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20. ABSTRACT (Continued)

implications and predictions were then compared with existing data to
evaluate accuracy and usefulness.

This investigation demonstrated that current theories regarding the surface
of bipolar transistors appear to describe the major parameter dependencies
if ionizing radiation effects are not considered. It is when radiation
effects are i ncorporated into these theories (models) that fundamenta l
quest ions arise as to their completeness or validity.

Specific questions were found when the surface models originally defined
by Reddi and Grove were used to pred ict the experimental radiation data
observed by Sivo.
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L~ FIIUTI0N OF TERMS

Ae 
= area of the projected emitter-base junction (cm 2)

Ag = AG 
= area under the gate over the base surface (cm 2)

— kT~~D~ = electron diffusion constant in p-type Si = q (cm /sec

kTk. 2O
~ 

= hole diffusion constant in n-type Si = q 
‘

~ (cm /sec)

D
55 

= energy density of surface states (states/cm
2-eV)

— 
d0~ 

= thickness of oxide (A)

NB 
= base doping (atoms/cm3)

3
NBS = base doping at surface (atoms/cm )

= emitter doping (atoms/cm 3
)

r ES = emitter dop in g at surface (atmos/cm 3)

2
N5s 

= spatial density of surface states (states/cm

3
= intrinsic carrier concentration (carriers/cm

emi tter periphery (cm)

~eg 
= emitter periphery under gate (ciii )

gate periphery (cm)

R
~ 

= intrinsic carrier recombination rate (sec~~
)7
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R
~s 

= intrinsic carrier recombination rate near the surface (sec~~)

V th 
= limiting therma l velocity (cm/sec)

Wb vertical width of base under the emi tter (cm)

Wsc = vertical distance between col l ector and l oweredge of surface field-

in duced depletion l ayer (cm)

= built -in potential for emitter-base (E-B) junction (eV)

= built -in potential for E-B junction at the surface (eV)

= Fermi potential (eV)

Xd = maximum width of the Field-Induced Depletion Layer (FIDL) (cm)
- - 

- max

Xe 
= width of E-B depletion layer (cm)

Xes = width of E-B depletion layer at surface (cm)

= capture cross section (cm 2)

Tb 
= minority carrier lifetime in base (sec)

T
e 

= mi nority carrier lifetime in emitter (sec)

= q/kT (eV~~)
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SECTION 1

1.0 INTRODUCTION

‘l’his 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 Corpo ration with the subcontract support of IRT Corporation . Re-

suits 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 priiic~pal effort has been directed to the evaluation of tran-

sistor gain mechanisms in a model relating physical and electrical par~imeters .

By evaluating the worst-case variations in these parameters based on pro-

cessing variations and app lications , hardness assurance techni ques can be

identified.

Most investigators of long-term ionizing radiation effects on bi-

polar devices (both theoretical and experimental) w i l l  agree that ionizing

radiation ef fects arc comp lex functions dependent on severa l parameters.

This eva luat ion isolated the c r i t i c a l  1)aranrcters through invest igat ion of the

prc— ~ rradiation surf ;tce re lated contribut ions to  the bipolar transi stor DC

gain , review of ion i z i rig rad ia t ion mechanisms , and c,\ tc nsion to the rad i a t ion—

inclusive model.

Ident i 
~ >‘ i rig the en t i cal pai’ametel s does not lro~ceve r develop

hardness a s surance techn iques , espec ia l ly  for long—term ionizat ion e f f e c t s .

9 
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Much of the difficulties in evaluating existing models was in estimating values
for the parameters . This limitation was one of the most important problems to
overcome. Once reasonable parameter values were obtained , the comparison of
mode l implications with experimental data showed whether the models evaluated

contained the necessary dependencies. The technical approach was organized
by the following tasks:

a) Estimate the electric field distribution in the

passivation insulator under normal bias conditions.

b) Estimate the generation and transport of holes

to the interface due to ionizing radiation .

c) Estimate the distribution of trapped holes and

interface states as a function of reasonable

values of the hole trapping and interface state

creation efficiencies.

d) Estimate the parameter changes resulting from

trapped holes and interface states.

e) 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).

f) Formulate means to use these relations as hardness

assurance controls for long-term ionization effects.

g) Check available data to compare predicted trends

with experimental results.

The IRf effort was directed principally to tasks a) - c). 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 i~as selected as the basis of

the study. Parameter variations considered include those representat ive

10
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of device and integrated circuit technolog ies (with the possible exception

of some of the transistor elements in 1
2L arrays using minimum-geometr y

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 bipo lar devices ,

b) MOS structures can be used to obtain radiation

effects data on materials and interfaces used in

bipolar dev ices , 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 simp lifies the approach in appl ying mathematical e~ ’ ressions

for the analysis of experimental data on gain degradation , and in obtaining

estimates for upper l imits 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 t1 re presen t

understanding of the effects of ioni:ing radiation on bipolar transistors

incl ude:
11
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a) the interpretation and implication of base current

contributions due to added recombination sites at

the Si-Si02 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 dire 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 ,

f) base surface area between the edge of the E-B unction

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

g) app lied emitter-base voltage used during ionizing

radiation expc-;ure and post-irradiation measure-

ment (V BE~~
The distribut ion of the surface potential and surface states over the base

and emitter-base (E-B) metallurgical junction surface reg ions (for 11-1)-n

transistors) and over the [-B metallurg ical junction and emit ter  sur face

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 1)re-irradiation data for DC gain

effects. The result was the identific ation of two  major base current terms

(l~~ and directl y related to changes in surface properties. These

tw o  terms i nvolve recomb ination-generation (R-G) mechanisms usuall y defined

for a bulk space charge region or dep letion layer by Shock ley-Read- Ilal l  sta-

t i s t i c s  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

due to these recombinations is dependent on bulk trap centers. When

a complete depletion layer does not exist at t he surfac e , crossover can
occur 

~~ 
the surface. For this condition , the surface states act as recom-

bination centers. The added base current due to this mechanism is defined

as ~~ (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 metallurg ical junction with the

surface. Positive surface potential (such as induced by ionizing radiation)

influences the position of the intersect ion of the crossover w i th the surface
and results in a change in the base curren t due to increasing recombination

centers and increasing effective surface area .

In n-p-n transistors , the base surface reg ion is where I~~ is most

important . In contrast , for p— ri —p t ransistors the gain degradat ion appears

to be dependent on the emitter surface reg ion due to the ef fec t  of a posit  ne

surface potential on the dopant concentration . Both ty pes of devices are

thus c r i  t ical ly dependent on the acceptor dopant concent rat ion (N at the

sur face.  By knowing the distr i but ion of surface potent Ia ! , 
~~

- , the surface

sta te  dens it v \ , and surface geomet i” , I can be eva luated and added
ss - So

13
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to the pre- irradiation base curent. Therefore ,

= Function of I 
~~

, ~~~ geometry, NA ).

For hardness assurance applica tions , we do not necessaril y

require the exact values~ for eac h critical parameter. -\n upper bound for
each parameter w i l l  a l Ion~ for conservative desi gns arid reasonable scr’:’ou in~
techn iques useful to the system desi gner. To upper bound the critical

parameters , several approximat ions can be made based on the unders tand iug

of the physics principles defined in the node!.

To est imate an upper bound on the surface potential and sorface

state dens its- (N~~ ) , f ield dependent properties of the build—up of trapped
charge in the oxide and sur face-state density N at t he Si-S iO )
interface can be approximated by maximum geminate recombinat ion mechanisms
defined by Metal—Oxide-Semiconductors (MOS) studies. This distr ibut ion can
be added to the field-independent build-up of these parameters to f orm a
reasonable est imate .

-\ccordin g to theory , a lower doped base reg ion in a n— p— ri

t ransistor  requires less pos i t i ve  sur face potential t o  f o r c e  the surface o
crossove r. s ince the base doping concentrat ion paranieter can be approxi-
mated by the emi t te r—base  breakdown v o l t a~~e (By ) , a scre en on r\ebo ebo
appears to he an excel lent i~a’- t o  control t his parameter for ion zing

radiat ion e f f e c t s  (assum ing al l  other param eters are a I so con t l ie d  - the
other important pa r;imet e rs can eas ii~- be c oo t  ro l led in t i n e  p r o c -es s i or. st a

of fahr icat ion . The e m i t t e r  per! phery , ratio of cnn i t ci’ a rca to pen ph c-ry

and base surface area arc mask design l e a  t u res and t he ne Ic i c  corit ro l l  a 1)1 e
in se lec ted mi l i ta ry  process lines. Thus , based on t lie pa arie~ en -s del i ned

by the node I as being import r o t  in pied i c t i rig the I ain~ — t cnn on i :at ion
e f fec ts  on bipolar d e v i c e s , hardness assurance tec hnn pie : ; a p i c i  r’ be

poss ib le .
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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 inj ect ion is
the onl y case considered near the surface, 3) surface recombination proceeds

through a discrete energy level in the band gap and obeys Shocklev-Read-

h ail 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 ga in model is usually used to illustrate

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

15
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Surface contributions will be assumed to be an additive change in the

rec iprocal 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 Fi gure

2.1) are :

a) electron recombination in the base region , 1R8’

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

c) recombination-generation in emitter-base depletion

layer, TRG’

d) collector-base junction leakage , ‘CBo’ 
and

e) surface recombination , 1
s
.

These components form an expression for reciprocal gain defined

as :

1 
— 

‘B — 

1RB ‘I) T
RG ~:BO 

‘S— + — + 
~~~

— - +

FE C C C C C C

-5- . - - L ’ : ~~~~~~~ ~~~~~~~~~~~~~ 

-



-
~~ 

— - - 
- -~~~~~ 

—— ----— 

~~~~—T - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~ 

Figure 2.1 describes the location of each contribution . The form
of each contribution in physical terms was obtained ma inly from understanding
provided by Philli ps 1 and Larin.2

-

~ 
(I~ +

_______________ 

~ 

Ar c~w ;- ~~ ~~~~ :~ t e. n-c o iect3 r
— — electron Current ~~~

Fi gure 2.1. A schematic representation of the five

base current components .2

The I
RB/Ic contribution defines the effect on the gain from the

reduced number of minority carriers reaching the collector from the emitter

through reconibinations in the base reg ion. Since a recombination requires

an electron and hole , t he base contact must supply additional majori ty

carriers to preserve space-charge neutrality in the base. Therefore , the
base current increases , reducing the gain. This term is directl y dependent

on the base width squared and inversely dependent on the minority carrier

lifetime and diffusion constant in the base reg ion. Narrow base width ,

long lifetimes and large diffusion constants minimize this term.

17
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The contribution 1D”C is related to hole recombination arid trai ls-

port in the emitter region. As the reverse diffusion current 
~‘D

’
~ 

increases ,
the base contact must suppl y 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 eff iciency (i.e., minimum ID / Ic) . the
reverse diffusion current should be as small as possible. This implies
that the base sheet resistivity’ s~hould be as large as possible wi th  respect

to the emitter sheet resistivity (i .e. ,  the emitter is much m ore highly
doped than the base). Other design problems limit the extent that this

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

The recon-ibination-generation of electrons and holes in the emit ter-
base depletion layer is accounted for by the ‘RC”C contribution . Iii a j unc-

tion at therma l equilibrium the net recombination rate equals the net gcni era-

tion rate. W hen a forward bias is app lied , the carrier concentration rises.

The reconbination rate must increase , requiring that the base contac t  suppl y

more maj ority carriers (current). To minimize this term requires a high

relative base arid emitter doping . The largest relat ivc contn ibut ion Iron;

this term occurs at low-injection ( i .e. , more than an oroer of magnitude
below the co l lector  current at which h1~ is at i ts peak value) .

The contribution 
~CBO ’1C results from the additional ma jo r i t y

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 arc swept out and the
holes become majority carriers in the base reg ion. This effect is only

significant at very low collector currents. The problem at low currents

is that TcBo is an erratic contribution and can turn on the transistor

forcing the minimum operat ing point to a hig her base current to maintain

control of the gain. The contribution to I~ from T CBO 
near the surface

will be discussed later in the report ill a qualitative fashion.
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These contributions 
~
‘D

’
’ ‘RG’ etc.) actuall y 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 reg ion for the pre-irradiation case are generall y on

the order of a few percent and neglected . The hole current density into

the emitter 
~
‘D’~ 

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 (cinder 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-i expected .

For the post-irradiation case , we will see that the dependency on emitter

doping nea-r the surface for the reverse diffusion term along with its

dependency on an effective surface emitter minorit y carrier lifetime may

change these assumptions (especiall y for p-n-p transistors) .

Simplified equat ions for the first four terms are presented in
Appendix C. ’ 3  It should be pointed out that these terms , IRB/ ICr ‘D 11C’
IRG/ IC and ICBO/ IC are generally assumed to be independent of ionizing

radiation. This is not generally true .t

Shown in Figure 2.2 are the “bulk” terms for the N2222 (Motorola)

transistor versus collector current . The current components at medium col-

lector currents are comparable with experimental data. ~ .-\side from the

1’ The collector-base junction leakage current , ‘CBO’ can have substantial
changes due to ionizing radiation , arid under the proper conditions so
can 1 RB’ l [) 

‘ , and 1~ for a g iven 
~BE~
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surface contribution (not shown) it can be seen that the m a j or co n trib u tions

to the base current at low collector currents are from I and IR(~ LBO

v BE VOLTS
0. 29 0.5 0.6 0.7

~~ 

~~~~~~~~~~~~~~~~~ I ~~~~~~~~~~~~ - i~~~~~
—

- ‘ . n  — — — ~~~~‘

_

_

_

10 9 ia ’8 io ’~ io 6 no~ ~~~ 1o ’~ io 2

1c (i~- iPS)

Figu re 2.2 Base current components over collector current vs. emitter-

base forward bias and collector current for the 2 N2222 tran-
sistor model . (Motorola)

The surface related contribution , i~ / I~~, is an effect oil the gain

from depletion layer recombination ami d generat ion of hioles and electrons at

the surface. Since the dependence on V 131. is experimentall y determined to

bc approximatel y proportional to e~’ ~~ , the major relat ive sigmi i fi car - ice

of this contribut ion occurs at low i nj ec t i on  leve ls .  -\s w i l l  be seen in

Sectio n 2 .2 , long-term ionization ef fects  are ref lected at the surface iii

the change in surface potential and surface s tate denisity .
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The understanding of the recombina tion- gencration process is iii-

separable from the understanding of surface ef fects .  The theory of the recom-
bination-generatiom process in bulk material was proposed by Shackle)-

and Read 5 and independently by Hall.6 It is based on a reconnbination rate ,

U, that is dependent on the product of the carrier concentrations (specifically
n p ii. ) 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 hand . These states are

called recombinat ion-generation ceniters and are attributed to impurities or

structural defects in the crystal  latt ice . The centers act to capture either

a free electron fm-on tire conduction -i band or an electro n from the valence band ,

leaving a hole behind (generation). Likewise , the f i l led center may be emptied

by capturing a hole or releasing i ts electron back to the com iductio ri band . . -

Recombination occurs when the center captures a free electron and holds it
until emptied by capturing a hole. Thus , ti-me recombina ~n center may be

considered as a ‘ stepping stone ” in the gap between - i thre bands.

The single-level recombination consists of four steps: namely,
electron capture , electron - i emission , hole capture , and hole emission . The

Shock ley-Read- hia l l  (SRI1) theory is based on probability considerations employ ing

Fermi-Di n-ac at a t i s t i c s .  The probability of a carrier recombining at a

recombinat ion center is dependent or-i several factors , v i z . , (1) the concentra-
tion of reconuhination centers in the silicon, (2) the concentration of the

free carr iers , (3) the capture probability of the centers , and (4) the
concentration of centers that are no rmally fi l led under equi l ibr ium condit ions.
The las t  factor is dependent on the position of the centers in the bar-id gap

w i t h  respect to ti-ic Fermi level , sin -ice this would determine the degree of

occupancy of the ce nt u rs .

L 

-\ t  thermal eqcn i 1 ibriurn where ii p = n 1
2 

there i s  no net recombina—

t ion current. When vo l tage  is app l ied to the junet ion , ti-me minorit y cain ci
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denisities on both sides of the j unction are changed , and n p is no longer
equal to n .  Under reverse-bias , n p d~~~~~~, the dominant R-G processes
are those of emission . Thus under the reverse-biased condition , a generation
current exists.

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 J unc-
tion in bulk silicon when two different doped si l icon materials form a junc-

tion. Since the recombination process requires both a ha le  and an electron
for comp letion, the maximum rate occurs when n = p . Mathematically , ti -m is

is seen-i from the simplified recombination rate (U) equation from the SRH
theory which has the form :

• -

U _ G
~~th Nt /E~~

- E .
n + p + 2n . cosh~, ki

where o = capture cross section ,

‘th= carrier thermal velocity,

= trail density,

= trap energ>- level ,

L. = intrinsic dermi level ,
1

and n. = intrinsic carrie-i’ concentration .
1

lor non—equilibrium (p • n > n. ), a net recomnrb ination rate pro —

duces a base current . iiic “driving force ” for this net recombinat ion is
defined hy the numerator which is the deviation from the equilibrium condi-

t ion- i . Ti-ic increase in II depends upon increases in ‘‘n’’ and ‘‘p’’. Thus U is
nnaxinnum w hen the sum (n + p) is at its minimu m value . This occurs wheni

L 

n = p .
22
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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 quickl y 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, an-id its ef-
feet on the recombination rate at the base surface for several surface poten-

tials (~~). 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 underl ying doped silicon

material 
~~~~ ~~ 

= 

~~~ 
When crossover occurs below the surface ( i.e.,

= 2 F~ ’ 
the bulk centers determine the reconbination rate.

The surface contribution to the base current is generally accepted

to be comprised of two major current components; 7 ’ 8 one a current associated

with a surface space-charge region (SSCR) or field-induced depletion layer ,

1
FIDL ’ 

and another consisting of the current associated wi th c r o s s o v e r  (n = ii)

intersectihg the surface, 
~~~ 

These regions are illustrated in Fi gure .4 .

~~~ n-type

I
~~
—
~ ~~ em itter

p-type base

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
[ -B Depletion

Figure 2.4. Surface components associated with a p-n junction. ‘SW = Side-
wall current.
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.\ surface-s pace-charge reg ion (SSCR J modifies the E-B space-charge
reg ion arid leads to changes in the total junc t ion currents .t The SSCR is

fornnred~ by a buildup of charge in the oxide , usually wi th in severa l hundred
.-\ngstronns of the surface ,9 ti-mat creates am -i electric field at the silicon -

silicon dioxide (Si-Si0 2) interface. In essence , tire ch arges in the oxide
“push” charges in the s i l icon away- from ti - me surface , in band theory- this
is rOfe rr ’ed to as band bending. Il lustrated in Figure 2 .5 (a )  is a band dia-
grain ifidic-it ing tire case of no charge in the oxide (this is referred to
as “flat ban-id” ) .  In Figure 2.5 (b)  the ef fect  of induced ch arge in the
oxide is si-mown by the bending of the energy ban ds. L

~ 
ar-id E~. are the lower

edge of the conduction band and the upper edge of the valence band in energy

space , respectively . The energy dif ference between these t w o  hands is the
gap energy , which for silicon is approximately 1 .1 vol ts. L~ i s the intrinsic

energy level which generally lies v c iy  c lose to tire middic of ti - me band gap.
The Fermi level (or energy) , EF, is dopant dependent. For p-type si l icon .

~t l ies below tire intrinsic energy level and approaches ti’te valene c- band

energy for greater doping concent’- mt ions.  For n-type , is above i~ ar-id
I ies c l o s e  to E

~ 
for heavily dop ed n—reg ions . T1’ie surface p o t e n t i a l , 

~~ 
is

ti-me “amount” ti-mat the bands arc henit . In th is  case a positive charge in

t he ox i ~~ : will cause the bands to bend toward the Fermi level  . ‘Fl-mis mean is
th - .t thc  p - o g  on i li ss p— typ c . The effv - t of the su m-face potent m l

d imin i sh s us distance i n c i - c a g c s  from the in te r face  to ti - me semicond c rctor.

Thus , far fi-omn ti-me surface , the p- - type  immater ia l  is unchanged . ,-\ dep le t ion

or s nu ce- - ch a rge reg ion can therefore be defined near the surface , and addi-

t ional bulk recombi nat ion—generat ion processes result from surface e f f e c t s  -

This added m m - c a t  is defined as T
FIDL 

If the band s are benit such ti - mat

the i ntr ins I c eri e rgy love 1 coinc ide s-  m- i 1 the L i-rn i energy , ti-men tire cross-

over condition ex is ts  (a = 
~ii 

a~ thc smmrLice . ‘ct t his point , boti-i i and

p car ,- i ers  are act i n~ to make sur face t u p s  (recombinat ion cent O F - - 0~ surface

states) m ost  el fee t  i v e .  The reconib in at ion current thus i s maximized . The

i From anot hem - point of view , t Ii~ superpos it ioni of the 11)1. efl ec t  on the
[ — B metal lung i ca I unmet ion s~r -o— charge reg ion could be jut L ’ m ~fl~~ c’~ as arm
inc n-en Sc of the cnn it tc r s idewal l  area ext em - mci i ng in- ito the base .
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Figure 2.5.  Band representation of a p -type silicon intersection with
t he surface.

ef fects of i-ecombinat ion- is at the sc rrfacc are incorporated iii the curl’emi t
tern, defined as

Further increase in the surface potential , pushes the crossover
po in- it into ti -me bulk base material. The surface reg ion is now nrore n—t y pe
than p-t\ -pe ar-m d ti-me recombination 1-ate diminishes. St rong inversion occurs
when the surface potential completes ti-ic SSCL. it occurs at a surface

potential of approxinratciy: ’’ ’ ’2

-

~~~~ 

( I nv I = 
~~a 

+ 2
~ r ) Volts

where 
~a is the appi ied junction bias , ‘~BE~ 

The su m-face potential i-ecjun i red
for st i- onig inversion is dependent on ti’~e junction bias amid is larger for a

reverse-biased junct ion .

2 .1 .  1 .1 Field — Induced I)eplet lorm Lay-er Tern , (T i m i , )  . \ t  t [me sur-

face poten t m l  ~ (m v) tire Field—induced depl etion -i layer has reached a5 - 12 , 1 3

nuaxinnum th icknes s.  This thickness is given by

— 

,~J 2 k ~~~e -

~ 

( i n m \ ’ ) 
c nm n- 

j Nmax A

Thi s mean s that the ~~ arid 1 FIDL componen t s of the surface current u~ ill
I)cak or comi t rihute sign i ficam it ly - m t  lowe r suu r-f a cc potent ia Is for inic reas i rig
t Bi~ 

Tb is is exper imcnita I ly found to he true in-i ti - me dot a presented by Redd i
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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 f ield-
induced depletion layer has been formnmed , it should behave like a new p-n

junc tion over the base region , only’ its origin is different from that of the
metallun- g ical [-B junction ; the [-B junction was brought about by- a

metallurgical process.

The above assum es that a full depletion layer exists in the bulk
material jus t below the entire surface. This full dep letion layer ex i s t s
because the surface has been inverted. Crossover ex i s t s , somewher e in t i-m is
depletion layer allowing us to define an e f fec t ive  volume for an additional
bulk recombination-generation mechanis mnr .

“Emitter” diffusion currents related to ti-ic field-induced depletion
laye r at a give n-i 

~BE 
arc determined in the same mariner as under ti - me p rojected

emitter-well (i.e., by the net doping and width of the base and the minority

carrier lifetime.
t These parameters influence ti-me currents in ti-ic same way-

as they do under the emitter well. The density of these field-induced dif-

fusion currents are generally- significantl y- smaller than those generated under

the emitter well; especially in high gain -i double diffused transistors wi th

very narrow base widths. ice will call these terms and ‘DDL wi-me-i-c DL

denotes the depletion layer and the remaining subscripts desi gnate the current

components as they did in Figure 2.1 .

The total increase in emitter and base currents (T [ and 18) dine to

surface inversion depend also on the area of inversion. -\s we si’ral l  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 , tiius , easing emitter crowding.

t Ihe base here means the distance from the bottom of the field-induced
junction to the collector-base junction , assuming ti-mat the width is still
small compared to ti-me diffusion lengths.
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2.1 .1.2 Surface Recombination Velocity Term l.~~~ hhen the deplc--

tion lay-er is only partiall y forned such that the crossover reg ion inter-

sects the surface , ti-mere is an additional current associated w ith the recon-

bination between -i the carriers aided by- ti-ic interface state s . This base

current is defined as ti-me ISO 
contribution to the base cur ren t. It is ti - m is

term that contains the often re ferre d to “surface recombin ation v el oc ity ”.’ ’~~
Surface states can be consider-ed as inl)erfectiomls with i n - i the Si-Si02 interface

crystal lattice hav i ng energy levels that l ie wi th i  ii ti-ic forbidden band 
~ ‘i~

(i.e., surface states are additional recombi rmation centers resulting fr~ m

— surface properties). The sum -face recomb inat ion current associated w i th  the
surface states may be expressed for eac h t rap energy s i t e  as~~

- ~ , ~ 
BL

—i- A q n . N (C C ) 1e - 1
5 1 S5 fl 

~ L Amps
SO

cosh 
~~~

- ‘
~~~

-
~~

-
~~

) + cosh ~~~~~~~~~~ 
+ \~~ / 2 )  . 

