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ABSTRACT 

The effects of radiation on an operational amplifier were 

investigated through simulation. The (iA 741 was simulated using 

Spice. Under normal conditions the 741 had the following 

properties: offset voltage (Vos) of 0.8 mV, bias current (IB) of 27 

nA, offset current (Ios) of 1 nA, and an open loop gain (A0 j) of 112 

dB. When exposed to neutron fluence of 5 x 1013 n / cm2, these 

parameters changed to offset voltage of 45 mV, bias current of 

1500 nA, offset current of 500 nA, and an open loop gain of 66 dB. 

A new circuit is proposed that provides improvements in 

the above parameters. The modified circuit gives a Vos of 3 mV, IB 

of 200 nA, Ios of 34 nA and A0 j of 93 dB following exposure to a 

neutron fluence of 5 x 1013 n / cm2. 
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Chapter 1 

INTRODUCTION 

The effects of radiation damage on a |iA 741 operational 

amplifier were investigated through simulation. To simulate the 

radiation effects on this op-amp, first it was necessary to 

determine which parameters in the bipolar junction transistors are 

affected by radiation. 

One of the principal causes of radiation damage to 

electronic systems, particularly bipolar devices, is neutrons. Other 

types of radiation exposure that can also damage electronic 

systems are total ionizing dose and pulsed ionizing radiation. This 

work will be primarily concerned with neutron irradiation. 

Because neutrons are relatively heavy (1840 times heavier than 

electrons) uncharged particles, instead of ionizing atoms or 

molecules, they collide with the lattice atoms of the semiconductor, 

dislodging or displacing them from their lattice sites to cause them 

to take up interstitial positions within the crystal [1]. This results 

in disruption or distortion of the local lattice structure. If the 

energy of the incident neutron is sufficiently large, it can impart 

enough energy to the displaced atom for it, in turn, to displace 
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other atoms in the lattice. The vacancies are mobile and are a 

potent recombination agent for trapping minority carriers. For 

very short times following the onset of the neutron pulse, these 

vacancies account for greatly reducing the minority carrier 

lifetime, and thus the common emitter gain of the bipolar junction 

transistor [14]. 

Minority carrier damage effects are manifested at 

relatively low fluence levels of 1010 - 1013 neutrons per cm2. Such 

fluences are an order of magnitude below the high fluences of 1014 

- 1015 n/cm2 that deleteriously affect resistivity, carrier removal, 

mobility, and diffusion parameters [1]. These, in turn, cause 

changes in the values of almost every parameter in a bipolar 

junction transistor. 

The neutron fluence range examined in this work was 

from 1011 n / cm2 to 5 x 1013 n / cm2. At these levels, the most 

significant degradation in performance of the circuit is caused by 

reduction in the current gain, beta, of the npn and pnp transistors. 

The degradation of current gain at a certain neutron level Ms 

different for pnp and npn transistors. 

The dominating parameter that determines the severity 

of the degradation is the unity gain frequency, fT, of the transistor 

[1]. Transistors with lower values of fT are prone to more severe 

damage than those with higher unity gain frequencies. This is the 

primary reason why pnp transistors are more sensitive to neutron 
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damage. 

In the following chapters, the operation of the |i.A 741 

op-amp is examined, followed by a study of radiation effects on 

bipolar junction devices. In chapter four, the changes in different 

parameters for the irradiated op-amp are examined. This study is 

followed, in chapter five, by the development of an improved op-

amp design with the goal being less sensitivity to neutron 

radiation. 
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Chapter 2 

OPERATION OF THE \iA 741 OPERATIONAL AMPLIFIER 

2.1. Introduction 

The 741-type amplifier represents the second 

generation of monolithic operational amplifiers and incorporates 

design techniques that are significantly different than the 

conventional ones that make use of discrete components. The 

operation of the 741 amplifier will be discussed in three parts: (1) a 

qualitative discussion of the block diagram of the amplifier, (2) a 

brief view of the dc currents in the device, and (3) a small-signal 

analysis to determine the voltage gain, input and output 

impedances, and the bandwidth. 
s 
^ ~ 

2.2. Circuit Operation 

The general-purpose bipolar operational amplifier 

consists of three basic blocks: the differential amplifier, the 

common emitter amplifier and the emitter follower. A circuit 

diagram of the op-amp is shown in Fig. 2.1. This rather complex 



Ql2 09 

R5 £39 k£l 

Q11 

J 
Qs 

b  

Qi 02 s 
04 

'CC A 0? 

•C?10 

05 

50 k£l > ̂  

06 

1 ktt •R 
5 k£2 > R4 

•1 kQ 

2 
'cc 

0l3B ̂  
0l3A 

VCC 

016 

7  
0l9 

i n  
R 1 0 >  

40 kn f 

0l8 

K 
Q23 

—t̂ '7 

.R9  I  

'50 k£2 < R8 

100 a 

0l5 

021 

Qr> Q?4 

r 
-V EE 

0l4 

r6 < 27 £1 

——o Output 

r7 <22 £2 

020 

• 50 fcP. 
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circuit is reduced to the simplified version in Fig. 2.2, which is used 

to identify the key building blocks. In Fig. 2.2, transistor pairs Qj-

Q3 and Q2-Q4 are the equivalent of a pair of pnp transistors 

connected as a differential amplifier. Q1-Q2 are emitter followers 

that drive the differental pair of common base pnp transistors Q3-

Q4. Transistors Q5 and Q6 form an active load. To avoid using large 

resistors, which use excessive die area, transistors are used to 

provide the required large voltage drops at the relatively low 

values of current through them. 

The characteristics provided by the differental-input 

first stage include a moderate voltage gain (about 500 V/V), high 

input resistance, low input bias current, high common mode 

rejection, and low offset voltage. In addition, the first stage shifts 

the differential input signal and converts it to a single ended 

output. The voltage shift is accomplished by the pnp transistors 

Q3-Q4, which allow the input signal to be shifted in the negative 

direction. The differental to signal-ended conversion is performed 

by taking only one of the outputs of the emitter coupled pairs Q5-Q6 

and feeding it back into the single ended common emitter circuit. 

Transistors Qi6"Qi7 f°rm an nPn darlington pair. The 

high beta transistors implement the common emitter second stage. 

The high input impedance of the darlington pair in the second stage 

reduces the loading effect of the input stage. The second stage uses 
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Figure 2.2. Simplified schematic of the 741 (after P. R. Gray 
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an active load (Qi3b) t0 increase the voltage gain. It is also 

frequency compensated with the capacitor C, which is connected 

between the base and the collector of the darlington pair. This 

stage, along with the differental input stage of the amplifier circuit, 

produces the overall gain of the op-amp. 

The output stage is a class AB push-pull emitter follower 

formed by transistors Q14 and Q2o- The pnp transistor Q20 is 

buffered by Q23 because of its low current gain compared to the 

npn transistor Q14. Transistors Q20 and Q23 form the equivalent of a 

darlington pair whose beta matches more closely the beta of the 

npn Q14. Key properties of an emitter follower are current gain, low 

output resistance, and wide bandwidth. The push-pull action of the 

output stage allows the op-amp to swing to positive and negative 

output voltages, and thus source or sink the output current. 

Transistor Q13 is a multicollector, lateral pnp device. It 

has two collectors with the collector of Q13A exposed to 1/4 of the 

emitter area and that of Qi3g exposed to the remaining 3/4. This 

means that Qi^a conduct 1/4 of the total current in the 

transistor and Q13B wiU conduct the remaining 3/4. As we will see 

shortly, the total current through Q13 is determined by the base-

emitter voltage of Q12. 
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2.3. DC Currents and Voltages 

The dc operating points of the operational amplifier 

predicted by Spice are shown in Taole 2.1. The calculated collector 

currents are also given in Table 2.1. The simulated results are close 

to the expected values which are calculated and shown in Table 2.1 

and figure 2.3. Computer analysis is generally less time consuming 

than attempting a hand analysis; it also takes into account the 

second-order effects. 

2.4. SMALL SIGNAL ANALYSIS 

2.4.1 Input Stage 

Under small signal conditions the 741 op-amp can be 

reduced to the equivalent circuit shown in Fig. 2.4. The voltage 

gain for the amplifier is established by the product of the voltage 

gains of the first two stages. Each of these gains is determined by 

the product of the equivalent circuit conductance and the load 

resistance seen by it. From Fig. 2.5, the gain of the first stage, Avl, 

can be expressed as, 

AV1 = Gml(Roll! Ri2) (2.1) 

where Gml and Rol are the equivalent transconductance and output 
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Transistors 

Q1 
Q2 
Q3 
Q4 
Q5 
Q6 
Q7 
Q8 
Q9 
Q10 
Qll 
Q12 
Q13A 
Q13B 
Q14 
Q15 
Q16 
Q17 
Q18 

Q19 
Q20 
Q21 

Q22 
Q23A 
Q23B 
Q24 

Computer predicted 

Collector currents, (iA 

7.92 

7.93 
-7.81 
-7.83 

7.78 

7.79 
11.80 

-16.11 
-19.90 
20.20 

749.96 

-726.30 

-178.70 

-543.28 
179.22 

off 
16.70 

546.44 
160.34 

17.18 
-177.27 

off 
off 

177.30 
off 
off 

Expected 

Collector currents, (iA 

9.51 
9.51 

-9.50 
-9.50 
9.49 
9.49 

11.00 
-19.10 
-19.10 
19.10 

730.23 
-730.25 
-180.11 
-550.45 
152.54 

off 
16.12 

550.53 
165.44 

15.00 
-152.22 

off 
off 

170.50 
off 
off 

Table 2.1. Computer predicted and expected collector currents of 

the 741 operational amplifier 
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Figure 2.3. Op-amp circuit with dc currents (after C. F. 

