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SECTION 1

1.0 INTRODUCTION

This effort assessed the theoretical understanding of long-term
ionization effects in semiconductor bipolar devices in support of developing
hardness assurance techniques. Technical effort was performed by Mission
Research Corporation with the subcontract support of IRT Corporation. Re-
sults of this investigation complement the work of Dr. Alan Stanley at JPL
and the current AFWL procurement to investigate hardness assurance screens

and process controls.

The principal effort has been directed to the evaluation of tran-
sistor gain mechanisms in a model relating physical and electrical parameters.
By evaluating the worst-case variations in these parameters based on pro-

cessing variations and applications, hardness assurance techniques can be

identified.

Most investigators of long-term ionizing radiation effects on bi-
polar devices (both thecoretical and experimental) will agree that ionizing
radiation effects arec complex functions dependent on several parameters.

This evaluation isolated the critical parameters through investigation of the
pre-irradiation surface related contributions to the bipolar transistor DC
gain, review of ionizing radiation mechanisms, and extension to the radiation-

b inclusive model.

Identifying the critical parameters does not however develop

hardness assurance techniques, especially for long-term ionization effects.

9




Much of the difficulties in evaluating existing models was in estimating values

for the parameters.

overcome. Once reasonable parameter values were obtained, the comparison of ‘
model implications with experimental data showed whether the models evaluated

contained the necessary dependencies.

by the following tasks:

a)

b)

c)

d)

e)

£)

g)

The IRT effort was directed principally to tasks a) - ¢).

Estimate the electric field distribution in the

passivation insulator under normal bias conditions.

Estimate the generation and transport of holes

to the interface due to ionizing radiation.

Estimate the distribution of trapped holes and
interface states as a function of reasonable
values of the hole trapping and interface state

creation efficiencies.

Estimate the parameter changes resulting from

trapped holes and interface states.

Estimate an upper limit on electrical parameter
changes due to long-term ionizing radiation ef-
fects as a function of basic device parameters
(e.g., silicon resistivity, oxide thickness,

junction perimeter).

Formulate means to use these relations as hardness

assurance controls for long-term ionization effects.

Check available data to compare predicted trends

with experimental results.

This limitation was one of the most important problems to

The technical approach was organized

The MRC effort

consisted of incorporating the IRT results and those of a wide variety

of previous studies in tasks d) - g).

The bipolar transistor structure was selected as the basis of

the study. Parameter variations considered include those representative

10




of device and integrated circuit technologies (with the possible exception

; : 2 - o
of some of the transistor elements in I"L arrays using minimum-geometry

logic cells).

Two basic effects have been identified as the long-term result

of ionizing radiation exposure: ‘

1) trapped charge build-up in the oxide near the

silicon interface, and

2) creation of interface states at the silicon-

silicon dioxide interface.

Process induced trapped charge and interface states can be identified in
semiconductor devices and ionizing radiation induces a significant increase

in each. In modeling radiation effects, several assumptions were made:

a) the basic radiation interaction is the same for

both silicon MOS and bipolar devices,

b) MOS structures can be used to obtain radiation
effects data on materials and interfaces used in

bipolar devices, and

c) surface-related mechanisms are the only contribution
to gain degradation due to long-term ionizing radia-
tion (i.e., bulk displacement damage effects are not

significant).

Each assumption simplifies the approach in applying mathematical expressions
for the analysis of experimental data on gain degradation, and in obtaining
estimates for upper limits on electrical parameter changes. These assumptions
are incorporated in this report; their known limitations will be identified

where appropriate.

The major contributions that this effort makes to the present
understanding of the effects of ionizing radiation on bipolar transistors

include:

11
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a) the interpretation and implication of base current
contributions due to added recombination sites at

the Si-SiO2 interface,

b) field related changes in the surface potential due

to ionizing radiation and the influence this change

has on the base current,

c) the identification of important relationships between
ionizing radiation and physical changes and their

application to hardness assurance controls for transistors.

Critical parameters which influence the gain degradation due to

ionizing radiation effects were identified as:
a) surface potential,
b) surface state density,

c) acceptor dopant concentration (base doping for n-p-n

transistors, emitter and collector doping for p-n-p

devices),
d) emitter periphery,
e) emitter periphery - emitter area ratio,

£ base surface area between the edge of the E-B junction

and base contact for n-p-n transistors, and

g) applied emitter-base voltage used during ionizing
radiation expcsure and post-irradiation measure-

ment (VBE).

The distribution of the surface potential and surface states over the base
and emitter-base (E-B) metallurgical junction surface regions (for n-p-n
transistors) and over the E-B metallurgical junction and emitter surface

regions (for p-n-p transistors) is most critical.

12
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In general, this program considered each reasonable base current

term related to surface parameters and evaluated its usefulness in explaining
all or part of the available experimental pre-irradiation data for DC gain
effects. The result was the identification of two major base current terms
(ISO and IFIDL) directly related to changes in surface properties. These
two terms involve recombination-generation (R-G) mechanisms usually defined
for a bulk space charge region or depletion layer by Shockley-Read-Hall sta-
tistics but the boundary conditions are different. They are maximized for
the surface when the majority carrier concentration equals the minority
carrier concentration (i.e., n = p, defined as crossover) and are dependent
on the density of recombination centers (or surface states). When the sur-
face properties are such that a full depletion layer is induced near the
surface, crossover occurs in the bulk silicon. The additional base current
IFlDL due to these recombinations is dependent on bulk trap centers. When

a complete depletion layer does not exist at the surface, crossover can
occur at the surface. For this condition, the surface states act as recom-
bination centers. The added base current due to this mechanism is defined
as ISO (this term contains the so-called surface recombination velocity).
This contribution can be found even at zero surface potential due to the
intersection of the crossover in the E-B metallurgical junction with the
surface. Positive surface potential (such as induced by ionizing radiation)
influences the position of the intersection of the crossover with the surface

and results in a change in the base current due to increasing recombination

centers and increasing effective surface area.

In n-p-n transistors, the base surface region is where 150 is most
important. In contrast, for p-n-p transistors the gain degradation appears
to be dependent on the emitter surface region due to the effect of a positive
surface potential on the dopant concentration. Both types of devices are
thus critically dependent on the acceptor dopant concentration (NA) at the
surface. By knowing the distribution of surface potential, g the surface

state density, Nss’ and surface geometry, ISO can be evaluated and added

13
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to the pre-irradiation base curent. Therefore,

PN S Function of (¢, N

f heg
S

sg2 Scometry, NA).

For hardness assurance applications, we do not necessarily
require the exact values for each critical parameter. An upper bound for
each parameter will allow for conservative designs and reasonable screening
[ , techniques useful to the system designer. To upper bound the critical

parameters, several approximations can be made based on the understanding

of the physics principles defined in the model.

To estimate an upper bound on the surface potential and surface
state density (Nqs)’ field dependent properties of the build-up of trapped

charge in the oxide (Qox) and surface-state density qu

at the Si—SiOl
interface can be approximated by maximum geminate recombination mechanisms
defined by Metal-Oxide-Semiconductors (MOS) studies. This distribution can
be added to the field-independent build-up of these parameters to form a

reasonable estimate.

According to theory, a lower doped base region in a n-p-n
transistor requires less positive surface potential to force the surface to

crossover. Since the base doping concentration parameter can be approxi-

7

BY
ebo
appears to be an excellent way to control this parameter for ionizing

mated by the emitter-base breakdown voltage (BVebo), a screen on

radiation effects (assuming all other parameters are also controlled). The
other important parameters can easily be controlled in the processing stage
of fabrication. The emitter periphery, ratio of emitter area to periphery,
and base surface area are mask design features and therefore controllable
in selected military process lines. Thus, based on the parameters defined
by the model as being important in predicting the long-term ionization
effects on bipolar devices, hardness assurance techniques appear to be

possible.

14
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SECTION 2

2.0 THEORETICAL MODEL AND IONIZING RADIATION EFFECTS

This section is divided into two main parts. In Section 2.1 the
pre-irradiation theoretical model is introduced and evaluated against gated
bipolar transistor data. In Section 2.2 the effects of ionizing radiation

on the model are examined and compared to existing experimental data.

2.1 Introduction to Theoretical Model

A detailed and systematic investigation of the surface effects
on the base current of n-p-n transistors is presented in this section. The
theory of surface space-charge regions based on Metal-Oxide-Semiconductor
(MOS) structure theories is extended to the bipolar structure. The following
assumptions are applied in the analysis. 1) Carrier recombination is not
limited by the flow of carriers to the surface, 2) low-level injection is
the only case considered near the surface, 3) surface recombination proceeds
through a discrete energy level in the band gap and obeys Shockley-Read-
Hall statistics, and 4) for comparison to gated devices, the electron.
density underneath the field-plate is uniform (in its effect on the surface

potential and the surface electron concentration).

A transistor reciprocal gain model is usually used to illustrate

the contributions to base current from various regions of the structurc.




Surface contributions will be assumed to be an additive change in the

reciprocal gain. These additional contributions are primarily recombination-

generation currents associated with depleted semiconductor regions. Each
is examined and compared to experimental non-irradiation n-p-n gated tran-

sistor data in this section.
2:1:1 Theoretical Model Description

To relate long-term ionization damage to its effects on bipolar
transistor DC gain, the relationship of gain to basic physical parameters
must first be determined. A physical parameter model for gain of an n-p-n
bipolar transistor can be defined which segregates the transistor into five
basic current components. The term gain, (hFE), refers to the forward

common-emitter transistor gain with a reverse-biased collector junction.

The five major contributions to the base current (shown in Figure

2.1) are:

a) electron recombination in the base region, IRB’

b) hole recombination/transport in the emitter region, ID',

c) recombination-generation in emitter-base depletion

layer, IRG’

d) collector-base junction leakage, ICBO’ and

e) surface recombination, IS'

These components form an expression for reciprocal gain defined
as

1 Iy IRB+£D_+IRG_E__+}
FE I Ic Ic Ic ! I

16




Figure 2.1 describes the location of each contribution. The form

of each contribution in physical terms was obtained mainly from understanding
provided by Phillips' and Larin.?

)
> n-emitter
J
<
L p-base
-AL L )
Arrow direction indicates n-coilector
:T- electron current tlow i
¥

Figure 2.1. A schematic representation of the five
base current components.?

The IRB/IC contribution defines the effect on the gain from the
reduced number of minority carriers reaching the collector from the emitter
through recombinations in the base region. Since a recombination requires
an electron and hole, the base contact must supply additional majority
carriers to preserve space-charge neutrality in the base. Therefore, the
base current increases, reducing the gain. This term is directly dependent
on the base width squared and inversely dependent on the minority carrier
lifetime and diffusion constant in the base region. Narrow base width,

long lifetimes and large diffusion constants minimize this term.

17
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The contribution ID'/IC is related to hole recombination and trans-

port in the emitter region. As the reverse diffusion current (I increases,

p)
the base contact must supply additional majority carriers to the base to
maintain space-charge neutrality. The result is an increase in base current
and a decrease in gain. For maximum efficiency (i.e., minimum ID'/IC), the
reverse diffusion current should be as small as possible. This implies

that the base sheet resistivity should be as large as possible with respect
to the emitter sheet resistivity (i.e., the emitter is much more highly
doped than the base). Other design problems limit the extent that this

principal can be fully implemented (i.e., base pushout).

The recombination-generation of electrons and holes in the emitter-
base depletion layer is accounted for by the IRG/IC contribution. In a junc-
tion at thermal equilibrium the net recombination rate equals the net genera-
tion rate. When a forward bias is applied, the carrier concentration rises.
The recombination rate must increase, requiring that the base contact supply
more majority carriers (current). To minimize this term requires a high
relative base and emitter doping. The largest relative contribution from
this term occurs at low-injection (i.e., more than an order of magnitude

below the collector current at which hFE is at its peak value).

The contribution ICBO/IC results from the additional majority

carriers introduced into the base from the collector. The mechanisms for

this term are similar to that for the emitter-base junction. For the col-

lector-base junction under normal DC gain operation, the junction is reverse-
biased. Carriers generated in the depletion layer are swept out and the
holes become majority carriers in the base region. This effect is only
significant at very low collector currents. The problem at low currents

is that ICBO is an erratic contribution and can turn on the transistor
forcing the minimum operating point to a higher base current to maintain
control of the gain. The contribution to IS from ICBO near the surface

will be discussed later in the report in a qualitative fashion.




These contributions (I.', IRG’ etc.) actually are present for the
projected emitter area and the sidewall area. In a diffused structure the
base doping concentration, NB’ increases with distance up from the bottom
of the emitter well. Thus the injected emitter electron current density
decreases versus distance toward the surface of a standard diffused n-p-n
transistor. Also, the sidewall area is usually more than an order of
magnitude less than the emitter well projected area, hence the base currents
associated with this region for the pre-irradiation case are generally on
the order of a few percent and neglected. The hole current density into
the emitter (ID’) does not necessarily have this same characteristic.
Because of the way diffused bipolar structures are made, lateral doping
gradients in the emitter can also be assumed (under the emitter oxide window
edge). Thus the emitter doping at the E-B junction near the surface is
usually less than the doping level under the emitter contact. This means
that the hole current density near the surface can be larger than expected.
For the post-irradiation case, we will see that the dependency on emitter
doping near the surface for the reverse diffusion term along with its
dependency on an effective surface emitter minority carrier lifetime may

change these assumptions (especially for p-n-p transistors).

Simplified equations for the first four terms are presented in

3 -
Ipg/Ic> Ip /T

IRG/IC and ICBO/IC are generally assumed to be independent of ionizing

Appendix C.!” It should be pointed out that these terms,

o o £y
radiation. This is not generally true.

Shown in Figure 2.2 are the 'bulk" terms for the 2N2222 (Motorola)
transistor versus collector current. The current components at medium col-
lector currents are comparable with experimental data." Aside from the

T The collector-base junction leakage current, Iggg, can have substantial
changes due to ionizing radiation, and under the proper conditions so
can IRB’ ID', and IC for a given Vag:
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surface contribution (not shown) it can be seen that the major contributions

to the base current at low collector currents are from [ and ICB
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Figure 2.2 Base current components over collector current vs. emitter-
base forward bias and collector current for the 2N2222 tran-
sistor model. (Motorola)

The surface related contribution, IS/Ic’ is an effect on the gain
from depletion layer recombination and generation of holes and electrons at
the surface. Since the dependence on Vpg is experimentally determined to

(Vgg/2) . : e &
- , the major relative significance

be approximately proportional to e
of this contribution occurs at low injection levels. As will be seen in
Section 2.2, long-term ionization effects are reflected at the surface in

the change in surface potential and surface state density.
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The understanding of the recombination-generation process is in-
separable from the understanding of surface effects. The theory of the recom-
bination-generation process in bulk material was proposed by Shockley
and Read® and independently by Hall.® It is based on a recombination rate,

U, that is dependent on the product of the carrier concentrations (specifically

2 ] : : - :
noep=n, ) and on the distribution of the recombination centers.

According to the theory of silicon material, certain allowed energy
states exist in the region of the forbidden-energy band. These states are
called recombination-generation centers and are attributed to impurities or
structural defects in the crystal lattice. The centers act to capture either
a free electron from the conduction band or an electron from the valence band,
leaving a hole behind (generation). Likewise, the filled center may be emptied
by capturing a hole or releasing its electron back to the conduction band.
Recombination occurs when the center captures a free electron and holds it
until emptied by capturing a hole. Thus, the recombina ~n center may be

considered as a '"stepping stone" in the gap between the bsnds.

The single-level recombination consists of four steps: namely,
electron capture, electron emission, hole capture, and hole emission. The
Shockley-Read-Hall (SRH) theory is based on probability considerations employing
Fermi-Dirac statistics. The probability of a carrier recombining at a
recombination center is dependent on several factors, viz., (1) the concentra-
tion of recombination centers in the silicon, (2) the concentration of the
free carriers, (3) the capture probability of the centers, and (4) the
concentration of centers that are normally filled under equilibrium conditions.
The last factor is dependent on the position of the centers in the band gap
with respect to the Fermi level, since this would determine the degree of

occupancy of the centers.

=
At thermal equilibrium where n ¢ p = n there is no net recombina-

tion current. When voltage is applied to the junction, the minority carrier
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densities on both sides of the junction are changed, and n * p is no longer
2 - 2 :
equal to n, . Under reverse-bias, n * p < iy the dominant R-G processes

are those of emission. Thus under the reverse-biased condition, a generation

current exists.

5
Under a forward bias, n * p > n.. The major R-G processes are

those of capture. Thus a recombination current exists.

Figure 2.3 (a) illustrates the carrier concentration, electric
field, and the recombination rate, U, for a forward-biased symmetric junc-
tion in bulk silicon when two different doped silicon materials form a junc-
tion. Since the recombination process requires both a hole and an electron
for completion, the maximum rate occurs when n = p. Mathematically, this
is seen from the simplified recombination rate (U) equation from the SRH ‘
theory which has the form:

5
P ° W - R

5 {
U=g¢ Veh Nt e Ei |
Ik ) 2n.l cosh(Ej?F——) .
where 0 = capture cross section,
L carrier thermal velocity,
Nt = trap density,
Et = trap energy level,
Ei = intrinsic Fermi level,
and n, = intrinsic carrier concentration.

For non-equilibrium (p * n > niz), a net recombination rate pro-
duces a base current. The "driving force" for this net recombination is
defined by the nunerator which is the deviation from the equilibrium condi-
tion. The increase in U depends upon increases in '"n'" and "p'". Thus U is

maximum when the sum (n + p) is at its minimum value. This occurs when
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In a space-charge region or depletion layer, both n and p carrier

concentrations vary exponentially across the junction and consequently the
recombination rate falls off quickly on either side of where n = p. The
point where n = p is referred to as 'crossover'. The concept of crossover

is crucial in the understanding of surface effects.

Figure 2.3 (b) illustrates the carrier concentration, and its ef-
fect on the recombination rate at the base surface for several surface poten-
tials (¢S). The surface states act as additional recombination centers when
crossover occurs at the surface as indicated in Figure 2.3 (b) when the sur-
face potential equals the Fermi potential of the underlying doped silicon
material (¢F); bg = p- When crossover occurs below the surface (i.e.,

g 2 F)’ the bulk centers determine the recombination rate.