-

where m. = intrinsic carrier concent i-at ion (t/ cn n~ ),

N = e f f ec t i ve  surface state ( reconibination center o r- t rap)

density (n/cm ),

C = V
th 

0n (cm~/sec) ,

= a (cm mn~~/sec )  ,

= electron cross-sect ion (cm ),

a = hole cross-section (cnii ),

= thermal limiting velocity (lxlO ’ cm/sec),

= q/kT = (0.026 \olts) 1
,

= surface potent m l  (\‘ol ts)

= trap (recombination) poten -m tial (Volts),

t A brief development can be found in Appendix B.
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and = energy equivalent to the ratio of capture possibilities ,

(Volts)~

For a given 
~BE’ I

SO has a maximum value with respect to variations

~fl :~ of
I

1 i~~I BE
rA q n . N (C C ) 2 

I c  - 1
1 S i ss n p L

SO(MAX) I3VBE /2 PS
cosh 

~~~~~~ 
+ e

ihis occurs at a specific surface potential , , give n- i by’

c~~ =(~ 
- Vo l t s .

Thus , the maximum ~~ current occurs at a surface potential equal to one-half

the surface potent ial for strong inversion (~ 5 (inv) = 2
~~~F 

- V BE) ,  and is

indicative of the crossover (p5 = n5) point. This term must be integrated

over all trap energies (~~) to obtain the total current . The surface

recombination term (I~~) decreases rapidly as the surface potential increases

beyond crossove r in the saimre way as recombination currents are descr ibed

for the [-B junction.

Two contributions to the term can actually- be defined . One is
related to a region that forms a crossover at higher ~ , and ti-me other is related

-I--t i’ S
to crossover existing from :ero 4gb . The contribution to 1~~ when 0 is

where ti-ic [-B junction intersects ti -ic surface. Crossover- in tire li-B June-

tion also tcrmnnin ates at the surface. Thus , for a small surface r- eg ion ,

mc i ii be at a nmm ax imnumni cvvm i f or  ze ro  s u r f a c e  po t e n t i a l  . An increase in-i stir—

face states will therefore produce a significant effect even-i at low build-ui)

-7  in (
‘ 

~
‘
~ n m \ In Append ix B before the c ross—sec t ion  ra t io  is taken - i into

= -— - -  - ,-
~~~~

- - the hyperbol ic  cos ine argument it is c asi l y seen that as
— - 

~P~~ n dev iates fr-on I (equal capt t i re  probah il i t~ ( the
smrr toe c’ current d inn in i sires

l’t Note: we a-sou red that the capture ci - c iss -sect  ion- i s for’ holes and elect - i - or - ms
were the same; i.e., ‘—0 .

ti -I’ These two pa r-t s o f  ~~~~~~ ~n-e actua l I 
~ 

ex t e ns ion s of cacti other - s j r- icc higher
~~ lowers t h -  dopanit on the base si d e of the li — B ium nct ion . ih is nnrakes the
[—B junction - i  crossover ‘‘ w a l l  o u t ’’ m t  ti -me base Fog ion.
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of trapped oxide charge. In a gated structure where a portion of the sur-

face is inverted , this “zero ~m ” component reappears where ti-me crossover
point intersects the surface beyond ti - me extension of the field plate arid is

influenced by- fring ing fields of the gate. This term is often overlooked

and is responsible for an increase jr-i ‘B’ that is not reiated to ‘l: DL ’ 
when

the base is strongly inverted .
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2.1.2 Pre-Radiation Gated Transistor Data
Comparison to Model Predictions

~ gate d mm- p—n - i t rans is tor  ser~ es as a usefu l t oo l  t~~ test the

t heoretical surface model . For this st -ucturc , ice can assume tI-m at dep let i on

(and subsequent ly, im iversion i ) in the base surface reg ion occur’ s uni fornaly
over a well defined surface ai-ca. l~e can ~i so assume t hat this depict ion - i
layer is sufficiently far removed from th e meta l  contacts  so that their in-

f luences on the profile of the depletion layer do not have to be considen’ ed.

Generally , it is assumed t i-mat ti -me presence of ti -me gate  does not in te rac t  w it h  t i-ic
su rfaL e s ta tes , N or ti- ic charge Q , built into t i-ic ox i de .ss ox

\ gated n—p—n tram-is i st or report ed on by Reddi 1 ‘ i mc shown below

in Figure 2.6. The plmv s ica i  parainmet em- s defined , or infe rred from his d is-

cussio n- i , arc shown in-i Table 2 .1 .

Figure 2.6.  Cross—sect ional  v iews of experimental surface control led
tra nsistors (circular symmet ry). 1 5  Emitter’ structure :
dif fused em itter (both combined) area = 1.2 x lO~~ cm 2 ;

gat e area over the base = 1.0 x 10~~ cm 2 ; n imi tter pen -

phery underneath the gate 0.135 cm.

-
~ Charge bui ld—up in t i- ic m i x ide dire to p r o c e s s  ir- ig or cxpo~— mm r e to  l o f l i : lm ’ c

r : md j a i  ion can occur o~ cr t i re Sm — Si02 interf ace i i i  sonric fashion ther
e n  un rtom ’ nn , hot we w i l l  m e t  cons ide,’ these i n t i m  :s sc - ct ion .

inc- s c- as s mmnm l ) t  ions ; m r u ’  tO  sonic de gm - cc nnva l  id for nad ia t  ion , but can
be is earned v a l i d  fo r he pre- I n rad i t  i omm c i s c  -
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Presented in Figure 2.7 arc the resulting base currents obtained

by varying the gate voltage for the transistor of Figure 2.6.

Several conclusions can be drawn from ti-mis data.

a) ‘B is relativel y independent of gate voltage for gate

voltages rang ing from -20 to ÷10 vol ts.  Ti-me tran-
sistor characteristics in this reg ime are primarily

related to “bulk” effects (i.e. , ‘RG’ ‘RB an-id ‘D~~
•

b) To the right of this flat regioni , t he base current in-

cr eases mc hcn considerable depletion has taken place and

peaks when crossover occurs over the entire base surface
reg ion . \s the sun-face is further “dep leted” ‘B diminishes.

c) At higher “BI higher co l lec tor  currents) ti- ic impor-

tance of these surface contributions is reduced , rela-
t ive to the “bulk” contr ibutions .

d) the increase in-i above ti-me “bulk” contribut ions for . 
-

hi gh gate voltages to the right of the peak , is due to

recombination currents associated with ti’me field-induced

depletion layer at strom -mg inversion .

e) The usual interpretation for the increase in I~ w i th

negative gate voltage for n-p-n -i transisto is is due to

accumulation effects near the base surface and depiction

effects near the emitter surface.

2 . 1 . 2 .  1 “Bulk” Base Current Terms. iVe saw in Fi gure 2 .7  that ti - me

reg ion to the left of the peak ‘B value (for n-p-n transistors) was fa i r l y

insensitive to gate voltage until large negative voltages are applied . The
logical conclusion would be that this current includes all i- ion-surface re lated

contributions and thus included all “bulk” -i-elated base cur- i-en- it terms. These
includ e 1RG’ 1RB’ ‘I)~ ’ and 1

CBo~ ~
1 cBo can be a ssume d :e-i’o for this data

since the base was t ied to the co l l ec toi) .  The 1RG contribution at low

col lector currents (below 1.0 mAm p as seen in Figure 2.2) is the predominant
term due to ti -me dependence on
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Figure 2.7. Base current vs. gate voltage ’5 for the transistor shown in

Figure 2.6.
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Using Table 2.1 and Appendix C at low I~ conditioni s, we can evaluate ti - me e f fec t

of each bulk” te n- mm . This value mciii establish a lowe r limit to which all

surface relat ed ternns must be added.

For ‘
~BE = 100 inN

(a) 1
RG 

= 1R6 
+ T

RGe sic

=( s. i x 10 12 
÷ 4 x lo HAmps

-12= 5.5 x 10 Amps ,

where = recomnmbinations in ti-ic E-B junction for ti - me
C projected emitter area ,

= recombinations in the E-B junction -i for ti-me
sm~ emitter sidewall area up to ti-me surface (using

averages for Paramcters) t

qi1AX~ R~nj ~~~~ 1.5/ kT
and I = - c -\inps

i H~
p

n-i -
1

(bi 1 = 1  + 1
RB RB RBe sic

1RB =( 1.1 x io 14 
+ 4. 8 x l0

l
~ ) \mim ps ,

ii.\ W n - 
2 ({\~ - /k i’I) I Bi:jw here 1R11 = c Am nnps ; and

n B

Ic) = I~ +

ihe pa I’ameters u sed to oht a iii the sidewa 1 1 values ioi RB mind 
~ were C~~ t j —

mm m a t c- L1 frommm i c-ri ~ cs i)et m~e elm t i- ic  pi-ojected emitter v :m lucS and those  it  the
s m m r f ; m c e  on Redui i ‘ d c v  ic e  - - ~x I (j I ~ m t  oms/cmnr’ , - e-~~ = (i\ I r’ cm ,

1.~~ s i m i 1 ci imm 
~~ 

= ~ ~“ i0 1 m m t o m m m m c / c r n~~, R~~51 = i  .,~\ i u i - ’ sec 1 
- 

m~~~~~ - . nc m m t — / s e c L

—



1D = (9.4 x lO~~~ + 1.2 x lo~~6)Amps ,

qA D n , CV BE/kT
where I p ~i e Amps.

D (D
p~~)

zNE

The theoretical “bulk” base current contribution for Reddi’ s transistor
—12

is therefore 5.5  x 10 Amps. The measured lower limit base current from
Figure 2 7  was ~~~ x io~~

2 
Amps. The measured value contains mostly “bulk’

contributions but some surface conti-ibutions may be present from the 1:-B
metallurgical j unction intersecting the surface.

From ti-me above anal>-sis , we see that the sidewall reg ion (for
Reddi’ s device) does not make a significant pre-irradiation contribution

except for the R-G term (which contributes approximatel y lO°n). App lying  a
negative gate voltage over the emitter-base surface reg ion increases the

effective base dop ing uchi le decreasing the ef fect ive emitter dop ing. Thus
ti - me ‘U term becomes more significant especial ly in view of ti -me lifetinime

Sw
decrease near ti-me surface caused by changes in the latt ice and impurity con-
centration from processing steps. .-\ lso ti -me e f fec ts  on ti-me lifetime at ti - me
sur face  by process induced surface states mciii influence the importance of

ti -mis term . These f ac t i r s  hav e not been used in the calculation- i of 1U5 mc
This increase in I for large negative gate voltages is a candidate forU 54-
influencing the shape of tine left part of Figure 2.7. This part of the

curve is usua1l~ referred to as accumulation . Other influences commonl y
associated with this reg ion are increases in the RG sidewal l term , increases

in surface area for ti c E-B j u n c t i o n  in tersect ion w i th t i- ic  su r face , and

tunnel ing currents - \1l hut the ‘U and tunneling current cont r i bu t ions
arc related to R-G mccha nismns which could not explai n the sudden i m l c n ’ emmsc

~ ‘B for hi gh negative gate voltages (at lowe-i’ I t:) The ‘l) contn - ihut ion i
B sw

appears to have the necessary dependencies to explain- i t he i nc r ea se s  for

both pre— and post- i rradiat ions an- md for  both n—p — n and i i’~ p t r m m m - i -~ i Stors.
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This w i l l  be seen la ter when the post-irradiation condition is applied

to the gated transistor and wi-men p-n-p transistors are considered . It

should be observed t hat at low 
~ BE in Figure 2.7 that R-G terms donnninate

over t he diffusion terms under normal operat ing conditions (V c = 0).  At

hi gher \ BE S, the diffusion terms dom inate the R-G terms. More work needs

to be done to verify t i-me contribut ions from accumulation . IVe w ill not

pursue accumulation further in this section but a general discussion is

included in Section 2.3 for p-n-p transistors mci-mere these mechanisms are

important in-i describing ti-ic radiation responSe.

2.1 .2.2 I~~ Term. The tern describing the crossover intersecting

the surface is I~~ . Two “separate” leg ions can be considered which satisfy

this criteria (even though the second region can be though t of as an ex te n-

sion of the first). Reg ion one (1) is wi-mere the metallurg ical E-8 junction

intersects the surface. Crossover intersects the surface for :ero gate vol-

tage. Reg ion two ( 2 )  is when 
~~ 

(from gate voltage or oxide charge) has

forced the base surface reg ion to crossover. The general  1s~ 
term ’ is

described as

[ ~
T
BE

~~~ e - 1
T — i ss th
‘Cr) 

— 
Q~ T /~~ 

-

I
cosh 

~(4 
— 

~~ + e cos h 
~~~~~ 

- +

F ~~Bli
i k T  I

2 q n. A —
~~
-—— ~~~ 0 t~~~1-i LC -

- - 1 ) 
~~~~~~~~~~~~~~~~~~~~~~~~ 

_-Jflps
-“ ilL !-- I ‘BE

e cosh 

~
\ - - +

where A ti- ic surface area at potential 
~~

= energy of the sur face s ta t e  in-i t u e  s i l i con  band gap (cV)

U = density of surface states (#1cm - c \ )

0 = ti -me capture c ross-sect ion- i  (cm 2)

Appendix \ di s c m ns ses ti ne dcn’ i vat  ion of ’ ti -mis ten-mum .

37

- -~ --~~~~ -~ ~~~~~-- - - - ---



— - -- --5--———- -5~ -c------ —-- —’--- --—
- _~~~~

_
_,__~~~~~ T

_ 
~

-5-5’
~  _-

The hole and electron capture cross-sect ions were assumed e Iual

and constant for all surface potentials since little information ex is ts  on

this subject. Thus, = 0 and o = (o 0 ) 2 
= 0n~ 

A lso , as a first

approximation , ti-ic energy density of surface states over the silicon band

gap was assumed uniformnu .

For region (1) ti~e surface area , w here crossover in terac ts  wi th

the surface states , can be assumed to be the width of the depletion layer

(Xes) times the em itter periphery (I~~) . Region (1) has a maximum ~~~~~~ 
con-

tribution even at zero gate bias . Thus I~~ for Reg ion (1) must be added

to the “bulk” contributions that formed the lower limit. 
- At = 100 mV;

(Region 1) = 9.9 x l0~~~ Amps
max

lii region -i ( 2 ) ,  t he surface area under the gate in tim e base reg ion
(A = A( .) is used. ‘ro ob tain ti-me peak base current ti- icon-ct icul value fi-om

F ti -mis region , ti-me gate voltage w a s  m ci-cased to force a crossover mt ti -me

base surfmmc c reg i on under tine gate.

- — -11keg io m - m 2) 9. ,  x 10 Amps
mmm ax

\t t i-ic peak ‘
B ’ 

reg ion ( 2 )  can be thought of as ti - me ieg ion (1) cn - oss ovc - n-
bent over and lying o v en ttc en-it i n-c basc sun-face wide n- the gate .  Therefore -

in the reg ion ( 2 )  I~~ calculat ion- n . n-cgion (I) I~~ does miut e x i s t .

I’he m easured value of 1~ ( region ( 2 ) )  w a s  T x  ~~~~~~~~~~~~ \m i: 1 s  -
- - t m: mx

Ihis corre lates very uccll with ti -me predicted ~~~ in reg ion 12 1 .
- m Ix-

~ \ssume 1) 55 Is uni form over all rcg ionns of the t rans i ~t or due t o  p rocess
induced fact o rs .
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Further calculations (for other ‘BE~~~ 
yield ti-me results shown

in Figure 2 .8. In general ti -me results are in excellent agreement wi th
experimental data.

Both theory and experimental data show a decrease in gate vo l t m m ge

necessary to identify ti-ic maximum contribution from reg ion ( 2 )  f or hi gher
Ti is is sometimes referred to as a shift in ti-ic peak to the left on

the gate voltage (or surface potential) scale. The reason-i ti-me theoretical

curve shif ts to the left vs. is because of the in ject ion of minority

carriers (nj into the base surface regiorm . For higher ‘BE’ n-i s appio aches

p5 w ithout any additional gate voltage . Thus , less surface po t en t ia l i s
required to generate ti-me n- m s 

= p5 crossover condit ion.

-6
10 

— EXPERIMENT
THEORY

A

lo~ - 

~~~~~~~~~~~~ 
V

- / \V
BE =o .3 V

.

10-10 - -

Gate Vol tage ( V o l t s )

Figure 2 .E~. Comparison of the theoretical to experimenta l 1sci ter~~.
’5 The

experimenta l points result from Figure 2.7.  Theory was mn o r r l ized
to agree wi th experiment at V BE 

= 0.3 V.
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The theoretical curve shifts to the left with increasing 
~BE

faster than the experimental curv e as shown in Figure 2.9.  The ~~~ term

defined by Reddi calculates the base current associated with a reg ion where
n and p are nearly constant. The assumption that n5 does not vary

significantl y as a function of distance from ti-me edge of ti-me 13-B dep letion

layer is invalid for hi gher \BE S. The minority carrier corucentration away

from ti-me 13-B junction in the base is actuall y less than at ti-me 13-B edge

due to ti-me surface diffusion length. Thus , a larger  ga t e po t en t ial is

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

This distribution of minority carriers would also account for ti-ic

broadening of the peak for hig her ‘BE

30

— — — THEORETICAL

~ :~ NIAL

16
.3 .5

‘1BE (Vo lts )

Figure 2.9. Comparison of experimental and theoretical gate voltage

shift vs. V BE for peak ‘B~ 
The theoret i cal curve i s

normal ize d to the 0.3 volt  V BE as in Figure 2.8.
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2 .1.2.3 1FJDI. 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 comp lete depiction

region has been formed. The base current resulting from ti -mis reg ion was

modeled earlier as

The nnaximum field induced depletion layer rccombination-generation

current , ‘FIDL ’ may be approximated as

.5

TFIDL = 

~ (q 2
~~~ F) 

X d(nnax ) A 1 n~ R e

where R. intrinsic recombination rate.
i

= the surface area hiaving a surface potential
of 

~ ~
Substituting the physical param eters into ti -mis relat ionship produces a va lue
foi- 1

FIDL 
V

BE = 100 m of:

—141
FIDL 

= 7 .55 x 10 AmpS.

The measured value for the ‘FIUL term at = 60 V is ti -me difference between

‘
B 

at th is  gate voltage and the lower limit due to “bulk” t erms d iscussed - ;
in the last section. (Note: This lower limit is present for all gate
voltages.) The n casur-~d term was 1.4 x 10 Amps. The discrepancy

can onl y be related to ti -me definition of the int n’insic rccomhination i-ate
(R i) on’ carr ier concentt-at ion (n i.)  16 mle im r the s unn face of the base reg ion.

It is reasonable to e xpect that R~ is  som ewlm: mt iargei- near ti -me surface than

below the cmi Itci- because ti - me base di f fus ion- i concentration i s higher near

- ( ] ~ ~~~ -d 
\ - is t i- ic e f fec t  ive t-o ium e iii ti - me f ield induced deplet ion layer

~
q —

~
- -
~~ / where I nc a kT/q port ion is : m constant  of integrat ion- i  assu nming

a uniform trap energy di - -tn - ibut i on from 13 to i~~.
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the surface.
t 

If we define the value of R. neai- the sun-face to be R ig ’ then
from the measured value of I , R . 3 x 10 / sec . iVe w i l l  use th is  val uei-IDL is
of R. when discuss inm~ surface e f f e c t s  on I and I. for Reddi’ s da ta .is B C

2. 1 . 2 .4  Other’ Current Terms Related To The FIDL Reg ion. W ith ti - ne

surface inverted ti - mere ex i s t s  a f ie ld— induced depletion layer that has s im i—

lar- pi-opert ies as ti-ic 13—B junction. Ti-ic emitter current from ti - mis extension
of t ime 13-B junct ion can be modeled as;

q . \~; D~ 211

‘EL i DL IV 
Annps

n~~ pV -

w i-mere ~ m m = ~ -~-— e BE carr ie rs/cm~ , an-id
- BS

IV = the “base wid th” from the field-inducedsc
dep ict ion-i Ia\ e m ’ to t i- me co l l ec to r -base  junction - i.

S ince the base dop ing is greater near ti-ic sur face of ti-me base reg ion , t ime

emitter current density w i l l  be less , an-id ti - me area is smaller. This
additional emitter current for Reddi’ s trans istor can be approximated a s :

T
EFIDL 

2 x io lS Am ps (for V 1~13 = 100 m m iV ) .

This calculation shows t hat some new em i t t em -  current may be
seeni at strom - mg inversion. Ti-ic increase is small for t i - m is  dev ice .

‘i’hc bulk base recombinat i o m m cum - n’ent re lated to ti - me FIUL remJon

can be est imm u:m t e d from ;

c~ A .  IV n. ,iV -

‘RBI)L ~~~~~~~~~ ~~ 

c B1~ Amp s = ~~. S x A nm ups.

f ~~~ t~~~ T~ recom uibin vu t ion rat e at t i- me sur face layer  ma be larger t h:mn
in the bulk due to process ing wher e:  ox ides are grow n , c m x ides m no st ri~)ped
of f ,  di ffLm s ion-i runs and d r i ve - in s have punt m m h c d  the c ry s t a l  l a t t i c e .
There can be mane more ‘ ‘ in t r ins ic ’ imp e nfe c t  j e l ls  and t i mum s a h i  pher ra te
than assumed in- i the hal k (1 .5 x i~~ / s ee )
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N
where BS ~~~~ = average base doping in the bulk base region-i

extending from the edge of the field-induced

depletion layer to the C-B junction (carriers/cm 3 ) .

The reverse diffusion current ‘DDL is about an-i order of magnitude less thaa

‘RBDL for this device and defined for the gated structure as;

q AG D )
2 

fl
~~ ~‘BE

‘VOL 
= e Amp

BS s

w here = lifetime at the surface (sec).

2. 1. 2 . 5  Summary of Predict ion Accuracy.  Ti-ic surface model is
success ful j r- i predicting the maximunn sum-face current , 1 , associated

SOmax
w ith the crossover intersecting the surface. The number of surface
states and ti-me capture cross-sect ion - i (s )  are necessai -v input data.  Ti-me

ability to predict the added base current assoc ia ted wi th ti-ic inversion

of the base surface 1-eg ion , i - - , appears to be linnited be theI’IDL (m nax) -

accuracy o f the vai t nes for the intn- insic recombination rate at ti - me surface.

The lower limit to  t he nneasuremcnt of cad -i lenin is the to ta l  “blnik’ base

cum-ent (i . e - , t i-me base current due to  ti - me proJ ec ted  area under the em mn it ten - )

which for hi gher 
~

‘
BE w as hes out t i-me su r face  tcrnns . For t ime pre— i r radiat ion

case , t i- me mnajo r  sum -face terms of consequence we re ~~~ and ‘FIDL 
A l l  other

tern ins w e rc  at least  an-i order of magnitude smal ler than these.

The dependence of ti -ne va r ious  base current components on V BI. can

be put i n to a genera l  express  lorn where

l c ~~c

For- the FIDL term , n-i was  measure d expen inncnta i 1~ as 1 .3 - ihi s value of

11 is uslnal 1 y :msso c i ated w i t im a dcplet  ion- i la en- n-ecomb i miat ionn—ge nen-a t ion cur ’ —

rent hunt cara t ion should he cxc n-c i sed about co ne 1 usions cm -awn based on-i the slope
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of a current . 17 If we examine the ~~ peaks present ed in I i  gure 2 .8  and

select one gate potential ( -4- 20 V ) , we find that ti-me slope of the total base

current c l-manges versus 
~BE’ yet the mnaj o rit ~ of the base current n e s u l t s

f rom ~~~~ This surface current term can have slopes of anywhere between
n ~— 1.3 to n ~~ 2 .7  before being overtaken and washed out by ti-me “bulk” and
FIDL terms . The ungated t ransistor could not separately ident ify that the

ten-mn was  shifting and thus a conc lusion mi ght be reached that the

changing slope is due to the interplay of several surface compon ents.

2.2 Radiation -Inclusive Bipolar Transistor Model

The ef fects of long-tern ionizing radiation on the DC ga in of bi-

polar transistors can be described by examining the changes indm uced in each

base current term discussed in Section 2 .1  as a function of r ad ia t i on . The

base current for an n— p— n t rans is to r - w i l l  remain the vehicle fon’ di scuss ing

ionizing radiation-i e f fec ts  in bipolar structures.

To understand ti-me surface mechanisms re lated to ioniz ing rad ia t i on

effects , we first need to describe the d is t r ibu t ion  and bt n i l d - Enp of ox i de

charge and interface states. Most of ti - mis understanding w a s  obta ined froa

metal-oxide-semiconductor (MOS) studies. The resuits of t hese studies

will be extended to the n-p-n transistor. A un i fo rm distribution of

trapped oxide charge and surface states MOS approach to  bipolar’ s t ructures)

w i l l  be assumed initially ( i .e. ,  before i r radiat ion)  However , the non-

uniform electric field in the oxide of bi polar t rans is tors  produced by ti - m e
emitter—base j unction w i l l  perturb the d is t r ibu t ion  of t rapped charge in

the oxide and surface s ta tes  at  t ine S i - S iO , intL - I- f a ce  due to i o n i z i ng

radiation effects.
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The total radiation-inclusive model fon- bipolar t rans is tors  w i l l
be compared to available experimental data (e.g. , gated bipolan’ transisto i

data) -

2 .2.1 Radiation Effects on Surface Physical Character ist ics

The direct physical result of ionizing radiation or-i s i l icon de-

vices w i t h  an Si0 7 (silicon dioxide) passivat ion surface layer is to induce

additional posi t ive trapped charge throughout tine oxide and produce

electronic states (usually called interface or surface states) at the
- - I-Sn-S i0 7 boundary .

V:m n’ying levels of tra1)ped charge and surface s tates exist in both- i
MOS and bipolar structures as a result of manufacturing processes. The

effect , for example , is dependent on oxide growth time and t emperature . For

our purposes we will assum e that the trapped charge is posit ive and uniformly - 
-

distributed over the entire surface for the pre-irradiation c a s e .

Ionizing radiation significantly increases both-i trapped charge in

the oxide and surface s ta tes .  A scimmary of worst -case est imates for both

species at l)re- and post-irradiat ion levels are shown in Tables 2 . 2 A an-md 2 .2 B .