Wojslaw and E. A. Moustakas) [4]. 
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Figure 2.4. Small-signal equivalent circuit lor the 741 (alter C. 1*. 

Wojslaw and E. A. Moustakas) 14J. 



Figure 2.5. Small-signal equivalent circuit for the differential 

stage (after C. F. Wojsiaw and II. A. Mouslakas) 14J. 
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impedance of the first stage. Rj2 is the input impedance of the 

second stage. The equivalent transconductance Gml of the first 

stage is equal to the series combination of the transconductance of 

the Q!-Q3or Q2-Q4 pairs. The transconductance, gm, for one of these 

transistors can be written as, 

8m = VVT = 9-5 / 26 mV = 0.365 mS (2.2) 

and for the differential amplifier circuit, 

G m i  =  g m / 2  =  ° - 1 8 3  m S -  ( 2 . 3 )  

The output resistance Rol of the first stage is the parallel 

combination of the output resistances of the Q4 and Qg circuits, 

R0l = R0(Q4)11 RO(Q6>- (2-4) 

For this parameter, we cannot idealize the output resistance of the 

transistor. Each transistor in the output circuit has a resistance in 

its emitter: R2 in the Q6 circuit and the emitter resistance of Q2 (re = 

l/gm) in the Q4 circuit. These emitter resistances make the output 

r e s i s t a n c e  o f  t h e  t r a n s i s t o r  a p p e a r  h i g h e r  b y  t h e  a m o u n t  1  +  g m R E »  

where RE is the resistance in series with the emitter. 
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The typical value for the early voltage VA for the npn 

transistor is about 100 V and for the pnp transistor is 50 V. From 

Fig. 2.5 and Eq. 2.4 we can write 

Rol = ro(Q4) [1 + gm(Q4)/gm(Q2)] 11 'o(Q2) T1 + gm(Q6)R2] (2-5) 

where 

ro(Q2> = ro(Q6> = VA/ Ic =100 v / 9-5 = 105 MQ (2.6) 

r0(Q4) = VA / Ic = 50 V / 9.5 [iA = 5.3MQ (2.7) 

' 1 + gm(Q4) / gm(Q2) = 2 (2.8) 

and 

1 + gm(Q6)R2 = 1 + (9-5 / 26 mV) 1 KQ = 1.365. (2.9) 

Thus 
* -

Rol = (10.6 II 14.4) MQ = 6.1 MQ. (2.10) 

The differential input resistance Rid of the first stage and the op-

amp is the sum of the input resistance, rn , of transistors Qj through 

Q4 where 
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r,(Q3) = r„(Q4) = p / gm = 250 / 0.4 mS = 625 kQ (2.11) 

and 

rjr(Ql) = r7c(Q2> = 50 / °-4 mS = 125 kn- <2-12) 

For the operational amplifier 

Rid = 2(625 k£2 ) + 2(125 kQ) = 1.5 MQ. (2.13) 

2.4.2. The Gain Stage 

The small-signal configuration and equivalent circuits 

for the second stage are shown in Fig. 2.6. From them, we can 

calculate the equivalent conductance and the input and output 

resistances of the stage. Since the voltage gain of Q16 is essentially 

unity, the equivalent transconductance Gm2 of this stage is 

determined by Q17 or 

Gm2 = gm(Ql7> > I 1 + 8m(Ql7)RE] = 6.8 mS. (2. VA) 

The input resistance Ri2 of the second stage is equal to r^ of Qj 6 

plus beta times the resistance in its emitter. The resistance in the 

emitter, shown in Fig. 2.6.b is the parallel combination of R9 and the 

input resistance of Q17 designated as Reqi. Resistance Reql is given 
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by 

Reql = rW(Qn) + P Rg = 11-8 kQ + 250(100 Q) = 37 kQ. (2.15) 

The parallel combination of R9 and Reqi is about 21 kQ. To reflect 

this resistance back to the base of Q16, we must multiply it by its 

beta. The sum of this reflected resistance and ^(Qjg) gives : 

Ri2 = %(Ql6) + P (Reql 11 R9> = 5-? MQ. (2.16) 

The output resistance of the second stage is the parallel 

combination of the output resistance of the Q17 and Q13B circuits, 

Ro2 = fo(Ql3B).IIRo(Ql7)- <2-17> 

Since Q17 has Rg in its emitter, its output resistance r0(Q|7) is 

multiplied by 1 + gm(Qi7)R8> 

Ro(Ql7> = 'o(Qn) t1 + gm(Ql7)R
8] = 236 k" (3-1) = 736 kQ (2.18) 

the output resistance of Q13B is equal to 

ro(Ql3B> = VA / Ic = 50 V / 0.55 mA = 91 kQ (2.19) 



which produces an equivalent output resistance of 

28 

RO2 = Ro(Ql?) 'I ro(Ql3B) = 81 kQ. (2.20) 

The equivalent circuit for the second stage shown in Fig. 2.6.C 

reflects the key parameters. 

2.4.3. The Output Stage 

The output stage, shown in a simplified form in Fig. 2.7.a, 

is a push-pull emitter-follower with a voltage gain near unity. 

Since it is a push-pull circuit and drives a variable load, we will 

look at only one-half of this circuit using a load of 2 kfl at 2 mA for 

calculation purposes. The result will vary for other loads. The 

equivalent circuits used to calculate the input and output resistance 

are shown in Figs. 2.7.b and 2.7.c. 

The input resistance Ri3 of the circuit shown in Fig. 2.7.b 

is equal to the sum of ^((^23a) and the equivalent resistance in the 

emitter of Q23A' Req2» multiplied by the beta of Q23A' 

Ri3 = %(Q23A) + P Req2* (2.21) 

Resistance Req2 is the sum of the diode resistance rd(Q18) and 

rd(Qi9), and the parallel combination of the output resistance of 
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Ql 3a anc* l^e inPut resistance of Q14 designated as Req3, 

Req2 = rd(Ql8) + rd(Ql9) + tro(Ql3A) 11 Req3l- (2.22) 

Resistance Req3, on the other hand, equals the sum of ^(Q^) and 

the load resistance reflected to its base, 

Req3 = %(Ql4) + P RL* (2.23) 

For IC(Q14) = 2 mA and p = 250, r^Q^) = 3.25 kQ and 

Req3 = 3.25 kQ + 250 (2 kQ) = 503 kQ. (2.24) 

Transistors Q23A an<^ Ql3A operate at a current of 180 H-A. The 

diode resistances are small compared to other series resistances 

and are neglected. For this current level, r0(Q13A) = 278 kQ and 

r7c(Q23a) = 7-2 kQ, and transistors Q13 and Q23A ^ave a ^eta °f 50. 

Resistances Req2 and Ri3 evaluate to 

R
eq2 = 278 kQ II 503 kQ = 179 kQ (2.25) 

and 

Ri3 = Rrt(Q23A) +P Req2 = 12 KQ + 50 (179 K") = 9.0 MQ. (2.26) 
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We will now calculate the small signal output resistance 

of the third stage using Fig. 2.7.c. The resistance seen looking into 

the emitter of Q14 is the sum of rn(Qi4) and the equivalent 

resistance seen at its base (Req4), both reflected back to the emitter. 

To reflect a resistance in the base back to the emitter, we divide it 

by beta. Thus, 

Ro3 = WQ14) + REQ4] / P- (2.27) 

Resistance Req4 is the parallel combination of the output resistance 

of Q13a and Req5, 

Req4 = ro(Ql3A) 11 Req5 (2.28) 

where 

Req5 = rd(Ql9) + rd(Ql8) + tr7t(Q23A) + / P- (2.2j9) 

Note that the resistance in the base of Q23A *s outPut resistance 

R02 of the second stage and, thus is 81 kQ. For ^((^sa) - 7.2 kQ, 

beta of 50 for the pnp transistor, and rd(Q18) = rd(Q19) = 144 Q, 

req5 = 0.288 kQ + [7.2 kQ + 81 k£2] / 50 = 2.03 kQ (2.30) 
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since r0(Ql3A) = ^78 ^Q an(* Req5 = ^-03 kQ, then 

Req4 = 278 kQ II 2.03 kQ = 2.02 kQ, (2.31) 

and therefore 

Ro3 = [3.25 kQ + 2.02 kQ] / 250 = 21 Q. (2.32) 

To determine Rout, the output resistance of the op-amp when Q14 is 

conducting, we must add Ro3 to the series limiting resistance R6, 

which is 27 Q, 

The value of the output resistance is a function of the operating 

point of the devices involved and, of course, frequency. 

