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Many high performance amplifiers use power MOSFETs in their 

output stages, especially in operational amplifier applications whenever 

high current or power is needed. MOSFETs have advantages over bipolar 

transistors in amplifier output stage because MOSFETs are majority 

carrier devices. The result is wide frequency response, fast switching and 

better linearity than power bipolar transistors. But unlike bipolar circuits, 

which are relatively tolerant of ionizing radiation, MOSFETs may suffer 

severe parametric degradation at low total-dose levels. The effects of 

ionizing radiation on MOSFETs is discussed, and the performance of an 

amplifier circuit that uses a complementary MOSFET source follower in 

its output stage is simulated to examine the effect of MOSFET radiation 

damage on amplifier performance. An increase in power dissipation was 

the most significant degradation caused by ionizing radiation. 
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INTRODUCTION 

Power operational amplifiers are used in applications where large 

output power is required, such as servo amplifiers or power supply 

regulators. In these cases, output currents up to one ampere may be 

required. These operational amplifiers are useful in a number of 

applications, especially in airborne military systems and medical facilities, 

where radiation is encountered. The radiation can lead to significant 

degradation of amplifier performance. 

An amplifier that is used in power operational amplifiers was 

examined in this work. The amplifier is a typical differential input-

feedback d.c. amplifier using a complementary symmetry push-pull output 

stage. The power transistors used in the output stage are power metal-

oxide-semiconductor field-effect transistors (MOSFETs). Since the charge 

carriers are controlled by electric fields and not by injection of minority 

carriers, there is no stored charge in the gate region. The result is wide 

frequency response, fast switching and better linearity than bipolar devices. 

The advantages of using power MOSFETs instead of bipolar transistors in 

an amplifier output stage have been well described in numerous articles 

[1,2]. The most widely used MOSFET output stage is the source-follower 

configuration, illustrated in Figure 1.1, which offers certain advantages 
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over other types of output stages. These advantages include an output 

impedance on the order of a few ohms or less, and since the voltage gain is 

positive and close to unity, the effective gate-to-source capacitance is 

reduced [2]. It is the effect of radiation on these power MOSFET devices 

and the resulting changes in amplifier performance that will be examined. 

Like any semiconductor device, the electrical characteristics of a 

MOSFET will be altered if it is exposed to sufficiently high levels of 

radiation. Bipolar transistors are usually much more tolerant than MOS 

devices of ionizing radiation and can operate at relatively high exposures 

[3,4]. Ionizing radiation damage in power MOSFETs is caused mainly by 

trapped positive charge in the gate oxide and the creation of surface states 

at the interface between the silicon and the silicon dioxide. 

The typical circuit topology examined here uses MOSFETs in its 

output stage and bipolar transistors in its first two stages. The circuit was 

analyzed assuming that the primary effect of ionizing radiation is a change 

in the threshold voltage of the MOS devices while the bipolar transistors 

are negligibly affected. Therefore, a more detailed discussion of 

MOSFETs will be presented, and the effect of ionizing radiation on the 

circuit will be investigated through simulation. 
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Figure 1.1. Complementary MOSFET Output Stage (after Tohru 

Sampei and Shin-ichi Ohasi [1]) 
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Chapter 2 

Radiation Effects On Semiconductor Devices 

2.1 Radiation Environments 

The principal kinds of radiation which affect electronic systems are 

photons, neutrons, protons, electrons, and cosmic rays. These types of 

radiation can be classified into two categories: ionizing and nonionizing. 

Ionizing radiation consists of energetic particles such as electrons, protons, 

X-rays, or gamma radiation. Gamma rays and X-rays are both photons, 

differing only in their wavelengths. Gamma rays have wavelengths of a 

fraction of an angstrom, while X-rays have wavelengths of several 

angstroms. These types of radiation produce electron-hole pairs in the 

semiconductor and the oxide which produce a shift in the threshold voltage 

in MOS devices. Neutrons, however, tend to disrupt the atomic or 

crystalline structure of the semiconductor, causing a reduction in carrier 

lifetime and increases in resistivity. 

Many applications for power operational amplifiers require 

operation in high radiation environments. These applications are usually 

for space or military equipment, although some civilian applications at 
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particle accelerators, nuclear power plants, and medical facilities also exist. 

This work focuses on the effects of ionizing radiation on MOS devices. 

The amount of ionizing radiation absorbed by a device is referred to as 

total ionizing dose. Energy absorbed by the material from the radiation 

environment is given in units of absorbed dose called rads. One rad is 

defined as the absorption of 100 ergs per gram of radiation energy by the 

material. Because of different levels of absorption in different materials, 

the corresponding material must be specified. In silicon, 3.6 eV is 

required to generate a hole-electron pair, thus the carrier generation rate, 

g.is [4] 

g = 4.2 x 1013 hole-electron pairs per cm3-rad (Si) (2.1) 

since [3] 

1 rad (Si) = (100 ergs / g)(2.42 g / cm3)(l/ 1.6 x 10 -12 ergs / eV). (2.2) 

In silicon dioxide, where ~ 18 eV is required to generate a hole-electron 

pair, 1 rad(Si02) generates ~ 8 x 1012 hole-electron pairs per cm3 [3]. 

