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ABSTRACT 
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The current gainof bipolar junction transistors is reduced due to ionizing radia

tion exposure or hot-carrier stressing. Radiation-induced degradation is particularly 

severe at the low dose rates encountered in space. In this work, the dose rate effect 

in lateral and substrate pnp bipolax transistors is rigorously quantified over the 

range of 0.001 to 294 rad(Si)/s. Gain degradation shows little dependence on dose 

rate below 0.005 rad(Si)/s, suggesting that degradation enhancement comparable 

to that expected from space-like dose rates was achieved. In addition, the effect 

of ambient temperature on radiation-induced gain degradation at 294 rad(Si)/s is 

thoroughly investigated over the range of 25 to 240 °C. Degradation is enhajiced 

with increasing temperature while simultaneously being moderated by in situ an

nealing such that, for a given total dose, an optimvun irradiation temperature for 

maximum degradation results. Optimum irradiation temperature decreases loga

rithmically with total dose and is larger and more sensitive to dose in the substrate 

device than in the lateral device. Maximum high dose rate degradation at elevated 

temperature closely approaches low dose rate degradation in both of the devices. 

A flexible heirdness assurance methodology based on accelerated irradiations at el

evated temperatures is described. 

The influence of mechanical stress on the radiation hardness of single-crystaUine 

emitter transistors is investigated using x-ray diffraction. Correlation of device ra

diation sensitivity and mechanical stress in the base supports previously reported 

observations that Si-Si02 interfaces exhibit increased susceptibility to radiation 



daxaage nnder tensile Si stress. Relaxation of processing-induced stress in the beise 

oxide due to ionizing radiation is smaller than the stress induced by emitter con

tact metallization followed by a post-metallization axmeal. Possible mechanisms for 

radiation-induced stress releixation and their effect on the radiation sensitivity of 

bipolar transistors are discussed. 

The combined effects of ionizing radiation and hot-carrier stress on the cmrent 

geiin of npn transistors axe investigated. The hot-carrier response of the transistors 

is improved by radiation damage, whereas hot-carrier damage has httle effect on 

subsequent radiation stress. Characterization of the temporal progression of hot-

caxrier effects reveals that hot-carrier stress acts initizdly to reduce excess base 

current and improve current gain in irradiated transistors. Nimierical simulations 

show that the magnitude of the peaJc electric-field within the emitter-base depletion 

region is reduced significantly by net positive oxide charges induced by radiation. 

The interaction of the two stress types is explained in a physical model based on 

the probability of hot-carrier injection and the neutralization and compensation of 

radiation damage in the base oxide. The results of this work further the understand

ing of stress-induced gain degradation in bipolar transistors and provide important 

insight for the use of bipolar transistors in stress environments. 
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1.1 Statement of Problem 

BipolzLT jvmction transistors (BJTs) are of great importance to the microelec

tronics industry. Because of their high speed and large current drive capabilities, 

BJTs are used extensively in many emalog or mixed-signal applications. Current 

gain is a crucieJ parameter in the operation of a bipoleir transistor. Especially in 

analog applications, the transistor usually must maintain a critical level of gain in 

order for the circuit or system in which it is operating to function as designed. 

Ionizing radiation, hot-carriers and mechanical stress are three types of stress 

that can induce gain degradation in BJTs. In space applications, bipolax transistors 

suffer current gain degradation when stressed by radiation in the form of high-energ>-

electromagnetic waves, heavy ions, electrons, neutrons and other particles. Simi

larly. degradation due to hot-carriers, prevelant in many bipolau: complementary 

metal-oxide-silicon (BiCMOS) circuits, can result in the failure of bipolar transis

tors. Mechanical stress induced by processing and packaging steps can influence 

bipolar gain degradation in yet another way. Although mechanical stress itself does 

not cause gain degradation, it can affect the radiation response of bipoicj- transistors. 

As such, the imderstanding of stress-induced gain degradation in bipolar transistors 

is an important objective in the advancement of microelectronic technology. 

This dissertation excimines a number of important issues concerning stress-

induced gain degradation of bipolar junction transistors. The aim of this work 

is to aid in predicting the lifetime of bipolax transistors in stress environments 
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and to provide insight into the environmented factors and physical mechanisms 

that contribute to gain degradation. In the remainder of this chapter, pertinent 

background leading to the motivation and goals for this dissertation are given. In 

addition, the organization of this dissertation is outhned. and key results of the 

work are highhghted. 

1.2 Stress-Induced Current Gain Degradation in BJTs 

This section describes some of the important issues regarding stress-induced 

bipolar gzdn degradation that have motivated this work. These are the major con

cerns addressed in this dissertation. 

1.2.1 Radiation Stress 

The effect of ionizing radiation exposure on bipolar gain degradation is illus

trated in Fig. 1.1(a). Current gain for a lateral pnp transistor is plotted here as a 

function of emitter-to-base voltage prior to irradiation and foUowing radiation ex

posure to several incremental doses. Each curve is normalized by the pre-irradiation 

peak current gain. Current gain degrades monotonically with increasing total dose, 

especially for low emitter-to-beise voltages. As shown in Fig. 1.1(b), the gain degra

dation results from an increase in the base current. For a wide range of emitter-to-

base voltages, base current increases dramatically with total dose, while changes in 

the collector current are negligible. Because it provides a meeiningful assessment of 

the amount of gain degradation while relating closely to the physical mechanisms, 

changes in base current are often used to quantify stress-induced damage in bipolar 
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transistors. Radiation-induced gain degradation is of particular concern in space 

applications, since it can lead to device failure. 

The effects of ionizing radiation on the performance of BJTs have received con

siderable attention in the literature[l-4|. Radiation-induced defects leading to gain 

degradation of modem bipolar structures are trapped net positive charge and inter

face traps in the oxide overlying the emitter-base junction and extrinsic base[5-7]. 

Radiation-induced interface traps, particularly those near midgap, act as recombi

nation centers through which surface recombination is facilitated in the base[8-ll]. 

Because current flow in latersd devices is along the Si surface, interface traps can 

pose especially severe problems for these devices, although positive oxide charge 

can moderate their effect by creating an imbalance in carrier concentrations at the 

base surface[9]. 

Positive oxide trapped charge can spread the emitter-base depletion region 

of pnp devices having lightly doped emitters into the p-tj^je emitter, leading to 

increased recombination current under forward-biased operation of the junction[12]. 

Similarly, positive oxide charge increases recombination current in the base of npn 

transistors by spreading the emitter-base depletion region into the extrinsic bgise. 

The rate of recombination in npn devices increases with total dose according to 

the electrostatic potential induced in the depletion region[13]. Ionizing radiation 

degrades current gain in bipolar transistors, because the defects that it creates 

t\-pically increase base current, while affecting the collector current negligibly. 

Due to surface effects, some types of lateral and substrate pnp bipolar jimction 

transistors are known to exhibit extreme sensitivity to ionizing radiation[8-10.12.14]. 



Lateral and substrate pnp devices have been identified as the cause of radiation-

induced failures in several types of linecir integrated circuits. Such circuits include 

operational axnplifiers[l2,14-16], coniparators[14| and voltage reguiators[17|. where 

lateral and substrate pnp transistors are used as input devices, level shifters, current 

sources or part of start-up circuitry. The acute susceptibility of these devices to 

radiation makes accvuately predicting their total-dose tolerance a crucial issue, since 

their Ufetime in a radiation environment often determines the time to failure of the 

circuits or systems in which they are used. 

In addition, degradation of many lateral and substrate pnp bipolar transis-

tors[8,10,12,18] and circuits using these traxisistors[17,19-21] is strongly dose rate 

dependent, such that, for a given total dose, degradation is more severe following 

low dose rate exposure than following high dose rate exposure. Since, in space appli

cations, the transistors are subjected to low dose rate irradiation, this complicates 

the task of performing accelerated tests for hardness assurance and can lead to an 

overestimation of device Ufetime in space. Of the various approaches tried to date 

for hardness assurance testing[10,12,18,19,21], high dose rate irradiation at ele-vated 

temperatures has been the most promising for simulating low dose rate degradation 

in lateral and substrate pnp transistors[10,12,18,20]. 

1.2.2 Mechanical Stress 

It has been reported in a number of related studies that mechanical stress is 

strongly linked to the radiation hardness of Si-Si02 structures. In Al-gate metal-

oxide-silicon capacitors (MOS-Cs), stress distributions modified by systematic vari



ations in gate geometry[22], gate thickness[23| and time lapse following post-metalli-

zation anneal (PMA)[24] have been correlated with radiation sensitivity. Similar 

dependences on gate-induced stress of the radiation hardness of silicide-gate MOS-

Cs[25] and the annealing of radiation-induced interface traps in Al-gate MOS-Cs[26] 

have been reported. In related work, x-ray photoelectron spectroscopy (XPS) stud

ies have revealed a link between the radiation hardness of thermal oxides and the 

concentration of strained bonds near the Si-Si02 interface[27,28]. Since disclosure of 

these results, numerous improvements in the radiation hardness of meteil-insulator-

semiconductor (MIS) devices have been attributed to modifications in Si-Si02 in-

terfacial stress. Notable examples include the reduction in radiation sensitivity of 

MOS-Cs due to the incorporation of Cl[29], F[30] or N'[31] into the oxide layer 

and improvements in the radiation tolerance of thermal oxides prepared by rapid 

thermal oxidation at increased oxidation temperatures[32]. 

One particular collection of work relating mechanical stress to the radiation 

sensitivity of MIS devices has drawn considerable attention due to its potential 

significance for device hardening. This work reports dramatic improvements in 

the radiation hardness of MOS-Cs[33], metal-oxide-nitride-oxide-silicon capacitors 

(MONOS-Cs)[34] and metal-oxide-silicon field effect transistors (MOSFETs)[35] 

due to repeated cycles of ionizing radiation and high-temperature anneal. The 

authors suggest that radiation itself is an impetus for improving the radiation hard

ness of MIS devices through a change in Si-Si02 interfacial stress, although they 

make no measurements to quantify any effects of radiation on stress. Whereas 

radiation-induced changes in the mechanical stress of metai-oxide-silicon (MOS) 



device materials have been observed[36], very little is actually known about the 

direction in which ionizing radiation may change stress in Si-SiOo structures, the 

magnitude of any such changes or the physical mechanisms by which these changes 

may occxir. 

In integrated bipolar junction transistors, the Si-Si02 interface immediately 

above the emitter-base junction plays a very important role in the de\'ice radiation 

response. The oxide at this interface tj-pically is used as a screen for base implaxits 

axid may include a deposited layer. Given the relationship of radiation damage and 

mechajiical stress observed in MIS devices, stress might also be expected to play a 

role in the radiation response of BJTs. Furthermore, because of the implications 

for hcirdening BJTs to radiation, it is of considerable interest to examine the effect 

of radiation ajid anneal cycles on the radiation hardness of BJTs as has been done 

with MIS devices. 

1.2.3 Hot-Carrier Stress 

Hot-carrier stress in integrated BJTs can occur whenever the emitter-base 

junction is sufficiently reverse-biased so as to create laxge electric-fields within the 

emitter-base depletion region[37-40]. This occurs, for example, in the operation 

of emitter-coupled differential pairs in certain analog-to-digital converters[41] £ind 

more readily in the ptill-up transistors of certain BiCMOS gates used in digital 

circuits during pull-down transients[42.43]. Energetic carriers drifting through the 

emitter-base depletion region, especially near the emitter periphery, where doping 

in the extrinsic base is high, can suffer collisions which resiilt in their scattering into 



the overlying oxide. 