Theoretically, Rout *s equal t0 the same value when 

conducting and Q14 is off. Practically, this is not true because the -

output stage is not perfectly symmetrical. The difference in Rout, 

however, is masked by other factors. 

Rout = RO3 + 27- Q = 48 Q. (2.33) 
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2.4.4. Voltage Gain 

The complete small-signal equivalent circuit for the 741 

op-amp, including the values calculated is shown in Fig. 2.4. The 

overall voltage gain with RL = 2 k£2 is 

A= Gml(R01" Ri2) Gm2(Ro2 II R53) 

= (0.183 mS) (6.1 MQ II 5.7 MQ) (6.8 mS)(81 kQ II 9.0 MQ) 

= (567) (546) = 310,000 = 110 dB. (2.34) 

Both stages (the input stage and the gain stage) contribute about 

the same amount of voltage gain. These gains are beta dependent 

because of the various input and output resistances being beta 

dependent. Thus the overall voltage gain will vary with process or 

temperature which could cause variations in transistor betas. The 

calculated values for the op-amp's gain, input resistance, and 

output resistance are not precise. The variation in the active device 

parameters alone would prevent an exact analysis. At the circuit 

level, the variations in these parameters can be minimized using a 

number of circuit design techniques. 

2.4.5. Frequency Response 

The frequency response of the 741 is dominated by the 

30 pF compensation capacitor connected between the base of Q16 
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and the collector of Q17, as shown in Fig. 2.8.a. The -3 dB frequency 

for the small signal, open-loop gain of the amplifier can be 

estimated by considering the effect of this capacitor. The 

equivalent circuit used to estimate this frequency is shown in Fig. 

2.8.b. 

Resistance Ric and equivalent input capacitance Cm in 

Fig. 2.8.b form a low-pass filter and are used to compute the -3 dB 

frequency, 

f.3dB = (2 it Ric Cm)-1 (2.35) 

where Ric = Rol II R12. 

Note that Rol is the small-signal output resistance of the 

differential amplifier stage while Rj2 is the small-signal input 

resistance of the common-emitter stage. From the data given 

previously 

Ric = 6.1 MCI II 5.7 MQ = 2.95 MQ. (2.36) 

The reflected (Miller) capacitor Cm in Fig. 2.8.b accounts for the 

current ic through Cc in Fig. 2.8.a. This current is given by 

"c = <vi2 - vo2> CC s = vi2 Cm s' (2.37) 
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(a) Small-signal circuit 

Cm2 fi2 fo2 

i 
^R< C„ = f.2 ^o2 < Ri3 

(b) Equivalent small-signal circuit 

Figure 2.8. Compensation circuit (alter C. F. Wojslaw and E. A. 

Moustakas) [4J. 
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where s = jco. Solving for Cm, we get 

Cm = (! - vo2 / vi2> Cc or Cm = (! - Av2> Cc (2.38) 

where Av2 is the voltage gain of the common-emitter stage given 

by 

Av2 = - Gm2 ( R02 "I Ri3>- (2-39) 

Ro2 is the small-signal output resistance of the C.E. stage, and R13 is 

the small-signal input resistance of the C.C stage. Transconductance 

Gm2 and resistances RO2 and RI3 were found to be 6.8 mS, 81 kQ and 

8 MQ respectively. Thus, 

Av2 = -6.8 mS (81 kQ II 9 MQ) = -546 V/V (2.40) 

and 

Cm = (1 + 546 V/V) (30 pF) = 16.4 nF. (2.41) 

The equivalent input capacitance is extremely large because of the 

high voltage gain of the common-emitter stage. The -3 dB 

frequency is then given by 
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f-3dB = t2ic (3-1 M«) (16.4 nF)]"1 = 3.1 Hz. (2.42) 

For a -3 dB frequency of 3.1 Hz and a small signal voltage gain of 

310,000 the gain-bandwidth product GBP (in hertz) for the op-amp 

is 

GBP = (3.1 Hz) (310,000) = 961 kHz (2.43) 

The nominal value for the gain-bandwidth product given in the 741 

specification is close to 1 MHz. 

2.5. Spice simulation Model 

The |iA 741 (Fairchild) [5] was simulated using Spice 

(version 2G.6, 1983) [6]. Parameters used for the active devices are 

typical device parameters for the nA 741 [7]. These parameters are 

shown in Table 2.2 for both the npn and lateral pnp transistors. 

The simulation of the op-amp on Spice was successful, 

yielding results close to the manufacturer's specification. As 

discussed before, the Spice dc analysis of the op-amp gave results 

close to the hand calculated figures. For the open loop 

characteristics of the op-amp, Spice predicted an open loop gain of 



Parameter Svmbol Tvpical Values 

npn usm 

Forward beta PF 250 50 

Reverse beta PR 2 2 

Early Voltage vA 90 V 50 

Saturation current h 1.5 x 10'15 A 2 x 10 

transit time tf 0.35 ns 20 ns 

Base resistance % 200 Q 150 Q 

Emitter resistance RE 5 a 10 Q 

B - C depletion cap. ac 2 pf 2 pf 

B - E depletion cap. CJE 0.5 pf 0.5 pf 

Collector substrate cap. as 1 pf 1 pf 

Table 2.2. Parameters for npn and pnp transistors. 
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112 dB as opposed to the manufacturer's value of approximately 

100 dB [5]. The Simulated op-amp had a gain bandwidth product 

(GBP) of 880 kHz. A typical 741 has a GBP of 1 MHz [5]. 

Other parameters such as offset voltage, offset current 

and biasing current were also within the manufacturer's given 

specification range [5]. The simulated 741 yielded an offset voltage 

of 8 mV, biasing current of 100 pA and an offset current of 0.1 nA. 

All of the above parameters are under normal operating conditions. 

The phase margin for the simulated op-amp was close to 

90 degrees, insuring the stability of the op-amp. The slew-rate of 

the op-amp was simulated to be 0.6 V/|is (the manufacturer's given 

specification for this parameter is also 0.6 V/|is [5]). 

In order to simulate the open loop characteristics of the 

op-amp a more complicated scheme (shown in figure 2.9) had to be 

used. Also due to the very high open loop gain of the op-amp (112 

dB) the Spice simulation fails to converge when no feedback is 

applied. Therefore, feedback must be used to lower the gain. The 

circuit shown in Fig. 2.9 gives the open loop response while at the 

same time Spice does not have any problems in dc convergence. 



1 F 150 k 

V o u t  

V i n  

Figure 2.9 Closed loop op-amp, used for open loop simulation. 



41 

Chapter 3 

RADIATION EFFECTS ON BIPOLAR JUNCTION TRANSISTORS 

3.1. Introduction: 

Systems may encounter several different types of 

radiation environments, including total ionizing dose, ionizing dose 

rate radiation and neutron fluence. A brief description of each type 

of radiation is given below. 

Effects due to the total amount of energy deposited in 

the material of interest by ionizing radiation are referred to as total 

ionizing dose effects. The total dose is specified in rad(Si), where 

the rad is defined as 100 ergs/gm of energy [1]. The primary 

effects that total dose radiation has on semiconductor devices are 

due to the build up of trapped charges. Trapped surface charges -

may cause drastic changes in device operation due to surface 

inversion, channeling, and increased surface recombination 

velocities [1]. 

Also, irradiated bipolar transistors exhibit changes in 

common current gain, beta. Low current transistors are usually 
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more sensitive to total dose, compared with other transistors, 

because low currents are mainly surface currents [8]. 

Prompt gamma dose rate environments are typically 

specified in rad (Si)/sec [1]. The basic effect of this transient pulsed 

environment is to create electron hole pairs that cause 

photocurrents to flow, causing electronic circuits to upset and 

potentially permanently disabling them if adequate protection is 

not provided. Electronic parts and circuits will recover from this 

upset condition typically within microseconds to hundreds of 

microseconds depending on part and circuit type [1]. 

The generated photocurrents are both in the emitter-

base and base-collector junctions of bipolar transistors and are 

proportional to the radiation dose rate. However since the base-

collector junction area is usually greater than the base-emitter 

junction, the base-collector photocurrent dominates the transient 

response [11]. Those circuits most sensitive to dose rate are those 

with lower current biasing [14]. As a result, in circuits like 

operational amplifiers, large dose-rate effects are experienced, 

especially in the input stage. 

Neutron exposure, specified as a fluence of 

neutrons/cm2, creates physical damage within the semiconductor 

lattice, causing permanent displacement and thereby degrading the 

performance characteristics of the bipolar junction transistors. 
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These are long-term defects [8, 10, 14]. 

Neutrons produce damage in semiconductors by colliding 

with the atoms in the crystalline structure. The atoms are 

displaced from their lattice positions and collide with other atoms 

to produce large disordered groups of atoms called defect clusters. 

The defect clusters degrade the electrical characteristics of the 

semiconductor by increasing the number of generation-

recombination, trapping, and scattering centers in the crystal [1]. 

These centers cause the minority-carrier lifetime to decrease and 

hence degrade the common emitter gain. 