2.2 Ionizing Radiation Effects on Power MOS Devices 

The electrical properties of MOS devices are altered when they are 

subjected to ionizing radiation. The changes that occur in the devices 

include threshold-voltage shifts, reduction of breakdown voltage, and 
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channel mobility degradation [4]. These changes are caused by two main 

effects: buildup of positive charge in the oxide layer (N0t)> and the 

formation of radiation-induced interface traps (Nit) at the Si-Si02 interface. 

Figure 2.1 shows a schematic illustration of an n-channel power 

MOSFET fabricated using double-diffused MOS (DMOS) technology [5]. 

A double-diffused structure consists of a sequentially introduced set of 

impurities into the epitaxy that, for an n-channel MOSFET, consists of first 

a deep p-type diffusion followed by a shallower more heavily doped, n-

type diffusion. The channel length is determined by the lateral difference 

between the two sequential diffusions. The body region is more heavily 

doped than the epitaxial n-drain region. Consequently, the depletion layer 

extends further into the drain region than into the body region when a 

reverse bias is placed across the drain-to-body junction. This not only 

allows significantly higher voltages to be placed across the junction without 

forcing a longer channel but it also maintains a fixed threshold voltage with 

varying drain-to-source potential. Heavily doped polycrystalline silicon is 

used to form the gate electrode. It simplifies the connection metallization; 

an oxide layer can be formed over the poly-Si, and the source metallization 

may then be extended over the whole of the upper surface. Another 

advantage is that the poly-Si layer can be deposited with great accuracy, 

and the gate oxide is more stable and less prone to contamination than when 

an aluminum gate contact is used. As a result there is a better control of 

the threshold voltage [5]. A p-channel MOSFET is made by reversing all 
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Figure 2.1. n-channel MOS transistor. 
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of the material types. 

When a positive gate voltage greater than the threshold voltage, VT, 

is applied, it gives rise to strong inversion in the surface layer of the p 

diffusion region. This in turn leads to the formation of a conducting 

channel between the source and the drain. The threshold voltage is a 

function of gate oxide thickness and permittivity, surface state charge 

density, doping density of the substrate, work function differences between 

the gate and the silicon, and the distributed charge in the oxide. The 

threshold voltage Vt for an n-channel transistor is given by the equation 

[6], 

v t = vT 0+xV2N+vsb  - V4M) • <2'3) 

where 

V  - V  - V  I  o U  I  I  V 2 c l 8 s i N s u B 2 | < } ) F |  ( n  
VTO- V T ( V  = 0 ) - V F B + 2 | < t > F | +  Cnv 

and Vsb is the substrate voltage, NSub is the doping density of the substrate, 

and Cox is the gate oxide capacitance per unit area. The other parameters 

are defined as follows, 

J 2eSiqNSUB 
Y = bulk threshold parameter = ^ (2 5) 

CK 
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, T N 
<|) F = Strong inversion surface potential= In —(2.6) 

and 

Qss 
V fb  = flatband voltage = <}) GB - — . (2.7) 

In eq.(2.7), Qss is the areal charge density at the silicon interface. 

The work-function difference between the gate and the silicon substrate is , 

<|>gb = 0f (substrate) - <fy= (gate) (2.8) 

where 

kT ® • 
<j> F (substrate) = -g- ln-jT-!— . (2.9) 

H AN SUB 

And for a polysilicon gate 

<t>F(gate)=^ In^fp- (2.10) 

where NGate is the doping density of the polysilicon gate [6]. 
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When ionizing radiation passes through the oxide, it creates electron-

hole pairs throughout the oxide layer. Immediately after generation, two 

processes begin to occur simultaneously: recombination and electron 

transport. Some of the electron-hole pairs will recombine. At room 

temperature, the electron mobility in Si02 is ~ 20 cm2/ V sec while the 

hole mobility is ~ 2 x 10"5 cm2 / V sec [4]. Thus, electrons that escape 

recombination will move to the metal in picoseconds, leaving holes, that 

are relatively immobile, moving slowly towards the Si02-Si interface. 

When holes reach that interface, a portion of them are trapped at centers 

very near the interface and the rest pass into the silicon. The percentage of 

the holes generated in the oxide by ionizing radiation that are trapped near 

the Si02-Si interface can vary from -1% for hardened oxides to 20% or 

higher for unhardened oxides [7]. 

Another factor which affects carrier transport is temperature. At 

low temperatures, holes are essentially immobile in Si02 films, creating a 

larger positive charge buildup compared to room temperature. The 

positive oxide charge (N0t) is found to reside predominantly near the gate 

and silicon interfaces [8]. For positive gate bias, most of the charge is 

within a few nanometers of the Si02-Si interface, whereas under negative 

bias most of the charge is trapped near the gate electrode. 

MOS structures typically exhibit a negative voltage shift in their 

electrical characteristics following irradiation. This long-lived effect is the 
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most commonly observed form of radiation damage in MOS devices and is 

attributed to the long-term trapping of net positive charge in the oxide 

layer. 

The holes trapped in deep traps in the Si02 of an MOS structure after 

irradiation are observed to disappear from the oxide with time. At low 

dose-rates, this process can take place even during irradiation [9]. This 

discharge of the hole traps is the major contributor to the long-term 

annealing of radiation damage in MOS devices. The annealing of the 

trapped holes can be the result of two different hole-removal processes 

[10]. The first is the slow bias dependent recovery of the threshold voltage 

shift, AVT, at normal device operating temperatures. Holes are 

progressively removed by tunneling to or from the gate or silicon substrate 

[11]. The second is the relatively rapid temperature-dependent removal or 

recombination of the holes at elevated temperatures above about 150 °C 

[10]. 

