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Abstract　 In o rder to derive analyt ical models of m ino rity carrier transpo rt in quasi2neu tral

base region of advanced b ipo lar transisto rs, a new in it ia l condit ion is p ropo sed fo r ach ieving a

reasonab le accu racy by the first iterat ion. T he b iggest rela t ive erro r up to e2b junction b ias of

0. 96V reaches 4. 9% fo r co llecto r cu rren t density and 1. 75% fo r base transit t im e in a w ider

range of base w idth (such as 50～ 200nm ) and peak base dop ing concen trat ion (such as 6×1017

～ 8×1018cm - 3). T h is model is valid at any in ject ion level befo re the onset of K irk effect, and

fo r arb itrary base dop ing p rofiles.
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1　 In troduction

A successive sca ling dow n of fea tu re p rocessing dim en sion has g iven rise to a seria l of

varia t ion s in m anufactu ring techno log ies[ 1 ] , device and circu it st ructu re [ 2 ] , and m ino rity

carrier t ran spo rt m echan ism s of b ipo lar t ran sisto rs[ 3 ]. A fu rther im p roved m odel fo r the

m ino rity carrier t ran spo rt in quasi2neu tra l base reg ion is essen t ia l to design and fab rica t ion

of the advanced b ipo lar devices and circu its. A nalyt ica l m odel can p resen t tw o advan tages

over num erica l so lu t ion s. T he first is p laced on im p roving com pu ta t iona l eff iciency m ean2
w h ile m ain ta in ing a h igher m odeling accu racy. A no ther is focu sed on facilita t ing physica l

in sigh t in to the m ino rity carrier t ran spo rt. Fo r CAD pu rpo se, a sim p lif ied com pact m odel



shou ld be estab lished, so tha t the fo rm er m u st be em phasized. In fact, a con siderab le ef2
fo rt has been m ade to ob ta in clo sed2fo rm analyt ica l exp ression s fo r m ino rity carrier cu rren t

den sity and base tran sit t im e in the base reg ion [ 4～ 7 ].

W ith in the fram ew o rk of drif t and diffu sion app roach, the adop ted assum p tion s have

concretely been dem on stra ted [ 6 ]. W o rthy to be stressed, as device structu ra l d im en sion is

fu rther sca led dow n, the dependence of m ino rity carrier m ob ility on electrica l f ield in the

base reg ion becom es lit t le neg lig ib le [ 8 ]. T h is effect has been taken in to accoun t in the p re2
sen t ana lysis.

W hat th is sub ject concern s concen tra tes on how to trea t a t radeoff betw een the m odel2
ing accu racy and the com pu ta t iona l eff iciency so as to derive accu ra te, yet rela t ive sim p le

analyt ica l so lu t ion s by m ean s of itera t ion p rocedu re. In th is paper, a new in it ia l condit ion

fo r the itera t ion is p ropo sed. Com pared w ith the p reviou s w o rk, an accu ra te, m o re sim p li2
f ied analyt ica l so lu t ion is ob ta ined. T h is a t tem p t can largely im p rove the m odeling com pu2
ta t iona l eff iciency.

2　Rev iew of Prev iousW ork

Fo r P type base reg ion, the electrica l f ield E (x ) , the cu rren t den sity J n and the elec2
t ron p rofile n (x ) can respect ively be exp ressed as[ 5 ]:
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w here the boundary condit ion n (W b) = J nöqv s is taken, W b is the base w id th, v s is the sa tu2
ra te velocity a t b2c junct ion and q is the electron charge; V T is the therm al vo ltage; D n is

the electron diffu sive coefficien t; n ie is the effect ive in trin sic carrier concen tra t ion; N B (x )

is the base dop ing p rofile; V BE is the e2b junct ion vo ltage drop. T ak ing the electron m ob ili2
ty as the funct ion of N B and E

[ 9, 10 ] , the itera t ion s am ong eqn s (1)～ (3) can begin a t a su it2
ab le in it ia l condit ion fo r ach ieving the accu ra te, yet rela t ive sim p le itera t ive so lu t ion.

Severa l typ ica l papers are review ed so as to select the m o st su itab le in it ia l condit ion

fo r the itera t ion p rocedu re.

　　 (A ) Con sidering the dependence of the m ino rity carrier m ob ility on the field, the iter2
a t ive analyt ica l so lu t ion s fo r the co llecto r cu rren t den sity and the base tran sit t im e are p ro 2
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po sed at low in ject ion as the in it ia l condit ion [ 5 ]. A cco rd ing to eqn s (1) , (2) and (3) , the

in it ia l condit ion can be w rit ten as[ 5 ]

EL (x ) = F E [0, 0,D nL ] (4)
J nL = FJ n [0,D nL ] (5)

nL (x ) = F n [0, J nL ,D nL ] (6)
T he th ird itera t ion arrives a t a h igher accu racy.

