ustart.Ustop,Ustep,Ncurve,Y(*),Xain,Xmax,imin,Ymax) 
S U B E N D  n u n  

I SUBPROGRAM TO PRINT DATA POINT ON THE PRINTER 

! 
SUB Print(Ustart,U5top,Ustep,Ncurve,Y(*),X»in,Xmax,Ymin,Ymax) 

1=1 
J-l 
INPUT -HORIZONTAL AXIS LABEL".BS 
INPUT "UERTICAL AXIS LABEL",CS 
PRINTER IS 701 

!Reset I,J to 1 

IInput headings for printout 

OUTPUT 2 USING "l,K";ZS 
FOR 1=1 TO Ncurve 

PRINT USING u24X,10ft,5X,10fiM;BS,CS 
PRINT 
PRINT 
k"1 

!Specify printer for output 
I Print headings for data 
I Clear the CRT screen 
I Loops to print out dita 
{Format for headings 

ISet matrix index to 1 
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604 ! TUICE (FOR EITHER) 
605 FOR 1-1 TO N 
606 X1»C(I)-Y(I) 
607 C(I)-Y(I) 
60B YCD-X1 
609 NEXT I 
610 IF V1>1 THEN 615 
611 ! 3RSSH 
612 GOSUB 632 
613 GOTO 616 
614 I 4253H 
615 GOSUB 622 
616 I TUICE 
617 FOR I»1 TO N 
61B Y(I)"Y(D+C(I) 
619 E(I)-Rd)-YCI) 

620 NEXT I 
621 GOTO 800 
622 I SUBROUTIN FOR 4253H 
623 1 
624 1 
625 GOSUB 642 
626 GOSUB 650 
627 GOSUB 656 
628 GOSUB 737 
629 GOSUB 682 
630 GOSUB 674 
631 RETURN 
632 ! SUBROUTIN FOR 3RSSH 
633 GOSUB 751 
634 !—SB»0 ON EXIT FROH 3R.N0U DO S 
635 GOSUB 75B 
636 I-IF NO CHANGE, THEN DONE 
637 IF SB-0 THEN 641 
638 GOSUB 751 
639 GOSUB 758 
640 GOSUB 674 
641 RETURN 
642 I--S4 IS KEPT FOR 2 LATER,Y(l) ISNT CHANGED-- RESULT IN Y(2)-Y(N>-
643 S4°Y(N) 
644 SMKN-l) 
645 S9-4 
646 GOSUB 703 
647 Y(2WY(l)+Y(2))/2 
64B Y(N)=(51+S4)/2 
649 RETURN 
650 I— 2--
651 FOR 1-2 TO N-l 
652 Y(I)-(Y(I)*Y(M))/2 
653 NEXT I 
654 Y(N)»S4 
655 RETURN 
656 !—5— 
657 S0-Y(3) 
65B Sl«Y(N-2) 
659 S9-5 
660 GOSUB 703 
661 !—HEDS OF 3 ON ENDS 
662 Y1-YC1) 
663 Y2-YC2) 
664 Y3-S0 
665 GOSUB 694 
666 Y(2)-Y2 
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667 |—NOB HIGHER END 
668 Yl-Sl 
669 Y2-Y(N-1) 
670 Y3-Y(N) 
671 GOSUB 694 
672 Y(N-1)-Y2 
673 RETURN 
674 I HANN 
675 SO-Y(l) 
676 FOR 1-2 TO N-1 
677 S1-YC1) 
678 Y(I)»(S0*Y(I+l)V4*YCI)/2 
679 SO-Si 
6B0 NEXT I 
661 RETURN 
602 !—APPLY ENDPOINT ROLE TO BOTH ENDS OF YO— 
6B3 Y1«3*Y(2)-2*YC3) 
664 Y2"Y(1) 
605 Y3-Y(2) 
606 GOSUB 694 
607 Y(l)-Y2 
6GB Yl«3*Y(N-l)-2*Y(N-2) 
699 Y2»Y(N-1) 
690 Y3-Y(N) 
691 GOSUB 694 
692 Y(N)"Y2 
693 RETURN 
694 ! HEDIAN OF Y1,Y2,Y3 RETURNET IN Y2 
695 IF (Y2-Y1)*(Y3-Y2)>"0 THEN 702 
696 ! Y2 ISNT MEDIAN ,COUT CHflNGES.SB IS CHANGE FLAG.-™ 
697 S8»S8+1 
69B IF (Y3-Y1)*(Y3-Y2)>0 THEN 701 
699 Y2-Y3 

