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L INTRODUCTION

SiGe -base HBTs technology, because it has higher intrinsic performance than Si BIT technology at similar
process complexity and delivers lower cost performance than GaAs technology, has recently emerged as a contender
for the RF market. SiGe base HBTSs has been reached to have a maximum oscillation frequency of 180GHz (1] and a
cut-off frequency of 130GHz [2]. The narrowbandgap of SiGe allows heavy doping in the base with a concentration up
to 2x10% cmr? [3], which significantly reduces the base resistance and hence increases the maximum oscillation
frequency, as compared to conventional Si bipolar junction transistors. However, due to the heavy doping, the minority
carrier recombination lifetime in the base also decreases and affects the base transit time, which is a major component
of the cut-off frequency. Note that the defects such as oxygen, SiC pecipitates, and dis locations in the base further
decreases the recombination lifetime. The conventional Kroemer’ s model gave an integral expression of the base transit
time by neglecting the effects of recombination lifetime and velocity saturation [4]. Suzuki and Nakayama modified the
Kroemer's expression by taking finite saturation velocity into account {5]. Mohammadi derived a complex integral
expression by considering recombination lifetime but neglecting velocity saturation {6]. In this paper, a fully analytical
base transit time model for a SiGe-base HBTs with various shapes of germanium profiles in the base region considering
both finite recombination lifetime and finite saturation velocity. The design of optimal Ge profile to minimize base
transit time in the base can be achieved by using our model. The base structure foroptimization has a linear ramp over
the central portion of the base, similar to Winterton® s structures [7], and this Ge profile has been also used in Si/SiGe
HBT fabrication [8].
IL THEORY

The electron current density J, for arbitrary base doping concentration Nz is given by
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Since most SiGe bases of HBT’ s are doped epitaxially and heavily, electric field becomes
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where n’, (x) is intrinsic carrier concentration. To determine minority carrier concentration n(x), the continuity equation
for electron is used
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where A n=n-no, o= nPe(x)/Ns , and Tt , is recombination lifetime. Let us assume the conventional boundary

conditions, namely,
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where v; is saturation velocity , Vg is the applied voltage, and Vris thermal voltage. The base transit time is given by
- qfn(x)dx ®)
Tr = _”——_.
)

Two kinds of constraints have been used in the optimum design of the Ge profile: fixed Ge content at base collector
junction and constant integral Ge content in the base. In our illustration, the former constraint is adopted to obtain
optimal Ge profile, but similar analysis can be also applied to the constraint of constant integral Ge content in the base.
Note that the constraint with constant Ge content at base-collector junction can be easily implemented using either the
rapid thermal chemical vapor deposition or ultrahigh vacuum chemical vapor deposition.

IIl. RESULTS AND DISCUSSION

Three types of Ge profiles, two -graded region, trapezoid, and shift triangle (Fig. 1(a), (b), and (c)), are used to
investigate the base transit time by considering four different conditions: (1) t = infinite - and vg= infinite, (2) t =
infinite and vg=7.5x10°cmss, (3) t.=2.5%10"" s and v¢= infinite, and (4) t .= 2.5x10"'s and vg= 7.5x10° cms.
The Ge content at base-collector junction is fixed at 10% in analysis. The finite recombination lifetime has the
approximate diffusion length of 100nm, which is comparable with the base width of 50nm used in the analysis.

Fig. 2(a) shows the variation of the base transit time with X/W of trapezoidal Ge profile in the base forabove
four conditions. The optimum value of XpyW for all four conditions are about 0.8~0.9. It is clear that finite
recombination lifetime can increases the base transit time, and the finite saturation velocity also increases the base
transit time for all value of Xtas compared to the condition of infinite saturation velocity and infinite recombination
lifetime. The effect of finite saturation velocity is to move the position of optimum X /W point toward to base collector
junction slightly, and the effect of finite recombination lifetime does not change the position of optimum X/W point
significantly. The shift triangle and two -graded Ge profiles have the similar results as shown in Fig. 2(b) and Fig. 2(c),
respectively. The optimum value of X/W in shift-triangle Ge profile is approximately 0.1, close to emitterbase
junction, and the optimum values of X1/W in two -graded Ge profile for four these conditions are approximately 0.45.
Fig. 2(d) shows that shift triangle Ge profile has the smallest base transit time among all three Ge profiles under the
condition (4). Similar results are obtained for the other three conditions, This indicates that the electric field in the
central base is the most effective to reduce the base transit time.