Ionizing radiation also creates interface traps at the Si02-Si interface. 

The buildup of interface traps following irradiation occurs in two stages 

and their formation depends on time, applied field, temperature and 

ionizing dose. As holes move through the oxide, positive ions are liberated 

and transported to the interface where a subsequent interaction creates 

interface traps [12]. The net charge residing in these traps can either be 

positive, neutral, or negative [10]. It is usually assumed that states lying 

above midgap are acceptor-like while those below midgap are donor-like. 



20 

N-channel power MOSFETs may exhibit rebound, or super-

recovery, effects in low-dose-rate environments [13]. This recovery 

occurs when the density of interface trapped charge surpasses that of oxide 

trapped charge. This effect is observed as a positive shift in the threshold 

voltage, past the preirradiation threshold voltage. This result occurs 

because, in n-channel devices biased at threshold, interface traps contribute 

negative charge [13]. 

For p-channel devices, the charge from interface traps adds to the 

charge from trapped holes, leading to a larger net threshold-voltage shift. 

When radiation-generated trapped holes are annealed, leaving only 

uncompensated interface traps, the threshold-voltage shift is still observed 

to be negative. This result is consistent with the assumption that states 

below midgap are predominantly donor-like [10]. 

It has been shown that threshold voltage shifts vary roughly as the 

cube of the silicon dioxide insulator thickness [14]. Therefore as the oxide 

gets thinner, the shift in voltage is minimized and the device is harder. 

Figure 2.2 shows early work on the gate threshold voltage shift versus total 

dose for various gate oxide thickness for n-channel and p-channel 

MOSFETs. 
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Figure 2.2 n-channel and p-channel MOS gate threshold 
voltage shift versus total dose for various gate oxide 
thicknesses (after G.F. Derbenwick and B.L. Gregory 
[14]). 
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Irradiation can also cause a decrease in the mobility of carriers in the 

channel of MOS transistors. This degradation in mobility is associated with 

the buildup of radiation-induced interface traps [15,16]. Figure 2.3 shows 

the mobility degradation against incremental interface-trapped charge 

density on three different type of DMOS power transistors [16]. In this 

figure jn is the mobility after stress, jio is the initial mobility, and 5Nit is the 

increase in interface-trapped-charge density resulting from some form of 

stress. In addition, junction leakage currents can increase, and junction 

breakdown voltages may also be altered [10] following irradiation. 

The shift in the threshold voltage is of prime concern in the 

operational application of MOS devices in a radiation environment. In the 

p-channel case, positive charge buildup in the gate oxide causes a negative 

shift in threshold voltage, requiring a larger gate voltage to turn the device 

on after irradiation. For the n-channel transistor, positive charge buildup 

also may cause a negative shift in VT, but this shift makes it easier to turn 

the device on. In some cases, Vt may increase. Positive charge buildup in 

the p-channel case is typically less severe than for the n-channel devices 

because the applied voltage is often negative. In this case the trapped 

positive charges migrate toward the metal gate electrode and are less 

effective in shifting Vt. In the n-channel case the trapped positive charges 

migrate toward the silicon-silicon dioxide interface creating a bigger span 

of distance between them and the gate terminal which in turn increases the 
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Figure 2.3 Mobility degradation against incremental interface 

trapped charge density (after R.D. Schrimpf, K.F. 

Galloway, and PJ. Wahle [16]). 
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threshold shift. Thus p-channel transistors are usually more radiation 

resistant than the n-channel devices [4]. At some high dose levels, rebound 

occurs in n-channel enhancement mode MOSFETs [4,13]. The threshold 

shift can become positive from being initially negative at lower dose levels, 

due to the interaction between the interface states and gate oxide trapped 

hole contribution. The total-dose threshold-voltage response of a 

radiation-hardened n-channel DMOS power transistor is shown in 

Figure 2.4 [13]. 
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2.4 Ionizing Radiation Effects on Bipolar Devices 

As discussed previously, positive charge buildup is the main damage 

caused by ionizing radiation. These charges create inversion layers that 

result in increased surface state generation recombination currents that 

decrease the minority carrier lifetime. These currents are present when 

the bipolar devices are operating at low currents, because low currents are 

primarily surface currents, and thus are affected by trapping states. 

Alteration of the surface potential can cause the surface recombination 

velocity to increase, thereby decreasing the gain. But bipolar devices are 

more tolerant than MOS devices of ionizing radiation because the surface 

charge concentrations for bipolar devices are 3 orders of magnitude larger 

than for MOS [4]. 

Bipolar circuits often can operate after total dose up to 106 rads(Si) 

when operating at a relatively high currents [4]. Their construction pro

vides very little or no contact of any oxide with a corresponding junction. 

This is in contrast to MOS devices whose gate oxide layer constitutes a 

relatively large surface in contact with a channel. Furthermore, bipolar 

transistors depend on subsurface junctions for operation, compared to 

MOSFETs which depend on silicon surfaces and corresponding interfaces 

for their operation. Thus bipolar transistors are less affected by ionizing 

damage that causes complex surface effects. In this work, radiation 

induced degradation of the bipolar transistors is assumed to be negligible. 
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Chapter 3 

OPERATION OF THE AMPLIFIER 

3.1 Introduction 

A typical amplifier circuit, consisting of three stages is shown in 

Figure 3.1 [17]. This amplifier is used in power operational amplifiers, 

such as servo amplifiers or power supply regulators, where large output 

power is required. These operational amplifiers are used in a number of 

applications, especially in space-borne electronic equipment, where 

radiation is encountered. The radiation can lead to significant degradation 

of amplifier performance. The first two stages use bipolar devices, and 

MOSFETs are used in the output stage. 