The surface contribution to the base current is generally accepted
to be comprised of two major current components;’’® one a current associated
with a surface space-charge region (SSCR) or field-induced depletion layer,
IFIDL’ and another consisting of the current associated with crossover (n = p)

intersecting the surface, ISO' These regions are illustrated in Figure 2.4.

Al NNNWE
—
AN IBL —
=
S
—
—| n-type
—_ -
Isw—’4 emitter
p-type base E;EE
[
= E-B Depletion
E&: Layer

Figure 2.4. Surface components associated with a p-n junction. I
wall current.

SW = Side-
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A surface-space-charge region (SSCR) modifies the E-B space-charge

region and leads to changes in the total junction currents.+ The SSCR 1s
formed' by a buildup of charge in the oxide, usually within several hundred
Angstroms of the surface,9 that creates an electric field at the silicon-
silicon dioxide (Si-SiOz) interface. 1In essence, the charges in the oxide
"push'" charges in the silicon away from the surface. In band theory this

is referred to as band bending. Illustrated in Figure 2.5(a) is a band dia-
gram iﬁdicating the case of no charge in the oxide (this is referred to

as '"'flat band"). In Figure 2.5(b) the effect of induced charge in the

oxide is shown by the bending of the energy bands. EC and EY are the lower
edge of the conduction band and the upper edge of the valence band in energy
space, respectively. The energy difference between these two bands is the
gap energy, which for silicon is approximately 1.1 volts. E; is the intrinsic
energy level which generally lies very close to the middle of the band gap.'®
The Fermi level (or energy), EF’ is dopant dependent. For p-type silicon,

it lies below the intrinsic energy level and approaches the valence band

energy for greater doping concentrations. For n-type, Ep is above E; and

lies close to E. for heavily doped n-regions. The surface potential,¢., is
the "amount" that the bands are bent. In this case a positive charge in
the oxide will cause the bands to bend toward the Fermi level. This means

that the p-region is less p-type. The effect of the surface potential
diminishes as distance increases from the interface to the semiconductor.
Thus, far from the surface, the p-type material is unchanged. A depletion
or space-charge region can therefore be defined near the surface, and addi-
tional bulk recombination-generation processes result from surface effects.

This added current is defined as 1 If the bands are bent such that

FIDL'
the intrinsic energy level coincides with the Fermi energy, then the cross-
over condition exists (ns = ps) at the surface. At this point, both n and
p carriers are acting to make surface traps (recombination centers or surface

states) most effective. The recombination current thus is maximized. The

¥  From another point of view, the superposition of the FIDL effect on the
E-B metallurgical junction space-charge region could be interprcted as an
increase of the emitter sidewall arca extending into the base.

&
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Figure 2.5. Band representation of a p-type silicon intersection with
the surface.

effects of recombinations at the surface are incorporated in the current
term defined as I
: S0
Further increase in the surface potential, pushes the crossover
point into the bulk base material. The surface region is now more n-type
F than p-type and the recombination rate diminishes. Strong inversion occurs

when the surface potential completes the SSCL. It occurs at a surface
I 12

potential of approximately:!
¢ inv) = (V. + 2 / S
polany) = (N, ¢p) Volts
where Va is the applied junction bias, VBF’ The surface potential required
for strong inversion is dependent on the junction bias and is larger for a

reverse-biased junction.

2.1.1.1 Field-Induced Depletion Layer Term (Igipp). At the sur-

face potential @ Llnv), the field-induced dcplotlon layer has reached a

max imum th1Lkno>>. This thickness is given by

\[Ark a ¢ (Ln\)

Xl cm,
“max A

ode

This means that the Igy and Ipypp, components of the surface current will
peak or contribute significantly at lower surface potentials for increasing
Vag: This is experimentally found to be true in the data presented by Reddi.
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In an extreme case (higher surface potentials), a conducting

channel may form between the emitter and the base contact. Once the field-
induced depletion layer has been formed, it should behave like a new p-n
junction over the base region, only its origin is different from that of the
metallurgical E-B junction; the E-B junction was brought about by a

metallurgical process.

The above assumes that a full depletion layer exists in the bulk
material just below the entire surface. This full depletion layer exists
because the surface has been inverted. Crossover exists, somewhere in this
depletion layer allowing us to define an effective volume for an additional

bulk recombination-generation mechanism.

"Emitter" diffusion currents related to the field-induced depletion
layer at a given VBE are determined in the same manner as under the projected
emitter-well (i.e., by the net doping and width of the base and the minority
carrier lifetime.+ These parameters influence the currents in the same way
as they do under the emitter well. The density of these field-induced dif-
fusion currents are generally significantly smaller than those generated under
the emitter well; especially in high gain double diffused transistors with
very narrow base widths. We will call these terms IRBDL and 160L where DL
denotes the depletion layer and the remaining subscripts designate the current

components as they did in Figure 2.1.

The total increase in emitter and base currents (IE and [B) due to
surface inversion depend also on the area of inversion. As we shall see
later, if a substantial part of the emitter current is borne by the field-
induced space-charge layer then the emitter current density under the emitter

well is reduced, thus, easing emitter crowding.

f  The base here means the distance from the bottom of the field-induced
junction to the collector-base junction, assuming that the width is still
small compared to the diffusion lengths.

27

\




ke ol e = e - e N s wh B

2.1.1.2 Surface Recombination Velocity Term Ig,. When the deple-

tion layer is only partially formed such that the crossover region inter-
sects the surface, there is an additional current associated with the recom-
bination between the carriers aided by the interface states. This base
current is defined as the I contribution to the base current. It is this

SO
term that contains the often referred to '"surface recombination velocit

\.n.lhrlf
Surface states can be considered as imperfections within the Si-Si0, interface
crystal lattice having energy levels that lie within the forbidden band gap
(i.e., surface states are additional recombination centers resulting from

surface properties). The surface recombination current associated with the

. +
surface states may be expressed for each trap energy site as®®
3 o
N N 2
e 5 AS qny Nss (Cn Cp) e - 71 P
SO BVBE/Z y
s ) o g
cosh B(QS ¢, %, %8 cosh B(¢g-0p-d  + \BE/ )
where ni = intrinsic carrier concentration (#/cms),
NSS = effective surface state (recombination center or trap)

density (#/cmz),

’ 3 ~
Cn = Mo o, (ecm™/sec),
&t 3
Lp = Ven Op {cm /sec) ,

.
0, = electron cross-section (cm™),
2
Op = hole cross-section (cm™),
Vi % thermal limiting velocity (1x10/ cm/sec)

B = q/kT = (0.026 \'olts)‘l,
¢S = surface potential (Volts),
¢t = trap (recombination) potential (Volts),

¥ A brief development can be found in Appendix B.
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and ¢, = emergy equivalent to the ratio of capture possibilities,
(Volts).l

For a given VBE’ ISO has a maximum value with respect to variations
in ¢s of
1 1/2 BVBE
; .3 As qny Nss (Cn Cp) e -1 e
SO(MAX) BVpp/2 ps
cosh B(¢S-¢t) + e

A e A ; ki
I'his occurs at a specific surface potential, ¢S, given by

vV
¢S =(¢F - —%E) Volts.

Thus, the maximum ISO current occurs at a surface potential equal to one-half
the surface potential for strong inversion (¢s(inv) = 2¢F - VBE)’ and is
indicative of the crossover (pg = ns) point. This term must be integrated
over all trap energies (¢t) to obtain the total ISO current. The surface
recombination term (ISO) decreases rapidly as the surface potential increases
beyond crossover in the same way as recombination currents are described

for the E-B junction.

Two contributions to the I term can actually be defined. One is

SO
related to a region that forms a crossover at higher ¢q, and the other is related
gt Tt . =
to crossover existing from zero b - ; The contribution to ISO when ¢ =0 is

where the E-B junction intersects the surface. Crossover in the E-B junc-
tion also terminates at the surface. Thus, for a small surface region, ISO
will be at a maximum even for zero surface potential. An increase in sur-

face states will therefore produce a significant effect even at low build-up

F In C /C In Appendix B before the cross-section ratio is taken into
Py = —3p—— the hyperbolic cosine argument it is easily seen that as
i " Cp/Cp, deviates from 1 (equal capture probability) the
surface current diminishes.

1+ Note: we assumed that the capture cross-sections for holes and electrons
were the same; i.e., zo ~ 0.

fff+ These two parts of [gg are actually extensions of each other since higher
$s lowers the dopant on the base side of the E-B junction. This makes the
E-B junction crossover "walk out" into the base region.
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of trapped oxide charge. 1In a gated structure where a portion of the sur-
face is inverted, this "zero ¢s" component reappears where the crossover
point intersects the surface beyond the extension of the field plate and is
influenced by fringing fields of the gate. This term is often overlooked

and is responsible for an increase in IB’ that is not related to I , when

FIDL
the base is strongly inverted.




e T et - T S — " -

2.1.2 Pre-Radiation Gated Transistor Data
Comparison to Model Predictions

A gated n-p-n transistor serves as a useful tool to test the
theoretical surface model. For this structure, we can assume that depletion
(and subsequently, inversion) in the base surface region occurs uniformly
over a well defined surface area.+ We can also assume that this depletion
layer is sufficiently far removed from the metal contacts so that their in-
fluences on the profile of the depletion layer do not have to be considered.
Generally, it is assumed that the presence of the gate does not interact with the

ek

surface states, Nss’ or the charge, Qx’ built into the oxide.

A gated n-p-n transistor reported on by Reddil® is shown below
in Figure 2.6. The physical parameters defined, or inferred from his dis-

cussion, are shown in Table 2.1.

Figure 2.6. Cross-sectional views of experimental surface controlled
transistors (circular symmetry).'® Emitter structure:
diffused emitter (both combined) area = 1.2 x 107> cn’;
gate area over the base = 1.0 x 10'4 cmz; emitter peri-

phery underneath the gate = 0.135 cm.

+  Charge build-up in the oxide due to processing or exposure to ionizing
radiation can occur over the Si-Si0; interface in some fashion other
than uniform, but we will not consider these in this section.

These assumptions are to some degrec invalid for radiation, but can
be assumed valid for the pre-irradiation case.

31




UOLJIRWAOJUL JAR|LWLS WOU) PBUNSSY xx

Pa3eLNJ[R)/PAUJBIU]
X0
¥ 0002 (3seq) " °p
A 89K°0 39 295 _ 0T X 1 "
¥ ¥ ¥ 8=
X L q
ni H-umm moH X G'1 d wy ;=01 A L
s
A2 6°0 % w 01 X 9 >
* q
A2 90°T *n w01 X 1 "
X
uwm\NEu G6°1 (1933 1wa) ao wd H-oH X 1°2] (33eb uspun j0u) wa
X
]
x935/,ld 8ET (9seq) “a wa .01 X SE°T (91e6 udpun) "7d
xeu
w _ o1 x9'¢| AT0 = m_m_> 9 vx wd/swoze _ QT X € uz
x 9 5 *x € 81
w 07 X I ANT1°0 = m_m_> 9 X wy/swojze _ 0O X 6 mz
¥ G- o *x € 91 -
. ‘o oa d0x & % :
. wo m-oH X §°¢ AT°0=""A8 - mEU\mEopm omoﬂ X 0°1 N
SS sS4
e1s ) wd/swoae -
Juo/593e3 001 X T N g3/ Suod gr0T X 0°T mz
295/U5 0T X T U3 M2, 01 X 0°T (uotbau aseq) y
s | 9
= wdy ¢ :
- mH-oﬁ X 1 0="0 o m-oﬁ X gl '
INTYA YILIWYEYd TYIISAHd INIvA 43 13IWVEYd TYIISAHd

"G'Z @4nbL4 ul 403SLSUBL] S, LppaYy

404 pasn suajaweded [eILSAY

‘1°¢ ?1q9el

JE




e s S it ot o e e —— " e

Presented in Figure 2.7 are the resulting base currents obtained

by varying the gate voltage for the transistor of Figure 2.6.
Several conclusions can be drawn from this data.

a) Ip is relatively independent of gate voltage for gate
voltages ranging from =~ -20 to +10 volts. The tran-
sistor characteristics in this regime are primarily

related to "bulk" effects (i.e., I B and ID’).

RG® TR

b) To the right of this flat region, the base current in-
creases when considerable depletion has taken place and
peaks when crossover occurs over the entire base surface

region. As the surface is further "depleted" Iy diminishes.

¢) At higher V ( higher collector currents) the impor-

BE
tance of these surface contributions is reduced, rela-

tive to the "bulk" contributions.

d) the increase in IB above the '"bulk" contributions for
high gate voltages to the right of the peak, is due to
recombination currents associated with the field-induced

depletion layer at strong inversion.

e) The usual interpretation for the increase in Ig with
negative gate voltage for n-p-n transistors is due to
accumulation effects near the base surface and depletion

effects near the emitter surface.

2.1.2.1 "Bulk" Base Current Terms. We saw in Figure 2.7 that the

region to the left of the peak I, value (for n-p-n transistors) was fairly

B
insensitive to gate voltage until large negative voltages are applied. The

logical conclusion would be that this current includes all non-surface related
contributions and thus includes all "bulk'" related base current terms. These

include 1 I and I (1 can be assumed zero for this data

RG’ IRB’ ) CBO" CBO

since the base was tied to the collector). The 1 G contribution at low

RG
collector currents (below 1.0 mAmp as seen in Figure 2.2) is the predominant

term due to the dependence on VBE'
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Base current vs. gate voltage'® for the transistor shown in
Figure 2.6.
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Using Table 2.1 and Appendix C at low I conditions, we can evaluate

the effect

of each "bulk'" term. This value will establish a lower limit to which all

surface related terms must be added.

For VBE = 100 mV :
(a) I g * g *
e Sw
61 ¢ 15 + 4 % 10" Jamps

-1
=5.5 x 10 2 Amps ,

where IRG = recombinations in the E-B junction for the

projected emitter area,

I = recombinations in the E-B junction for the
SW

averages for parametcrs)+

qnxeR i q pp 1- /KT
and IRG N 1 Amps;
()
(&) g = TR * Tre_
SwW
Lo =(1-1 X 107 « 4.8 % 107 Janps,
72
Lre 4 qA “b n, chBh/kl e
WNeTe RB :",l'_*-—_x AMpPS ;5 and
n B
(¢) I” = I, + Iy
€ SW

The parameters used to obtain the sidewall values for Ipp and Ip~

mated from averages between the projected emitter % values and those at the

surface on Rodd1': device. (Vl\\ ~ 3x1019 atoms/cm®, Xegy = 6x10-O¢cm,

By = ™ 1.7x10-%em=, \p, = 3 x 10 7atoms/em3, Rj ¢, =1.5x10° sec-1, D "h-l_bcm-f
SW SW
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emitter sidewall area up to the surface (using

were esti-
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15

17 =(9.4 x 107 + 1.2 x 1071%) Amps,

2,
qA D_n. Q¥ /KT
where 1.~ = P e BE/

e Amps.
(DPTP) ZNE

The theoretical "bulk'" base current contribution for Reddi's transistor

. -12 : kg
is itherefores 55 10 Amps. The measured lower limit base current from

. -12 :
Figure 2.7 was 5.9 x 10 Amps. The measured value contains mostly '"bulk"
contributions but some surface contributions may be present from the E-B

metallurgical junction intersecting the surface.

From the above analysis, we see that the sidewall region (for

Reddi's device) does not make a significant pre-irradiation contribution
except for the R-G term (which contributes approximately 10%). Applying a
negative gate voltage over the emitter-base surface region increases the
effective base doping while decreasing the effective emitter doping. Thus
the ID;W term becomes more significant especially in view of the lifetime
decrease near the surface caused by changes in the lattice and impurity con-
centration from processing steps. Also the effects on the lifetime at the
surface by process induced surface states will influence the importance of

-

this term. These factors have not been used in the calculation of I

DSW'
This increase in ID' for large negative gate voltages is a candidate for
SW
influencing the shape of the left part of Figure 2.7. This part of the

curve is usually referred to as accumulation. Other influences commoily
associated with this region are increases in the RG sidewall term, increases
in surface area for the E-B junction intersection with the surface, and
tunneling currents. All but the ID' and tunneling current contributions

are related to R-G mechanisms which could not explain the sudden increase

). The I.” contribution

in Iy for high negative gate voltages (at lower V D
SW

BE
appears to have the necessary dependencies to explain the increases for

both pre- and post-irradiations and for both n-p-n and p-n-p transistors.
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This will be seen later when the post-irradiation condition is applied
to the gated transistor and when p-n-p transistors are considered. It

should be observed that at low V E in Figure 2.7 that R-G terms dominate

B
over the diffusion terms under normal operating conditions (VG =0). At

higher V,_.'s, the diffusion terms dominate the R-G terms. More work needs

BE
to be done to verify the contributions from accumulation. We will not

pursue accumulation further in this section but a general discussion is
included in Section 2.3 for p-n-p transistors where these mechanisms are

important in describing the radiation response.

2.1.2.2 1Ign Term. The term describing the crossover intersecting

the surface is ISO' Two "separate'" regions can be considered which satisfy
this criteria (even though the second region can be thought of as an exten-
sion of the first). Region one (1) is where the metallurgical E-B junction
intersects the surface. Crossover intersects the surface for zero gate vol-
tage. Region two (2) is when ¢s (from gate voltage or oxide chargi) has
forced the base surface region to crossover. The general ISO term 1is

described as

Vg
3 A
5 G ni A '\SS g Vth e =

ISO = BVBE/z VBE Amps
cosh B(d, - &) + e cosh Bl - ¢, + — )
n KT Par
2 qng A - Do 9 Ven é - 1» :
FVpE/2 Var ARpS
e cosh B ¢S - ¢F + 3
.
where A = the surface area at potential ¢S (em™)

¢t = energy of the surface state in the silicon band gap (eV)
5,
D, = density of surface states (#/em”™= eV)

5
0 = the capture cross-section (cm™).

Appendix A discusses the derivation of this term.
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The hole and electron capture cross-sections were assumed equal
and constant for all surface potentials sincellittle information exists on
this subject. Thus, ¢O = 0 and 0 = (Gp . On)é =0 Also, as a first
approximation, the energy density of surface states over the silicon band

gap was assumed uniform.

