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a b s t r a c t

This paper deals with the Early effect of SiGe HBTs. Simple, analytical expressions are
derived for forward and reverse Early voltages, considering different Ge profiles in the
base, including box, triangular, and trapezoidal profiles. The SiGe parameters of the elec-
tron diffusion coefficient and the intrinsic carrier concentration are adopted to modify the
traditional model. It is predicted that the triangular and box Ge shapes in the base of SiGe
HBTs correspond to the best forward and reverse Early voltages, respectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ge incorporation induced bandgap engineering in the base of silicon bipolar transistors enhances the device performances
and becomes more popular in wireless and broadband communications, with the recent record of 505 GHz fT, 702 GHz fmax

and a minimum of ring oscillator gate delays of 1.34 ps [1], however the corresponding model about SiGe in the base should
be modified to describe SiGe HBTs more accurately for better circuit design and simulation results, one of which is the Early
effect. In SiGe HBTs, the Early effect should be carefully analyzed as the Ge introductionmakes the traditional SPICE-Gummel-
Poon (SGP) model invalid [2]. The Early effect corresponds to the modulation of the quasi-neutral base width by the base-
emitter voltage or the base-collector voltage. The theory of the Early effect in SiGe HBTs presented in recent solutions ap-
plies only to two extreme cases, including box and triangular Ge shapes in the base [3e5], while the general case of the
trapezoidal Ge distribution has not been reported yet. In this paper, a universal model of the Early effect of SiGe HBTs for the
above three cases has been proposed, and the influences of different Ge profiles and contents on Early voltages have been
discussed carefully. To simplify the derivation, the high injection effect is neglected, and the base doping concentration is
constrained to be constant.

2. Model derivation

The collector current of the SiGe HBT is given as [5]

IC ¼ ISðexpðVBE=VT Þ � expðVBC=VT ÞÞ=ðGB=GB0Þ (1)
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GBðB0Þ ¼
ZxCðWB0Þ

�xEð0Þ

NBn2i0
Dn;SiGeðxÞn2i;SiGeðxÞ

dx (2)

where Is is the reverse saturation current, VBE(C) is the base-emitter (collector) voltage, VT is the thermodynamic voltage,
GB(B0) is the Gummel number at arbitrary (zero) bias, xE(C) is the change of the base-emitter (collector) depletion layer width,
WB0 is the quasi-neutral base width at zero bias. ni,SiGe (ni0) is the intrinsic carrier concentration of SiGe (Si). Dn,SiGe is the
electron diffusion coefficient of SiGe, NB is the base doping density.

To keep the Early voltage consistent with the SGP model, the effective reverse (forward) Early voltage VeffER(F) can be
defined as [4]

Veff
ERðFÞ ¼ GB0

 
vGEðCÞ
vVBEðCÞ

!�1�����
VBCðEÞ¼0

(3)

GEðCÞ ¼
Z0ðxCÞ

�xEðWB0Þ

NBn2i0
Dn;SiGeðxÞn2i ðxÞ

dx (4)

For SiGe HBTs, Dn,SiGe is approximated by the empirical fit as [6e8]

Dn;SiGeðxÞ ¼ ð1þ 3yaveÞMnN
�mn
B (5)

with mn,SiGe (mn) the mobility of SiGe (Si), yave the average Ge content in the base,Mn ¼ 2.86� 108cm s�1, andmn ¼ 0.42. yave is
the average Ge content in the base.

The intrinsic SiGe concentration ni,SiGe is given as

n2i;SiGeðxÞ ¼ gn2i0 exp
�
DEg;eff ðxÞ=kT

�
(6)

where g is the ratio of the effective state density of SiGe to that of Si, k is the Boltzmann constant, T is the absolute
temperature, DEg, eff ¼ DEg, Ge þ DEg, dop is the effective band gap narrowing, including the Ge and the base doping
contributions.

Fig. 1 shows box, triangular and trapezoidal Ge profiles [6,9], where ycD is the Ge content at the collector edge for the
triangular shape, ye is the Ge content at the emitter edge, XT is the transition point. Apparently the low (XT ¼ 0) and high
(XT ¼ 1) limits of XT correspond to the box and the triangular shapes, respectively. The average Ge dose is assumed
constant, and the bandgap reduction of SiGe can be expressed as follows by assuming linear correlation with the Ge
fraction [2,10]

Fig. 1. Ge profiles for box, trapezoidal and triangular shapes.
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