Hot-caxrier susceptibility is an increasing concern in modem BJTs, as vertical 

scaling of device dimensions dictates that higher base and emitter doping levels be 

used to shrink the emitter-base depletion region[44.45]. Hot-carriers can increase 

the interface trap densities locally, resulting in larger surface recombination veloc

ities ajid increased recombination current within the emitter-base depletion region 

in much the same way as radiation stress[46.47]. In addition, injected carriers can 

become trapped in the oxide, either after surmounting the interfacial potential bar

rier or by timneling through the barrier to traps in the oxide bandgap, where they 

can bend the energy bands and alter device characteristics[48]. Like radiation, hot-

caxrier stress degrades the current gain in BJTs by increasing the base current while 

affecting the collector current negUgibly. 

Although considerable progress has been made toward understanding the ef

fects of ionizing radiation and hot-carriers acting individually on the operation of 

BJTs. Uttle is known about the combined effects of these two stress types. Since 

ionizing radiation and hot-carriers degrade bipolar current gain by different phys

ical mechcinisms, their effects on gain are not necessarily expected to be simply 

additive. There exists a real need for understanding the synergy between ioniz

ing radiation axid hot-carriers, because, in many space, military and nuclear power 

plant applications, bipolar transistors are subjected to both of these stress types 

simultaneously. 
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1.3 Major Objectives of Dissertation 

In v'iew of the above-described issues crirrently limiting the understanding of 

stress-induced gain degradation of bipolar transistors, three major objectives are 

addressed in this dissertation: 

(i) the development of a fast, easily implementable test procedure for predicting 

low dose rate gain degradation of lateral and substrate pnp bipolar transistors. 

(ii) the investigation of the relationship between the radiation sensitivity of 

bipolar transistors and mechanical stress, 

(iii) the examination of the synergy between ionizing radiation and hot-carriers 

in degrading the current gain of npn bipoleu: transistors. 

In addressing these objectives, a decidedly experimental approach is taken. 

Where appropriate, numerical computer simulations and physiced modeUng axe em

ployed to support the results. 

The development of accelerated tests for predicting the low dose rate degrada

tion of lateral and substrate pnp transistors is presented in Chapter 2. The dose 

rate effect in lateral and substrate pnp transistors is accurately quantified using 

a statistical analysis of extensive gain degradation measurements for rates over 

more than five orders of magnitude. In parallel, enhanced gain degradation due 

to elevated irradiation temperatures is thoroughly characterized for temperatures 

as high as 240 °C. Based on the meastirement results, a flexible test methodology' 

based on accelerated irradiations performed at elevated temperatures is developed. 

In Chapter 3. the relationship between bipolar radiation haxdness and mechan

ical stress is examined. Si-Si02 interfacial stress above the base of complementary 



crystalline emitter bipolar ransistors is correlated with device radiation hardness 

using extensive x-ray diffraction mecisurenients. In addition, stress relaxation in 

the base oxide due to radiation exposure and high-temperature anneals is cJirefully 

quantified. A physical model relating mechanical stress in the base oxide and bipo

lar radiation tolerance is presented, which is consistent with previously established 

models derived from work on MOS-Cs. 

Chapter 4 addresses the synergy of radiation damage and hot-carriers. Poly-

crystalline emitter transistors subjected to various combinations of stress are char

acterized for gain degradation. In addition, numerical simulations that approximate 

the simultaneous stressing by both stress types are used to support the results. A 

physical model is developed that describes the interaction of radiation damage and 

hot-carriers and allows the prediction of bipolar gain degradation in mixed envi

ronments. The model is consistent with established understanding of the separate 

stress types. 

Finally, in Chapter 5, the results of this work are summarized and appropriate 

conclusions eire drawn. 
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2. ACCELERATED TESTS FOR BOUNDING LOW DOSE RATE GAIN 

DEGRADATION 

2.1 Introduction 

Many types of lateral and substrate pnp bipolar transistors exhibit acute 

sensitivity to ionizing radiation. Their intolerance to radiation is so strong that 

radiation-induced failures of several types of linear integrated circuits in laboratory 

experiments have been attributed to their degradation. As such, accurately pre

dicting the total dose tolerance of these devices is a criticed issue when assessing the 

siurvivability of circuits or systems in which they axe used. Lateral and substrate 

pnp transistors also typically exhibit a strong dose rate effect, meaning that they 

degrade much more at lower dose rates than they do at higher dose rates. Because 

dose rates in space axe typically very low, this has hindered the development of 

effective hardness assurance test procedures for device space appUcations. 

In this chapter, the dose rate effect in lateral and substrate pnp transistors 

is rigorously quantified for dose rates as low as 0.001 rad(Si)/s. A saturation in 

enhanced degradation is achieved near 0.005 rad/s, indicating that the matximum 

degradation observed in these devices is likely indicative of that which occurs at 

even lower space-like dose rates. Moreover, the dependence of high dose rate gain 

degradation on ambient temperature is accurately chaxacterized over the range of 

25 to 240 °C by means of a statistical analysis of extensive measurements. The 

irradiation temperature corresponding to maximiun degradation varies logarithmi

cally with totaJ dose and is larger and more sensitive to dose in the substrate device 
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than in the lateral device. In conjunction with characterization of the transistors, 

MOS-Cs fabricated in the same bipolar process are shown to exhibit a similar tem

perature dependence for radiation-induced interface trap formation, suggesting that 

the enhancement of transistor gain degradation at elevated irradiation temperatures 

can be explained as an incrccise in surface recombination velocity imder the base 

oxide. A comparison of the measurement results reveals that maximum high dose 

rate degradation at elevated temperature closely approaches low dose rate degrada

tion in both devices. Based on accelerated irradiations at elevated temperatures, a 

flexible procedure for accurately predicting low dose rate degradation of the devices 

is developed. 

2.2 Experiment 

2.2.1 Description of Bipolar Technology 

The lateral and substrate pnp transistors studied in this chapter come from 

a Si bipolar process developed for low noise amplifiers, power amplifiers, mixers 

and radio frequency (RF) switches used in consvimer RF and microwave commu

nications applications[49]. Representative cross-sections of the devices are shown 

in Figs. 2.1(a) and 2.1(b). The process features poly-crystailine emitter technology 

cuid low-capacitance jxmction isolation. The nominal emitter area in either device 

is 1.2 fjLm X 1.2 nm. A larger version of the lateral device fabricated with five such 

emitters connected in parallel was also available. Doping at the surface of the base 

is 1.0 X 10^® cm~^, and the oxide covering the base is 570 nm thick. The active 

base width is 2.6 //m for the lateral device and 1.2 nm for the substrate de-
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Fig. 2.1. Cross-sections of the (a) lateral and (b) substrate pnp bipolar transistors studied 

for the dose rate effect. The cross-sections are helpful in visualizing the physical mecha

nisms associated with radiation-induced gain degradation. 
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\'ice. Pre-irradiation peak current gains are approximately 40 and 120 for the laterzd 

and substrate devices, respectively. Test chips from this process contained one 

substrate device and one of each of the two lateral devices and were packaged in 

14-pin dual-in-line ceramic packages for ease of bieising and handling. 

2.2.2 Effect of Dose Rate on Gain Degradation 

The lateral and substrate pnp bipolar transistors were investigated for the 

effect of dose rate on ionizing radiation-induced current gain degradation, where 

current gain here is defined as the ratio of collector ctirrent to beise current for 

common-emitter biasing. Following preliminary gain measurements, between two 

and five device packages were irradiated with ®°Co 7-rays at each of seven different 

dose rates between 0.001 and 294 rad(Si)/s. Depending on the dose rate, the dosime

try weis verified using calibrated CaF2 thermoluminescent dosimeters or C3H7NO2 

reference standard dosimeters traceable to the standard water cgdorimeter. All ir

radiations to this part of the study were performed at room temperature with the 

device terminals grounded. Lids on the packages were removed to avoid dose en

hancement due to photon scattering[50], and Pb-Al shields were used to filter low 

energy electrons. The irradiations were interrupted at a total dose of 20 krad(Si) 

to queintify gain degradation. The ambient temperature during measurement of the 

gain characteristics varied less than 2 "C over the course of the experiment. 

A typical example of the effect of dose rate on radiation-induced current gain 

degradation in the lateral pnp transistor is shown in Fig. 2.2(a). Current gain is plot

ted here as a function of emitter-to-base voltage for devices irradiated to 20 krad(Si) 
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Fig. 2.2. Effect of dose rate on radiation-induced (a) current gain degradation and (b) 

excess base current in the lateral pnp bipolar transistor. Gain degradation increases dra

matically with decreasing dose rate. 



at four different dose rates between the extreme rates examined. Each ciirve is 

normalized by its corresponding pre-irradiation pesik cmrent gain. A representative 

pre-irradiation gain characteristic is shown for comparison. Gain degradation grows 

dramatically worse with decreasing dose rate for a wide rzinge of emitter-to-base 

voltages. The dependence of radiation-induced gain degradation on dose rate was 

qucditatively similar at other total doses examined. 

Fig. 2.2(b) shows that the effect of dose rate on current gain is reflected in the 

base current. Excess base current is shown here as a function of emitter-to base 

voltage for the devices from the previous figure, where excess base current is defined 

as the increase in base current due to radiation exposure. In concordance with the 

gain characteristics, excess base current increases markedly with decreasing dose 

rate regardless of the emitter-to-base voltage. Changes in the collector current due 

to radiation exposure were negligible. Because it provides a meaningful assessment 

of the eimoimt of gain degradation while relating closely to the physical mecha

nisms, excess base current is a convenient pcirameter to evaluate radiation-induced 

damage in these devices. A similar dependence of the post-irradiation current gain 

characteristics on dose rate weis observed for the substrate device. 

In Fig. 2.3, excess beise cmrent at an emitter-to-base voltage of 0.7 V is shown 

for ail dose rates examined for both the lateral and substrate devices. The sjTnbols 

in the figure denote means of measurement results on replicate samples, and the 

error bars represent 90% confidence limits computed from the t-distribution and the 

standard errors in the data[51]. Excess base currents measured in the large lateral 

devices were included with those measured in the standard lateral devices after 
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Fig. 2.3. Effect of dose rate on excess base current in the lateral and substrate pnp bipolar 

transistors. The dose rate effect saturates near 0.005 rad(Si)/s. All data were measured 

at Veq = 0.7 V. 

scaling them by a factor of 0.2 to account for the difference in emitter size. For both 

devices, excess base current undergoes a sharp transition at intermediate dose rates 

axid levels off at the extreme dose rates examined. The difference in excess base 

currents measured at the extreme dose rates is nearly one order of magnitude. The 

fact that excess base current is nearly independent of dose rate near 0.001 rad(Si)/s 

impUes that additional degradation at even lower space-like dose rates is Ukely 

insignificant. 

The amount of degradation enhancement and the dose rate at which enhance

ment saturates for these devices are comparable to those reported for other pnp tech-

nologies[12,20]. As compared with several varieties of npn transistors[l,3,5,12,20,52, 

53], these devices exhibit much greater sensitivity to dose rate over a considerably 



larger range of rates. The reader is referred to other work[l,3.5.10,12,17.18,20,53-

55] for discussions of the various physical models recently proposed to explain dose 

rate effects in bipolar transistors. 