For region (1) the surface area, where crossover interacts with
the surface states, can be assumed to be the width of the depletion layer
(xes) times the emitter periphery (PC). Region (1) has a maximum ISO con-
tribution even at zero gate bias. Thus Isomax for Regio$ (1) must be added
to the "bulk'" contributions that formed the lower limit. At VBE = 100 mV;

2
I,  (Region 1) = 9.9 x 10 > Amps.
max

In region (2), the surface area under the gate in the base region
(A = AG) is used. To obtain the peak base current theoretical value from
this region, the gate voltage was increased to force a crossover at the

base surface region under the gate.

Igop (Region 2) = 9.3 x fo- 4 Amps
max

At the peak IB’ region (2) can be thought of as the region (1) crossover

bent over and lying over the entire base surface under the gate. Therefore,

in the region (2) ISO calculation, region (1) 1 does not exist.

SO
The measured value of ISO (region (2)) was 7 X 10_11 Amps.
Sy ! max : ’
[his correlates very well with the predicted TSU in region (2).
max

o
I

Assume Dgg is uniform over all regions of the transistor due to process
induced factors.
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experimental data.

necessary to identify the maximum I

Further calculations (for other VBE'S) yield the results shown

2.8. In general the results are in excellent agreement with

Both theory and experimental data show a decrease in gate voltage |

S0 contribution from region (2) for higher

This is sometimes referred to as a shift in the peak to the left on

the gate voltage (or surface potential) scale. The reason the theoretical

curve shifts to the left vs. V

'BE is because of the injection of minority

carriers (ns) into the base surface region. For higher VBE’ ng approaches

L without any additional gate voltage. Thus, less surface potential is 1 3

required to generate the ng = pg crossover condition.

Py e i |
10 — EXPERIMENT |
-~ THEORY |
! |
1077 | |
E )
3 g
10
G 3
o L
£ :
2 17t |
g |
- |
10710k -:
B | S

10 "0~ 6 12

Gate Voltage (Volts)

Figure 2.8. Comparison of the theoretical to experimental I, term.'” The

experimental points result from Figure 2.7. Theory was normalized

to agree with experiment at VBE = 0.3 V.
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The theoretical ISO curve shifts to the left with increasing V

faster than the experimental curve as shown in Figure 2.9. The ISO term

defined by Reddi calculates the base current associated with a region where
®s
significantly as a function of distance from the edge of the E-B depletion

BE

, n and p are nearly constant. The assumption that ng does not vary
layer is invalid for higher VBE'S. The minority carrier concentration away
from the E-B junction in the base is actually less than at the E-B edge

due to the surface diffusion length. Thus, a larger gate potential is

required than theory would predict to reach the peak base current.

This distribution of minority carriers would also account for the

broadening of the peak for higher VBE'
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Figure 2.9. Comparison of experimental and theoretical gate voltage
shift vs. VBE for peak IB' The theoretical curve is
normalized to the 0.3 volt Vg as in Figure 2.8.
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2.1.2.3 Igppp Term. When high gate voltages are applied to a

gated transistor, the entire region of the surface under the gate is assumed
to be forced into strong inversion. For this condition a complete depletion
region has been formed. The base current resulting from this region was
modeled earli £
odeled earlier as IFIDL

The maximum field induced depletion layer recombination-generation

current, IFIDL’ may be approximated as
q (n kT poE/l.s
o B B L Amps
Temr = 2 (q 2¢F) Xamax) i ™ Ry © ¥
where Ri = intrinsic recombination rate.
A.l = the surface area having a surface potential

of ¢s = 2¢F.

Substituting the physical parameters into this relationship produces a value

] = \ .
for IFIDL @ VBE 100 mV of:
-14
IFIDL = 7.35 x 10 Amps.
The measured value for the I term at V. = 60 V is the difference between

FIDL G
IB at this gate voltage and the lower limit due to "bulk' terms discussed

in the last section. (Note: This lower limit is present for all gate
voltages.) The measured IFIDL term was 1.4 x IO-12 Amps. The discrepancy
can only be related to the definition of the intrinsic recombination rate
(Rj) or carrier concentration (ni)16 near the surface of the base region.
It is reasonable to expect that Ri is somewhat larger near the surface than

below the emitter because the base diffusion concentration is higher near

: Eé%;—- Xg A; is the effective volume in the field induced depletion layer
q <0p where the 7 kT/q portion is a constant of integration assuming
a uniform trap energy distribution from E, to E_.
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the surface. If we define the value of R.l near the surface to be R.l , then

. (§) .
from the measured value of IFIDU Rig &3 x 10 /sec. We will use this value
of Rig when discussing surface effects on IB and IC for Reddi's data.

2.1.2.4 Other Current Terms Related To The FIDL Region. With the

surface inverted there exists a field-induced depletion layer that has simi-
lar properties as the E-B junction. The emitter current from this extension

of the E-B junction can be modeled as;

. a AG Db in
oL = W hnps
e
2
n. BV, .
where Am = o2 @ BE carriers/cmé, and
N
BS
wSC = the "base width" from the field-induced

depletion layer to the collector-base junction.

Since the base doping is greater near the surface of the base region, the
emitter current density will be less, and the area is smaller. This

additional emitter current for Reddi's transistor can be approximated as:

& -15 i e .
IEFIDL ~2 x 10 Amps (for Vag = 100 mV).

This calculation shows that some new emitter current may be

seen at strong inversion. The increase is small for this device.

The bulk base recombination current related to the FIDL region

can be cstimated from;

oy

g N W, W BV o
6 s¢ 1 BE - -16
= - - e Amps = 9.3 x 10 Amps.
RBDL 1n (N 45 N

BS 'B)

I

¥ The intrinsic recombination rate at the surface layer may be larger than
in the bulk due to processing where: oxides are grown, oxides are stripped
off, diffusion runs and drive-ins have perturbed the crystal lattice.
There can be many more "intrinsic" imperfections and thus a higher rate
than assumed in the bulk (1.5 x 105/sec).
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where ——3 —— = average base doping in the bulk base region

extending from the edge of the field-induced

depletion layer to the C-B junction (carriers/cms).

The reverse diffusion current IDbL is about an order of magnitude less than
IRBDL for this device and defined for the gated structure as;

d5n 12

2

fi= q AG Dp n, 5VBE
I = —_— e Amps,
DDL \ g 2
“BS s
where 15 = lifetime at the surface (sec).

2.1.2.5 Summary of Prediction Accuracy. The surface model is

successful in predicting the maximum surface current, I , associated

SOmax
with the crossover intersecting the surface. The number of surface

states and the capture cross-section(s) are necessary input data. The
ability to predict the added base current associated with the inversion

of the base surface region, , appears to be limited by the

LR IDL (max)
accuracy of the values for the intrinsic recombination rate at the surface.
The lower limit to the measurement of each term is the total '"bulk'" base

current (i.e., the base current due to the projected area under the emitter)
which for higher VBE washes out the surface terms. For the pre-irradiation
case, the major surface terms of consequence were I and 1 All other

SO FIDL.
terms were at least an order of magnitude smaller than these.

The dependence of the various base current components on YBF can
be put into a general expression where
BV ./n
BE
I = e .

For the FIDL term, n was measured experimentally as 1.5. This value of

n is usually associated with a depletion layer recombination-generation cur-

rent but caution should be exercised about conclusions drawn based on the slope

43

e e R




of a current.'’” If we examine the ISO peaks presented in Figure 2.8 and
select one gate potential (+20 V), we find that the slope of the total base

current changes versus V yet the majority of the base current results

I
from ISO‘ This surface Surrent term can have slopes of anywhere between

n ~1.3 ton ~2.7 before being overtaken and washed out by the "bulk'" and
FIDL terms. The ungated transistor could not separately identify that the
ISO term was shifting and thus a conclusion might be reached that the

changing slope is due to the interplay of several surface components.
2.2 Radiation-Inclusive Bipolar Transistor Model

The effects of long-term ionizing radiation on the DC gain of bi-
polar transistors can be described by examining the changes induced in each
base current term discussed in Section 2.1 as a function of radiation. The
base current for an n-p-n transistor will remain the vehicle for discussing

ionizing radiation effects in bipolar structures.

To understand the surface mechanisms related to ionizing radiation
effects, we first need to describe the distribution and build-up of oxide
charge and interface states. Most of this understanding was obtained from
metal-oxide-semiconductor (MOS) studies. The results of these studies
will be extended to the n-p-n transistor. A uniform distribution of
trapped oxide charge and surface states (MOS approach to bipolar structures)
will be assumed initially (i.e., before irradiation) However, the non-
uniform electric field in the oxide of bipolar transistors produced by the
emitter-base junction will perturb the distribution of trapped charge in
the oxide and surface states at the Si-Si0, interface due to ionizing

-

radiation effects.
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The total radiation-inclusive model for bipolar transistors will
be compared to available experimental data (e.g., gated bipolar transistor
data).

2.2.1 Radiation Effects on Surface Physical Characteristics

The direct physical result of ionizing radiation on silicon de-
vices with an SiO2 (silicon dioxide) passivation surface layer is to induce
additional positive trapped charge throughout the oxide and produce
electronic states (usually called interface or surface states) at the

§i-S5i0, boundary.+

Varying levels of trapped charge and surface states exist in both
MOS and bipolar structures as a result of manufacturing processes. The
effect, for example, is dependent on oxide growth time and temperature. For
our purposes we will assume that the trapped charge is positive and uniformly

distributed over the entire surface for the pre-irradiation case.

Ionizing radiation significantly increases both trapped charge in
the oxide and surface states. A summary of worst-case estimates for both
species at pre- and post-irradiation levels are shown in Tables 2.2A and 2.2B.
These were obtained by reviewing the literature and from past experience.f¥
The effect of trapped positive charge above the Si-SiO, interface is to create
an electric field in the oxide and for a short distance into the bulk sili-
con. If the trapped charge is uniform it will produce a surface potential
similar to that created by a gate placed over the surface above the Si-Si0,

interface.

+  There exists evidence that negative trapped charge is also induced, how-
ever it is dominated by the trapped positive charge. The surface
states are usually located within 200 A of the ideal Si-SiO2 boundary

9

plane.

+4+ Note: The review was performed by Andrew Holmes-Siedle under a consulting
contract during the summer of 1977. The values established may eventually
be useful for establishing hardness assurance limits.
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Table 2.2A Experimental data and models concerning production of new
interface states with increasing dose in biased, oxidized

siticen.

Radiation Dose, D, Rad(Si)
9 1x10 x10° 1x10®  3xi0f
> 5 e
DSS(O) (cm “eV ™)
Sive Fig. 4 Bipolar ax101!  1.2x10'2 2.2x101% - -
Sivd °Fig. 9 MOS w100 ax10l® 1.sx10tl - .
Sivo Fig. 10 A1 - I
Implanted MOS 4x10 4x10 5x10 - ~
Bruncke et al. MBipolar  2x10%! 5 ax10'! 1x10'? 2x10Mt
Fitzgerald2Bipolar 5x1010 3 s5x1000 sx10t! 1x10!2
Brown Z'Exp. 14 Bipolar 1x10t! 13
(Worst case) - - ~1x10 -
BrownZ Expt. 14, MOS 1x10t! - . aiot? .
Tentative worst-case
Mode] : 1x10M} 1x10 2x10%3  5x1013 14101

Surface midgap surface state density - DSS(O) (cm'ZeV-l).
number of surface states (N

SS9

) is assumed to be u kT/q Des-

E for development of the justification in using this assumption.
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Table 2.2B Experimental data and models concerning radiation-induced
chan§es in biased oxidized silicon surfaces; fixed charge

(Q

oX

and surface recombination velocity (SC)

Radiation Doses, D, Rad (Si)
0 1x10% 3x10°  1x10®  3x10°
=2
Oy fem ™)
BrownflExpt. 14, 1 13
Worst-case Bipolar 3x10 - - 1x10 -
8rownflExpt. 14,
MoS 3x10%! & : wape -
Snow’Fig. 3,
oS 2x1011 E 5x100  1x10'2  1.5x10%2
AH-S, Fig. 3,
Worst-case MOS Model ox10™Y* 1x10%?  ex10™®  1x10'® 1.5x1013
4]
So (cm sec ')
Sivo, °Fig. 8,
Bipolar - 200 300 800 1500
Fitzgerald2°Fig. 2,
Bipolar** 1 10 30 130 150

* Nominal 1-V offset due to fixed charge in 2000 A oxide

** Dose estimated by AH-S
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2.2.1.1 Trapped Hole and Surface State Generation Mechanisms. Ion-

izing radiation causes electron-hole pairs to be produced in the oxide. Without
an electric field in the oxide many of these pairs will undergo geminate recom-
bination. The probability of a hole and an electron escaping geminate recom-
bination increases when an electric field is present. The electric field

may be due to the emitter-base junction alone or combined with an applied
voltage. Holes can be trapped in oxide centers, which are usually considered
to be comprised of both deep and shallow traps. Since the electrons have a
mobility in the oxide that is several orders of magnitude larger than that

of the holes, the probability of capture is less for elcctrons.+ "Hole
hopping' mechanisms in the presence of an electric field move the trapped
holes toward the interface into deeper trap sites where the '"hopping' mechan-

ism stops.??

As these charges are swept toward and across the Si-SiO2 inter-
face into the bulk they appear at the terminal leads. The presence of an
applied electric field by a gate over the oxide will alter this process.
Ionizing radiation coupled with the existing electric field causes a build-up
of positive trapped charge near the Si-Si0O, interface. By using an energy
band diagram, these mechanisms can be illustrated (see Figure 2.10). The
result of this build-up of trapped charge is a change in the surface poten-

tial as viewed from the silicon substrate illustrated in Figure 2.11.

The surface states are not as well defined in terms of their

physical interpretation but the present understanding is that they can be

»25

caused by broken bonds and impurities at the interface.- Both causes
can result from processing techniques. Only the broken bonds are increased

from ionizing radiation. The increase in broken bonds is thought to result

Electrons having the opposite charge of the hole will travel in the
opposite direction along the same field line.
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from free holes produced in the oxide by the ionizing radiation which
diffuse through or to the interface. It is unclear whether all of these
holes stop at the interface or some of them pass-into the silicon.?® Regard-
less, the creation of surface states is postulated to result. The most com-
plete analysis has been presented by Sah.?® Surface states can act as
donors or acceptors and are considered recombination-generation centers.

They are usually assumed to be distributed uniformly in energy over most

of the energy band gap of silicon.+ Thus, the surface states act as extra

recombination centers at the surface regions of the silicon substrate.

We will assume that surface states have a donor-like character
(charge states neutral and positive) when they lie below the intrinsic level,
and an acceptor-like character (charge states neutral and negative) when they
lie above the intrinsic level. The surface states then are either neutral
or positive in character for a '"'p-type" substrate. Positive surface states
are those with energies between the intrinsic energy level and the Fermi
level. If the intrinsic level shifts closer to the Fermi level but remains
""p-type" in character, less surface states will appear positive (i.e.,
active). If the level shifts below the Fermi level then the material is
inverted to ''n-type'" by definition. The surface states are negative for
those with energies between the Fermi level and the intrinsic lcvel.
Figure 2.12 demonstrates this concept. Only the states near the intrinsic
level are considered effective (whether positive or necgative) for recombi-
nation, since it takes both holes and electrons to complete the recombi-
nation process and the crossover point has a near equal concentration
of both. If the surface state is close to either edge of the bandgap

(valence or conduction bandj, there is a lack of one of the two essential

" The above understanding of the mechanisms of charge build-up in oxides

and the creation of surface states was provided by Andrew Holmes-Siedle.
Near the conduction and valence bands, therc has been much disagreement

on what the distribution is really like. Since later we will only use
those surface states near the intrinsic level, we can assume a uniform
distribution. For more information on the distribution of surface states,
see Reference 27.
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Figure 2.12. The pre-irradiation 51—51'02 interface energy diagram.

species and the probability of a recombination is small. Thus only the
surface states within a few energy units (kT/q) of the intrinsic energy
level are effective. The charge of these surface states also affects the

surface potential as viewed by the charge carrier in the silicon.

2.2.1.2 Surface Potential Distribution Due to Oxide Charge and

Surface State Build-Up. For the pre-irradiation case we assume that

fabrication processes produce a uniform level of both trapped charges and
surface states. These levels can widely vary as evidenced by the "0 Rads’

column in Tables 2.1A and 2.1B.

Consider the post-irradiation condition. The trapped oxide charge

and the density of surface states increase. The result is an increase in




surface potential and an increase in the density of recombinati)n centers J
at the surface. The increases are not restricted to the uniform distribu- <

tion discussed for the pre-irradiation case. |

As seen earlier, the creation of free holes and the movement of

those holes (through trapping/hole hopping mechanisms) is assumed dependent on the
3 electric field in the oxide. For MOS structures where a gate is placed
: over the surface, the final trapped charge and surface distribution would {

remain fairly uniform due to the uniform electric field induced in the oxide
2 by the gate. For bipolar structures, the E-B junction built-in potential
is always present with or without a surface gate. The electric fields in :
the oxide produced by the presence of this junction produce a non-uniform 1
distribution of trapped charge and surface state density versus distance from ;

the junction.

3 For the standard off-the-shelf n-p-n bipolar transistor, the

surface of the base region extends from the E-B junction to the base con-

tact. Above this region (in the oxide), the electric fields are those from
the E-B junction near the surface due to the built-in potential combined
with the applied bias.  We thus obtain field lines in the oxide as
illustrated by Figure 2.13. The E-B junction field lines can be modeled

as originating from two metal blocks separated by the E-B depletion layer
width, both ending at the surface interface. Modeling a bipolar transistor
in this way generates an idealized field distribution shown in Figure 2.14.
The fields decrease as 1/r (r = distance) from the edge of the depletion

region. (For more details of this modeling effort, see Appendix D.)

For the surface area near the interface directly over the E-B

junction (where it meets the surface) the electric field in the oxide can

Fields extending from the base metal contact through the oxide to the
emitter metal contact can be considered small in proportion to these
E-B junction fields.
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Oxide
AN\
n-Type Emitter
p-Type Base ««—E-B Metallurgical Junction

Figure 2.13.

Figure 2.14.

Idealized electric field lines in oxide due to junction modeled
as a parallel plate capacitor. The arrows are in the direction
of electron movement.

