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ABSTRACT

The roles of net positive oxide trapped charge and surface recombination velocity in
producing excess base current in bipolar junction transistors (BITs) are identified. Although
the interaction of these two quantities is physically complex, simple approaches for estimating their magnitude from measured BJT characteristics are presented. The oxide charge
is estimated using a transition voltage in the plot of excess base current versus emitter bias.
Two approaches for quantifying the effects of surface recombination velocity are described.
The first measures surface recombination directly using a gated diode, while the second
estimates its effects using an intercept current that is easily obtained from the BJT itself.
The results are compared to two-dimensional simulations and measurements made on test
structures. The techniques are simple to implement and provide insight into the mechanisms and magnitudes of the radiation-induced damage in BJTs.

A physically-based comparison between hot-carrier and ionizing radiation stress in
BJTs is presented as well. Although both types of stress lead to qualitatively similar changes
in the current gain of the device, the physical mechanisms responsible for the degradation
are quite different. Implications for correlating and comparing hot-carrier-induced and ionizing-radiation-induced damage are discussed.

Finally, the worst-case increase in base current is shown to be dose-rate independent. This fact allows the worst-case response of bipolar devices to be determined using
convenient laboratory dose rates.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Bipolar junction transistors (BJTs) continue to play an important role in integratedcircuit technology, particularly in the areas of analog or mixed-signal ICs and BiCMOS
circuits. In earlier bipolar technologies, the limiting factor for using BJTs in total-dose environments was typically excess leakage caused by trapped positive charge in the field
oxide [1, 2]. However, this problem can be solved by appropriate process design and layout
techniques. For many current bipolar technologies, the total-dose failure mechanism is reduction of the current gain (l d I B) due to increases in the base current.

This dissertation focuses on modeling the increase in base current that causes the
gain degradation of bipolar junction transistors due to ionizing radiation and hot-carrier
stressing. The history of this effort, in addition to being interesting in its own right, provides
the basis for the organization of this dissertation. One of the initial goals of this project was
to develop a charge separation technique for BJTs analogous to the many techniques that
exist for MOS devices. Before the introduction of the technique described in chapters 2 and
3 of this dissertation, there were no available charge separation techniques for BJTs. This
prevented the understanding of the superIine"ar degradation of BJTs with total dose, as illustrated in figure 1-1 [3]. In figure 1-1, excess base current at a base-emitter voltage of 0.6 V
scaled by the pre-irradiation base current is plotted versus total ionizing dose for BJTs with
several different size emitters. The perimeter-to-area ratio of the emitters of the devices is
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Figure 1-1.

Illustration of superlinear BJT response versus total dose. Excess base
current scaled by pre-rad base current is plotted versus total dose for
different geometry emitters. The data lie above the linear response curve,
indicated by n=l. After reference [3].
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given in the figure. Since the experimental data lie above the linear response curve, the
response is said to be superlinear. Another puzzling feature of radiation-induced degradation was the dose-rate response ofBJTs. For BJTs, low dose rates cause more degradation in
the current gain than high dose rates, as illustrated in figure 1-2. In figure 1-2, the current
gain b at a base-emitter voltage of 0.6 V scaled by the pre-irradiation current gain is plotted
versus total ionizing dose, along with the scaled excess base current. It is seen that lower
dose rates produce more degradation at a given total dose than higher dose rates. The opposite effect is observed in MOS devices. Furthermore, the current gain of irradiated BJTs
actually improves after a high-temperature annealing step, as shown in figure 1-3, in contrast to MOS devices, which exhibit rebound effects. Thus, a high-dose-rate irradiation
followed by a high-temperature anneal cannot be used to predict BJT response at space
dose rates. In summary, no clear picture of the device physics that govern BJT response to
ionizing radiation was available. This made process hardening efforts exceedingly difficult,
as it was not clear what type of radiation-induced defect to attempt to control through oxide
engineering.

The charge separation technique outlined in chapters 2 and 3 provides a framework
for understanding all of the aforementioned results. The formalism of the technique allowed further physically-based investigations into the similarities and differences between
ionizing-radiation-induced and hot-carrier-induced degradation in BJTs. This topic is the
subject of chapter 4. Finally, chapter 5 exploits one of the useful corrolaries of the charge
separation technique: the worst-case excess base current flows whenever a critical amount
of positive charge accumulates in the field oxide over the base region. This allows devices
to be tested at a convenient laboratory dose rate to determine worst-case response.
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Illustration of dose-rate effect in BJTs. Degradation is most severe at
lower dose rates. After reference [3].
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175 °e, F) 200 °e, G) 225 °e. After reference [3].
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It is worth mentioning here that the ideas presented in this dissertation have fostered

many other related efforts which are not presented in this document. For example, the doserate response ofBJTs has been conclusively linked to differences in oxide charge buildup as
a function of dose rate [4]. This has prompted a physics-oriented study into the mechanisms
involved in charge trapping in these oxides [5]. Also, the small increase in collector current
that is observed at large values of total dose has been successfully explained by noting that
the intrinsic base is inverted for large values of oxide charge, which provides an "extension" of the emitter by the inverted intrinsic base [6]. Finally, the physically-based comparison of ionizing-radiation-induced and hot-carrier-induced degradation has provided the
framework for understanding the lack of correlation between the response of BJTs to these
two types of stress [7], as well as understanding the synergetic effects of the two types of
stress [8].

1.2 Device Structure

Three device technologies are considered in this dissertation. Relevant structural
information for all technologies is summarized in table l. All of the technologies come
from Analog Devices, Inc (ADI). A representative cross-section of devices from technology A, the XFCB poly process, is shown in figure 1-4a. The devices are oxide-isolated
polysilicon emitter bipolar transistors fabricated in a complementary bipolar process [9].
Process B is shown in figure 1-4b, and is a related BiCMOS process, the RBCMOS process. Technology C is a silicon emitter version of the XFCB process. Technologies A and B
are studied extensively in chapters 2-4, while technology C is studied only in chapter 5.

Figure 1-5 shows a detail of the emitter-base region of technology A, along with a
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Technology A

Technology B

Technology C

Emitter Type

polysilicon

poly silicon

silicon

Emitter Size

1.5 x 1.51lm

1.5 x 1.5 Ilm

1.5 x 1.51lm

Int. Base Surf. Doping

9 x 10 17 cm- 3

7.8 x 10 17 cm- 3

1 x 10 18 cm- 3

Active Base Width

O.4ll m

Illm

0.81lm

Int. Base Length

1.51lm

Illm

1.51lm

Oxide Thickness

545 nm

55 nm

545nm

Nominal Current Gain

70 AlA

200 AlA

40 AlA

Quantity

Table 1. Relevant Device parameters for technologies A, B, and C,
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Figure 1-4.

Representative cross-section of the devices studied in this work. (a) technology A, (b) technology B.
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Top view and detail of the emiuer-base junction.
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top view of the device. It is seen that there are two distinct base regions in the BJT: the
active base and the intrinsic base. The active base is immediately below the emitter, while
the intrinsic base is adjacent to the emitter. For unirradiated BJTs, it is the properties of the
boxed region in figure 1-5 that determine the current gain of the device. For irradiated BJTs,
however, the effects related to the intrinsic base must be considered as well.

1.3 Base Current and Current Gain

Since this dissertation focuses on the base current and current gain of BJTs, it is
worthwhile to examine the various components of base current in more detail. Figure 1-6a
shows an NPN BJT biased in the forward-active operating condition and showing the collector and base current, Ie and IB' respectively. As indicated in figure 1-6b, there are three
main components of base current (generation current at the reverse-biased base-collector
junction is neglected), labeled 181 ,
individual components:

IB

Ill'

is the sum of the

= I BI + I B2 + I B3' I BI is the base current due

to electron-hole

IB2'

and

I B3 •

The total base current,

recombination in the emitter-base space charge region.

IB2

is the base current due to holes

injected into the emitter due to the forward-biased base-emitter junction.

IB3

is the base

current needed to support electron recombination as the electrons traverse the active base
from emitter to collector. In modern BJTs, IB3 is small compared to IBI and
IB2

I ll2 •

In addition,

dominates IBI in unstressed and unirradiated BJTs, except at very low base-emitter volt-

ages. Finally, poly silicon emitters reduce the magnitude of 182 since the polysilicon emitter
supports a finite minority carrier population at the silicon/polysilicon interface [10]. This
reduces the minority carrier gradient in the emitter, which reduces I B2 •
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Figure 1·6.