Although linear bipolar ICs are affected by all of the 

above radiation environments [10], this paper only considers the 

neutron damage effects. This type of radiation causes permanent 

damage, and compared to the other environments, it causes the 

most severe degradation in bipolar transistors. 

3.2. Radiation Effects on Minority Carrier Lifetime 

The principal damage by incident neutrons on bipolar 

devices is their reduction of the minority carrier life time, 

manifesting itself principally in a reduction of the common emitter 

current gain. The minority carrier lifetime is synonymous with the 

steady-state recombination time. It has been established that 

nuclear radiation in general causes changes in majority and 

minority carrier lifetime, conductivity, and surface recombination 
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velocity [1]. 

Fast neutrons - those with energies from 10 keV to 

approximately 10 MeV- as well as gamma rays and electrons, 

produce changes in conductivity and minority carrier life time, x, 

due to the same basic effect. 

The specific deleterious phenomenon is that defects 

introduce trapping energy states, which correspond to actual 

physical recombination sites created within the lattice [1, 8]. The 

trapping energy states are usually shallow, i.e., the energy levels 

are mainly just inside the forbidden gap near the conduction band 

edge for donor type traps and likewise, just inside the forbidden 

energy gap near the valence band edge for acceptor-type traps [1]. 

These trapping sites are the agents that remove the minority 

carriers in their transport through the base, thus reducing the 

minority carrier lifetime. 

This defect-trapping degradation of the minority carrier 

life time can be described by a rate-balance equation written in 

terms of inverse life times [1], " 

l/x = l/xi + On/K (1/s) (3.1) 

where xj is the unirradiated value of the minority carrier lifetime, 

On is the incident neutron fluence, and K (s cm"^), the damage 

constant, is a parameter corresponding to a particular type of 
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damage process [1]. 

3.3. Current Gain Degradation in Bipolar Junction 

Transistors 

A simplified analysis is performed to make the 

connection between the minority-carrier-lifetime degradation, Eq. 

3.1 and the common emitter current gain, beta, degradation (for 

more detailed analysis the reader may reference [1]). The 

expression for the base transport factor, aT, can be written as [1], 

aT = sech ( WB / Ln) (3.2) 

where Ln is the minority carrier diffusion length in the base, and 

WB is the base width. Usually a well made transistor has a WB for 

which WB « Ln; then the above equation can be expressed as: 

aT - 1 - 1 / 2 (WB / L„)2. (3.3) 

Since the base transport is the dominant factor with respect to 

common emitter gain, the emitter efficiency, rj, will be close to 1 [1]. 

P"1 « 1 - aT (3.4) 
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or, p"1 - (1 / 2) x (WB/Ln)2 . (3.5) 

Now, substituting the equation Ln
2 = Dnxn into the equation for the 

minority-carrier lifetime degradation (Eq. 3.1), we get 

D„ / L„2 = D; / + On / K . (3.6) 

By rearranging terms and using equation 3.5, we can arrive at 

p-l - WB Dj / 2 Dn L;2 + W„2 4>n / 2 K Dn. (3.7) 

Once again using Lj2 = Djtj in the first term of the right hand side of 

the above equation we get: 

p-l - WB
2 / 2 D„ Tj + WB

2 <Dn / 2 K Dn (3.8) 

where pj"1 is WB
2 / 2 D„ ^ [1], 

Now, in order to relate equation 3.8 to the unity gain 

frequency, coT, the expression coT = 2 Dn / WB
2 [1] can be used in the 

second term of equation 3.8 to get [1], 

A p*1 = P"1 - p^1 - On / cdt K. (3.9) 

If desired the above can be written as [1]: 
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|3 = (V (1 + Pi KD On) (3.10) 

where KD can be expressed as (coT K)"1, and K is the damage 

constant equal to 1.6 x 106 n-sec/cm2. This value of K yields a KD 

of 10"7 x 27i / coT. The equation above, known as the Messenger -

Spratt relation, gives the gain degradation for relatively long times 

(fractions of a second) after exposure to the radiation pulse. The 

gain degradation immediately after a pulse of incident neutrons can 

be much greater than that given above. In this work, the above 

expression is used for determining the degraded beta values. 

3.4. RADIATION EFFECTS ON RESISTIVITY 

In order to determine if the resistor values in the circuit 

change in an irradiated environment, it is necessary to investigate 

the effects of radiation on resistivity of semiconductor devices. The 

effect of incident neutrons on resistivity of semiconductors is 

mainly caused by trapping. The displacement damage caused by 

neutrons produces a number of different trapping defect complexes -

in the semiconductor material. The increase in resistivity produced 

in n-type silicon is explained principally through the introduction of 

divacancy and donor-vacancy defect complexes, which are caused 

to form by incident neutrons [1]. These defect complexes deplete 

the conduction band of its electrons (majority carriers) by capturing 
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them. This is called carrier removal, and it causes the conductivity 

of the semiconductor material to decrease, and therefore increase 

its resistivity. 

If incident neutron radiation produces acceptor type 

defects with energy levels below the Fermi level in n-type material, 

these defects will capture majority carriers, electrons in this case, 

from the conduction band, resulting in carrier removal and so 

decrease the carrier concentration. 

The resistivity p is obtained empirically [9] as 

Pn,p = Pi exP ( / kn,p) (3-H) 

where pj is the preirradiation resistivity, and kn and kp are 

empirically determined constants for n and p type silicon. The 

empirical expressions for resistivity are [9] 

kn = 444 (n0)°-77 (3.12) 

and 

kp = 387 (Pof-n (3.13) 

for n and p type silicon respectively. The dopant densities in silicon 

are represented by nQ and p0. Graph 3.1. shows the change in 
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resistivity as a function of neutron fluence for various dopant 

densities in silicon. 

In order to determine the effects of radiation on the 

resistivity of materials, first an estimate of the impurity 

concentration levels is needed. For simplicity all the resistors in the 

device are assumed to be base diffused resistors [2]. The base 

sheet resistance is assumed to be 200 Q/D[ll]. A typical 10 micron 

epi with resistivity of 1 Q -cm is also assumed. The surface 

concentration is then calculated for a typical resistor with a 1 

micron junction depth. The obtained surface concentration is in the 

range of 1018 cm'3. At this level, and levels even lower (down to 

1015 cm"3), from figure 3.1, we see that the neutron radiation 

should have very little effect on the resistivity of the material. For 

this experiment, it is assumed this is the case and no attempt has 

been made to vary the resistor values of the circuit. 
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n„ = 1013 

1013 1014 1015 

Neutron fluence <!>„ (cnT^) 

Figure 3.1 Resistivity relative to its preirradiation level verses 

neutron fluence for various dopant densities in silicon 

(after M. G. Beuhler [9J). 
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Chapter 4 

DEGRADED PARAMETERS AND DEGRADED PROPERTIES OF 
THE 741 OP-AMP 

4.1. Degradation in Current Gain, Beta 

The current gains of the npn and pnp transistors are 

degraded according to the Messenger-Spratt equation (Eq. 3.10). In 

this work the neutron fluence <I>n was varied from about 101 1 

neutrons per cm2 up to 5 x 1013 n/cm2 where the characteristics of 

the op-amp show a great change. The universal damage constant is 

K = 1.6 x 106 neutrons-sec per cm2 under nominal operation at or 

near the peak of the transistor gain [1], 

The severity of beta degradation strongly depends on 

the transistor's unity gain frequency fT, and fT depends on the 

transistor base transit time [1]. The base transit time is defined as 

the average time spent by a carrier in crossing the base. The base 

transit time for the npn transistors (0.35 ns) [11] is much lower 

than for the pnp transistors (20 ns) [11], leading to a much lower 

base charging capacitance Cb. In the small signal model (Fig 4.1.a.) 

of the transistor the capacitor Cjj represents the base-charging 
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Figure 4.1.a Small-signal equivalent circuit for calculation of unity 
gain frequency. 
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Figure 4.1.b Ac schematic for measurement of unity gain 
frequency. 
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Figure 4.1.C Current gain, p, verses frequency. 
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capacitor, Cb, and the emitter-base depletion capacitance Cje, 

C ^ C b  +  C j ,  ( 4 . 1 )  

where 

Cb = xf 8m and 801= lc / VT = 1 / re-

Now for a single pole response, from Fig. 4 . 1 . C  we have 

cop = [(C„ + C^) %]-l (4.2) 

and 

COt  = p cop = [(Cn + C^) re]-l = Ic / VT (C„  + C^), (4.3) 

which gives an fT of 

fT = Ic / 2 k VT (C ti + C m.). (4.4) 

The expression for fT shows that the transistor's unity 

gain frequency varies depending on its collector current. For high 

current values the fT is higher. For example, at the output stage of 

the op-amp the collector current through Q14 is close to 0.2 mA 

(under normal operating conditions with no load) which yields an fT 
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of about 280 MHz in the Spice simulation of the op-amp. By the 

same token the active devices that are biased with low current 

values exhibit much lower unity gain frequencies. This is evident 

in the input stage of the op-amp, where the current levels are 

about 10 |iA (transistors Qj through Q4). The Spice simulation gives 

an fT of about 35 MHz for the npn transistors (Qj & Q2), and 8 MHz 

for the pnp transistors (Q3 & Q4). Since the new degraded beta 

value inversely depends on the unity gain frequency (fT) of the 

transistor (from the Messenger-Spratt relation) it is obvious that 

the betas of transistors with lower unity gain frequencies will be 

degraded more severely than the transistors with higher fT's [14]. 

