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Abstract  In order to derive analytical models of minority carrier trangort in quasi-neutral
base region of advanced bipolar transistors, a new initial condition isproposed for achieving a
reasonable accuracy by the first iteration T he biggest relative error up to e-b junction bias of
Q 96v reaches4 9% for collector current density and 1 75% for base transit time in aw ider
range of basew idth (such as50 200nm) and peak base doping concentration (such as 6x 10"

8x 10%amn” *). Thismodel isvalid at any injection level before the onset of Kirk effect, and
for arbitrary base doping profiles

EEACC: 256, 25603, 2530N
1 Introduction

A successive scaling dow n of feature processing dmension has given rise to a serial of
variations in manufacturing technologies”, device and circuit structure'”, and minority
carrier tranort mechanisn s of bipolar transistors’®. A further mproved model for the
minority carrier trangort in quasi-neutral base region is essential to design and fabrication
of the advanced bipolar devices and circuits A nalytical model can present two advantages
over numerical ©lutions The first isplaced on mproving computational efficiency mean-
w hilemaintaining a higher modeling accuracy. A nother is focused on facilitating physical
insight into them inority carrier trangort For CAD purpose, a simplified compact model
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should be established, 0 that the former must be enphasized In fact, a considerable ef-
fort has been made to obtain closed-form analytical expressionsfor minority carrier current
density and base transit time in the base region'* "

W ithin the franenvork of drift and diffusion approach, the adopted assumptions have
concretely been damonstrated'®. Worthy to be stressed, as device structural dimension is
further scaled down, the dependence of minority carrier mobility on electrical field in the
base region becomes little negligible’®. This effect has been taken into account in the pre-
sent analysis

W hat this subject concerns concentrateson how to treat a tradeoff betw een themodel-
ing accuracy and the computational efficiency 0 as to derive accurate, yet relative smple
analytical solutions by meansof iteration procedure In thispaper, anav initial condition
for the iteration isproposed Comparedw ith thepreviouswork, an accurate, more smpli-
fied analytical solution isobtained Thisattanpt can largely mprove themodeling compu-
tational efficiency.

2 Review of PreviousW ork

For P type base region, the electrical field E (x), the current density J» and the elec-

tron profile n(x) can repectively be expressed as'™:

E(x) = FE[n(x),JnDa] = vT-d-[ln Mﬂ]

2

dx Nie
_ —Vr |dNs n+Ns  dob  Jo (1
T 2n+ Ng| dx Nk dx = D

Jn= FJa[n(x),Dn]

| BE ﬂtﬂmﬁf_&l 1| niNe@Ws) Wo _n? :
= [gnPexp Wee A/ 1)) /{ VL) 4[v5n.e(vvb) +J'0 .Dn(n+ Na)dx]
+ %[Mmé(wb) +J'Ob_“D'_n(n+ Ns)dx]} (2
n(x) = Fn[n(x),JnDn]
[Jnni bnq:izd:’)\l:dx + n%&jb) X :Z{l\/u-s[:]l\llls+ NB(VVb)] + N_4B']l/2- ’\LZE’; (3)

w here the boundary condition n (v ) = Jn/qus is taken, W v is the basew idth, vsis the satu-
rate velocity at b-c junction and q is the electron charge; V r is the themal voltage; D n is
the electron diffusive coefficient; ni is the effective intrinsic carrier concentration; N s (x)
is the base doping profile; Ve isthe e-b junction voltage drop. Taking the electron mobili-
ty as the function of N s and E'**”', the iterationsamong egns (1)  (3) can begin at a suit-
able initial condition for achieving the accurate, yet relative simple iterative solution

Several typical papers are revieved 0 as to select themost suitable initial condition
for the iteration procedure

(A) Considering the dependence of them inority carrier mobility on the field, the iter-
ative analytical olutionsfor the collector current density and the base transit tmearepro -
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posed at low injection as the initial condition'®. A coording to egns (1), (2) and (3), the

initial condition can bew ritten as™

E.(x) = FE[0,0,Dn ] (4
Ji = FJa[0,Dn] (5
n(x) = Fn[0,Jn,Dn] (6)

The third iteration arrives at a higher accuracy.
(B) Based on the perturbation theory, als including the field effect on the minority

carrier mobility, an accurate analytical model isobtained at the initial condition™":
Jn2= J'ufw (7
n= n'.fw (8)
where, J'w and n'c is repectively slightly different from Jn and n., and can be obtained
by literature!®; fw can be expressed as

fu = L (9)
2+ i*n: (O)GX'O( )

A Ithough the derived results are too complex for practical application, the initial condition
is still used in the present analysis for comparing w ith the nev proposed initial condition

(C) Recently, another analytical model isproposed by using the follow ing initial con-
dition as the accurate slutions®:

Jna= FJa[n(0),Dn] (10)
ns(x) = Fn[n(0),Jns,Dn] (11)
Themajor lack results from neglecting the dependence of them inority carrier mobility on
the field In the present analysis, this initial condition is also enployed 9 as to compare
w ith the new initial condition

(D) For uniform doping profile, neglecting the field effect on them inority carrier mo-

bility, the accurate olutions are presented by using the smplified initial condition'”

_ —an(Q) n(Q)
Jni= W Tl2- (0)|n(1+ 1 (12)
Dn Vs
n(0) - "
na(x) = n(0) - Tb‘“x (13)

In the present analysis, this initial condition is developed to fit to arbitrary doping profiles
in the base region and include the field effect on them inority carrier mobility.

