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NEW INVESTIGATION ON SILICON BIPOLAR
TRANSISTOR AT LOW TEMPERATURES

Xiao Zhixiong and Wei Tongli

Abstract. The intrinsic carrier concentration is calculated with the non-
parabolic energy bands at low temperatures. Besides, the current gain of a
silicon bipolar transistor is quantitatively modeled at 77K and 300K, and the
temperature dependence of the mean nonideal coefficient of the base current is
also analyzed. The obtained results are in agreement with experimental data.

1. Introduction

The intrinsic carrier concentrtation, the current gain and the non-ideal
coefficient are fundamental parameters in silicon bipolar transistors. Their
detailed investigation is useful for the undestanding of the low temperature
device physics.

2. Calculation of the intrinsic carrier concentration

On the basis of Chakravarti et al.’s work [1], the intrinsic carrier concen-
tration n;, with the non-parabolic energy bands could be deduced as

2F1 )3 (Mo vy +5KT04D(A)F3/2(77nC(v)) Yz
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(1)

where n; is the intrinsic carrier concentration with the non-degenerate ap-
proximation. ap = 1/Eyp,as = 1/Eq4. Fy/(;) and Fyjy(,) are Fermi inte-
grals with orders of 1/2 and 3/2 respectively. T is the absolute temperature
and K is the Boltzmann constant. Fyp and E,4 are silicon bandgaps with
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doping of donor (Np) and acceptor (N 4), respectively. With the degenerate
approximation, the intrinsic carrier concentration n;q could be expressed as

F1/2(770(V))] Y2 2)

NidD(A) = M X [GXP(HC(V))

Figures 1 and 2 show curves of n,qp(4)/minp(4) as a function of Np(Na4).
It is clear that n;q deviates from n;, at high concentrations.
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Figure 1. n;qp/ninD versus Np at different 7'
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Figure 2. n;ga/ninA versus N4 at different T'.
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3. Modeling of the current gain

For a common n*pn silicon bipolar transistor, minority—carrier concen-
trations in the base and in the emitter could be approximately written,
respectively, as

np(z) = np(0)(1 — ——)
B B VZB 5
pe(z) =pe(0)(1 — W—E)

where Wg and Wp are widths of the emitter and the base, respectively.
np(0) and pgr(0) are minority—carrier concentratiions at edges of the emitter—
base junction.

The collector current I may be written as

v
qAEn% exp(qK]iBrE)
Ic = (4)
V;B Cp(z) +np(x) y n? i
0 Dyp () ng,(z)

where Ag is the emitter area. Vpg is a voltage on the emitter—base junction.
Cg(z), D, B(z) and n;(x) are the effective majority—carrier concentration,
the electron diffusion coefficient and the effective intrinsic carrier concentra-
tion in the base, respectively. ¢ is the electronic charge.

The ideal base current Ig; could be written as.

V
qAgn? exp(qK?E)
Ipr = (5)
i X — dx
0 Dy () ng,(z)

where Cg(z), Dpe(x) and n;.(z) are the effective majority—carrier concen-
tration, the hole diffusion coefficient and the effective intrinsic carrier con-
centration in the emitter, respectively.

The non-ideal base current could be written as [2]

neexp( DL exp(IVED)
IR = qAEW* (6)

2\/TpTn

where W* is the width of the emitter-base space charge region. 7, and 7,
are minority-carrier lifetimes in the emmiter and in the base, respectively.
E is the electric field intensity in the space charge region. ¢ is the silicon
dielectric constant. § = q/me
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The base recombination current Irp could be written as

v
qApnZW3 exp(qﬂ)
Ipp = KT (7)
RB Wa

2 of [Cp + np(z)] Thdx

where Ap is the base area.
At a medium collector electric intensity, the base widening W may be
written as [3]
Jeo
Wh = Wo(l - °<) )
c
where W¢ is the collector width. J¢ is the collector current density and
Jco is the collector current density corresponding to the beginning of the
effective base widening effect [4].
The contribution of the Erly effect may be expressed by Cegriy [5].

d
Ckar =1 -
W= S, W)

where d. is the width of the base-collector space charge region.
The current gain Hpg could be expressed as

Ig Wg

Hep = X Coarty X —— B 10
P8 Ipr +In + Inp YT W+ Wy (10)
With the current crowding effect, np(0) and pg(0) may be written as
Se
nBCT(O) = TLB(O) S
effl
“ (11)
pEcr(0) = pr(0) g -
eff2

where S is the half emitter width. Sct¢1 and Scrpo are effective emitter
half widths for the forward and the inverse injections [6], respectively. By
np(0) and pg(0), the emitter current crowding effect makes the conductivity
modulation effect easily happen.

Figure 3 shows curves of ng(0) and pg(0) as a function of Vpg at 7T7K.
When the emitter current crowding effect is not considered, they exponen-
tially increase with Vg g, but when it is considered, ng(0) and pg(0) increase
much faster than the exponential function at high injection levels. Figure 4
showes Hrg as a function of Ig with Vgg = 1V at 7T7K.
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Figure 3. np(0), pr(0) versus Vg at 77K.
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Figure 4. Hpp versus I¢ at 77K with Vo = 1V.

The modeled result is in agreement with experimental data. When Vg =
1V, Joo =2 1540A/em ™2, the related Io =2 3.08times1072A. In comparison
with this value with that of I corresponding to the decrease of Hpg in
Figure 3, it is clear that the effective base widening effect is not the main
reason for the decrease of Hpg. At 77K, the conductivity modulation effect
and the emitter crowding effect are main factors for the decrease of Hpg.
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At 300K, the conductivity modulation effect and the emitter current
crowding effect have little influence on ng(0) and pg(0). Figure 5 showes
Wpgr as a function of Io with Vgg = 1V. Wpgs rapidly increases with I¢.
Figure 6 showes the curve of Hpp with Vop = 1V at 300K.
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Figure 5. W versus Ic at 300K with Vop = 1V.
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Figure 6. Hpg versus I¢ at 300K with Vogp = 1V.

When Vg = 1V, Jgg = 1044A/cm_2, the related I = 2.09 x 1072A.
This value is in agreement with its experimental value. At 300K, the effective
base widening effect is the main reason for the decrease of Hpg.
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4. Temperature dependance of the mean
non—ideal coefficient

Figures 7 and 8 show calculate curves of the mean non-ideal coefficient
Nmean Of the total base current I'p at low injection level as a function of
temperature at different Np and Ng. It is clear that its temperature de-
pendance relies on Np and Ng. When Np is high and Ng is low, it has
a negative temperature coefficient, otherwise it has a positive temperature
coefficient.
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Figure 7. nmean versus T at different Np.
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Figure 8. nmean versus T at different Ng.
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Stock et al.’s data [7] show that 7,,e0n(83K) = 1.29, 1,000 (296 K) =
1.33 with Ng = 8 x 107em=3; nmean (296K) = 1.40, nmean (S3K) > 2.74
with N = 8 x 10'¥em™2. Woo et al.’s data [8] show that n,can(79K) =
1.10, Nypean (300K) = 1.39 with Wp = 0.7um,Gp = 1.63 x 10*2e¢m=2 and
Ng =4 x 108em ™3 for a metal contacted transistor.

5. Conclusion

It is appropriate to adopt the non—parabolic energy bands at high con-
cetrations. The current gain is determined by the conductivity modulation
effect and the emitter current crowding effect at 77K, but at 300K, it is
mainly determined by the effective base widening effect. The temperature
dependance of the mean non-ideal coefficient of the base current relies on
the emitter and the base concetrations at low injection levels.
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