BJT biased in the forward-active region and illustration of the
components of base current.
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If unifonn doping profiles are assumed throughout the device, simple expressions
for the collector current, Ie> and the base current injected into the emitter, I B2 , may be derived for the forward active mode of operation as [11]

(1-1)

and

(1-2)

In these expressions, q is the magnitude of the electronic charge,
concentration, AE is the area of the emitter, DB

(DE)

11;

is the intrinsic carrier

is the diffusivity in the base (emitter),

NB (NE) is the doping concentration in the base (emitter), x B is the active base width, LE is

the hole diffusion length in the emitter, and f3 = q/kT is the inverse thennal voltage. The ratio
of these currents gives a voltage-independent expression for the current gain. This is clearly
not observed in practice, as illustrated in figure 1-7 for the BJTs investigated in this work.
Here, the current gain is relatively constant over a limited range of VBE , but falls off at low

VBE due to the increasing importance of IB1 • With increasing total ionizing dose or increasing hot carrier stress time, the contribution of IB1 becomes even more important, even at
larger values of VBE as is evident in figure 1-7. The decrease in current gain at high values of
VBE is due to high-level injection effects, and is not treated in this dissertation.

The emitter-base space charge region recombination current, I B1 , may be obtained
analytically by applying Shockley-Read-Hall recombination statistics to the forward-biased space-charge region. Quite generally, I BJ is obtained by integrating the recombination
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rate through the space charge region. A detailed treatment of this current component is
given in later chapters. For now, we note that the recombination rate is a peaked function,
with the peak occurring where the electron and hole concentrations are equal (the crossover point), as shown in figure 1-8 for a symmetric step junction forward biased at a low
value of VBE• When the recombination rate is very sharply peaked, the total recombination
may be approximated using the maximum value. In this case, the integral of the recombination rate, and thus

IBI'

is dominated by the behavior of the peak recombination rate. This

assumption allows IBI to be written as [11]

IBI

(~ VBE)
=qniAE~
2't
exp
2
'

(1-3)

where Lit is the width of the recombination region and r is the recombination lifetime. In
real junctions, the voltage dependence predicted by (1-3) is seldom observed. This is accounted for by introducing an "ideality factor", 12, and writing the voltage dependence of the
current as exp[!3VBIIIl].

The charge separation technique presented in chapters 2 and 3 is based on a more
exact analysis of I BI and its ideality factor. By using two-dimensional simulation and analytical modeling, the ideality factor of the excess base current can be related to the charge in
the oxide over the intrinsic base. The ideality factor itself can be obtained by integrating the
recombination rate through the junction for various forward bias voltages. This is done in
chapter 3.
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Illustration of the electron and hole densities and recombination rate
through a forward-biased junction.
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1.4 Effects of Ionizing Radiation

When ionizing radiation impinges upon a BJT, it deposits energy throughout the
silicon chip. The energy is sufficient to create electron-hole pairs (ehps) in both silicon and
silicon dioxide. All of the ehps created in the silicon eventually recombine. However, only
a fraction of the ehps created in the silicon dioxide recombine immediately. The electrons
that escape initial recombination may rapidly leave the oxide due to their high mobility in
silicon dioxide. The holes, however, have a much lower mobility in silicon dioxide. Some
of the radiation-induced holes may become trapped in the oxide, leading to a fixed positive
charge in the oxide. Furthermore, defects may be created at the oxide-silicon interface by
the ionizing radiation and subsequent motion of the electrons and holes. These interface
states, or traps, can exchange charge efficiently with the silicon. The traps are distributed
within the energy bandgap of the silicon, and can greatly enhance the efficiency of the
Shockley-Read-Hall recombination process at the oxide-silicon interface. Furthermore, the
traps may be charged, depending on the surface potential and the position of the quasiFermi levels.

These effects combine to reduce current gain by increasing the base current ofbipolar transistors. The increase in In results from increased IBI due to enhanced recombination
in the emitter-base depletion region at the oxide-silicon interface [12 -15]. The recombination current increases because of two interacting effects: (1) increased surface recombination velocity and (2) spreading of the emitter-base depletion region. The increase in surface
recombination velocity is proportional to the density of recombination centers at the silicon/silicon dioxide interface that covers the emitter-base junction.
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The net effect of ionizing radiation is that a large, positive charge is induced by
ionizing radiation in the silicon dioxide that overlays the intrinsic base of the BJT. The
depletion region due to the trapped positive charge spreads on the P-side of a PN junction.
For NPN transistors, this means that the depletion region spreads into the relatively lightly
doped P-type intrinsic base region. This effect is iIlustrated schematically in figure 1-9. As
the depletion region increases in size, recombination current increases at the oxide interface
over the base and in the newly-depleted silicon bulk.

The other parameter of interest in understanding gain degradation in BJTs is the
surface recombination velocity, vS/lrf= a v,,, NT' where ais the capture cross section,v,,, is the
thermal carrier velocity, and NT is the total trap density at midgap. This quantity increases
due to ionizing radiation because of the increase in trap density at the oxide-silicon interface. The increase in surface recombination velocity can be seen by using a gated diode, if
one is available for the process technology of interest. A gated diode is simply a PN junction with a gate surrounding the junction, as illustrated conceptually in figure I-lOa. The
voltage on the gate can be varied independently of the bias on the junction to allow direct
control over the surface potential. The surface recombination velocity as defined above is
directly proportional to the peak in the forward diode current [16]. In this way, the contribution of surface recombination to the diode current can be determined and a value for surface
recombination velocity can be obtained. The diode current is plotted vs. gate voltage in
figure I-lOb for a gated diode constructed with the same oxide that covers the emitter-base
junction in technology B. Surface recombination velocity, measured using the gated diodes,
is plotted vs. total dose in figure 1-11. It is seen that the surface recombination velocity
increases with increasing total ionizing dose.
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Schematic cross-section of the base-emitter junction showing
effect of oxide charge on the depletion layer.

32

v

p

N+

-

T

(a)

I x I 0. 8 - , . - - - - - - - - - - - - - - - - - - - ,

Total Dose
[krad(Si0 )]
2

•

pre

l::. 10

• 20
<> 50

•

100

0

200

• 500
0

1000

<:> 2000
I xI 0. 12 -I---r----r---r---,iII...,---r----r----i
2
3
4
7
8
5
6
Gate Voltage IV]

(b)
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gate voltage as for several values of total dose.
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In this introductory chapter, the background necessary for understanding the physical mechanisms for excess base current in BJTs was presented. The classical picture of
recombination current in PN junctions was reviewed. In the next chapter, the effects of
positive oxide charge and surface recombination velocity on the current gain of BJTs will
be clarified for the first time. A simple charge separation technique, which is the first-ever
charge separation technique for BJTs, is introduced. The technique can be applied to any
BJT to gain insight into the magnitudes of the net positive charge and the surface recombination velocity. The insight obtained by applying the technique to irradiated BJTs may be
applied to the overall goal of this work, which is enhanced physical insight into stressinduced BJT gain degradation.
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CHAPTER 2

INTRODUCTION TO CHARGE SEPARATION

2.1 Perspective

In order to better understand the two degradation mechanisms described in the previous chapter (trapped positive charge and surface recombination velocity) and develop
approaches for improving the response to ionizing radiation for a specific process technology, it is necessary to measure the effect of each defect separately. A similar situation exists
in MOS devices; significant progress in understanding complex time-dependent effects and
improving device hardness has resulted from the ability to separate the electrical effects of
radiation-induced oxide trapped charge,

mOl' and interface traps, mil [17 -

20].

The lack of a charge separation technique for BJTs has made it difficult to understand some of the features of bipolar radiation response, including superlinear increases in
base current with dose, as illustrated in figure 1-1, degradation that depends on dose rate, as
illustrated in figure 1-2, and the improvement in current gain that results after high-temperature anneal, as in figure 1-3.

In BJTs, the combined effects of net positive charge in the oxide and interface states
are strongly nonlinear. The main parameter affected by ionizing radiation, increased base
surface recombination current (LlIB ), is an interactive combination of mOl and near-midgap
mil

[12, 16]. The oxide charge changes the surface potential along the base surface, caus-

ing depletion in an NPN transistor. The interface states near midgap cause an increase in the
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surface recombination velocity. Since the surface recombination rate is strongly dependent
on the surface potential, the effects of &VOl and

&ViI

on MB are interactive and not simply

additive. In addition, the quantities of interest in BJTs are not precisely the same as those in
MOSFETs: &ViI in MOSFETs is a measure of the net charge in interface states at threshold.
In BJTs, on the other hand, the excess base current depends on the number of interface
states (recombination centers) near midgap, not the total number between midgap and threshold. The excess base current due to changes in surface potential depends on the total radiation-induced oxide charge at the bias condition and lateral position of interest. In general,
this includes contributions of both fixed oxide charge and charged interface traps. These
considerations greatly complicate the development of a simple charge separation technique
for bipolar transistors.