These were obtained by reviewing the literature an-id from past experience. ~t

TI-me ef fect of trapped posit ive charge above ti- me Si-Si0 2 interface is to create

an electr ic f ield in ti - me oxide and for a short distance into the b u l k  sili-

con . If the trapped charge is unifo rm it w i l l  produce a surface potent ia l

similar to that created by a gate p lac eL i  ove r- t i- ic sum-face above the S i -S i02

inter face.

t There cx i  st s ev idence t i - mat  negat i ye t i-apped ch:mrge is a lso induced , how—
even i t  is don innated by the trapped 1o ~ it j vc c harge. Ti-ic surface
states are uns mm a I lv  I ocat ed wi t h in- i  200 A of the ideal Si—Si 02 boLnndarv
plane. ~tt Note: The rev i ew w as pcrform ned by Andr ew i io l m :uc s—Sied lc  under a con su l t ing
cont rac t  during ti -ne sunmncr of lY T . The values es tab l ished may eventual l y
be usefu l for estahl ishing hardness assurance I imnit S .
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Table 2.2A Experimenta l data and models concerning production of new
interface s tates w ith increas i ng dose in biased , oxid ized
silicon .

Radiat ion Dose , 0. Rad(S i )

0 1xl0~ 3x 10 5 1x106 3x 10 6

Ds~
(o) (cni 2eV~~)

Siv~
8
Fi g. 4 Bipolar 8xlO U 1.2x10 12 2.2x 10 12 - -

Siv~~ Fi g. 9 MOS 3x 10’0 4x1010 l.5xlO~~ 
- -

Sivo Fig. 10 Al 10 10 11Implanted MOS 4x10 4x10 5x10 — -

Bruncke et a l . ,m9 Bipolar 2~ ioH 
- 4x10~~ 1x10

12 
2x lO~~

Fitzgera ld~°Bipolar 5x10 ’° - 5x10~~ 8xlO U 1x10 12

Brown~ ’Exp. 14 Bi polar lx10~~ 13(Worst case) - - ‘—l xl O -

Brown~ ’ Expt. 14 , MOS lx lO U 
- - 2x 10 ’2 -

Tentat ive wors t—case 11 13 13 13 1~1Model : lx lO lxlO 2x 10 5x10 lx lO

* Surface niidgap surface state density - 0ss c°~ 
(cm 2eV~~ ).  The ef fect ive

numb er of surface states (N
~~

) is assumed to be - ;  kT/q D5 5 . See Appendix 
—

E for development of the just i f icat ion in using this assumptio n.
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Table 2 .2B Experimental data and models concerning radiat ion- induced
changes i n biased oxidized s i l i c o n  surfaces;  f ixed charge

and surface recombination ve loc i t y 
~~~~ -

Radiat ion Doses , D , Rad ( S i )

0 ixiü~ 3xl0 5 1x10 6 3x l0 6

~OX 
(cm 2 )

Brown , Expt. 14 , 11 13Worst-case Bipolar 3x10 — - lx lO -

Brown ,~’Ex pt. 14 , 11 12MOS 3x10 - - 3x10 -

22 -Snow , Fig . 3 , 11 11 l~ 12I-lOS 2x10 - 5x10 lxlO 1.5x10

[RH-S , Fi g. ~~, 11* 12 12 13 13Wors t -case  MOS Model 2x10 lxlO 8x10 lxlO l.5~10

~ 
(cm sec~~)

S ivo~~
8Fig. 8 ,

B ip o l a r  - 200 300 800 1 500

Fi tzgera ld~~°Fi g. 2 ,
Bipolar ** 1 10 80 130 150

* Nominal 1-V offset due to fixed charge in 2000 A oxide
** Dose est imated by AH-S
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2 .2 . 1. 1 Tra p ped_ Hole and Surface State Generation Mechanisms. Ion-

iz ing radiation ca cmsc- s e lectron-hole pairs to be produced in the oxide.  W ithout

am-i electric fi d c i  in - i ti -ne oxide man -my of these pairs w i l l  undergo gemin at e  recom-

bination . The proba bilit y of a hole and an electron escaping geminate recom-

b ination m ci-eases when an e lect r ic  f i e ld  is present . The electr ic field
nay be due to t he emit ter-base junction alone or combined w i th  an applied

vol tage.  Holes can be t rapped in oxide centers , w hich are usually cons idered

to be comprised of boti-i deep ar-id shallow t raps .  Since tho e lec t rons have a

mnobi l i ty in t i-me oxide ti-mat ~s several on-dc-i’s of magnitude larger than ti-mat

o f ti - me ho lEs , t he probability of capture is less for’ e lect i’ons.~ “Hole

hopping ” mec hanisms in ti- ic presence of an-i e l Ec t r i c  f ield move the trapped

holes toward the inter face in- ito deeper trap s i t e s  where ti -me “hopp ing” mechan—

i sm stOps. 2 3 \s t i - i c-sc  charges arc swept toward ar-id :uc ross the Si —Si O~ inter-

face into ti- ne bcnlk t hee ap pean- :mt t he terminal leads. Ti-ne presence of an

applied e l e c tn ’ i c  f i e ld  by a g a t e  over ti - me oxide w i l l  al ter t i - mis  process.

Joni: ing racl iat ion coupled w i t h  the ex i s t i ng  e l e c t r i c  field causes a build—up
of ~~0S it ive U-appeLi charge near ti - me S i—Si O , in ter face.  Be using am- i enen -gv

band d ia gr ’ a r mm , these rnnech anis nns c :mn be illustrated ~sec F i giul e . i l l  - The

result of th is  bui ld—up of trapped charge is a change in-i ti -me s m u m f a c e  pote r l—

tial as v i e w e d  from ti-ne s i l i con  s inbstrate i l l u s t rated  in- i - i g u u r e  2 . 1 1 .

The s or f : mc c -  s t a t e s  arc  not ms mccl 1 def ine d in terms of I m u m  r

ica 1 inten - pn’etat ion-i but ti - me preseuu t mnnden ’stan cl i n g  is that  they can be

c : m m u s E - Li by broken bonds and irnpun’ it i es a t  t he inter f ac E-  - 
2 ~ ‘ ~ Bot i causes

ca n- i re s un 11 from process i rug techni ques. Only the broken - n bonds are i n c r e a s e d

f rom ion 1: im ig  radj a t  ion . The increas E- in broken- i bonds is thounght to  result

Liect romns h:ue ing the opposi to cha r g c  of the hole mc i 1 1 tm’ a c c l  in - i the
op po s i t e  d in’ c-ct ion alo r mg ti -ne sam ime fiel c i line.

A f l
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from fr-ce holes produced in ti-me oxide by the ionizing radiation- i w hich
— diffuse throug h or to the inter face.  It is unclear whether all of these

holes stop at the in ten- f ace or’ some of themm i pass - in- i to t i- ic s i l i con.  ~~ Regar d-

less , t he creation of sun-face states is postulated to resul t .  The most com-

plete analysis has been presented by Sah. 2 6  Sur face s t a t e s  can act  as

donors or acceptors and are considered recombination-generation centers .

They are usual ly assumed to be distributed uniforrnl> in energy over most

of the energy ban-md gap of sil icon. - Thus , t he sur-f :uce s ta tes  act as ex t ra

recombination cont ~~~-~ at t he surface reg ions of the si l icon- i  subst rate.

We wil l  assunne ti-mat sun-face s t : m t e s  have a donor—l ike character

(charge s ta tes neutral am-md posi t i\ -e) w luca thee lie below the intrinsic level ,

and an acceptor—like character (charg e States neutral an-id ne-g ut i~~e )  w hen thc- v

lie above time intrinsic leve l .  Ti- ic su m - face s t a t e s  then are  e i ther  neut r :m l

or posi t ive in character for a “p-type ” subs t ra te .  Posit i-c c sui’face Stat es

are those w i t h  energies between the in-itrinsic energy level  am - id the Fe rm i

leve l .  if the intrinsic level  shift s c loser  to ti-ic Ferm i level  but rcn ma ins

‘‘ p—ty pe ’’ in-i character , less surface s ta t es  w i l l  appear ~os it ive (i . e -

act ive) . If ti -me leve l  shifts below the Feemni level  i- men the mat e r i a l  is

i nve r t ed  to “n—ty pe ” by definition. The s u r f a c e  s t a t e s  :u m e  negat  ire for

t hose w i t h  eneu-g i es between ti - me Ferm i level am-id t i - me in- it ii nsic lev e l

Figure 2.  12 demmmo nstr a tcs t i - m is concept . Onl y t i- me s t a t e s  near’ ti - ic i ;t r m m n sic

level are considered effective (whethcn’ posit iv e- or ne 2 a tm ve ) for recomb i-

nat ion , s in- icc i t t akes  both holes an-id e l ec t  rons to com plete t i me i-ecomh i—

nat ion process am- md the c rossove r  point has a near equal concent rat Lo u

o f both. If the sun-face s t a t e  is c lose  to e i ther  ed ge of ti - me banul gap

(valence or condu ct  ion- i bancli , there is a lack  of  one oI~ t he two e~,sent j u l 

he above urndcrs a mmd ing of ti - me nnechani smns of e- iua nm -c bu i h i—up i ii ox n d e s
and ti - me cr- u-ut ion of s u m u- fac e s ta t  es was prov~ clec1 by .\n i row il ol ries—Sied 1 e
Noun - t i’tc con duct ion- i and vu len- ice bands , thu r has been much di s a gm ’e unei mt
on w imat the cii stribution i s n’eu 11 - c  l ike. S in - i cc  la te - i -  w e mc i 11 only use
t m m - ~c s m m n l a c u -  s t a t e s  near t i-me i n t r ’ i n s i c  l eve l  , we can - n m- ;su m mle a unif arm
distr ibut ion-i . For mo n-c i nfo n’ m rm at ion- i on he di St r ib m nt  ion of su r fac e  s t a t e s ,
see Reference 27.
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Figure 2.12. The pre-irradiat ion Si-Si0 2 interface energy diagram.

species and the probability of a r-ecombinat ion -n is smm iu l 1 . Thums only tFme

sm mr facc s ta tes  w i t h i n  :m few enem -gv units ( KT/ q l  of ti-ic intr insic energy

level are effective. The charge of these sdm u’face states also affects ti-me

surface potential as viewed be tine char-ge ca r r i e r  in the s i l i con .

2 .2 .  1.2 Surface Potent ial l)i s t r i b m m t  lon i hue to Oxide Cl- ian-ge and

Surface s t a t e  Build—Up . Fe-i- ti-ic pre— i r rad ia t ion  case we assd nm m m e t hat

fabn’ icat ion processes produce- a unifoi’nn leve l  of both t rupp ed  charges and

s mm r f ace s t a t e s .  These leve ls  can widel y vary as evidenced b ti - me ‘‘U Racl s ’

co lunnn in Tables 2. IA and 2 . lB.

Cons icier t be post — irracl i at. ion- i con - nd it ion-i . The t rapped ox ide cl -nan -ge

and the d ens i tv of surface st a tes  m en - case .  The n-csul t  i s an increase in-i

.1
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surface potential and an m ci-ease in toe density of recombinati rn cen t e rs
at t i- me sum-face. The increases are not rest r ic ted to ti- ic uniform distribu-

tion discussed for t he pre-irradiation case .

— -\s seemu cai- l icr - , t i-ic eu-cat ion of fm c’- holes and the nmovemem m t  of

those holes (throemgh trapping/hole hopp ing rrmechanis ms) is assumed de pemm iem i t on-i the

e le c t - i - i c  f ield in ti-me oxide. For MOS structures where a gate- is p laced
oc u-n ti - me sur face , ti-me fina l tm-ap i-med charge Lund sur face di ~t r : L ut  ion-i m~ould

remain fa irly uniform im due to ti - me uniform e lec tm ’ i c  f ie ld  indcnced in t h e  ox ide

by the gate- . For- bipolar strc nctures , t he i :—B junct ion bu i l t—in  po te n t ia l

is a l w a y s  present w i th or w i t hout a sun-face ga te .  The e l e c t r i c  f ie lds  in

the oxide produced by t iìe presence of t i m  i s j un-met ion- i p r odmuc e- a n - mom - i—e rr - i  i I - n a n

dist ribution of t rappu- d cha rg e an-nd s m m r l :uc u s t a t e  densi ty vers us di s t ance  fm - a
the j unction .

Fom - t he st  nm ncian-d j f f - t  hm- -shel f n—p—n b ipolar  t n- m m n s i stor , the

surface of tine base ru -g iomm extend s frommu time- [—B j c m nct ion to ti - me base con-

met . Above th is  r-cg ie~n ( in-i the ox i du- I , t he d- luut n- ic  f ie lds m u u - c- tno se frL :’

tie b—B j unet iol m m -a r t iiu scmm- fLm ce clue to t i -ne built—in pat m t  liii con-nb in ed

m m  th the appl ted b ias .  - l\c t hus oht mm in f i e ld 1 im es in- i the ox ide  as

i l lustrmutec i by i:igur.e 2 . 1 3 .  T i-ic b-B j unc t ion  f ield lines can he mmmode lc d

as o - i g inat ing frormn tw o  mu - t a l  b locks  sepan ’atcd by- the b—B de im le t  ion-i Lm ve n

w idth, hut ii end ing at t i - ic sur face inter face.  Model in- mg a bi polan- trans i sta r

in tIn is way gel-tel - mutes an idea l  i:ed field distribution show n in- i Fi gmnre 2. 14.

4. The f ields decrease mis h r  (n- = d i s t a n c e )  from the ed ge of the de pIct  on

rcg i on. (i on- more d e t a i l s  of t i - mis nmodel in- mg c- f f a r t  , se- c Append ix  i~.

F-or t ime-  s u r f a c e  mn - e u near t i - n e in- i to - i- face d i r e c t l y  oven - lie F—B
junction (wh eu- e it m ee ts  t 1-ic su m - f ; mce  ) the e l e c t r i c  f ie ld  in-i t ime ox ide  c an

Fields ext end in -ng f orrn t i - ne base mac t a I con - mt a c t  t hrwi c mg h t m m ox ide  I the
em i t t  cm - nnet mm 1 co n- m t - m e t  can be conn s idereci smnm m 11 in i-in-opon’t ion - i I a t i m C  se
i — B  junct ion f ie lds.
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Figure 2.13. Idealized electric field lines in oxide due to junc ti on modele d

as a pa ra l l e l  p la te  ca pac i tor . The arrows are in the direction
of electron movement.
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Figure 2.14. Pre—irradiation elect ric field for a non-gated transistor at

the surface of the base due to the E-B junct ion voltage vs.
distance front the edge of ti- me E—B depletion layer.

53



.- -—— -‘_—‘ ---,-w--—-- 
~~~ —~~~~~~

- -‘ !~~~~‘~~ ~~~~~~~~~~~ 

can be approximated to be simm - m ilan- to ti -ne e lectr ic  f ield w i t h i n  the j unmet  ioni.

Uric dinnensionally, t his f ield ac i-oss time b—B iunct ion-i can-i be i h ost r e t  ed
as in 1-i guu- e 2 .15 .

During ioni:ing I r r m- eiiat ion , t i-me number of holes t iuat es c a pe  m m m , . i m m l

reconr-rb m a t  ion in-i ti - me oxide , and t i- ic nmod-ennent tow— a i’d t he s i m m -  f a c e  dm u c- to

hole hopp ing mri ech mm n I snm s , were s hown earl icr to be depe -m - m dent on t i- me s t rength

of t i-me elec tric field. W e also assum e t llm ut ti -ne unt rmmpp ecl holes di f f mm s c  ~~
ti- ne in ter- face and for-rn s u r f a c e  s t a t e s .  Under- these ;m ssu nnnpt i o t m - ~ ~und r a n

bi polar tram - ms i stors , we would expec t  ti - mat t i- ic d i s t r i im mt i o n  of t r mu l j uel charge

in the oxide and ti-re nunnbci- o f s urfac e  s ta tes  prodLiced as m m r ’e- ~un lt ai ion - mi :  1 m g

rmtc l iat ion coLnid be mm model ed irs dimninishing front -n t iun ed ge of t he b—B iennct ion

toward ti- ic base contact.

Since both the oxide charge and surface- s t m m t e s  inc i-emi se u~ i t in

ioni:ing m’ad izmt ion , ice must consider t i- ne to ta l  e f fec t  oni ti - me surface

Space Char ge

_________________________ /
LaYer ~~ 

_________

- — :  —t+ -
- -~~~ -“s-

‘p-Type ” - n- Type ”
S i l icon - - —1~ Silicon

- - : J.m-~

- 
CO

Electr i c F i el d
Strength 

— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Fi g u m e 2.15. The space-cha rge region and electric field associated i-ii th a

p-n junction where the n-type is m ore heavi ly doped . CO = cross-

over (where n p) and MJ = metal lurgical  junction.
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potential as v i e w e d  f romn m the substrate. As a m- e s u lt  of the oxide charge

build—up , t i-me surface potent ial incr e mms e s pos i t ive ly  and pushes p ositi v e

c lu m urg c s (holes) in the semi condeucto r  a w a y  from the sur face.  The in - me - i - c-misc

in so t - face ’  s t a t e s  a lso has a n- met e f f e c t  on the surfmucc p o t e nt  ial . Ti - mis is

based on t he theory that nms t i - me ene rgy bands are ben-it by- ttme e l e c t r i c

f i e l d s  frommm t i- ne ox ide char-ge , time intm’ ins ic energy level moves c loser  to

t i-ic Ferm i em lem - gy level raking many- of ti - me ori g inally pos i t ive  surface - si m t es ,

neutral . ~ thus , there is an e f f e c t i v e  loss in t o t a l  posit i-ce potent imu l

nussociatec i with the- surface and a smalle r’ pos it ice pat emit ial mci 11 be see -m u

by- the c a r r ie r s  in t i - me s i l icorm sdnbst - a t e .  The effect on-i ~-mu r f m m ce potent m u

by increasing the nummmhe r of su r face  s t a t e s  fo r’ s p e c i f i c  e l e c t r i c  pot e m i t  i m m ls

m m t  the sur m iuce ’  is shown i~n Figure 2 .16 .  Ti -me number of scm - n- face s t a t e s  in-

fluences the so u- face potent ial for’ a g iven- i e lec t r ic  field ([~ ~~ 
- the e

fe e t - of increasing the num mn h er of su rface l a t e ’s on the surFa cm - pot e m l t  i a n is

to decrease  or “s m mtmu n - a te ” the e f f ec t  of ar-i e l e c t r i c  f ield u t t lmc- Si-Su it 2

i n te r face .

If uce mnow apple m m ii these j onu: i rig racl i at ion rmmccha n i 51115 S iPlu It an~-o~m s ly

in an n—p—n bipola r t m ans  i sta r , we obta in a um r ’ f mmce ‘ l at  eim t i mu pi’ofn Ic that

loo ks l ike Figure 2 . 1 7 1 m m ) for- V 131 
= I) anmd F i g m m r e -  2.i ib) for 1BE = ~~~~~ v o l t s .

(This pnof i  1 e represent s the su rfm m e u - pot ent imm l mi s se -u-n - i by- the  ch~m n- g e car - i -  i ers

in ti- ic sen i cond uuc tor n- near ’ the sir r f ; m c e . I The sur fm mce - not eJ i t  Ia 1 i s m odel  ccl

from n t i-ic edge -of ti - me I —B ~ic p  let ion 1 l ee r  ver ’su s di s t a m m c e  from t i-me mimet a 1 lcmrg i emi l

j un- met ion. N o t m - thmut the app l ied  \~~~ d imin ishes the  magn itude of the surface

pot cut i al gener m mt cci fon- emu c b dose leve l

It up pe - m r~ t hm mt fo r- t h i s  f ie ld induced bum i-i -- mm p a t  oxidc - ct mnn r’ge

and sun- l ice- st mt c —  . hc-yonc i I i  ~n t’on tin is dop ing. t i-nc s u m r f m c u - pot m O l t  ial

approaches it s un m fa rm p 1- c— rn mid j e t  ion- i c i m m u rae c -r i  st i c s . g, mm c - r I c  i mm mac mu si m m’ u-J

t l ime emierge d e n s i t y  of surface - - - t i t m  u s asuum eJ to he m m m i i l~ -rni t i n s Im .  ~m mt
t i- ne ene r gy  hand of  si ii :omm for t he post - 1 r m - m d  i m t ann case - . l lnu s n s - u n’ n -m nm - an m: u h i  c-
m u p p r o x  i i m m u t  on base d on w on - k ~lül m e be Si vo . lie showed t Fm . I n u l l  hi ghc m - i-mid m m m —
t ion - n l eve ls , t i-ne eentcn ’ o t Pm - ene n-ge hand he~- oruu- S o r e  dnn - i i f m i- i  - S in - ice-
t i e  e f f e c t  ice s u r f m c e  -

~ ml cs ml ’ e- t hose nean- an- id - I I he ~~i - t n- iri s i c c- n e t - g e
lcve- l , any m nonn— m nn i  t a l l a i t y  ou t s ide  t h is  reg ion-i w o m nld n t . he e e t l e c t  i~~e~~’
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Figure 2.16. Dependence of surface potential 
~ 

on interface electric field

in sil icon dioxide, for var ious val ues of surface  sta te dens i ty

Dss (in units of (cm 2 eV~~
1) . Zero surface potential

is taken at flat band cond i t ion .  Acceptor concentrat ion in

the s i l icon is 2 x io17 cm 3 for the model .



Dose (Rads(Si)) 
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a m -  1
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c i

Distance , pm

‘~ote : D = . Dose (rads(Si)) + 1 x 1011 state s

~( g mmm ) c mn e
~ eV

(a)

Dose (Rads(Si))

I
I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

D is t o n c e , 1
j :

Fi gure 2. 17. F ield—d t pendent i r f -  u~ - ;~es oni S J m ’t ~ce pg ~-nt versua

‘j s tance front E—B j -j n :;’ m o n  or ‘-rad ia - rc’ :~ -nd~-- -~d urga l  i C

transist or . VB[ repm ’r~sen ts t h ~ app l ied bias duc ing in c - J ia t i on .
Pass ive ncl ac ti ve m iace ~ durit~ i r radiat ion wern USe - at.. exam-

ples since these to c o n d i t i m - n s  represent real state- jr b i—

polar transist ors jm a deployed system.
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an e f f e c t i v e  10 ~ mm :one next t o  the i — h  j unct ion l v  iri’a diating s m n mml l

u e g ions of tI-me base surfmmce wi t ii an elect u-on bemthn . 3 0  ‘this experimental

data supports ti- ic mibove- 1) 1-ed ict  ed di st n- i but ion -is. It m upp em mI - S t lm~it

least for ti-me low to moderate  ioni:ing n’mici j , mt  ion c m u s e )  the pos i t  ion - n of  t h e

base contact is not mm c n t  1 emi l  parannet e n- . Ilig hen’ dcn isi t  y t e-c hnolog i es may

change ti - me imnpon -tance- at’ t h i s  parmu:me -t er

2 . 2  . 1 .3 ~leasuu-eme nt Tec hn icj ues for Ann ul y: in - mg Rmmd i mit ion - n I ffe-c t s

m i t  ial lv , t h is  -n-epo r-t used ~1OS dat a tm describe t i - re bas ic  t rans liom- l p1- 0—

pc -t i es o r~ ion : lug n’ mi d im m t ion cm - em i t  ed t rmmpped holes in- i t i - me s i l i con  di ox i d e  -

the unifon-nn e f f e c t s  could t i um i s be mimode led . The prob le m was comp i i e mite d

when -i the  v m m r y i n g  e l e c t r i c  f ie lds  due to the E— B unct ion caused mu non— un ifu m’ma
buildup of tr’apped chau’ gc- .

Consider no~ the use of gateci transistors mis diagnostic toots.

Severa l authors have used ga t ed  structun-es to u-vm u lumm t e ion- mi: ing u- mi d j ut  ion- i

e f f e c t s  on t i- nc base current terms. 7
’

8
’

15

Fom- t i-me gated t rans is tor , a gm m te  is placed over t ime [—B j unct ion

e x t e n d ing into both the em i t t e r  and base r’ ug ions. i - i g u m r u  2 .18 is an-i i l lus -

t n- m i t  ion- i of this t c - c h niuiue for- a n - n — p — n - i  st nimet inc -

Prior to i n- n- mud iat ion-i, var lo ut s cormmpon ient s -f the base con - rem it cmm n

be ama lv :ed by- vmm u-v ing t i- ne gate  l~ m t cut La 1 . i c  assum ined that  t [ m e ox ide

c ha Ige and surface- s t r t  cs we- n u  on i forum and ti - ne gm m t e pn’oc iuccd mm un-i i fo i-n suir —

face Potent 1 m m 1 oc e-r the base reg ion-n . The non- n—un i f a r m  e f f e c t s  f re t .  the [— 13

j u n c t i o n m  e l e c t  n- ic f i e l d s  on the srn rfmmce p a t e -m i t  im m l cain be as si m m:m u d sr m mm ml 1 m it - id

are uis umullv neg le- d- t m -d . IVe s - mw in Sect ion 2 . 1  how t Fm i s t o ll  can . m e c c m m t

vm i r io us  components 01 t i- me base - curn-ent related to ti c  s u m n ’ f ace .  Thu gatcci

t r~am s  ist~~r w a s  thus con is iciered to  lie a re - m i s o n r i h l e  t oo l  t o  d i s s e c t  t i - me e f —

t’ucts of radia tion on Im i po lm i r tn ’m rnsiston ’m-m .
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Base
Contact Gate

p-Type Base n-Type Emitter

*— E_B Metallurgical Junction

Figure 2.18. Illustration of gate structure placed over the E-B junction

of an n-p-n transis tor as a di agnos ti c tool for measur ing

surface properties of bipolar devices.