The circuit, as shown in Figure 3.1, is a typical differential input-

feedback d.c. amplifier using a complementary symmetry push-pull output 

stage. A common base stage is used as an emitter resistor bypass to Qr 

For equal current in Qj and Q2, the gain of Qi is equal to half the gain of a 

similar stage with an emitter bypass capacitor. Qi and Q2 are well matched 

npn transistors, which enable Ql to get half the total current fixed by Re 

and VEE. Thus, the voltage at the collector of Qj is fixed. 
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The current of the input transistor is determined by the power supply 

voltage and the size of the resistor, and not by p or by VBE. A pnp 

transistor, Q3, is used to create a shift in the negative direction and Re3 is a 

low resistor to improve the gain. 

The output stage consists of a complementary MOSFET source-

follower with its associated bias. In this type of configuration the output 

impedance is only of the order of a few ohms or less, and since the voltage 

gain is positive and close to unity, the effective gate to source capacitance is 

reduced. The biasing network is a DC voltage source connected between 

the drains of the complementary MOSFETs. The DC value of the voltage 

source is equal to 7.4V, enough to turn on both the n and p-channel 

transistors, which have threshold voltages equal to 3.5V and -3.5V, 

respectively. 

The base of Q2 provides a convenient point for applying feedback to 

stabilize both the ac gain and dc operating point. The output is taken from 

the source of the output transistor M4. To get a zero voltage output at 

quiescent condition the value of RCi is important in balancing the 

differential input stage. If properly chosen the output offset voltage can 

become equal to zero. Table 3.1 shows output voltage vs. Rci at quiescent 

condition. If the voltage is set at zero, then the dc coupling of the feedback 

connection does not shift any bias point. Thus Rci is chosen to be equal to 

2.333 kQ. 



Rci (kQ) 

2.5 
2.6 
2.45 
2.43 
2.35 
2.325 
2.33 
2.335 
2.333 

Output Voltage (V) 

0.0376 
0.0580 
0.0269 
0.0225 
0.0041 

- 0.0019 
- 0.0007 
0.0005 
0.0000 

Table 3.1. Rci changes vs. output voltage 
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The circuit was simulated using Spice (version 2G.6, 1983) [18], The 

parameters for the bipolar transistors are typical for those used in op-

amps; with a forward beta equal to 200, base and collector resistance equal 

to 100 £2, base-to-emitter depletion capacitance equal to 1 pF, base-to-

collector and collector-to-substrate capacitance equal to 2 pF, and the 

forward transit time equal to 0.5 ns [17]. The transconductance parameter 

of the n and p-channel MOSFETs, k, equals 2 A/V2, and the threshold 

voltage equal 3.5 V and - 3.5 V, respectively, which are typical parameters 

for power MOSFETs [5]. The gate-to-source overlap capacitance is equal 

to 1000 pF, and the gate-to-drain overlap capacitance equals 200 pF. 
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3.2 Analysis of the Amplifier Circuit 

Since the forward current gain (3 is large, the base current of the 

transistors Qi and Q2 is very small and can be ignored. Thus the current 

through Rei is equal to 

VE-Vee 
I e= E

R  * •  ( 3 . 1 )  
e 

Assuming that Vbe is approximately 0.75V, it follows that the emitter 

voltage,Ve, will be equal to Vbe, since VB~ 0: 

V E  =  V B E  = -  0 . 7 5  V .  ( 3 . 2 )  

Then 

Since and Q2 are matched, it follows from symmetry that the current IE 

will divide equally between the two devices. Thus 

rei = ie2 = y = 0 475 ma - <3-3) 

The output voltage is equal to zero with no input applied, thus the source 

current of the transistors M4 and M5 are equal 

*S4 = *S5 • (3.4) 
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Thus the drain currents are also equal, 

^04 = ^D5 ' (3.5) 

and since the magnitude of the threshold voltage and the geometry of the 

devices are the same for both M4 and M5, then the magnitude of the 

voltage across the gate and the source is also equal for both the p-channel 

and n-channel devices, 

^GS4 = " ^GS5 • (3.6) 

Taking the voltages in the closed loop 

" ^BB + ^GS4 " ^GS5 = ^ » (3.7) 

and substituting - VGS5 by VGS4 as in eq (3.6), one finds that 

V = ^BB -37V (3.8) 
V GS4 2 

and 

VGS5 = - 3.7 V . 

Since the voltage at the source of M5 is equal to zero, the gate voltage of 

M5 is 

y  =  y  - v  - - 3 ?  y  @ . 9 )  
v G5 y GS5 v S5 
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Then the current through RC3 can be calculated: 

, VG5 VHs - 3.7 V + 15V 
rc3 - z5k£2 -4.52 mA. (3.10) 

This current is also the collector current of transistor Q3 since the 

gate current of the MOSFET, M4, is equal to zero. For Q3, VBE can be 

determined using [17]: 

T T VBE/V,ta (3.11) 
1 c — As c 

where Is is the transport saturation current and is of the order of 1 x 10 16 

A, and Vther is the thermal voltage and is equal to 26 mV. Rewriting eq. 