Intuitively we can see why the input stage is the part of the op-

amp circuit that experiences the most degradation in comparison to 

other parts of the circuit [14]. 

The base widths for the pnp transistors are usually 

larger than those of the npn transistors, therefore leading to a 

higher base transit time. As a result, the pnp transistors have 

much lower values of fT than the npn transistors, causing them -to 

be more sensitive to neutron damage [1]. Also the current gains of -

the lateral pnp transistors tend to be low for several reasons. First, 

minority carriers (holes) in the base are injected downward from 

the emitter as well as laterally, and some of these are collected by 

the substrate, which acts as the collector of a parasitic vertical pnp 

transistor. The buried layer sets up a retarding field that tends to 
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inhibit this process, but it still produces a measurable degradation 

of beta [11]. Second, the emitter of the pnp is not as heavily doped 

as is the case for the npn devices, and thus the emitter injection 

efficiency is not optimized for the pnp devices [11]. Finally, the 

wide base of the lateral pnp results in both a low emitter injection 

efficiency and also a low base transport factor [11]. 

The transistor beta values are calculated and tabulated 

(Table 4.1) for various neutron levels. The new transistor betas are 

determined according to their values of unity gain frequencies. 

Transistors Qj, Q2, Q5, Qg, Q7, and Q19 have very close fT's (about 35 

MHz); therefore the same unity gain frequency is used in 

determining the new values of beta. For transistors with higher—_ 

biasing currents (e.g. Q14, Q18, Q17, Qn) which have higher fT's, each 

new beta value is determined according to its particular fT. 

The Spice simulation was run for various neutron levels 

with the specified betas (Table 4.1) for the corresponding 

transistors. Table 4.1 also shows the degradation of transistor betas 

with radiation. The performance of the op-amp under radiation'4s 

evaluated for all of the conditions in the following sections. The -

most important parameters that are affected by neutrons are the 

input offset current, Ios, the input bias current, IB, the input offset 

voltage, Vos, and the open-loop gain, Av 0 j. These parameters are 

also compared to earlier experimental results obtained from 

reference [8]. 
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Transistors 1.2.5.6.7.19 

fT (MHz) 3i_ 

Neutron Level 

(n /cm2) 

1011 231 

3 x 1011 201 

7 x 1011 160 

1012 138 

3 x l 0 1 2  7 3  

7 x 1012 38 

101 3  28 

2 x 1013 15 

3 x 1013 10 

4 x 1013 8 

5 x 1013 6 

7,11 18 3.4.8.9.20 14 16 

380 220 7 280 67 

Transistor betas 

248 247 47.0 247 241 

245 241 41.2 243 224 

239 2 3 1  33.0 235 1 9 8  

234 224 29.0 229 1 82 

209 1 8 6  15.9 1 9 7  1 1 8  

1 7 1  1 3 9  8.3 1 5 3  69 

1 5 0  1 1 7  6.0 1 3 2  53 

108 76 3.3 89 30 

84 56 2.2 68 21 

69 45 1.7 54 
-

15 

58 37 1.3 48 12 

Table 4.1 Degradation in transistor betas, (3, due to neutron 

radiation. 



5 7  

4.2. Changes in The Operation of The Op-Amp Due To 

Radiation 

4.2.1. Input and Gain Stage 

The input transistors of the op-amp 741 operate at low 

current levels and tend to be very sensitive to neutron radiation 

[14]. As mentioned before these transistors have very low unity 

gain frequencies so their betas degrade much more severely. 

As the neutron fluence increases, it causes reductions in 

the transistor gains, and increases of input bias current at each 

input terminal. The shift in current levels and mismatching of 

currents in the input stage causes significant changes in offset 

voltage, offset current, and the bias current; the changes in these 

parameters are presented below. 

4.2.1.1. Input Offset Voltage 

The input offset voltage is defined as the difference in 

potential between the amplifier input terminals when the output is 

zero volts [7]. Physically, this potential difference represents a 

mismatch in the input voltages of the transistors in the differential 

amplifier of the input stage. The input offset voltage can be further 

related to the mismatch in the transistor parameters and the 

mismatch in the loading of the two halves of the differential 

amplifier circuit [7, 14]. 
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The typical range for values of Vos is from 0.5 to 15 mV. 

The effect of Vos can be modeled as a dc voltage source in series 

with either of the amplifier inputs and it can be of either polarity. 

The initial Vos in the Spice simulation of the op-amp was 

about 0.8 mV, which is in the range of the manufacturer's given 

specification. The condition used to achieve this offset voltage was 

with the feedback loop in the op-amp closed, and the non-inverting 

terminal grounded as shown in the Fig. 4.2. Also, to obtain the open 

loop characteristics the input resistance was by-passed by using a 

large capacitor (IF). 

As the radiation level was increased and the betas were 

degraded, the offset voltage shifted in the positive direction. At the 

worst condition simulated (neutron fluence of approximately 5 x 

1013 neutrons per cm2) the offset voltage increased to about 45 

mV, up from 0.8 mV at normal conditions. 

The main reason for the shift in Vos was the unbalancing 

that occurred in the collector currents of the differential amplifier 

stage. The unbalanced collector currents also forced mismatches' m 

the base-to-emitter voltages [14]. The mismatching of currents in 

the input stage was mainly due to the lowered input impedance 

looking into the base of Q16 (gain stage). The beta of npn transistor 

Q16 degraded from 250 down to about 8, causing the base current 

to be a large fraction of its collector current. The emitter current of 

this transistor is determined by the summation of the current 
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Vout  

V in  

Figure 4.2 Closed loop op-amp, used for the open loop response. 
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through the 50 kQ resistor and the base current into Q17. Now, the 

current into the base of Q17 increased substantially (from 2 |iA up 

to 15 |iA) due to that transistor's degradation in beta from 250 

down to 58. As a result the base current of Qj6 is now close to 3 

|j.A, up from 0.05 |j.A under normal conditions. This increase of 

current causes the inverting side of the op-amp to pull more 

current from the biasing network than the positive side. This is 

evident in the Spice simulation where it was observed that the 

current through Q2 and Q4 is close to 11.5 |xA at the worst simulated 

conditions as opposed to 7.5 |iA going through Qj and Q2. 

It should be noted that the current-biasing circuitry for 

the differential stage did not degrade much with radiation. 

Transistor Q10 draws close to 20.2 nA before radiation and 20.5 |iA 

at the worst simulated radiation condition considered. 

Some experimental results on the effects of neutron 

irradiation on operational amplifiers have been presented earlier 

[8, 10]. The shift in Vos given in reference [8] for the 741 op-amp 

is plotted in Fig. 4.3. Although the data given in reference [8] does 

not include the 741 op-amp, the given data for similar types 

(bipolar types) of op-amps do indicate a rise in Vos at high neutron 

levels (> 1013 n/cm2). 
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Figure 4.3 Op-amp offset voltage, Vos, variation with incident 

neutron fluence. 
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4.2.1.2. The Input Bias Current 

The input bias current is defined as the magnitude of the 

average of the dc biasing currents at the inputs of an operational 

amplifier with outputs at zero volts [7]. Mathematically, IB is 

defined as follows: 

IB = dB+ + V) / 2 (4.5) 

where IB+ and IB- represent the currents entering or leaving the 

non-inverting (+) and inverting (-) input terminals of the op-amp. 

Physically, IB represents the average of the base currents of the 

differential amplifier's transistors. For monolithic op-amps with 

npn transistors in the differential amplifier stage, the direction of 

the current will be into the amplifier. The typical range of values 

for IB for amplifiers with bipolar input transistors is from 100 pA 

to 1.5 \l A [4]. 

Under normal operating conditions the Spice simulation 

gave an input bias current of 27 nA. At high radiation levels the 

bias current increased to 1.5 |i.A. The cause for the significant 

increase in the bias current was lowered betas of the input stage. 

Since the currents (collector currents) for this stage (differential 

stage) are quite low, the transistors in this stage are very sensitive 

to neutron damage and exhibit a large change in betas. The betas 



of the npn transistors Qj and Q2 are degraded from 250 down to 6 

and the pnps change from 50 down to 1.3 at neutron levels of 5 x 

1013 n/cm2. The increase of the bias current is plotted in Fig. 4.4 

for both the Spice simulated model, and the measured results given 

in reference [8]. Similar results are also given in reference [10] for 

various other types of operational amplifiers. 