3 Improved Analytical M odel

A vital am to thispaper is to obtain accurate, yet relative smple analytical olutions
by means of finding the most suitable initial condition for the iterative orders as low as
possible anong egns (1), (2) and (3). Inorder to extend section (D) of part 2 into arbi-

trary base doping profiles, egns (12) and (13) are rew ritten by
j. - —alW./e) [2- I\LB_(VLuLlln(“ L(VLLL)_
"= nW v/e) No W o/e))]

_Wn__ZL

b/e)

(14)
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NW /) -
na(x) = N b/e) - T%x (15)

w here,
(16)

and e is the base of natural logarithms Instead of egns (12) and (13), the arbitrary base

nfwe/€) = [ne@W b/e)exp(\éef) + N—é—(\%‘l@l]Vz_ N—B—(\%h@)-

doping profiles are enpirically handled by using an effective doping concentration atW »/e
in egns (14) and (15). Eqgns(7) and (8) areobtained by mproving the low injection olu-
tions Egns (14) and (15) are gotten by modifying the uniform doping concentration In
general, the influence of the doping profileson the accurate olutions is snaller than the
bias variations under the high injection Therefore, egns (14) and (15) should have a
higher calculation efficiency than (7) and (8). Thiscan be certified in the comparisonw ith
the numerical calculation
Thus, the nav initial condition is achieved by

Enw = FE[Na(x),Jns, D] (17)
Jnnew = FJ n[nA(X),D n-neN] (18)
Nnew (X) = Fn[n4(X),Jn-neN,Dn-neN] (19)

Substituting egn (19) into egns (2) and (3), thefirst iterationwould reach a higher accu-
racy in comparisonw ith the numerical results™.

4 Campar isonsW ith Numer ical Analysis

In order to testify the validity of the mproved analytical model, the relative error as-
sociated w ith the existed and mproved analytical solutions compared to numerical results
isproposed by

) . .
error% = 100 x numerical - analytical (20)

num erical
w here the numerical solutions can be obtained by a convergent iteration'®.

For modern bipolar transistors, narrow basew idth and high peak base doping concen-
tration can be achieved™™?. Thereby, aw ider range of the basew idth (50 200nm) and
the peak base doping concentration (6x 10" 8x 10" an” °) is chosen for a detailed calcu-
lation

Considering the dependence of minority carrier mobility on the field and running the
first iteration based on different initial conditions, Fig 1and Fig 2 regectively plotsthe
oollector current density error and the base transit time error as a function of e-b junction
voltage, w here a serial of marks (a), (b) and (c) regectively covers the typical values of
the basew idth and the peak base doping concentration Besides, several combinations of
the basew idth and the peak base doping concentration such as 50nm and 6x 10”an” ®, and
200nm and 8x 10"an” ®are al® included in the calculation T he concerning figures are not
presented in thispaper for the sake of smplicity. In the figures, the' initial condition 1’
represents the mproved analyticalmodel , the initial condition 2’ does Suzuki s results’®
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Fig 1 Collector current density error as the func-
tion of e-b junction bias

whereW » represents the base width, N o does the peak
base doping concentration, and N ¢ does the unifom col-
lector concentration (a), (b) and (c) regpectively corre-
gond to differentW b and N o values

e-b junction voltage/V

(c)

Fig 2 Base transit tine error as the function of
e-b junction bias

whereW » represents the base width, N o does the peak
base doping concentration, and N ¢ does the uniform col-
lector concentration (a), (b) and (c) respectively corre-
ond to differentW b and N o values
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as section (B) of part 2 shown, the initial condition 3' doesM aet al. 's results”

to section (A) of part 2, and the' initial condition 4’ does Rinaldi s results® corre-
gonding to section (C) of part 2
Obviously, the first iteration is the smplest available olution based on the existed

relative

and mproved initial conditions For the snaller e-b junction bias, the relative error in-
creases asVee increases, w hich reflects that both existed and mproved analytical models
are valid in the low infection region For the bigger e-b junction bias, the relative error
presents some undulating variationsw ith Vse, w hich could be caused by the oscillation in
convergent process Comparingw ith the numerical results, the mproved analytical model
achieves the low est relative errors in aw ider range of the basew idth (50 200nm) and the
peak base doping concentration (6x 10" 8x 10®an” ®) for the uniform and the Gaussian
doping profiles Thebiggest relative error up to e-b junction biasof Q 96V regectively ar-
rives at 4 9% for the collector current density and 1 75% for the base transit time, w hich
is comparable to Rinaldi s results without considering the mobility dependence on the
field®™ andM a et al. s olutionsw ith the third iteration'®.

Including the mobility dependence on the field and maintaining a reasonable accuracy,
thepresent olutions should be the smplest available by now. Consequently, the mproved
analytical model can be more suitable to device smulation and compact model for the ad-
vanced bipolar transistors

5 Conclusion

For the advanced bipolar transistorsw ith narrow basew idth (such as 50 200nm)
and high peak base doping concentration (such as 6x 10" 8x 10an” °), the first itera-
tion using the mproved initial condition can achieve reaonably accurate lution for the
collector current density and the base transit time The mproved analytical model gpplies
to device smulation and compact model
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