In actua lity- , the gate (when grounded during i n ’ r m i d imm t ion ) 1-i- i-a—

cluces m o t h e r  set of bounndlary conditions for the [-B idnnc t ion f i e lds  in

the oxide. ihe result is a difference in the e lec tn ’ i c  f ield from ti - me miam i-

gm mtec i transistor-  which influences ti- ne di st ribumt ion of t r .mp ped chm m n-ge - in t i - me

O X i d e and sur face s ta tes .  Figure 2 . 1 9  shows ti - me predicted d i s t  n- ihut ion

of ti - me pee— i m - m - m u d i at ion smur  fm mc e ci eetr  c l’i elcI pi-oduced by ti - ic i m — B  j un - m e t  iorr

for- the g m ut cci trmm ns is tor.  TI-me e l ec t r- i c  f ie ld  is sprem i d out further (than

for t he non—gated t r a n s i — .t o r )  into t i- ne base mum - md t i - ne i , u gmm i tude of ti - me d ee-

tric field is hi gher for tmmon’ e of t i-me base su r fmmcu  reg ion. Ti - me tot  il e f fec t

fro m th is gmmtu  for t i - nc post - I read i mit  ion cmms u - is ti - ne di s t n i  bunt ion of su nrl ’mmce

potent in is mis shown in- i F i guru- 2 .  20. ice Sec t h mmt the pn-esencc of a go t  e has

s m gnn i fi  m O l t  1 >- per tum n - h ed the expect 1 - I  di s I n - i hc mt j ot-i of s u r fmmce potent  1 mm 1 nuak i rig

t i-ic pot c-run m m m ls 1 mit - get - mmmd s I  1 i i  1 mom -c urn i fo m-tun mmt hi gher doses .  t he e 1 f e e t  s

fn m i i m m app 1 1 cci ~ a 1 t mgu- ~ i ro sm mm l ie - n’ (c on tu l - ma red I - t he non- g.i t ed t n’mm ns i st o r )  .

- I t  e: i-no ~m s s n n : I t  ion of t i-upped ch um - ge - sa t  m u r a l  io u u m u s  used in the ’  umoc iel
f r  F n - i i  re 2. ~U. I 1 m m cl - mm - n m -ge s i t  I i  - i t  i ‘mm w ;is usd’ ci , w i t  in t i - ic m i x  mmamun
I
~OX 

‘
~~ I x l I m 1 ’ / c l mm — , ( l ie  s m m t - fm m c c- ( m o t e n ) t  j m m l  wodn ici n c- ae i u  mm peak Of l m . (~~i e~ 1

mi m i retina in_i c o m m s t m m n t t he ’ n- - mn t ’t e r .  l ine d i  p s e c -n n- neat -  t he u- ei gc- o f t i-me [—B
_m u n c t  au for v e n y  high dose l eve l  is  the n e s m u i t  i1 — u n la c e  s t m i t e  e f f e c t s

I lust  rated in - n Fm gi rd- 2 .  l~n
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1o - r  to o to t IC 2

D i stanc e, ~m

Figure 2.19. Pre- i r radiat ion electr ic f ield for a gated t ransistor  at time
surface of the base due to the E—B junct i on vol tage vs .
distance from the edge of the E—B depletion layer.

The resum it of this analys is is that the gmmt e pcr turbs t ine d i  s t r i  -

bution of surface potential due to ion i : ing n-ad I ation and thuns ti -me responsc-

of the transistor. One si-mould therefore he cm m r-cfunl in apply ing gm uted trm um n-
sistor data to desc ribe non-gm mted t ransi  star rcspon_ ise in hardness assun’ mmmmc e
screens .
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Dose (Rads(Si))
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Distance, ~j mi
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Figure 2.20. Field—dependent influences on surface potential versus dis-
tance from E— B junction for irradiat ed gated transistor.
V BE represents bias during i r r ad ia t i on.
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2.2.2 Radiation Effects on Base Current Terms

The su - fmmce related base cur- i-em- it tcrnm ns intn’o dmu ee- mi inn Se’ ct  ion 2. 1 . I

uce i’e commuposed of recomb ination—generat ion ty pe - ten nis and di f m c n s  ion e d t  ed

terms. Ti-nc reconnnbinat ion—generat ion - i  ter mu n s at t i-me sum m - fm m ee were de t i m e- eI ‘ an

dep letion l ave -m - s (DL) near ti - me surface of t le  scn n mico nd cm eto n - . these lu- u m : .

described ti-ic contributions to tI e base current from. mm f i e l d -  indmi~ ed cle l m l e _

t ion ru- g i on fo r- mmm ed in ti - me base near ti - me s u r f m u e e -  ~~~~ ) , and ti - mu- r e co tm m h i na —

t i on—gem - r e m-Li t ion at ti-ic sum - face , ‘so ’ (s O iI i Ot  i mimes referred to  mis I- me s i r  u - f  l ee -

v e l o c i t y  tCI-m)

i w o  other possible sunrfmu ec terms m~er’ e defined w hen t. mc- m m ci-  sem i- f ace

dep letion I mm m e- u~ wm m s co rm mp i etu- an-nd ex is t  only a l t  er I~~ has p e m i k e m i  - these

terms wum ’e 1 RBDL an-md ‘D DL~

The “bulk terms ” mmre u us u u mu 1 ly mu ssumncd to re m mma in unchm mm uged d im m - t o

ioni:ing radiation. (Ve w i l l  use t i - m i s  mm ssu nmpt ion in i t ia l l y .  \s w i l l  he

seen later , mufter ti -me surfmuee termS mm n e evmm luat cd , t i - m i s  mus s mmm u p n ion i~ ill

li m uv e to be mod i l ied . The t o ta l  d Ie - c t  on ga i n from iorm : ing rm mc l it . ion

is ti -me sum of m u l l  contributions , su rfm mc e mind bulk.

2 . . 2.  1 Recomi) m a t  ion-Gene I- m i t  lo ut Su r f a c e  T e n - u m ms. The same recom ut-

binat ion— g ene n- m nt ion sun’ t~mi ec-  I e r m s  de f ined in Sect ion 2.  1.2 11 i l i) i  mind

w i l l  be used in-i the ev m ml uat  ion of ioni:ing r-adiat ion e f r u - e t s .  For

~BE � 100 mV , ti-ic crosso ver expression n , ~~~ e mit - i m e sir imp i if id~ i t o

-1
‘ Bii~~.Sc i \ n . v ~ \ C

-~~~~~~ 
1 th n ss 

_______ 
\ um p S

SO Cosh ~(t 
- 

~~ 
+

livm ul um mt ion- i of t i - m i s  ten ’m mi ’ s m~imm x im u1 m f o r  Reddi ‘ s t r m m t m s i s t m i r  i t  = ~) . 1  V . 3

mind 0. 5 vo l t  - - gave va luuu - s t i t mmt  c l ose l y ma tche d con- responding ex ile_ i- int ienta I

the I - term u includes mm l I sur f mmee m m m e - m m s  u~ire r c - n - ~ — p - (clef ’incd i s c ros- ° ’vc o I -sIn S S
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dmmt m m m ms smm u iu I ng uniform surface poten t i ml . If we apply this term to ti-me case of
mm rion- uniformur scn rface potential , suc h as for the pos t - in r ad i ation case , onl y a

sam i l 1 part  ion of the base su r f ace  area m~ ill he rmeaked ; namel y- ti -me I-martian of t h u

sm un - I mucu- whei-e n -— p - the other i mu s c- scu m - f m uce rem’ ions wi 11 h:mve values of I -
S 5 SO

t h a t  ui- c less t i-man ti -me pemu k depending on ti -me local values of ti - me surface ot en—
tin 1 , cmurrier coneenutrations , and ti-m e density of interface states. For region s

where the surface potent ials are greater than ti-mat needed to reach peak i~~~’ the

term w i ll conitri i-mute by increm usc’s in - i the cleptim of the depletion layer Iron

the suurfm uce. loni o i m u c ~ - mdiat ion may also e f fec t  the recom bin mat ion rmm t c- nea - thc-

surface which also will incr m -mi se tine FIDI, cem i-rent for vel-y hi gh dose lei els. ~

\ t  hi gher doses , munot her e f f e c t  is predicted . From f igure 2 . 1 6

we observed that electric field eli-lets on ti-me surface potential (c 5) i~ere

less s ignif icant over - mu large range of electric field strengths for’ hi gh

intert ’Lmce stat e d ens it ies. Therefore at high dose levels when the suurfm ice

s ta te  density beco mes do r mm in m m rmt , time surf~m i ee potential is forced toward the

crossover- point thus peaking 1s~ ~fou - a g iven n and p5 ) over most of ti - me
bm -m se surface r-eg i on regai-dless of the oxide charge distribut ion. This means

that ui-icier’ these condhtions the dluantitv of oxide charge is relati vc - l v

ann u m mp ~mrtant  - l inus , mumea su re L i c -mm I techni ques which simpposedly nemusure the eha u-~ e
iii the oxide I ) )  mm mi v not provide muceum ou te va lues of tine sunrfacc potent jul

fan’ mm li close Ievc - l s .

2. 2. 2 . 2 St n n’ f m ue c luepe nc iem it Burl k Di t~Ius ion Ceurrent s . 1 m m  n-ge ’ sur—

Lice potennt imi ls c iii inciuce mu t i l l  dep ict iou-i 1 mmy er m nt the s m m m f m i e  . Aumo t her’

v u -c i~po i nt of t i - m i s  dell let ion lay m i ii an e x t  elms j o in of ti-ic [—B j unct ion

dep ict  ion - n i m m \ e n ’ . \d d i t  ionm ml i~~ mind I
~~
’ c o n t r i l m i t  m o m i s  i- el m it eu l t m -  t h i s  flem-

smu i - fm iee - f i e l d  in clunc ed dc- p lu’t ion- i 1 m u ~ en’ mi ne’ t a a I L  t I cm i i 1 > pmoducc - d nlnc i e’r’

ce r t ain  co n i d m t  nons .  me emm l l ec i  t hese tenni s , in Sec t i on  2 . 1 , mum - nd 
~~~~

i If ti - mu- base s u m r r a c d -  d i o pn mn g  i s  I m O  t o o  du  f fc - i- ent  from t h a t  m mn ~iu’r m u - cumi n ’ —

te~- i- c - l i  ~mnd m f~ t inc usc _ I l  de lit I 
- m s c ~II 11 - u - ab le to t he ~. m — m e n~ I cIt ii (a fmnc t am

of 2 or- so) themn t u e  c- r m m i ‘ t I r  cu t r e m - n t  - i u -~i s 1 t \  f lo us it ig in t o  t ime ’ hm is u f rolil
the t i - i d - i nul i uced d f t - 1  le ’ t man I - m y c n  wi  11 he eouunp~nn ’ mm h1 e t o  time c’mi t i  c- i ’  c i u -
1-em - it d e n s  i t  uncl e- n hi- w e I I -
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The on l y radiation-i variable contain - med w ithin these two  terms is ti - me sur-

face lifetime in the current.

l~ithin t he relationship that -m~ = ~~~~ 0 v th) seconds , ti - me
conclusion is i-cached that ID D L  

is proportional to ti - me interfmice s t m i t e

densi ty- to ti-me one—half power . This tern is usually sum -nail (pro—irradiation

mi t  low V - )  re lat ive’  to I - ~ is also more sensitive to N . d in - c-ctlvSO SO -

and donm-m inates the total surface cumi-rent; especial ly at low

Now let us introduce the indirect mechanism of dee re m m s m m ig  emit ter
crowding . Ti-mis nnechanism is only found mut high currents by definit ion of

ema itter crowding. The iuncrease in ennitter at - e m (ft-on the Viewpoint of an

extension of the E-B depletion lay-er) is time ca use .  Ti-me FIDL n-eg ion a c t s

like an c-~-tens ion of the original sidewall reg ion uehic l-m causes added c o l l e c t o r

current g iven the right condi t-ons.  A s more emittei- current is injected

through the s i m l ewa l l , t he ef fect ive emitter current density dec re a ses  and

crowding dec - n-cases (for ti-me same mn-measure d coil ~c to r  cer n- rent).  Appendix C

discusses ti-me effect of crowding on ti-me “bulk” base current te r ms  Lmsed t o

determine DC ga in. Figure 2 , 2 1  shows ti - me e f fec ts  of b i m m s  and tmneasuren uncnt

current on ga in-i degradation . The author stm utes ti - n m - n t the slope of ti - me change

in reciprocal ga in-i due to ioni:ing i-adiation is similar in-i behavior to ti - me

norma l base spreading i’es istm mn ce terra caused by emitter crowding . 2 3  In

-

.

~ i
0.0 01

0.000 1 0io 8 io~~io
6 ~~~ io~ ~~~ io 2 10

_ i 
10

Collector Measu rement Current , l c-Am ps (VCB =5.3V )
Figure 2.21. Effect of bias during exposure and measurement current on

current gain degradation. 2 3
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Fi gure 2 .22 .  2N1613 t ransistor , T E 
= 1 mA , V CB 

= 10 V , Cobalt 60 irradiation. 32

Fi gure 2 . 22 , t he gain is mnemisu n’cu i t e n - s i m s  col lee tor  cur - n-en - nt fan’ v mmr i o us  dose

leve ls .  32 The i emmk gmm in is usum ullv associated w i th the point when -c cur em It

crowding mi nd high in ject ion- i  e f f e c t s  bcconne S ig n i f i c mm n t - A si -m i ft of t i - m is

lloint munc l ’or mu change in-i ti - me slope of ti - me e m mm ’ vc bey-ond t i - m is point wounld

lii ~. i’emmt c chmnngcs in ti-ne- current den - ms I t y  through ti- ic base r’eg ion . [igunre 2. 22

s hows such a si-m i ft and slope change. Sin- ice ti - me si-i i ft -is to  t i-ic i i mit t

(in I gim e n ct ni- ren-mt m-eq u m i n’c�ci to  obtmmin p em u k h1.~ I , curi-ent ci-ou d l u- mg could be

i n te r ’ preted mis being reduced for ii ig im cn -a d i m t  ion l e v e l s  - Also . t i- ic slope

of ’ t i- ic cu rve  beyond ti - me- peLuk is not mi s sev u r ’ e’ . This in-md i e ; i t e ’s t imat t ine

crow d ing (ou high i nj e c t  ion e f f e c t s )  hm m s been rcd umcecl . A final exm ntt mp i e

is a c ompai- isonn of ga in versus co l lec to r  current for set -ermn l t r m m ns i s t o r

s t ruc tures i m c luded in 1 i  integrated c i  i-coils (If’ s) . ~ Figure 2 . 2 3  shows

t i-ne sanmu- e f f e c t  on t ue-se st ructul- e m-- from ion i i ng r’midi mmt ion, ti-me pos i t  ion-i elf

pem mk ga in mum - md s lope mm f t  e peak gm -n in have been s 1 gn i Ii c mn nt 1 y c hanged . linus

‘‘ hum ! k’’ l u -  nno t d ire- ct 1 y i-c lmited to srnrt’mm c ’c changes can be m m f f e c ted  im - nci i i’ec t 1y

by inc change in-n t i - ne su nr fm nce due’ to loni  aing i-ad iat  ion .
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trans istors can provide insight as to the individual mechanisms contributing

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

2.2-I is an example of the pre-irradiation curves generated by varying the

gate voltage over ti-ne base region. The stamidard interpretation of each

contribution to the total base current is also shown .
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Fi gure 2.24, Standard interpretati on of a non-irradiated gated bip olar
trans i sto r bas e current cu rve versus ga te vol taqe .7 
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The trouble w i t h  using standard o f f - the -she l f  t rans is to rs  is that j
se verm u l nnechanisms interact m i t  time same tunic. Separat ing the noechani 5015 t i e

understanding and munodeling effoi-ts for hardness m is s i un - mu nce are very d i f f icu l t .

This is the remuson the datmu used by invest igators to e vmm l u mm te utnodels a- i-c from
gmute d transi stor expc r- I mn emit  s.

Using someone e ls e ’ s 1-mast data for comparison with ti - me radiation-

i n-n c lusive nmnode l poses two problems. One , importamit phy s icm - n 1 pam -ametc i’ s are

often -i unknown and some of the critical physical pmuramtn etcrs have to be :mssuirned

fu’ urm simi lai- devices or ti-me same manufm ueturer. Two , ot her t es t s  usefu l

in et-miluating i-mew nnodcl predictions , cannot be t es ted  on-n ti-ic same saunmp les

(i.e., breakdown vol tage vs . dose).

For the non-irradiation- i case , we used Reddi’ s 15 gm ited t ransistor
due to ti - me availabil ity of detmm ilcd phys ica l  character is t ics . Ti- mis d : i t m i  m a s

introduced in Section 2.1. Unfortunnately, Reddi did n-mat perform rad ia t ion

tests on-i these d c— v i c e s .  Therefore , we must introduce a secam id s e t  f dm m tm m

to be used as a vehicle for d iscuss ing radiation e f f e c t s .  The d m m t m u  is m i n e

Sivo ’ s wor k. ~ Unfortunatel y,  Si vo did not include all the needed phys i ca l

parameters. The pimysica l  pmmr a rncter s for the 2 12222 trans i s t a t -  mire p r e s e nt e d
in-i Table .3 and assumed sin nilmun’ for  d e v i c e s  unscd by- S i va .  f ig unre 2 . 2 5

introduces Sivo ’ s c m pen-innent ii dm m tmm for a c li-cun i an ge mr :e t  n-y dev i ce  w i t h  a clue
c i t  cmu itter inside the base diffusion we l l  . Ihe t r a n s i s t o r  curt-es are Ion

~u muted transistor structure oper:ut ing mit several 
~il[ 

l evels.

-\s w i l l  bo seen in the fo l lowing discunssions , each of ti - me surface
re lated terms can be ieien-mt if icd from ex pem - im m ue u lt  mul da ta .  Broadening mind

s hi ft in-mg of t i-me \ m m r i  otis port iou - ms of  ti me gate - cl  t ram - ms istor cum ’ves e- d l  seu ns s e d
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Gate Voltage , .
~~ 

( Vo l t s )

Figure 2.25 (a). Effect of ionizing radiation on the 1 B ~~ VG curves ~t

var i ou s injec ti on levels . Note the increases in the sur-

face and bulk (FIDL ) components of as well as the

changes in the shapes of the c iri’ent peaks (“broaden-

ing ’1). The illustration is cont inued ~n tho next

figure. 7
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Gate Vol tage , V G ( V o l t s )

Figure 2.25 (b). Effect of ionizing radiation on the vs. V~ curves

at various injection leve ls .  Thi s i l lust rat ion is a
continuation of Figure 2.25(a).7
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Gate Vol tage , V G ( V o l t s )

Figure 2.25 ( c ) .  An example of high dose effects on the base current ,

i ~B’
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i s re li t  c-i t o  mode- i pee-cl i ct I on~ . Chmm nigu -s in t i - me  mm mg n it ude of ‘mm sc c u r i e - m i t

mu m e ’ ml  iLl ut- - mm 1 mm m i i  cci iii n-el mit ion - n te i  mnnode 1 predict ion- is -

I hu- hUms condit ion - ms dun -n’ n nm g i read  o m i t  iou - n mu-c mi iso ve-r \ m m  ri

for development am han -Jtuu -s s assumm u mmee - screens. 1 iie~ u- iii 11 be- e lI s c m s s e ~i

mi s natural ext  ens ions f the i-model i mug e f  f a r t  . he is ill 5cc - that

ti - ne woo- - i  - c i s c  bUns e o l m c i i t  ion- is  f u n  n — p — n  bi po l mmr u n m u m s i s t o n ’ s  m s sh e t i  t im e  C- h

mummi l  i —  B i sin - net  ion - ms mmn ’ c n’eve -rsu - —b i mused . This con-id it ion-i pu -a dm nce ’ s the mmmxi  nium
f i e l d s  n t i-ne ox ide-  a l l ow ing  nuiore e lec t ron - n—hole-  pa in’s t o  escape g e - n i l m n m m t e -

I’e’coImmi ) i mat  uon mmnd mom - c- ‘‘ ho le— ho p p imig ’’ -

mm last sub j ect in t i - m i s  s e c t  n ot- i (pi ’ocess vmm r nm m t ion - i s ) ,  u5e w ill

dn se ass :m m -e } iimmis m ns that m: m a e -x p l m  in n an’ i de imt if y thu em mi mse - of ‘ ‘ l f t v c r i eb~ ’

~or ‘ out I lc-r s ’ ) -

2 .2  . 3. 1 Shi ft in-mg , Br- tad e- nj u-m g ~‘snd Inc re- me ses in fm t iii ‘1 n : u t m s i i -

ft Base ( m m m r e m m t mm v e s .  Comparin g p r e — i n ’ r m m c i m a t i o n  c u rves  w i t h  p o s t — i  rm ’ac l i a t  ci i tm

emmu ’ vc - s t I r  g:mt cd t r a n S i s t m f t m s  sham es , m s h i  t t  iii~ i f  the p emmk ( a s s e m : m : m i e d  m , m t h

- component ) to limier i mm t c v o l m : e e  (m -it V , = 0 . 2 0  \ o l t s )  for h igh n - i a -  1 011
51) - - hi

close l eve ls .  \ t  h ighe r t i - ne ~ e ifs  shi f ted to l m u n ’ gu n gm m te v o l t a g e -  vc ’ r s m m s

dos e- lu- t e l  . I lK-sc ’ I’C 1 mit ionsh ips mm i- c c l e f  m e d  in- i mom - c’ d c i  m u i l  un - i i igunl’c s

2. 2n and 2 ,  2 .  Fi gum -n-c 2 , 2m- des e i~ i es t he  si - m i ft ing e r s i m s  dose

leve l ton ’  s e t -  erm i 1 Lnpp l ic- i 
~BE 

‘ s mcii i Ic- I- m gL mre 2. 27 dese c i  he-s ti - me si -m i ft n m g

vu- n’sus V hf 
t i e  see - u’ n ’ m ml dose le t -  els.

The model descr i ption- i om 15.) - - m l m m  m~ mm dependency ai m ssnn’fm iec p

t m e l - For increased m m i r f m m c e  n o t e i t  a l , t hu nm mtximimi: i  I - c mi i i  m - dmnt ion usc ’m m m - i ’ C C i i C
ft sO

mit losc u- r m l m i t C  vo l t  m m - u - -- - I rm i j ~~ ecl oxide char gc- mind m nt c ’ r t ueu - n t a t f t m .  e n  t e d  5’-

ioti i: m ug r n c ) i a t  ion wo o nle l increase ti -me s c n m ’ f ; n e - e nil c u t  imn l an- id u- e du ce  t i u  ~1eces c mm e m

L \ t f t .  i t m i l  t y  v l ) i t i e l c - f t f t t i i r e d  to  f i - - m e  t~~c’ s umr fmm e c t ‘ c r 05505 - em’ . iii t ] - i~’c i i c t  -

ica l  n’es un lt is a sh i f t  u- it’ ti - ic peak t o  loi- ;eu- u a t e  v o l t a g e s  t e e  h i g imer  do se-s.
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Dose — Rads(Si)

Figure 2.26. Gate voltage necessary to peak 18 vs. dose for several appli ed

emitter-base voltages. Data is from Figure 2.25.
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SATED 5~I -5 T T S  m T u B
DOSE ft -S7t - S1 )

COO I t - T U B  m m m i  io BASE

U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,
-‘

,_

I 

: :

8

V BE — Volts

Figure 2.27. Gate voltage necessary to peak I D vs. applied emitter -base

voltage for several dose levels. Device is the gated n-p-n

transis tor used by Sivo in Figure 2.25.
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The t i meoret ical nnodel described in Section- i 2. 1 f i ts  the exper ium mc - i - m tm i  1 data mit
low -\t higher V

BE ’ S and low dose levels , the model pnec i i c t ion  is a

reasonable approximation. For higher V BE at moderate to high dose leve ls ,

ti - me model dces not appear to contain ti-me correct dependencies Until very

high dose levels (as i l lustrated in Figure 2 . 2 5 ( c ) ,  v e m v  hi gh dose l e v e ls

s how a dramatic shift to lower gate t -o ltages) .

Possible explanations for this discrepancy in-i the model predictions

arc found in ti -me simplification techniuj ucs employed in the term , These

ices- c cised to make it easier to apply to actual devices w i t h  l imited knowled ge of

ti - ne Physical paran-neten’s. For example , ti -me m inority carr i em ’ coneu -mi t numt ion is

assenmed uniform for all reg ion-is cinder the gmnte and dete nuimi nes ti - me assumed

concentration . At low V
BE 

t i-me ~fl~] ectc ee mino -ity carr ies - concent 0- mit ion-i from

t he emitter is representat ive of a u’elat it-ely small lucre - muse and t hins lam-ge

minon’ i ty  carrier gradients do not resun it .  Consec iuncnt is- , lose VBE app lications

Sm ut isf y the assumpt ions utsed in-i the ‘ so te u nm .

At hi gher t BF’ ti - me injected minority can- ic r  conccntn - mmt loin (mn )

from t i-ic emitter becomes m ore substant ial an- mci a larger carr ier g rmue i ient

r esu l t s .  TI-m e V B[: applied mi t  the h— B junction deter m ines n~ at ti-ic base

edge- of t he h-1~ depict  iou-i i t - u t -  e ’ - , In t ine base r’c-gion , ti - ne unninoritv carr ion’

con- ice -n- it o-at ion decreases versuns distance from the j c nnct ion . Ti - mis dec  n- ease

s due to t ime d i f fus ion length of u-lect n’ons in-i a ‘‘ I i_ ty p c ’’ base w h i c h  is

de pendent on l i fe t ime.  Therefore , at on-me d i f f s ns ion lem gth im ito the base

from ti- ic h—B Junnct ion , t i-me ‘‘un-m i formun ’’ m i n o- i t v  emm n n’iem’ concentrat ion - i  used

t f t ft eva lunate l acm u I 1~~ is riot mussoc I muted w ith ti -ne 
~BE 

found by mnsing t i-ne

Bolt :mmiamnn u u l  m m t  I onsh ip at t he ju nct ion- i  edge -

t he applied ‘hF 
s t here-fun-c only repo’ese nt mit i s -c of t i-me imnmed i mite

basu- - a m m f a e e  reg ion n- next to the edge of t he li—B depict ion-i layen ’ , the - mj  rue—

t m mr e e f t m m m l c - t ‘Y ~ i .0 .  , intere l  i g i tate-ui , cin ’cun l m u ’ , etc  - ) a lso  dci ei’unines how

sigm - i i fi cmiu i t thi s nncchan i smn w i l l  be in- i ct - s uns i ng eiev i t - m t  ion - is betwe c - um the model

~‘rc’ ml j u t i lists mm cl c’xpcr i nimenta I ci m nt t - i
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For t i-me 1-most- irradiat ion case it is conj ectured ti -mat i u c n ’ c a s e s  in

ti-me densit’,- of interface s ta tes  wi l l  reduce t i-ic l ifetime at the surface.

This may make ti-me in-minorit y carrier concentration fall off even mon-c severely

versus d istance froni the E-B junction. TI-me g m o te extends over the base reg ion

use - li beyond the h-B junction . Thus , the peak ~~~ may be representat ive if

any base surface reg ion out to ti - me ed ge of the gate. The gmi te  v o l t m u g e  n e c c s s m m m \

to pea k would be determined b an t-i
1) 

that could be assoc i a ted uc i th  a l ow e r

“e f f e c t i v e  V BE” increasing ti -me predicted I-me-ak gate vol tmm g e . Ti-me e f f ect  of

increased surface states fo-om ioni:ing radiation can t hem ’efore be t hosng ht of

as mu lift ing of ti -me i-ire—irradiation cm nm ’ve in - i Figure 2.27 back toward mu

h o n  :oimtm ul line whose ta l i me is detcrmtiined by the lose va l ime . This e t f e -et

is obse rs -ed.  This mechanism cannot however explain the increase’ cii t i c  Cl i i i

above t he hori:ontal posit ion.

A second possibilit y t i - mat m m mv add to the above e f f e c t  rc la es

the assumption that the ra t io  of the captenrc cross—sect ions her hole  S

and electrons (a) at the surfmmee- wm ms n o t  \ ‘c i-s ~ii fferu-u mt fro uum i” m m d  was

o’ad i at ion independent . Using these as sui imu l ’ t  ions a I lom eeci us to s im i n lu l I f t - t i m e

I ten-rn b ci in i i mm i t  ing gi = 1 
~~~~ In m T / i

n
) from ti - ne al’gmunu-nt in t ine

cosh po ’t iOnS of I -
i-i (I

lhen’e is ven t - little clm uta mibo u nt t i-ne n’mmt io of the cr e ss—sect jOtiS

becaunse it is hmmrel to mea s cmre arid fon most app I ic m mt ion- ms , he iimiportant

p :mr m um ui e t em ’ is 0 (m s - hem - c a = ía i )  
2~ The only cim i tmu  found m i t - ms  f o- omu - n Shuft ’ s

n’epou’ t A w in I ch shows mu change in- i e vem ’ s m ns dose f at ’  mm g a t e-ei t r m ns  1St din - lii i s

mm miv m d i  e m i t  c t limit the n-at ios m u umm be c imm nng ing m m s w e l l  which umm a v ch a m mge 
~ 

mmn el

shift t i - ne pet -if.