NG

Electric Field at Interface E(ox), V/cm

Distance, um

Pre-irradiation electric field for a non-gated transistor at
the surface of the base due to the E-B junction voltage vs.
distance from the edge of the E-B depletion layer.
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can be approximated to be similar to the electric field within the junction.
One dimensionally, this field across the E-B junction can be illustrated

as in Figure 2.15.

During ionizing irradiation, the number of holes that escape geminate
recombination in the oxide, and the movement toward the surface due to
hole hopping mechanisms, were shown earlier to be dependent on the strength
of the electric field. We also assume that the untrapped holes diffuse to
the interface and form surface states. Under these assumptions and for
bipolar transistors, we would expect that the distribution of trapped charge
in the oxide and the number of surface states produced as a result of ionizing
radiaticn could be modeled as diminishing from the edge of the E-B junction

toward the base contact.
Since both the oxide charge and surface states increase with
ionizing radiation, we must consider the total effect on the surface

Space Charge
Layer
i

IR 1
IR N &
e H
"p-Type" - L ntyper
Silicon e i J+¥ Silicon
N
: [+
i
=y ‘
‘k \-k/ r. ;
Electric Field
Strength
X —

Figure 2.15. The space-charge region and electric field associated with a
p-n junction where the n-type is more heavily doped. (O = cross-
over (where n = p) and MJ = metallurgical junction.
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potential as viewed from the substrate. As a result of the oxide charge
build-up, the surface potential increases positively and pushes positive
charges (holes) in the semiconductor away from the surface. The increase
in surface states also has a net effect on the surface potential. This is
based on the theory that as the energy bands are bent by the electric

fields from the oxide charge, the intrinsic energy level moves closer to

the Fermi energy level making many of the originally positive surface states,
neutral.®® Thus, there is an effective loss in total positive potential
associated with the surface and a smaller positive potential will be seen

by the carriers in the silicon substrate. The effect on surface potential
by increasing the number of surface states for specific electric potentials
at the surface is shown in Figure 2.16. The number of surface states in-

e
fluences the surface potential for a given electric field LE(ox))' The ef-
fect of increasing the number of surface states on the surface potential is
to decrease or "'saturate' the effect of an electric field at the Si-Si0O,

interface.

If we now apply all these ionizing radiation mechanisms simultancously
in an n-p-n bipolar transistor, we obtain a surface potential profile that
looks like Figure 2.17(a) for VBE = 0 and Figure 2.17(b) for VRE = 0.5 wolts.
(This profile represents the surface potential as seen by the charge carriers
in the semiconductor near the surface.) The surface potential is modeled
from the edge of the E-B depletion layer versus distance from the metallurgical

junction. Note that the applied V. diminishes the magnitude of the surface

BE
potential generated for each dose level.

It appears that for this field induced build-up of oxide charge
and surface states, beyond 10 um for this doping, the surface potential

approaches its uniform pre-irradiation characteristics. Bduerlein measured

+  The energy density of surface states is assumed to be uniform throughout

the energy band of silicon for the post-irradiation casc. This is a reasonable
approximation based on work done by Sivo. He showed that for higher radia-
tion levels, the center of the energy band becomes more uniform. Since

the effective surface states are those near and at the intrinsic energy

level, any non-uniformity outside this region would not be effective.?®
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Figure 2.16. Dependence of surface potential g On interface electric field
in silicon dioxide, for various values of surface state density
Des (in units of (cm2 eV)'l). Zero surface potential

is taken at flat band condition. Acceptor concentration in

the silicon is 2 x 1017 em™3 for the model.
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: Figure 2.17. Field-dependent infiucnces on surface potentia: versus

distance from E-B junction for irradiated standard ungated
transistor. VBE represents the applied bias during irradiation.
Passive and active biases during irradiation were user as exam-
ples since these two conditions represent real states for bi-
polar transistors in a deployed system.
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an effective 10 um zone next to the E-B junction by irradiating small

regions of the base surface with an electron beam.®’

This experimental
data supports the above predicted distributions. [t appears that (at
least forthe low to moderate ionizing radiation case) the position of the
base contact is not a critical parameter. Higher density technologies may

change the importance of this parameter.

2.2.1.3 Measurement Techniques for Analyzing Radiation Effects.

Initially, this report used MOS data to describe the basic transport pro- :
perties of ionizing radiation created trapped holes in the silicon dioxide.

The uniform effects could thus be modeled. The problem was complicated

when the varying electric fields due to the E-B junction caused a non-uniform

buildup of trapped charge.

Consider now the use of gated transistors as diagnostic tools.
Several authors have used gated structures to evaluate ionizing radiation

effects on the base current terms. »%>1°%

For the gated transistor, a gate is placed over the E-B junction
extending into both the emitter and base regions. Figure 2.18 is an illus-

tration of this technique for a n-p-n structure.

Prior to irradiation, various componentsof the base current can
be analyzed by varying the gate potential. We assumed that the oxide
charge and surface states were uniform and the gate produced a uniform sur-
face potential over the base region. The non-uniform effects from the E-B
junction electric fields on the surface potential can be assumed small and
are usually neglected. We saw in Section 2.1 how this tool can accent
various components of the base current related to the surface. The gated
transistor was thus considered to be a reasonable tool to dissect the ef-

fects of radiation on bipolar transistors.
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Figure 2.18. TIllustration of gate structure placed over the E-B junction
of an n-p-n transistor as a diagnostic tool for measuring
surface properties of bipolar devices.

In actuality, the gate (when grounded during irradiation) pro-
duces another set of boundary conditions for the E-B junction fields in
the oxide. The result is a difference in the electric field from the non-
gated transistor which influences the distribution of trapped charge in the
oxide and surface states. Figure 2.19 shows the predicted distribution
of the pre-irradiation surface electric field produced by the E-B junction
for the gated transistor. The electric field is spread out further (than
for the non-gated transistor) into the base and the magnitude of the elec-
tric field is higher for more of the base surface region. The total effect
from this gate for the post-irradiation case is the distribution of surface
potentials as shown in Figure 2.20. We see that the presence of a gate has
significantly perturbed the expected distribution of surface potential making
the potentials larger and slightly more uniform at higher doses.  The effects
from applied voltages are smaller (compared to the non-gated transistor).

Note: no assumption of trapped charge saturation was used in the model

)

for Figure 2.20. _If a charge saturation was used,“? with the maximum
Qox = 1 x 104?/¢em=, the surface potential would reach a peak of 0.65 (eV)
and remain constant thereafter. The dip seen near the edge of the E-B
junction for very high dose level is the result of surface state effects
illustrated in Figure 2.16.
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Figure 2.19. Pre-~irradiation electric field for a gated transistor at the
surface of the base due to the E-B junction voltage vs.
distance from the edge of the E-B depletion layer.

The result of this analysis is that the gate perturbs the distri-
bution of surface potential due to ionizing radiation and thus the response
of the transistor. One should therefore be careful in applying gated tran-
sistor data to describe non-gated transistor response in hardness assurance

screens.
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Figure 2.20. Field-dependent influences on surface potential versus dis-
tance from E-B junction for irradiated gated transistor.
VBE represents bias during irradiation.
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2.2.2 Radiation Effects on Base Current Terms

The surface related base current terms introduced in Section 2.1.1
were composed of recombination-generation type terms and diffusion related

terms. The recombination-generation terms at the surface were defined for

depletion layers (DL) near the surface of the semiconductor. These terms
described the contributions to the base current from a field-induced deple-
tion region formed in the base near the surface (IFIDI)’ and the recombina-

tion-generation at the surface, Igy (sometimes referred to as the surface

velocity term).T

Two other possible surface terms were defined when the new surface

depletion layer was complete and exist only after IGO has peaked. These

terms were [RBDL and ID DL

The '"bulk terms'" are usually assumed to remain unchanged due to
5 g

ionizing radiation. We will use this assumption initially. As will be

seen later, after the surface terms are evaluated, this assumption will
have to be modified. The total effect on gain from ionizing radiation
is the sum of all contributions, surface and bulk.
Recombination-Generation Surface Terms. The same recom-
bination-generation surface terms defined in Section 2.1.2 (IFIDI and ISO)
For

dedntil

will be used in the evaluation of ionizing radiation effects.
VBE = 100 mV, the crossover expression, [So,cun be simplified to
e\ D
B Bli/~

ki i V¢h “n Nss o Amps.

30 Cosh B(o, - O + Vyo/2)

g = 0. (R
at \Blv B.1; 0.3

and 0.5 volts gave values that closely matched corresponding experimental

Evaluation of this term's maximum for Reddi's transistor

I'he [SO term includes all surface areas where Ty = P (defined as crossover).
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data assuming uniform surface potential. If we apply this term to the case of

a non-uniform surface potential, such as for the post-irradiation case, only a
small portion of the base surface area will be peaked; namely the portion of the
surface where nSR=ps. The other base surface regions will have values of ISO
that are less than the peak depending on the local values of the surface poten-
tial, carrier concentrations, and the density of interface states. For regions
where the surface potentials are greater than that needed to reach peak 150, the
IFIDL term will contribute by increases in the depth of the depletion layer from
the surface. Ionizing radiation may also effect the recombination rate near the

surface which also will increase the FIDL current for very high dose levels.’!

At higher doses, another effect is predicted. From Figure 2.16
we observed that electric field effects on the surface potential (QS) were
less significant over a large range of electric field strengths for high
interface state densities. Therefore at high dose levels when the surface
state density becomes dominant, the surface potential is forced toward the

crossover point thus peaking I 0 (for a given ng and ps) over most of the

8
base surface region regardless of the oxide charge distribution. This means
that under these conditions the quantity of oxide charge is relatively
unimportant. Thus, measurement techniques which supposedly measure the charge
in the oxide (Qox) may not provide accurate values of the surface potential

for all dose levels.

2.2.2.2 Surface Dependent Bulk Diffusion Currents. Large sur-

face potentials can induce a full depletion layer at the surface. Another
viewpoint of this depletion layer is an extension of the E-B junction

depletion layer. Additional and I“' contributions related to this new

'rB
surface field-induced depletion layer are theoretically produced under

certain conditions. We called these terms, in Section 2.1, IRBm and ID‘UI'

i+ If the base surface doping is not too different from that under the emit-
ter well and if the well depth is comparable to the base width (a factor
of 2 or so) then the emitter current density flowing into the base from
the field-induced depletion layer will be comparable to the emitter cur-
rent density under the well.
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The only radiation variable contained within these two terms is the sur-

face lifetime in the I.~ _ current.
C 1 me 1 (3 D DL rrent

B ; ; . -1
Within the relationship that Tg= (ng o Vth) seconds, the
conclusion is reached that ID'DL is proportional to the interface state

1 density to the one-half power. This term is usually small (pre-irradiation

’ at low VBE) relative to I I is also more sensitive to Ng directly

SO° SO SS
and dominates the total surface current; especially at low V

BE"

Now let us introduce the indirect mechanism of decreasing emitter
crowding. This mechanism is only found at high currents by definition of
emitter crowding. The increase in emitter area (from the viewpoint of an
extension of the E-B depletion layer) is the cause. The FIDL region acts

like an extension of the original sidewall region which causes added collector

current given the right conditions. As more emitter current is injected
through the sidewall, the effective emitter current density decreases and
crowding decreases (for the same measured collector current). Appendix C
discusses the effect of crowding on the "'bulk" base current terms used to
determine DC gain. Figure 2.21 shows the effects of bias and measurement
current on gain degradation. The author states that the slope of the change
in reciprocal gain due to ionizing radiation is similar in behavior to the
normal basespreading resistance term caused by emitter crowding.®® 1In

10 A = Reverse-biased
1 L ® = Forward-biased
0.1 L
Aot o o
FE “*“* T S~
0.001
0.0001 T R T

1078 10771076 105 107* 10731072 1071 10°
Collector Measurement Current, IC-Amps(VCB=5.3V)

Figure 2.21. Effect of bias during exposure and measurement current on
current gain degradation.”’
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Figure 2.22. 2N1613 transistor, IE =1 mA, VCB = 10 V, Cobalt 60 irradiation.®*
Figure 2.22, the gain is measured versus collector current for various dose

; levels.*® The peak gain is usually associated with the point where current i
crowding and high injection effects become significant. A shift of this

P point and/or a change in the slope of the curve beyond this point would ;
ingicate changes in the current density through the base region. Figure 2.22 ;
shows such a shift and slope change. Since the shift is to the right

(higher current required to obtain peak hFE)’ current crowding could be
interpreted as being reduced for higher radiation levels. Also, the slope

! of the curve beyond the peak is not as severe. This indicates that the

; crowding (or high injection effects) has been reduced. A final example

v is a comparison of gain versus collector current for several transistor

‘ structures included in IZL integrated circuits (IC's).*? Figure 2.23 shows
the same effect on these structures from ionizing radiation. The position of
peak gain and slope (after peak gain) have been significantly changed. Thus i
"bulk" terms not directly related to surface changes can be affected indirectly

by *he change in the surface due to ionizing radiation.
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transistors can provide insight as to the individual mechanisms contributing

to the total base current and how they change versus radiation. Figure

2.24 is an example of the pre-irradiation curves generated by varying the
gate voltage over the base region. The standard interpretation of each

contribution to the total base current is also shown.
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Figure 2.24. Standard interpretation of a non-irradiated gated bipolar
transistor base current curve versus gate voltage.’
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The trouble with using standard off-the-shelf transistors is that
several mechanisms interact at the same time. Separating the mechanisms for
understanding and modeling efforts for hardness assurance are very difficult.
This is the reason the data used by investigators to evaluate models are from

gated transistor experiments.

Using someone else's past data for comparison with the radiation-
inclusive model poses two problems. One, important physical parameters are
often unknown and some of the critical physical parameters have to be assumed
from similar devices or the same manufacturer. Two, other tests useful

in evaluating new model predictions, cannot be tested on the same samples

(i.e., breakdown voltage vs. dose).

For the non-irradiation case, we used Reddi's®®

gated transistor 5
due to the availability of detailed physical characteristics. This data was

introduced in Section 2.1. Unfortunately, Reddi did not perform radiation
tests on these devices. Therefore, we must introduce a second set of data
to be used as a vehicle for discussing radiation effects. The data is from
Sivo's work.” Unfortunately, Sivo did not include all the needed physical
parameters. The physical parameters for the 2N2222 transistor are presented
in Table 2.3 and assumed similar for devices used by Sivo. Figure 2.25 {
introduces Sivo's experimental data for a circular geometry device with a one i

dot emitter inside the base diffusion well. The transistor curves are for

a gated transistor structure operating at several VBE levels.

As will be seen in the following discussions, each of the surface
related terms can be identified from experimental data. Broadening and

shifting of the various portions of the gated transistor curves are discussed
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Base Current, I (Amperes)

-60 -40 20 0 +2¢ 4+l + b

Gate Voltage, Vg (Volts)

Figure 2.25 (a). Effect of ionizing radiation on the IB VS. VG curves at
various injection levels. Note the increases in the sur-
face and bulk (FIDL) components of Iy as well as the
changes in the shapes of the current peaks ("broaden-
ing"). The illustration is continued in the next

figure.’

70

}a

N ——



Base Current, Ip (Amperes)

Figure 2.25 (b).
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Effect of ionizing radiation on the IB VS. VG curves

at various injection levels. This illustration is a
continuation of Figure 2.25(a).”
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Base Current, Ip (Amperes)

Figure 2.25 (c).

60 -40 =20 ¢} 420 +40 +60

Gate Voltage, V, (Volts)

An example of high dose effects on the base current,
IB.3M
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as related to model predictions. Changes in the magnitude of base currents

are also evaluated in relation to model predictions.

The bias conditions during irradiation are also very important
for development of hardness assurance screens. These will be discussed
as natural extensions of the modeling effort. We will see that
the worst-case bias conditions for n-p-n bipolar transistors is when the C-B
and E-B junctions are reverse-biased. This condition produces the maximum
fields in the oxide allowing more electron-hole pairs to escape geminate

recombination and more '"hole-hopping'.

As a last subject in this section (process variations), we will
discuss mechanisms that may explain or identify the cause of "mavericks"

(or "outliers').

2.2.3.1 Shifting, Broadening And Increases In Gated Transistor

Base Current Curves. Comparing pre-irradiation curves with post-irradiation

curves for gated transistors shows a shifting of the peak (associated with

the I__ component) to lower gate voltage (at V_, .=0.26 Volts) for high radiation

BE
duscg?cvcls. At higher VBE’ the peaks shifted to larger gate voltage versus
dose level. These relationships are defined in more detail in Figures
2.26 and 2.27. Figure 2.26 describes the shifting versus dose
level for several applied YBE'S while Figure 2.27 describes the shifting

versus VBL for several dose levels.

The model description of ISO contains a dependency on surface poten-

tial. For increased surface potential, the maximum ISO contribution would occur
at lower gate voltages. Trapped oxide charge and interface states created by
ionizing radiation would increase the surface potential and reduce the necessar)
external gate voltage required to force the surface to crossover. The theoret-

ical result is a shift of the peak to lower gate voltages for higher doses.
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The theoretical model described in Section 2.1 fits the experimental data at

low V_.. At higher V__.'s and low dose levels, the model prediction is

BE BE .
reasonable approximation. For higher VBE at moderate to high dose levels,
the model dces not appear to contain the correct dependencies until very
high dose levels (as illustrated in Figure 2.25(c), very high dosc levels

show a dramatic shift to lower gate voltages).

Possible explanations for this discrepancy in the model predictions
are found in the simplification techniques employed in the ISO term. These
were used to make it easier to apply to actual devices with limited knowledge of
the physical parameters. For example, the minority carrier concentration is
assumed uniform for all regions under the gate and VBE determines the assumed
concentration. At low VBE the injected minority carrier concentration from
the emitter is representative of a relatively small increase and thus large
minority carrier gradients do not result. Consequently, low VBE applications
satisfy the assumptions used in the ISO term.

At higher V the injected minority carrier concentration (np)

BE’
from the emitter becomes more substantial and a larger carrier gradient
results. The YBE applied at the E-B junction determines np at the base
edge of the E-R depletion layer. In the base region, the minority carrier
concentration decreases versus distance from the junction. This decrease
is due to the diffusion length of electrons in a '"p-type'" base which is
dependent on lifetime. Therefore, at one diffusion length into the base
from the E-B junction, the "uniform'" minority carrier concentration used
to evaluate local ISO is not associated with the VBE found by using the
Boltzmann relationship at the junction edge.