The dependence of base transit time on base doping for trapezoidal Ge profile (X1/W=0.88, W=50nm) with 5%
Ge content in average in the base region is shown in Fig. 3. The dependence for other two profiles is similar. The
diffusion length vs base doping is given in the inset. L,; and Ly, are the diffusion lengths in the linear region and the
flat region of trapezoidal Ge profile, respectively. The decreasing mobility slightly increases base transit time up to base
doping of 1x10?°cxni®, and the base transit time start to increase rapidly for the base doping larger than 2x10%%m™>. At
the base doping of2x10%%cm™, the diffusion length (~20 nm) is smaller than base width ( ~50 nm ), and most electrons
injected from the emitter recombine with holes in the base, and can not reach the collector. The transistor does not

operate normally. The extremely heavy doping of the base requires small base width, as compared to diffusion length,
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to reduce the base sheet resistance without increasing the base transit time significantly.

For the constraint with Ge concentration fixed at base-collector junction, Winterton et al.[7] demonstrated that
the central graded Ge profile is the optimal profile for base transit time by using an iterative method. The central graded
Ge profile shown in Fig. 1(d) is adopted in our optimization calculation to find the optimal value of (Xr1,/W, X1z /W).
In this profile, the drift filed is at the central base, since the central filed is the most effective to decrease the base transit
time as shown in discussion given above. For given Xp/W, the base transit time vs Xp/W is shown in Fig.4. The
optimal position of X /W is around 0.86, similar to trapezoidal profile. For given X1/W=0.86, the optimal base transit
time decreases with increasing X71/W, reaches a minimum and then increase with Xp/W (the inset of Fig. 4), and the
optimal Xt/W is around 0.16.

IV.SUMMARY

In this paper, an analytical base transit time model of Si/SiGe HBTs considering minority carrier recombination
lifetime and velocity saturation at basecollector junction for the multi-graded Ge base has been studied. The reduction
of recombination lifetime in the neutral base region increases the base transit time as compared to infinite
recombination lifetime, and the finite saturation velocity also degrades the base transit time, as compared to infinite
saturation velocity. The extremely heavy doping of the base requires a small base width, comparable with diffusion
length, to decrease the base sheet resistance without sacrificing the base transit time significantly. The optimum Ge
profile of the base can be obtained for given Ge content at base<collector junction with a drift electric field over the
central portion of base. This optimum Ge profile agrees with Winterton’ s structures and is also applied in modern HBT
technology [8].
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Fig. 1 The Ge profiles used in our analysis: (a) two-graded region Ge profile, (b) trapezoid Ge profile, ()
shift-triangle Ge profile, and (d) central-graded Ge profile in the base.
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Fig. 2 The base transit time vs X1+/W of (a) trapezoidal, (b) shift trangle, and (c) two graded Ge profile in base
under four different conditions:(1) +=infinite and vs=infinite (solid line), (2) t,= infinite and vs=7.5x1¢f
cn/s(dash dot line), (3) .= 2.5x10" sand vs= infinite (dot ling), and (4) © ,=2.5x10"'sand w=7.5x1¢f
cm/s(dash line). (d) is the base transit time versus Xt/W for three Ge profiles in base under the condition (4).
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Fig. 3 The base transit time vs base doping in trapezoidal Ge
profile. The diffusion length vs base doping is shown in the inset.
La (L) is diffusion length in the linear (flat) region of

trapezoidal Ge profile.
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Fig. 4 Base transit time vs Xp/W for different Xri/W in
central-graded Ge profile in the base. The Ge profile is shown in
Fig. 1(d). The inset shows base transit time vs Xq,/W for the
optimal value X1/W of 0.86.
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