(3.11), Vbe3 can be determined, 

ic 

V B E 3  ~ ~  V t h e r  1 1 1  J~ (3.12) 

= 26 X 10"3V In 4.52x10 A = _ Q g2  y  

1X 10 A 

The voltage at the emitter of the transistor Q3 is 

v = v - t r 
V E3 V CC E3 E3 

(3.13) 

where 

^E3 ~ ^ C3 
(3.14) 



35 

since the base current is negligible. Thus equation (3.13) gives 

Ves = 15 V - (4.52 x 10 3 A x 50 £2 ) = 14.77 V . 

Using the value of VBe3 calculated above, the voltage at the base of Q3 is 

given by 

Vb3 =Vbe3 + Ve3 (3.15) 

= - 0.82 V+14.77 V 

= 13.95 V 

3.3 Power Dissipation 

The currents at the voltage sources are now calculated. At Vcc, four 

currents are flowing out of the voltage source: la, IQI, Ie3, and ID4. 

The drain current of M4 is determined using the equation for an 

MOS transistor in the saturation region where Vgs ^ Vt and Vds £ (VGs -

V T ) .  
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Thus 

rd4 =  f  ( V a 4 - V T /  ( 3 . 1 6 )  

= 2jVV x (3.7 V-3.5 V)2 

= 40 mA . 

Using this value, the total current out of Vcc is determined 

*cc ~ ^c1 + *c2 + *e3 + *d4 (3.17) 

= (0.475 + 0.475 + 4.52 + 40) x 10"3 A 

= 45.47 mA. 

At the negative voltage source ^EE the total current flowing into the source 

is equal to 

I =  - ( I  + 1  - I  (3.18) 
ee V e c3 d5/ • 

The drain current of Ms is calculated using the equation of an MOS 

transistor in the saturation region 

I D 5  =  - f ( V o s 5 - V T 5 ) 2  ( 3 . 1 9 )  

= - 2kW X  ( - 3 . 7 V  +  3 . 5  V ) 2  

= - 40 mA . 
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Thus 

*ee ~ (*e + *c3 ^d5) 

= - [(0.949 + 4.52 + 40) x 10"3 a] 

(3.20) 

= - 45.47 mA . 

At the positive voltage source, VEB.the current, IBB» flowing in the source 

is equal to 

Using the voltage source currents calculated above, the total power 

dissipation is determined, 

= (15 V x 45.47 mA) + [(- 15 V) x (- 45.47mA)] 

+ [(7.4 V) x(-4.52mA)] 

= L33W. 

3.4 Amplifier Gain 

Using the emitter currents of transistors Qi, Q2, and Q3 calculated 

above, the emitter resistances are determined. 

IBB — - Ic3 = - 4.52 mA. (3.21) 

(3.22) 
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 ̂= "1̂  <3-23> 
a e i  

25 x 10 3 V 
0.474 x 10"3 SI 

= 5274£2 

and since the emitter currents of Qi and Q2 are equal their respective 

emitter resistance is also equal. Thus, 

fe2 = rei = 52.74 £2 . (3.24) 

Since Q3 is operating at an emitter current of 4.52 mA, its emitter 

resistance is equal to 

v 
e3 = ~t re3  = VS5L (3.25) 

E3 

25 x 10 3V 
4.52 x 10~3Q 

= 5.53 ft. 

The value of Ri3, which is the input resistance of the second stage 

formed by Q3 , can be found by multiplying the total resistance in the 

emitter of Q3  by (p + 1), 
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Ri3 = (P+1)(RE3 + re3) (3.26) 

= (201) x (50+ 5.53) = 11.16k& . 

The gain Ai of the first stage can be determined as the ratio of the total 

resistance in the collector circuit to the total resistance in the emitter circuit 

(Rci//R
i3) 

R i n  +  (  

( r e l  +  r e 2 ) +  ( p +  1 )  

1333kfl//11.16ka 

al clrin + (v/r2) (3'27) 

(52.74a + 5z74i2) + ̂  + (100//lk") 
201 

= -18.13 . 

The gain A2 of the second stage is equal to the ratio of the total collector 

resistance to the total resistance in the emitter, 

R C 3  a
2 = - R "r (3.28) 

E 3  T  1  e 3  

2.5 k n 
50Q + 5.53Q 

= - 45.02. 

The gain of the output stage can be assumed to be very close to unity since 

the output stage is in the source follower configuration. 
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The open loop gain of the amplifier is then equal to 

A0 = Ai x A2 x A3 (3.29) 

= (-18.13) x (-45.02) x(l) 

= 816.2 

The closed loop gain is determined using the equation 

^0 
- 1 +1 A 

where 

acl = rzrh- , (3.30) 

1 = ̂ tr7 <3-31> 

100 Q 
100q + im 

= 0.0909. 

Using the values calculated above, the closed loop gain of the amplifier is 

determined 

A = 816.2 (3.32) 
<*- 1 +(0.0909x816.2) 

= 10.85. 