l~i t h  t h e  mlssunnm pt iorn t hmu i fou- i u e n ’ e a s i n n p  ‘h i ’  the c i ino i’ i ty  e a r m ’ i u~r

con e-cut ct - mt ion i nnc n- u’asu ’s a mnd fo m’ h ig hen’ i t  e v o i t m u g e , t i-ic e f l c - e t i s ’ e - no m o r n i t -

c a r r i e - n ’  con -ic e -nt ni t  ia n - i nc - .u n ’ tI-ic sun nt ’m m cu- s reduc u-cl , t hen t he f t - u t  c t o  i t  ag e -

requ ir e - cl t o  force the m - m i rfmic ’u- t o C m ’ O S s c ) V u ’ t ( m t - md t hin s 1ieak B t S  l ine- cl mete- cl

i’ ti
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to decrease for higher V B1 . Radiat ion e f fec ts  (inc l-em ise in posi t ive surface

potential) shoinlu mmccent t i - m is  decrease ve -sus

The muhove tw o  poss ib i l i t i es  assume the onodel is in a correct am- id

complete form . \ mmot he r poss ib i litY  15 ti- mat sonne as yet un- ide-fined radiation

dependent mechanism is influencing t i-me experimental data.  (Observing Fi ginne

2 .27 , see conclude t 1~~~t ob v i o u s l y  some physics is missing in ti-ic present state-

of-the-art descr iption -i and understanding of ioni:ing radiat ion e f f e c t s  in

sem iconductors).

I~c hmu ve mm m oul d that , os-hen sinnp l ified, can be u m sed genera l ly mut

lose V BI
. or at high V hF (low dose levels) without introclunc j u g  a s i gn i f icant

devia t ion fron ts the usoi ’s t -casc experimental data. Ft- or t i-ic other cm mses ,

the di scu -epancies unust be n’eso lveui before app lying t i- ic utmodel genen’al lv.

Sin ce the discrepancies mciii rcciuire funture woo’ k , we w i l l  linit ouni’ ciis-

cuss io ns to the low V BE case fom’ t his sec t ion  arid show how ti-ic tei’un s

exp la in  ot her features of ti-ic expci ’iminentmm l dm mt a

\long wi th ti-ic si-i ift lug ,  m-n broadening of the pet -sf associated with

t he- cont n- i bs mt ion semi s obsert -ed. The broadening mechan I sum is co nut m u m e d  in

t he I nnodel t- Ia \ mind . TI-me interp lm mv betuceen N - arid -~~ - mus icc- il asso ss S - m~S
the ii’ indiv idua l d 1st s- m utt ions change mis a fusnct ion of dose. For a non—un —

form disti’ ibu t ion-i of surface potent in I , u~um would not expect a sharp peak
for I Some s i ms - face  mire - mi s sc i 11 reach c rossove n- mci t in mu si- ic -cl fie mipp l icd

‘ m i t e  t o  it m u ge  ushi 1 e othen’ i- c c  ion - is  would hmmvc scu m- ft - ice potent imil s that w i l l

co nn-es pond to ou mu - sidl e’ om ’ t i - me otheo ’ of the pe;nk. Ti-ic result is  a “b ro m mci cn i i mg ”

due to the st ru ne - tu ne -  influence- s on I~~~.

ft ilroadeni in - m g can a l so  be caused by t i e  increase in- i s ur fmmee s t a t e s

ciue t i  i on i :i ng  n’ m n c l l m u t  ion. Acco rd ing  to Fi gunre .I e , high dose ie t - e l s  w i l l
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et -em otua lly I-mull the sun o ’f m mce potential for each bmu e e s inu’facc reg ion to  c r o s s -

over regardless of the oxide charge distribution. The m- esult w i l l  be mu

rnaximutn ~~~ contr ibution independent of ti -me gate potential - This t m - a n s l m m t e s

into a broadening so seven -c that the ch mmrms ct  - i s t i c s  of the prc—inradiat  ion

curve  are washed ou t. Fi gure 2 . 2 5  shows th is  effect -

To confirm these predictions , Sivo used a transisto l- in 1-mis ~ t- it e-cI

trans is to r  expeu ’ imi-icnt t hat me t - e s processed m eith a high initial oxide chai-ge.

The g mu t e was placed over pmmrt of ti- ic base surface area next to the h-B

junction (the same as for the previous expe nimm ients) . For the pre- i-n’-n’adia-

t ion case , ice ca-n- i assu utoe t i-mat t i - mis ox ide ch m n u-ge is distribunted unn i formis - oven’

t he entire base surface reg ion. he uso un id expect that this buil t- in sui m-face

po ten t ial (~~~) would muct like a “b u i l t — i n - i” g mm te vo l tage in ti -me e t p C F  i m i e n t a l

data. Figure 2.28 si-mose s ti-me resu l ts  of S ivo ’ 5 expeo’iune nt uss ing t i- m is s t m’m ne tu mre .

For increasing dose levels (unp to ip6 Ra ds )  - t i m - -  pet-if is not

broadened due to ti-me re lat ively small i-adiat ion-i induce-el non - u n i fom emm ox ide

c harge distnibut ion-i added to a It- urge process induce -cl un-m i fo runi di St ru m t ion .

TI-nc onl y e f fec ts  o f-  ioni:ing rad imu t ion on this dev i ce  shounid be dune to

increasing surface s t m m t e  density ( N~~ I . The ter om shounlul in - net - ease mci ti - n

radiation for each u’egion of ti - me base surfm uee ao’ea .

A f ter  ins- ct ’ s I on (at 1- mi gh gmute - voltmi ge ’s) , t he increas e due to

rad iat ion-n n’ e-su l t s pam t lv fs’oun the contribumt ioni lu i r  ti - ic u’eg ion at the c u d  
ft

of t i-me g ms t c  where the crossover is forced bac k to  t i - me sur fm iee and seheo’c ml

un i f ormun I n c r e m s c  I n n N - ne - cu t -n -s - The w i d t h  of I P s s u m r fm mcc m mr u -a IS m m f fee Ccl
55

bi-- ti -me fri um g lim p fields at ti - ic - end of ti-m e ~atu ’ - ( - the n  cant n’ii n nt i ‘ iu~~ i t -  eamu-~

from I when the lie- Id — indcj ’e side - nt bun i ldl —u np of N - - c hmmn ~ge s I T t -  - s um n ’ t ’acu ’
55

Ii fetinnc in tine- cmi t t c r .  
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ft Figure 2.28. Example of the absence of substantial rad iation induced

broadening of the ‘B peaks in a qeoup of transistors which

had a high initial oxide charge .is
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Let us now use ti-ic model to predict the unagniteude of the- n’espe’m ise

of ti-me gat ed transistors, he must f irst establ ish the lou s e r  l im i t  on t h e  base

ceurren t for these tram -ms I t--tors clue to ti-me “bunik” base t e ras  ~~~~ l
~~l~ 

and

Table  2 . 3 defines ti - me physical pa rametu- rs .  For ‘BE = 0. 2n vo l t s ;

3 \~ / 1 ,3
TI .\ R ,  n . BE

C L  s i — 1 1I = — - —— — -- - ——
~~~~~ e = a . ( u x 10 Amm sp s

ft It-IC
I t - Ii

in --
~~~
-

n-m i

c~ A 1V n~ 3b i lIE -14
= — e - . 4  x 10 Arpu s

~~~ T N- 
i-i 

‘ Il

q -
~ 0 riT - -e- p i Bim — —= 

(0 T~~ mL p~1 

e = a.  - x ii) A ’ . im us

The predicted pre-irradiation lower limit of base- cunrrent is the simm

of t hese terms. ‘BEL 3.6 x io
_ 11 

An-nps. T i-me nneasui-ed lois-er li’mit (ass um rued

to be the minimum value on Figure 2.23(a) for :ero raul immt ion) seas found to

be 2 .4 x 10
_ l i  

~ mps The mneasured and predic ted values compm ne- very wel l

cons idering ti-me uncertainty in somnc of ti - me pI- iysica l  parameters mussumed for

these transistors , es pec ially R1. he must subtrmoet ti -mis lower limit base

curren t from the tota l  base current to  es t imate ’  t i - me contribut ions f ro rm su mr-

face terms in-i Fi gures 2 .25 mun d 2 , 2 8 .

-\ mm ot h er tern -i t hat can be- ~-~t-~smnt iec l to be contrihunt in-mg to th is  pu-c — i v —

rmt diatj on lower 1 m mii is for the- sunrface o’e-g ion where ti - me [_ i  deple t ion
lmu ye - r in t e r s e c t s  ti - me sun-face. This is ill be ct - n i led 1so (1

~ 
‘ Bli ’~~~

I = 1/2 q nn . -\ a - u N 
- e Aim il lu—

SO(l) i (1) th ss

= 1. 1 x 10
1_ 

\mmm p s ,

CO
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w here A = P y (cm ) = suit  nec’ area over F— B luiilet iOn
e c-s 

-

intersection w i th  sur face - .

does n-not make me signif icant contribution to ‘ Rh 
for t u e  pre-- in ’ radi-

ation case.  

ft

The peak ~~~ contr ibunt ion for tI’mc trans istors in Figunre 2 . 2 5

(pre— irraeiimit ion) is;

~ 
V~~ / 2

1/2 ci n
~ 

, ~ V~~-m 
N C - -\nmps

= l .b X l (i 3 Aim u ps .

ihe mu m emmS m mm ’ cei va lue for t m t - c  pemik was :upuuiox i a rt  It 1 .4 x I i - 
Am ps ush ich i s

ui cxc c- I l  - mt - mI t u- c -v t - r e - nt .

f m n - m l l V , fo r  the reg ion of  base cut - n - i - em - mt mit mm ~~h ga c’ t c i ~~T t - -~~ s s

t i e - i L  tiie It- t ilL tert sm us umax ut- m i - u ,

1 - - - ~~~~ - - -

~~ ~ 1. , 
-

- 
It - I f l L  

- -( Im~~ -~ 
- ci ~~~ 

~ 
‘I1~~ 

-

— I s )
= . S x 10 - ut- 5 - s .

The nm~- t -msu -ed v m m l m m c  m- , m u ~~ npp rox i it -m t -itei Y t i e  s t - l i m e  l’hum s is mTh t b — c p m - v s 1  c m u ~ ~m s u  m i ui ft ’ ut - t~~

mi ssiuricdi ~at~ Sivo ’ s dev ice - S and the iC  ~-L~5 - m c  ~~iI -~ t i  in r u m n l a ~ -_~~~e u- m t - m m - .

mIe -scr ihe et - mJ ( l  1 m u ’ e—iu - u’ad i t- nt ion °~
‘
~ 

bU f t i  u (  I u t -  -c 2 . 3 .

i’ o-~t - i i ’ Ft - ic i  it - i ’ iOfl , t to e- I i f t f t ’ cf t ) r e rf to s ’e  ut - f t i t - u i f  I C\  C c i  m u s e  f l i f t

bi’~it-udcn ing l I me- t i m  a nuu ft ft~ ui mu i form e i i 5 ’ l’ ui ’ u t eon of oxid e chmu rge ~nut J sunfu ‘C

bu~i id—up ovet’ ti-ic hm ise sus’face ret- - m m  \ l s o  t I m e mm inori t~ e-~mr - i’ i e ”  Cu lt ’  ‘~ ‘ - t t  o n

-c ad lent be e - au-me - mm mao u-u- SeV e i ’ e ankle i i  o n  up t i e  inn i ho i- mt - i cu ’ ’- Icc cc i t t - cent  i ~~ 5i’m 
-

ft

t - m s S m i m t - t - ; m I  ion .
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If we use the b u s  dose lcvu’ ls of l0~ to lO~ Rads , ti-me broadcn i m m g

effects mire t -u in jnmi: ed. For mm dose level of 1 x I0
4 Rads , Sivo mea sm ur c -s

the ~ N to be ap lu roxi ni m utel u- 1. 2 x io 10 s t m i t e s / L-ni bc uisin” ~lOS s t ruc tu re - s .
55 - 

10 
- 

4
iVith the u-- alume of 2\ of 3.n x 10 s ta tu - s/ c un Ion’ 3 x 10 Sacl s , ~~ peak

at a dose of 3 x 10 Rads scou lcl be 1t - r ed he t e d  by ti -mu ’ model to  be fo im i’ ti m es

t i-mat lou- pre—irradimi t  ion . P e  mist - u i - ed v f t m lne s si-nose a f a c t o r  of — 5 , 1- increase

r im - i the pemm k 1B~ 
lious t i -nc ’ rt - ie l i t - i t i o n  u - s t i m m m m u t u - s using t i - me pu’t - m k ~~~ te rn  mi t - c

y e - nm good ~ut low dose.

The t i s o : m ; f t f t u m t m i m t  p a r t - i r e - I  e m s  that detu ’ r mt - t - i ne t he  l i t - use ccm r m ’ e uut  are
the su t r f t - m c e l i lt  e n  t it - ui 

~~~~ 
t-- mu oc i t i - me in - i tem - f t - i c c  (suu’facu- ) t-~t mi te ’  den - m s I t~~.

t his t in t - me -  t i - ic - se  pt- u - m i t - c - t e n s  m t - mist be est imui a rc -d in ordeu- to app I~ the m:mft f t d c l

m is a humo’dnu-ss t - u s s e n m ’ m s t e e  t e c h n u i s i m u c  \s o n e  t- ipprox mmn t iorm , is i  t - i 5 ’ t - i t - t - m e d  t hmm t the
l n te - m -  f ace  s t m t  e- ch it-ins i t~ hum i Ids it - n  r it h t i - me St-on e lie lel e le l f t em mdc - nc e mu s t i- ic

tn ’ mm p pe ’d chan c e ,  ihe- m’e -sunlt  l i t - p  fiel d—dep endent smiu - fmm ee ’ potent  it- i l e l i S t t ’~ hiit Is - i t - n

I ps ’csent ee l e’ m m n ’ l ien -  i em Li gnu-c’ 2 . I ‘ ( m m  ) I u smu s u sc- P i i i  detcn’mim o l i mp  ti-me m m ddu- el base-

cur rent resu lt  i sip fronm ionizing o- ad i mmt 1am for an unngatcd 2 52222 t i- t - u um s ~ S t f t u - .  By

assunsing a simple mnpproach fon’ add lug the cont r i but ion s of I~~ and ~~~~~~~~ 23

c i  u’ct n lm ur ring -i c - p i t - m u - r u t s  of ti-mis d is t r ihu t t ion  vs d i s t m m t - c e -  (t) f i-o mi the [—B i c mnct io n .
an est incite of A l B for this 252 222  uuod c- 1 m et - us oht t-oinec i m e  r sus  c i t - s c ’. The m u- e r j e t  ed

f ic ld—depcndcn t sm mr f muce  contrihut ion to  ‘B is shown in i t - i r u t - r e- 2.20.

‘ihe on-m i y experiment m u mba t mu Ion- e-om iopari 50fl O s t - i 5  t’o’out- i ti -me it -m u ted device -

(of time - samtic type) show-n in It- igun’ e- 2 . 2 5 .  i xpc - r imentmm I dm u t  a from th is  figunre

produce-s l - igun rc 2 . 3 0 .  Ihe vt - u  i m ic s ucere- tmm ken i t  \~~
_ = 0~ In e ft ft - ip m mr limp t ioc ’~ c-

two ii g m i n e - s  , ms c’ see ti - nt - m t t i-mu’ rmmt e - of bu ild—up of fs e -l d de l- me -u -mule - s- it i nte - r ’f ae u-

state-s is tft ft u f t  sloi- , to e-xp l t - ilnn ti - ne - sumbi in l et - mu’ line e\~f t e s ’ m l t - e t - m t  a l ly  t ft u mm nd. 
-

-

~ \mm muss m mmm iu - ~I nu b fun -it -i o f i x ~~ I 
ci-na i - me s /e - n i

2 
mi n d \~~ at’ S \ 1 m m  s tmite -S/c m

1st - is used I’or he p u - c - — i i- u - m i d i t - n t I diii conci it i oni -

One mt - n i - l  rc-~i m c ’ ut - i he ’r t i t - i t  mci - m en - i e - ul r m i f t m u r in u -, p t - m t  ~-J I ra u m. i i S t - o r  l i t  i ‘ o mode I
pu-ed let jon s i- it -n S u’ ei (in t - m n - n  un i t -  ~u u cci t s’ mn mn s I -it  on’ it -macic ’ I . time - pt - ut e- Os I II mic e - c- mi t
m ine p i e - d i e - t e d  i t - u i u nes -
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Figure 2.29. Predicted change in base current vs. dose for the ungated
2N2222 transistor model using only field-dependent bui ld-up
of and for doses greater than i04 Rads.
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Dose — Rads(Si)

Figure 2.30. Experimenta’ data from Fi gure 2.25 at V G 0 describing
the change in base current vs. dose for a gated 2N2222
transi stor.

By taking the total number of surface states under the gate , we can
deternt iine LN55/dose used in the field—depen dent curve (Fig. 2.29) as
equal to 7.2 x i03 states/cm 2 - dose.
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By counpau- ing the- to tal  change in- i surface - s t a tes  nnem nsu rcd by S ic ’o
10 4

~~~~~~~~~~~ 

= 1.2 x 10 states / cmn mit 1 x 10 Rads(Si))  to ti- ic f ie ld -dependent

~\ modeled for ti-me ungated t rm ln sistor , a conservative f ield-independent

2.5 estimate seas obtained . ‘Fl-ne same- techni que ieas used m it 10~ Rads on
t he sam e data resulting in a consistant value of ~~~~ (field—independen t)

per dose . This worst-case field invarient distribention was added to t i-me

field-dependent distribution and mi new predicted value for oct -u s obtaine d .

If we assume that ti-me field-independent production of surface s t m m t e s  i5 linear

with dose , Figure 2 . 3 1  is obtmmined . The ef fect  of ti-ic f ield- indepenuient buuild-

Up Ofl the surface area beyond the gate m e t - us a lso inclucied in the ea lcu n lmu t i on ,

The added field—independent su i t - f t - i ce  s t m u t c s  cm meise  
~ 

l~, to i u t - e r e - m i~ c-

earlier with dose and actinall y cross through the data curve (se-c- F igt - t - m ’e 2. 32

Since the increase in sum-face states (at higher doses ) has time e f fect  t o

“hold” t i- ne - surface potential at cros soven ’ , the predic ted curve f l a t t  en o m ot

at very high dose levels.

The rate of build—up is appt-urem -mt ly too fast mis e~ hib i te-cl by t h e

“satura tion ” at 10
6 

rads . A smaller field- independent m l  eu - ft -i ce s t a t e

production rate and t i-me aduiit ion-i of any f ield- independ ent t i’a Im I ie - cI cix ide charge-

build—u p should result in a better compari son w i th  ti - me - elm ita. Both of these

est imates  mc iii  hav e to  be defined h~- further ~I0S stu d Ies  -

I a  ( l u t e - i t - u i  ne- if unngatcd t r m n m o s  1st ot ’ s wo inld compare nmo n ’e - ( m i v ou - m mb l v

me it i tim e’ nnnodc I pu-cd let i on- is (mclii el-i em - mm I m i t - u t  e - ci t hu bm m s c emit ’  c r i t  fc~ n’ : ur i  m i t - m i t

t r m m m n s i  —1 o r ) ,  m m n m ot he - m ’ p iece-  of u l m i t t - i  is pu-csu ’ nmtcd . ih is  d mm t a  m’ep ru’se’nts ml

group of i t - m i i- c l-i i i  ci 2 ,\ I ul 3 t n-an - is i s l a m ’ s .  ~ Ihese d c i  i ces  mse m ’ e unsu’cl by Si Va

to s how t i c  e i t ~~’e’ t a t ’ t i-ne hi as lu-at- i t i - nc -  ed-i i l e e - t  r —b m m u-m u ( C — B )  j mnflet lu - mu - n on

t ine base- e m I t - n e - t n t  i n n en ’ u’asc clime t o  i a m m i : i m - i g  m’ mme t t m n t  iou- m .  Ti ne hy p o t h e s i s  t i - n t - u t

t i-n e I —  [I j u u n c  t ion t i  elds ct - n n- n ex t  u- n- mci in t a time amb i emi t m iboi - u’ t i-ne- ‘hj  p m m ci lu - i—

e re - mis c t he den s i t o ’  of  ho ic- s I 5 5 )  cet  Cci l i i’  t i - nc ’  u m .\ ide occ i ’  the base sun r i m m e c
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Fi gure 2.31. Predicted change in base current vs. dose for the ungated

21-q2222 transistor mode l using the field-depende um t build-up

of and plus a super-position of a fie ld-independent

1.2 x io6 states/cni2 per dose.

1-

Dose (Rads(Si))

Figure 2.32. Combination of gated transistor experimental data with two

cases considered by the model for an ungated transistor of the

saim -m e type . Field dependent (ED) build-up of and ‘

~~~~ 
are

considered with and without the addition of field-i ndependent

(El) bui ld-up of
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rep ion s et - m s eon - n f l  s’niue-d by pu-el ious h3oe irig e \ I ue -  i- i t - m e - s i t s .  I I i ce -  mm ssummi e t ma I

Ion’ t i-ne m uct i ye device , a large reverse - bias is mm i m l m lied to ti -me C—B j e um let iou- i
mumwi t int - it  ti-me add I t i ou-ma 1 hoic’s i u-nj c u e - t e d immto  t i - me base’ ne-p lelti o x i d e  b~ t Ile C—B

i dinction field effects we re distributed un iformly , ti-men ti-me effect of the -
C-B junction is to add a large un iform (E-B field-indepen dent) build -imp of
‘i - to  ti-me bm m se ssai’t’mm ce ’ re” i on-i . i t - i  gure 2.35 shows ti-me o’est -s Itt -tnt ci i t - i n t - :  e- lu - ist - -~ ‘ - -

base cumr r u -u mt  for ti-me- mme - t  I vu (bit - ise-d) and pmi ssi t c -  tcmnb i t - t~ c’d u irraci it-stion hi mis

con - md i t iomns. Den t’ mi ssd n muu p t i a m o s used to obt mm ito ti - me cung mut c-el 2 5 2 2 2 2  ut -mode’ 1

l)ucdi j e t  ion-i (it -D + i t - h )  curve in i t -i gure 2 . 3 2  appear to f t C  reaso nm mble- ce - i - n - ms idering

that ice used a conservmit lye- lie Id indepe-ncic-mmt bun lcl—enp of ’ N - ‘l’he t nt - mb m t - sss
ex per inmmentm t I d a t  mu for the (Pm irchi Id 25 1 (-i 13 sha mes t ha t  the m i et t imm 1 dependence

of 2 i  on t he htn I I -~i—u p of Q and S I s somewhe re betw een t i- ic m i~-i 5 i i t - f t~~t on S atB ox ss
f i e l d — d e pend ent ttuechan is mmis only and t i-me middi t ion of lm i rgu - f i e l d — b  m m J e : f t c I l ~ l e t - : t

m mmec hm snism s . The dat mm m m !  so si-mose s timat to pu-ed let ti -me m sarst —ease clegi’admit ian

to the DC pa 1mm lou’ t - i oc ( e u - m m t u dose Ic - y e - i s, l mi u ’ pe Ii d cl — inde-penuu ient m e - el - mt - mm - i  i s t - mi s

nudist be- ass unmec i by ti - ne ’ ci t--m u’ r in order to mice -aunt for p o s s i b l e  C—B ,i mIne - I ion

e f f e c t s .  T hen-efore , Ta b le  2.  2 can- i be used mci th t ie nm -node I to cmppc - i’ bound

t he b u g - t e n - n m  ioni :ation e f f e c t s .  if sun pp lu’ mmu en tt -n I i n f o m - m t - i m m t  ion i s  h~mm osemu

m n boint t i - ne eley n e c -  const n’ u mct I on ( i . c- ., t ime mi n i m e n t  i n the cleV i ce  i-it- i c f t - i c m i i m o v e

the- chip is n- not conm e lmue -  lye  to ion i :mn t io n e f f e c t s  ou’ a mus e - I t - i l l  i :m it io n  I t - iven ’

IS p i t - Ice - e l  ove - m ’  ti - me C—i t  iem net ion- i ox ide to  r e- s t r i c t  t he c - s t  e n s  ion of  the -

C—it  mo ne t  ion - n fm eld 1 in - ic - s  above the ox ide) ti - ne - ut -  thi S mici d it lo u t -u i eofl sei’ vmm t i ye

approach can be relaxed .

