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Abstract

The base transit time of Si/SiGe heterojunction bipolar transistor is analyzed including the effects of minority carrier

recombination lifetime and velocity saturation. The reduction of recombination lifetime in the neutral base region

increases the base transit time as compared to the infinite recombination lifetime, and the finite saturation velocity also

degrades the base transit time, as compared to the infinite saturation velocity. This analytical analysis can obtain the

optimum design of Ge profiles in the base to minimize the base transit time. The extremely heavy doping of the base can

degrade the base transit time significantly if the base width is larger than the diffusion length.

� 2003 Elsevier Ltd. All rights reserved.

Keywords: Base transit time; Minority carrier recombination lifetime; Velocity saturation; SiGe HBTs
1. Introduction

Since the first Si/SiGe heterojunction bipolar tran-

sistor (HBT) was reported in 1988 [1], the tremendous

progress of Si/SiGe HBTs has been reached to have a

maximum oscillation frequency of 285 GHz [2], a cut-off

frequency of 350 GHz [3], and circuit applications on

wireless [4] and optical communication [5]. The narrow-

bandgap of SiGe allows heavy doping in the base with a

concentration up to 2· 1020 cm�3 [6], which significantly

reduces the base resistance and hence increases the

maximum oscillation frequency, as compared to the

conventional Si bipolar junction transistors. However,

the defects such as oxygen, SiC precipitates, dislocation,

and the impurities in the heavily doped SiGe(C) base

decrease the minority carrier recombination lifetime

(Tn), and affect the base transit time, which is a major
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component of the cut-off frequency. Note that the re-

ported recombination lifetime of SiGe base was widely

scattered from 10�13 to 10�9 s probably due to different

amount of defects in the base [7–9]. By neglecting the

effects of recombination lifetime and velocity saturation,

Kroemer’s model gave an integral expression of the base

transit time [10]. Suzuki and Nakayama modified the

Kroemer’s expression by taking finite saturation velocity

into account [11]. Mohammadi derived a complex inte-

gral expression by considering recombination lifetime

but neglecting velocity saturation [12]. Cressler et al.

[13,14] derived a simple analytical expression for trape-

zoidal Ge profile based on Kroemer’s model. Recently,

Patri and Kumar have used Suzuki’s model to study the

optimal Ge profile to minimize the base transit time in

SiGe HBTs [15,16]. In this paper, we derive an analytical

expression for the base transit time based on the mi-

nority carrier continuity equation considering both finite

recombination lifetime and finite saturation velocity.

The design of optimal Ge profile to minimize the base

transit time can be obtained by this model. The base

structure for optimization has a linear ramp over the
ed.
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central portion of the base, similar to Winterton’s

structures [17,18], and this Ge profile has been also used

in the Si/SiGe HBT fabrication [19].
2. Theory

The neutral base width ðW Þ of 50 nm and uniform

doping ðNBÞ is used in the analysis. In order to facilitate

derivation of analytical model for the base transit time,

it is necessary to make a judicious choice of models for

the base transport parameters such as minority carrier

mobility, effective intrinsic carrier concentration, mi-

nority carrier recombination lifetime.

The low-field minority electron mobility in Si

is modeled using Swirhum’s impurity–concentration-

dependent minority electron mobility model [20,21]. The

minority electron mobility in the strained SiGe films has

been reported to be higher than that for Si. The mobility

model in the SiGe base used in our analysis is as follows

[15,22]:

ln;SiGeð0Þ ¼ ½1þ C �Ge�ln;Sið0Þ ð1Þ

where ln;SiGeð0Þ is the low field minority electron mo-

bility in SiGe, ln;Sið0Þ is the low field minority electron

mobility in Si, Ge is germanium mole fraction, and

Cð¼ 3Þ is a parameter obtained from Ref. [15]. For

simplicity, the average mobility is used in graded Ge

region. For a two-graded Ge profile as shown in Fig. 1,

the average Ge in two region (I, II) are

GeI ¼ GeðXT Þ=2 and GeII ¼ ðGeðXTÞ þGeðWÞÞ=2
ð2Þ

where W is neutral base width and XT is as indicated in

Fig. 1 (curve (a)). The field dependence of minority

carrier mobility is taken into account using a modified

Caughey–Thomas electric field dependent mobility

model [23].
Fig. 1. The Ge profiles in the base used in our analysis: (a) two-

graded region Ge profile, (b) trapezoidal Ge profile, (c) shift-

triangle Ge profile, and (d) central-graded Ge profile.
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where lnSiGeð0Þ is low-field electron mobility obtained