2.2.3 Effect of Irradiation Temperature on High Dose Rate Gain Degradation 

The effect of ele\-ated irradiation temperatures on high dose rate gain degra

dation in both the lateral and substrate devices was assiduously investigated. Be

tween three and seven packaged test chips were irradiated at each of seven different 

temperatures over the range of 25 to 240 °C. For comparison to the dose rate ex

periment, the irradiations were performed with the packages delidded using a ®°Co 

-/-source and a dose rate of 294 rad(Si)/s. All devices received a total dose of 200 

krad(Si), during which the irradiations were interrupted periodically to perform 

gain measurements. The gain measurements were taicen at 21±1 °C after allow

ing the devices to cool from their respective irradiation temperatures. All device 

terminals were groimded during the irradiations. 

While being irradiated, the devices were situated in an insulated A1 box, which 

wcLS heated with a feedback-controlled heat source. Irradiation temperatures were 

monitored with chromel-alumel thermocouples taped to a device package and the 

inside of the A1 box. The thermocouples were calibrated to a thermometer accurate 

to within 0.01 °C and traceable to the National Institute of Standards and Technol

ogy. For any irradiation, a temperature difference of at most 3 °C existed between 

the A1 box and the package, indicating uniform heating near the devices. Gain 

measurements following one-shot 100 krad(Si) irradiations at each experimental 



temperature verified that negligible annealing occurred during the warm-up period 

prior to each incremental irradiation. 

In Fig. 2.4(a), representative current gain characteristics are shown for lateral 

devices irradiated to a total dose of 20 krad(Si) at four temperatures between 25 

and 135 °C. Each curve is normalized by peai current gain prior to irradiation, and 

gciin characteristics for an unirradiated device are included for comparison. Current 

gain degradation grows significantly worse over a large range of emitter-to-base 

voltages with increasing temperature. Gain characteristics for devices irradiated 

above 170 °C exhibited decreasing degradation with increeising temperature. For 

clarity, gain chaxacteristics for irradiation temperatures above 135 °C were excluded 

from the figure but axe discussed below. 

Excess base currents for these devices are plotted as a function of emitter-to-

base voltage in Fig. 2.4(b). For any emitter-to-base voltage, increasing the irradia

tion temperature through 135 °C substajitially enhances the excess base current. As 

for current gain degradation, excess base current decreased with increasing temper

ature for devices irradiated above 170 °C. A comparison of these results with those 

shown in Figs. 2.2(a) and 2.2(b) indicates that increasing the ambient temperature 

over a limited range has a similar effect on radiation-induced geiin degradation as 

decreasing the dose rate. Qualitatively similar trends in the post-irradiation gain 

characteristics due to temperature were observed for the substrate device. 

High dose rate data taicen for the lateral pnp transistor at all of the irradiation 

temperatures and total doses investigated are shown in Fig. 2.5(a). Each curve in 

the figure represents excess base current at Veb = 0.7 V as a function of total 
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Fig. 2.4. Effect of ambient temperature on radiation-induced (a) current gain degradation 

and (b) excess base current in the lateral pnp bipolar transistor. Gain degradation increases 

significantly with temperature over a limited range of temperatures. 



dose for a different irradiation temperature. Each value of excess base current shown 

denotes the mean of ail data acquired at a given dose and temperature, where excess 

base currents measured for the large device were scaled according to emitter size to 

coincide with those measured for the small de\-ice. Degradation enhancement due 

to elevated temperature occurs over the entire range of total doses examined. Over 

a limited range of dose, irradiation temperatures as high as 240 "C provide some 

degree of enhcLnced degradation. Increasing the ambient temperature results in a 

greater propensity for radiation-induced damage while simultaneously accelerating 

the axmealing of damage. The irradiation temperature corresponding to maximum 

degradation varies as a function of total dose. At a total dose of 4 krad(Si), the 

maximum enhancement factor is approximately six and decreases to less than four at 

200 krad(Si). The decrease in the amount of enhancement with increased total dose 

reflects the additional time for which the device is exposed to elevated temperatures. 

In Fig. 2.5(b), the same data set is illustrated in an alternative form. Here 

excess base current is plotted as a function of irradiation temperature with total 

dose as a parameter. The curves in the figure are fourth-order polynomial fits to 

the data (although fits of other functions may also be appropriate). Viewing the 

data in this form allows one to more easily see the functional dependence of excess 

base current on irradiation temperature for a given toted dose. The enhancement 

in degradation due to temperature is moderated by in situ annealing such that a 

distinct peak in the excess beise current occurs for a given dose. The peaJc in excess 

base current moves to lower irradiation temperatures with increasing total dose. 

In similar fashion, Figs. 2.6(a) and 2.6(b) quantify high dose rate gain degra-
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Fig. 2.5. Dependence of radiation-induced excess base current in the laterad pnp transistor 
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Fig. 2.6. Dependence of radiation-induced excess base current in the substrate pnp tran

sistor on (a) toted dose, where temperature is a parameter, and (b) temperature, where 

total dose is a parameter. Maximum degradation is enhanced by a factor of approximately 

six and occurs at an irradiation temperature that varies with dose. 
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datioa of the substrate device for edl combinations of irradiation temperatures and 

total doses investigated. The effect of total dose on excess beise current for a given 

irradiation temperature is shown in Fig. 2.6(a), while Fig. 2.6(b) illustrates the 

dependence of excess beise current on irradiation temperature for a given total dose. 

As before, the svTnbols in the figures represent the appropriate means of excess base 

current at an emitter-to-base voltage of 0.7 V for £dl repUcate samples measured. 

Fourth-order polynomiaJ fits to the data are made in Fig. 2.6(b). 

The relationships between excess base ciirrent, irradiation temperature and 

totai dose are similar in form to those for the lateral device. Significant degrada

tion enhancement is achieved over a wide range of temperatures for all total doses 

investigated. The amoimt of enhancement decreases with total dose for irradiation 

temperatures above approximately 170 °C due to increased annealing. Elevated 

temperatures increase the excess base current by up to a factor of six. The max

imum amount of excess base current obtained at high temperatures is determined 

by the moderating effect of in situ an needing on degradation enhancement. Max

imum enh2m.ced degradation is achieved at a specific irradiation temperature that 

decreases with increasing total dose. 

In Fig. 2.7, ambient temperatures corresponding to maximum radiation-induced 

gain degradation at 294 rad(Si)/s are shown as a fimction of total dose for both the 

lateral axid substrate pnp transistors. The temperatures plotted in the figure were 

obtained from the peaJis in the excess base current characteristics of Figs. 2.o(b) and 

2.6(b). For each transistor, the optimum irradiation temperature for degradation 

enhancement depends approximately logarithmically on total dose over the 
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Fig. 2.7. Effect of toteil dose on the optimum temperature for enhanced radiation-induced 

gain degradation in the lateral and substrate pnp transistors. The optimum irradiation 

temperatures depend logarithmically on dose. 

range of doses examined. Moreover, the optimum irradiation temperature is larger 

and more sensitive to total dose in the substrate device than in the lateral device. 

The reduction in the optimum irradiation temperature with increasing total dose 

is consistent with a strong dependence of interface trap annealing on dose, where 

higher interface trap densities tend to anneal at lower temperatures than do lower 

interface trap densities [56]. 

2.2.4 Effect of Irradiation Temperature on High Dose Rate Interface Trap Formation 

To provide physical insight into the radiation response of the transistors, MOS-

Cs from the same bipolar process were characterized for damage following high-

temperature irradiations similar to those received by the transistors. The dielectric 
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material in the capacitors consisted of the oxide overlying the base in the transistors. 

While grounded, the capacitors received 100 krad(Si) of ®°Co 7-radiation at a dose 

rate of 294 rad(Si)/s. The irradiation temperatures varied between 25 aind 240 °C. 

Following irradiation, capacitance-voltage (C-V) characteristics were meastired at 

a frequency of 1 MHz, from which energy distributions of interface trap densities 

were generated[57]. 

Fig. 2.8 shows the energy distributions of interface trap densities for capacitors 

irradiated at four temperatures between 25 and 135 °C. A pre-irradiation distribu

tion is included for comparison. Increasing the irradiation temperature enhances 

the number of interface traps generated throughout the entire Si bandgap. For 

temperatures above 135 "C, the interface trap densities decreased with incresising 
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Fig. 2.8. Effect of ambient temperature on the energy distribution of radiation-induced 

interface trap density in the base oxide. Interface trap formation increases significantly 

with temperature over a limited range of temperatures. 
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temperature and were excluded from the figure for claxity. 

In Fig. 2.9, radiation-induced interface trap density at midgap is plotted as a 

function of irradiation temperature for each of the capacitors tested. In addition, 

excess b?ise current in the lateral pnp transistor is plotted for similar irradiation 

conditions over the same temperature range. The excess base current characteristics 

are taken from Fig. 2.5(b) and include 90% confidence limits that reflect part-to-part 

variations in the measurement results. Despite geometry differences between the 

two structures, the temperature dependence of radiation-induced interface traps in 

the capacitor is remarkably similar to that of excess base ciirrent in the transistor. 

A distinct peak in the density of midgap interface traps occxirs near a temperature 
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Fig. 2.9. Comparison of radiation-induced midgap interface trap density in the base 

oxide and excess base current in the lateral pnp transistor. The temperature dependence 

of interface trap formation is functionally similar to that of excess base current. The 

transistor data were measured at VEB = 0.7 V. 



of 130 °C. Increasing the irradiation temperature from 25 to 135 °C enhances the 

density of radiation-induced interface traps by a factor that is comparable to that 

of excess base current in the transistors. 

The correlation between damage of the beise oxide eind excess base cxirrent in 

the transistor has particular significance in understanding the temperature depen

dence of transistor gain degradation. Interface trap formation in the oxide overh-ing 

the base is the dominant mechanism for radiation-induced gain degradation in mziny 

types of lateral ajad substrate pnp bipolar trcLnsistors[9]. Interface traps, especially 

those with energies near midgap, increase the base current by increasing the recom

bination rate at the surface of the base. Surface recombination can be especially 

severe for lateral pnp transistors with large base widths, since current flow in the 

device is primarily along the surface of the base. The measurement resxdts for the 

MOS-Cs are consistent with a physical model that explains the high dose rate ra

diation response of the transistors in terms of a strong temperature dependence of 

interface trap formation above the base. Physical mechaxiisms, consistent with pro

posed models for the dose rate effect, have been suggested elsewhere to expleiin the 

temperatvure dependence of radiation damage in bipolax oxides[10,18,53,54]. The 

dependence of radiation-induced oxide trapped charge in these capacitors on both 

dose rate and irradiation temperature is presented in other work[54]. 
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2.3 Hardness Assurance Implications 

2.3.1 Comparison of High Dose Rate Degradation at Elevated Temperature and 

Low Dose Rate Degradation 

The effectiveness with which high-temperature accelerated irradiations simu

late low dose rate gain degradation of the lateral and substrate pnp transistors is 

illustrated in Fig. 2.10. For each device, the maximum amount of excess bjise cur

rent resulting from elevated-temperature irradiation at 294 rad(Si)/s is compared 

with excess base currents measured at room temperature for all of the dose rates 

examined. The comparison is made at an emitter-to-base voltage of 0.7 V and a 

toted dose of 20 krad(Si), where the relationships between excess base current 

Fig. 2.10. Comparison of high dose rate degradation at the optimum irradiation temper

ature and room temperature degradation for a wide range of dose rates. Enhanced high 

dose rate degradation compensates for a large portion of the dose rate effect in both the 

lateral and substrate devices. All data were measured at VEB = 0-7 V. 
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and dose rate are taken from Fig. 2.3. The dashed lines in the figure deUneate 

maximiim high dose rate degradation at elevated temperature and were obtained 

from peaks in the appropriate excess base current chziracteristics of Figs. 2.5(b) and 

2.6(b). 