By t ns in- mg t i - me d c v  icc- ci t - i t t - i  u - e l m m ’ u f t s e imt ec i  i n s  it - igum ru’ 2. 2S . est i t - mt - mt es C t - In - i

t - I I so be ma c i c’ o( t i c  ~ f f u-e - t  s fn’ oit -~ is - ne - i - c - mm s j u t - - v t - i  1 tic- s of S - . he- device ’s
- Si—

re- presented in - n  t i - m i s  fi t - m i re  i- it - mci mn h i t - l i  o x i d e  cit -u i -n e i’m ibn ’i c a t cd in - mb the d c - v i c e -

1 m s m - m m m m m e’ ei m m m i t ’ou ’ i m m ( t i- me p rocess  I mncin neu ’ ei sumr fm m c ’e s t  t - m t  e c i t - a t - s i t  i s t - i S  mm nk u n o m er m -

\ t  :e- ‘o m t - mit e vol t t - m pe , t i-ne p u - c —i  t~n~m mc l it - m t ion ox ide chan ge ht - i s forced the ’ emi t  i c ’
hm mse su u- t’mm e e reg ion to e- n ’ miss om en ’ . I heo ’e to i ’ e - , 1 S~~I~P i \ )  ~~~~~ u-~~d l f t t ion is

L 

j t - i f t i e - l u dft f t m c i t of  the gm m te a u - c t - n t-nnc i ti-ic - t nn ’n i  t o r t - i  ht t i  i t  — in (ii d ’5’ lie ’ e- f l t  i ‘ c

hmm se- s’ u’~-
_t- Ion s ct -inn be appn’ox i usiat e-d - lIiu’ m t - t -  uj e  I pu-c -c ) i ci s
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Figure 2.33. Ungated transistor experimenta l data for a Fairchild 251613
device type. 3 7  Biased condit ions refers to the dev ice  being
active duri ng irradiation . Unbiased refers to the passive

condition . Note tha t the ruieasurennent bias represents a higher
V BE (i .e.,  V BE -~ 0 .5 V o l t s )  than for the 2N2222 data presented
in Figure 2.32. Al so , this device type showed a large C-B

junctin’ ’ effect.

~
‘SO (l ’lm \ K t 1/2 q n

~ ~~ 
° S e

4 . 4  x l0~~~ N - ~uops ,Sm,

w here A 1 A~ ~20P

lie measured ~mu - m m k ~~~ ~it - i guire 2. 2~ ) 1st - I S t-mpp ro\ l i t - I t - i t  e’ i V  I . o x I t S  
I mi 

\m: ps.
‘Ii is inul iemites ti - mat 5 (0 )  

~ - 3. 8 x lit - ’ ~~t m i t es/cm an-md untipi ic-s t i a t  in- i t I - nc -

‘ ‘ilue mum - c-mu of the- base- s m u u - f t - se e- reg ion f u r  th is high ox ide cl - it - u u- g e ct - i  sc c it - be
approx i t - i t - i t  ed by assu ;miu ug ti - it - ut th~ ht - m s e -  cm mnl ’ e m it e m i t - i  es to t i- ic- l e f t  of the -  j ) Cmi lS

am ’ e t he result of the pt - s te  vol t a p e -  eoen nte r ing tim e html 1 t — in oxide chat-ne ut - ne ic i ’
ti -ne m zmmtc. ( l i t - m s lo s- ti-me pn’c— irrad I t - m t  ion ct - ut - - me . t i- ic u- mit Ia of t i-nc pet - mit - base c - m a r—
re-nt to the lowe - -t  i t - I s o  eenrre nt v u  I cue t a the le f t  of t m - -  peak) is m t - p i t - ’  ‘x I -
m u - m i t e - l u  t l e n’atto at ti’so ent ire base s u m r f i c ’c mi re- i to t h e -  ba se s nn ’f t - m c’e are --u
beyond ti - me a t e  (over to  t ime u t - i se c o n t a c t )  . i’his rt - it ic-s 1 st - s S cal cmi lmm t c- cl t a
be .— 2. 4. h uts ti -me - en -it ire base sun n - f t - i c c  mi s’emm ct - m n be m o p  u- o s i mat - I t a be’ e 1in a 1
t o  the c t - m i te  ar e - mm over ti -me h t - ss u’ ( \ , w i  tim un Iv -m m u - t - m mxl m iumuimt - of a 2i u , e ru-~u r ,  be-
lm t - mvc - m ssmnu m ie c l t i - nt - ut  

~~~~ 
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m m - oc m e - ssi n g of highet’ ox ide - charge , t he effective - interface- st mm t c s density

was reduced .

In ti -me i -iost- i r radi t-mt ion case (10~ liads) for ti - me nou~ al ly processe d

device , the peak ~~~ increased by 1. -i x IO~~ ~~-n ps mci - mile t i-nc m i t  it - i l high oxide

device showed an increase in the peak 1s~ 
of ( u 6  x 10

_ l i  
An-ips. (NOi lt- : ti - me

high oxide dev ice was tes ted t - mt a low er V
Bl~~

) if  t ime assuunpt ion is made ti - mt - ut
N is ti-me only parameter to v t - m m ’ v mei th dose when I

~;o is pea ked , i.e ., that the

relative nminority carrier surface prof i le-  does not change and that ti -ne recounbinat ion
crass—se - e l  ia-n-ms mu m - c rt -mdiation iu-nvarient , ti - met - i t i - ne e io m m n pe in N is approxi—

lit -) 5’

matei v 1 x 10 statcs/cmu ( for the norma l device . This eomuu pa l-es fm ivor t-ubl y

to ti-nat given by’ Sivo me- t - ns ured on-i mm ~10S st m ’ m ictenre. ‘lime same ct - i lcult - m t ion

for tuie high oxide dcv ice’ y ields a ~\ of 1.5 ~ b u Y s t m i t e s / e - n m . It- rain t i - m is ,

the conclusion could lie drawn that ti-nc mm i t e of rmudit -m t ion -i induce-el int e -u ’ft -ic e

densi ty  crc-m i t  ion is dependent on ti - ne - m i t  i t - n i values of O X i U c -  e- hzi r e , Th e

accuracy a I t Ie t e m - m mm s s l t - t - m m t - m t  i am - i s unsed to pet t i - mis con - nc luns b u m  st i i i  need s to

be deter m ine- - m i t - ms di sc - masse-c l  c - mmr l  i cr .  The- results of tIOS ~tencl me - s  ut - imuv help
to c - vt - u lumute the - v t - u i  id i ty  of t h e - s e  cone luns ion - ms.

The t-ubove mi nt - i l vs is is an e - x t - m I : I~u I e of hose t im e  mt - o de ’ I may be u sed to

ana ly:e mi c a i i  m mb l c’ el mn t t- m , mit - net 1oss ibly generate n’c- h mit ionsh bps he-t t-~ee-n ìihys i c - a l

pmmran oeters and rt - mdimit ion c f l e e t s  to deve lop hai ’dness miss unranec te - ci mim Ic unes -

l ime mum - n t - i l u- s i  s a Iso po lu - i ts  o~nt ti - mt - mt a dependency arm Ox i d e iu u ’o ce s s j um p cx i st -

is h i  elm l i t - us  been known for some t imnu’ .

2. 2 . 3 . 2  Bias it -  ft’es_’t s ih n r _n m o g  I n--n-au ) i t - m I l a n . i xpen ’ I t - u - e t - t -  i t - i l  cit - mt mm 1-nt-u s - -

shown ti m mut thim hit - ms mmpp l ie - c l  u i mmu - I  n-mg i m ’ rt - uui i t - mt  ion has an c i  i e c t  a m - n the de -gn ’ t - i - mt m i t  iOTl ft

of DC pt - u in. 2 it - i p t - s u-c 2. 3 1 m s mm goad cxt-un snp Ie- . lie’ a i m serve d tha t  ‘am ’ - i hipo i mi r
t r u m s  m - m t  y r the - built - i n i t - -  It j innet i on-n produced elect  u _ i c  f i e lds  in - n t i - me - ox ide -

I ic-se- lie I ds prot- I ded ti - ne c - on - m ci i t  ion -m s nece ss t - i rv  to  in- nc ret - use t i - me pn- o h t - m l s I I i  ty
for s c ’p t -u ‘ i t  ion at ’ hal c-s and ci e’ct - u n ts  t’roun l os-m i: in -mg u-mu d i t - i t  i onn t n t  c u ’ m i c t  ion- n in-i

.~~u) ,. \ pj o l y ing 
~Bi 

snnodif ic ’ s ti - me f iu’ lcI in t h e  o \ i d e -  by mmc i d i n t t  i s m  t i - eves-Se
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Figure 2.34. Normti alized base current increase vs. total gamma dose for devices

with varyin g junction electric field strengths during irradiation .

bias) a-n’ mih tu - t - i~ t ing fi’oum i ( f cm m - w mim ’ eh hit - i s ) tI’e bui l t—in unet iou potc’ntial .

l’ he refom’e , slu ice ’ im ighei.’ f ic-ids ii ho ox ide’  ~m m’ u - m t c i c e -  higher ge-nc- I-at ion-n of f- i-ee

l- moles to i n f i ue -mmm c the sni’face - potent  i m m~ . o~c ~ou1d pred ict t i l t - i t -  ue \ e - i ’ se - -
b i t - ms t u g  Pc li—B j cnn - met ian-i is the wo m - SI  c t - m o e  condet  ic - -it - f o -  imardness missort - inc -c
sc rc  emit - , .

b - i t - pure ~3 1  t - m l so  s lm o m~s t t - I t - l t er ii~ g m e t -  rcvea’sc ’ — b i m i s e - d  I t - — B  lem net  ions .the
ft -en hi - - i u i j e mc iu d c u t beni Id—up of C t - I i R i  t - - cannot he ig umo rc-c This fac t  wm-n s seenft ‘O~\ 55

ct-m n- i er ir t ime mod el  pu’ c - c i i c t i o ns  s- l en , m m i t - l u - g e -  u - s d j t - m t u ’ i -- nm l im lcc ’ei f i e l d —  mn ~d et - m cf t nJe i mt

bs n i ld — u p of both i i  t- mnc l N it-tel mm i - i  gail i  emms m ~ c-f leet e - i t - i m  t i  st - mit - mu- s ht- m pe -d curve.ss

l i f t  hum ’ iummp o rtm unt un ct n -c I t - - c ’ m -~~ s c - e -~ ‘i- p e - s u n - e t r t - m l l y  n d - n t -n fled .
It us t i - ne m mIcu ’ e j se -  in base -  c t - i n c -m i t S ‘ e - t - e’ u - Se  I I  is t r u g t Ud ’ L s t -~ ice im o u ’ — i o u s c - t l— ~~

)

J u m u m e - t -  non. ‘ i b i s  c o s i e l l t m v n  prouituce~ l t- ’u’ g -  f ie ld  Itn c - s u i m ~i! C-x t i ’ u - m5! i n t o  t-
’ 

ft

higher oxide lm iye - u - s  at-id in to ti - ne - ‘ i - P c u t  S t - j u t - iC e -  hove t i c ’ c-hip. Pivo ii -

rc’ v ne - we - c l  t i n -  av t - m i i t - m i m i c  P t - i t t - i  t ht-i t s mm pp u’u” l s t h i s  n’o~i u ’1 annul m - c - v I  u’iim t-- ‘ i-ne-
m i l l m ie ’s C t - m u - u -  m t - I  ly  m nse ei t o  el iminate h i t - - m  C-It b i t - m s  s I c ’ b m c ’ t t - s l u f t m t - e’e .  ~~ ‘ I’he I t - c - -
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nnost popular technidtues are to (1) reduce the atmosp here diver ti - me c iui p 1 m m a

low ionizing medicnnn , an-md (2) extend the base it - m e l t - il over ti-ic C-B junction so
ti-mat the field lines are confined to the locm ul i :ed  base region-i near the-
C-B junction.~

lie worst  cle - pi ’ t - i d t - i t  ion-i of DC pt - t in (expe - n- iunental  l u )  in mu n — p — m o

trans istan- ace - t i - n - s  when both ,i unct ions au- c- reverse—b i t - j o e - c )  dcii’ i t t - - p  1 i’m- mid I mmt ion.

The ga in-i degn’adat iou-n i - mt - is exper im m - m entm m l iv  shown to  be smmm a 11 c-st fo u mm S t - i t  l i t - i  t ed

dei- iee when -c- both j inrict ian -ms arc fo m - m~ i rd— h ia sed ( h e n c e- m i s m a l l e - m -  f i e l d)  dum’ i nip

irm ’ m ici i at ion. 2 3  b’ hen’e- fou -e - ti -me pred icted dependency of s u m m i t - i c e  pot c - m - nt  it - m i - m m i i

t he appl ic-cl vo l tage elcmring ii’radiation a l- i l- ne - mi t ’s to be v a l i d .

2 . 2 . 3 . 3  Process Variations. Both intentional mum -md unintent ional

process var iat ions in ti - nc oxide properties can have a i t - t u - ge  e f fec t  on

proposed hardness assurance sc - ice - m is.  Ce- same in the last two sc - c t  io ns t i m u t

t b-me trapped oxide charge can result from direct radiation ho le -e lec t ron

generat ion or from indirect charge t u- mum isfer at the surfm ice of ti- me oxide- .  By

app ly ing various lt - iycrs of oxide m ater ials , t i- me -se i-ate-s of charge- buildup

can be changed signif icantly . Stanley d iscc is s e -c l  ti -me cl-manges produced by

g lassi vmtt ion it - m i- - e u- s mind vt - i - n ’ ions elop ing techniqu~ s ii ti-ne oxide’ , ~ -\l I lao’e

their advantages and disadvantages.

Process vt - i c - i t- i t  ion s that m u u- c ’ inn intent iou it-u i ct - mn be- u- c le ’rm’ c- d t m  mis

d i f fe re uoces  in- i l) I’Oeess ing techni ques ( i .e .  , ec lduipmnent , qua l i ty con t ro l - e t c  - ) -

By reducing ti - me con t mu m mi nmt - u nts mit ti - ic- in terface beticcen the Si—Si0 2 l m m v e i ’ s

t i-ne nunm-nber of surface s t m u t c s  is reduced. Non—un iformity’ of tb - m is  cou t - t  m m m m t -  m s - it - mt ion

nmav resu lt in high s ur lmuce stat e gemieration in a randomo dist i- ibt it ion by

tb’me radj mution. A lSo the number of sur fm sce s t m m t e - 5  act ivt - mted by the ioni:ing

u-ad it - u t ion slit - my i-ic reduced . The result of t i - m e - se concep ts  mt - iy exp im i in-i the

cx i ste -u - ice - of ‘‘Bt -mve - u’ie - k s’’ (or “ou t l i e r s  - ~ T hose- dev ices  c le v i t - mte (some—

t n nc-s me II~l 1 y) f - n-ansi t i e  u-mid i t - i t  ion-i response of i - met - i - n ’  n- me ighhor d e v i c e s .  S in - icc -

t he sur lmice pu mt ent it - i l t-mnd m-ii irface- s tm i tc - distil bcut ion mi t-c so iunpom ’tmmnt to

ti - ne - model , changes in t i - ne -  expecte d dist rihut ions by I lmc ’Se - n’ mm m hlonn d isc -a rt —

t inenit ies would cause dille’ u-enccs in the ra di t - u t  ion response. The mibove

It wmms found that ti - ne - m i  I ed d c v  i ces  ice- u- c’ b- ia rcier ti - i t - ms - i  non— - i t  - ml dcvi ce-S ot
tI’ue- sasmue type - and on I mc - san e wa fer .  3 8
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vt -i u - i t - it ions mn t -u y mm Iso show meh y ,  1n tb -nc past , att cu t -m gI s to relate cix idu’ cit - mi r~ e

hub Id—tip to fixed surfm-uce s t t - i t  e- densities have ft-u i led . V~ Procc-ss var i m it io ns

au- c t he- refom ’e a ver y  iimopou-tant cons iderat ion- i  in cieve lop is - np min e hardness

mmssemrt - i nc e procedcures.

2.3 Other Bipolar Structures and App l i ca t ions

In this se - c t  iou- i use - d isc - cuss tI-ic extens iou- i of ti - ne ui- model I m m other

bipo lmmr s t ruc tures (1- i-n—i-i t rans is tars , ,JFETs an- id diodes , at -md in tegrated

circuits) mi s-id a quick look t-ut ti - me i iuipliet- it ion-is for ti -ne s t - mt u u - at iom case-

(i.e. , V 1it-~ 5~ 1 ~) . As we- u ci ll see, p—n—p trmunsistors ct - in - n be modeled

sinnil nu rly t o  n—p—r u except  t i mt - u t a d i f ferent  re-p iano is predominant in d e s cr ib ing

the ioni:ing radiation e f fec ts .  Fan’ Vc F ( S \ T )  little can be said due to ti -ne

1 muck of mmcccm i’ate imm e u le ls desc tubing ti - ne -  S t - m t  c u r t - i t  ion uuiee io t -un I sinus. Tnt pn’c-u’ious

reports on ne-cut ran displ mucenient dt-tmage- , V - 1 7 2 the gemme - u - m u nmodel S pi’OPos e-d

for saturmmt ion-i by sc - vc - m ’ m il soum ’ce - s ieei’c shomcn to be ineffect ive in pm-edict ing

changes in ~~~~~ (S \F)  
The pain- i t i-mi-me n-c mu t u - t - i i m s i st - mt - u- is no longer in s u m it ci m ’ mm t ion

(i.e. , forced gmuin cc~eumu 1 s the natuu ’mu l p t - m i n i  t -uppears to be ti - me sole e x i s t  u n-mg

accu,nrt - ute model in ti-me 
~ri(s \T) 

cm i se - . Ice i-mould expect ti - me n t - i t t - m u - m i  1—pt - t in - n

l ’ m msc- —c m mrrent te n t - m s to i-ic useful for ti -mis c t - use ,

Diodes am -nd JilTs shame ch t -m nge-s in ti -nc u-evc- u’se- cu-n- -n -c -u -mt am-id breakdown

vo Itmu ge ’ , buit t i e  i F i t - b  is much 1110m’u’ s i mocept il-il e- t cm lorti :1mg radi mit ion than’m the

diode. Ih is is b ecm im i sc - the ,J lmbiT also si-moses sign i ficant chmm ngcs in the g mmte

leakage c-current , d r t - u i n — t o — s o c u m c e  c - cnn - n-em - i t mum - n e ) ti -me p inch—of f vo lt ipe ut 11
a 

Rads(Si)

and mu bo ve - -

b m i nt - ml l y t- u section on bi po l t - m r ICs is presented which describes

brie fly’ the i ut - i j u c t  ol’ the -se mode - l i  n-mg e~ f t ’oi’t s is - n more c-out - up I c-s st rmi c tin - n - cs.
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2.3. 1  P-N-P Transistor  DC Gain Degradation

Now ti-mat we have described a model ti -mat incorpor t -mt es ti -me scum - lace

ef fects on n—p-n transistors , it is u’c ’musonable to ex pec t  ti - me -. t - i m : , e -  1uity s i c - s  to

be applicable to i- i—n— P transistors . -\n asseumpt iorm is macic ti - mt - ut t hen- c is ut - u

dopant interaction sith the oxide gu’ow th that is d i f f e r e n t  for n- s0 ’ ; - t t - - pc’

immaterial. Then tb -me main difference botmcc -en n-p-n and ~— n-g 1 rt - - m nS I st ~o’S tht - t

mast be recogni:cd is that the field lines in t i-me c t - s ide -  5 e i t - c  m t - i t  eel by t l t - e  h-B

j einction near t1c surface- farce - ti-me ionizing radiat ion- i m- mdu ce’ei t rt -i~
m 1m c-J ho les

the emitter s ide of time junction (now the p—type m t - mit  c- n t - i l )  - ihis mt - t - e - t - i n s t i t - mi t

posit ive ox i d e  charges can induuce mu s~it -~ce -_ charg e region- i em\ e~i’ t ime ennittcr u- thu- - n ’

than ti-me b m us e . i’hcreforc , ti - me h—B junction - i ct-un i-mi den m m  t he c m u i t t t- mm nd

the in tersect ion - n of the E—B mncta l lmurg ica l  j unt-ct ion m~ u th  ti-me scnrf aee ten - in mcii 1

j f l c u - e - m u S c’ cn immm j m du r tm u nce - .  ‘b’he meidening process is not as s e - y e - i c  mm s 1 st - I S it- bc-

c - muse ’  of t ime- mo _ p - n  trans star due to ti - ne higher dop ing in ti - me e n i i t t c - r  ( c c n l l’ m u s e J
m g

to ti - me - bas e -j  . liven so , the wic ieniu g is more severe than-n mm 1Ci~ cut - i - 
t- i v c - u- t - i c ie

su n ’fm t c e d mpmm t density’ of time - emitter would indicate. Ti-me construc t  b u m  ci

the emitter usual ly is clone by a de f fcusion process throcnph a w i u e t o i s  c - - mt - I  i n t o

the ox be le .  S is ice the ii l I m i t - ;  ion of ’ dopt -unt is s-mat 1 inu m ite ci to tbc’ \ e- rt icmi I di  u’ I u - n .

a difftusion grm mdiemut can develop It- it eu - m i l l  y mu long the s m~i’ f t - i c~ un dc- i- t i - ne m~ nut cc t I S e -

oxide (in the san e fashion mu s far n—p—n t ram is istors)  . Th is ni t - i ke’s t h e  c i t - t i m t - m  u-

less ime - miv i  ly doped t -ut t i-me stnrf mmce nc~\t to the It - — B i tin -met ion mind mu l l  mu5 s the - m c iuie um ing

to be- g re - m i te r  for mn-nod e - u - m i t e -  posit ive eha u-gcs t m - mmppcd iii ti - ne ox ide ’ ,

Eu a lso  it-makes I~ net - mr  t i-nc- s m i u - I m i e d’ siiuuch nmmore si _ct-n i f i e m m n t  tha n t’ou

n —p—n t m m u t - i~~i S t i u-~~. c f t h  a pos i t  ive t - t - m i t e -  hit- is p lt - uce d over  t i ~~ e i t- l i t te r  sturt ’m- i ce

(or pOSitive stin t -ice ‘- mi t  e n t  iai inc m’e - m is  i ng  l m i - Ii  gher eIOSc l c-ye is I , t he e - f t ’e-c -

t ivc emi t ter  cioping decreases - lb is  e f f e c t  occ iu r s  j us t  inc -au’ t i- ic I — i t  ( n u et ion

w i ne- re ’  t I c  dop ing is let - ust dune to t i e -  i t - i t  e r t - m I  ci i f f t ns iomu in t i - n c ’  u -s i t t e r .  i huts ,

eon s i de’ring ~~05 it ive ox ide c - i - mt - urge- e’t ’fe -ets  , t i-ic I I1 ft:~, 
n u- m um shs t n ii he’ e e mi m iem SOn ’

m it p in t  t ’ i ct - u s- it at  t - m io mee u’ - i t  e- c o l t  mm pe ton ’ t ine p u t  — I ru’ m nc l it - m t i on e’li Sd’ . i i  idd’ liOli

add t i e  e -t’fe’et of ine m ’ u’ t - m si ng suu m i t - i c c ’  m t - t i l e - S. t he m mu i u us ln ’ i t v  c - t - u n ’ u - i e’u’ I t - I - m t  u t - t - me’

m i t  t ime smi  n It - ice , , mcii  1 m m  I scm he mm t ’m m s t on’ t i n t - u t  - m t - i  f e - s  
~ll 

unto nc -  s I m u m Ii c t - u t - m i  -

;) t-~’
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b t - i e- ld_ independent ge-i tem - mi t ion of oxide charge an-md surfmice st t- ite

density bui1d~ em 1~ aver tb -me - c - mit ire- s t - m u - f t - i c e  (base re-p ions as mccl 1 as cmi t te - m’

reg ion- is) w i l l  therefore be- a cr i t ical  ~- iau ’anucter for eva lu t- i t  ing ioniz ing

u’ t-i el immt ion e ’ f f c - c ts  in i- i--n— i- i  t r a n s i s t o r s .  Modeling for i~
— f l - P t rans is tors  s t i l l

tie-edo to be co m pleted. loni:ing rad iat ion e f f e c t s  in i- i—n— i- i pated t rans is tors

t-ure s hown in Figure P. 3P ,  This ii gin - n - c sim cmoc s simi it -i t’ curves t o thosu’ pre—

sente d ct -m m- h er fan- Lime - gt - t ted n-i — n t rmmnsistor  st ructcn rc but the shape is

m’ e - vem ’ sed .  The acci mmu b ation port ia -n -i of tb-me curve- m - m i i  1 be most iinlmou ’tant for

p r e d i c t  i mug post—ir rad ia t ion e f f e c t s  in p—n—p trmunsist ot ’s.
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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 N 5 build-up over the base may force the base to

less n-type near the surface.

Both the and the RG contribution related to the E-B junction
SW

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 
V 9~~~ O• 2O V

INV ERSION —.~j DEPLETION - f—-—-- ACCUMULATION

EMITTE r

9 
- 

I 
ACCUMULATION -.+...-DEPLETION H~~I N V E R S I O N

MAX . BASE MIXTURE OF
SURFACE SURFACE ,
COMPONENT BULK(FIDL)AND

TUNNEL
COMPONENTS 

\
\
\ 

-

— TENTATIV E LIMIT

MAX .

CO1IJNEN

fl 

-

~~~ SURFA CE RECOMB INATION .~~

GATE VOLTAGE \ cvOLTS~0

Figure 2.36. fliustration of the various current components of in the

vs. VG plot of an unirradiated p-n-p transistor .~~
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with large emitter peripheries would have the largest effect . This model

j)rcdiction was verified experimentally.~
5 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 . Nore 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 reg ion , ‘CBO degradation
could be a real problem in p-n-p ’s even at low do3cs; in fact , even before

irradiation . This is due to the fact that the collector is li ghtl y doped .