700 GOTO 702 
701 Y2-Y1 
702 RETURN 
703 ! 
704 ! 
705 ! 
706 ! 
707 FOR 1-1 TO S9 
708 (J(I)-Y(I) 
709 U(S9+I)-Y(I) 
710 NEXT I 
711 S2-S9+1 
712 S3-INT(l.E+0)*ABS((S9+2)/2)*Sig((S9+2)/2) 
713 S5-S2/2 
714 N9-N 
715 N-S9 
716 j HAIN LOOP 
717 FOR S7-S9+1 TO N9 
718 GOSUB 564 
719 Y(S3+l)-(B(INT(S5))*!iKINT(S5+.5)))/2 
720 U1-U(S2) 
721 FOR 1-1 TO S9 
722 IF U(I)-U1 THEN 726 
723 NEXT I 
724 PRINT "SM ERROR" 
725 STOP 



726 U(I)*Y(S7) 
727 UCS2)°Y(S7) 
72B S2-S2+1 
729 IF S2<-2*S3 THEN 731 
730 S2-S9+1 
731 S3»S3*1 
732 NEXT S7 
733 GOSUB 564 
734 Y(S3)"(t)(INTCS5))+U(IHT(S5+.5)))/2 
735 N-N9 
736 EETUEN 
737 ! SUBROUTINE FOB RUNNING HEDIfUl OF LENGTH 3 
73B ! 
739 I 
740 Y0-YC1) 
741 FOE 1-2 TO N-l 
742 Yl-YO 
743 Y2«Y(I> 
744 Y3«Y(I+1) 
745 !—FIND MEDIAN OF Y1,Y2,Y3-S8 UILL BE SB+1 IF CHANGE IS HADE— 
746 SOSUB 694 
747 YO-Y(I) 
748 VCIJ-Y2 
749 NEXT I 
750 RETURN 
751 I SUBROUTINE FOE 3E.REPEAT 3 UNTIL NO CHANGE TflKES PLACE.-— 
752 S8=0 
753 GOSUB 737 
754 IF S8>0 THEN 752 
755 \ ABOUE LOOP HUST END. NOLI DO EHDPOIHTS. 
756 GOSUB 6B2 
757 RETURN 
758 i SPLIT 2-PLATEAUS. 
759 I 
760 ! 
761 ! 
762 ! 
763 N2«N-2 
764 I INITIALIZE UITH FIRST 4 POINT 
765 FOR 1-1 TO 4 
766 U(1*2)»Y(I) 
767 NEXT I 
768 I YC1) AND Y(2) ARE TOE PLATEAU IF OK ON RIGHT-FAKE THE LEFT-
769 U(2)«Y(3) 
770 I—-II IS THE POINTER FOR YO 
771 11-1 
772 I HUNT FOR 2-PLftTEAUS 
773 IF U(3)OtJ(4) THEN 790 
774 IF CUl3)-U(2))*CtJ(5)-[d(4))>«0 THEN 790 
775 I—U(3) t, U(4> (-Y(Il) & Y(IIO) ARE A PLATEAU 
776 ! 
777 IF Il<3 THEN 784 
778 Yl»3*tK2)-2*U(l) 
779 Y2-U<3) 

780 Y3"L)t2) 
781 GOSUB 694 
762 Y(I1)»Y2 
783 ! 
784 IF Il>-N2 THEN 730 
785 Yl»3*Ut5)-2*t)£6) 
786 Y2-IK4) 
787 Y3-LK5) 
708 GOSUB 694 
789 Y(IM)=Y2 
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790 !—SLIDE THE UIND0U 
791 FOR 1-1 TO 5 
792 Utl)-U(M) 
793 NEXT I 
794 I1«I1*1 
795 IF I1>«H2 THEN 79B 
796 U(6)-Y(Il+3) 
797 GOSOB 772 
790 I—IftST 2 POINTS ARE fl PLATEAU IF OK ON LEFT—FAKE TOE RIGHT— 
799 U(6)-UC3) 
BOO IF IKN THEN 772 
B01 SUBEND 
602 DEF FNFni(X) 
603 FniCX)»INT(Q+EO)*ABS(X))*SGN(X) 
604 FNEND 
605 DEF FNFrai(X) 
806 Fn»(X)"(UCINT(X))+U(INT(X+.5)))/2 
607 PRINT 
80B PRINT Fna(X) 
bio ^{uujluujlujiuuuuujiuuuuuujljluujluujiuuujlu 