The increaise in irradiation temperatvure hcis enhanced the excess base current 

at 294 rad(Si)/s by a factor of more than six for each device. High dose rate degra

dation at the optimum irradiation temperature approximates room-temperature 

degradation near 0.005 rad(Si)/s. The amoimt of excess base current resulting from 

maximum high dose rate degradation is approximately 80% of that incurred at 

0.001 rad(Si)/s. Because gain degradation satvirates for the lowest dose rates mea

sured, the accelerated irradiations performed at elevated temperature are useful for 

estimating a large portion of the gain degradation expected at even lower space-like 

dose rates. 

In Figs. 2.11(a) and 2.11(b), differences in degradation measured at the ex

treme dose rates axe examined further for the lateral cind substrate devices, respec

tively. Excess base current induced at 294 rad(Si)/s for the full range of irradiation 

temperattires examined is compared with excess base current resulting from the 

0.001 rad(Si)/s irradiations. The comparison is made at an emitter-to-base voltage 

of 0.7 V for lateral devices that received total doses of 10 and 20 krad(Si) and sub

strate devices that received a total dose of 20 krad(Si). The high dose rate data are 

taken from Figs. 2.5(b) and 2.6(b) and include previously described 90% confidence 

intervcils. Similarly, the cross-hatched areas in the figures represent 90% confidence 

intervzds for excess base currents measured at 0.001 rad(Si)/s. 
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Fig. 2.11. Comparison of high dose rate degradation as a function of temperature and low 

dose rate degradation at room temperature for (a) the lateral device and (b) the substrate 

device. Enhanced high dose rate degradation closely approaches low dose rate degradation 

for both devices. All data were measured at Veb — 0-7 V. 



Temperature-enhanced excess base current at the high dose rate closely ap

proaches but does not reach the excess base current induced at 0.001 rad(Si)/s. A 

comparison of this type points out the need to include at least a small safety factor 

when attempting to define accelerated tests for predicting low dose rate degradation. 

In addition, the data emphasize the relative importance of choosing an appropri

ate irradiation temperature for hardness eissurance testing. Because the peaks in 

the excess base current characteristics of Figs. 2.11(a) and 2.11(b) are quite broad, 

effective hardness assurance tests could be designed for irradiation temperatures 

within a considerably large range about the optimum irradiation temperature. 

2.3.2 Hardness Assurance Methodology 

Figs. 2.12(a) and 2.12(b) provide a basis for designing accelerated stress tests 

using elevated irradiation temperatures to simulate low dose rate gain degradation of 

the lateral and substrate pnp transistors, respectively. The figures were constructed 

by comparison of the low dose rate data from Fig. 2.3 and the high dose rate results 

presented in Section 2.2.3. Each figure faciHtates the accurate prediction of excess 

base current due to room temperature irradiation at 0.001 rad(Si)/s from excess 

base cvurent induced by exposure at 294 rad(Si)/s and any of a wide range of 

irradiation temperatures. The figures are valid for low dose rate irradiations to 

20 krad(Si) but Eire useful for estimating gain degradation at other total doses when 

the effect of dose on temperature-enhanced degradation is accounted for. Because 

gain degradation is nearly independent of dose rate above 100 rad(Si)/s, any rate 

above this value could be used with little attendant error. 
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Fig. 2.12. Relationship between irradiation temperature and safety factor for hardness 

assurance testing of (a) the lateral pnp transistor and (b) the substrate pnp transistor. 

High dose rate irradiations performed at any combination of temperatures and safety 

factors within the cross-hatched areas bound low dose rate degradation. 
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The abscissas in the figures represent safety factors by which the nomincd 

total dose is multiplied when overtesting at the high dose rate. To bound the low 

dose rate response, high dose rate irradiations should be performed under conditions 

represented by either of the cross-hatched areas. The contour lines reflect the degree 

to which low dose rate degradation is bounded, where each contour index indicates 

the average amount of excess base current obtained at the high dose rate relative 

to that incurred at the low dose rate. The use of any combination of irradiation 

temperature and safety factor along the outermost contour in either figure results 

in the same amount of excess base cvirrent induced in the appropriate device at 

the low dose rate. Using a safety factor of two, low dose rate degradation can be 

bounded by accelerated irradiations performed at any temperature over a range of 

approximately 80 °C for the lateral device and a range of approximately 130 °C 

for the substrate device. Increasing the safety factor allows the use of even lower 

irradiation temperatures. 

2.4 Summary 

The effect of dose rate on radiation-induced current gain degradation in lateral 

and substrate pnp bipolar transistors was evaluated for dose rates over more than 

five orders of magnitude. To account for part-to-part variations in degradation, a 

statistical approach based on the evaluation of large numbers of measurements was 

employed. Gain degradation increases sharply with decreasing dose rate between 

approximately 1 and 0.005 rad(Si)/s, such that, at an emitter-to-base voltage of 

0.7 V. excess base ciirrent •varies by a factor of approximately eight at the extreme 
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dose rates. Saturation of the dose rate effect was observed below 0.005 rad(Si)/s. 

suggesting that degradation comparable to that expected from space-like dose rates 

was achieved. 

Using a similar statistical approach, the effect of ambient temperature on gain 

degradation at 294 rad(Si)/s was quantified over a range of 200 krad(Si) for temper

atures as high as 240 °C. Gain degradation is enhanced with increasing temperature 

while simultaneously being moderated by in situ axinealing such that an optimum 

irradiation temperature for enhanced degradation results. The optimiun irradiation 

temperature decreases logarithmically with total dose and is larger and more sensi

tive to dose in the substrate device thaji in the lateral device. A comparison of the 

measurement results reveals that maximum high dose rate degradation at elevated 

temperature compensates for a large portion of the dose rate effect in both devices. 

In parallel with irradiation of the transistors, MOS-Cs fabricated from the 

bipolar base oxide were irradiated to 100 krad(Si) at the same high dose rate 

and temperatures as the transistors. Energy distributions of interface trap den

sities generated from high-frequency C-V characteristics revealed an enhancement 

in radiation-induced interface trap density similar to that of gain degradation in the 

transistors. These results are consistent with the imderstanding that the enhance

ment of transistor gain degradation at elevated irradiation temperatures results 

from increased surface recombination velocity in the base. 

Consistent with the measurement results, a hardness cissurance methodology 

based on accelerated irradiations at elevated temperatures was developed for the 

particular devices studied. The approach works well for high dose rates above 



49 

approximately 100 rad(Si)/s and allows for flexibility in the choice of total doses 

and irradiation temperatures used. By overtesting an appropriate amoimt in total 

dose, any of a large range of irradiation temperatures can be used effectively to 

bound the low dose rate response. These results provide the strongest support to 

date for the use of elevated irradiation temperatures in predicting low dose rate 

bipolar gain degradation cind form a reliable basis from which to develop effective 

heurdness assurance testing procedtires for other technologies. 



3. MECHANICAL STRESS RELAXATION IN BIPOLAR OXIDES DUE TO 

IONIZING RADIATION 

3.1 Introduction 

Mechanical stress is thought to play an important role in determining the radi

ation hardness of Si-Si02 interfaces. To date, work in this area has been confined to 

MOS-Cs, where radiation sensitivity has been linked to processing-induced stresses 

in both the gate and dielectric layers. In integrated bipolar transistors, the oxide 

overlying the emitter-base junction is critical to device radiation sensitivity, since 

this is where radiation-induced defects lead to increased recombination current in 

the base region. Given the dependence of radiation sensitivity on mechanical stress 

in MOS structiu-es, mechanical stress might be expected to impact the radiation 

haxdness of bipolar junction transistors. 

In this chapter, complementary single-crystalline emitter BJTs with oxides 

consisting of a thermal layer and a thick deposited layer were characterized for 

radiation-induced current gain degradation while receiving repeated cycles of ion

izing radiation and high-temperatture anneal. In parallel, monitor wafers processed 

with the same two-layer oxide were measured for mechanical stress while imder-

going simileu: cycles of irradiation and anneal. It is shown that compressive stress 

existing in the Si prior to irradiation is reUeved slightly by the radiation process. 

In contrast with claims made for MIS devices, radiation and anneal treatments de

grade the radiation hardness of the BJTs. Correlation of radiation sensitivity in the 

BJTs and stress in the monitor wafers is consistent with previously reported obser



vations of MOS structures that decreasing compressive Si stress leads to increased 

radiation sensitivity, suggesting that the changes in device radiation hardness due 

to repeated cycles of irradiation and anneal may be explained, at least in part, by 

radiation-induced changes in stress. 

3.2 Experiment 

3.2.1 Description of Bipolar Technology 

The bipolar transistors investigated in this chapter were fabricated on bonded 

(100) silicon-on-insulator wafers in a complementary bipolar process[58] cm.d mounted 

in ceramic dual-in-line packages. The devices axe dielectrically isolated by a trench 

etch and refill process and have standard single-crystalline emitters with emitter 

geometries of either a single 1.5 x 1.5 square or three 1.5 x 10 hxd? rectan

gular stripes. The oxide above the emitter-base junction consists of a 640 nm layer 

deposited by low-pressure chemical vapor deposition (LPCVD) on a 45 nm thermal 

layer grown in dry O2. The thermal oxide is used as a screen for base implants in 

both the npn eind pnp devices. Relevant device parameters are listed in Table 3.1, 

while a cross-section of the npn device is shown in Fig. 3.1(a). The cross-section is 

useful for visualizing the physical mechanisms by which ionizing radiation degrades 

current gain in the device. 

The Si-Si02 interface above the extrinsic base is where mechemical stress is 

most relevant to the device radiation response, since it is this oxide where radiation 

damage has the greatest effect on ciirrent gain. However, because the small target 

area and the complexity of overlying materials preclude meaningful strziin mecis-



Table 3.1. Relevant Device Paxameters 

Parameter npn pnp 

oxide thickness [nm] 685 685 

emitter-base junction depth [nm] 300 300 

active base width [nm] 800 800 

peak extrinsic base doping [10^® cm~^] 1.1 3.2 

peak current gain 65 40 

VBE at peak current gain [V] 0.65 -0.58 

urements at this interface by x-ray dif&action, a monitor wafer from the same 

bipolar process was specially fabricated for the purpose of strain characterization. 

The monitor wafer was processed with the same two-layer oxide and p-type base 

over its entire surface as exist in the fully-processed npn BJT. On half of the wafer, 

the emitter contact metallization was simulated by sputtering a 75 nm Ti barrier 

layer and a 750 nm A1 layer over the oxide. Following metallization, the wafer was 

annealed at 450 °C for 30 min in N2. Finally the waifer was cut into 1.5 cm x 3 cm 

pieces suitable for motmting in the x-ray diffractometer. A cross-section of the 

monitor wafer is provided in Fig. 3.1(b), and the region in the BJT simulated by 

the monitor wafer is emphasized in Fig. 3.1(a) for clarity. As stress in the fully-

processed BJT may be exacerbated by additional material layers and geometry 

constraints, it should be made clear that the monitor wafer is intended only to 

provide a fair qualitative understanding of the effects of radiation on mechanical 

stress in the base of the BJT and not an exact assessment of stress in the base at 
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! b )  

Fig. 3.1. Cross-sections of (a) the single-crystalline emitter npn bipolar transistor, em

phasizing the region simulated by the monitor wafer, and (b) the monitor wafer used for 

the mechanical stress measurements. 



any point in the experiment. 