from Eq. (1), b ¼ 2 for electron, vs saturation velocity of
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In Eq. (4), the position-dependent effective intrinsic

carrier concentration nieðxÞ is modeled as

n2ieðxÞ ¼ cn2ioSi exp
DEg;effðxÞ

kT

� �
ð5Þ

where c is the ratio of effective density of states in SiGe

base to that of silicon, nioSi, is the intrinsic carrier con-

centration in undoped silicon, and DEg;effðxÞ is the ef-

fective bandgap reduction in the SiGe base.

DEg;effðxÞ ¼ DEg;HDðxÞ þ DEg;GeðxÞ ð6Þ

where DEg;GeðxÞ is the bandgap narrowing due to the

presence of Ge, which is assumed to have a linear de-

pendence on Ge concentration [24]. In the present study,

the bandgap narrowing due to heavy doping effect,

DEg;HDðxÞ, is assumed to be identical to that of silicon.

An approximation of the Slotboom-de Graff bandgap

narrowing model [25] is used in our simulation

DEg;HDðxÞ ¼ E0 ln
NBðxÞ
N1

� �
ð7Þ

with E0 ¼ 18 meV and N1 ¼ 1017 cm�3. The bandgap

narrowing, DEg;GeðxÞ, in a two linear graded regions of

the base (curve (a) in Fig. 1) is given by

DEg;GeðxÞ ¼ A1½GeðXT Þ �Geð0Þ�x=XT

þ A1Geð0Þ 06 x6XT

DEg;GeðxÞ ¼ A1½GeðW Þ �GeðXT Þ�ðx� XT Þ=ðW � XT Þ
þ A1GeðXT Þ XT 6 x6W

ð8Þ

where A1 ¼ 740 meV, GeðXT Þ is the Ge concentration at

XT , GeðW Þ is Ge concentration at x ¼ W , and W is

neutral base width. The typical value of electron satu-

ration velocity is �107 cm/s for Si and �6· 106 cm/s for

Ge. The dependence of saturation velocity on Ge con-

tent is given by [26,27]

vsðGeÞ ¼ vsð0Þ
C2

C2 þGeð1�GeÞ ð9Þ

where vsð0Þ is the saturation velocity for pure silicon, Ge

is germanium mole fraction, and C2 ¼ 0:342.
Fig. 2 shows Klaassen’s model of experimentally

measured minority electron lifetime for p-type Si. The



Fig. 2. Recombination lifetime vs base doping for Si and SiGe.
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experimental value of recombination lifetime is 1.5 ns in

p-type 7%-trapezoidal SiGe base with NB ¼ 5� 1018

cm�3 [7]. The SiGe lifetime is scaled by shifting the Si

curve downward to this experimental data point. The

smaller recombination lifetime in SiGe than that in Si is

probably caused by oxygen level, dislocations, doping

level, and other point defects such as SiC precipitates

during growth. Due to lack of enough experimental re-

sults to model Ge dependence of lifetime, the reduction

of lifetime is simplistically assumed the same at a fixed

base doing NB for all Ge profile in our calculation.

The electron current density Jn for base doping

concentration NB is given by [28]

Jn ¼ qDn
dnðxÞ
dx

þ qlnEðxÞnðxÞ ð10Þ

To determine minority carrier concentration nðxÞ, the

continuity equation for electron is used

D � Jn ¼
qDn
sn

ð11Þ

where Dn ¼ n� n0, n0 ¼ n2ieðxÞ=NB.