The charge-separation approach described in chapters 2 and 3 of this dissertation
uses easily measured changes in the M B vs. VBE curve to estimate the effects of changes in
surface recombination velocity and charge in the oxide. While the net charge in the oxide is
certainly related to both &VOl and
&ViI'

&ViI

and the surface recombination velocity is related to

it is essential to note that these quantities are not identical to the ones used to describe

ionizing-radiation effects in MOSFETs. It is preferable to use natural quantities that describe the physics of the device instead of force-fitting quantities from other devices.

2.2. Experimental Details

For the results presented in chapters 2 and 3, the irradiations of devices from technology A were performed in a Co-60 source at a dose rate of 10 rad(Si)/s. Devices from
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technology B were irradiated with 10 ke V x-rays at a dose rate of 1.7 krad(Si0 2)/s. All pins
were grounded during irradiation. A Hewlett-Packard 4145B Semiconductor Parameter
Analyzer was used for device characterization. The forward-active current gain was measured using a circuit as in figure 1-6a.

2.3. Overview Of Recombination Current In BJTs

Exposure to ionizing radiation usually degrades the current gain in bipolar transistors by increasing the base current while leaving the collector current approximately constant [12 - 15]. A typical plot of common-emitter current gain, felfB' versus base-emitter
voltage, VBE , for several values of total ionizing dose was shown in figure 1-7. The current
gain degrades substantially with increasing total dose, especially at lower VilE' The decrease
in current gain is primarily due to an increase in base current, as seen in figure 2-1.

As mentioned in Chapter 1, it is usually assumed that recombination current in PN
junctions varies as exp [,BV/n], where

II,

the ideality factor, is equal to two and ,B is the

inverse thermal voltage (q/kT). In contrast, the ideal component of the current due to injection over the potential barrier associated with the junction has an ideality factor of one. In
figure 2-1, note that the pre-irradiation base current has a slope corresponding to n = 1, and
the slope of the post-rad base current decreases for low VBE, corresponding to

II

> 1. The

fact that 1 < n < 2 in many cases has important consequences for charge separation, as will
be demonstrated below.
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Figure 2-1.

Gummel plot for several values of total dose.
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2.4. A Simple Charge-Separation Method

To separate the degradation mechanisms, it is necessary to focus on the primary
device parameter affected by ionizing radiation: the excess base current. The base current is
written, in general, as the sum of the pre-irradiation base current plus the excess base current due to irradiation: IB

=IB .pre + M B • A plot of M B vs. VBE is shown in figure 2-2. In this

figure, there are two different total-dose ranges to notice: (1) at relatively low total doses,
the curves have two different slopes, corresponding to an ideality factor of two (n
large VBE, and
current has

12

11

=2) for

< 2 for small VBE, and (2) for relatively high total doses, the excess base

= 2 for almost the entire voltage range of interest. Each region will be dis-

cussed in detail below, and the physics responsible for the behavior will be described. However, it is useful to describe the role these curves play in charge separation to motivate the
detailed analysis.

First, consider the MB curves that exhibit two distinct slopes (the lower total-dose
curves). It will be shown that the slope corresponding to 1 < 11 < 2 is a clear indication that
surface recombination near the junction is dominant. The transition to 12 = 2 at higher values
of VBE is a signature of predominantly subsurface, rather than surface, recombination. The
voltage at which this transition occurs is an indication of the amount of radiation-induced
charge in the oxide covering the emitter-base junction and the intrinsic base. In figure 2-2,
the transition voltage, Vir' is shown for three values of total dose. This transition voltage can
be determined graphically by linearly extrapolating the low-voltage portion of the curve
and noting its intersection with a linear extrapolation of the higher-voltage,

12

= 2, range.

The shift in the transition voltage is a direct measure of the change in surface potential due
to radiation-induced charge, and it can be converted to a value for the net charge in the
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oxide using a procedure described in the next chapter.

If a gated diode is available for characterization, the surface recombination velocity
can be measured as a function of total dose, as was illustrated in figures 1-10 and 1-11.
However, if no gated diode is available, it is still possible to estimate the effects of variation
of the surface recombination velocity using only measurements performed on BJTs. In this
case, the relevant experimental parameter is the intercept of the & B vs. VBE curve with the
current axis. The intercept current, Ii' provides an indication of the effects of surface recombination velocity. Figure 2-2 shows that the intercept current increases monotonically with
total dose, as does the surface recombination velocity plotted in figure 1-11. Intercept current and surface recombination velocity will be compared in Chapter 3.

The total dose at which the transition to a &B vs. VBEcurve with a slope corresponding to 11 =2 over most of the voltage region of interest occurs is also important. At this total
dose, sufficient charge has accumulated in the oxide to cause significant recombination to
occur throughout the intrinsic base. Once this condition occurs, the excess base current is
proportional to the total area of the intrinsic base, and further increases in &

B

with total

dose are relatively small. This concept was illustrated schematically in figure 1-9.

In summary, two simple approaches to charge separation have been outlined. Both
require obtaining a plot of the log of the excess base current vs. the emitter-base voltage.
The contribution of oxide charge is estimated from changes in an easily obtained transition
voltage. If gated diodes are available in the technology of interest, surface recombination
velocity can be measured directly from the change in the peak diode current. If no gated
diode is available. the effect of changing surface recombination velocity can be determined
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from changes in the intercept of the excess gate current plot with the current axis.

In the next chapter, a detailed analysis of the excess base current is presented. The
analysis justifies the statements made above, and yields equations that can be used to describe the main features of stress-damaged BJTs.
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CHAPTER 3

ANALYSIS OF SURFACE RECOMBINATION

3.1. Overview

It is necessary to understand the factors contributing to the increased base current
before the charge-separation techniques described in Chapter 2 can be justified. The discussion that follows identifies the effects of surface recombination velocity, charge in the oxide, and applied bias on the recombination current. Following this discussion, it wiIl be
shown how the relevant parameters can be estimated from combined measurements of transistors and gated diodes, or if test structures are not available, from simple electrical measurements performed on transistors.

3.2. Derivation of the Surface Recombination Rate

In this section, the form of the Shockley-Read-Hall (SRH) recombination rate used
in subsequent analysis is derived, with particular attention paid to the assumptions made in
the derivation. For simplicity, we assume that the recombination process proceeds through
a single trap located in the middle of the forbidden gap; that is, the trap energy E, equals the
intrinsic energy E j • The recombination rate is maximized for traps located at midgap. We
further assume that the capture cross-sections G" and

(Jp

for electrons and holes are equal.

The SRH recombination rate at the interface (in cm· 2 S·I) is

44

.,

RS =VSill!

Hlls-IlT
n + 11 S
rs

+ 2 11.I

(3-1)

where vslllfis the surface recombination velocity, Ps and Ils are the hole and electron concentrations at the surface, and 11; is the intrinsic carrier concentration. The surface recombination velocity is given by

vSl/if

= cr V,II NT- where cr is the capture cross section, vIII is the

thermal carrier velocity, and NT is the trap density.

To simplify (3-1) and apply it to devices, the following assumptions are explicitly
made:

1.

The recombination rate is not limited by the arrival rate of carriers to the
surface. That is, the carriers at the surface are in equilibrium with those in
the bulk.

2.

Low-level injection conditions apply:

3.

Ils

Ils« Ps'

is not a function of lateral position, y, far from the emitter base junction.

That is, recombination of injected electrons in the bulk is neglected.

The electron concentration at the surface is written as

(3-2)

and the hole concentration at the surface is written as

(3-3)
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In these equations, CfJ'ifis the quasi-Fermi level for electrons and CfJpfis the quasi-Fermi level
for holes. The potential, "', is always the intrinsic potential If'i' The reference for potential is
CfJ'if'

which we define to be zero. The applied voltage appears as a splitting of the quasi-

Fermi levels; VBE = CfJpf-

({Jill'

These conventions are illustrated in figure 3-1.

Using these definitions, Rs becomes

(3-4)

Noting that VBE = <Ppf - <P'if = <Ppf' assuming VBE > 4/~, and noting explicitly the y-dependence of

lI'.~,

Rs is written as

I

2"llj

VBE]
vsutjexp [fJ
-2-

RsCv)~ cosh [fJ('l'iy) - v.~E )]

The peak recombination rate, Rs.pk ' occurs when

(3-5)

"'S =VBi2 and is given by
(3-6)

The recombination rate versus lateral position curve is a peaked function. The peak
occurs near the emitter-base metallurgical junction, with a plateau region over the intrinsic
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Figure 3·1.