Consequently, surface inversion can be introduced by relativel y small charge

accumulation. h owever , in order to avoid ‘CBO 
problems associated 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 .

1:ortunatelv , this step also el.iminates in most cases , serious 1cBo problems ,
at both low and high doses. ’

~
6

2.3.2 Saturation (VCE(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 (V CE(S AT ) ).
3

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 ;I rca added to the emi t t e r  area and wi th  crowding forcing the current

through the  periphery region of the emitter , an increase in sidewall area

could reduce the crowding effects on VCE(S AT) . The result is that hi gher

oxide charge and shallow em i tter depths will possibly provide the most

r
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effective way of reducing the sensitivity of devices to VCE(SAT) degradation.

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 dielectrical ly isolated. For an n-channel junction isolated JFET , large

increases in gate-to-source leakage currents (1GSS) can be caused by relatively5 .low dose levels (~~lO Rads(Si)). This leakage current 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 ‘GSS
due to an increase in the surface potential and surface state density. At

higher total dose levels, TGSS 
can vary with dose as

~ ss = (K

where K is a constant , D is the dose and n is a factor between 2 and ~ •~~
7

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-tern ionizing radiation effects for dose

levels below 108 Rads(Si). This is due to their relationshi p to location

within the bulk silicon material.

For the dielectric ally isolated •JFET , the long term effects from

i o n i z i n g  radia t ion are much more severe. This is because of the added inter-

face formed directly tinder the channel in the dielectrically isolated (DI)

region which allows trapped charge and interface states to form and influence

the channel parameters directl y . The same mechanisms as discussed for the

surface oxide also app ly for the isolation reg ion hut an additio n al mechanism

can eventuall y 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 leve 1s.~~
8

At dose levels above 10~ Rads(Si) the drain-to-source current

~
‘DSS~ 

and pinch-off voltage (VGS(off)) increase dramatically with dose level
for n-channel JFETs (DI). This increase peaks around 4 x io

ô 
Rads(Si) for

several tested devices and then decreases to or below the pre-irradiat ion
leve ls .~~

8 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 (n~ p or p~ n ) ,  oxide charge and surface states can produce changes

in the reverse currents . Also , the ef fects  on the e f fec t ive  dopant near the

surface can change the breakdown voltage.  Since the breakdown voltage is

dependent on the doping on the lower doped side of the junction , a p~n diode

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

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

p~ region (which makes the n region appear hi gher doped) . The reverse analys is

would hold for a n~ p diode. The sam e effect  can be created by the use of
a gate over the lower doped region . Fi gures 2 .37  and 2 .38 show th is e f fec t

from ioniz ing  radia t ion .

The resul t  of t h i s  a n a l y s i s  of JEE Ts and diodes is that  JFETs arc

r e l a t i v e l y  insensitive to ionizing radiation while diodes have the same

mechanisms as def ined  for t r a n s i s t o r s .
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2.3.4 Integrated Circuits

One assumption used in the analysis  of n-p-n and p -n -p  t rans is tors

was that they represented the basic bipolar mechanisms found in a l l  bi polar

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 verif y the analysis for emitter crowding appears to ve r i f y the

above general izat ion ( i . e . ,  elements ( t ransistors)  of an 12 L 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

app lication of the models discussed in Section 2.2. We would expect even

more dependence on geometry due to the complexity and size requirements and

especial ly due to the low current levels usual ly  desired for low power con-
sumption. This low current requirement increases the importance of the

surface e f fec t s .
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SECTION 3

3.0 CONCLUSI ONS

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 , I~~ , 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 likel y correct this dif-

ference.

The radiation inclusive model compared favorably with the low 
~BE

data and hig her V~ 1. (at low dose) da ta .  C r i t i c a l  parameters determined

under these conditions:

a) surface potential ,~~5,

100
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b) surface state density, N55
,

c) acceptor dopant concentration ,

d) emitter periphery ,

e) emitter periphery - emitter area ratio, and

f) 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 metallurg ical junction regions (for n-p-n transistors) and over the

E-B metallurg ical junction and emitter regions (for p-n-p transistors) are

extremel y 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 experimontal data the

surface state density distribution had to assume a significant uniform ,field

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 l)otCIItial required to induce

inc reases in surface base cur ren ts .  For p-n-p  t r ans i s to r s , the e m i t t e r
dop ing  concentrat ion plays an impo r tant  role  in de te rmin ing  the increase
in base cu r r e nt expected per dose.

These s ta teme nts  are based On the assumpt ion  tha t  p o s i t i v e  charge is
i nduced in the  o x i d e  and , tha t  a pos i t i ve surface p o t e n t i a l  increases wi th  dose.
At low cu r r en t s  t h i s  assumption appears to be v a l i d .  At hi gh currents , the

“e f f e c t i ve ” sur face  po ten t i a l  dec reases w i t h  h ig he r dose in the gated t r a n s i s t o r
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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 app l ying

the models correct1 y to these structures. For the normal transistor , this

new effect does not appear to be as dominant and the model may be usefu l

as defined.

The other critical parameters identified for use in hardness

assurance controls were geometry related . They determine the magnitude

(and thus the im por ta nc e) of each sur face  base curren t te rm under v a r I o u s

conditions of application and dose.

For oth er types  of b i p o l a r  structures , the same basic m e c h a n i s m s

ca n be assumed . The e f fec t s  on each type of s t ruc tu re  w i l l  depend on the
do minance of a p a r t i c u l a r  mechanism for that  s t r u c t u r e  and i t s  a p p l i c a t i o n .

The comparisons will rely heavil y on assumptions of some of the c r i t i c a l

parameters (e.g., the lateral surface emitter doping profile for p-n-p

transistors)

Estimates which are r equ i red  for  d i r ec t  app l i c a t i o n  of e x i s t i n g

models  to predic t  the  l o n g - t e r m  ion i :at  ion r espon se of bi po lar  tra ns i s to r s

are :

1) the  i n t e r p l a y  of the  ox ide  charge  w i t h  the i n t er f ac e

de n s i t y  to produc e the su r face  p o t e n t i a l ,

.~
) the r a t e  of buildup of the  un i fo rm f i e l d - i n d e p e n d e n t

and field-de~endeut oxide charge and interface density

i n bi pola r de v ices ,

3) the minorit y carrier concentration at the sur face
of the base and/or emitter , and

the effect of the gate , if any , on t he  surface potentia l ,

• i n t e r f a ce  s ta te  bu i ld-up , oxide charge or m i n o r i t y

carrier c o n c e n t r a t i o n .

These e s t i m a t e s  h av e not ) ) I ’C ~ ’ i o u s lv  been addressed by o ther  i n v e s t  i g at o r s .
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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~
• in the ba n d gap. More MOS studies may aid in determining the true mechan-

ism~s) of N generation . Needed yet are es t imates  of c r o s s - s ect i o n s  and
their dependencies (if any) on VBE and radiation . The su r face  po t en t i a 1

as a function of radiation is, of course , essential. The problem is com-

pounded by needing the m inor i ty carrier concentration as a f u n c t i o n  of

position to calculate the recombination rate , but the c a r r i e r  concen t ra t  I o n

is depe ndent on t he  r ecombina t i on  ra te .  This is needed fo r  both t h e  base

and the e m i t t e r  reg ions su t hat both n-p-n  and p - n — p  dcv ice  t vpes i I ; I \  he
explored .

Fo r the a p p l i c a t i o n  of t h i s  model in hardnes s  assurance  t e c h n i q u e s ,

the r e s t r i c t  ions are no t as g r e a t .  This is because a h a rdness  a ssuranc e

c a l c u l a t i on u s u a ll y on ly  requires  some upperbound w h i c h  a des i gner can 
. 

-

use to est m ate the  need f or s h i e l d i n g  o r other des i gn “t r i c ks ” to q u a l i f y

the desi gn fo r the sys tem.  In this report ice have  shown t h a t  (fo r n — p - n

t r a ns i s to r s )  by i d e n t i f Y i n g  the s u r f a c e  g e o m e t ry  of the  t r a n s i s t o r  e lements
i n bi pola r devices , meas ur ing  t he  base d o p i n g  t h rough  the  e m i t t e r - b a s e
breakdown vol tage , and u s i n g  t he  w or s t  case v a l u e s  for the b u i l d — u p  of U- ‘ox
an d N 55 , an upperbound c a l c u l a t i o n  is p o s s i b l e .  I t  r e m a i n s  to  form t h i s  i t l t o

a more usef u l method and to  d e t e r m i n e  in more d e t a i l  b y CX) 1C~~ i m e n t  at ion  some

o f tile assumpt  i ons  t ha t  had to be made before  ti le method could be genera l  i :ed

to p — n — p t r a n s i s t o r s  and o the r  bi p o l a r  dev ices .  Fi l l s  p rogram has t h e r e f o r e

ta ken a major s tep  to wa rd d e v e l o p in g  a ha rdness  assurance  t e c h n i que t h a t

i s  based on t he b a s i c  phy sics of the  dev ice  and i t s  i n t e r a c t i o n  w i t h  i o n i : i n g

r a d i a t i o n .
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APPENDIX A
FIELD-INDUCED DEPLETION LAYER

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

interface have been studied extensively. 
1_A6) 

Surface effects on p-n junc-

idons 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-i where we show an idealized l)lane

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.

v

~~~~~~~~~~

p

I
—

~~~~~~~

v o

E Q 
~~~~~~~~~~~ - 4~~.

- - 
.,,
,..

‘ \~~‘
.“ ‘i’ s ~ V0 + Z’PB ~~~~~~~~~~

r

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

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

negative charge wi l l  be induced in the semiconductor near the surface due to
holes being pushed away from the vicini ty 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
wi l l  then be g iven by the charge contained wi thin  th is  depletion region ,

= - qN~~ , (Al )

whe re Xd is the width of the surface depletion region and NA 
is the orig ina l

acceptor concentration. The semiconductor is originally as3umed neutral in charge .

(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 Vt,, the width of the surface depletion region icill

increase. Correspondingly, the total electrostatic potential variation in

the silicon , as represented by the bending of the energy bands ~ci ll

increase.
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For hi gh pos i t ive  gate vol tages , an inversion layer is formed . Th

width of t he surf ace de p let ion region reaches a maximum at th i s  point .

V hen the surface region of tile semiconductor  is depleted and the

charge w i th in  the semiconductor is given b y Equation (Al), integration of

Poisson ’ s equation y i e l d s  the  d i s t r i b u t i on of the e l e c t r o s t a t i c  p o t e n t i a l
in til e surface d e p l e t i o n  reg ion as

= ~ - -~
y (A:)

where x distance from the surface into the semiconductor and the surface

potent ial , 
~~ 

desi gnates tile total bending of the semiconductor energy

bands g ive n by

c~ = ———— . (A 3)
S k~~s O

The theory of surface space-charge reg ions fo r tile deple t ion  and invers ion
cases is analogous to the theory of one-sided step junctions in  a lm os t  every
detail.

The su rf ace po t e n t i a l  at strong inversion is given by ~5 ( i n v )  =

+ where V 3 
= appl ied  j u n c t i o n  po t en t i a l  and Fermi li L e n t i a l .

File surface potential 
~ 

at strong Inversion ic i 11 be l a rger  in the  i esence
of a reverse bias VR 

ani smaller in the presence of a forward app lied junction

bias V 1. .

The maximum width of the dep le t ion  reg ion is g i v e n  b y

+

X d (max) = - 

(1N ,\ 
I

The resul t  of a su r face  potent  j I l l a p p l i e d  such t h a t  ~ V3 
+ ::

is that a ‘‘ sy m m e t r i c a l ’ ’  d e p i c t i o n  l ay e r  i s  f o r m e d . i n  the case of a ‘— lype

A- 3
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th - :  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 y ields the appearance of a symmetric junct ion .

In general , the surface recombination-generation (R-G) current due

to rec ombina t ion of carr iers  in a normal deple t ion reg ion is very d ifficult

to define exactly because neither the carrier concentration nor the recom-

bination rate per carrier is constant across the depletion la er. The

carrier concentra tion for a symmetrical junction at equilibrium (solid lines)

and wi th a forward bias (dashed l ines) is shown in Fi gure A-3. lVhile the

increase in the minor it y carr ier concen tra t ion at the ed ge of the deple ti on
layer follows the Boltzmann dependence of exp (~V), the carrier concentration
at the cen ter of the depletion layer is increased by only exp (~V/2) (~V E q/ i~T ) .

Space-Char ge
° n r Layer 

~n P

n e~~
0”2 -

i ..~~~ 
..•‘~c ~~~~

•.. ~~~~~~~ 
e

n~ 
— 

~~ — = Zero vol tage
1 / ~ 

.... Forward voltage

/ \
~n0 ,~ 

‘,
~ 

t
~po

Figure A-3. The carrier concentration in the depletion l ayer with a forward

junction voltage.

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

from a rela t ion in the form ;

Iii is has the same form as the E-B deplet ion layer recombi nat ion-generat ion
term described by Larin.
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1DL 
= 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 itkT/q2~ 1 
of

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

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

vol = 
~~kT AX (Ac)

The recombination rate is tile intrinsic recombination rate per

carrier or R.. The effective carrier concentration is not the concentra-
1

• tion at the center of the gap but it is experimentall y determined to be

about halfway between the center and the edge of thejunction . The voltage

dependence of tile carrier concentrations is approximatel y CXI~ (qV
0
/ l  . SkT)

F over the regions of interest.

Thus the maximum recombjnatiori ~ciieration current in the inverted

field-induced depletion layer is

~V/l.5
1 F I DL 

= .Sq 
~~

-

~~

-- —- 
7’d A 1 

n. R . e Anips . (A 7)
max F max

where A
1 

is t u e surface area that is inverted (i.e., 
~ 

�
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APPENDIX B

SURFACE RECOMBINATIOI4

This appendix is designed only as a ma thema t ical  tool and is

intended as an aide to the  reader in developing the surface recombinat ion

term used in Section 2 from the well known Shockley-Read-Uall relationship.

Further information on the recombination-generation process is found in the

references at the end of this Appendix .

~~= q/kT ,

C = V
th °(n)’ . 1

C~ 
= Vth 0(n)’

-

n n e
S

~
VBE ~

(
~ i - 

~F 
+ V

BE)

where n = n  e = n .e
0 1

- 
~~~i

) 
~~~~~~~~ 

+

p = n . e e
S 1

- 

~
)

n n e
1 1

and p1
n .e  S

V~ 1~ = thermal velocity

a = electron cross-section
n

a = hole cross-section
p

= surface state den s i t ~-
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VBE 
= applied emitter-base voltage

= Ferm i potential

= intr insic  potential

= surface potential

trap potential

= intrinsic carrier concentration

n5,p5 electron and hole surface densities ; respectivel y.

The net surface recombination rate, U , per unit area may be

expressed as

-N C C(p n
U = ~~~ ~ p s S 1

C(n 1 + n )  + C (p1 + p5)

[ 
~~ F~~~

) - 
~~~~ i~~ F~ 

V BE +
~ s-

~ i ) 2
-N C C m e  e fl . C f l .

= ~~~ P 1~L~ 1 
_ _ _ _ _ _ _ _

F s~~~t~ i F ~~BE~~s~~i~l F t s  F~~ i~~ s~ ’i~lC I n .  e + n . e ~+ C ~n.  e + n .  en~~~i 1 .i PL~ 
1 J

2 r ~~v
= 

-N 5 C Cn ~~~~
_ Le BE 

- 1]

(CC ) 2 

E~~~~~~~~~

1
2 

~e~~~~~~~~~
t

~~+ e )+~~~~
)

~~~ e~~
(
~~

t 0s )
+ ~~~~~~~~~~~~~~

c C ~2q~ ln(L IC )
Let 
(
~J~ e ° then = e and 

~ 
= 

‘I

r -‘
I I~ A -

-N (C C 
~ 

2 n . e DC 
- 1

ss p n it h u s  Ii =
S 

~~~~~~~ 
[1:(~~.~T~) 

+ ~~~~~~~~~~ + e~~~
0 

[ t ~~~ S
) ~1 j :~~
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By rearrang ing the denominator we obtain

I 1~~V
-N (C C )

2 Ic BE 
- 11

u =  SS~~~~~~ fl ‘L_
r ~

VBET2
2 Lc05 ~~~~~~~~~ 

+ e cosh~ (~ S
_
~ F

_
~ O+V BE /2 )

The surface current is 1-. = -q U A . Thus
.3 5 5

~. F~v 1
½ q N A (C C )

2 
n .  l e  

BE 
— l~

= 
ss 5 n p  i_

~i_ 
j  AIIV~SS 

~
V E72 

1~~~

cosh~~(~ 5
_ q

t -c~0) + e cosh 
~~~~~~~~~~~~~~~~~

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

Section 2.
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A P P E N D I X  C

D E S C R I P T I O N  OF “ B U L K ”  BASE C U R R E N T  TERMS IN DC G A I N  COMPONENTS

(cc propose a physical parameter model for gain of an n-p-n

bi po la r  t r a nsi s t o r  w h i c h  segregates the transistor into f i v e  basic  cu r r en t

compol1ents. The idea l c u r r e n t - v o l t a g e  c h a r a c t e ri s t i c s  a re  der ived on

the bas i s  of t h e  follol%ing four  a s s u mp t i o n s :  ( 1)  tile abrup t  dep l e t i o n —

l ayer approximatIon , i.e. , the built—in p o t e n t i a l  and app l i ed  v o l t a g e s

are suppor ted  by a di pole laye r w i t h  abrupt  b o u n d ar i e s , and o u t s i d e  the

boundar ies  t he  s e m i c o n d u ct o r  i s  assumed to be n e u t r a l ;  12)  the  B o l t : m an n

approxi ma tion , i . e .  , t h roug hou t the  dep ict  ion la cr , the Bol t : m a r t n  r e l : it  i 0 f l s

ar c  v a l i d ;  (5) t h e  low in j  cc t ion  as sumpt ion , i . e .  , t he  iii i ected : i i n o r i t v

car r ier  de ii s i t  ics are smal l  compared wi th the  m a jo r i  t v - c a r r i e r  d en s i t  i c s ;
and (4) t h e  l et s  t h a t  no gene ra t ion  cu r r en t  exists in t h e  de p l etion la yer ,
and t he  ci  cc t r n  and hole cur ren t s  are  cons tan t  t h roug h t he  dcp le t  ion l a c r .
Tile te rm , ga in  (h 1 .) r efe rs  to the forw ard c o m m o n — e m i t t e r  t r a n s  i s tor  i n

w i t h  a r e v e r s e — b i a s  and c o l l e c t o r — b a s e  j u n c t i o n .

The f I ye m a l  or cont a i but  ions to the g.i (a Wi) i ch c an iii se r cpr e~ en t

t h e  domi  u - t a t ci e :a-e t s i n  1) no I a r m i c roc i  r cu i t s  , il re :

a~ r ec a:iI Mu tt Ion i n  b a se  l eg  en . - —

I’
h j  an  cu it t c I c i  I t crc’.’ ra j i ed t em

r
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‘c)  r e c omb in at i o n -  g e Il c r~L t  ion  in  en h i t t e r — h a s i -  d ep l e t  i on  l ay e r ,

d) eel lector-ba se .1 inlet ion leakage , —~~ -~~~~ - , and
C

e) s i t  r face  reconib i nu t  ion ,

Contributions , c t h r o u g h  e , a re s i n t l  lar  me chanis m s bu t occur
in different r e g i o n s  of the tran sist - - r structur e .

These componen t s form an exp r e s s  io n  for  gain defined as:

(C-l)hFf. 1
C 1C 1C 1C ‘C

Figure C-l describes the location of each contribution . The form
of each contribution in physical parameter terms was obtained mainl y from
unders tanding provided by Phi l l ips C_ l 

and Larin.C~~ Comparison of our model
with data provided by Blice~~

3 
and Larin~~

4 
for the pre-irradiati on condi-

tion was used to confirm the accuracy of each term .

I 4

A t ’  S r r - c t : ’ -r . 5-c
- - - electron •j r f t ,~ low

H ii: 
Figure C-i. A sche matic representation of the f ive base

current components .
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Our model for gain of a bipolar NPN planar transistor at moderate
collector currentsT is given by the following expressions for each contribution
in equation (C—l)

~RB = 

2 I
~)1) L

flh 
(—

~
:---
~

-—
~- ) (~ + (i-

~

._ _ 1

) 
(t:)
) 

(C-2a)

-
~~~~~ 

= ~~~~~~~~~~~~~~~~~~~~~~~~ (
~

—
~
-
~~ ) (C-2b)

C fli) i. pe

~‘e 
N n h

N 
________________ / 1 -

‘ C bnb n fN~.~~ \ f
’q 

~ ~nb 
n 2 \  2/3 

(1 + ~))(C_2c)

\ 2 )  
k

~~~~~~~~~~~~~~~~

’

~~~~~~~~~~~~~~~~~ )

T
CR O 

= 

~~ ~c ~~ 
11 ~) )  (C-2d)

C C 111)

F
S SO e - 

(C-2 e)
I C

r - I! I- ‘1n — - 
-

C B :!where  ‘RB = 

2 ’ 
— - e

Ii

i ,  = 
~A~DpP~~ qV 0~ / cT

- )
l/2 

e
I p

~ p

cji’ A~~~R . n
~ 

qV~~ / i  
. 5 kT

= e
- I n n

r
pQ

For low col lec to t  currents  where 
~~~ 

may a ffect tile measured va 1 ilL 01 1
the followin g e x p r e S s i o n S  U s i n g  V BE must  be used .
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q 1
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n
~ 
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y = for an \( 1\ t r a n s i s t o r  = —s-

kT “e 
b 

~B 
IlL

= ~~~~~~~~-- = in je ction ratio in base reg ion
1 + ’ )

= ~e = i n  ; - c t  ion ratio i n  e m i t t e r  reg i o ne - - -— ----- -

I +~~~ e

nh C— 6b = — —-- t o r  P - ty p e  base

RBR = base sheet resi stivit y (~2/squarc) =

i h uni foin
b ase  —

q 
~1ib 

(N~ ic 1 )  
- - - 

ii N 110 
-( ef f )  e ft — g r a d i n g

IV = width of base (inclL.iini ’ base pushout 
-

= IV +1) - ho b
N . ~ V N .( ,  ~,I 5 j  I

= — in  — - - - — — —  1) a i
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.\ v - , . — I -2 C si (. L
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~i ~ ~si 
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C-8
a, = l i n e a r  grade constant

/2 + IV
I 

~ ho’ e~~ bo I

+ 
~bo/e  )k~ N(.) [N 1) 1

in k—
~~~~ 

~~~ J

L C  J

~sl = scattering-limited velocity’ = 10 cm/Sec.

= base width (vertical in Figure C-l) without base pushout (cm)

= emitter depth to base region (cm)

k = B o ] t : m a nn ’ s c o n s t a n t  = S .hS x 10~~ ev/ °K

‘F = Ahso l u t e  t emp e  r i t  n r c  ( °k

= Area of emi tt ei- -h is e u n c t i on ( cm )

= -\reu t i  eel Iect~’r— it .hse u n e t  un (cn )

= Lmitter diffusion current into base reg ion ( Amps)  
~ 

1~ for

mode ra te  c u r r e n t s
kT
~~~bD

h 
= E lec t ron d i f f u s  ion c o n s t an t  in  base = - (cm /sec)

k F  - -

1) = Ic di I us i u H  con st an t  i n  e:.i t er = i’~ (cm~~/ s e e )

= C I cet rot mi t a t  t V c u r  i L I  ii t e l  In c  i n  b a se  (s ec  
1

nh -

1 = 1 i I . ~i l l e v e l  ‘t I : l ( ’ r i t \  C U l 1 ’ 1 C i  l i f e t i m e  in base (nec ’)

L = 1- 1 c c t r  rf l  d i  f h i s  i on len -, 1 a base re~ ion = (cmnh - k tib nia

= i t o I di f fusion i ’iig th (1 rail t t~~r = 11)Pr - , ‘ I’,—’ pei

= !ioic n o b i l i t y  i t  e m i t t e r  re gle il ( C m / V - S L c )

a = Electron inob i l~~t ’ -  i i i  b;t -.e rec~io11 ( L i i  / v — s e c )nb . -

= I m p n r  it 
~ 

cone a n t r : t t  i o n  i n  t in  i f o r m  b a s e  ( c m

N 1. = i m p u r i t y  c o n c e n t r a t i o n  i n  un i fo r m  emit ter (em~~~

N 1
; = C o l l e c t o r  den o r  i m p u r i t y  Laucen t ra t  ion ri~~suine d u n i  fern : ) (cm ~~ I

= Intrinsic ca rr t , ’r concen t i ’ ,M i o n  = 1 .~~ x 10~~ cm
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n = Majority electron concentration in the n reg ion (cm
3

= Minority electron concent rat ion  i t t  b a se r eg ion  at
1- _ 3

~cqui libri um (cm i = n. 
~ / N

B
T

DO 
= Extrapolated norm al di f f i t s  ion current lA mps )

Forward b iased  d i f f u s i o n  current (Amps)  l
~

= Width  of the emi t t e r -base  d e p l e t i o n  l a y e r  ( c m )

- 3 / ~~~ o
t B N \ 2  -— 3. o x 10 - - — - —  tor III) ! i u i ’:i h i t  s i

= — I n  

~ 
w h e r e  1 1)0 = = 

q A 
~nb n .

q ~~ IV}) 
~B

= h i dth of t i le  b a s e — c o i l  e c t o r  d ep i ct  ion l a y -er  (cm)

N , = lnt~ ir1S ic carrier recomb i nut ion rate sec

= ~~ ln(  
fl

n )  (volts) = ~i ~~~~ 

N)~~ 
(volts)

The terms i n  each part  of e q u a t i o n  (C-2) represent tile in j ection

level dep endencies . Even thoug h a term may not show I~. direc tly, the term s

include the I~. dependence. Tile expression for ~ could be substituted into each

part of equation (C-2) but it was f e l t  that  it would be more ins t ruc t ive  to kee l)

the injection ratio depe ldencies separated so that their ori g i n-s could  r e ma in

identifiable. Base pushout (L
~
Wb) 

technique has a limiting condition 01) itS

validity vs. ‘C 
to take into account the different collector thicknesses

whe n ep i t a x i a l  processing techni ques are used .