Combining (11) and (12), then the differential equa-

tion can be shown to be

d2n
dx2

� lnE
Dn

dn
dx

� n
L2
n

¼ � n0
L2
n

� �
ð12Þ

In the linear-graded region of the base, the electric field

E is constant in Eq. (12), and nðxÞ can be solved ana-

lytically.
sB ¼
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where a1 ¼ ln1E1=Dn1, a2 ¼ ln2E2=Dn2, E1 ¼ Eg;Grade=XT ,

E2 ¼ Eg;Grade1=ðW � XT Þ, G ¼ ðn2ieð0Þ=NBÞeEgð0Þ=kT , GT ¼
ðn2ieð0Þ=NBÞeEgðXT Þ=kT , Eg;Grade ¼ DEg;GeðXT Þ � DEg;Geð0Þ,
Eg;Grade1 ¼ DEg;GeðW Þ � DEg;GeðXT Þ, Dn1;2 is the diffusion

coefficient, and ln1;2 is the minority electron mobility.

The subscripts 1 and 2 indicate regions I and II, re-

spectively. The coefficients in Eq. (13) are determined by

the following boundary conditions and are given in

Appendix A. nð0Þ is expressed as
nð0Þ ¼ n2ieð0Þ
NB

eðqVBE=kT Þ ð14Þ
We assume that the electric field at the base–collector

junction is large enough to saturate the electron velocity.

Thus, electron can be moved at the saturation velocity at

edge of the depletion layer. Assuming that the electron

velocity in the base–collector depletion region saturates

at vs, nðW Þ is expressed as
nðW Þ ¼ �JnðW Þ
qvs

ð15Þ
At the interface between regions I and II, the electron

concentration and the total current (the sum of diffusion

and drift current) are continuous

nIðXT Þ ¼ nIIðXT Þ
JnIðXT Þ ¼ JnIIðXT Þ

ð16Þ

The base transit time is given by

sB ¼
�q

R W
0
nðxÞdx

JnðW Þ ð17Þ

After solving nðxÞ and JnðW Þ, Eq. (17) is expressed in the

analytical form as
XT � 1Þ þ D
r0�
ðer0�XT � 1Þ þ G

a2
ðea2XT � 1Þ

�

2 Cer
0
þðW�XT Þ þ Der0�ðW�XT Þ þ GT ea2ðW�XT Þ

	 
 ð18Þ



Fig. 3. The base transit time vs recombination lifetime for two

different definitions of base transit time. The trapezoidal Ge

profile (i.e. Geð0Þ ¼ 0%, GeðXT Þ ¼ GeðW Þ ¼ 7%, and XT =W ¼
0:88) and base width of 50 nm are used in calculation.
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The results are applied to the base with two linearly

graded Ge regions, and similar analysis can be per-

formed in three-graded or multi-graded Ge profiles.

A different definition of base transit time (the average

time for traversing the base) is used in literatures [12,16].

s0B ¼ �q
Z W

0

nðxÞdx
JnðxÞ

ð19Þ

Comparison between Eq. (18) and (19) shows that

the both base transit times are the same if recombination

is negligible in the base region. For serious recombina-

tion, these two transit times are different and will be

addressed in Section 3.

Recently, many studies on optimal Ge profile for

SiGe base HBTs have reported [17,18]. These studies

attempt to find an optimal Ge profile to minimize the

base transit time. 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. Winterton et al. [17] used an

iterative procedure to find out the optimal Ge profile

considering both constraints. Rinaldi et al. [18] used the

method based on the maximum principle to obtain the

optimal Ge profiles for both conditions. The former

constraint is adopted in our simulation, but similar

analysis can also be 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 chemi-

cal vapor deposition.
Fig. 4. The base transit time vs minority carrier recombination

lifetime. The relation between diffusion length and recombina-

tion is shown in the inset. Ln1 and Ln2 are the diffusion lengths in

the linear region (I) and the flat region (II) of trapezoidal Ge

profile, respectively.
3. Results and discussion

3.1. Base transit time

The base transit time versus recombination lifetime

for two different definitions of base transit time are

shown in Fig. 3. For recombination lifetime J 0.1 ns,

both base transit times slightly increase as recombination

lifetime decreases. For recombination lifetime J 0.1 ns,

sB increases with decreasing recombination lifetime,

while s0B decreases with decreasing recombination life-

time.