Band diagram showing potential references and conventions. The x-axis
points from the oxide-silicon interface into the bulk of the intrinsic base.
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base. This trend is illustrated in figure 3-2, where PISCES-simulated surface potential and
surface recombination rate are plotted versus lateral position for a fixed forward voltage of

VBE = 0.5 Vand varying amounts of positive oxide charge. In this figure, the surface recombination velocity was selected so that the recombination time constants for electrons and
holes at the surface are the same as the bulk lifetimes. These plots were obtained from SPISCES 2B [21] simulations of the structures examined in this work. The PISCES simulation decks used in this work are given in the appendix. The doping profile of the junction
was obtained with SUPREM simulations and verified with spreading resistance measurements, which were performed at AD!.

3.3 Derivation of the Transition Voltage

In most analytical treatments of recombination near a PN junction, the spatial dependence of R.Jy) is neglected; instead, it is usually assumed that the total recombination
rate can be obtained from the behavior of the peak recombination rate given in equation (36) [11]. In an ideal, abrupt one-dimensional junction the recombination rate decreases rapidly as the distance from the recombination peak increases. This justifies the usual assumption that the total recombination current can be described by the behavior ofthe peak. However, in an irradiated BJT, this assumption is subject to important limitations. First, the
doping distribution is not abrupt, so the potential variation with position is more gradual
than it is for an abrupt junction. Second, the presence of positive charge in the oxide covering the emitter-base junction increases the surface potential throughout the intrinsic base.
As the surface potential increases, the recombination rate in the portions of the intrinsic
base farther from the metallurgical junction increases. It is necessary to include the surface
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recombination current throughout the intrinsic base to adequately describe the effects of
ionizing radiation. This can be done quite generally by integrating equation (3-5) with r\!spect to position. The total excess base current is then obtained by mUltiplying the integrated recombination rate by the electronic charge, q, and the emitter perimeter, P E:

13 VBE] y (~x' VBE) '
LlIB =ex v,wrf exp [-2-

(3-7)

where

(3-8)

and

+ 2 Jl'
PE

r dr

[

• corner regions

cosh

(3-9)

[tJ( '!fir) - VBE/2l]

A top view of the BJT illustrating the corner and rectangular regions is shown in
figure 3-3a. Note that there are four corner regions and four rectangular regions. The contribution of the corner regions to y are expressed in cylindrical coordinates. The angular
dependence has already been taken into account in equation (3-9). The coordinate conven-
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Figure 3-3.

Top view of the BJT. (a) Illustration of the corner and rectangular regions
of the intrinsic base. (b) Coordinate convention and geometrical definitions.
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tion and relevant geometrical definitions are shown in figure 3-3b. Note that the integral in
equation (3-9) is a function of surface potential. While equation (3-6) shows that the peak
recombination rate increases exponentially with voltage as exp [,aVBi2], the total recombination rate exhibits a somewhat different voltage dependence because of the contribution of
the integral. This variation is seldom considered, but it plays an important role in surface
recombination. Figure 3-4 plots the ideality factor (n) at a fixed base-emitter voltage for the
surface recombination current vs. net oxide charge obtained from two-dimensional simulation of the devices. The ideality factor never actually reaches the "ideal" value of two for
this device; again, this is a consequence of the distributed nature of the recombination process. In contrast to the behavior of the total recombination rate shown in figure 3-2, the peak
value of the recombination obtained from simulations increases exactly with an ideality
factor of two.

In principle, the value of the ideality factor could be used as an indicator of the
amount of net oxide charge at a given dose. However, this requires extensive (and extremely accurate) simulations of the device structure. It is difficult to obtain a level of accuracy that permits reasonable confidence in charge values extracted using this method.

The integral in equation (3-9) is the most general form of the excess base current for
BJTs. However, considerable insight may be gained by making an approximation to the
surface recombination rate. To the right of the recombination peak in the intrinsic base, ljIs
< VBl!2, allowing the cosh term to be approximated by neglecting one of the exponentials.

This approximation allows the recombination rate in the intrinsic base to be written as R s.1B

(3-10)
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where

1JI.dB

is the surface potential in the intrinsic base and is given by

(3-11)

lfINox

is the band-bending due to the oxide charge which may be written in the depletion

approximation as

IIF

'f'N

q N ox2
2 ESi Ns

_

ox

-

(3-12)

A qualitative sketch of the recombination rate and corresponding surface potential showing
important definitions is shown in figure 3-5.

The cross-over point, as defined in figure 1-8, moves from the surface into the bulk
at a transition voltage, V", defined when lfI.f = Vm!2 in the intrinsic base far from the junction. From eqns. (3-11) and (3-12), the value of Nox for which this transition occurs can be
expressed as:

2 eSi ~

q

(.1fJ In (~) _ V,r)
2
11;

(3-13)

Equation (3-13) is plotted in figure 3-6. Note that only a limited range of V" can be observed in practice. For low VBE, the currents are too small to be measured accurately, while
for large VBE , high-level injection sets in, which violates the assumptions made in the deri-
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55
2.5xlO 12 . . , . . . . - - - - - - - - - - - - - - - - - - - - - - - - .

2.0xlO 12

C";I'---'

1.5xlO 12

§
........

:---i[>

Detectable 1
Range

HighLevel
Injection

><

o

Z

1.0xlO 12

5.0x10

11

-<If--.-1Noisy 1
Data 1
Measurable Range

O.Ox 10° -+----r---+--,----..----r---r--,-L--r---,.-!!~_I
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1
Transition Voltage [V]

Figure 3·6. Oxide charge versus transition voltage for technology B.

56
vation of equation (3-5).

The changes in the potential distribution have a very significant effect on the recombination current, both in the depletion region near the junction and in the intrinsic base
region farther from the junction. This can be seen in figure 3-2b for the specific case of VBE

= 0.5 V and varying charge in the oxide. The peak in the surface recombination current
occurs at the point where the electron and hole concentrations equal each other (lls
which is also the point at which

lj/s

= VB/!2.

Note that the peak in

Rs

=Ps)'

in figure 3-2b is

independent of Nox for low Nox ; this is because the peak value of Rs is set only by VBE, as
indicated in equation (3-6). Also note that

Rs

ceases to be a peaked function for large Nox '

For Rs to have a maximum, lfI.v must equal VBlf2. If lfI.r is always larger than VB/f2, then Rs
will not exhibit a maximum. In this case, the maximum recombination rate occurs below
the surface, rather than at the surface, of the intrinsic base.

For a given VBE , the integral exhibits a maximum value at a certain value of No.\"' At
this combination of Nox and VBE , the peak in Rs has vanished and lfI.v = VBl!2 over the entire
intrinsic base. A subsequent increase in either Nox or VBE will cause Rs to decrease and force
the maximum recombination point away from the surface and into the bulk. On the other
hand, a decrease of either Nox or VBE will cause Rr to become more peaked. It is evident that
the voltage at which the 'Y integral peaks for a given value of Nox is significant, since it
marks the transition between predominantly surface recombination and predominantly subsurface recombination.

To extract V,r and thus estimate Nox' M8 must be plotted versus VBE on a logarithmic
scale, as illustrated previously in figure 2-2. The transition voltage has been obtained graphi-

57
cally in this figure by finding the intersection between a linear extrapolation of the lowcurrent portion of the curve and an

Il

= 2 line fit to the high-current range, where

11

is the

diode ideality factor. The portion of the curve with 11 :;: 2 is characteristic of surface recombination, while

Il

=2 is characteristic of bulk recombination. Thus, the transition voltage

determined graphically from the

MB

data is the same

VIr

that appears in equation (3-13).

This fact allows No.1 to be estimated as a function of total dose, as shown in figure 3-7.

Also shown in figure 3-7 is a quantity called the crossover charge, N ox.co ' The crossover charge is defined as the charge at which the transition voltage

VIr

cannot be determined

for any value of VBE . This is also the value of No.1 for which the recombination peak is below
the surface for all values of V BE' N ox.CtI is estimated by setting VIr = 0.2 V in equation (3-13),
which gives Nox.co = 1.9 X 10 12 cm- 2 for technology B. When Nox exceeds Nox.('(/, the majority of the recombination current occurs beneath the surface, not at the surface. The value of
total dose at which No.1 first exceeds Nox.co is about 300 krad(Si0 2). Figure 3-7 also shows

NOI vs. total dose for MOS capacitors fabricated with the same gate oxide as that over the
emitter-base junction of the BJTs. It is seen that No.1 is closely related to

NOI

and that the

calculated values of No.1 agree well with the measured values of No/'

Another confirmation that the recombination occurs primarily below the surface of
the intrinsic base when the

MB

vs VBE curve exhibits

Il

= 2 is shown in figure 3-8. Here,

ratios of MB for seven different size BJTs from technology B are plotted versus the ratio of
their intrinsic base areas. If the recombination is occurring uniformly below the surface of
the intrinsic base, then the ratio of M B between different devices should be the ratio of the
area of their intrinsic bases. It is seen that the data fall on a straight line with slope = 1,
indicating clearly that the recombination is occurring below the oxide-interface of the intrinsic base when 11