The facto r in equation ( C — 2 a ) ,

(1 + 

~~~~~~~~~~ 

— 1) :)
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is used to correct the I f l i f l O r i t ”  c a r r i e r  l i f e ti m e , , for its injection

dependence. It is determined from point defect statistical capture consid-

erat ions .

‘the model includes h i g h injection effects and base pushout ( K i r k

Effect) but does not include ther effects directly in  t he m odel  such as :

— emitter crowd in

— a ta lL Ied bast -

- cout ribut ion due to surface effects ~
1cBo and

S
Saturation and inverse gain have not been addressed here.

The two sets of data  used for ve r i f y ing  our model were obtained

from Larin and Blice (See Table C~~l ) . ~~~
2
~~~~

3

- . 
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Tabl e C—l : Data used for comparison with Lar in and Blice .

Lar i n s  2N1613 Bl ice ’ s 2N2 222
Parameter Value (NPN) Value (NPN)

We 4 x 10 4 cm 2 x 10 4
~~m

Wbo 2 x l0~~ cm 2.7 x 1O~~ cm

7.5 x 10~~ cm 4 x l0~~ cm

NE 3 x io 18 atoms /cm3 2 x io18 atoms /c m 3

NB 5 x 1016 a toms /cm3 9.5 x io 16 atoms~’cm
3

N0 1.5 x 10~ atoms /cm3 7 x 1Q~ atoms/cm 3

‘pe 1 x io
_8 

sec 1.35 x io 8 sec

Tnb 1 X 10 sec 6.65 x l0~ sec

Ae 1 x lO~~ cm2 2 .9 x l0~ cm 2

Ac 4 x l0~~ cm 2 1.13 x 10~ cm 2

R~ 1.5 x 105/sec 3.7 x 105/sec

1.5 x 1010 carr iers / cm 1.5 x 1010 carriers /cm

n~0 4 .5 x 10~ carr iers /cm 2.3 x ~~ c a r r i e rs/cm

3 x 1018 carr iers / cm 2 x 10~~ carriers /cm

1.  6.7 x io 6 sec 6.7 x io 6 
sec

C r )  
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Table C—i :  Data used for comparison with La rin and Bl ice. (Cont ’ d )

Larin ’ s 2N1613 Bli ce ’ s 2N2222
Value (NPN) Value (NPN)

Parameter

1.66 x 101 cm2/sec 1.4 x 101(Note 1)

Dpe 1.95 cni2/sec 2.34 (Note 1)

Lnb 1.28 x 10~~ cm 3.1 x

Lpe 1.4 x 10~~ cm 1.8 x 10~~

Xeo 1.6 x 10~~ cm 1.1 x 10~~
RBB 2.2 x ~~ 7.4  x 1O~
0nb 6.4 x iü 2 cm2/volt-sec 5.4 x io 2

~
‘pe 7.5 x 101 cm 2/volt-sec 9.0 x 101

3.2 x 10~~~ cm 3.9 x 10~
1so 1 x ~~~~ 3.1 x 10

_ is

0.5  0.5 - (estimate)

~oe 0.886 0.894

Note 1. Ref. C-14 and C-15 refer to a modification in the di ffusion
cons tan ts d ue to e lec t r i c f i e l ds for  hi gh fi el d int en-
s i t i es . We assume i n th i s model t ha t the fi el d s re qu i r e d
for this effec t to 1 be siqnificant are not present and
therefore Phill i ps can be used to determine diffusion
constants from mobility and impuri ty concentrations.

c-9
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Larin supplied in detail the phy s i c a l  1)arame te’r values used in his disc uss ions

which corresponded to a refeaence transistor with si:e intex-n .cdiate between

small switching transistors and large potc er t r an ~ isto rs cor iespondin g  to
device types such as 2Nl613 , 2N1893 , 2NiEr , 2Nl 7ll , 2N3439 and 2Nl2~ O.

Most experimental data used by I .a r in  ‘r a n for tile 2N1613 . Pot- Blice , a dif-

ferent set of data was u’~c-d and  app l ied  to  a d i f f e r e n t  forn i of :t t r t i s i s t o r

model. Some of the  values used lay Bi ice were  e s t imated  f ron t  the referenced

repor t .  Both conip ar i  SOI lS s hou l d  agree  i n  t e rms  of t h e  s l ope  for e,i :i l  co i l -

t r i b u t i o n  versus  c o l l e c t o r  c u r ren t  and t u e  r e l a t i v e  c o n t r i b u ti o n  f r o m  - i t c h

term.

‘th e conI J ’ a r  i son of til e model 
~ re st  I lt ed in this report in equat ion (C—2

wi til Larin ’s data is shown in l igure C-2 . Each contribution has a similar slope

and relative placement in magnitude . The only - variation of our model  f r o m
T[) i’ , H

Lar in ’ s data is tile h i g h  injection e f f e c t s  for — . Tills increase in
IC IC

for hi gh injection in Larin ’s data ii dut to emitter crowding. Emit ter

crowding has not p r e v i o u s l y  been exp l i c i t l y  L i t - f i n e d  in terms of p h y s i c a l

parameters , so this a d d i t i o n a l  compl exity w i l l  he d i s c u s s e d  q u al i t a t i v e l y

in a separate section .

For Bl ice ’ s transistor , the re1~tt ive importa nce of t h i
II)

contribut ion compared to the contri ’ ut ion is reversed i or:i lari n ’ s~
‘C

l’h is reversal , shown in H ~urc C— 3 , is  iii so predicted by- our model s i n c e d i i  —

ferent  phys ica l  parameter  v a l u e s  were used by Blice t h a n  by [arm . Our

model appears to be in good agreement with the most recent comparison s

and models of Mice except for a constant factor on I~~ / I~~. Since some

of the values that BI ice used are nu t  g i v e n , t h e  source of this cr,’flst ant

C-b
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could not be i,rt ert r ified . The and T-!~- terms also compare in slope

~
except at very hi gh injection level. ‘l’iie -i--—- term for Blice turns up

‘ilL
sooner tiian our m- ~- i 1 c l .  A l s o  t h e  -

~~

— term in B l i c e ’s model decreases

sublinearly nt hi gh injec tion c - b i l e  ouc model decreases superlinearl~’.

Both of these discrepancies occur near the point when the models beg in to
break down and could be til e result of tile assumptions used in t h i s  u n k n o wn

area.  This  is i n f l u e n c e d  by emi t t e r crowding .

Emit ter Crow di ng

The cons truction of an ep it - ix i al bipolar transistor usuall y re —
qui res that the b ase Cc atact be positioned at the surface of tile 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 reg ion under the emitter produces a voltage

gradien t over this base reg ion . The naxi num potential occurs furthest - 
-

from the base contact. If the external e m i t t e r  bias voltage is assumed to

be applied un i formly over the entire base-emitter junction , tiler ) t h e effect

of the internal base v o l t a g e  is  to produce  a n et junction potential that

decreases from the  p e r i p h ery  ed ge to the  cen t e r  of the  e m i t t e r . The h i g her

edge forward potent i a l  causes  a crowding of the injected emitter current into

tile perip hera l areas of th e emi tt er w e l l , thus an effecti ve reduction in

t h e  active cross-sectional area. The interllal base bias may be such that

the inj ected can - i c - c density in tile cellter of tile cmi tter junction may be
C-b

pr a c t i c a l l y- zero . S ince  the inje ction ratio , ~~, for a giv en current is

dependent on the act ive cross- sc- ct ional ar c - a , A
~
, a reduction in A increases

~ and thus for t he same J Ofl N i gures C—2 arid C—3 , t he  dependence would be

s t r o r i g e l -  (at high inject i o n ) .  The only term in that depends strong ly
I i)

on ~ for turn—ui) at hi gh is -i—-— . The other terms are  o n l y  w e a k l y

0-13
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dependen t on a decrease in A~ . Therefore emitter crowding will make  the
I I  I ,

te~~i increase at a lower J . Larin ’ s da ta for includes emittere

crowding which used measured ‘BE 
- characteristic for a t~pica l t ran-

sistor. 
—

Grade d Base

In a graded base structure an electric field is established in the

base by the majority carriers to maintain space charge neutral ity . The effect

of a graded base is to effectively increase the diffusion constant [)
nb

In tile -~-~2- term there is also  ano the r  factor  which is dependent on the
C C- 12

grad ing  of tile base.  This term is ç~c~ lc
b
) . Actuall y this terra was ob tained

for a un i form base fr -on the genera l  expression

f
h h

J N(x) dx
0

For a l i n e a r  g r a d i n g  p r o f i l e , t h i s  t er m 1/2 -
~~~~ 

1’b The approxima t ion
that can be made for graded base is therefore to divide each) contribution

in the gain equat ion b y- sonic factor > I.

The r esu l t s  of the pre-irradiation comparisons of our model with

Lar in  and M ice  were  ver -y good in t ila t  each) model  i n d i c a t e d  t i le  same rela-

t i ye contribution to tIre gain and the same dependency Oil I~; . Ear in ’

abso lu t e  v a l u e s  compared more f avor a b l y  t han  B l i c e ’ s .  T h i s  was due to a

i l ig her  c o n f i d e n ce  in  es t a b i  i s h in g  the  a c t u a l  va lue s  us ed 1’> ’ i,ar- in.

C-14
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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 pllysical parameters for both low and high injection .

C-i 5
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AP PENDI X D

LO NG TERM I O N I Z A T I O N

\ m aj o r  f a c t o r  in the degradation of g a u l  of bi polar transistors The to

effec ts of long terra ioni:ing radiation is the creation of electron—hole pairs

= i n  the passivat ing ox ide layer over the pir juliet ions and subsequent trapping

of a fract ion of tile holes at the oxide—silicon irlter ~ rrcc. In an npn transis—
- tor , ho les  are trapped at the interface in the base region . In  aJdition the

- s u r f a c e  s t a t e  t r ap  density is inc reased i n  t h i s  reg ion.  Tile r e s u l t a n t  ch a n g e

in sur face  p o t e n t i a l  increases  the sur face  recombination v e l o c i t y -  thereby

providing a sink for base current.

In the  present program , IRT ) l a s  c a l c u l a t ed the o x ide f i e l d  due to fringing

of the  j u n c t i o n  f i e ld , t h e  e f f e c t i v e  genera t ion rate of holes  in the ox ide

under  i r r a d i a t i o n , the  t r a p p i n g  of holes  at the i n t e r f a c e  arid t i re  c r e a t i o n  of

- in ter face  s tates , and the  r e s u l t a n t  change  ill sur face  p o t e n t i a l  of the  silic on
- 

as a f u n c t i o n  of d i s t a n c e  from t h e  geomet r i ca l  j u n c t i o n .  Calcu lations have

bee n made for r ep re sen t a t ive  device  d imens ions , junction biases , an i h o le and

i n t e r f a c e  s t a t e  ge ne ra t ion  ra tes .
The nature of these calculat ions and the r e s u l t s  are descr ibed  in a fo rm

sui table for inclusion as an appendix to tile ~IRC report Oil t h i s  p r o g r a m .

I
I 
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A P P E N D I X  D

ELECTRIC FIELDS AND SURFACE POTENTIALS AT OXIDE—SILICON INTERFACE

U-i INTRODUCT I ON

The surface recombination r a t e  depends on the s u r f a c e  p o t e n t i a l

(relative to the bulk) wh i ch , i n  t u r n , depends  on the e l ec t r i c a l  field

norma l t o the interface . In this Appendix , e s t i m a t e s  are made for  these

s u r f a c e  e l e c t ri c  f i e l d s  and p o t e n t i a l s  i n  the t rans is tor  base reg io n (I)

due to f r i ng ing of the emitter —base junction fields near where this junction

intersects the si l  i con surface and (2) due to the oxide charge and inter lace

states that resu lt from radiation . The methods of calc ulating the fields

and surface pote ntials before irra diation are discussed in Paragraph V. 2 and

the effect of radia tion is considered in Paragraph V . 3 .

0.2 ELECTRIC FIELDS AND SURFACE POTENTIALS BEFORE IRRADIATION

The following is the method used to obtain the norma l electric fields

and surface poten tials at the interf ace before irradiation.

The configuration for which the elect ric fields ~-iere determi ned is

shown i n  Figure V— i in which a se m i — i n f i n i t e  slab of sil i c o n  with dielectric

con s tan t K
2 

is in con tact along the X—ax i s w t h  a sei-~i — i n f i n i t e  slab of

Si 0
2 

with dielectric cons tant K 1 . A step pn junc ti on is taken along the

y—a xi s ~n the silicon with the posit ively charged depletion regi on w i t h

uniform charge density ~ ex t e n d i ng from O< x- a and the negativel y charged

reg ion ex tend i ng from —b - : x- 0.

The elec tric field at any point is i n i t i a l l y c al c uIa t -~d by r r eç lc ctin g

the presence of the two media a i t h  differen t d i e l e c t r i c  constants and by

in tegrating the fie l d equation over the entire charge d i s~~rir ~u tion . T ’ c-

prese nce of the interface between t ao  reg i ons w it h  diff e rent d i e i e c t r i c

c o n s t a n t s  is then accounted for by use ot  the method of : d c r c - s .

D- 2
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From Reference D-l, the e lectrostatic potential inside and outside a

so l id  die lectric cy linder of in f i n i t e  length due to a line charge of strength

q per unit length located outside the dielectric cylinder and parallel to ita

ax i s i s  g i ven by the following set of image c h a r g e s .  The potential ins de

the d i e l e c t r i c  cy l inder  is jus t  t he potential due to a lin e charge of

strength 2q/ (l+K) located at the position of the rea l charge. Here K is the

ratio of the diel ectric constant of the cylinder to that of the surrounding
med i um . That is ,

= 
2q in R

i n s i d e  fi+K) 2 nK
2
c

whe re e is the permittivit y of free space and R is the radial distance

from the real charge.

On the other hand , the potential outside the cy linder is the sum of the

pote n tials from three line charges , (I) the rea l charqe at its norma l pos i-

t i o n , (2) an effective charge {q(l-K)/ (1+K) ] located at the inversion point

of the real charge (i . e . ,  at a2/ r0 from the center of the dielectric

cy linde r of radius ‘ a ’ wi th the real  charge a t r0) , and (3) an effective

charge {-q (l-K)/ (l+K) ] located at the centerline of the cy linder. For all

of these potentials , the dielectric constant to use is the dielectric constant

(K2) of the surrounding medium (Si), not the die l e c t r i c  cylinder (S10
2
).

The effec t of the cy l i nder ’ s d i e l e c t r i c  constant enters in throug h the

parame ter K.

For sem i - i n f i n i te planes , the same image procedu re can be used except

tha t the effect ive charge at the orig i n  [-q (l-K)I (l+K)] ca n be i gnored

because it recedes to in f i n i t y  when the cy linder is transfor --ed into a p la ne.

This charge a t i n f i n i t y  w i l l  be canceled by an equal and opposite charge at

at  i n f i n i ty beca use we w i l l  always be deal in g ~-~i th  equal and opposite real

cha r ges i n the S i . A nother difference for a pla nar geome t ry is that the

image poin t is the same distance from the plane as the rea l charge.

Equa tions fl-I and 0-2 give the compon ents of the electric field

in the silicon and in the oxide bo th parallel (x) and per o end i cular (y)

to the inter face for the assumed charge di s t r i b u t i o n s  and confi guration

shown in Fig ure 0-1 .
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r 2 2 2 2I x + y  a x + y
+ x~ log 

2 2 
+ log 

2 2
L (a-x) + y (x+b) + y

2 2(x+b) + y
- a log 2 2(x-a) + y

I” the oxide (y > 
~~~

) A = 1 and in the s i l i c o n  (y < G )  A = K .

The above fields are however not correct for the physica l problem

because the fields in the bulk of the Si are not zero , as they should be.

In a rea l 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 , wh i ch produces just enough net charge in the silicon at the

interface to terminate the electric field lines and shield the bu lk 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

e 1 ec~ ri c field. The local surface charge density was taken as

= 2K
2cE/ [2/(l+K ) )

e;iiert ~ E is the loca l norma l electric field in the silicon at the inter face ,
y
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the factor in the denominator is due to i mages , and the ini t i a l  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 E
y were unifor m to infini ty , this —

correction term would be exact. However , because C is not un i for - , it isy
onl y approximately correct. No surface charge is added in the depletion

region of the junction because that area is alread y full y dep leted and no

additional space cha rge can be developed.

The total electric fields are now due to the ori g inal dep letion reg ion

(Eq. Di and 1)2) and a spatiall y vary ing negative surface charge density on

the p side of the junction and a pos itive surface charge dens i ty on the

side . A simple computer program was written to eva l uate Eq. Di and D2,

to determine the required surface charge density o, and then to ca l culaL e the

effect of n on the electric fields . Care was taken to make the total

positive and negative charge on either side of the junction due to a

exactl y equa l to each other and to use a sufficiently large latera l dis-

tribution of a so that the fields in the reg ion of interest were hard l y

affected by te rminating the integration at a finite distance .

The results of this calculation indicate that t his first-order

correction did a good job of reduc ing the y components of the clectric

fields in the bulk silicon essentiall y to zero , but it produced a re l ativ e i ’,

sm al l x component of the field in the silicon . In pr i nciple , one could try

some addi tiona l correctio n to try to further reduce the fi elds in the

bulk of the silicon to zero . However , since the norma l electric field s

near the interface are the main fields of interest for this anal ysis and

since this first-order cor rection seems to be adequate for these fields ,

no additional iterations were attempted.

The surface potentials as a function of the norma l electric field at

the surface are shown in Figure D—2 .

The surface potential q 5 of the silicon as a function of the norma l

electric field , E , in the sil i c o n at the interface is deter mined by

integration of the appropriate one-di m ensional Poisson equation from the

bulk of the silicon out to the surfdce and is g iven by the followi n g

relation (Ref. D-2).
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where V = , L~ is the i n t r i ns i c  Debye length for holes = [2K 2
e /qp , ] h / 2 ,

and n and p a re  the equilibrium bulk concentration of holes and
~0 17 -3electrons.  Figure D-2 shows th is  re la t ionsh ip  for p = 2 x 10 cr1 and

for a surface field in the direction which will take the sur face to

dep le t ion  and subsequent ly  i nvers ion .
Also shown in Figure 11-2 is the effect of inclusion of surface states

wh i ch se rve to terminate a fraction of an exter nally applied electric

f i e l d .  These surface states are taken to be acceptors (neutral above the

Fe rmi leve l and negat ive  below ) in the u p p e r  half of the band gap, and

donors (positive above the Fermi l eve l and neutral be l ow) in the lower

half of the b a n d  gap. The surface state density is assumed to be in-

dependent of position in the band gap.

From t h i s  f i g u r e  one may determine the s i l i c o n  surface potential for

any g i ven oxide su rface field E = E .1K and su r face s t a t e  densit y Dox Si ss

1)... CHANGE IN ELECTRIC F I E L D S  AND S U R F A C E  P O T E N T I A L S  DUE TO R A D I A T I O N

The holes that are generated i n  the Si0 2 by the ionizin g radiation

w i l l  be swept toward the interface between the Si0
2 and the p silicon

(base reg ion for the presen t N P N  devices) by the electric fi elds descr ibe d

in Section 1)-2 , and some of the holes w i l l  be trapped at the interface.

The electrons from the Si 0
2 

are drive n by the electric fields to-ward thc

n emitter , which they enter . They then p roceed to the p base where tney 4

annihilate the holes that escaped from the Si 0 2 or ter m inate the electr i c

flux lin es from the trapped ho l es in the oxide. Thus , to first order ,

the effect of the radiation-induced charne is jus t a local increase in

the electric field across the inter face (eudal to C -- /K in tae
y h 2 o

silicon , where 
~h 

is the surface density of trapped holes~ , and the ‘e ’as

in the bulk of the oxide are uncb~ nged. Of course , the re are second arde r

effects that have not been considered here because the- ,- are n e l iev ed to he

unimportan t for this study .
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The surface density of trapped holes per un i t 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 recomb ination , which is a function of the

electric field in the oxide.

Estimates of the effec t of geminate recomb i nation on the survival rate

of holes can be made from measurements on charge carrier transport in the

ox ide  of MOS capacitors (Refs . [)-3 , D-4), Be l ow electric fields of about

106 V/cm the surviva l rate varies between 3.5 and 7.5 x l0 7 (V1cm)~~~.

From the work of McLean , Boesch , and McGa rrit y (Ref.D-5), (also on MOS

capacitors with clean ox i des) we estimate that at room temperature 9?~ of
the holes reaching the interface are trapped there . Consequently we take

for the fraction of i n i t i a l l y generated holes which are trapped in the

oxide at the interface the va l ue 6 x 10 8 (V/cm)~~ . Using this va l ue and

the gene rally accepted value of 18 eV needed to i n i t i a l l y create an

electron-hole pair with radiation (Ref. 13-6), we can determine that the

oxide interface charge generation rate is 7.77 x 10 18 coul/cm 2-rad-(V/cm )

in 1 urn thick oxide .

We also assume that interface states are produced by hole motion

to the interface , rathe r than by direct interaction by the irradiation

(Ref. D-7), We have assumed , somewhat arbitraril y, 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 electr ic 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 ; consequent l y the

oxide field does not vary with dose . The thickness over wh i ch holes are

collected is taken as the oxide thickness times the secant of the average

ang le which the electric field makes to the norma l to the interface. The

electric field , which determines the fraction of holes escaping ge rn inan t

recomb ination , is taken as the average of the f ield at the inter face and

D~ g



at the point at which the ave rage field direction intersects the outer

s u r face cf the oxide.

The variation of surface potential as ~ t u nct i or of Oistanc e fro--

the junction , at various values of total d050, is ~nown in H9u re 1)—~~,

for z’~o bias across the base emit t w  u nctio - , and in F~~y u re 13 - 2 fo~
V BE = +0.5V .

A c al cuia t i on was also made of the m agnitude of the fring i ng field

~‘ oin the collector—base junction in the v i c i n i t y  of the €-~ itt r -r — ba s e ju e cli on

for = — b y  and an emitter—col l ector separ wtion of ll 5 ~ m . This field

was found to be neg l i g ible I 2~
/) conpa red to the f i e l d  from the em itter—

base junction.
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APPENDIX E
RECOMBINATION CENTER EFFECTIVE CONCENTRATION

For a reverse-biased deple t ion surface area wi th sing le-level cen-

t e r s , the  generation rate per unit  area , U 5 , may be e.-:pressed in terms of the

Shockle y-Read-I la l l  recombinat ion-generat ion theory and given by:
E l

C V N
— 

sn sp th ss 1
s 

~~~ 
exP
[~

(E t 
- E.)~ + 

~~~ 
ex~~[~

(E. -

where N
55 

is the number of sing le-level surface recombination-generation

centers per unit area, a and a are the cent crs capture cross-sect ions for
sn sp

electrons and holes respectivel y, Vth is the thermal velocity, ~ = c1/k’F , E.

is the intrinsic energy leve l , and ESt is the center ’ s eneruv level. If we

assume that the center energy Est = N 1 and that = = a then :

U = a  V n . N
s s th i ss

For a uniform energy distribution of the center , 0 ,  w i t h i n  t h e

forbidden band gap , the generation rate becomes:

r ’ v d E st
= 0sn 0Sp ~th  D 

~~~ 
exp 
[~

(E
~~ ~] + 0

Sj ) 
ex l )

[~ i~~~~~~t ]

where  L ) ~~ (c c i i t c r s/ c m - eV) de s i  u n a t c s  the  d e n s i t y  of s u r f a ce  cen t ers nifu nnlv

spaced in the  onergy  gap be tween  l~~ and N . ( t he  v a l e n c e  and conduct  ion b a n d s )

respect ive  1 y

E—1
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If we let x = N - E., then dx = d E and we haveSt 1 St

E -N .

u = a  a V 0 
~ dx

s Sn sp th ss + ~J Sfl sp

E -E .d 1

I ~x/C \
‘2

= a a V D n . 1 
~ 

tan~~ le ( — ~~sn sp th ss i 2 
~(a a~~~) 
~ i i n t i t s

~xi 0  ~~ 2

but tan
_l 

(e ~~~~~ )
~ 

-=�-
~5~~ / l imits

U = o  a V D n . JJ_-
1ft~i 

1
5 Sfl Sp th ss i 2 q 10 asn sp

U5 
= (0~~G~p)

2 v~1~ ~~ 
T

Unde r t h e assumpt i o n tha t  a = a = a , t h i s  ex p r e s s i o n  become s:Sn sp S

- hi -
U 0 \  n . —s s th i .q  ss

thus !.~J~i L) .\
2q ss ss

This indicates that the pri1~ci~~al c o n t r i b u t i o n  to r e c o m b i n a t i o n —

generat i on process is due to the surface states centered around the  i n t r i n s ic

energy of the gap.
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