The applied V is therefore only representative of the immediate

BE
base surface region next to the edge of the E-B depletion layer. The struc-
ture geometry (i.e., interdigitated, circular, etc.) also determines how
significant this mechanism will be in causing deviations between the model

predictions and experimental data.
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For the post-irradiation case it is conjectured that increases in
the density of interface states will reduce the lifetime at the surface.
This may make the minority carrier concentration fall off even more severely
versus distance from the E-B junction. The gate extends over the base region

well beyond the E-B junction. Thus, the peak I_, may be representative of

SO
any base surface region out to the edge of the gate. The gate voltage necessary

to peak IS would be determined by an np that could be associated with a lower

”effectiveOVBE” increasing the predicted peak gate voltage. The effect of
increased surface states from ionizing radiation can therefore be thought of
as a lifting of the pre-irradiation curve in Figure 2.27 back toward a
horizontal line whose value is determined by the low VBE value. This effect
is observed. This mechanism cannot however explain the increase of the curves

above the horizontal position.

A second possibility that may add to the above effect relates to
the assumption that the ratio of the capture cross-sections for holes (CP)
and electrons (On) at the surface was not very different from '"1" and was
radiation independent. Using these assumptions allowed us to simplify the
I., term by eliminating Qo ($o = 1/B In Op/on) from the argument in the

SO

cosh portions of ISO'

There is very little data about the ratio of the cross-sections

because it is hard to measure and for most applications, the important
1

parameter is O (where O = rop . on)l). The only data found was from Sivo's

roporth which shows a change in ¢ versus dose for a gated transistor. This
may indicate that the ratios may be changing as well which may change P and
shift the peak.

With the assumption that for increasing VBE’ the minority carrier
concentration increases and for higher gate voltage, the effective majority
carrier concentration near the surface is reduced, then the gate voltage

required to force the surface to crossover (and thus peak IBI is predicted
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to decrease for higher V Radiation effects (increase in positive surface

BE®
potential) should accent this decrease versus V

BE’

The above two possibilities assume the model is in a correct and
complete form. Another possibility is that some as yet undefined radiation
dependent mechanism is influencing the experimental data. (Observing Figure
2.27, we conclude that obviously some physics is missing in the present state-
of-the-art description and understanding of ionizing radiation effects in

semiconductors).

We have a model that, when simplified, can be used generally at
low VBE or at high VBE (low dose levels) without intreducing a significant
] deviation from the worst-case experimental data. For the other cases,
the discrepancies must be resolved before applying the model generally.
Since the discrepancies will require future work, we will limit our dis-
cussions to the low V . case for this section and show how the terms

BE
explain other features of the experimental data.

Along with the shifting, a broadening of the peak associated with
the ISO contribution was observed. The broadening mechanism is contained in

the I_., model via N__ and ¢ . The interplay between N and ¢ as well as
SO SS S : SS S

their individual distributions change as a function of dose. For a non-uni-
form distribution of surface potential, we would not expect a sharp peak

for ISO' Some surface areas will reach crossover with a specific applied

gate voltage while other regions would have surface potentials that will

' 1

correspond to one side or the other of the peak. The result is a "broadening

due to the structure influences on IQO'

Broadening can also be caused by the increase in surface states

due to ionizing radiation. According to Figure 2.16, high dose levels will
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eventually pull the surface potential for each base surface region to cross-
over regardless of the oxide charge distribution. The result will be a
maximum ISO contribution independent of the gate potential. This translates
into a broadening so severe that the characteristics of the pre-irradiation

curve are washed out. Figure 2.25 shows this effect.

To confirm these predictions, Sivo used a transistor in his gated
transistor experiment that was processed with a high initial oxide charge.
The gate was placed over part of the base surface area next to the E-B
junction (the same as for the previous experiments). For the pre-irradia-
tion case, we can assume that this oxide charge is distributed uniformly over
the entire base surface region. We would expect that this built-in surface

potential (¢ ) would act like a '"built-in'" gate voltage in the experimental
S

e

data. Figure 2.28 shows the results of Sivo's experiment using this structure.

For increasing dose levels (up to 1o° Rads), the peak is not
broadened due to the relatively small radiation induced non-uniform oxide
charge distribution added to a large process induced uniform distribution.
The only effects of-ionizing radiation om this device should be due to
increasing surface state density (NSS). The ISO term should increase with

radiation for each region of the base surface area.

After inversion (at high gate voltages), the increase due to
radiation results partly from the [SO contribution for the region at the end
of the gate where the crossover is forced back to the surface and where a
uniform increase in Nss occurs. The width of this surface area is affected
by the fringing fields at the end of the gate. Other contributions may come
from ID;W when the field-independent build-up of L changes the surface

lifetime in the emitter.




1
1o 10

Base Current, Ip (Amperes)

Gate Voltage, V. (Volts)

G
Figure 2.28. Example of the absence of substantial radiation induced

broadening of the IB peaks in a group of transistors which
had a high initial oxide charge.’
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Let us now use the model to predict the magnitude of the response

of the gated transistors. We must first establish the lower limit on the base

current for these transistors due to the "bulk'" base terms (IR(’ 1RB’ and
ID'). Table 2.3 defines the physical parameters. For YBE = 0.26 volts;
qmA X R.n, B Ngpd 1.5
_ e e il = -11
IRG = VN e = 3J.6 x 10 Amps
“E B
hl( = )
n
1
qA W n- B V.
IRB SR W T | E = 7.4 x 10-H Amps
5 o T
2T NB
5
q 1\0 D) n; B8 \'Bl’ 213
I13 = _——%E— e © = 3.7 x 107" Amps
(Dp Tc) AE

The predicted pre-irradiation lower limit of base current (I ) is the sum

BLL

of these terms: IBLL ~3.6 x 10—11 Amps. The measured lower limit (assumed

to be the minimum value on Figure 2.25(a) for zero radiation) was found to
be ~ 2.4 x 10—11 Amps. The measured and predicted values compare very well
considering the uncertainty in some of the physical parameters assumed for
these transistors, especially Ri' We must subtract this lower limit base

current from the total base current to estimate the contributions from sur-

face terms in Figures 2.25 and 2.28.

Another term that can be assumed to be contributing to this pre-ir-

th ss

radiation lower limit is ISO for the surface region where the E-B depletion
layer intersects the surface. This will be called ISO(I)'
P Vpe/2
5/ / o L ' > Amps
ISO(l) /2 q n, A o N e i

(1)

4

-12
Lel % 10 Amps,
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where A

(1)

150(1) does not make a

ation case.

The peak ISO

(pre-irradiation) is;

ISO(PEAK)

i

The measured value for

Finally, for

where the FIDL term is

Tetn

The measured value was

assumed for Sivo's devices and the present coliection of surfac

broadening due

2
PR (em™)

PRI AR e

e surface area over E-B junction

intersection with surface.

significant contribution to IBL! for the pre-irradi-

~

contribution for the transistors in Figure 2.25

1/2 q ny As O Vep Nss e
-9
1.6 x 10 ¢

Amps.

-9
the peak was approximately 1.4 x 10 ~ Amps, which

in excellent agreement.

the region of base current at high gate voltages
max imum,
KT e e* Vgg/1-5 1
q —7— X A.n. R Amps
i 3q $FS M B 1S I
-10
8% 10 AIpS .

approximately the same.

Thus with the physical parameters

e terms; W can
describe each pre-irradiation portion of Figuyre 2.25.
Post-irradiation, the curves become more complex because of th
to a non-uniform distribution of oxide charge and surface state
surface region. Also the minority carrier conc ntration

build-up over the base

gradient becomes more severe undermining the

assumption.

uniform carrier concentration




4 5 :
If we use the low dose levels of 10  to 10  Rads, the broadening

. e 4 .
effects are minimized. For a dose level of 1 x 10 Rads, Sivo measures

6

10 2 . 3

the Lxss to be approximately 1.2 x 10 =~ states/cm™ by using MOS structures.’
p 10 2 2 4

With the value of LNSS of 360 10 states/em: for 3 x 10 Rads, [SO

at a dose of 3 x 10 Rads would be predicted by the model to be four times

peak

that for pre-irradiation. Measured values show a factor of =~ 3.5 increase

in the peak I Thus the radiation estimates using the peak ]S( term are

B 9]

very good at low dose.

The two important parameters that determine the base current are

the surface potential bos and the interface (surface) state density. At
this time these parameters must be estimated in order to apply the model
as a hardness assurance technique. As one approximation, we assumed that the
interface state density builds up with the same field dependence as the

trapped charge. The resulting field-dependent surface potential distribution
(presented earlier in Figure 2.17(a)) was usedin determining the added base
current resulting from ionizing radiation for an ungated 2N2222 transistor. By
assuming a simple approach for adding the contributions of ISO and IFIDL from 25
circular ring segments of this distribution vs. distance (£) from the E-B junction,

an estimate of LIB for this 2N2222 model was obtained versus dose. The predicted

field-dependent surface contribution to Iy is shown in Figure 2.29.

The only experimental data for comparison was from the gated device
(of the same type) shown in Figure 2.25. Experimental data from this figure
produces Figure 2.30. The values were taken at Y( = 0. In comparing these
)

two figures, we see that the rate of build-up of field dependent interface

states is too slow to explain the sublinear line experimentally found.
LT e 11 2 x § P
An assumed uniform Q= of 1 x 10 charges/cm™ and Ngg of 8 x 107 states/cm
was used for the pre-irradiation condition.
One must remember that when comparing gated transistor data to model
predictions based on an ungated transistor model, the gate will accent
the predicted values.
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Figure 2.29. Predicted change in base current vs. dose for the ungated
2N2222 transistor model using only field-dependent build-up
of Bax and NSST for doses greater than 10% Rads.
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Figure 2.30. Experimental data from Figure 2.25 at Vg = 0 describing
the change in base current vs. dose for a gated 2N2222
transistor.

t+ By taking the total number of surface states under the gate, we can
determine sNgg/dose used in the field-dependent curve (Fig. 2.29) as
equal to 7.2 x 103 states/cm? - dose.
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By comparing the total change in surface states measured by Sivo
10 2 g .
(LNSS =12 % 10 states/cm” at 1 Xx 104 Rads(Si)) to the field-dependent

LN " modeled for the ungated transistor, a conservative field-independent

: - ; 5
LNSS estimate was obtained. The same technique was used at 10~ Rads on

7]

the same data resulting in a consistant value of LNSS (field-independent)

per dose. This worst-case field invarient distribution was added to the

field-dependent distribution and a new predicted value for LIB was obtained.
If we assume that the field-independent production of surface states is linear
with dose, Figure 2.31 is obtained. The effect of the field-independent build-

up on the surface area beyond the gate was also included in the calculation.

The added field-independent surface states cause ./_IB to increase :J
earlier with dose and actually cross through the data curve (see Figure 2.32). i
Since the increase in surface states (at higher doses) has the effect to 3

"hold" the surface potential at crossover, the predicted curve flattens out

at very high dose levels.

The rate of build-up is apparently too fast as exhibited by the {
"saturation' at 106 rads. A smaller field-independent interface state
production rate and the addition of any field-independent trapped oxide charge
build-up should result in a better comparison with the data. Both of these

estimates will have to be defined by further MOS studies.

To determine if ungated transistors would compare more favorably
with the model predictions (which evaluated the base current for an ungated
transistor), another piecc of data is presented. This data represents a
group of Fairchild 2N1613 transistors.’’ These devices were used by Sivo
to show the effect of the bias from the collector-base (C-B) junction on
the base current incrcase due to ionizing radiation. The hypothesis that
the C-B junction fields can extend into the ambient above the chip and in-

crease the density of holes injected into the oxide over the base surface
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Figure 2.31.
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Figure 2.32.
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Predicted change in base current vs. dose for the ungated
2N2222 transistor model using the field-dependent build-up
of QOx and NSS plus a super-position of a field-independent

LNss = 1.2 X 106 states/cm2 per dose.
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Combination of gated transistor experimental data with two
cases considered by the model for an ungated transistor of the
same type. Field dependent (FD) build-up of Q , and N . are
considered with and without the addition of field-independent

(FI) build-up of Neg
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region was confirmed by previous Boeing experiments. If we assume that,

for the active device, a large reverse bias is applied to the C-B junction
and that the additional holes injected into the base region oxide by the C-B
junction field effects were distributed uniformly, then the effect of the
C-B junction is to add a Jarge uniform (E-B field-independent) build-up of

N_. to the base surface region. Figure 2.33 shows the resultant change in

w
v

base current for the active (biased) and passive (unbiased) irradiation bias
conditions. Our assumptions used to obtain the ungated 2N2222 model
prediction (FD + FI) curve in Figure 2.32 appear to be reasonable considering
that we used a conservative field independent build-up of X‘s' The unbiased
experimental data for the Fairchild 2N1613 shows that the actual dependence
of LIB on the build-up of Qox and Nssis somewhere between the assumptions of
field-dependent mechanisms only and the addition of large field-independent
mechanisms. The data also shows that to predict the worst-case degradation
to the DC gain for moderate dose levels, large field-independent mechanisms
must be assumed by the user in order to account for possible C-B junction
effects. Therefore, Table 2.2 can be used with the model to upper bound

the long-term ionization effects. If supplemental information is known
about the device construction (i.e., the ambient in the device package above
the chip is not conducive to ionization effects or a metallization layer

is placed over the C-B junction oxide to restrict the extension of the f

C-B junction field lines above the oxide) then this additional conservative

approach can be relaxed.

By using the device data represented in Figure 2.28, estimates can

also be made of the effects from increasing values of L The devices

represented in this figure had a high oxide charge fabricated into the device
(assumed uniform); the process induced surface state density was unknown.
At zero gate voltage, the pre-irradiation oxide charge has forced the entire

base surface region to crossover. Therefore, wwre-irradiation is
8

lsopEAK)
independent of the gate arca and the uniform built-in N__ over the entire

SS

base region can be approximated. The model predicts;
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Figure 2.33. Ungated transistor experimental data for a Fairchild 21613
device type.’’ Biased conditions refers to the device being
active during irradiation. Unbiased refers to the passive
condition. Note that the measurement bias represents a higher
VBE (1.0, Vgg # 0.5 Volts) than for the 2N2222 data presented
in Figure 2.32. Also, this device type showed a large C-B
Junction effect.

F VBE/Z
Isocpeaky = /2 amy Ay O vep N @ hmgs
20
= 4.4 x 10 N; \mps,
]
% where Ab K'AG +20% 4

o oy : =10
The measured peak ISO (Figure 2.28) was approximately 1.6 x 10 2 Amps.
€ 5,

This indicates that N‘Q(O) ~ 3.8 x 10”7 states/cm™ and implies that in the

T P W T

The area of the base surface region for this high oxide charge case can be
approximated by assuming that the base current curves to the left of the peak
are the result of the gate voltage countering the built-in oxide charge under
the gate. Thus for the pre-irradiation case, the ratio of the peak base cur-
rent to the lowest base current value (to the left of the peak) is approxi-
mately the ratio of the entire base surface area to the base surface area
beyond the gate (over to the base contact). This ratio was calculated to

be ~5.4. Thus the entire base surface area can be approrimated to be equal
to the gate area over the base (Ag) with only a maximum of a 20% ervor. We
have assumed that ISO(J) is still small for the pre-irradiation case.
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processing of higher oxide charge, the effective interface states density

was reduced.

In the post-irradiation case (104 Rads) for the normally processed

$0 increased by 1.4 x 10_9 Amps while the initial high oxide
device showed an increase in the peak ISO of 6.6 x ]0-11 Amps. (NOTE: the

device, the peak I

high oxide device was tested at a lower VBE') If the assumption is made that

Nss is the only parameter to vary with dose when I is peaked, i.e., that the

relative minority carrier surface profile does notsghange and that the recombination

cross-sections are radiation invarient, then the change in Nss is approxi-
mately 1 x 1010 states/cmz for the normal device. This compares favorably
to that given by Sivo measured on a MOS structure. The same calculation

4 for the high oxide device yields a LNSS O7E SIS 109 states/cmz. From this,
the conclusion could be drawn that the rate of radiation induced interface
density creation is dependent on the initial values of oxide charge. The
accuracy of the two assumptions used to get this conclusion still needs to
be determined as discussed earlier. The results of MOS studies may help

to evaluate the validity of these conclusions.

The above analysis is an example of how the model may be used to
analyze available data, and possibly generate relationships between physical
parameters and radiation effects to develop hardness assurance techniques.
The analysis also points out that a dependency on oxide processing exists.

which has been known for some time.

2.2.3.2 Bias Effects During Irradiation. Experimental data has

shown that the bias applied during irradiation has an effect on the degradation
of DC gain.”® Figure 2.34 is a good example. We observed that for a bipolar
transistor the built-in E-B junction produced electric fields in the oxide.
These fields provided the conditions necessary to increase the probability
for separation of holes and electrons from ionizing radiation interaction in

Si0,. Applying VBP modifies the field in the oxide by adding to (reverse
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Figure 2.34. Normalized base current increase vs. total gamma dose for devices
with varying junction electric field strengths during irradiation.?®

bias) or subtracting from (forward bias) the built-in junction potential.
Therefore, since higher fields in the oxide produce higher generation of free
holes to influence the surface potential, we would predict that reverse-
biasing the E-B junction is the worst case condition for hardness assurance
screens.

5

Figure 2.34 also shows that for higher reverse-biased E-B junctions,the
field-independent build-up of QoX and N__ cannot be ignored. This fact was seen
earlier in the model predictions when a large radiation-induced field-independent

build-up of both Qox and . had a significant effect with the same shaped curve.

Another important junction effect has been experimentally identified.
[t is the increase in base current by reverse biasing the collector-base (C-B)
Junction. This condition produces large field lines that extend into th
higher oxide layers and into the ambient space above the chip. Sivo ha
reviewed the available data that supports this model and reviews the t

niques currently used to eliminate this C-B bias dependence.®? The two
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most popular techniques are to (1) reduce the atmosphere over the chip to a

|
|

low ionizing medium, and (2) extend the base metal over the C-B junction so

that the field lines are confined to the localized base region near the

C-B junction.