=2.
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3.4 Approximate Expressions for Excess Base Current

Combining equations (3- 10), (3-11), and (3-12) and using the definition of the extrinsic Debye length, LD

L 2 _ k T ESi
D - q2N.1•

'

(3-14)

allows R.dB to be written as

(3-15)

Now, consider the approximation to the Riy) profile shown in figure 3-9. This approximation removes the dependence of the recombination rate on the details of the surface
potential near the junction. Instead, a new parameter, M, has been introduced. The physical
interpretation of M is the effective width over which recombination proceeds with an ideality factor of 2. Mathematically, Riy) is approximated by the double-step function

0

RAY) =

Rs,pk
Rs.lB
::=0

y<O
O:S;y:S;.1L
.1L:S; y:S; LIB ,
y>L IB

(3-16)

where the origin is on the emitter side of the emitter-base junction at a point where Rs «
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If the approximate RiY) profile as given by equation (3-16) is used, a particularly
transparent and simple form for Mnfsurface) results:

(3-17)

This form for Mnfsurface) elucidates many of the features of stress-induced damage in BJTs. It expresses the excess base current due to surface recombination as the sum of
a term proportional to the perimeter of the emitter and a term proportional to the area of the
intrinsic base. These two terms have different voltage dependencies; the perimeter term has
an ideality factor of 2 and the area term has an ideality factor of 1. When both terms contribute, the ideality factor is between 1 and 2. This is the situation that exists for irradiated BJTs
when VBE < VIr' as illustrated in figure 2-2.

When the recombination peak moves below the surface of the intrinsic base, the
recombination current becomes relatively insensitive to increases in surface damage [22,

23]. The transition between surface and subsurface recombination occurs at the transition
voltage as given by equation (3-13). The excess base current that flows in this case depends
on the bulk recombination lifetime according to

t::.! (subsurfiace) - q Ilj
B

-

't

LU 4LIB (1 + LEI2 LIB
+ Ln.) exp [~ VBE]
2,
2

(3-18)
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where & is the effective recombination width and T is the bulk recombination lifetime. An
upper bound on & is the depletion-layer width induced by the positive oxide charge in the
depletion approximation, & < NO'/N.f' Note that the ideality factor n for MnCsubsuiface) is
2 because the recombination rate below the surface is dominated by the recombination
peak, in contrast to MisUlface).

The validity of the piecewise-continuous model for M n derived above is confirmed
by the PISCES simulation results of Mn at 0.5 V versus positive oxide charge in figure 3-10.
Note in particular from figure 3-10 that further increases in No.1' beyond NII./transition) do
not cause an increase in M B' No.J transition) is calculated from equation (3-13) by letting V,r

=0.5 V, since the plot is of Mn at 0.5 V. This explains the experimentally-observed result on
many different device technologies that increases in base current due to ionizing radiation
tends to saturate for large total doses [22 - 25]. Also note from figure 3-10 that the excess
base current increases exponentially for NIIX < No./transition), as predicted by equation (317).

In earlier work, it was reported that the radiation-induced excess base current may
increase superlinearly with dose, as seen in figure 1-1 [13 - 15]. This phenomenon was
surprising because defect densities in MOS devices generally increase linearly, or more
slowly, with dose. However, equation (3-17) provides a clear explanation of this effect. The
surface recombination velocity, and thus the excess base current, is directly proportional to
the number of interface traps with energies near midgap. The increase in base current due to
the interface traps is multiplied by a term proportional to exp(No/)' Thus, the combined
effect of oxide charge and surface recombination velocity may be superlinear, consistent
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with the response often observed experimentally [13].
3.5. Effect of Surface Recombination Velocity

The dependence of M B on surface recombination velocity is easily seen in equation
(3-17):

v.wrj merely

scales MB multiplicatively. The surface recombination velocity can be

measured directly using a gated diode, but it is more difficult to extract the value directly
from a BJT. The reason is that the yintegral must be computed numerically in order to solve
for v.wrj ' For BJTs, however, the more relevant parameter is the extrapolated intercept of the
plot of 10g(MB ) vs. VBE with the current axis. The intercept current depends on surface
recombination velocity and the value of the y integral. The intercept current has the advantage of being easy to obtain from device characteristics. One merely performs a least-squares
exponential curve fit to the 11 "# 2 portion of the MIJ vs. VBE data. Thus, the transition voltage
should be identified before finding the intercept current so that the correct range of data is
used for the curve fit.

When

11

"# 2, the effect of changes in surface recombination velocity can be esti-

mated by considering the intercept current defined in connection with figure 2-2. The intercept current normalized by emitter perimeter is plotted vs. total dose in figure 3-11, allowing multiple geometries to be plotted in the same graph. Also plotted are measured values
for surface recombination velocity obtained from gated diodes in technology B. The effect
of oxide charge is clearly seen in the difference between these quantities. Since excess base
current scales with surface recombination velocity, the difference between the curves is a
measure of the effect of changes in surface potential due to oxide charge. The intercept
current is a more convenient measure of the amount of radiation induced damage than is
V JlIrj ,

since it quantifies changes in the product of surface recombination velocity and the
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integral involving the surface potential. Thus, to characterize the effects of ionizing radiation on a bipolar technology, the two parameters that should be measured are the transition
voltage and the intercept current.

3.6. Summary Of The Two Approaches

In Chapters 2 and 3, two simple approaches for separating the effects of oxide charge
and surface recombination velocity in bipolar transistors were described. Both are based on
simple analysis of a plot of the log of the excess base current vs. the emitter-base voltage.
The contribution of oxide charge is estimated from changes in a voltage that marks the
transition from predominantly surface current to predominantly subsurface current. If gated
diodes are available in the technology of interest, surface recombination velocity can be
measured directly from the chai~ge in the peak diode current. If no gated diode is available,
the effect of changing surface recombination velocity can be determined from changes in
the intercept of the excess base current plot with the current axis.

In outline form, the charge separation technique developed in this dissertation consists of the following steps:

1. Plot the logarithm of the excess base current versus base emitter voltage.
2. Identify the transition voItage(s) by finding the intersection of two asymptotes:
one for the 12

=2 portion of the data and one for the 12 -:f. 2 portion of the data.

3. Use equation (3-3) to calculate the value of N ox from the transition voltage determined in step 2.
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4. Obtain the intercept current by performing an exponential curve fit to the 11 :;t:. 2
portion of the data.
5. If a gated diode is available, plot the surface recombination velocity obtained
from the gated diodes on the same scale as the intercept current obtained in step
4. The difference between the two curves is an indication of the effect of positive oxide charge.
6. Surface recombination velocity can be calculated directly from the intercept
current obtained in step 4 if the y integral in equation (4) is numerically evaluated for the value of positive oxide charge determined in step 3. This is an extremely laborious approach, since the y integral requires precise knowledge of
the surface potential, which can only be obtained from PISCES simulations of
the devices under study.

In the next chapter, a physically-based comparison between hot-carrier-induced and
ionizing-radiation-induced degradation is performed. The charge separation technique outlined above serves as the basis for the comparison. The comparison provides insight into
the similarities and differences between the two types of damage.
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CHAPTER 4

COMPARISON OF HOT-CARRIER-INDUCED AND
IONIZING-RADIATION-INDUCED DEGRADATION

4.1 Introduction

In chapters 2 and 3, a charge separation technique for irradiated BJTs was developed and verified. Hot-carrier stress is known to cause similar degradation in the current
gain of BJTs. It is thus reasonable to assume that the degradation is caused by similar types
of defects in the oxide. In chapter 4, the formalism developed in chapters 2 and 3 is applied
to this question.

In general, the current gain lell8 of bipolar transistors is degraded when the oxide
over the emitter-base junction is damaged. This can occur when the emitter-base junction is
reverse-biased [26], as it is in normal BiCMOS circuit operation [27], or when the device is
exposed to ionizing radiation, as seen in the previous two chapters. Both hot-carrier damage
and ionizing radiation typically lead to excess base current in the device, M 8 , and small
changes in the collector current. The effects on device performance are qualitatively similar
for both types of stress [24,28].

For hot-carrier stress, many authors have assumed that M8 is caused primarily by
interface states created in the oxide over the emitter-base junction during the stress [25, 28
- 31]. The effects of trapped charge created during the hot-carrier stress have received less
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attention, as the presence of the trapped charge near the emitter-base junction is difficult to
detect from the current-voltage characteristics of the device [24].

For ionizing radiation stress, chapters 2 and 3 have shown that M B is caused by an
interactive combination of interface states and trapped positive oxide charge [22, 24]. Trapped
positive charge far from the junction can substantially influence the excess base current by
increasing the surface potential in the intrinsic base [22, 24]. The presence of the oxide
charge is easily detected from a plot of excess base current versus base-emitter voltage [22].