612 iSuiroutine to cut unwanted GOHz Harmonics 
b13 i -kMrHMtiOtik k kiiiiikMM-kiHtiHitUtiMMtHsirkl kkkkkkkkkkkkkt t*  
614 i 
B16 SUB CatCJ,Y(*>) 
817 FOR K=1 TO 4 
BIB J=K*58+(K-l)*2 
819 Bb»CYCJ*5)-YCJ-l))/6 ISlope of of liner curve fit Bb»dy/dx 
820 fla«(Y(J-l)-Bb*(J-l)) !y intercept (b) 
821 FOB L-J TO J+4 
822 Y(L)"Aa+Bb±L (Best fit lira y = • b, where m-Bb 
623 NEXT L 
624 NEXT K !Go to next GOHz harmonic 
825 SUBEND 
826 
827 
826 
82s 
830 SUB Nois(Ul.U2,y3,Y(*),Sn,Ed,Gain,CdS.IdS,Vds$,Ug5S) 
831 DIH Svg(255j,Ug(255) 
832 N=U2-U1 
833 FOR X*1 TO N [Calculate equiwlant noise power at gate, Svg 
834 Swq(X)«((Y(X))A2-(l,67E-5)A2)/f((as*Rd*(Gain)r:2)*1.5) 
635 YtX)-LGTCSvg(X)) 
836 Un(X)BSQR(Svg(X)) 
837 NEXT X 
838 1 GET UALUES FROM USEE TO PRINT THE DEUICE PARAMETERS 
843 PRINTER IS 701 
644 I PRINT " " ! PRINT THE DEUICE PARAHETERS 
845 PRINT "THE DEUICE ID CODE ISi'.CdS 
846 PRINT • " 
847 PRINT "THESE ARE THE BIASING CONDITIONS: " 
648 PRINT • " 
849 PRINT u m Rd Id Uds Ugs 
850 PRINT • B 
651 PRINT Ga.Rd.IdSjUdsS^gsS 
852 PRINT ' ' 
B53 PSINT " " 
867 PRINT "EOQIUELENT NOISE POUER SPECTRAL DENSITY SEEN" 
869 PRINT "At THE GATE: Svg UHERE Svg - l>g"2" 
870 PRINT 
B71 PRINT " FREQUNECY(Hz) Svg 
872 FOR K-l TO N STEP 5 
B73 PRINT K,Svg(K) 
874 NEXT K 
875 PRINTER IS 1 
676 SUBEND 

NOISE SUBROUTINE 
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077 
870 
079 

BBO 
801 
BB2 
803 
m 
065 
666 
867 
869 
890 
891 
692 
693 
694 
695 
696 
697 
B9B 
699 
900 
901 
902 
903 
904 
905 
906 
907 
SOB 
909 
910 
911 
912 
913 
914 
916 
917 
919 
920 
923 
924 
926 
927 
926 
929 
930 
931 
932 
933 
934 

!THE NO. OF POINTS ARE MEN FROH 
I X-10 TO X-255. 
! Sx IS THE SUM OF X POINTS, X"fregaency 
! Sy 15 THE SUH OF Y POINTS' y-Log?Svgtf)) 

I SxOSS IS THE AVERAGE VALUE. 

! T IS THE STD. DEVIATION. 

1 

! SUBROUTINE TO BEST FIT THE DATA POINTS 

!THIS SOBKOUTINE FITS DATA POINTS TO A STRAIGHT LINE 
SUB Fit CU1,«2,YC*),A,D^CKi2,0) 
N-V2-V1 
Sx-0 
Sy»0 
S12-0 
B-0 
Nn-245 
FOE X-10 TO N 
Sx-Sx+LGT(X) 
sv-symx) 
HEXTX 
SxOsa-Sx/Nn 
FOR X-10 TO N 
T-LGT(X)-Sx0ss 
St2-St2+T*T 
B»B*T*Y(X> 
NEXT X 
B*B/St2 
A»CSy-Sx*B)/Nn 
Siq&iSQB((l+Sx±Sx/(Nn*St2))/Nn> 
Sigh-SQRtl/St2), 
Chi2-0 
FOR X-10 TO N 
Chi2-Chi2+(YtX)-A-B*LGTCX) )A2 
NEXT X 