The worst degradation of DC gain (experimentally) in a n-p-n
transistor occurs when both junctions are reverse-biased during irradiation.
The gain degradation was experimentally shown to be smallest for a saturated
device where both junctions are forward-biased (hence a smaller field) during

23

irradiation. Therefore the predicted dependency of surface potential on

the applied voltage during irradiation appears to be valid.

2.2.3.3 Process Variations. Both intentional and unintentional

process variations in the oxide properties can have a large effect on
proposed hardness assurance screens. We saw in the last two sections that
the trapped oxide charge can result from direct radiation hole-electron
generation or from indirect charge transfer at the surface of the oxide. By
applying various layers of oxide materials, these rates of charge buildup
can be changed significantly. Stanley discussed the changes produced by
glassivation layers and various doping techniquz2s in the oxide.®® All have

their advantages and disadvantages.

Process variations that are unintentional can be referred to as
differences in processing techniques (i.e., equipment, quality control, etc.).
By reducing the contaminants at the interface between the Si-Si0O, layers,
the number of surface states is reduced. Non-uniformity of this contamination
may result in high surface state generation in a random distribution by
the radiation. Also the number of surface states activated by the ionizing
radiation may be reduced. The result of these concepts may explain the
existence of "Mavericks" (or "outliers'").“? These devices deviate (some-
times wildly) from the radiation response of near neighbor devices. Since
the surface potential and surface state distribution are so important to
the model, changes in the expected distributions by these random discon-

tinuities would cause differences in the radiation response. The above

It was found that the gated devices were harder than non-gated devices of
the same type and on the same wafer.?®
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variations may also show why, in the past, attempts to relate oxide charge

; : - oy : 41 T
build-up to fixed surface state densities have failed. Process variations
are therefore a very important consideration in developing any hardness

assurance pI‘OCOdUI‘OS.
2.3 Other Bipolar Structures and Applications

In this section we discuss the extension of the model to other
bipolar structures (p-n-p transistors, JFETs and diodes, and integrated
circuits) and a quick look at the implications for the saturation case

(1ees, V... ). As we will see, p-n-p transistors can be modeled

CE (SAT)
similarly to n-p-n except that a different region is predominant in describing
the ionizing radiation effects. For VCF(S\T) little can be said due to the
lack of accurate models describing the saturation mechanisms. In previous
Ly17542

reports on neutron displacement damage, the general models proposed

for saturation by several sources were shown to be ineffective in predicting

changes in V The point where a transistor is no longer in saturation

CE(SAT) "
(i.e., forced gain equals the natural gain) appears to be the sole existing
accurate model in the VCF(S\T) case. We would expect the natural-gain

base-current terms to be useful for this case.

Diodes and JFETs show changes in the reverse current and breakdown
voltage, but the JFET is much more susceptible to ionizing radiation than the
diode. This is because the JFET also shows significant changes in the gate
leakage current, drain-to-source current and the pinch-off voltage at 105 Rads (Si)

and above.

Finally a section on bipolar ICs is presented which describes

briefly the impact of these modeling efforts in more complex structures.

91

\




2350 P-N-P Transistor DC Gain Degradation

Now that we have described a model that incorporates the surface
effects on n-p-n transistors, it is reasonable to expect the same physics to
be applicable to p-n-p transistors. An assumption is made that there is no
dopant interaction with the oxide growth that is different for n- or p-type
material. Then the main difference between n-p-n and p-n-p transistors that
must be recognized is that the field lines in the oxide generated by the E-B
junction near the surface force the ionizing radiation-induced trapped holes to
the emitter side of the junction (now the p-type material). This means that
positive oxide charges can induce a space-charge region over the emitter rather
than the base. Therefore, the E-B junction can widen into the emitter and
the intersection of the E-B metallurgical junction with the surface term will
increase in importance. The widening process is not as severe as was the
case of the n-p-n transistor due to the higher doping in the emitter (compared
to the base). Even so, the widening is more severe than a 1020 em average
surface dopant density cf the emitter would indicate. The construction of
the emitter usually is done by a diffusion process through a window cut into
the oxide. Since the diffusion of dopant is not limited to the vertical direction,
a diffusion gradient can develop laterally along the surface under the protective
oxide (in the same fashion as for n-p-n transistors). This makes the emitter
less heavily doped at the surface next to the E-B junction and allows the widenin
to be greater for moderate positive charges trapped in the oxide.

[t also makes I near the surface much more significant than for

D
n-p-n transistors. With a positive gate bias placed over the emitter surface

(or positive surface potential increasing for higher dose levels), the effec-

tive emitter doping decreases. This effect occurs just near the E-B junction
where the doping is least due to the lateral diffusion in the emitter. Thus,

considering positive oxide charge effects, the 'U;W term should become more
significant at a lower gate voltage for the post-irradiation case. If we now
add the effect of increasing surface states, the minority carrier lifetime
at the surfncc,‘1s, will also be a factor that makes I”' more significant,

SWw
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Field-independent generation of oxide charge and surface state
density build-up over the entire surface (base regions as well as emitter
regions) will therefore be a critical parameter for evaluating ionizing
radiation effects in p-n-p transistors. Modeling for p-n-p transistors still
needs to be completed. TIonizing radiation effects in p-n-p gated transistors
are shown in Figure 2.35. This figure shows similar curves to those pre-
sented earlier for the gated n-p-n transistor structure but the shape is
reversed. The accumulation portion of the curve will be most important for

predicting post-irradiation effects in p-n-p transistors.

. (Volts)

).73

Base Current Iy (Amps)

Gate Voltage, V. (Volts)

G

Figure 2.35. Effect of ionizing radiation on the IB ) VG curves of a

. b . 43
p-n-p transistor at various injection levels.

93

N e 3 e AR e gl ]



MISSION RESEARCH CORP LA JOLLA CA F/6 9/1
HARDNESS ASSURANCE FOR LONG-TERM IONIZING RADIATION EFFECTS ON ==ETC(U)
MAR 78 A R HART, J B SMYTHs J P RAYMOND DNA0O1=76=C=0201
UNCLASSIFIED MRC/SD=R=23 DNA=U4S5TG4F NL

END
FILMED
4-79

7 AD=A064 136

r -




g —.

“ l ol - P

L g
|

“ i
125 s

I= lls

lI=

o

I




Positive charge in the oxide produced by ionizing radiation acts
like a positive gate voltage. Figure 2.36 shows the usual interpretation of
a gated p-n-p transistor curve. Since the p-n-p transistor has a n-type
base, field-independent NsS build-up over the base may force the base to J

less n-type near the surface.

Both the ID’ and the RG contribution related to the E-B junction
SwW
intersecting the surface are predicted to be significant factors in deter- :
mining the surface base current contribution in p-n-p trnasistors. A

logical implication to this prediction would be that p-n-p transistors

BASE CURRENT, | (AMPERES)

PINP BASE VB't =0.20V 1
TNVERSiON —_—t— D;PLETION ———f— ACCUMULATION ’
EMIATTEP é
ACCUMUL;\TION -—}—-DEPLETION —{=INVERSION !

MAX. BASE MIXTURE OF

SURFACE SURFACE ,

COMPONENT BULK(FIDL)AND
TUNNEL
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TENTATIVE LIMIT ——=!

\
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BULK (FIDL) SURFACE RECOMBINATION ———-!
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~120 ~100 -80 <40 ) 0 <20

GATE VOLTAGE, \G (VOLTS)

Figure 2.36. Tilustration of the various current components of Ip in the IB
VS. VGI plot of an unirradiated p-n-p transistor.**
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with large emitter peripheries would have the largest effect. This model
prediction was verified experimentally.“®  For p-n-p transistors (all
grown at the same time under very similar conditions), devices with the
largest periphery were the most sensitive to ionizing radiation. Also
everything else equal, the devices with the largest periphery-to-emitter
area ratio were the most sensitive. More work is required in this area

to confirm the existence of these mechanisms.

Up to this point, we have only considered the region near

the E-B junction. If we consider the C-B junction region, [ degradation

could be a real problem in p-n-p's even at low deses; in facg?ocven before
irradiation. This is due to the fact that the collector is lightly doped.
Consequently, surface inversion can be introduced by relatively small charge
accumulation. However, in order to avoid ICBO problems aisociated with the
initial fixed oxide charge, the manufacturers diffuse a P guard ring into
the collector surface close to the C-B junction to stop the inversion.
Fortunately, this step also eliminates in most cases, serious ICBO problems,

at both low and high doses."®

2.3.2 Saturation (V¢g(saT))

We saw for the n-p-n transistor that the current crowding mechan-
isms were delayed and softened in importance due to ionizing radiation. Some
theories have been discussed previously related to the possible importance
of current crowding for explaining changes in saturation voltages (VCE(SAT))'a
If the oxide charge creates a depletion layer at the surface which acts as an
extension of the E-B junction sidewall, then the ionizing radiation effects
on the saturation case could possibly be explained. With an increase in side-
wall area added to the emitter area and with crowding forcing the current
through the periphery region of the emitter, an increase in sidewall area

could reduce the crowding effects on V The result is that higher

CE(SAT)
oxide charge and shallow emitter depths will possibly provide the most
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effective way of reducing the sensitivity of devices to V degradation.

CE (SAT)
More work needs to be done on modeling the VCE(SAT) mechanisms to confirm the

above speculation.
2.3.3 JFETs and Diodes

Two basic types of JFETs are usually considered: junction isolated
and dielectrically isolated. For an n-channel junction isolated JFET, large

] i increases in gate-to-source leakage currents (I ) can be caused by relatively

low dose levels (R-lo5 Rads(Si))."*7 This leakagiscurrent is a result of the
lightly doped n-region and a strong function of the bias applied to the gate
junction during irradiation. The mechanisms for this effect appear to be
similar to those discussed earlier for bipolar transistors (i.e., a build-up
of positive oxide charge and an increase in surface states). At this dose
level, some devices show a minimum increase of an order of magnitude in IGSS
due to an increase in the surface potential and surface state density. At

higher total dose levels, I can vary with dose as

GSS

e ® (K«D)”

GSS

where K is a constant, D is the dose and n is a factor between 2 and R

The extreme case is when an inversion layer forms at the surface. Changes

in the saturation current, channel transconductance and pinch-off voltage do
not appear to be affected by the long-term ionizing radiation effects for dose
levels below 108 Rads(Si). This is due to their relationship to location

within the bulk silicon material.

For the dielectrically isolated JFET, the long term effects from
ionizing radiation are much more severe. This is because of the added inter-
face formed directly under the channel in the dielectrically isolated (DI)
region which allows trapped charge and interface states to form and influence
the channel parameters directly. The same mechanisms as discussed for the
surface oxide also apply for the isolation region hui an aaditional mechanism

can eventually dominate. This mechanism is described by Neamen as the build-up
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of trapped electrons (negative charge) for higher dose and apparently reduces

the effect of the trapped holes produced at lower dose levels."*®

At dose levels above 105 Rads (Si) the drain-to-source current
(IDSS) and pinch-off voltage (VGS(off)) increase dramaticallg with dose level
for n-channel JFETs (DI). This increase peaks around 4 x 10 Rads(Si) for
several tested devices and then decreases to or below the pre-irradiation

48

levels. The transconductance did not change as dramatically with dose in

the same tested devices but it still followed the same trend.

For diodes, the same mechanisms as discussed for transistors are
used to explain the changes due to ionizing radiation. Depending on the
structure (nrp or prn), oxide charge and surface states can produce changes
in the reverse currents. Also, the effects on the effective dopant near the
surface can change the breakdown voltage. Since the breakdown voltage is
depéndent on the doping on the lower doped side of the junction, a pfn diode

would show a decrease in breakdown voltage due to oxide charge build-up.

This is because the positive charges in the oxide reduces the dopant in the

p+ region (which makes the n region appear higher doped). The reverse analysis
would hold for a nfp diode. The same effect can be created by the use of

a gate over the lower doped region. Figures 2.37 and 2.38 show this effect

from ionizing radiation.

The result of this analysis of JFETs and diodes is that JFETs are
relatively insensitive to ionizing radiation while diodes have the same

mechanisms as defined for transistors.
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BREAKDOWN VOLTAGE (VOLTS)

Figure 2.37.

BREAKDOWN VOLTAGE (VOLTS)

Figure 2.38.
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Breakdown voltage vs. gate voltage characteristics of a p+-n
gate controlled diode befgre and after X-irradiation.*® The
radiation dose was 3 x 10° Rads. The device was irradiated
with +45 volts applied to the gate and XJ=0.3 The doping con-
centration of the n-substrate was 5x1014 cm™>; the oxide
thickness was 0.8 .

N*-p  DIODE
T T T T T
8 AFTER <
: lRRADIATIiN 4
I )
300 I,
& , INITIAL
L- .'.F’ ‘ -1’
il | 1 GATE ‘
& ‘ l I VOLTAGE {
A L] — . ]
l i ,
100l i ]
0

-100 0 100 200 300
GATE VOLTAGE (VOLTS)

Breakdown voltage vs. gate voltage characteristics of an n+-p
gate-controlied diodg before and after X-irradiation.*® The radia-
tion dose was 1.5x10° Rads. The device was irradiated with

+10 volts applied to the gate an? VJ=03 The doping concentra-
tion of the p-substrate was 5x10 4 cm™3; the oxide thickness
was 1.2 p.
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2.3.4 Integrated Circuits

One assumption used in the analysis of n-p-n and p-n-p transistors
was that they represented the basic bipolar mechanisms found in all bipolar
devices. The only difference would be in the physical parameters. At
present, we see no reason to change this assumption. In fact, the data
used to verify the analysis for emitter crowding appears to verify the
above generalization (i.e., elements (transistors) of an IZL integrated
circuit showed the same radiation effects at high currents as did discrete

transistors).

For integrated circuits (ICs), we can expect to make the same
application of the models discussed in Section 2.2. We would expect even
more dependence on geometry due to the complexity and size requirements and
especially due to the low current levels usually desired for low power con-
sumption. This low current requirement increases the importance of the

surface effects.
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SECTION 3

3.0 CONCLUSIONS

This investigation assessed the theoretical understanding of sur-
face effects in bipolar structures. Estimations were made on key physical
parameters such as the electric field in the oxide, distribution of oxide
charges and traps and their production rate. The formulation of the means
to use these relationships in hardness assurance applications leads to a com-

parison between the theoretical calculations and experimental data.

The theoretical model predictions made for the un-irradiated case
compared favorably with the experimental data. Minor discrepancies between
the higher VBE predicted and measured values for gate voltage necessary
to maximize the surface velocity term, ISO’ appeared to be the result of
assuming that the minority carrier concentration was constant across the
base surface region. This assumption was used to simplify the evaluation

of the model. A more rigorous approach would most likely correct this dif-
ference.

The radiation inclusive model compared favorably with the low VBE
data and higher VBF (at low dose) data. Critical parameters determined

under these conditions:

a)  surface potential, ¢,
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b) surface state density, N

3

ss
€) acceptor dopant concentration,

d) emitter periphery,

e) emitter periphery - emitter area ratio, and

£} base surface area (between the E-B junction and
base contact) for n-p-n transistors and the

emitter and collector surfaces for p-n-p's.

The distributions of the surface potential and surface states over the base

and E-B metallurgical junction regions (for n-p-n transistors) and over the

E-B metallurgical junction and emitter regions (for p-n-p transistors) are
extremely critical. Estimates of these critical parameters must be generated
for accurate predictions, especially at low and moderate dose levels. This
is because the build-up of trapped oxide charge was found to be an important
parameter for low to moderate dose levels. The surface state density becomes
dominant at moderate to high dose levels. To match experimental data the
surface state density distribution had to assume a significant uniform,ficld
invariant build-up in addition to the field dependent mechanisms. Thus even

for low field regions in the oxide, large changes in base current can occur.

The dopant of the p-type material is also an important factor in
determining the gain degradation effects. For n-p-n transistors, the
greater the base doping, the more surface potential required to induce
increases in surface base currents. For p-n-p transistors, the emitter
doping concentration plays an important role in determining the increase

in base current expected per dose.

These statements are bascd on the assumption that positive charge is
induced in the oxide and, that a positive surface potential increases with dose.
At low currents this assumption appears to be valid. At high currents, the

"effective'" surface potential decreases with higher dose in the gated transistor
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data indicating an unknown dependency near the surface, possibly injection

related. This fact had not previously been noted and is important in applying
the models correctly to these structures. For the normal transistor, this
new effect does not appear to be as dominant and the model may be useful

as defined.

The other critical parameters identified for use in hardness
assurance controls were geometry related. They determine the magnitude
(and thus the importance) of each surface base current term under various

conditions of application and dose.

For other types of bipolar structures, the same basic mechanisms

can be assumed. The effects on each type of structure will depend on the

dominance of a particular mechanism for that structure and its application.
The comparisons will rely heavily on assumptions of some of the critical
parameters (e.g., the lateral surface emitter doping profile for p-n-p

transistors).

Estimates which are required for direct application of existing
models to predict the long-term ionization response of bipolar transistors
are:

1) the interplay of the oxide charge with the interface

density to produce the surface potential,

2) the rate of buildup of the uniform field-independent
and field-dependent oxide charge and interface density

in bipolar devices,

3) the minority carrier concentration at the surface

of the base and/or emitter, and

1) the effect of the gate, if any, on the surface potential,

interface state build-up, oxide charge or minority

carrier conceéentration.

These estimates have not previously been addressed by other investigators.
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Future experiments need to provide information on a number
of the assumed parameters. We need to know the energy distribution of N.o
in the band gap. More MOS studies may aid in determining the true mechan-
ismgs) of Nss generation. Needed yet are estimates of cross-sections and
their dependencies (if any) on VBE and radiation. The surface potential
as a function of radiation is, of course, essential. The problem is com-
pounded by needing the minority carrier concentration as a function of
position to calculate the recombination rate, but the carrier concentration
is dependent on the recombination rate. This is needed for both the basc
and the emitter regions so that both n-p-n and p-n-p device types may be

explored.