Ionizing radiation has been used to mimic hot-carrier stress by selectively degrading individual transistors in an EeL circuit [28]. This approach has obvious advantages for
studying circuit-level performance and degradation issues. It would also be useful if hotcarrier stress data could be used to predict ionizing radiation response, as radiation testing is
generally more costly than hot-carrier stressing. The two types of stress can be correlated to
one another for a specific set of test conditions [28]. The generality of the correlation is
uncertain, however, as no physical basis exists for the comparison of hot carrier-induced
and ionizing-radiation-induced degradation in bipolar transistors.

In chapter 3, a physically-based model for excess base current that is applicable to
both hot carrier damage and ionizing radiation-induced damage was presented. The salient
features of both ionizing-radiation-induced and hot-carrier-induced degradation are explained
in terms of the general model expressed most concisely by equation (3-17). The analysis
indicates that improvements in resistance to one type of stress do not necessarily imply an
improvement in resistance to the other type of stress. These results demonstrate that care
must be taken when using the results of one type of stress to predict or mimic the results of
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the other type of stress.

4.2. Devices And Experimental Details

The devices studied in chapter 4 are NPN poly silicon emitter bipolar transistors
fabricated in a BiCMOS process closely related to that described in ref. [9] (the RBCMOS
process, or technology B). A representative cross-section of the devices was shown in figure 1-4b. Relevant structural information is summarized in table 1. For the irradiation study
presented in this chapter, the devices were irradiated with 10 ke V x-rays at a dose rate of 1.7
krad(Si0 2)/s up to a total dose of 1 Mrad(Si0 2). All pins were grounded during irradiation.
For the hot electron stress, a constant reverse current of 2

J1A

was applied through the

emitter-base junction with the collector open for a total of 2,048 seconds. This stress current
produces reasonable amounts of degradation in a relatively short amount of time. A HewlettPackard 4145B Semiconductor Parameter Analyzer was used for device characterization.

4.3. Experimental Results

The normalized common-emitter current gain, lellB' is plotted versus base-emitter
voltage, VBE , in figures 4-1 and 4-2 for increasing values of each type of stress. Figure 4-1
shows the normalized current gain for increasing values of total ionizing dose, while figure
4-2 shows the normalized current gain for increasing values of hot-carrier stress time. The
current gain degrades substantially for both types of stress, and the degradation is most
severe at lower values of VBE• Note that the current gain degradation tends to saturate for
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large values of total ionizing dose, but shows no tendency to saturate for the stress times
shown here. The trend, however, is qualitatively similar for both types of stress.

The collector current remains approximately constant throughout both radiation and
hot electron stressing. The current gain degrades because the base current increases. The
base current is written as IB

=I B.pre + M B, where the excess base current, M B, is recombina-

tion current in the emitter-base depletion region.

Recombination current in PN junctions varies as MB

=Ii exp [,BVln], where 12, the

ideality factor, depends upon oxide charge and forward voltage, as seen in the previous
chapter. In section 3.3, it was shown that the value of oxide charge can be determined by
plotting the excess base current versus base emitter voltage, as in figure 4-3. Three transition voltages, VIr' are also identified. The transition voltages mark the transition between
predominantly surface and predominantly subsurface recombination. These transition voltages are readily related to net positive oxide charge, Nox' by the simple relationship which is
repeated here for convenience,

N ox =

(4-1)

In figure 4-4, oxide charge calculated from the transition voltages is plotted versus
total ionizing dose. Oxide-trapped charge, Nol' measured from MOS capacitors and surface
recombination velocity,

VSUrf'

measured from gated diodes from the same process is also

plotted for comparison. It is seen that No.\" is similar to Not' and that both vsurf and Nox increase with increasing total ionizing dose. The degradation due to ionizing radiation is
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caused by increases in both positive oxide charge and surface recombination velocity [22,
24], but is primarily due to increases in oxide charge [4].

Note also from figure 4-3 that, for large values of total ionizing dose, the ideality
factor is approximately two for the entire range of VBE. Further increases in total ionizing
dose do not cause the excess base current to increase substantially once

Il

= 2 for all VBE•

This saturation behavior and the corresponding ideality factor for ionizing radiation were
explained in the previous chapter.

In figure 4-5, MB is plotted versus VBE for several values of increasing hot-carrier
stress time. The ideality factor is roughly two for all stress times, and no transition voltage
can be determined for any stress level. This is because the recombination current is localized near the emitter-base junction for all values of VBE• Thus, even if trapped charge is
present near the emitter-base junction, it cannot be detected from this plot. In terms of the
model presented in the chapter 3, the first term in braces in equation (3-17) is the primary
contributor to the excess base current. The hot-carrier stress may increase v.wr! or .1L or
both, but the ideality factor of the excess base current is always 2, as illustrated in figure 45. In other studies, it has been reported that 12 > 2 for hot-carrier stress, which is attributed to
trap-assisted tunneling [32]. Evidently, this does not occur for these devices, indicating that
the excess base current is entirely recombination current near the emitter-base junction.

In figure 4-6, normalized current gain at VBE

= 0.6 V is plotted versus intercept

current Ii for each type of stress. Since 11 < 2 for the radiation stress data at lower total doses,
the intercept current for a given current gain degradation is much less than for hot-carrier
stress. The curves approach one another for large intercept currents because, for radiation
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stress, 11

...

2 for large values of N ox'

4.4. Discussion

A mapping can be made between the hot-carrier stress data and the ionizing radiation stress data by equating the normalized current gains at a fixed base-emitter voltage.
This map can be used as a guide for determining how much of each type of stress will cause
a given amount of device degradation. This approach has been used to study circuit-level
hot-carrier degradation issues by using a scanning electron microscope to selectively degrade individual transistors in the circuit [28].

The correlation between radiation-induced degradation and hot-carrier-induced degradation is extremely sensitive to the test conditions used. For example, ionizing-radiationinduced degradation is dose-rate dependent, with lower dose rates causing more damage
than higher dose rates [33]. For hot-carrier stress, the amount of degradation in a given
device depends on the stress current or voltage used [30], and the ambient temperature [31,
34]. Changing any of these variables would require a new mapping between hot-carrier and
radiation damage.

Correlating and interpreting results from devices with different geometries is conceptually understood in the context of equations (3-17) and (3-18). It is seen from equations
(3-17) and (3-18) and figure 3-8 that the excess base current due to ionizing radiation is
proportional to the area of the intrinsic base. The excess base current for hot-carrier stress,
however, is proportional to the perimeter of the emitter. Finally, the effect the excess base
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current will have on the current gain of the device depends on the ratio of the emitter perimeter to the emitter area [14,28].

Equation (3-18) shows that the amount of damage that can be done by radiation is
limited, a result that has been observed experimentally [22, 23, 25] and will be explored
further in chapter 5. Physically, the damage due to ionizing radiation is limited because for

N(}X > No.Jtransitioll), the recombination current flows primarily below the oxide-silicon
interface, and is thus insensitive to further increases in surface damage [4, 23]. For constant-current hot-carrier stressing in the avalanche breakdown regime of the emitter-base
junction, the amount of damage is proportional to the amount of charge passed through the
junction [27, 30]. Thus, the amount of damage that can be done by hot-carrier stressing
could easily be much larger than the amount of damage done by radiation, as has been
observed experimentally [24].

Improvement in the radiation hardness of a BJT does not necessarily imply that the
device will also be less susceptible to hot-carrier damage. Equation (3-17) shows that substantial improvement in the radiation hardness of BJTs for surface recombination can be
expected by increasing the surface doping of the intrinsic base. Once sufficient charge has
accumulated to force the recombination peak below the surface, however. equation (3-18)
shows that increased doping will have an adverse affect on the radiation hardness of the
device due to the inverse relationship between doping and lifetime.

For hot-carrier stress, the performance of the device depends on the details of the
stress conditions [35]. Increasing the doping in the intrinsic base leads to larger surface
electric fields for a given reverse-bias voltage. which leads to worse performance for con-
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stant-voltage stress and constant-current stress in the avalanche regime, but may not lead to
worse performance under constant current stress at sub-avalanche currents [35]. The ambiguity arises because of the additional junction leakage components present in heavily doped
junctions, such as band-to-band and trap-assisted tunneling [32].

Device geometry also affects the radiation hardness and hot-carrier performance
differently. Reducing the area of the intrinsic base improves radiation hardness, as shown in
figure 3-4. Changing the area of the intrinsic base, however, has no direct effect on the hotcarrier resistance of the device.