(B ) Based on the pertu rba t ion theo ry, a lso includ ing the field effect on the m ino rity

carrier m ob ility, an accu ra te ana lyt ica l m odel is ob ta ined a t the in it ia l condit ion [ 8 ]:
J n2 = J′nL f W (7)
n2 = n′L f W (8)

w here, J′nL and n′L is respect ively sligh t ly d ifferen t from J nL and nL , and can be ob ta ined

by litera tu re [ 8 ]; f W can be exp ressed as

f W =
1

1
2

+
1
4

+
n2

ie (0)
N 2

B (0) exp (
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V T
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(9)

A lthough the derived resu lts a re too com p lex fo r p ract ica l app lica t ion, the in it ia l condit ion

is st ill u sed in the p resen t ana lysis fo r com paring w ith the new p ropo sed in it ia l condit ion.

(C) R ecen t ly, ano ther ana lyt ica l m odel is p ropo sed by u sing the fo llow ing in it ia l con2
dit ion as the accu ra te so lu t ion s[ 6 ]:

J n3 = FJ n [n (0) ,D nL ] (10)
n3 (x ) = F n [n (0) , J n3,D nL ] (11)

T he m ajo r lack resu lts from neglect ing the dependence of the m ino rity carrier m ob ility on

the field. In the p resen t ana lysis, th is in it ia l condit ion is a lso em p loyed so as to com pare

w ith the new in it ia l condit ion.

(D ) Fo r un ifo rm dop ing p rofile, neg lect ing the field effect on the m ino rity carrier m o2
b ility, the accu ra te so lu t ion s are p resen ted by u sing the sim p lif ied in it ia l condit ion [ 7 ]:
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In the p resen t ana lysis, th is in it ia l condit ion is developed to fit to arb it ra ry dop ing p rofiles

in the base reg ion and include the field effect on the m ino rity carrier m ob ility.

3　 Im proved Ana lytica l M odel

A vita l a im to th is paper is to ob ta in accu ra te, yet rela t ive sim p le analyt ica l so lu t ion s

by m ean s of find ing the m o st su itab le in it ia l condit ion fo r the itera t ive o rders as low as

po ssib le am ong eqn s (1) , (2) and (3). In o rder to ex tend sect ion (D ) of part 2 in to arb i2
t ra ry base dop ing p rofiles, eqn s (12) and (13) are re2w rit ten by
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W b

D nL (W böe) +
1
v s

[2 -
N B (W böe)

n (W böe) ln (1 +
n (W böe)

N B (W böe)
) ] (14)



n4 (x ) = n (W böe) -
n (W böe) -

J n4

qv s

W b
x (15)
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and e is the base of na tu ra l logarithm s. In stead of eqn s (12) and (13) , the arb it ra ry base

dop ing p rofiles are em p irica lly handled by u sing an effect ive dop ing concen tra t ion a t W böe

in eqn s (14) and (15). Eqn s (7) and (8) are ob ta ined by im p roving the low in ject ion so lu2
t ion s. Eqn s (14) and (15) are go t ten by m odifying the un ifo rm dop ing concen tra t ion. In

genera l, the influence of the dop ing p rofiles on the accu ra te so lu t ion s is sm aller than the

b ias varia t ion s under the h igh in ject ion. T herefo re, eqn s (14) and (15) shou ld have a

h igher ca lcu la t ion efficiency than (7) and (8). T h is can be cert if ied in the com parison w ith

the num erica l ca lcu la t ion.

T hu s, the new in it ia l condit ion is ach ieved by
E new = F E [n4 (x ) , J n4,D nL ] (17)

J n2new = FJ n [n4 (x ) ,D n2new ] (18)

nnew (x ) = F n [n4 (x ) , J n2new ,D n2new ] (19)

Sub st itu t ing eqn. (19) in to eqn s (2) and (3) , the first itera t ion w ou ld reach a h igher accu2
racy in com parison w ith the num erica l resu lts[ 5 ].

4　Com par ison sW ith Num er ica l Ana lysis

In o rder to test ify the va lid ity of the im p roved analyt ica l m odel, the rela t ive erro r as2
socia ted w ith the ex isted and im p roved analyt ica l so lu t ion s com pared to num erica l resu lts

is p ropo sed by

erro r% = 100× num erica l - analyt ica l
num erica l

(20)

w here the num erica l so lu t ion s can be ob ta ined by a convergen t itera t ion [ 5 ].