For the application of this model in hardness assurance techniques,
the restrictions are not as great. This is because a hardness assurance
calculation usually only requires some upperbound which a designer can
use to estimate the need for shielding or other design "tricks" to qualify
the design for the system. 1In this report we have shown that (for n-p-n
transistors) by identifying the surface geometry of the transistor elements
in bipolar devices, measuring the base doping through the emitter-basc
breakdown voltage, and using the worst case values for the build~up of Qox
and Nig» an upperbound calculation is possible. It remains to form this into
a more useful method and to determine in more detail by cxperimentation some
of the assumptions that had to be made before the method could be gencralized
* to p-n-p transistors and other bipolar devices. This program has therefore
taken a major step toward developing a hardness assurance technique that
is based on the basic physics of the device and its interaction with ionizing

radiation.
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APPENDIX A
FIELD-INDUCED DEPLETION LAYER

The properties exhibited by depletion layers at and near the Si-SiO,

(A1-A6)

interface have been studied extensively. Surface effects on p-n junc-
tions are primarily due to the fact that ionic charges above the interface
will induce an image charge in the semiconductor and thereby lead to the
formation of surface space-charge regions or depletion layers. This is
illustrated schematically in Figure A-1 where we show an idealized plane

p-n junction structure. When a surface space-charge region is formed, it
also modifies the metallurgical junction space-charge region near the surface

and leads to changes in device characteristics.

(a) NO SURFACE FIELD (b) DEPLETION {c) INVERSION

\

Figure A-1. The idealized junction and energy band diagrams under non-
equilibrium conditions.
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For a small positive vcltage (VG) applied to a gate over the oxide, a

negative charge will be induced in the semiconductor near the surface due to
holes being pushed away from the vicinity of the interface, leaving behind
a depletion region consisting of uncompensated acceptor ions as illustrated
in Figure A-2. The charge per unit area induced in the semiconductor (Qs)

will then be given by the charge contained within this depletion region,

Qg = - Wyxy > (A1)

where Xd is the width of the surface depletion region and NA is the original

acceptor concentration. The semiconductor is originally assumed neutral in charge.

_~Electrons
P
[ =y g
o e ok
b >0 e=sresaca: ---;“ z
e / ecoool, ]
= > ()
E; Acceptor ions ke
(meta!) ;

(a) Depletion of majority carriers (b) Inversion: accumulation of minority
from surface. carriers near surface.

Figure A-2. Energy bands and charge distribution under various bias condi-
tions, in the absence of surface states and work function
differences.

If we increase VG’ the width of the surface depletion region will
increase. Correspondingly, the total electrostatic potential variation in
the silicon, as represented by the bending of the energy bands will

increase.
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For high positive gate voltages, an inversion layer is formed. The

width of the surface depletion region reaches a maximum at this point.

When the surface region of the semiconductor is depleted and the
charge within the semiconductor is given by Equation (Al), integration of
Poisson's equation yields the distribution of the electrostatic potential
in the surface depletion region as
2
X
¢ = ¢s "X (A2)
d
where x = distance from the surface into the semiconductor and the surface
potential, ¢s’ designates the total bending of the semiconductor energy
bands given by
: g
; Pty

¢ & e,
s ZKSEO

(A3)

The theory of surface space-charge regions for the depletion and inversion
cases is analogous to the theory of one-sided step junctions in almost every

detail.

The surface potential @S at strong inversion is given by ¢_(inv) =
VJ + 2$F where VJ = applied junction potential and ¢F = Fermi potential.
The surface potential ¢s at strong inversion will be larger in the presence

of a reverse bias VR and smaller in the presence of a forward applied junction

bias \F'
The maximum width of the depletion region is given by
MK 7 7
g 2K e (V) + 20p) =
Xd (max) aNy ¢
The result of a surface potential applied such that gE» VJ + Z:F
is that a "symmetrical' depletion layer is formed. 1In the case of a p-type
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the bands are bent such that the donor concentration induced at the surface
has the same value of that of the acceptor concentration within the crystal

and thus yields the appearance of a symmetric junction.

In general, the surface recombination-generation (R-G) current due
to recombination of carriers in a normal depletion region is very difficult
to define exactly because neither the carrier concentration nor the recom-
bination rate per carrier is constant across the depletion layer. The
carrier concentration for a symmetrical junction at equilibrium (solid lines)

and with a forward bias (dashed lines) is shown in Figure A-3. While the

increase in the minority carrier concentration at the edge of the depletion
layer follows the Boltzmann dependence of exp (gV), the carrier concentration

at the center of the depletion layer is increased by only exp (EV/2) (EV = q/KT).

Space-Charge

5

v "n ¥p

< # Bv /2

- 0 2 BVO

gl " ny = g0 €

: -lIOII.l. sSebassesss

o

t n, —T—> —— = Zero voltage
i

B ««s« = Forward voltage

5

()

al Pno "p0

o

o |

Figure A-3. The carrier concentration in the depletion layer with a forward
junction voltage.

In practice, a good approximation fo (R-G currents can be obtained

from a relation in the form;

This has the same form as the E-B depletion layer recombination-generation
term described by Larin.
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IDL = q(effective volume) (recombination rate/carrier) (AS)

(effective carrier concentration)

For the surface depletion layer (field-induced from charges in
oxide) the effective volume for recombinations is the fraction ﬂkT/q2¢F of

the total volume of the depletion layer where bp is the Fermi potential.

The total effective field-induced depletion layer (FIDL) volume is

m KT
vol = qusF

AX (A6)
The recombination rate is the intrinsic recombination rate per
carrier or Ri' The effective carrier concentration is not the concentra-
tion at the center of the gap but it is experimentally determined to be
about halfway between the center and the edge of thejunction. The voltage
dependence of the carrier concentrations is approximately exp (qVO/l-SkT)

over the regions of interest.

Thus the maximum recombination generation current in the inverted

field-induced depletion layer is

BV/1.5

_ KT o

IFIDL =3 26.q d Al Mo Ri ¢ Amps. (A7)
max 12 max

where A1 is the surface area that is inverted (i.e., ©_ = 2¢.)-

0w
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APPENDIX B
SURFACE RECOMBINATION

This appendix is designed only as a mathematical tool and is
intended as an aide to the reader in developing the surface recombination
term used in Section 2 from the well known Shockley-Read-Hall relationship.
Further information on the recombination-generation process is found in the

references at the end of this Appendix.

B = q/kT ,

cn 4 Vth 0(n)’

Cp B Vth O(H)’
B(d’g = (bl)
n =n e 0
S
BV Bld; - ¢p + Vo)
where n=n e e T, e - i BE
o) i
B(Op - ¢;) B  + 9;)
Pe =%y € & 7
B(og - ¢,)
n, =n, e .
Il i
(o, - )
; s t S
and py =1, e
Vth = thermal velocity
On = electron cross-section
Op = hole cross-section
Ngg * surface state density
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VBE = applied emitter-base voltage

¢ = Fermi potential
F p

¢i = intrinsic potential

¢y = surface potential

¢t = trap potential

B, = intrinsic carrier concentration

B..P = electron and hole surface densities; respectively.

The net surface recombination rate, Us’ per unit area may be
expressed as

. 2
Ngg Cp G0 ng - 1;7)

= e
’ Cn(nl o ns) i Cp(pl 3 ps)
Bop-0,) -Blo.~6)  B(b -0+ Vpr+o -6) 2]
o Nss Cpcn[]ie e n, e -n,
. [n. Bl e5(¢i'¢F+VBE+¢s'¢11+ g [n. L eﬁ(¢p—¢i-¢s+¢i)]
n| i i pl 1 i
2 [ pv
n BE
5 -\ss Cp Cn n%_ e - 1]
0 P % j »
) [(b_n (ee(¢s-¢t)+ ea(¢s—¢p+vBE))+<&) (eﬁ(¢t 09 B qg)]
pn C €
P n
RN c 526 In(C,_/C )
Let (=£) = e 0; then £ = e © and ¢ = B
Cn Cn o 2B
BVye 1
~Ngg(C, € )° n, l% o . 1J
thus U = P :
B(-%,) [';ws-cpt) E(¢S-¢F+VBE)] Bos [r:(ct—uﬂs) sch-cs)J
(5] c (<] ¢ e + €
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By rearranging the denominator we obtain

v
. 5 [BBE ]
: -NSS(CPCH) n; |e -1

U Va2

Cosh5(¢s_¢F-¢o+vBE/2)]

s
2 [cosh5(¢s—¢t~¢o) + e

The surface current is I3 = -q US AS. Thus
1 v
LgqN_A (CE€I*n, [e i ]]
e Ssi s S np it Aops .
S gv

cosh5(¢s-¢t—¢o) + e B cosh 5(¢S-¢F-¢O+VBE/2)

This is the form of the surface recombination-generation introduced in

Section 2.




REFERENCES

B-1 Sze, S. M., Physics of Semiconductor Devices, John Wiley & Sons,
New York (1969), pps. 96-104.

B-2 Grove, A. S., Physics and Technology of Semiconductor Devices,
John Wiley & Sons, New York (1967), pps. 117-148.

B-3 Wang, Shyh, Solid State Electronics, McGraw-Hill, New York (1966),
pps. 275-282.

B-4 Shockley, W., and W. T. Read Jr., "Statistics of the Recombinations
of Electrons and Holes", Physical Review, Vol. 87, No. 5, September
1952, p. 835.

B-5 Sah, Chih-Tang, R. N. Noyce, and Y. Shockley, “Carrier Generation
and Recombination in P-N Junctions & ' P-N Junction Characteristics",
Proceedings of the IRE, Vol. 45, No. ., September 1957, p. 1228.




APPENDIX C
DESCRIPTION OF "BULK" BASE CURRENT TERMS IN DC GAIN COMPONENTS

We propose a physical parameter model for gain of an n-p-n
bipolar transistor which segregates the transistor into five basic current
components. The ideal current-voltage characteristics are derived on
the basis of the following four assumptions: (1) the abrupt depletion-
layer approximation, i.e., the built-in potential and applied voltages
are supported by a dipole layer with abrupt boundaries, and outside the
boundaries the semiconductor is assumed to be neutral; (2) the Boltzmann
approximation, i.e., throughout the depletion layer, the Boltzmann relations
are valid; (3) the low injection assumption, i.e., the injected minority
carrier densities are small compared with the majority-carrier densities;
and (4) the facts that no generation current exists in the depletion layer,
and the electron and hole currents are constant through the depletion laver.
The term, gain (hFE) refers to the forward common-emitter transistor gain

with a reverse-bias and collector-base junction.

The five major contributions to the gain which can also represent
the dominant elements in bipolar microcircuits, are:

IRH
a) recombination in base region, T

1 '
; : has D
b) &n emitter efficiency related term; —

G
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. : x : : g f
¢) recombination-generation in emitter-base depletion layer, —

L
I('BO
d) collector-base junction lcakage, —f—— , and
(C
IS
e) surface recombination, T
(&

Contributions, ¢ through e, are similar mechanisms but occur

in different regions of the transistor structure.

These components form an expression for gain defined as:

I I It { G B
= N BN e S R 1)
hFE i Ty 12 I Jj I

& & & € & C
Figure C-1 describes the location of each contribution. The form
of each contribution in physical parameter terms was obtained mainly from
- e,
understanding provided by Phillipsc ! and Larin.C “  Comparison of our model
with data provided by Blicec-3 and Larinc_4 for the pre-irradiation condi-

tion was used to confirm the accuracy of each term.
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Figure C-1. A schematic representation of the five base
current components.
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Our model for gain of a bipolar NPN planar transistor at moderate

e L . - . x
collector currents is given by the following expressions for each contribution

in equation (C-1).

t 1 :
B-B- = . S ( ) Tl (C-2d)
(s Dnb nb 1+ 2 1 + ( — ) (2)
Tnb
it D v 1
D pe ( B ‘EZ ( - ) (C-2b)
I Dop N Lpe .
8] "/3
lR(} T Xe I\l n “h I[) 1 -2 S
& i ) ; Z (1 +2) -2
N N ’ 2 213 L Z {
fe Pnp Np In [T} a4 A Dy,
2 TR
. LR
1
gig LS i 2
it W (C-2d)
IC A Db B
V../2kT
I I oY BE
<2 s S (C-2¢)
I Ao
gA_W.n qVBf kT
where IRB = _STD-E) /
n
Il = quDQPQQ quBE/ b
et )]/2
PP
- /
I : c,rAexeR]n1 qVB[/I Sk
RG n
ln(ﬁ——)

== s .
For low collector currents where lcpo may affect the measured value of Ics
the following expressions using Vpg Must be used.
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and

¥ equE/z kT
S SO
Lepo = AKX Ry
\( 2
geX -l WER Gy +y
4
g = Yy (vNB + NB)
e . 3
E
. 2 2
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y = .._lﬂi_ll_~ll for an NPN transistorC gl ST
kT AC b NB bC
- v e : e i >
Z = — = injection ratio in base region
1 + v
= vc = injection ratio in cmitter region
€ 1 + v
u
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b = 5B tor p-type base
upb
RBB = base sheet resistivity (Q/square) =
1 b uniform
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a, = linear grade constant
~ i /W i
R YA T )
a, 1+ W /W, J\2 N, N,
0 In '\—)‘ * 1
G

7
LT scattering-limited velocity = 10 cm/sec.

Wbo =base width (vertical in Figure C-1) without base pushout (cm) l
W, = emitter depth to base region (cm) j
k = Boltzmann's constant = 8.63 x 10-5 ev/°K |
T = Absolute temperature (°k) j
AC = Area of emitter-base junction (cmz) %

|

.
AC = Arca of collector-base junction (cm™)

ot v

ID = Emitter diffusion current into base region (Amps) R'IC for

moderate currents

. Fnb &
Dnb = Electron diffusion constant in base = ~—q——~ (cm™/sec) s
KT Moo =
Dpc = Hole diffusion constant in emitter = ~~]-l~» (ecm™/sec)
¢
: . . . phisie N -1
Tnb = Electron minority carrier lifetime in base (sec )
1

T, = High level minority carrier lifetime in base (sec )

1

L = Electron diffusion length in base region D T )‘ cm)
nb e & ( nb ‘nb (
1
L = Hole diffusion length in cmitter = (D T )2 (cm)
pe pe pe
5
UPC = Hole mobility in cmitter region (em™/v-scc)
- o " . 2
B = Electron mobility in base region (¢m™ /v-sec)
; . s . - -3
NB = Impurity concentration in uniform base (cm )
y ’ . Ay : =3
NF = Impurity concentration in uniform emitter (cm 7)
. : . . St -3
N( = Collector donor impurity concentration @assumed uniform) (cm )
e : . 10 -3
n, = Intrinsic carrier concentration = 1.5 x 10 cm




; . — . " T —— " " - g e
e e e e e o == = ey e S————
e D L TR -

\

no= Majority electron concentration in the n region (cm's,

npo = Minority electron concentration in base region at
A el -3, 2
equilibrium (cm 7) = n / NB ]
IDO = Extrapolated normal diffusion current (Amps)
ID = Forward biascd diffusion current (Amps) ID X IC §

X = Width of the emitter-base depletion layer (cm)
f
- U S P 2

_ I 35 0 BE =
= 5.73 x 10 (—~——————~—) for unitform basec
Ny, |
B |
|
I qQA_ D n q A D. m < i
> : . |
VBF = B In (—&—) where IUO S e £ 503 ﬁ
4 o Wy W, Ng |
i
. ) |
X T Width of the basc-collector depletion layer (cm) é
|
T i‘
Ri = Intrinsic carrier recombination rate sec ! |
|
n N N .
kT n : “E '
¢0 ) 2 ln( — ) (volts) = kT In —%———E (volts) .
q n q n, "~
po i

The Z terms in each part of equation (C-2) represent the injection
level dependencies. Even though a term may not show IC directly, the 2 terms
include the I. dependence. The expression for Z could be substituted into each

part of equation (C-2) but it was felt that it would be more instructive to keep

the injection ratio dependencies separated so that their origins could remain
identifiable. Base pushout (Awb) technique has a limiting condition on its
validity vs. IC to take into account the different collector thicknesses |
when epitaxial processing techniques are used.

The factor in cquation (C-~2a),




is used to correct the minority carrier lifetime, % for its injection
dependence. It is determined from point defect statistical capture consid-

erations.

The model includes high injection effects and base pushout (Kirk
Effect) but does not include other effects directly in the model such as:
- emitter crowding
- graded base

- contribution duc to surface effects (ICBOS and IS)

Saturation and inverse gain have not been addressed here.

The two sets of data used for verifying our model were obtained

from Larin and Blice (See Table C-1).
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Table C-1: Data used for comparison with Larin and Blice.
Larin's 2¢N1613 Blice's 2N2222

Parameter Value (NPN) Value (NPN)

We 4 x 1074 cm 2 x 1074 am

= =

e 2 x 107% em 2.7 x 10”° cm

We 7.5 x 1073 em 4 x 107% em

NE 38 % 1018 atoms/cm3 2 % 1018 atOms/cm3

NB 5 X 1016 atoms/cm3 G5 1016 atoms/cm3

NC 15 % 1015 atoms/cm3 7 x 1015 atoms/cm3

Toe 1 x 1078 sec 1.35 x 10'8 sec

Tob 1 x 1077 sec 6.65 x 1077 sec

Ay 1x 1073 cn? 2.9 x 107 em

A 4 x 1073 cn? 1.13 x 1073 cn®

R 1.5 x 10%/sec 3.7 x 10°/sec

ny 1.5 % 1010 carriers/cm e % 1010 carriers/cm

npo 4 BN% 103 carriers/cm 2.3 % lO3 carriers/cm

M S 1018 carriers/cm Z X 1018 carriers/cm

Ty 6.7 x 10°° sec 6.7 x 10-6 sec
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Table C-1:

Data used for comparison with Larin and Blice. (Cont'd)

Parameter

Larin's 2N1613
Value (NPN)

Blice's 2N2222

Value (NPN)

Dnb

D
pe

Lnb

i
pe

XEO

f Ros

Mnb

i “pe

-

Isg

0

Tnb

yl
“oe

1.66 x 101 cmz/sec
1195 cmz/sec
1.28 x 107> cm
1.4 x 107 em
1.6 x 1077 cm
2.2 x 10° /0
6.4 x 10° cm’/volt-sec
75 X 101 cm2/volt-sec
3.2 x 107% cm

R

0.5

0.886

1.4 x 10} (Note 1)

2.34 (Note 1)

3.1 x 1073
1.8 x 107
1.1 x 1072
7.4 x 10%
5.4 x 102
9.0 x 10!
3.9 x 107

3.1 x 10719

0.5 - (estimate)

0.894

Note 1.