4.2.1.3 The Input Offset Current 

The input offset current is defined as the magnitude of 

the difference between the amplifier input currents with the output 

at zero volts [7], 

^os = %+ " *B~- (4.6) 

The two input bias currents will be equal if the two transistors 

have equal betas. Offset current is typically much smaller than the 

bias current and is in the 10 pA to 0.5 |j.A range. The Spice 

simulation gave an Ios of -0.1 nA under normal operating 

conditions. This current increases to -500 nA at the worst radiation 

condition simulated (5 x 1013 n/cm2). The reason for the large 

difference in the base currents is that the transistors Q2 and Q4 

have much larger collector currents (11.5 p.A) than Qj and Q3 (7.5 

|iA). As a result, in addition to much higher base currents, their 

difference, Ios, is quite significant too. 
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The shift in Ios as a function of neutron fluence has been plotted in 

Fig. 4.5. The experimental data obtained for the 741 op-amp [8] is 

also presented on the same figure. Both graphs show a large 

increase in Ios at high neutron levels, although the simulated 

results show a larger degradation in current than the measured 

data. 

4.2.2. Biasing Network 

The radiation damage effect on the biasing network is 

not as severe as one might think. The degraded betas did not cause 

a significant change in current levels in this stage. The npn 

transistor Qj j has a fairly large current (730 fxA) through its 

collector; therefore its beta was degraded from 250 down to about 

60 under the simulated radiation level of 5 x 1013 n/cm2. The 

collector current of transistor Q10 which sets up the biasing current 

in the differential input stage shifted from 20.2 |iA up to 20.5 (iA. 

The currents in transistors Q13A and Qh b  dropped from 

180 |iA down to 130 |j.A and from 550 ^A down to 440 (iA 

respectively. The reduction in current levels in these transistors 

does not have a significant effect on the operation of the circuit. 
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4.2.3. Output Stage 

As mentioned before, the output stage is a 

complementary push-pull class AB, and is composed of the npn 

transistors Q14 and the pnp transistor Q20- The neutron radiation 

damage on the npn transistor Q14 is not too severe [14]. Since this 

transistor has a high unity gain frequency (fT of about 300 MHz), 

the beta of Q14 degrades down to about 50 at the highest radiation 

condition simulated. The pnp transistor (Q20) on the other hand has 

a low unity gain frequency and its beta degrades down to about 1.5 

at 5 x 1013 n/cm2. Due to the low beta, the base current of this 

transistor is very close to the collector current (an increase from 2.8 

(J.A up to 70 p. A). 

The main effect of radiation on the output stage is the 

degradation of the output impedance looking into the emitters of 

transistors Q14 and Q2q- The degradation for this parameter along 

with loading conditions will be discussed in the following sections. 

4.3 Small Signal Characteristics 

4.3.1. Open Loop Gain 

The Spice simulation for the open loop gain was 

accomplished by using a large capacitor in shunt with the input 

resistance. The feedback around the op-amp was needed for the dc 

convergence in the Spice simulation (Fig 4.2). But in the ac analysis 
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the 1 Farad capacitor shorts the input resistance and allows the 

simulation of the small signal performance (hence the open loop 

characteristics) of the op-amp. 

Under normal operating conditions the Spice simulation 

of the op-amp yielded an open loop gain of 112 dB (398 k V/V) and 

a gain bandwidth factor of 880 kHz. The gain is a little higher than 

the specification given by the manufacturer, but the GBP (gain 

bandwidth product) is very close to the 1 MHz value which is 

specified for the 741 [5]. The -3 dB (bandwidth) frequency of the 

op-amp was only about 2.2 Hz, a bit lower than the given 

specification value of 5 to 10 Hz. 

The open loop gain was simulated for different neutron 

fluence levels, beginning with 1011 neutrons per cm2 and up to 5 x 

1013 n/cm2. At low radiation levels (1011 - 5 x 1012 n/cm2) the 

open loop gain did not exhibit a significant change. But at higher 

levels ( > 5 x 1012 n/cm2) the open loop gain dropped very rapidly. 

At a neutron level of 5 x 1013 n/cm2 the open loop gain dropped 

down to 66 dB (2000 V/V). The severe reduction of the open loop 

ga in ,  A Q  J  cou ld  in t roduce  a  l a rge  e r ro r  i n  the  c losed  loop  ga ins  A C  T .  

The two stages that contribute to the reduction of gain 

are the input differential stage and the gain stage. Both these 

stages contribute about the same amount of voltage gain. These 

gains are beta dependent because the various input and output 

resistances are beta dependent. The main degradation observed in 
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the open loop gain is due to the reduction of the input impedance of 

the gain and the output stage. 

The impedance looking into transistor Q16 (gain stage) 

was reduced from about 5.5 MQ down to 86 kQ (at 5 x 1013 n / 

cm2). As can be observed from equation 2.34 for A0 L;, this 

resistance in parallel with the output resistance of the first stage 

multiplied by the transconductance of the first stage gives rise to 

the gain of the input stage. The output resistance of the differential 

stage (about 7 MQ) remains the same under irradiated conditions. 

Although the transconductance of the first stage did 

increase, the change was slight and it did not have a drastic effect 

on the gain. Therefore the lowered input impedance of the gain 

stage significantly contributed to gain loss of the op-amp. 

Another significant contribution to degradation in the 

gain was from reduction of the impedance of the output stage. The 

impedance of this stage was reduced from close to 9 MQ down to 

120 KQ. Again looking at the open loop gain equation, this 

resistance in parallel with the output resistance of the gain stage 

multiplied by the transconductance of the second stage determines 

the gain of the gain stage. The transconductance of this stage was 

lowered slightly due to reduction of the collector currents. 

A plot of A0 j versus neutron fluence is shown in Fig. 

4.6. The information supplied in reference [8] is also presented in 

Fig. 4.6. The general shape of the degradation curves compares 
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very closely between the two plots. Although the measured results 

of the 741 op-amp show a lower open loop gain at normal operating 

conditions, both curves show a severe degradation at levels above 

1013 neutrons per cm2. At the worst condition simulated (5 x 1013 

n/cm2), the measured plot shows an open loop gain of 56 dB, 

whereas the computer simulation indicated an open loop gain of 66 

dB. 

4.3.2. Frequency Response 

The frequency response of the 741 is mainly determined 

by the 30 pF capacitor, which is connected around the gain stage. 

As discussed before, the -3 dB (open loop) frequency is determined 

by the Miller capacitance which is caused by the gain of this stage 

and parallel combination of input impedance of the gain stage and 

the output impedance of the differential stage, 

f.3 dB = [2* (Rol II Rj2) CJ-1 (4.7) 

The degradation in the gain and Ri2 (input impedance of the second 

stage) causes the 3 dB frequency to shift higher. At the worst 

radiation level simulated (5 x 1013 n / cm2) the low frequency pole 

moved from 2.2 Hz up to 350 Hz. The GBP also was lowered from 

880 kHz down to 700 kHz. 
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4.3.3. Slew Rate 

Slew rate (SR) is the maximum rate of change of the 

amplifier's output voltage. This specification represents the ability 

of the amplifier to charge and discharge its compensation capacitor, 

within the period of the input signal [7]. SR is measured in V/ |is, 

and is typically between 0.6 V/ |is to 0.8 V/ (is for 741 type 

amplifiers [5]. For the Spice-simulated 741 op-amp, SR was 0.65 V/ 

[is. Under worst radiation conditions this value changed slightly to 

0.58 V / |is. 

A sinusoidal output signal will cease being a small signal 

when its maximum rate of change exceeds the slew rate of the 

amplifier. The maximum rate of change for a sinusoidal signal 

occurs at zero crossing. The slew rate for the op-amp is determined 

by using the op-amp in a unity gain follower configuration shown 

in Fig. 4.7. A short pulse (+4 V) is applied to the non-inverting 

input. The pulse has a much lower rise time compared to the GBP 

of the op-amp. The SR is then measured from the slope of the 

output wave form. 

4.3.4. Transient Response 

To measure the transient response, the op-amp was used 

in a unity-gain configuration, and a low amplitude (20 mV) step 

was applied to the non-inverting terminal. Also, a 100 pF capacitor 
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Figure 4.7 Test circuit for slew-rate and transient response. 



was in shunt with a resistive load. The output rose exponentially 

towards the peak value of this step. The rise time Tr of the output 

response is defined as the time it takes V0 to rise from 10 % to 90 % 

of its peak-to-peak value. The rise time can be associated with the 

gain-bandwidth product of the op-amp with the use of [12]: 

Tr = 0.35 / GBP (Hz). (4.8) 

Therefore the rise time can also be determined from the GBP in the 

open loop response. The rise time for the unirradiated op-amp was 

about 0.40 jxs and at the worst level of radiation simulated it 

increased to 0.50 |is. 

4.3.5. Input Impedance 

The degradation of the input impedance is quite severe 

in the op-amp [14]. Due to the large reduction in betas of the input 

stage transistors, the input impedance was reduced by about the 

same factor. Under normal operating conditions the input 

impedance is approximately 2.5 Mfl. But when the circuit was 

exposed to neutron fluence (@ the worst simulated case of 5 x 101 ^ 

n / cm2) the input impedance degraded to 80 kQ. The error caused 

by this degradation could be quite severe. First, the input current 

will be larger, and second, if the source has a high impedance (close 



to or within 10 % of the op-amp's input impedance) the loss of 

signal will be quite large. For example if the source has a 

impedance of about 7 k£2, then the loss of signal will be 

approximately 10 %. 