According to Mohammadi’s explanation [12], when

recombination lifetime decreases, the minority electron

stored in the base decreases, and thus the base transit

time decreases. However, the effect that collector current

also decreases as the recombination lifetime decreased

has to be taken into account. In the exact expression of

Eq. (18), both effects are taken into account, and the

base transit time increases as the recombination lifetime

decreases. Eq. (18) will be used in our following simu-

lation.
Fig. 4 shows the sensitivity of base transit time to the

minority carrier recombination lifetime. This result is

obtained by using trapezoidal Ge profile as shown in the

curve (b) of Fig. 1 (i.e. GeðW Þ ¼ 7%, GeðXT Þ ¼ 7%,

XT =W ¼ 0:88). The relation between diffusion length

and recombination lifetime is shown in the inset. Ln1 and

Ln2 are the diffusion lengths in the linear region (I) and

the flat region (II) of trapezoidal Ge profile, respectively.

The other two types of Ge profiles have similar results.

The decrease of base recombination lifetime due to the

increasing base doping reduces electron mobility. The

decreasing mobility slightly increases base transit time

down to the recombination lifetime of 25 ps, and the



Fig. 5. Normalized electron concentration profile in trapezoi-

dal Ge profile under four different conditions: (1) sn ¼ infinite

and vs ¼ infinite (solid line), (2) sn ¼ infinite and vs ¼ 8:2� 106

cm/s (dash dot line), (3) sn ¼ 2:5� 10�11 s and vs ¼ infinite (dot

line), and (4) sn ¼ 2:5� 10�11 s and vs ¼ 8:2� 106 cm/s (dash

line). The optimal XT =W ¼ 0:75 in trapezoidal Ge profile is used

in the calculation.
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base transit time start to increase rapidly for the re-

combination lifetime shorter than 25 ps (corresponding

diffusion length¼ 125 nm¼ 0.4 W). At the recombina-

tion lifetime of 1 ps, the diffusion length (�30 nm) is

smaller than base width (50 nm). Note that the diffusion

length is 50 nm at the lifetime of 3 ps. Most electrons

injected from the emitter recombine with holes in the

base, and cannot reach the collector. The transistor does

not operate normally. The extremely low recombination

lifetime (i.e., defective base) requires smaller base width

than diffusion length without degrading the base transit

time. We use sn ¼ 2:5� 10�11 s for NB ¼ 5� 1019 cm�3

(diffusion length �125 nm) in the following simulation.

Three types of Ge profiles, two-graded region, trap-

ezoid, and shift triangle (Fig. 1(a), (b), and (c)), are used

to investigate the base transit time by considering both

finite recombination lifetime and finite saturation ve-

locity. The Ge content at base–collector junction is fixed

at 7% in analysis. Table 1 shows the numerical results of

injected electron current at collector junction JnðW Þ,
stored electron charge, and base transit time for three

different Ge profiles in the base under four different

conditions: (1) sn ¼ infinite and vs ¼ infinite, (2) sn ¼
infinite and vs ¼ 8:2�106 cm/s, (3) sn ¼ 2:5�10�11 s and

vs ¼ infinite, and (4) sn ¼ 2:5�10�11 s and vs ¼ 8:2�106

cm/s. The effect of finite recombination lifetime is to

decrease JnðW Þ and to reduce the stored electron charge

in the base for all three Ge profiles. The curves (1) and

(2) of Fig. 5, corresponding to conditions (1) and (2),

show the steeper electron concentration profile at base–

collector junction due to infinite recombination lifetime

for trapezoidal Ge profile, as compared with curve (3)

and (4). The other two types of Ge profiles have the

similar results. Since electrons can recombine with holes

by the finite recombination lifetime, both the stored

electron charge in the base and collector current at base–

collector junction JnðW Þ decrease, as compared to infi-

nite recombination lifetime. As a numerical result, the

base transit time which is the ratio of stored electron

charge to JnðW Þ increases due to the finite recombina-

tion lifetime.
Table 1

The numerical results of SiGe HBT with various base structures

Ge profile Trapezoidal ðXT =W ¼ 0:75Þ Shift triang

Condition (1) (2) (3) (4) (1) (2

JnðW Þ (A/cm2) 98.95 86.42 96.63 83.51 64.28 59

Stored electron

(·10�11 c/cm2)