3.2.2 Effect of Radiation and Anneed Cycles on BJT Radiation Hardness 

Six groups of BJTs were investigated individually for radiation-induced cur

rent gain degradation while undergoing a total of four cycles of ionizing radiation 

exposure and high-temperatture anneal. Each group consisted of two npn devices 

and two pnp devices, where the two devices of either polarity had different emitter 

geometries. Any given group received the same total dose from cycle to cycle, but 

the total doses administered to the six groups varied from 25 to 400 krad(Si02) 

per cycle. The irradiations were performed with a ®°Co 7-source at a dose rate of 

4 krad(Si02) hr~^, during which the devices were situated in a box made of Pb 

and A1 designed to filter low-energy photons. Annealing of radiation damage was 

performed at 275 °C in N2 until current gains were restored to their pre-radiation 

values. The required anneal times varied between 10 and 50 hr depending on the 

level of radiation damage. All device terminals were grounded during both the 

irradiation emd anneal steps. The temperature at which the current gains were 

measured varied less than 2 "C over the course of the experiment. 

Current gain characteristics prior to any radiation exposure emd following the 

first, second and third exposures to radiation are shown for a representative device 

in Fig. 3.2. These particular characteristics were measvired for a 45 y.ra? npn de

vice that received a total dose of 70 krad(Si02) per cycle. All current gains are 

normalized by the pre-radiation peak current gain and are shown as a function of 

base-to-emitter voltage. Gain characteristics following each complete radiation and 
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Fig. 3.2. Effect of radiation and anneal cycles on radiation-induced current gain degrada

tion in a representative device. Gain degradation increases with an increasing number of 

cycles over a wide range of base-to-emitter voltages. 

Einneal cycle were indistinguishable from the pre-radiation characteristics. Over a 

wide range of base-to-emitter voltages, it is clear that radiation-induced current 

gain degradation grows more severe with an increasing number of radiation and 

anneal cycles. The increase in radiation sensitivity is most severe following the first 

cycle and diminishes with subsequent cycles. Virtually no change in the radiation 

response was observed between the third and fourth exposures to radiation. Similar 

differences in the post-radiation current gain cheiracteristics due to repeated cycles 

of radiation exposure and anneal were observed for all other devices characterized. 

These trends are illustrated in another form in Fig. 3.3 along with data from 
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Fig. 3.3. Effect of radiation and anneal cycles on rzwliation-induced current gain degrada

tion in a representative group of devices. Gain degradation increases with an increasing 

number of cycles independent of emitter polarity or geometry. All data were measured at 

\VBE\ = 0.6 V. 

the other devices subjected to identical cycles of radiation exposure and anneal. 

Here normalized ctirrent gain following irradiation to a total dose of 70 krad(Si02) 

is plotted as a function of the number of radiation eind axinead cycles given to each 

device prior to irradiation. The current gains were measured at a base-to-emitter 

voltage magnitude of 0.6 V. The differences in the amount of current gain degrada

tion susteiined by the various devices reflect emitter geometry eind polarity depen

dences reported elsewhere[5]. The ascertainment that device radiation sensitivity 

is increased following repeated cycles of radiation and anneal, especially following 

the first cycle, is seen here to be independent of the emitter polarity or geometry. 
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Fig. 3.4. Effect of radiation and anneal cycles on radiation-induced excess base current for 

(a) the 2.25 devices and (b) the 45 /im^ devices. Excess base current increases with 

an increasing number of cycles over a wide range of total doses. All data were measured 

at |Vb£:| = 0.6 V. 



Fig. 3.4 shows the changes in radiation-induced current gain degradation to 

be manifested in the excess base current, AIb- Excess base currents following 

the first, second and third irradiations axe plotted in Figs. 3.4(a) and 3.4(b) for 

all of the 2.25 fim.- amd 45 test devices, respectively, as a function of the 

total dose delivered per cycle. The excess base currents were measured at a bcise-

to-emitter voltage magnitude of 0.6 V and eu-e normalized by the pre-radiation 

values of beise current in order to account for part-to-part variations. These results 

establish that the trends in increased radiation sensitivity due to repeated cycles of 

radiation and axmeal for devices of any emitter polarity and geometry combination 

are apparent over a wide range of total doses. Although the data are not presented 

in this work, similar changes in the radiation sensitivity of poly-crystalline emitter 

BJTs due to repeated cycles of radiation and anneal were observed, indicating this 

to be a common response in BJTs. 

3.2.3 Eflfect of Radiation and Anneal Cycles on Si-Si02 Interfacial Stress 

Monitor wafer samples simulating the Si-Si02 interface above the base of the 

npn BJTs were measured for mechanical stress while undergoing two cycles of radi

ation and anneal similar to those applied to the fully-processed BJTs. Two samples 

with metallization and two samples without metallization were cheiracterized. Be

fore beginning the experiment, stresses in the samples were allowed 100 hr following 

the PMA to reach equilibritun. Irradiation of the samples was performed with a 

^°Co 7-source at a dose rate of 1.1 rad(Si02)/s. One metalHzed sample and one 

unmetaUized sample were given a total dose of 50 krad(Si02) per cycle, while the 



remaining two sam.ples received a toted dose of 400 krad(Si02) per cycle. The anneal 

steps were performed at 275 "C in N2 for 10 hr. No bias was applied to the samples 

during the course of the experiment. The stress measurements were performed 24 hr 

following the completion of each irradiation or anneeil step. 

Values for mechanical stress at the Si surface were computed from x-ray diffrac

tion measurements[59] taken at room temperature with a powder theta-theta diffrac-

tometer. X-rays emitted from a Cu source were directed through the amorphous 

SiOa layer onto the Si surface of the sample imder test. The axigle of x-ray incidence 

relative to the Si surface was varied until a peak in the intensity of the radiation re

flected from the {400} planes was achieved for each of the kai and Atqj wavelengths. 

The reflection of the x-rays is illustrated in Fig. 3.5, where the relevant geometry 

in the Si is emphasized. The strained lattice constant was calciilated in each case 

according to Bragg's law 

2A 
(3.1) 

sm^B 

where A is the wavelength of the radiation, and the Bragg angle, 0s. is the axigle of 

incidence required for a peaJc in the reflected intensity. 

The strain of the Si lattice in the direction perpendicular to the surface was 

calculated from 

d — dn 
e=—7-^, (3.2) 

"0 

where do = 0.543072 nm[60] represents the unstrained Si lattice constant, and d 

represents the average of the strained lattice constants determined from measure

ments with the two wavelengths. Finally the stress induced at the Si surface within 
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Fig. 3.5. The measurement of Si strain by x-ray diffraction. Waves reflected from different 

planes of atoms interfere constructively when the difference in their path lengths, 2d sin 5, 

equals an integral number of wavelengths. 

the interfacial plane was related to the strain by[61] 

a = 

1 - V 
e, (3.3) 

where, for this problem, Young's modTilus, E, is defined as the ratio of uniaxial 

tension to strain in an arbitrary direction x within the (100) Si plane, and Poisson's 

ratio, I/, is defined as the ratio of compression in the [100] direction to extension 

in the direction x when stressed imder tension in the direction i. Although the 

individued elastic constants eissociated with {100} Si planes vary with direction, the 

quantity = 1.805 x 10^^ Pa[62] is invariant with direction. 

The major sources of error in the x-ray diffraction measurements aire miseilign-



ment of the mounted samples with the x-ray source and the estimation of the peak 

positions in the measured diffraction patterns. The position of each of the ka^ 

and ka^ peaks was determined by fitting a Lorentzian distribution to the discrete 

measurement points. Before beginning the experiment, it was determined from 

repetitive measurements on a test sample that the combined measurement errors 

resulted in a standard deviation of approximately 0.6 arcsec in the measurement of 

a given Bragg angle, where an error of 1 axcsec in the Bragg tingle corresponds to 

an error of approximately 1.3 x 10® Pa in stress. 

Because the resolution in a single stress measurement was comparable in mag

nitude to the small stresses inherent in the samples, a statistical approach based on 

laxge numbers of mecisurements was taken. Four replicates per sample were included 

in the anEdysis. where each replicate was measured for stress a minimum of eight 

times per data point. The measurement results were used to compute 80% confi

dence inter^-eils for stress bcised on the t-distribution and the standard deviations in 

the results[51]. Between successive measurements, each sample was removed from 

the diffractometer eind remounted. No references internal to the samples were used 

for alignment. For each data point taken, a separate set of at least 16 diffraction 

measvurements was made on a sample from an unirradiated baxe Si wafer, where, 

like the test specimens, the sample was remoimted between successive measure

ments. The mean Bragg angle computed from the bcire Si measurements was used 

as a reference against which to calibrate the measurement results of the test sample 

replicates. 

The measurement results are summarized in Fig. 3.6, where stress at the Si 
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Fig. 3.6. Effect of radiation and anneal cycles on Si surface stress in the monitor wafer. 

Relaxation of compressive stress is smaller than the stress induced by the metallization. 

surface is plotted prior to irradiation and following each radiation or anneai step. 

The error bars represent the 80% confidence limits described above. A negative 

stress value indicates a tensile stress, while a positive stress value indicates a com

pressive stress. When the Si is in compression, the Si lattice is expanded in the 

direction normal to the Si-SiOa interface. Conversely, the Si lattice is contracted 

normal to the interface when the Si is in tension. The initial stress measured in the 

unmetallized samples is comparable in orientation and magnitude to stresses mea

sured in other Si samples with deposited oxides[63]. The difference in the initial 

stresses for the metallized and unmetallized samples results from thermal contrac

tion of the A1 layer following the PMA[64]. The resvilts indicate that each radiation 



and anneal cycle helps relieve compressive stress existing at the Si surface. The 

change in stress due to radiation is smaller in magnitude than the stress induced by 

the metallization. Relajcation of the stress is more pronounced for the samples re

ceiving the larger total dose. The small increase in stress following the anneal steps 

in the unmetallized samples is likely due to a larger thermal expansion coefficient 

for the deposited oxide as compared with that of Si[63]. 

3.2.4 Correlation of BJT Radiation Hardness and Si-SiOs Interfacial Stress 

In Fig. 3.7, radiation-induced excess base ciurent in the npn BJTs is correlated 

with Si surface stress in the monitor wafer. The abscissas for Si surface stress are 

taken from Fig. 3.6. whereas the ordinates for normalized excess base current come 

from Fig. 3.4. Each ordered pair maps BJT radiation-induced excess base current 

in a given radiation and anneal cycle to Si surface stress in the metallized portion 

of the monitor wafer at the start of the cycle. Excess base currents for BJTs 

with both emitter geometries are included and correspond to total doses of 50 and 

400 krad(Si02) per cycle to match the total doses delivered to the monitor weifer 

samples. Progression of the measurement results through three cycles of radiation 

and anneal is from right to left along any one of the curves in the figure. Correlation 

of the results is such that, as Si siuface stress in the monitor wafer is made less 

compressive by repeated cycles of radiation eind anneal, radiation-induced excess 

base current in the BJTs increases regardless of emitter geometry. Because of the 

likeness of the monitor wafer to the region above the extrinsic base in the BJTs. the 

relationship suggests that the radiation of the BJTs degrades with decreasing com-
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Fig. 3.7. Correlation of radiation-induced excess base current in the npn BJTs and Si 

surface stress in the monitor wafer. The trend suggests that the radiation hardness of the 

BJTs degrades with decreasing compressive stress in the ba^e. The excess base currents 

were measured at VBE = 0-6 V. 

pressive stress along the surface of the extrinsic base. This inference is supported by 

conclusions from studies of MOS-Cs asserting that the radiation hardness of Si-SiOj 

interfaces degrades with decreasing compressive (increasing tensile) stress at the Si 

surface[22-25] and implies that radiation-induced changes in stress are influential in 

effecting the observed changes in BJT radiation hardness due to repeated cycles of 

radiation and Einneal. 