The Spice dc analysis of the amplifier gave results very close to the 

figures calculated. To simulate the circuit open-loop, a bypass capacitor 
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was added across Ri. The open loop gain was equal to 55.79 dB and the 

closed loop gain equaled 20.71 dB, compared to the calculated values of 

58.23 dB and 20.70 dB respectively. The difference between the calculated 

and the simulated value for the open loop gain is due to the gain of the 

third stage that was assumed equal to 1, but is equal to 0.864 according to 

the simulation. The total power dissipation predicted by Spice equals 

1.33 W, which is the same as the calculated value at the normal operating 

condition. The input resistance is of the order of 1.41 M£2 and the output 

resistance is equal to 18.9 mQ. 

Chapter 4 presents the results of the circuit simulations with 

radiation-induced threshold voltage shifts in the MOS devices, and the 

effects on the characteristics of the amplifier are discussed. 
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Chapter 4 

Amplifier Circuit Degradation 

4.1 Introduction 

Ionizing radiation causes detrimental effects on the characteristics of 

MOS devices and circuits. Changes in the properties of the transistors can 

lead to significant changes in the characteristics of the circuit of which they 

are the primary elements. The degree to which these characteristics are 

altered depends on a number of factors: the total dose of radiation 

received; the bias applied during radiation; the geometry, type, and method 

of fabrication of the transistor; the dose rate at which the radiation is 

delivered; the temperature during irradiation; and the bias, time, and 

temperature after irradiation is completed. 

This chapter will study the effects that occur in the circuit when 

exposed to ionizing radiation resulting primarily from the changes in the 

MOS devices. 
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4.2 Degradation in Circuit Performance 

The effect of ionizing radiation on the circuit will be primarily 

caused by degradation of the MOS devices used in the output stage of the 

amplifier. The main effect will be the change in the threshold voltage. 

Since the p-channel and n-channel devices respond differently in the 

presence of ionizing radiation, different cases were simulated. 

The p-channel threshold typically shifts monotonically negative as 

the total dose is increased. The n-channel threshold response can be more 

complicated, often shifting in the negative direction initially, and, as the 

total dose increases, eventually turning around and shifting in the positive 

direction as the compensation of oxide-trapped charge by interface trap 

charge becomes more important. In the simulations conducted here, the 

threshold voltage of the p-channel device was decreased to - 5.0 V from 

being equal to - 3.5 V originally. For the n-channel device, the threshold 

voltage, which was initially equal to 3.5 V was varied between 2.0 V and 

4.0 V to take into account the possible positive shift. The corresponding 

amount of radiation that causes the threshold voltage shift in the devices is 

not of prime concern in this work, only its effects were considered. 

The amplifier circuit was simulated for various combinations of 

threshold voltages in the n- and p-channel transistors, shifting the threshold 

voltage by an amount of 0.5 V each time in order to study its effect on the 

circuit. The cases considered can be grouped in four categories: 
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1) IA VTNI greater than IA VTP|, 2) A VTN equal to A VTP, 3) IA VTNI less 

than IA VtpI, and 4) positive A . The amplifier parameters obtained for 

the various combinations of threshold voltage shift, AVT , are shown in 

Table 4.1. In each case the respective drain current and gate voltage of 

both the n- and p-channel devices, the d.c. output voltage, and the total 

power dissipation of the circuit are tabulated. 

Changes in power dissipation and output voltage are discussed in 

section 4.2.1 and 4.2.2. Sections 4.2.3 - 4.2.6 consider changes in circuit 

performance for each of the four categories of threshold-voltage shifts that 

were simulated. 
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Table 4.1 Circuit Performance with Threshold voltage shifts 
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4.2.1 Total power dissipation changes 

Total power dissipation is determined using equation (3.22). When 

power is dissipated, the dissipated heat must flow away from the individual 

device through the silicon material, which gives rise to temperature 

gradients across the top surface of the chip. These gradients can strongly 

affect circuit performance. The heat must then flow out of the silicon 

material into the package structure, and then out of the package and to the 

ambient atmosphere. Thus total power dissipation changes are important 

for the operation of the circuit and for proper packaging design. 

Figure 4.2 shows the total power dissipation of the circuit versus 

different changes in threshold voltage for both the n- and p-channel 

MOSFETs. The T.P.D. of the circuit without any change in VT is equal to 

1.33W, and this case corresponds to AVtn = 0 and AVjp = 0. It can be seen 

in Figure 4.2 that the T.P.D.varies continuously. The first value, 0.134W, 

is not very significant since the circuit is not operating satisfactorily. The 

n- and p-channel devices are not conducting, since the gate voltage is not 

high enough to turn the devices on. This is the case where the threshold 

voltage change in the n-channel device is less than the threshold voltage 

change in the p-channel transistor, and when the threshold voltage in the n-

channel is shifting in the positive direction. These two different states will 

be discussed separately in later sections. 
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Figure 4.1 Total power dissipation v.s. threshold voltage 
shift of the n-channel device with respect to 
threshold voltage shift of the p-channel device. 
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It can also be seen that when the total power dissipation is equal to 

1.33W, the threshold voltage shift is the same for both the n- and p-channel 

devices. In this case the (VGS_Vr) term is equal, regardless of the VT 

value, and is equal to approximately 0.2V. When the total power 

dissipation is equal to 6.2W, (AV-rp - AVtn) is equal to 0.5V. 

As the difference between the threshold voltage shift of the p- and n-

channel transistors gets bigger the total power dissipation is also increased. 