4.3.6. Output Impedance and Loading Conditions 

Although the output stage did not experience significant 

changes in its biasing currents, the degradation of betas due to 

neutron radiation did cause severe problems in terms of output and 

input impedances. Normally, looking into the emitters of 

transistors Q14 and Q2q, the output impedance is about 50 Q. But 

the beta of npn transistor Q14 degrades down to 50, and even more 

drastic, the betas of the pnp transistors Q2o an(J Q23A l°wer t0 1-5 at 

a radiation level of 5 x 1013 n / cm2. 

Now depending on which transistor in the output stage 

(Q14 or Q20) is conducting for a given output signal, the output 

resistance will be slightly different. The analysis for the output 

impedance (for positive output signal) has been performed' in 

chapter 2, and will not be repeated here. But significant 

degradation in the output impedance is going to be seen when pnp 

transistor Q2q is conducting, causing the output signal to load down 

drastically. 

For positive output signals, when transistor Q14 is 

conducting the degradation is not quite as severe. But since 



transistor Q23 has a beta of 1.5, the resistance looking into the 

emitter of this transistor will be very high. Now, looking into the 

emitter of Q14, the above impedance is going to be seen in parallel 

with rol3A divided by the beta of Q14. Analysis shows that this 

impedance increases from 50 to 1.5 kQ. 

The performance of the op-amp circuit used in a non-

inverting configuration with gain of 16 and a variable load 

resistance was simulated under normal and worst case radiation 

conditions. For the normal conditions the op-amp was able to 

provide the output signal for loads as low as 200 Q (of course the 

peak-to-peak signal level for this load was about 10 V (for ±15 V 

supply voltages). But for the irradiated op-amp, the Spice 

simulation failed to converge for loads below 8 k£l. Even for this 

load the negative swing was clipped at about -5.5 V. 

Another consideration of the output stage is in the 

reduction of the input resistance looking into the base of transistor 

Q23a- Normally this resistance is close to 9.0 MQ, but when the 

circuit is irradiated this impedance dropped down to about 110 kQ. 

From equation 2.34, this resistance in parallel with the total output 

impedance of the gain stage determines the gain of the gain stage, 

and hence the amplifier. The above degradation cuts the open loop 

gain to less than half of the original value. 
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Chapter 5 

PROPOSED CIRCUIT MODIFICATIONS FOR IMPROVEMENTS 

IN OPERATION UNDER RADIATION 

5.1 Introduction 

In this chapter a new circuit design for the operational 

amplifier has been suggested. A detailed analysis of the operation 

and motivation for modifications has been given. The performance 

of the op-amp is also compared to the original 741 op-amp for both 

cases: under normal and irradiated conditions. No publication has 

been found that deals with the investigation of neutron radiation 

damage on a 741 op-amp through simulation. Further more, no 

literature has been found on trying to improve the performance 

through circuit design (as opposed to modifying the process [15]). 

5.2 Input And Gain Stage 

As mentioned in the previous chapter, due to low biasing 

currents in the input differential stage, this stage is quite sensitive 

to neutron radiation damage. The severe degradation of the 



7 8  

transistors' betas in the differential and gain stages causes drastic 

changes in input bias current, IB, input offset current, Ios, and offset 

voltage, Vos. 

For the purpose of reducing the IB a new input stage 

circuit is shown in Fig. 5.1. This circuit takes advantage of using 

two npn darlington connected transistors at each input. Under 

normal operating conditions the betas of these transistors (Qxj, Qx2> 

Qj, and Q2) are close to 250. Under this condition they exhibit a 

bias current of 

Ig = 0.33 nA. 

When irradiated at a neutron fluence of 5 x 1013 n/cm2 the betas 

drop down to about 6, and the bias current increases to 

IB = 0.20 |iA. 

Although the bias current for the irradiated circuit is still higher 

than the unirradiated op-amp, the above result shows a significant 

improvement compared to the original op-amp (1.5 |iA). 

The darlington transistors also help in increasing the 

input impedance of the op-amp. As mentioned in chapter 4, when 

the original op-amp was irradiated, the input impedance was 
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reduced from about 3.3 MQ to 80 KQ. Now with the aid of the 

darlington transistors this value was increased to 550 kQ under 

radiation. Variation of the bias current with neutron fluence is 

plotted in Fig. 5.3. 

Another significant contribution made by the new design 

was in reduction of the offset current, Ios. As mentioned before, 

the unirradiated 741 op-amp yielded an Ios of -0.1 nA. When 

irradiated this value increased to -500 nA. The new circuit yields 

an Ios of -0.4 nA in normal (unirradiated) conditions and offset 

current of -34 nA when irradiated. Shifts in offset current with 

neutron fluence are shown in Fig. 5.4. 

The main contribution to reduction of Ios comes from 

insertion of transistor Qx in the gain stage (Fig. 5.2). Under normal 

operating conditions the base current into Q16 is only about 10 nA. 

Normally, this base current must have a low value in order to 

minimize the mismatches in currents at each side of the differential 

amplifier and hence reduce Ios and Vos. But when the circuit was 

irradiated this current increased significantly, up to nearly 3.0 |iA. 

From the Spice simulation the increased base current of Qjg did 

indeed cause unbalancing of currents in each side of the differential 

pair. 

Transistor Qx lowers this current from 3 jxA down to 0.3 

|iA. As a result the currents are more closely matched in each leg 
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of the differential stage. 

The darlington input stage also had the effect of 

lowering the transconductance of the first stage, and hence 

lowering the total gain of the op-amp. But this problem is not 

severe, since in the new design the open loop gain is increased 

through increasing the input impedance of the gain and output 

stage. 

The balancing of the currents in the differential stage 

also helped to reduce the offset voltage, Vos, from 45 mV, under 

radiation level of 5 x 1013 n / cm2, down to only 3 mV. Variation of 

offset voltage with neutron fluence is plotted in Fig. 5.5. 

5.3 Biasing Network 

Although radiation affects the devices in this stage the 

same way as other parts of the circuit, the changes in current levels 

at key branches are not significant. As a matter of fact, the biasing 

of the input stage and the output stage changed only slightly. 

Therefore no attempt was made to improve or change this network. 

5.4 Output Stage 

The radiation effects on this stage are two-fold. First, 

due to severe reduction of beta in transistor Q23> the input 

impedance looking into the base of this transistor was degraded 
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from 9 M£2 under normal conditions down to 110 kft for worst case 

neutron radiation (it is assumed that only Q14 is conducting and is 

driving a 2 kQ load). Reduction of this impedance will cause the 

open loop gain to decrease, since the total gain of the second stage 

is determined by the parallel combination of this resistance and 

R0ut, looking into collectors of Q17 and Q13B, multiplied by the 

transconductance of the gain stage. 

Second, the output impedance of the circuit greatly 

increased because of reductions in the betas of Q20 
as well as Q23 

(pnp transistors). Therefore for negative output, while the pnp 

transistor Q20 was conducting, severe loading took place. The upper 

part of the output stage was not as severely damaged since the beta 

of this transistor, Q14, degrades to only 50 at 5 x 1013 n f cm2. But 

since the pnp transistor Q23 degrades so much, it still increased the 

output impedance, even when Q20 is conducting. 

The new design remedies both the above problems by 

using a darlington stage biased by (Fig. 5.6). The value of Rg3i; 

(1 k£2) was chosen to minimize the degradation of gain, input 

impedance and output impedance under worst case radiation. First, 

considering the input impedance of this new stage (Fig. 5.7), we see 

that under normal conditions (with Rioa(j of 2 kQ and Qj 4 

conducting) we have: 
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RiQ23=9MQ (5-1) 

RE31 " RiQ23 = * kQ (5-2) 

Rjq31 = Pgj (1 kQ + Tgjj) = 250 kQ. (5.3) 

re31 is very small since the collector current of this transistor (Q31) 

is about 13 mA. 

RiQ31B - P31B (RiQ31 + re31B) (5-4) 

Now, once again rel3B (500 Q) is very small compared to R ,q3i , 

hence we have: 

RiQ31B = 250  (250  kQ) = 62-5  Ma (5-5> 

As mentioned previously the gain is determined by the parallel 

combination of this resistance and the 80 kQ resistance, therefore 

the 80 kQ (R0Q17 " ROQ13B = 80 kQ) resistance will be the dominant 

resistance for determining the gain. 

Now, in an irradiated environment we have: 

RiQ23 — 110 kQ (5.6) 

Re31 II 110 kQ = 1 kQ (5.7) 
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RiQ3i = 60 (1 kft) = 60 kn (5.8) 

and RIQ31B = 20 (60 kQ) = 1.2 M£2. (5.9) 

This new input resistance is quite an improvement compared to 

110 k£2, which almost cuts the gain into half. It should be noted 

that transistors Q31 and Q31B are ^ess sensitive to neutron damage 

since these transistors have fairly high collector currents and high 

unity gain frequencies. The betas used in the above equations (60 

and 20) correspond to the degraded betas of Q31 and Q313» 

respectively under neutron radiation levels of 5 x 1013 n / cm2. 