Finally, the goals of oxide engineering for hot-carrier resistance and radiation hardness in BJTs are not identical. From equation (3-17), it is seen that suppression of radiationinduced oxide charge in the oxide overlying the intrinsic base will lead to substantial improvement in the radiation hardness of the device. To improve the hot-carrier resistance of
the device, equation (3-17) suggests that attention should be paid to suppressing interface
state buildup as well as oxide charge buildup.
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CHAPTER

5

BOUNDING THE TOTAL-DoSE RESPONSE OF BJTs

5.1. Introduction

The preceding four chapters have focused on developing a charge separation technique for bipolar transistors, developing a general model for stress-induced excess base
current, and comparing ionizing-radiation-induced and hot-carrier-induced degradation. This
chapter demonstrates one of the practical consequences of the earlier modeling efforts: a
simple way to obtain the worst-case gain degradation of a BJT.

Predicting the response of bipolar devices in space radiation environments is currently not possible with laboratory dose-rate irradiations [33]. Testing techniques for predicting the low-dose-rate response of MOS devices are not applicable to bipolar devices
[33] due to the fundamentally different physics that determine bipolar device gain degradation, as discussed in the preceding chapters. Indeed, high temperature annealing following
irradiation actually improves the characteristics of the bipolar device, as shown in figure 13 [33], in contrast to the enhanced degradation for MOS devices, which exhibit thresholdvoltage rebound [36].

The increase in base current of modern bipolar devices at low total doses is doserate dependent [4,33], with lower dose rates causing more device degradation than higher
dose rates. Testing at extremely low dose rates is unattractive, however, due to the large
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amount of time required to obtain reasonable total doses. If, however, the worst-case increase in base current can be ascertained from laboratory irradiations, it would be possible
for system designers to ensure bipolar circuit total-dose reliability in space or other lowdose-rate applications.

In previous chapters, it was demonstrated that positive oxide charge is the primary
factor determining the worst-case response in modern bipolar devices, in contrast to earlier
modeling efforts, which neglect recombination in the emitter-base depletion region [37].
This implies that the maximum degradation that may occur in the device is independent of
dose rate. Thus, although it may take different amounts of total ionizing dose to reach the
necessary amount of oxide charge to cause the worst-case increase in base current, the
maximum current that can flow once this condition is met is i1ldepende1lt of dose rate.
Based on these observations, implications for hardness assurance and testing of modern
bipolar devices are discussed.

5.2 Experimental Results

The excess base current at a base-emitter voltage, VBE , of 0.6 V is plotted in figure
5-1 versus total ionizing dose for technologies A, B, and C. Relevant device parameters
were given in table 1. The devices were irradiated with a Co-60 source at various dose rates
with all pins grounded. The excess base current is defined as &

B

=I B-1B,pre-rad' For all

technologies, the excess base current increases exponentially with total dose for low total
doses, but tends to saturate for very large total doses described by equations (3-17) and (318). Note that the value of excess base current at saturation is different for technologies A
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and B. Also note that although technology C exhibits much more excess base current at low
total doses than either technology A or B, the currents merge at high total doses. Finally,
although the dose rates for the different technologies are slightly different, there is no doserate effect buried in figure 5-1, as discussed below.

In figure 5-2,.1I8 at VBE = 0.6 Vis plotted versus total dose for several dose rates for
devices from technology A. For low total doses, the degradation is most severe at the lowest
dose rates, as reported in [33]. This difference has recently been linked to the difference in
oxide charge buildup as a function of dose rate [4]. Note that there is little dose-rate effect at
low total doses for dose rates larger than approximately 100 rad(Si0 2)/s, as reported in [33].
For high total doses, the excess base current saturates at a value that is independent of dose
rate. This fact allows high dose rates to be used to obtain the worst-case excess base current.

Equation (3-18) indicates that M 8( sllbslilface) is proportional to the intrinsic base
area and inversely proportional to the recombination lifetime. Figure 5-1 shows that technology A has a higher value of saturation excess base current than technology B. The difference is explained by noting that the intrinsic base area for technology A is larger than technology B, and the intrinsic base is more heavily doped at the surface, which leads to a
shorter recombination lifetime. These effects combine to produce a larger M B(subsurface)
in technology A than technology B.

Technology C exhibits much larger excess base current at low total doses than either
technologies A and B, which is attributable to differences in the charge trapping properties
of the oxide in this technology. Evidently, technology C accumulates positive charge more
rapidly than either technology A or B. Since technology C has the same intrinsic base area
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as technology A and similar intrinsic base surface doping, it is not surprising that the excess
base currents for technologies A and C merge at high total doses.

The dose-rate independence of MisubsUiface) evident from figure 5-2 is also easily understood. Although the total dose required to exceed Noitransition) depends upon
dose rate, MisubsurJace) is only a weak function of Nox beyond Noitransition), as shown
in figure 3-10. Thus, although Mi subslilface) is reached at lower total doses for low doserate irradiations, eventually the devices irradiated at higher dose rates accumulate enough

Nox to reach MisubsUiface) as well.

5.3. Implications

From the previous discussion and figure 5-2, it is evident that the rate at which the
charge builds up does not affect the worst-case excess base current. This implies that any
convenient laboratory dose rate may be used to obtain the worst-case response of the device, as long as a high enough total dose is used to observe a saturation in Mn. It should be
noted that at the high total doses required to observe saturation in Mil' failure modes other
than gain degradation of the transistors may limit circuit performance. This fact does not
affect the worst-case nature of the method proposed above, however.

When the worst-case excess base current flows in a modern bipolar transistor, the
current gain is still sufficient for many digital circuit applications [25,38]. The results presented above indicate a fast, reliable means to qualify bipolar devices in digital circuits for
space applications.
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CHAPTER 6

CONCLUSIONS

In this dissertation, the role of radiation-induced net positive charge and surface
recombination velocity on the excess base current in bipolar junction transistors was described. A simple method to estimate positive trapped charge versus total dose using an
easily measured transition voltage was presentcd. The effects of changing surface recombination velocity can be examined by means of an intercept current that is conveniently obtained from a plot of excess base current versus base-emitter voltage. The insight provided
by the charge separation algorithm should pave the way for more radiation-tolerant BJT
processes.

In chapter 4, a physically-based comparison of radiation-induced and hot-carrierinduced degradation in BJTs was presented. The origins of the excess base current for the
two types of stress were found to be very different. Positive oxide charge was identified as
the primary driving force behind ionizing-radiation-induced degradation, in contrast to the
situation for hot-carrier stressing. The different dependencies on device geometry and doping of hot-carrier-induced and ionizing-radiation-induced degradation mean that improvement in resistance to one type of stress does not necessarily imply improvement in resistance to the other type of stress. Implications for correlating hot-carrier induced and ionizing radiation induced degradation were discussed. The analysis provides insight into the
issues that must be taken into account when comparing hot-carrier and radiation stress results, especially when one type of stress is used to mimic the other type of stress.
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Finally, the fact that large amounts of oxide charge cause the recombination current
to be dominated by the bulk recombination lifetime was used to demonstrate dose-rate
independence of the worst-case base current. The dose-rate independence of the worst-case
base current allows the worst-case response of bipolar transistors to be determined at convenient laboratory dose rates.
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ApPENDIX

PISCES SIMULATION DECKS

In this appendix, the PISCES decks used to simulate the RBCMOS (technology B)
and XFCB poly (technology A) NPN transistors is given, along with the simulation mesh
that was used for technology B. The simulations were tuned to match the experimental
shape of the current gain versus base-emitter voltage by varying the electron and hole lifetimes in the Shockley-Read-Hall recombination model. The simulation mesh used for technology B is given in figure A-I. The simulation mesh for technology A is practically identical to that used for RBCMOS. Note the extremely dense concentration of grid lines immediately below the oxide-silicon interface. This density is required to accurately follow the
recombination peak as it moves below the surface.
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Simulation Grid

v_

Data from OOel1vbel.str
-

v V IV V / ' / '
v v v v v v

Q.

/ ' / ' /~tr..tr..tr..tr..tr..tr..tr..tr..tr..tr..tr..tr..tr..n-.tr..tr..n-.~tr..tr..n-.tr..tr..A'

v

,
'I": K" ,
,", ", I'", "-" ,'"
K
I"::
"
"
"
"
"
"
" l"-I"..
'" '"
" " '" '""'''''" "''''
' / 1/ 1/ ""'- ""''\ 11'\1/ / 1/ 1/ K I"'...
I'-K
I""..

IV IVIV ~ IVIV IVIV t\v ':;lo';

n"

'"
'I' ""
" I'" ""

?