9.68 11.95 9.55 11.70 6.53 7

Base transit

time sB (ps)

0.97 1.38 0.99 1.40 1.01 1

The four conditions used in the calculations are: (1) sn ¼ infinite

(3) sn ¼ 2:5� 10�11 s and vs ¼ infinite, and (4) sn ¼ 2:5� 10�11 s and
The effects of finite saturation velocity decreases

JnðW Þ and increases the stored electron charge in the

base for all three Ge profiles (Table 1). The finite satu-

ration velocity leads to the accumulation of electron

concentration at base–collector junction, and thus the

slope of the electron profiles at base–collector junction

are smoother (curves (2) and (4) of Fig. 5, corresponding

to conditions (2) and (4)). The diffusion current de-

creases as compared to infinite saturation velocity. The

accumulation of electron in base–collector junction also

increases the stored electron charge. Therefore, the base

transit time increases due to finite saturation velocity.

Fig. 6(a) shows the variation of the base transit time

with XT=W of trapezoidal Ge profile in the base under

above four conditions. The optimal value of XT=W for

all four conditions are about 0.75–0.95. It is clear that

finite recombination lifetime can increases the base

transit time, and the finite saturation velocity also in-

creases the base transit time for all value of XT as
le ðXT =W ¼ 0:17Þ Two graded ðXT =W ¼ 0:58Þ
) (3) (4) (1) (2) (3) (4)

.01 62.87 57.27 90.49 80.61 88.37 78.02

.79 6.46 7.67 9.27 11.08 9.15 10.87

.32 1.03 1.34 1.02 1.37 1.03 1.39

and vs ¼ infinite, (2) sn ¼ infinite and vs ¼ 8:2� 106 cm/s,

vs ¼ 8:2� 106 cm/s.



Fig. 6. The base transit time vs XT =W of: (a) trapezoidal, (b) shift triangle, and (c) two graded Ge profile in base under the same

conditions in Fig. 5(d). The base transit time vs XT =W for three Ge profiles under the condition (4).
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compared to the ideal conditions at optimal value of

XT=W , the finite lifetime increases base transit time

slightly about 1%, the finite saturation velocity increases

base transit time about 39%, and both lifetime and

saturation velocity increase base transit time about 41%.

The effect of finite saturation velocity is to move the

position of optimal XT=W toward the base collector

junction slightly, and the effect of finite recombination

lifetime does not change the position of optimal XT=W
significantly. The shift-triangle and two-graded Ge

profiles have the similar results as shown in Fig. 6(b) and

(c), respectively. The optimal value of XT=W in shift-

triangle Ge profile is approximately 0.17–0.2, close to

emitter–base junction, and the optimal values of XT=W
in two-graded Ge profile under four conditions are ap-

proximately 0.5. For shift-triangle and two-graded Ge

profile, the finite lifetime increases base transit time �1%

and �1%, the finite saturation velocity increases base

transit time �29% and �33%, and both lifetime and

saturation velocity increase base transit time �31% and

�35%, respectively. Fig. 6(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 indi-

cates that the electric field in the central base is the most

effective way to reduce the base transit time.

3.2. Ge profile design consideration

For the constraint with Ge concentration fixed at

base–collector junction, Winterton et al. [17] demon-

strated that the central graded Ge profile is the optimal

profile for base transit time by using an iterative method.

Similar results are reported by Rinaldi et al. [18]. The

central graded Ge profile shown in Fig. 1(d) is adopted

in our optimization to find the optimal value of (XT1=W ,

XT 2=W ). In this profile, the drift field is at the central

base, since the central field is the most effective to de-

crease the base transit time as shown in Section 3.1. For

given three values of XT1=W (0, 0.2, 0.35), the base

transit time vs XT2=W is shown in Fig. 7. The optimal

position of XT2=W is around 0.75–0.88 for different

values of XT1=W . The optimal value of XT2=W and

minimum base transit time for different given value of

XT 1=W are shown in the inset of Fig. 7. It is clear that the

optimal XT 1=W is �0.20 and optimal XT2=W is �0.82.