3.2.5 Effect of Total Dose on Si-Si02 Interfaciai Stress 

An additional pair of monitor wafer seunples with and without metallization 
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were investigated for the effect of total dose on Si surface stress using the statistical 

approach described in the previous experiment. Pre-radiation values of stress in 

the samples were measured 100 hr following the PMA. The samples were irradiated 

without bias by a ^^Co 7-source at a dose rate of 20 krad(Si02) hr~^. A total dose 

of 2.5 Mrad(Si02) was delivered to the samples, during which time the irradiation 

was interrupted periodically for additional stress measurements. 

The measurement resiilts axe shown in Fig. 3.8, where the error bars repre

sent the 80% confidence limits for stress. The initial stresses reflect the effects of 

processing mentioned ejirlier. Compressive stress existing at the Si surface prior 

to irradiation is decreased by the ionizing radiation in each of the metallized and 

unmetcdlized samples. The amounts of stress reduction in the two samples are simi-
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Fig. 3.8. Effect of total dose on Si surface stress in the tnonitor wafer. Relaxation of 

compressive stress is smaller than the stress induced by the metallization. 



lax. The cheinges in stress are comparable in magnitude to those resulting from the 

repeated cycles of radiation and anneal described previously, indicating that stress 

relaxation in these samples is associated largely with irradiation and not with an

nealing. The relaxation of stress appears to persist for approximately 1 Mrad(SiOo). 

although the resolution of such small changes in stress is inhibited by the precision 

of the stress measurements. The change in Si siirface stress due to radiation clearly 

is smaller than the stress induced by the metallization. Although radiation exposure 

modifies stresses in these samples, the results demonstrate that radiation-induced 

stresses in Si-SiOa structures can be dominated by processing effects. 

3.3 Discussion 

3.3.1 Radiation-Induced Changes in Oxide Density 

It is likely that a change in oxide density contributed to the radiation-induced 

stress chajiges observed in the monitor wafer. Thermally grown Si02 films on Si have 

been reported both to expand[65,66] and to shrink[67,68] in volume upon irradiation 

with energetic ions and electrons. Bulk vitreous silica, which is very similax in 

structiare to oxides deposited by chemical vapor deposition (CVD) techniques[69], 

also can sustain varied changes in volume due to radiation. Increases in density 

due to neutron radiation[70] and to various forms of ionizing radiation[71] have 

been reported, while vitreous siUca compacted by external pressure has been shown 

to decrease in density following exposure to x-rays and fuel elements of a nuclear 

reactor[72,73]. 

The current understanding of radiation-induced density changes in Si02 is 
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that such changes are dictated by the structural order of the peirticular silica form 

and by the material's initial density. Specificsdly, there exists some equilibrium 

density, such that dense films of high purity will incur a decrease in density due 

to radiation, while more porous films will undergo a density increase. Since a 

decreeise in SiOo density would be accompcinied by a decrease in compressive stress 

(increase in tensile stress) in any underlying Si, the measurement results for stress 

in the monitor wafer are consistent with the notion that radiation exposure reduced 

the wafer's oxide density. Such consideration, however, is complicated by the fact 

that two oxide layers are present. In this regard, it is interesting to note that the 

processing of the monitor wafer included an 800 °C Einneal in aa ambient of N2 and 

O2 for oxide densification. 

3.3.2 Si-Si02 Radiation Hardness Models 

The correlation of radiation sensitivity in the BJTs and mechanical stress in 

the monitor wafer is consistent with at least two well-known models for stress-

related radiation effects in Si-SiOa structures. The Si surface stress model is one 

such example based on the probability of bond reformation[23-25]. It is maintained 

that the rupture of strained Si-Si02 interfacial bonds by radiation is accompanied 

by a relajcation of the ionized atoms to new positions of equilibriimi[74|. The model 

asserts that, since a tensile stress corresponds to a stretching of the lattice, adjacent 

Si surface atoms under tension will tend to move farther apart upon ionization, 

thereby reducing the probability of bond reformation. The probability of bond 

reformation associated with radiation damage, therefore, is thought to grow less 



favorable with increasing tensile (decrecising compressive) stress at the Si surface. 

Reformation of fewer interfacial bonds, in turn, results in greater interface trap 

densities. 

An alternative interpretation of the noted correlation can be made with an 

extension of the oxide bond strain gradient model[75]. Strained bonds are known to 

exist on the insulator side of the Si-Si02 interface owing to the lattice mismatch of 

the dissimilar materials[27]. It is thought that a gradient in the oxide bond strain 

directed toward the Si can elicit the propagation of certzdn radiation-induced oxide 

defects to the Si-Si02 interface, where they csin readily create interface traps[28]. 

The density of interface traps induced by the defects is believed to depend on the 

magnitude of the bond strain gradient, such that a laxger gradient results in the 

formation of more interface traps. 

Due to the combined effects of a large thermal expansion coefficient [63] and 

an increase in density, the deposited oxide layer in the monitor wafer would be 

expected to compress the underlying thermal oxide and Si following the previously 

mentioned high-temperature densification anneal. As described earlier, the subse

quent metallization and PMA of the wafer induce an even larger compressive stress 

in the Si. In accord with arguments made elsewhere[75], the combined compressive 

effects of the deposited oxide and A1 layers reduce the bond strain gradient in the 

thermal oxide near the Si-SiOj interface. Any subsequent decrease in compressive 

(increase in tensile) stress at the Si surface due to. for example, a radiation-induced 

decrease in oxide density, would be accompanied by a relaxation of the oxide bond 

strain gradient to a larger value and, therefore, a greater propensity for interface 



trap fonnation. 

In an npn BJT, the radiation-induced excess bcise current that flows at the 

surface of the base can be expressed as[76| 

V2 
AIb cc Nt[LR^ -h A'l exp(-^)], (3.4) 

J\2 

where N t and .Vgj., respectively, represent the densities of G-R centers and oxide 

charge above the extrinsic base, Zrj, refers to the location of the peak in surface 

recombination velocity, and A'l and K2 are constants unrelated to radiation. Since 

the G-R centers represented by Nt are, in fact, interface traps close enough in en

ergy to midgap to facilitate stirface recombination, axi increase in radiation-induced 

interface trap densities generally leads to greater excess base current through em 

increase in Nt- Although the dependence on Nox differs, a similar relationship 

between excess base current and N-P exists for verticed pnp BJTs[8]. 

Because of the considerable evidence relating hydrogen to the fonnation of 

radiation-induced interface traps[77.78], the role of hydrogen must also be consid

ered in trying to account for the change in BJT radiation sensitivity due to repeated 

cycles of irradiation and anneal. According to the hydrogen model[79,S0], ions 

liberated by radiation-induced holes in the oxide bulk can create Si-Si02 interface 

traps in the form of dangling Si bonds by reacting with Si-H trap precursors and 

substrate electrons near the interface. Assuming that the hydrogen model is applica

ble, the current gedns measured in the BJTs imply that repeated cycles of radiation 

exposure and axineal lead to either an increase in the amount of hydrogen at or 

near the Si-SiOj interface in the screen oxide or an improvement in the efficiency 

with which hydrogen generates the interface traps. A.t present, there is insufficient 
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e^Hdence to speculate further. 

3.4 Summary 

Complementary single-crystalline emitter BJTs of two emitter geometries were 

investigated for radiation-induced current gain degradation while undergoing re

peated cycles of ionizing radiation exposure and high-temperature anneal. Current 

gain degradation was found to grow progressively worse with an increasing ntunber 

of cycles regardless of emitter polarity or geometry. The chemge in device radiation 

sensitivity was largest following the first radiation cm.d anneal cycle and diminished 

with subsequent cycles. The degradation in BJT radiation hardness sharply con

trasts with the dramatic improvements in radiation hardness reported by others 

for MIS devices that received similar radiation and anneal treatments. It is con

cluded that the treatment of single-crystalline emitter BJTs with multiple cycles 

of radiation exposure and anneal is not a promising technique for improving device 

tolerance to ionizing radiation. 

In conjimction with the current gain measvurements, SEunples from a monitor 

wafer processed to resemble the screen oxide region in the npn BJTs were char

acterized for mechanical stress while imdergoing cycles of irradiation and anneal 

similar to those received by the BJTs. The oxide on the monitor wafer consisted 

of a 640 nm layer deposited on top of a 45 nm thermal layer. Values for Si stress 

in the Si-Si02 interfacial plane were obtained from the spacing of Si atomic planes 

by x-ray diffraction. The results indicate that compressive stress existing in the Si 

prior to irradiation is relieved somewhat by the repeated cycles of radiation expo
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sure and anneal. A separate measurement of Si svirface stress as a function of total 

dose absorbed by the scmiples revealed a comparable relaxation of stress, indicating 

that stress relaxation in the samples is eUcited laxgely by irradiation and not by 

annealing. The change in stress due to radiation exposure was smaller than the 

stress induced by the emitter contact metallization. 

Correlation of radiation sensitivity in the BJTs and mechanical stress in the 

monitor wafer is consistent with previously reported conclusions from studies of 

MOS-Cs that Si-Si02 interfaces axe increasingly more susceptible to radiation dam

age with decreasing compressive (increasing tensile) stress in the Si. This resxilt 

suggests that mechaxiical stress may play an important role in determining the 

radiation hardness of BJTs eind that the observed changes in device radiation sensi

tivity following repeated cycles of radiation exposiire and anneal may be explained, 

at least in part, by radiation-induced changes in mechanical stress. 
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4. SYNERGY BETWEEN RADIATION STRESS AND HOT-CARRIER STRESS 

4.1 Introduction 

Physical mechanisms leading to bipolar current gain degradation from ioniz

ing radiation exposiire or hot-caxrier stress have been studied extensively. Although 

the effects of these two stress types acting individually on current gziin axe well un

derstood, little is known about their combined effects. As such, the objective of 

the work presented in this chapter was the experimental characterization of gain 

degradation in npn BJTs due to various combinations of radiation stress and hot-

ceirrier stress. Emphasis in the experiments was placed on assessing the importance 

of the stress type sequence in determining the extent to which current gain is de

graded. Numerical simulations were performed in conjvmction with the experiments 

to support the results. 

It is shown that the effects of radiation stress and hot-carrier stress on current 

gain are not simply additive, i.e., the damaging mechaxiisms associated with the two 

stress types are interactive. Most prominent is the influence of radiation damage 

on diminishing the amount of degradation due to subsequent hot-carrier stress, 

meaning that the order in which the two stress types are applied is relevant to 

determining the resulting current gain. The results cire used to develop a physical 

model to describe the interaction of ionizing radiation and hot-carrier stress a5 

they relate to current gain degradation in npn BJTs. The model is consistent with 

established understanding of the separate stress types. 
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4.2 Experiment 

4.2.1 Effect of Interchanging the Order of the Stress Types 

The devices studied in this chapter were processed with poly-crv'stcdhne emit

ters from the technology described in Chapter 3[58]. Poly-cr\*staUine Si is used to 

avoid A1 spiking at the emitter contact and to decrease base diffusion current[Sl]. 