/'

/'
/'

/' /'

"'"-" "'" '" "'" '"I"- 1"-1""''''
'"I"-11''"'"\
"'~ ''"
" "''''
1'\
"'-1'\ '"
"
'"
"'
"
I"I"
"\ 1\"1\1\~" 1\1\1\1\1\1\1\1\
1/
/
I
II
!I
I
1\
1\
II
1111
II
II
II
II
II
0.4
I\!\
- / IIII / IIII II II I 1111 / 1/ II 1\1\ ~ '\1\ ~ ~ ~ 1\1\1\ 1\1\
0.6- I II II / V
II / IIII1111II1/II1\1\1\ '\1\1\~ 1\1\1\1\!\I\1\1\
- '\ v\ V

/ 1/1/ /

'\ V V

v\

/ 1/ 1/1/ / 1/1/ / / 1/I"I"

-

=VIIII :1IIII :1IIV11111/ !I!I1\1\~ 1\1\1\~ 1\1\1\1\ \\1\1\
II!/I I IIII I VII1111II I I 1\1\ \ i\1\~ 1\1\1\ \ \\ 1\1\
- :;
II I I II II I IIII1111II I / 1\i\1\ \ i\1\1\ 1\1\1\1\ \\ 1\1\
i\ \\ 1\1\
- II l I I II II I II II 1111 II I 1/1\i\1\ \ 1\1\ ~ 1\ 1\1\
1\
- II II I I II II I IIV1111 II I I 1\1\ ~ \ 1\1\ ~ 1\ 1\1\ \\ 1\1\
-11 1/II 1/ II 1/ II 1/II 1/1/II II II \ \ 1\ \ \ 1\ 1\ 1\ I\!\ \ \\ 1\1\
-111/ II II II1/ II 1/II 1111 11II II1\1\ 1\ 1\1\!\ ~ 1\\\1\1\1\1\1\1\
II II1\1\1\ 1\1\1\1\ 1\1\1\1\1\1\1\1\
1/
l/II II II11J1/II.III II1111
J
2~2
P
Lateral osition turn f

0,8• .--<
~

~

Q)

>

1\

I-

-

1.2-

-

1.4-

I

10~2'

0.4

0.6

0.8

.1
1.2

Figure A·I. Simulation mesh for technology B.

1.

,I
1

1.8

93
PISCES deck for technology A

Title XFCB POLY
$
$ GENERATE SIMULATION STRUCTURE
$
mesh rect nx=314 ny=37 smooth= 1 diag.f1ip master.out outf=bjt.mesh
x.m n=1

1=0.0

r=l.O

x.m n=lO 1=0.75

r=l.O

x.m n=3 10 1=2.25

r=l.O

x.m n=314 1=2.5

r=1.0

y.m n=1

1=-0.545 r=1.0

y.m n=3

1=0.0

r=1.0

y.m n=13 1=0.01

r=1.0

y.m n=26 1=0.3

r=1.1

y.m n=37 1=1.5

r=l.O

elim y.dir ix.low=11 ix.high=309 iy.low=1 iy.high=3
elim y.dir ix.low= 11 ix.high=309 iy.low= 1 iy.high=3
elim y.dir ix.low=11 ix.high=309 iy.low=1 iy.high=3
elim y.dir ix.low=11 ix.high=309 iy.low=l iy.high=3
elim y.dir ix.low=11 ix.high=309 iy.low=l iy.high=3
elim y.dir ix.low=11 ix.high=309 iy.low=1 iy.high=3
elim y.dir ix.low=11 ix.high=309 iy.low=14 iy.high=37
elim y.dir ix.low=11 ix.high=309 iy.low=14 iy.high=37
elim y.dir ix.low=ll ix.high=309 iy.low=14 iy.high=37
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elim y.dir ix.low=11 ix.high=309 iy.low=14 iy.high=37

$
$ Define regions
$
region number=1 silicon y.min=O.O y.max=1.5 x.min=O.O x.max=2.5
region number=2 oxide y.min=-O.545 y.max=O.O x.min=O.O x.max=2.5

$
$ Define electrodes
$

elec number=1 name=emitter x.min=O.O x.max=O.75 y.min=O.O y.max=O.O
elec number=2 name=base x.min=2.25 x.max=2.5 y.min=O.O y.max=O.O
elec number=3 name=collector bottom
elec number=4 name=extension x.min=O.75 x.max=1.75 y.min=-O.545 y.max=-0.545
$

$ INTRINSIC BASE
$
doping reg=1 x.left=O.O x.right=2.5 ascii infiIe=npn2.doping

+ ratio=O.OO 1 outfiIe=bjt.doping
$
$ EMITTER REGION
$
doping reg=1 x.left=O.O x.right=O.75 ascii infiIe=npn1emittern.doping

+ ratio.lat=O.7
$
$ Make poly contacts
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$
contact number=1 n.poly surf.rec vsurfn=9.2e4 vsurfp=8.6e4
contact number=4 n.poly slave=l factor=O.O

$
material region= 1 taupO=1.2e-7 taunO=5.6e-5 augn=O.83e-31 augp=9.ge-32

+ nsrhn=4.3e 17 nsrhp=4.3e 17
$
$ Regrid on doping

$
regrid doping ignore=2 step=2

+ x.min=O.O x.max=1.0 y.min=O.Ol y.max=O.3
+ log smooth.k=1 dopfile=bjt.doping master.out outfile=bjt.mesh
models bipolar
symb gummel carr=O
method iccg damped
solve init
log outfile=OOe 11.log
symb newton carr=2
method autonr trap
output e.field qfn qfp con.band val.band recomb u.srh qss j.hole
solve prev
solve vl=-O.02 vstep=-O.02 nstep=44 elec=1
end
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PISCES deck for technology B

Title RBCMOS
$
$ GENERATE SIMULATION STRUCTURE

$
mesh rect nx=218 ny=37 smooth=l diag.flip master.out outf=bjt.mesh
x.m n=1

1=0.0

r=1.0

x.m n=1O 1=0.75

r=1.0

x.m n=210 1=1.75

r=1.0

x.m n=218 1=2.25

r=1.0

y.m n=l

1=-0.0544 r= 1.0

y.m n=3

1=0.0

r=1.0

y.m n=13 1=0.01

r=1.0

y.m n=26 1=0.3

r=1.1

y.m n=37 1=1.5

r=I.0

elim y.dir ix.low=11 ix.high=209 iy.low=l iy.high=3
elim y.dir ix.low=11 ix.high=209 iy.low=1 iy.high=3
elim y.dir ix.low=11 ix.high=209 iy.low=1 iy.high=3
elim y.dir ix.low=ll ix.high=209 iy.low=l iy.high=3
elim y.dir ix.low=ll ix.high=209 iy.low=l iy.high=3
elim y.dir ix.low=11 ix.high=209 iy.low=1 iy.high=3
elim y.dir ix.low=11 ix.high=209 iy.low=14 iy.high=37
elim y.dir ix.low=11 ix.high=209 iy.low=14 iy.high=37
elim y.dir ix.low=11 ix.high=209 iy.low=14 iy.high=37
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elim y.dir ix.low=ll ix.high=209 iy.low=14 iy.high=37
$

$ Define regions
$
region number=l silicon y.min=O.O y.max=1.5 x.min=O.O x.max=2.25
region number=2 oxide y.min=-O.0544 y.max=O.O x.min=O.O x.max=2.25

$
$ Define electrodes
$
elec number=l name=emitter x.min=O.O x.max=O.75 y.min=O.O y.max=O.O
elec number=2 name=base x.min=1.75 x.max=2.25 y.min=O.O y.max=O.O
elec number=3 name=collector bottom
elec number=4 name=extension x.min=O.75 x.max=2.25 y.min=-O.0544 y.max=-O.0544

$
$ INTRINSIC BASE
$

doping reg=l x.left=O.O x.right=2.25 ascii infile=npn4intbaseall.doping

+ ratio=O.OOl outfile=bjt.doping
$
$ EMITTER REGION
$

doping reg= 1 x.left=O.O x.right=O.75 ascii infile=npn5emittern.doping

+ ratio.lat=O.7
$

$ Make poly contacts
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$
contact number=l n.poly surf.rec vsurfn=9.2e2 vsurfp=8.6e2
contact number=4 n.poly slave=l factor=O.O
$
material region=1 taupO=1.2e-7 taunO=5.6e-5 augn=O.83e-31 augp=9.ge-32

+ nsrhn=4.3e 17 nsrhp=4.3e 17
$

$ Regrid on doping
$
regrid doping ignore=2 step=2

+ x.min=O.O x.max=1.0 y.min=O.OI y.max=O.3
+ log smooth.k=l dopfiIe=bjt.doping master.out outfiIe=bjt.mesh
models bipolar
symb gummel carr=O
method iccg damped
solve init
log outfiIe=OOe ll.log
symb newton carr=2
method autonr trap
output e.field qfn qfp con.band val.band recomb u.srh qss j.hole
solve prev
solve vl=-O.02 vstep=-O.02 nstep=44 eIec=1
end
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