Fo r m odern b ipo lar t ran sisto rs, narrow base w id th and h igh peak base dop ing concen2
t ra t ion can be ach ieved [ 1, 2 ]. T hereby, a w ider range of the base w id th (50～ 200nm ) and

the peak base dop ing concen tra t ion (6×1017～ 8×1018cm - 3) is cho sen fo r a deta iled ca lcu2
la t ion.

Con sidering the dependence of m ino rity carrier m ob ility on the field and runn ing the

first itera t ion based on differen t in it ia l condit ion s, F ig. 1 and F ig. 2 respect ively p lo ts the

co llecto r cu rren t den sity erro r and the base tran sit t im e erro r as a funct ion of e2b junct ion

vo ltage, w here a seria l of m ark s (a) , (b) and (c) respect ively covers the typ ica l va lues of

the base w id th and the peak base dop ing concen tra t ion. Besides, severa l com b ina t ion s of

the base w id th and the peak base dop ing concen tra t ion such as 50nm and 6×1017cm - 3, and

200nm and 8×1018cm - 3 are a lso included in the ca lcu la t ion. T he concern ing figu res are no t

p resen ted in th is paper fo r the sake of sim p licity. In the figu res, the‘in it ia l condit ion 1’

rep resen ts the im p roved analyt ica lm odel , the‘ in it ia l condit ion 2’does Suzuk i’ s resu lts[ 8 ]
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(a) (a)

(b) (b)

(c)

F ig. 1　Co llecto r cu rren t density erro r as the func2
t ion of e2b junction b ias
w here W b rep resen ts the base w idth, N 0 does the peak
base dop ing concentration, and N c does the unifo rm co l2
lecto r concentration. (a) , (b) and (c) respectively co rre2
spond to differen t W b and N 0 values.

(c)

F ig. 2　 Base transit t im e erro r as the function of
e2b junction b ias
w here W b rep resen ts the base w idth, N 0 does the peak
base dop ing concentration, and N c does the unifo rm co l2
lecto r concentration. (a) , (b) and (c) respectively co rre2
spond to differen t W b and N 0 values.



as sect ion (B ) of part 2 show n, the‘in it ia l condit ion 3’doesM a et a l. ′s resu lts[ 5 ] rela t ive

to sect ion (A ) of part 2, and the‘in it ia l condit ion 4’does R ina ld i’ s resu lts[ 6 ] co rre2
sponding to sect ion (C) of part 2.

O bviou sly, the first itera t ion is the sim p lest ava ilab le so lu t ion based on the ex isted

and im p roved in it ia l condit ion s. Fo r the sm aller e2b junct ion b ias, the rela t ive erro r in2
creases as V BE increases, w h ich reflects tha t bo th ex isted and im p roved analyt ica l m odels

are va lid in the low infect ion reg ion. Fo r the b igger e2b junct ion b ias, the rela t ive erro r

p resen ts som e undu la t ing varia t ion s w ith V BE , w h ich cou ld be cau sed by the o scilla t ion in

convergen t p rocess. Com paring w ith the num erica l resu lts, the im p roved analyt ica l m odel

ach ieves the low est rela t ive erro rs in a w ider range of the base w id th (50～ 200nm ) and the

peak base dop ing concen tra t ion (6×1017～ 8×1018cm - 3) fo r the un ifo rm and the Gau ssian

dop ing p rofiles. T he b iggest rela t ive erro r up to e2b junct ion b ias of 0. 96V respect ively ar2
rives a t 4. 9% fo r the co llecto r cu rren t den sity and 1. 75% fo r the base tran sit t im e, w h ich

is com parab le to R ina ld i’ s resu lts w ithou t con sidering the m ob ility dependence on the

field [ 6 ] and M a et a l. ′s so lu t ion s w ith the th ird itera t ion [ 5 ].

Includ ing the m ob ility dependence on the field and m ain ta in ing a reasonab le accu racy,

the p resen t so lu t ion s shou ld be the sim p lest ava ilab le by now. Con sequen t ly, the im p roved

analyt ica l m odel can be m o re su itab le to device sim u la t ion and com pact m odel fo r the ad2
vanced b ipo lar t ran sisto rs.

5　Conclusion

Fo r the advanced b ipo lar t ran sisto rs w ith narrow base w id th ( such as 50～ 200nm )

and h igh peak base dop ing concen tra t ion (such as 6×1017～ 8×1018cm - 3) , the first itera2
t ion u sing the im p roved in it ia l condit ion can ach ieve reasonab ly accu ra te so lu t ion fo r the

co llecto r cu rren t den sity and the base tran sit t im e. T he im p roved analyt ica l m odel app lies

to device sim u la t ion and com pact m odel.
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