Another point that should be emphasized here is that in the above 

analysis it is assumed that the upper part of the output stage 

(transistor Q14) is conducting. For the negative swings or when pnp 

transistor Q2q is conducting the analysis is similar, and it should be 

noted that the new circuit produces excellent results. With an Rjoad 

of 2 kQ this input impedance is still as high as 800 k£2 under the 

worst radiation case considered. 

Now, we need to consider what happens to the output 

impedance when exposed to radiation. In chapter 4 it was 

mentioned how the output impedance of the 741 op-amp increased 

with radiation. Also it was learned that the pnp side of the output 

stage causes the most problems. The new design is aimed towards 
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improving this situation as much as possible. When this circuit is 

operating under normal conditions the output impedance is very 

low no matter which side is conducting. Looking at Fig. 5.8 and 

assuming that the pnp transistor Q2o is conducting with a load of 2 

kQ and current of 2 mA we have: 

Transistors Q31 and Q31B have betas of 250 and the pnp transistors 

Q2q and Q23 have betas of 50 under normal operating conditions. 

From chapter 2, rol7 = 710 kQ and rol3B = 91 k£2, also at a current 

level of 2 mA, re2o = 12 Q , re23 = 144 Q , re31B = 550 Q and re31 =2 

Q; 

and 

R O31 - re31 + R O31B /  ̂ 31 

RO31B = re31B + ( rol7 11 rol3B) / P3IB 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

and 

R
o3ib = 550 Q + 80 kQ / 250 = 870 Q 

R031 = 2 Q + 870 Q / 250 = 5.5 Q 

Req l  = 1 kQ II 5.5 Q = 5.5 Q 

Req2 = 144 Q + 5.5 Q / 50 = 144 Q 

R0 = 22 Q + 144 Q / 50 + 12 Q = 38 Q. 
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Figure 5.8 New output stage showing the output impedances. 



93 

From above, we see that the output impedance is dominated by the 

22 Q resistor used for current-limiting protection, and the emitter 

resistance of Q2q. 

Now, when the circuit is irradiated, under the worst 

conditions considered (5 x 1013 n / cm2), 

R O31B = 114q + 80kQ/50=1.7kQ 

Ro31 = 2 Q + 1.7 kQ / 50 = 36 Q 

Reql = 1 kQ II 36 Q = 36 Q 

R
eq2 = 200 Q + 36 / 1.5 = 223 Q 

R0 = 22 Q + 12.5 Q + 223 Q/1.5 = 180 Q. 

This value is much lower than the original op-amp design under 

radiation. The output impedance of the original op-amp under 

radiation for the same conditions was close to 35 kQ. 

For the case when Q14 is conducting and the circuit is 

irradiated the analysis is similar and it follows, 

Ro ~ rel4 + Req4 / Pl4 + 27 Q 

Req4 = rdl9 + rdl8 + re23 + Reql / 023' 

(5.15) 

(5.16) 

Under irradiation (worst case) the beta of transistor Q14 is about 50, 

and as mentioned before, Q23 has a beta of 1.5. Values of the 
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emitter connected resistors are ^19 = rdl8 = re23 = ^00 

Req4 = (200) x 3 + 36 / 1.5 = 624 Q 

R0 = 12.5 Q + 624 Q / 50 + 27 Q = 52 Q. 

This value is significantly lower than the original circuit. The 

output resistance of the original op-amp in an irradiated 

environment under the same conditions (load resistance of 2 kQ 

and collector current of 2 mA through Q14) was close to 1.5 kQ. 

Although the price paid for using this technique (1 kQ 

resistor at the emitter of Q3 j) to improve the output stage is 

increased power, the insertion of the darlington stage with a low 

resistance works both ways to increase the input impedance of the 

output stage under radiation as well as to keep it high for 

unirradiated conditions. At the same time it lowers the output 

impedance of the op-amp. Another significant benefit of this 

modification is that the input impedance is now almost completely 

immune to radiation compared to the original circuit where the 

input impedance of the output stage greatly depended on the betas 

of transistors Q23, Q14 and/or Q2q. The complete circuit diagram of 

the new op-amp is shown in Fig. 5.9. 
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Figure 5.9 The new op-amp circuit. 
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5.5 Open Loop Gain 

As mentioned previously, under worst case radiation the 

open loop gain of the op-amp dropped from 112 dB down to 66 dB 

at a neutron fluence of 5 x 1013 n / cm2. The proposed new circuit 

gives an open loop gain of 116 dB at normal conditions and it 

degrades down to 93 dB at the above neutron level. 

The significant improvement is mainly due to the 

insertion of Qx, which improves the input impedance of the gain 

stage, and the darlington transistor Q31 and Q31B which makes the 

input impedance of the output stage immune to radiation damage. 

With the insertion of Qx, the input impedance of the 

second stage improved from 85 k£2 (under radiation, normally this 

impedance is equal to 5.5 Mil) to 600 k£2. Of course for calculations 

of the gain, this resistance is seen in parallel with Rout of the first 

stage (7.0 MQ). 

As discussed in the previous section, transistors Q31 and 

Q3IB improve the input impedance of the output stage from 110 k£2 

to 1.2 MQ under radiation. This adjustment nearly doubled the 

open loop gain. The open loop gain was simulated for different 

neutron fluences from 1011 n / cm2 to 5 x 1013 n / cm2. The results 

are plotted In Fig. 5.10. At the unity gain frequency the phase 

margin is nearly 80 degrees, which should cause no problems in 

terms of stability. 
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Figure 5.10 Op-amp open loop gain, Ao.l., variation with incident 

neutron fluence. 
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5.6 Frequency Response 

The new circuit exhibits a gain bandwidth product of 

650 kHz under no radiation. As mentioned above the open loop 

gain is about 116 dB (631,000 V/V) and the bandwidth is about 1 

Hz. The bandwidth is a little lower for this circuit compared to the 

original op-amp, but the main reason for this is that the input 

impedance of the gain stage has now been increased, with the aid of 

transistor Qx. Under radiation (5 x 1013 n /cm2) the bandwidth 

increased to 14 Hz and the GBP lowered to 600 kHz. 

5.7 Transient Response and Slew Rate 

The new circuit was tested for its ability to charge or 

discharge its compensation capacitor (SR). Under normal conditions 

the slew rate of the op-amp was close to 0.65 V/|as. When the 

circuit was irradiated this value changed slightly to 0.7 V/|is at the 

highest radiation level. 

The transient response of the new design was also 

tested. Due to the reduction of the GBP it is obvious that Tr must 

increase; indeed, this is exactly what happens. The Tr increased 

from 0.40 us to 0.55 jis, for operation under normal conditions. 

When irradiated, the new circuit showed a transient response equal 

to 0.59 |i.s (under worst radiation case considered). In addition to 

phase margin considerations, the stability of the op-amp was 
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examined by the transient response. The transient response 

showed about 2 % ringing before it reached its steady state value. 

Therefore, the circuit should be very stable. 

5.8 Improving the Performance Through Process 

An often used technique for improving the performance 

of the linear integrated circuits, in an irradiated environment, is 

through the fabrication process. 

Dielectric Isolation (D.I) process technology [16] allows 

transistors to be electrically separate from one another through the 

use of an SiC>2 layer. The benefits of the D.I. process are lower 

collector to substrate and collector to collector capacitances; the 

ability to build vertical pnp transistors; and elimination of very 

large pn junctions [16]. Because D.I. has low parasitic capacitances 

and can provide vertical pnp transistors, it is an excellent 

technology to produce high speed transistors with high unity gain 

frequency (fT). Such transistors have superior neutron tolerances. 

Use of the improved process techniques would further 

extend the advantages obtained by using the modified circuit. 
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Summary 

Changes in the operational amplifier parameters are 

mainly due to the degradation of the current gain, beta, of the 

transistors in the circuit. The |i,A 741 operational amplifier is 

particularly sensitive to radiation since it contains lateral pnp 

transistors. Lateral pnp transistors are quite sensitive to neutron 

radiation damage because the base regions of these transistors are 

wide, and the transistors have a fairly low fT. Also the sections of 

the circuits which have low collector currents are more susceptible 

to radiation damage. The input stage of the op-amp which operates 

at low current levels of 10 |iA is a prime example. 

For the operational amplifier, the main parameters that 

show degradation are the input bias current, IB; input offset 

current, Ios; offset voltage, Vos; the open loop gain, A0 j ; and the 

bandwidth. 

Simulations show that for almost all of the parameters 

mentioned above, the most severe changes occur after 5 x 1012 n 

/cm2. At the worst radiation level considered (5 x 1013 n /cm2), 

the offset voltage shifted from 0.8 mV to 45 mV, biasing current 

increased from 27 nA to 1.5 [iA, the offset current changed from 1 

nA to 500 nA and the open loop gain degraded from 112 dB to 66 

dB. 
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In order to reduce the radiation damage to the op-amp a 

new circuit was proposed. The modified op-amp gave significantly 

better results at every irradiation level. The new design is capable 

of limiting Vos to 3 mV at the worst radiation level considered (5 x 

1013 n /cm2), while at the same time it maintains an open loop gain 

of 93 dB (the new circuit has an Aol of 116 dB under normal 

conditions). It also exhibits a low offset current of 34 nA and a 

reasonable biasing current of 0.20 p.A. 
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