Six pairs of the transistors were used to investigate the effiect of interchaxiging the 

order of irradiation eind hot-carrier stress on current gain. The pre-stressed base 

and collector currents were verified to be nearly identical between the transistors. 

The BJTs were stressed according to the psirameters summarized in Table 4.1. 

One of the BJTs in each pair wa^ stressed first with hot-carriers and then with ra

diation, while the other was stressed first with radiation and then with hot-carriers 

under the Scime conditions as its companion. Hot-carrier stress was performed using 

a constant emitter current of 225 nA and an open-circuited collector, which placed 

the emitter-base jimction just into avalanche breakdown. The devices were irradi

ated with all terminals groimded in a®"Co 7-source at a dose rate of 1.1 rad(Si02)/s. 

The devices were situated in a box made of Pb and -'^1 during the irradiation. In or

der to assess the response to a wide range of stress levels, the stress times and total 

doses administered to the six BJT pairs were varied from 250 to 20,000 s and from 

35 to 1.000 krad(Si02), respectively. Anneaiing of damage following hot-carrier 

stress was monitored in a non-irradiated BJT and was observed to be negligible. 

The ambient temperature varied less than 2°C from the starting temperature over 

the course of the experiment. 
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Table 4.1. Stress Parameters 

Device Stress No. 1 Stress No. 2 

lA 225 nA for 250 s 35 krad(Si02) 

IB 35 krad(Si02) 225 nA for 250 s 

2A 225 nA for 1,000 s 75 krad(Si02) 

2B 75 krad(Si02) 225 nA for 1,000 s 

3A 225 nA for 2,000 s 150 krad(Si02) 

3B 150 krad(Si02) 225 nA for 2,000 s 

4A 225 nA for 5,000 s 300 krad(Si02) 

4B 300 kradCSiOo) 225 nA for 5,000 s 

5A 225 nA for 10,000 s 550 krad(Si02) 

5B 550 krad(Si02) 225 nA for 10,000 s 

6A 225 nA for 20,000 s LOGO krad(Si02) 

6B 1.000 krad(Si02) 225 nA for 20,000 s 

Following the completion of each stress type, the resulting excess base current 

and current gain were measured. Excess base current is defined here as the increase 

in the base current of a virgin device due to stress. When used with either AJs or 

3 in the results that follow, the superscripts ^ and indicate degradation due 

to radiation, hot-carriers or a combination of the stress types. 

In Fig. 4.1(a), the excess base currents for the BJTs which were stressed first 

by hot-caxriers and then by radiation are compeired with those for the BJTs in which 

the order of the stress types was reversed. A beise-to-emitter voltage of 0.7 V was 
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Fig. 4.1. Effect of interchanging the order of radiation stress and hot-carrier stress on (a) 

excess base current and (b) current gain. Device degradation is less severe when radiation 

stress precedes hot-carrier stress than it is when the sequence of stress types is reversed. 

All data were measured at V"s£; = 0.7 V. 
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chosen for the comparison, since this corresponds to the peak in the pre-stressed 

ciirrent gain. The abcissa value for each BJT pair in the figiu-e represents the sum 

of the excess base currents which resulted from the radiation stress of the virgin 

device and the hot-caxrier stress of its compemion device. The dashed Une drawn 

diagonally through the figure represents the condition that the effects of the two 

stress types on excess base current axe simply additive. 

It is clear from the figure that, at each level of combined stress considered, 

excess base current is greater when the device is stressed first by hot-carriers and 

then by radiation than it is when the device is stressed in the reverse sequence. 

The difference in excess base ctxrrents measured for the two sets of BJTs tested is 

smallest for the BJT pair which received the lowest level of combined stress and 

grows in magnitude as the amount of stress is increaised. The fact that the data 

points corresponding to the devices which were stressed first by radiation and then 

by hot-carriers lie below the dashed line is an indication that radiation damage 

decreases the effectiveness with which subsequent hot-carrier stress increases base 

cvirrent. In contrast, since the data points corresponding to the devices which were 

stressed first by hot-carriers and then by radiation lie on or near the dashed line, 

hot-caxrier daxnage is seen to have Uttle influence on subsequent radiation stress 

degrading the device further. 

A comparison of the corresponding current gains normalized by their pre-

stressed values is shown in similar fashion in Fig. 4.1(b). The figure reflects the 

trends in excess base current noted previously. As expected, the current gain de

creases with increasing excess base current regardless of the stress sequence. How-
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ever, as a group, those BJTs which were stressed first by hot-carriers and then 

by radiation clearly sustained greater reduction in current gain than their counter

parts. The order in which the two stress types are applied is of least consequence 

in determining the overall current gain in the BJT pair which received the smallest 

amount of damage. As the magnitude of damage increases, the effect of stress order 

on current gain grows in importance. The effect of interchanging the stress sequence 

on the measured excess base current and corresponding cturent gain was even more 

pronounced for base-to-emitter voltages below 0.7 V. 

4.2.2 Effect of Radiation Stress on Subsequent Hot-Caxriers Stress 

An additional experiment was conducted in order to examine more closely the 

effect of radiation damage on subsequent hot-carrier stress in an npn BJT. Three 

BJTs identical to those used in the previous experiment were irradiated to total 

doses of 150, 450, and 1,000 krad(Si02), respectively. Each device subsequently 

was hot-carrier stressed for various increments of time up to a total of 100.000 s. 

Both the irradiation and hot-carrier stress were performed under the conditions 

described previously. Gimamel measmements were talcen before irradiation, imme

diately following irradiation, and after each time increment of hot-carrier stress. In 

order to minimize the effects of forward-biased current soalc[82] on the measurement 

results, Gimimel sweeps included only five base-to-emitter voltages between 0.4 and 

0.8 V and lasted only a few seconds. Each Giunmel measurement was repeated, 

from which annealing of damage due to the measurement itself was verified to be 

negligibly small. .Annealing of radiation dcunage was avoided by performing the 
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hot-caurier stress immediately following irradiation. 

The progression of the base cxirrent with hot-caxrier stress time for the de

vice which received a total dose of 1,000 krad(Si02) is illustrated in Fig. 4.2. The 

base ciirrent is plotted as a function of base-to-ermtter voltage. As expected, the 

high total dose resulted in a large increase in base current in the virgin de\'ice. 

Subsequent hot-carrier stress, however, revealed some very interesting and rather 

unexpected results. As indicated in the figure, hot-carrier stressing the irradiated 

device acted initially to decrease base current. This reduction in the radiation-

induced excess bcise current continued for stress times totaling several hundred 

seconds, at which time it reversed, and the base current began to increase again. 

cad -t-100.000 s . y 
y' 4 

rad 
I ^ J 

S. 10" 

pre-soess 

rad + 5 s 

total dose = 1,000 krad(Si02) 
Ip = 225 nA 1-12 

J L ,-13 ii 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Base-to-Emitter Voltage [V] 

Fig. 4.2. The temporal progression of base current in an irradiated npn BJT that is being 

stressed by hot-carriers. Hot-carrier stress decreases base current substantially before 

eventually increasing it. 



Thereafter, the base cTirrent increased monotonically for as long as the stress con

tinued. 

This hot-carrier response of the irradiated device is depicted in another form 

in Fig. 4.3 aiong with the responses of the other BJTs irradiated. In this figure, 

the current gain following the combined stresses of radiation and hot-carriers, nor

malized by the current gain following irradiation only, is plotted for each device as 

a function of hot-carrier stress time. The gain WEIS measured at a base-to-emitter 

voltage of 0.7 V. The dashed line at 3rh/0r = 1 divides the figure into two distinct 

regions. Any data points located above this Kne indicate that hot-carrier stress in

creased the current gain in the irradiated device, whereas those data points located 

1,000 krad(SiOj) 

1.2 

1.0 

0.9 

10® 10' 10^ 10^ 10^ 10^ 0 
Hot-Carrier Stress Time [s] 

Fig. 4.3. The effect of hot-carrier stress on the current gain of irradiated npn BJTs 

measured at Vg£ = 0.7 V. The extent to which hot-carrier stress recovers current gain 

previously degraded by radiation depends strongly on the total dose. 



below the line indicate that hot-caxrier stressing the irradiated device decreased 

the current gain. The figure indicates that the degree to which hot-carrier stress 

increases current gain in an irradiated npn BJT grows with increasing total dose. 

In addition, the hot-carrier stress time at which the current gain stops increasing 

and the duration of stress time over which the current gain remains greater than it 

WELS immediately following irradiation are strongly dependent on total dose. 

4.2.3 Effect of Hot-Carrier Stress on Subsequent Radiation Stress 

In order to gain additional insight into the problem of irradiating hot-carrier 

damaged BJTs, a final experiment complementary to the one described in the pre

vious section was performed. Another group of three identical virgin test de\'ices 

were hot-carrier stressed for times of 100, 4,000, and 100.000 s. respectively, after 

which they were irradiated to a total dose of about 6 Mrad(Si02)- The conditions 

under which the hot-carrier and radiation stresses were administered were consis

tent with the previous experiments described. Giimmel meastirements were taken 

before hot-carrier stress, immediately following hot-carrier stress, ajid after peri

odic interruptions of subsequent radiation stress so that the excess base currents 

resulting from stress could be quantified. 

In Fig. 4.4, the excess base currents in the three devices are compared as a 

function of total dose at a beise-to-emitter voltage of 0.7 V. The \-axiation in excess 

base currents for zero total dose reflects the wide range of hot-ccirrier stress 

times used and gives some indication of how stress time determines the level of dzim-

age created in these devices. In contrast to the case in which irradiation precedes 
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Fig. 4.4. Effect of ionizing radiation on the excess base currents of hot-carrier stressed npn 

BJTs. The rate at which radiation increaises ba^e current is influenced little by damage 

created initially by hot-carriers. All data were mecisured at Vbe = 0.7 V. 

hot-ccLrrier stress, the excess base cturrents always increase here as a result of apply

ing the second stress type. Although the initial excess base currents vary widely, 

there is little difference among the devices in the rates at which the excess base 

currents are increased by radiation. The excess base currents saturate at different 

levels commensurate to their initial values. The differences in the saturation levels 

axe comparable in magnitude to the differences that existed in the initial excess 

base currents. These results further substantiate the observation made earlier that 

radiation effects in npn BJTs are influenced little by damage created initially by 

hot-carriers. 
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4.3 PISCES Sinmlation 

To aid in understanding the physical mechanisms imderlying the experimen

tal results, PISCES simulations[83] were carried out in a way which approximated 

the hot-carrier stressing of an irradiated BJT. The device geometries and materials 

defined in the simulations replicated those of the actual experimental test devices. 

The appropriate doping profiles were generated by SUPREM process modeling and 

were verified with spreading resistance meeisurements of control wafers processed 

along with the test devices. The carrier recombination times used in the simulation 

were obtained by matching simulated Gummel plots to those actually measured 

in the pre-stressed devices. Operation of the BJT was simulated for a constant 

emitter current in the emitter-base avalanche breaJcdown region using various den

sities of positive oxide trapped charge. The appropriate oxide charge densities were 

calculated from measured parallel shifts in the C-V characteristics of an irradiated 

metal-oxide-silicon capacitor that was fabricated in the same process as the BJTs. 

PISCES was used to solve Poisson's equation and the continuity equations for elec

trons and holes simultaneously in two dimensions at discrete points in the base, 

emitter, and overlying oxide under the simulation conditions described. 