Fig. 7. Base transit time vs XT2=W for three different values of

XT1=W of a central-graded Ge profile in the base. The Ge profile

is shown in the curve (d) of Fig. 1. The inset shows base transit

time and optimum value of XT2=W vs XT1=W .

Fig. 8. Comparison between our model, Kroemer’s model, and

Suzuki’s model.

S.T. Chang et al. / Solid-State Electronics 48 (2004) 207–215 213
3.3. Comparison with other models

Fig. 8 shows the comparison between our model

(sn ¼ 2:5� 10�11 s, and vs ¼ 8:2� 106 cm/s), Kroemer’s

model (infinite saturation velocity and infinite recombi-

nation lifetime), and Suzuki’s model (finite saturation

velocity (i.e., vs ¼ 8:2� 106 cm/s) and finite recombina-

tion lifetime) for trapezoidal Ge profile with doping of

5· 1019 cm�3 and GeðW Þ ¼ GeðXT Þ ¼ 7%. It is clear that

for the typical value of saturation velocity and recom-

bination lifetime, the saturation velocity degrades the

base transit time more seriously than recombination

lifetime.
4. Conclusions

In this paper, an analytical base transit time model of

Si/SiGe HBTs considering minority carrier recombina-
tion lifetime and velocity saturation at base–collector

junction of the multi-graded Ge base has been studied.

Our results show the decreasing base recombination

lifetime and the finite saturation velocity increase the

base transit time. 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 por-

tion of base. This optimal Ge profile agrees with Win-

terton’s and Rinaldi’s structures and is also applied to

modern HBT technology [19]. The serious degradation

of base transit time can occur if the severe recombina-

tion yields a diffusion length smaller than the base width.
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Appendix A

The parameters (A, B, C, and D) of Eq. (13) are de-

termined by boundary conditions with the continuous

electron concentration and total current at interface XT .

After calculation, the parameters are given by

A ¼ �A0=D ðA:1Þ

B ¼ �B0=D ðA:2Þ

C ¼ �C0=D ðA:3Þ

D ¼ �D0=D ðA:4Þ

where

D ¼ ae� be� af þ bf þ bcg � bdg � achþ adh ðA:5Þ

A0 ¼ bl� alþ gr � hr þ afs� bfsþ bdgs

� adhs� bgvþ ahv ðA:6Þ

B0 ¼ al� bl� gr þ hr � aesþ bes� bcgs

þ achsþ bgvþ ahv ðA:7Þ

C0 ¼ �bclþ bdl� er þ fr þ chr � dhr � bdes

þ bcfsþ bev� bfv ðA:8Þ

D0 ¼ er � fr � crg þ drg þ aclþ ades� aces

� ad þ aces� aev� acfsþ afv ðA:9Þ
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where

a ¼ vs þ Dn2r0þ � ln2E2

vs

� �
er

0
þðW�xT Þ;

b ¼ vs þ Dn2r
0
� � ln2E2

vs

� �
er

0
�ðW�xT Þ; c ¼ �erþXT ;

d ¼ �er�XT ; e ¼ Dn1rþerþXT þ ln1E1e
rþXT ;

f ¼ Dn1r�er�XT þ ln1E1e
r�XT ; g ¼ �r0þDn2 þ ln2E2;

h ¼ �r0�Dn2 þ ln2E2; s ¼ nð0Þ � n2ieð0Þ
NB

eA1Geð0Þ=KT ;

G ¼ n2ieð0Þ
NB

eA1Geð0Þ=KT ; GT ¼ n2ieð0Þ
NB

eA1GeðXT Þ=KT ;

v ¼ �Gea2ðW�XT Þ=KT � GT ;

r ¼ �GT e
a2ðW�XT Þ=KT vs � ln2E2 þ Dn2a2

vs
; and

l ¼ Dn2a2GT e
a2ðW�XT Þ=KT � Dn1Ga1ea1XT =KT � ln2E2GT

þ ln1E1Gea1XT :
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