Thus when (AVTp - AVtn) is equal to 1.0V the total power dissipation is 

increased and is equal to 14.8W. The last value considered is equal to 

27.2W, and it corresponds to (AVTP - AVtn) = 1.5 V, a shift of -1.5V in the 

n-channel device with no change in the p-channel device. 
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4.2.2 Output voltage changes 

The output voltage of the circuit in the quiescent condition is also 

changing with changes in the threshold voltages. These changes, although 

on the order of a few millivolts, are important for the operation of the 

amplifier. In the presence of an input signal this output dc voltage will be 

superimposed on the output signal. And if the output dc offset voltage is 

large, it can reduce the maximum possible output swing. These changes 

are illustrated in Figure 4.3. 

With no changes in the threshold voltage, the circuit has a zero 

output voltage at quiescent condition. At AVtn = OV, only the point 

corresponding to AVTP = OV is considered since at other values of AV-jp the 

p-channel device is not conducting. This case will be discussed further, in 

a later section. Likewise, the values of output voltage for AVtn = -05V and 

AVtn = -1.0V are significant only when IAVTPI is less or than equal to 

IAVtn'. 

It can be seen that the output voltage becomes larger with the 

increase in both the n- and p-channel threshold voltage shift. The largest 

value of output voltage at quiescent condition is equal to 21.1 mV which 

corresponds to a threshold voltage shift of 1.5V for both the n- and p-

channel devices. 
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4.2.3 Case 1: | A VXN Igreater than |A VXP| 

This is the case where the negative threshold voltage shift in the n-

channel devices is greater than the shift in the p-channel transistor. As 

discussed in chapter two, positive charge buildup in the p-channel case is 

usually less severe than for the n-channel devices because the applied gate 

voltage is usually negative. As VT changes the gate voltage also changes to 

balance the output stage. It decreases in the n-channel device and becomes 

more negative in the p-channel transistor. Both transistors remain in the 

saturation region. The drain current increases since the difference between 

the gate voltage and the threshold voltage is bigger. 

As seen in Table 4.1, the results are the same as long as the 

difference (A V™ - A VTP) is the same, independent of the actual values of 

AVtn and AVTP . For example, when (A VTN - A VXP) is equal to -0.5V, 

AVTN can take the values, -0.5, -1.0, and -1.5, with AVxp taking the values 

0, -0.5, and -1.0, respectively. In all of these cases (VGS - Vx) is equal; 

consequently the drain current and the total power dissipation are also 

equal. 

When AV-m is equal to -1.0 and AVXP equals -0.5, the gate voltage of 

the n-channel transistor Vgn is equal to 2.961V, and Vgp equals -4.43 V. 

The drain current IDN equals 203 mA and IDP equals -202 mA. This 

increase in drain current will cause a decrease in the output resistance. 

With the output voltage equal to 10.5 mV the total current out of Vcc and 
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flowing into VEEcan be calculated using eq (3.17) and eq (3.18). Icc equals 

+208.9 mA, and IEE equals -207.0 mA. The current passing through the 

voltage source VBB is then equal to 

- 4.43 V + 15 V 
Z5kQ 

= - 4.2 mA. 

The total power dissipation is then calculated using eq. (3.22) 

TPD — Vcc Icc+ Vee Iee + Vgg Ibb (4.2) 

= (15 V) x (208.9 mA) + (-15 V) x (-207.0 mA) 

+ (7.4 V)x (-4.2 mA) 

= 6.21 W. 

For the case (A Vtp- A VTN) equals 1.0V, the drain currents are 

further increased, IDN equals 490 mA and IDP equals - 490 mA. The 

threshold voltages are 2.5 V and - 3.5 V for the n- and p-channel 

MOSFETs respectively. The current Icc is equal to 495.7 mA and IEE 

equals - 494.8 mA. The total power dissipation is then equal to 14.9 W. 

The closed loop gain does not change but there is a slight change in the 

output and input resistance. The output resistance is equal to 5.02 m&, the 
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input resistance is equal to 1.50 M£2. Very similar results are obtained 

when the threshold voltages are 2.0 V and - 4.0 V in the n- and p-channel 

MOS since the drain current is approximately equal to 0.49 A. 

When the difference (A VTp- A Vtn) is highest, and equals 1.5 V, the 

difference between the gate to source voltage and the threshold voltage 

increases which causes the drain currents to increase to 0.9 A. The total 

power dissipation is also increased and is equal to 27.2W. There is 

significant change in the input resistance, and the output resistance is 

decreased to 3.7 mQ, but the closed loop gain does not change since the 

output stage has little effect on the gain. 

4.2.4 Case 2: A VTN equals A VTP 

In this case the threshold voltage shift is the same in both the n- and 

p-channel MOS transistors. The threshold voltages considered are 3.0, 2.5, 

2.0, and - 4.0, - 4.5, - 5.0 respectively. With the decrease of threshold 

voltage, the gate voltage also decreases but remains more positive than the 

threshold voltage and this difference is always approximately the same, 

causing the current to remain the same. 

For an equal shift 

A V = A V = - 0.5 V 
tn tp (4.3) 
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the gate voltages for the n- and p-channel devices are equal to 

VGN = 3.21 V (4.4) 

and 

VGP = -4.19 V . (45) 

Thus using equation (3.16), (3.19), and V0ut = 0.007V, 

2 2 (4.6) 
rni = 1P2* x (3'21 V - 3.0 V) 

= 40.4 mA 

and 

x d p  = - 2 ^ / v  x  (- 4.0 V + 4.19 V)2 (4J) 

= - 39.6 mA. 