Fig. 4.5 summarizes the simulation results for the electric-field along the Si 

surface in the emitter-base depletion region with oxide trapped charge density as a 

parameter. The ordinate eixis represents the magnitude of the electric-field normal

ized by the pre-stressed peak electric-field magnitude. Negative abcissa values cor

respond to locations within the emitter, whereeis positive \'alues are located within 

the base. The condition Noz = 0 is used to approximate the state of the oxide prior 
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Fig. 4.5. Effect of radiation-induced positive oxide charge on the electric-field in the 

emitter-base depletion region of an npn BJT under stress by hot-carriers. Positive oxide 

charge significantly reduces the pealc electric-field magnitude while spreading the depletion 

region. 

to irradiation, while the densities Ngx = 1 x 10^^ cm~^ and Ngi = 3 x 10^^ cm"^ 

correspond to total doses of approximately 100 and 1,000 krad(Si02), respectively. 

The figure clearly reflects the spreading of the emitter-base depletion region due to 

the addition of positive charge in the oxide. Whereas the electric-field is significant 

in magnitude over a distance of only about 0.15 ^m near the emitter-base junction 

when there is no oxide charge present, it increases dramatically far from the junc

tion with the addition of positive oxide charge. In addition, increasing the density 

of positive oxide charge reduces the peak electric-field in the depletion region near 

the emitter-base jimction. The peak electric-field along the Si surface is of utmost 
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importance in this simulation, as it plays a very strong role in determining the 

extent to which hot-carrier injection occurs in the oxide. 

4.4 Physical Model 

4.4.1 Probability of Hot-Carrier Injection 

The results of this study demonstrate that the effects of radiation stress and 

hot-ccirrier stress on the current gain of npn BJTs are not simply additive. When 

these two stress types axe applied to a B JT, the physical mechanisms by which they 

degrade device performance Eire considerably interactive. Although their interac

tion appears to be quite complex, the results presented suggest a simple model, 

which is consistent with accepted theory of the individual stress types, by which 

the combined effects of radiation stress and hot-carrier stress on current gain can be 

explained. Because the interaction is decidedly stronger when irradiation precedes 

hot-carrier stress, such a model is best developed by focusing on how radiation 

deimage influences the way in which hot-cairrier stress affects recombination current 

in the emitter-base depletion region. 

The PISCES simulation results which relate oxide trapped charge to the electric-

field in the emitter-base depletion region are of considerable importance in under-

stEinding the hot-carrier response of an irradiated npn BJT. Of partictdax relevajice 

is the result that positive oxide charge acts to decrease the peak electric-field near 

the emitter-base junction. Physically this can be interpreted as a consequence of 

dropping a given base-to-emitter reverse bias, induced by hot-carrier stress, over a 

depletion region that increases in size with the addition of positive oxide charge. A 
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decrease in the peak electric-field along the Si surface, Ep, corresponds to a decrease 

in the probability of hot-carrier injection, , according to the relation[84) 

_ -^p / > 
Po, « — exp(- —), (4.1) 

O b  

where A represents the mean free path of the carriers, and cij represents the potential 

barrier presented by the oxide. Since a consequence of radiation stress is the creation 

of positive oxide trapped charge, it follows that the effect of radiation is to decrease 

the probability of subsequent hot-carier injection near the emitter-base junction. 

This realization accounts, in part, for the improvement in the hot-carrier response 

observed in the irradiated npn BJTs. 

It should be noted that the increase in the electric-field far from the emitter-

base junction which accompanies the spreading of the emitter-base depletion region 

could complicate the process of hot-carrier injection in modem bipolar structures 

having oxides much thinner than the 545 nm oxide used in the experimental test de

vice. Even in the absence of oxide charge, a poly-Si emitter overlying an especially 

thin oxide can act as a field plate which creates a non-negUgible electric-field in 

the extrinsic base beneath it [85]. The addition of radiation-induced positive oxide 

charge might be expected to increase the electric-field in such stmctures to mag

nitudes stifficient to create hot-carriers far from the emitter-base junction, thereby 

shifting localization of hot-caxrier injection to a relatively large region of the emitter-

base depletion region covering much of the extrinsic base. 

4.4.2 Neutralization and Compensation of Radiation-Induced Oxide Charge 

In addition to altering the probability of hot-carrier injection throughout the 



emitter-base depletion region, radiation damage has a pronoimced effect on the way 

in which injected carriers affect recombination cnrrent in the base. As evidenced 

by the reversal of current gain degradation demonstrated in this study, a significant 

amoimt of radiation-induced damage Ccin be negated by the subsequent application 

of hot-carrier stress. Two defects widely studied in the radiation effects of Si-SiOo 

structures which are relevant to this transpiration are: (i) trapped holes in the bulk 

of the oxide[86-88|, which aire commonly associated with E' centers[89-92], a term 

used to describe impzdred electrons trapped on Si sp^ orbitals projecting into O 

vacancies, and (ii) neutral electron trapping sites[93-96], also located in the oxide 

bulk, which Eire thought to be formed principally through the rupture of strained 

bonds in the creation of electron-hole pairs. 

The process whereby current gain degraded by radiation is partially recovered 

most likely is due to a combination of two events occuring in the oxide overlying the 

emitter-base jimction. In one event, some of the electrons injected into the oxide 

during hot-caxrier stress recombine with trapped holes created by radiation, in which 

case the result is to neutralize those radiation-induced defects. In the second event, 

other injected electrons become captiured by the neutral electron traps, thereby 

charging the traps negative and compensating remaining positive charges trapped 

in the oxide. In either case, the result of these electron captiore processes is to 

decrease the electrostatic potential within the emitter-base depletion region and 

thereby decrease the recombination current meeisured at the base terminal. This 

reduction of excess base current and corresponding increase in current gain is a 

remarkable obser-vation in that, until now. hot-caxrier stress has been associated 
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only with the degradation of BJT performance. 

The reduction of excess base current does not continue indefinitely, however. 

As radiation damage is being neutralized and compensated by injected electrons. 

G-R centers are created continuously at the oxide interface. Since the G-R centers 

act to increase excess base current by increasing the surface recombination velocity, 

there exist competing mechcinisms by which current gain is aifected. Equ. 3.4 allows 

the eissessment of the relative contributions of these mechanisms to the excess base 

current that flows at the base sxirface. It is repeated here for convenience[76]: 

Both terms in this expression contribute to the excess base current in an irradiated 

BJT. whereeis, for hot-carrier stress, primarily the first term contributes. Because of 

the keen sensitivity of excess base current to changes in the oxide charge density, the 

reduction in the density of radiation-induced positive oxide charge by hot-carrier 

stress initially drives the excess base current down, even as G-R centers are being 

created. After positive charge in the oxide has been reduced sufficiently, its con

tribution to excess base current becomes dominated by that of the G-R centers, 

and the excess base current begins to increase again. The excess base current never 

returns to zero, because the process of positive oxide charge reduction itself creates 

G-R centers, and because the injection of electrons which precipitates the reduction 

is localized near the emitter-base junction. 

Since the effects of radiation damage on subsequent hot-carrier stress generally 

are to hamper the increase in excess base current, while hot-carrier damage has little 

effect on subsequent radiation stress, current gain degradation in npn BJTs due to 

(4.2) 
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a combination of the two stress types is least severe when radiation stress precedes 

hot-cairrier stress. Alternatively, a bound on cxirrent gain degradation is achieved 

when hot-carrier stress is performed before irradiation. These results should be 

taken into account in the design and reliability testing of npn BJTs to be used 

in environments in which they will be subjected to both ionizing radiation and 

hot-c£Lrrier stress. 

4.5 Summary 

Identical npn BJTs were characterized experimentally after subjecting them to 

\'arious combinations of ionizing radiation and hot-caxrier stress. The experiments 

emphasized assessment of the importance of the stress type sequence in determining 

the magnitude of current gain degradation. The results indicate that the effects of 

the two stress types on current gain cire not simply additive. Degradation of current 

gain is less severe when irradiation precedes hot-carrier stress than it is when the 

order of the stress types is reversed. The importance of the stress type sequence 

is attributed primarily to an improvement in the hot-carrier response of the BJT 

due to radiation damage. It has been demonstrated that hot-carrier stress initially 

reduces excess ba^e current and improves current gain in irradiated BJTs. PISCES 

simulations, which mimicked the hot-caxrier stressing of an irradiated npn BJT, 

revealed that net positive oxide charge induced by radiation significantly reduces 

the peak electric-field in the emitter-base depletion region. A qualitative model 

based on the probability of hot-carrier injection determined by radiation damage 

cind on the neutralization and compensation of radiation-induced positive oxide 
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charge by injected electrons has been proposed to explain the interaction of ionizing 

radiation and hot-carrier stress in npn BJTs. The results are useful in bounding the 

damage expected from the combined stresses of ionizing radiation and hot-carriers 

and should be teiken into accoimt when designing and testing npn BJTs for use in 

mixed environments. 
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Ionizing radiation, hot-carriers and mechanical stress are three types of stress 

that can elicit current gain degradation in bipolar jimction transistors. Radiation 

and hot-C2Lrriers generally degrade current gain by generating defects in the base ox

ide that increase recombination current in the bcise. Mechanical stress itself cannot 

induce gain degradation but can influence the way in which radiation stress does. 

In this dissertation, an important reUability problem concerning each of these stress 

types is resolved. Three major accomplishments that further the understanding of 

stress-induced gain degradation in bipolar junction transistors have resulted. These 

accomplishments are briefly summarized in the following three paragraphs. 

An accurate and flexible hardness assurance methodology based on accelerated 

irradiations at elevated temperatures was developed for lateral and substrate pnp 

bipolar transistors. The procedure was derived from extensive measurements of gain 

degradation as a function of dose rate and temperature. The approach works well 

for high dose rates above approximately 100 rad(Si)/s and allows for flexibility in 

the choice of total dose levels and irradiation temperatures used. By overtesting an 

appropriate amount in total dose, axiy of a large rcinge of irradiation temperatures 

can be used to bound the low dose rate response. These results provide the strongest 

support to date for the use of ele\'ated irradiation temperatures in predicting low 

dose rate bipolar gain degradation and form a reliable bzisis from which to develop 

effective hardness assurance testing procedures for other technologies. 

A correlation between the radiation sensitivity of crystalline emitter bipolar 

transistors and mechanical stress in the base was discovered from extensive x-ray 
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diffraction meastirements of the base oxide region. The correlation is consistent 

with previously reported observations that Si-Si02 interfaces exhibit increased sus

ceptibility to radiation damage under tensile Si stress. Stress relaxation in the 

base due to ionizing radiation was quantified. Radiation-induced changes in stress 

are smaller than stress induced by the emitter contact metallization. In contrast 

with results reported elsewhere for MIS devices, the treatment of integrated bipolar 

transistors with multiple cycles of radiation exposure and anneal does not make a 

promising technique for improving device tolerance to ionizing radiation. 

A physical model explaining the interaction of ionizing radiation and hot-

carrier stress in degrading the gain of npn transistors was developed. The model 

is based on the probability of hot-carrier injection and the neutralization and com

pensation of radiation damage in the base oxide. Gain degradation is less severe 

when irradiation precedes hot-carrier stress than when the order of the stress t\'pes 

is reversed. The importance of the stress type sequence is attributed primarily to 

an improvement in the hot-carrier response due to radiation damage. The results 

are useful in bounding the damage expected from the combined stresses of ionizing 

radiation and hot-carriers and should be taken into account when designing and 

testing npn transistors for use in mixed environments. 
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