Ref. C-14 and C-15 refer to a modification in the diffusion

constants due to electric fields for high field inten-

sities.

We assume in this model that the fields required

for this effect to be significant are not present and

therefore Phillips

can be used to determine diffusion

constants from mobility and impurity concentrations.
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Larin supplied in detail the physical parameter values used in his discussions
which corresponded to a reference transistor with size¢ intermediate between
small switching transistors and large power transistors corresponding to

device types such as 2N1613, 2N1893, 2N697, 2N1711, 2N3439 and 2N1290.

Most experimental data used by Larin was for the 2N1613. For Blice, a dif-
ferent set of data was used and applied to a different form of a transistor
model. Some of the values used by Blice were estimated from the referenced
report. Both comparisons should agree in terms of the slope for each con-
tribution versus collector current and the relative contribution from each

term.

The comparison of the model presented in this report in equation (C-2)
with Larin's data is shown in Figure C-2. Each contribution has a similar slope

and relative placement in magnitude. The only variation of our model from

It b

§ y 4 AL d o " D S ) )
Larin's data is the high injection effects for T This increase in =
G c

for high injection in Larin's data is duc to emitter crowding. Emitter
crowding has not previously been explicitly defined in terms of physical
parameters, so this additional complexity will be discussed qualitatively

in a separate section.

I
p : : 3 . RR
For Blice's transistor, the relative importance of the i %
Iﬁ C
contribution compared to the T contribution is reversed from Larin's.

G
This reversal, shown in Figurce C-3, is also predicted by our model since dif-

ferent physical parameter values were used by Blice than by Larin., Our
model appears to be in good agreement with the most recent comparisons

and models of Blice except for a constant factor on ID'/IC. Since some

of the values that Blice used arc not given, the source of this constant
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i B
could not be identified. The 5 and TBE' terms also compare in slope
€ (& Ib
except at very high injection level. The T term for Blice turns up
45 €
sooner than our model. Also the -#E term in Blice's model decreases

&
sublinearly at high injection while our model decreases superlinearly.

Both of these discrepancies occur near the point when the models begin to
break down and could be the result of the assumptions used in this unknown

area. This is influenced by emitter crowding.
Emitter Crowding

The construction of an epitaxial bipolar transistor usually re-
quires that the base ccntact be positioned at the surface of the base region.
As a result there is a finite resistance difference from the base con-
tact to various points under the emitter diffusion (in the thin base
region under the emitter well). The base current that flows from the
base contact to the base region under the emitter produces a voltage
gradient over this base region. The maximum potential occurs furthest
from the base contact. If the external emitter bias voltage is assumed to
be applied uniformly over the entire base-emitter junction, then the effect
of the internal base voltage is to produce a net junction potential that
decreases from the periphery cdge to the center of the emitter. The higher
edge forward potential causes a crowding of the injected emitter current into
the peripheral areas of the emitter well, thus an effective reduction in
the active cross-sectional area. The internal base bias may be such that
the injected carr}cr density in the center of the emitter junction may be
practically zero.  Since the injection ratio, Z, for a given current is

dependent on the active cross-sectional area, AC, a reduction in AC increases

Z and thus for the same J_ on Figures C-2 and C-3, the Z dependence would be
e
[
stronger (at high injection). The only term in -— that depends strongly
) C
b

on £ for turn-up at high 2 is The other terms are only weakly

Ie
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dependent on a decrease in A . Therefore emitter crowding will make the
I e i
: 3, . :
TB term increase at a lower Je . Larin's data for T includes emitter
G C
crowding which used measured VBF ~ IC characteristic for a typical tran-
: Cc-11 )
sistor.

Graded Base

In a graded base structure an electric field is established in the
base by the majority carriers to maintain space charge neutrality. The effect

of a graded base is to effectively increase the diffusion constant, Dnb'
II

In the TQ- term there is also another factor which is dependent on the
I )
C-12
grading of the base. This term is (NP Wb). Actually this term was obtained

for a uniform base from the general expression

W

N(x) dx

For a linear grading profile, this term =~1/2 NB Wb . The approximation
that can be made for graded base is thercfore to divide each contribution

in the gain equation by some factor > 1.

The results of the pre-irradiation comparisons of our model with
Larin and Blice were very good in that cach model indicated the same rela-
tive contribution to the gain and the same dependency on Lo Larin's
absolute values compared more favorably than Blice's. This was due to a

higher confidence in establishing the actual values used by Larin.




Also, many of the terms that contributed to the gain equation had the same
form as Larin. The model therefore represents an adequate definition of

existing understanding of the relationship between the gain of a bipolar

transistor and the physical parameters for both low and high injection.
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APPENDIX D
LONG TERM IONIZATION

A major factor in the degradation of gain of bipolar transistors due to
effects of long term ionizing radiation is the creation of electron-hole pairs
in the passivating oxide layer over the pn junctions and subsequent trapping
of a fraction ot the holes at the oxide-silicon interface. In an npn transis-
tor, holes are trapped at the interface in the base region. In addition the
surface state trap density is increased in this region. The resultant change
in surface potential increases the surface recombination velocity thereby
providing a sink for base current.

In the present program, IRT has calculated the oxide field due to fringing
of the junction field, the effective generation rate of holes in the oxide
under irradiation, the trapping of holes at the interface and the creation of
interface states, and the resultant change in surface potential of the silicon
as a function of distance from the geometrical junction. Calculations have
been made for representative device dimensions, junction biases, and hole and
interface state generation rates.

The nature of these calculations and the results are described in a form

suitable for inclusion as an appendix to the MRC report on this program.

D-1
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APPENDIX D
ELECTRIC FIELDS AND SURFACE POTENTIALS AT OXIDE-SILICON INTERFACE

b-1 INTRODUCTION

The surface recombination rate depends on the surface potential
(relative to the bulk) which, in turn, depends on the electrical field
normal to the interface. In this Appendix, estimates are made for these
surface electric fields and potentials in the transistor base region (1)
due to fringing of the emitter-base junction fields near where this junction
intersects the silicon surface and (2) due to the oxide charge and interface
states that result from radiation. The methods of calculating the fields
and surface potentials before irradiation are discussed in Paragraph [.2and

the effect of radiation is considered in Paragraph D.3.

D.2 ELECTRIC FIELDS AND SURFACE POTENTIALS BEFORE [RRADIATION

The foliowing is the method used to obtain the normal electric fields
and surface potentials at the interface before irradiation.

The configuration for which the electric fields were determined is
shown in Figure [-1in which a semi-infinite slab of silicon with dielectric
constant K2 is in contact along the X-axis with a semi-infinite slab of
SiO2 with dielectric constant K‘. A step pn junction is taken along the
y-axis in the silicon with the positively charged depletion region with
uniform charge density p extending from 0<x<a and the negatively charged
region extending from -b<x<0.

The electric field at any point is initially calculatad by neglecting
the presence of the two media with different dielectric constants and by
integrating the field equation over the entire charge cistribution. The
presence of the interface between two regions with different dielectric

constants is then accounted for by use of the method of images.

D-2
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From Reference p-1, the electrostatic potential inside and outside a
solid dielectric cylinder of infinite length due to a line charge of strength
q per unit length located outside the dielectric cylinder and parallel to its
axis is given by the following set of image charges. The potential inside
the dielectric cylinder is just the potential due to a line charge of
strength 2q/(1+K) located at the position of the real charge. Here K is the
ratio of the dielectric constant of the cylinder to that of the surrounding

medium, That is,

B N 2q In R
inside TT:R7—77R;E;
where € is the permittivity of free space and R is the radial distance
from the real charge.

On the other hand, the potential outside the cylinder is the sum of the
potentials from three line charges, (1) the real charge at its normal posi-
tion, (2) an effective charge [q(1-K)/(14K)] located at the inversion point
of the real charge (i.e., at az/rO from the center of the dielectric
cylinder of radius 'a'' with the real charge at ro), and (3) an effective
charge [-q(1-K)/(14K)] located at the centerline of the cylinder. For all
of these potentials, the dielectric constant to use is the dielectric constant

¥

(KZ) of the surrounding medium (Si), not the dielectric cylinder (SEO2
The effect of the cylinder's dielectric constant enters in through the
parameter K.

For semi-infinite planes, the same image procedure can be used except
that the effective charge at the origin [-q(1-K)/(14K}] can be ignored

because it recedes to infinity when the cylinder is transformed into a plane.

This charge at infinity will be canceled by an equal and opposite charge at
at infinity because we will always be dealing with equal and opposite real
charges in the Si. Another difference for a planar geometry is that the

image point is the same distance from the piane as the real charge.
Equations D-1 and D-2 give the components of the electric field

in the silicon and in the oxide both parallel (x) and perpendicular (y)

to the interface for the assumed charge distributions and configuration

shown in Figure D-1.
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A

s the oxide (¥ > 0) = 1 and in the silicon (y < G) A = K.

The above fields are however not correct for the physical problem
because the fields in the bulk of the Si are not zero, as they should be.
in a real device, the electric fields that cross the interface from the oxide
to the silicon cause depletion or accumulation regions in the silicon near
the interface, which produces just enough net charge in the silicon at the
interface to terminate the electric field lines and shield the bulk silicon.
As a first order attempt to take this into account, surface charge was
added along the interface to try to cancel the normal component cf the

eleciric field., The local surface charge density was taken as
o = ZKZCOEy/[Z/(I+K)]

where Ey is the local normal electric field in the silicon at the interface,
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the factor in the denominator is due to images, and the initial factor of 2
is because, for an isolated sheet of charge, half of the field lines extend
out from each side of the sheet. |If Ey were uniform to infinity, this
correction term would be exact. However, because Ey is not uniform, it is
only approximately correct. No surface charge is added in the depletion
region of the junction because that area is already fully depleted and ro
addi tional space charge can be developed.

The total electric fields are now due to the original depletion region
(Eq. D1 and D2) and a spatially varying negative surface charge density on
the p side of the junction and a positive surface charge density on the n
side. A simple computer program was written to evaluate Eq. D1 and D2,
to determine the required surface charge density o, and then to calculate the
effect of o on the electric fields. Care was taken to make the total
positive and negative charge on either side of the junction due to o
exactly equal to each other and to use a sufficiently large lateral dis-
tribution of o so that the fields in the region of interest were hardly
affected by terminating the integration at a finite distance.

The results of this calculation indicate that this first-order
correction did a good job of reducing the y components of the electric
fields in the bulk silicon essentially to zero, but it produced a relativeiy
small x component of the field in the silicon. In principle, one could try
some addi tional correction to try to further reduce the fields in the
bulk of the silicon to zero. However, since the normal electric fields
near the interface are the main fields of interest for this analysis and
since this first-order correction seems to be adequate for these fields,
no additional iterations were attempted.

The surface potentials as a function of the normal electric field at
the surface are shown in Figure D-2.

The surface potential b of the silicon as a function of the normal
electric field, Es‘ in the silicon at the interface is determined by
integration of the appropriate one-dimensional Poisson equation from the
bulk of the silicon out to the surface and is given by the fol!lowing

relation (Ref. D-2).
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D-2. Dependence of surface potential ¢. on interface electric

field in silicon dioxide, for various values of surface
state density D (in units of (cm2 eVv)=1), The zero of
surface potential is taken at flat band condition. Acceptor
concentration in the silicon is 2 x 107 ¢m™3
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where g = f% , L. is the intrinsic Debye length for holes = [ZK £ /qppo;]‘/

D 2 o
and n and p are the equilibrium bulk concentration of holes and
po e 17 -3
cm and

electrons. Figure D-2 shows this relationship for ppo =2 x 10
for a surface field in the direction which will take the surface to
depletion and subsequently inversion.

Also shown in Figure D-2 is the effect of inclusion of surface states
which serve to terminate a fraction of an externally applied electric
field. These surface states are taken to be acceptors (neutral above the
Fermi level and negative below) in the upper half of the band gap, and
donors (positive above the Fermi level and neutral below) in the lower
hal f of the band gap. The surface state density is assumed to be in-
dependent of position in the band gap.

From this figure one may determine the silicon surface potential for

any given oxide surface field on = ESi/K and surface state density Dss‘

D.5. CHANGE IN ELECTRIC FIELDS AND SURFACE POTENTIALS DUE TO RADIATION

The holes that are generated in the SiO2 by the ionizing radiation
will be swept toward the interface between the SiO2 and the p silicon
(base region for the present NPN devices) by the electric fields described
in Section D-2, and some of the holes will be trapped at the interface.
The electrons from the SiO2 are driven by the electric fields toward the
n emitter, which they enter. They then proceed to the p base where they
annihilate the holes that escaped from the SiO2 or terminate the electric
flux lines from the trapped holes in the oxide. Thus, to first order,
the effect of the radiation-induced charge is just a local increase in

h 2 ©
silicon, where ~, is the surface density of trapped holes), and the fields

the electric field across the interface (equal to AEY = g, /K, ¢ in the

in the bulk of the oxide are unchanged. O0f course, there are second order
effects that have not been considered here because they are believed to be

unimportant for this study.




The surface density of trapped holes per unit dose is a function of
the effective generation rate of holes in the oxide, the distance from
which holes can be pulled to the interface, and the probability of capture
of the holes at the interface. The effective generation rate is assumed
to be limited by geminate recombination, which is a function of the
electric field in the oxide.

Estimates of the effect of geminate recombination on the survival rate
of holes can be made from measurements on charge carrier transport in the

3, D-4), Below electric fields of about
1

oxide of MOS capacitors (Refs. D-
106 V/cm the survival rate varies between 3.5 and 7.5 x IO-7 (V/ecm) ™
From the work of McLean, Boesch, and McGarrity (Ref.D-5), (also on MOS
capacitors with clean oxides) we estimate that at room temperature 9% of
the holes reaching the interface are trapped there. Consequently we take
for the fraction of initially generated holes which are trapped in the

6 (V/cm)—‘. Using this value and

oxide at the interface the value 6 x 10~
the generally accepted value of 18 eV needed to initially create an
electron-hole pair with radiation (Ref. D-6), we can determine that the

18 coul/cmz-rad-(v/cm)

oxide interface charge generation rate is 7.77 x 10°
in 1 um thick oxide.

We also assume that interface states are produced by hole motion
to the interface, rather than by direct interaction by the irradiation
(Ref. D-7), We have assumed, somewhat arbitrarily, that interface states
are generated at five times the rate of generation of oxide charge.

Use of these generation rates for oxide charge and interface state
density allow calculation of both the total interface electric field and
the resulting surface potential, from graphs similar to Figure D-2, as a
function of total dose at any position along the interface. Note that,
again the first order, the oxide field is not altered by the presence of
oxide charge, which is assumed to be at the interface; consequently the
oxide field does not vary with dose. The thickness over which holes are
collected is taken as the oxide thickness times the secant of the average
angle which the electric field makes to the normal to the interface. The
electric field, which determines the fraction of holes escaping geminant

recombination, is taken as the average of the field at the interface and
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at the point at which the average field direction intersects the outer
surface of the oxide,
The variation of surface potential as a function of distance from
the junction, at various values of total dose, is shown in Figure D-3,
for zero bias across the base emitter junction, and in Figure D-4 fo!
VBE = +0.5V.
A calculation was also made of the magnitude of the fringing field
from the collector-base junction in the vicinity of the emitter-base jurction
for VCB = =10V and an emitter-collector separation of 1l5um, This field
was found to be negligible (522) compared to the field from the emitter-

base junction.
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Figure D-3, Variation of surface potentizl b, as a function of distance

into the base region from the emitter-base junction for
various values of total dose. Base doping: N, = 2 x 10
20 =3

10 L

cm 3; emitter dopina N, = 3 x cm 7, Oxide thickness:

D
0.6 um. The emitter-base bias is 0. initial values of

oxide charge, st’ and surface state density, D are

c S
101! en™2 and 101! em? eyl respectively.
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Figure D-4, Variation of surface potential ¢, as a function of distance

into the base region from the emitter-base junction for

various values of total dose. Base deping: NA =2 x 10'7
cm-3; emitter doping: ND = 3 x 1020 cm-3. Oxide thickness:
0.6 um. VBE = +0.5 voits. Initial values of oxide charge,
" s
Q__ and surface state density D are Q = 10" cm © and
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APPENDIX E
RECOMBINATION CENTER EFFECTIVE CONCENTRATION

, For a reverse-biased depletion surface area with single-level cen-

ters, the generation rate per unit area, Ug,may be expressed in terms of the

; : ; -1
Shockley-Read-Hall recombination-generation theory and given by:E

& 6. V. N = i
sn_sp th ss i

= oy exp[ﬁ(Est - Eiﬂ e exp[&(Ei - Estﬂ ?

b

where L is the number of single-level surface recombination-generation
centers per unit area, o and Osp are the centers capture cross-sections for .
electrons and holes respectively, Vth is the thermal velocity, g = q/kT, Ei

is the intrinsic energy level, and ESt is the center's energy level. If we
= - .E_Z
assume that the center energy Est = Ei and that N Osp o then:

For a uniform energy distribution of the center, D_., within the

forbidden band gap, the generation rate becomes:

Ev dE

ik sl e Vo bt e D 0004 Al i N b eial X

G
S sn Isp Ven Des ™ T : .
B exp[{i(hst = tiﬂ + Osp cxp[F(Li - Lstﬂ

197}

RSN R

j
where D%s (centers/cm - eV) designates the density of surface centers uniformly
spaced in the energy gap between EV and EC (the valence and conduction bands)

respectively.
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If we let x = ES - Ei’ then dx = d E and we have

& st
EV—Ei
dx
u. = o A ,
S sn sp th ss i a eﬁx " e-ﬁx
sn sp
E -E.
i
5
Exfo
1 1 =1 sn
= Vi = e
%n %p ‘th L 8 ———__.__j;z tar > A5
(Osn OSp & limits
1.
[ B\
but tan : (ﬂ) ‘ M
o] Ao 2
sp limits
U =g V. B BEL S
S sniNispER e s SEa S g : =
(OgnTep)
SN sp ,
1
o 3 n KT
Us (Osnosp) Vth oy 2q ss °
Under the assumption that CER O"p = 0g, this expression becomes:

thus

This indicates that the principal contribution to recombination-
generation process is due to the surface states centered around the intrinsic

energy of the gap.
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