§igdat-SQRCChi2/(Nn-2)) 
Siqa»Siqa*Siqdat 
Siqb-Sigb*Sigdat 
L"I0A(AJ 
PRINTER IS 701 
PRINT " " 
PRINT • 11 

PRINT " Svg - A/fAb" 
PRINT " " 
PRINT "NOISE MAGNITUDE A=';L 
PRINT " " 
Sipa"10A(A+Siqa/2)-lOA(A-Siqa/2) 
PRINT "NOISE SIGHA OF A» "jSigaa 
PRINT 
PRINT "THE SLOPE OF THE CURVE: B-"jB 
PRINT • • 
PRINT " NOISE SIGHA OF B« "tSigb 
PRINT 
PRINT "Q-";Q 
PRINT « " 
PRINT "CHI2-";Chi2 
SUBEND 

!PRINT THE SLOPE AND OTHER STUFF 



935 
936 
937 
93S 
939 
940 
941 
942 
943 
944 
945 
946 
947 
948 
949 
950 
951 
952 
953 
954 
955 
956 
957 
958 
959 
9S0 
961 
962 
963 
964 
965 

966 
967 
968 
969 
970 
971 
972 
973 
974 
975 
976 
977 
978 
979 
980 
981 
982 
983 
984 
9B5 
989 
999 
1009 

SUB Loglog(Ul,U2,U3,5(*),A,B) 
PKINTEE IS 70$ ' 
PRINT "IN;SP1;IP1250,750,9250,6250:" 
PRINT "SCI,3.-17,-121" 
PRINT "PUlj-l7PD3,-l/j3,-12,l,-12,l-17PU" 
PRINT "SI.iL3;TLl.5,(1" 
FOR K=0 TO 1 
FOR J-l TO 10 
Y—17 
X-L+LCT(10*J) 
PBINT DSING 946;l'Pfl":X,YJ"XT:" 
IHftGE 2fl,2CHDD.iDDD),3rf ' 
READ AS 
IF X<2 IBEN PRINT "CP-.BO.-ljLB'iAS;" 
IF X>1.99 THEN PKINT •CP-i.3.-l;tb":ft$;"» 
NEXT J ' ' ' ' 
NEXT K 
FOR K-0 TO 4 
FOR J«1 TO 10 
X-l 
Y»K+LGT(10*J)-1B 
PRINT USING 946;"PA",X,Y,"YT:" 
READ AS ' ' ' ' ' 
PKINT •CP-6,0)LB";AS;"U 
NEXT J ' ' ' ' 
NEXT K 
PRINT "SP31SH*:" 
FOR X-10 TO 200 STEP 5 
Xx«LGT(X) 
Yy-S(X) 
PKINT USING gSej'PAPU'jXx^y;"'' 

IHAGE 4A,2(HDD.DDDD) 
NEXT X 
PRINT "SP4;SH;" 
X1«LGT(10) 
Yl-8*Xl+fi 
X2«L6T(250) 
Y2«B*X2»A 
PRINT USING 9G6;BPAPUI':X2,Y2:"" 
PRINT USING 975;"PflPD"}X2,Y2,Xl,Y1;*" 
IHAGE 4A,4(HDD.DDDD) 
PRINT "pd1,-17" 
PRINTER IS 1 
DATA "10" " 
DATA " V * • 

• hi 
' *,500"," V ' H ai m * ji n * m u * h n  d m  

m m* h h 
a u Ja « 
n ('it u 
ft n h 

> 

h ii ' 
h 

, loo" 
V viooo" 
«  ' n  n n • n 

" n *5Q" « n n 
||̂  A A U ̂  IJ U ̂  I 

DATA "1E-17"'" 
DATA "1E-16" " 
DATA "1E-15 
DATA "1E-14 , 
DATA "1E-13", 
SUBEND 
! i k kukkkukuuu ikkkk i kkmukk i i k i kkk i i kk i kkk i kkkkkuurk  
1 END OF SUBPROGRAM 

ft • 

n n  

it « 

h a 
N ft 

K ft 
v a 
ft II 

It M 
• b 
If II 

n h 
M i 
ft ft 
"1E-12" 
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