The total power dissipation can also be calculated and is equal to 1.33W. 

In the case where the threshold voltage shifts are equal to IV and 1.5 V, 

the gate voltage decreases, causing an equal amount of drain current in 

both transistors. Thus even under radiation the circuit still performs 

without dissipating more power, but the output voltage is not equal to 0V 

in the quiescent condition due to the small mismatch in drain currents of 

the n and p-channel transistors. The highest output offset voltage is equal 

to 21.1 mV, when the threshold voltage shift is equal to 1.5 V. 



55 

4.2.5 Case 3: |A VTN| less than |A VTP| 

In this case the threshold shift in the n-chaimel MOS is less than the 

threshold voltage shift in the p-channel device. In other words the 

difference (A Vtn - A VTp) is positive. The gate to source voltage in the n-

channel device is greater than the threshold voltage but the difference is 

very small causing a small drain current. But the gate to source voltage of 

the p-channel transistor is not enough to turn the transistor on. For all 

these cases, M4 is turned on but Ms is always off. The total power 

dissipation is decreased since the drain current in M4 is small and the drain 

current in M5 is almost equal to zero. But the circuit does not perform 

satisfactorily since M5 is always off. 

4.2.6 Case 4: Positive N-Channel MOS Threshold Voltage Shift 

As discussed earlier, the threshold voltage shift in n-channel MOS 

device can become positive in some instances. The circuit was simulated at 

the threshold voltage of 4.0 V for M4, and M5 was varied from - 3.5 V to 

- 5.0 V. In the first case where the threshold voltage of M4 is 4.0 V and of 

M5 is -3.5 V, M4 is not conducting since the gate to source voltage is equal 

to 3.87 V which is less than Vtn. M5 is in the saturation region and the 

drain current is equal to - 0.32 mA. Again the power dissipation is 

decreased due to the small amount of current in Msand almost zero current 
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in M4. 

When the threshold voltage of M5 equals, - 4.0 V, - 4.5 V, or - 5.0 

V, the gate to source voltage of M5 is not enough to turn the transistor on. 

Both transistors are off and no current is passing thru the load resistor. 

The characteristics of the circuit changed with the shift in the 

threshold voltage of the n- and p-channel devices. But in fact it is the (VGs 

- VT) term that will determine the condition of the devices and hence the 

performance of the circuit. Since the output stage consists of both n- and 

p-channel transistors in a source follower configuration, a change of Vt in 

either device will result in a change in VGs in both devices. These changes 

will unbalance the output stage causing a small d.c.voltage at the output, a 

change in drain currents, and a subsequent change in the power dissipation. 
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Chapter 5 

Conclusion 

The electrical characteristics of MOSFETs are altered by radiation. 

The nature of the changes will depend on the type, intensity, and duration 

of radiation. The main damage caused by ionizing radiation is a threshold 

voltage shift, A Vj. In an n-channel device, the shift in threshold voltage is 

usually negative, which makes it easier to turn the device on. In a p-

channel device, the shift in threshold voltage is also negative, but in this 

case that means the threshold voltage is increasing and more drive voltage 

is required to turn on the device. At high total dose the threshold voltage 

shift in an n-channel device can be positive, which also requires a higher 

drive voltage to operate the transistor. 

An amplifier circuit that uses p- and n-channel transistors forming a 

complementary MOSFET source-follower output stage was simulated, 

including the effects of radiation-induced threshold shifts. The threshold 

voltage shift is essentially a gate drive problem. 

However, good results were obtained when the threshold voltage 

shift was equal in both the n and p-channel devices. In this case, the 

difference between the gate to source voltage and the threshold voltage, 

(Vgs - Vt), was almost constant creating an equal amount of drain current 
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in the n- and p-channel transistors. The drain current, IDN, was equal to 

40.4 mA and Idp equals - 39.6 mA, and the difference in current created 

an output voltage of 0.007 V at quiescent operation. With an increase in 

the radiation level, but with the threshold voltage shifting equally in the n-

and p-channel transistors, the output voltage increases. With a shift of -1.5 

V, V0ut is equal to 0.0211 V. Consequently, the drain currents are not 

equal (the difference being equal to 2.6 mA) but the power dissipation does 

not change considerably. The circuit will operate quite well but the output 

will not be perfectly symmetrical for the positive and negative cycles. 

When the threshold voltage shift in the p-channel transistor is greater 

than the threshold voltage shift in the n-channel device, not enough gate-to-

source voltage is present to turn the p-MOSFET on. However, since p-

channel devices are usually more radiation resistant than the n-channel 

transistors, this case is not very likely. 

Consequently, the case of interest is primarily when the magnitude of 

A VTN is greater than A VTP. In this case, the drain currents in the p- and 

n-channels devices are large and get even larger when the difference 

between A and A Vtp gets bigger. With the increase in drain current, 

power dissipation is also increased. To get good results the p- and n-

channel devices that form the output stage should have the same amount of 

threshold shift when exposed to the same level of ionizing radiation. This 

can be attained by employing devices specifically hardened for radiation. 

Some techniques used to minimize the effects of radiation are the use of 
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optimal thermal Si02 gate oxide, the use of <100> Miller index silicon 

structure, and the use of aluminum instead of a polysilicon gate terminal 

[4,19]. 
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