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The transit time through collector junction depletion-layer is an important parameter that influences AC gain and

frequency performance. In SiGe heterojunction bipolar transistor (HBT) collector junction, the depletion-layer width is

given in three cases. The models of collector depletion-layer transit time, considering the collector current densities and

base extension effect, are established and simulated using MATLAB. The influence of the different collector junction bias

voltage, collector concentration of As or P dopant and collector width on collector junction transit time is quantitatively

studied. When the collector junction bias voltage, collector doping concentration and collector width are large, the

transit time is quite long. And, from the results of simulations, the influence of the collector depletion-layer transit time

on frequency performance is considerable in SiGe HBT with a thin base, so it could not be ignored.
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1. Introduction

The collector depletion-layer transit time is an
important parameter influencing AC gain and fre-
quency performance. When the base-width becomes
narrower and the concentration of the As or P doped
in the collector becomes lower, the collector depletion-
layer transit time strongly influences AC gain. Es-
pecially, when the collector current density is high
and the collector depletion-layer width is large, the
collector depletion-layer transit time will be the cru-
cial parameter for determining AC gain and frequency

performance.[1:2]

The base-width can be very small for an SiGe het-
erojunction bipolar transistor (HBT). Meanwhile, the
self-building electric field that can accelerate minority
carriers is established due to the graded Ge and impu-
rity profile. Therefore, the base layer transit time of
SiGe HBT can be reduced compared to the general Si
bipolar junction transistor (BJT). The hetero-emitter-
junction of HBT can restrain the minority carriers in-
jected from base to emitter, which might reduce the
emitter layer transit time. Based on the above factors,

the effect of the collector depletion-layer transit time

on the frequency performance in SiGe HBT is more
significant than in BJT. Accordingly, it is very useful
to quantitatively study the collector depletion-layer
transit time for the design of SiGe HBT.

Based on the transportation process of the carri-
ers in npn-type bi-heterojuction SiGe HBT, the mod-
els of the collector depletion-layer transit time are es-
tablished by considering the collector current densities
and base extension effect. The influence of the struc-
ture parameters and collector current density on the
collector depletion-layer transit time of the SiGe HBT
are simulated and analysed. The model is also suitable
for the sole-heterojuction SiGe HBT if the material

parameters of the collecting region are changed.

2.Models of the collector
depletion-layer transit time

The collector depletion-layer transit time is given
by
Td
= —, 1
T =g (1)
where vg is the saturation velocity, x4 is the width of

depletion-layer, which varies with the collector current
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density. The collector depletion-layer transit time is

proportional to the depletion-layer width.

When the collector current density is small, the
width of the collector junction space charge region
will get wider with increasing collector current den-
sity. The region will become fully depleted when the
width of the collector junction space charge region in-
creases until it equals the width of the collector. Then
the collector junction space charge region meets the
substrate with the continuous increase of the collec-
tor current density. The base extension effect emerges
with the increase of the collector current density, and
the collector junction moves to the interface between
the collector and substrate. From Eq.(1), it may be
found that the collector depletion-layer transit time
is proportional to the width of depletion-layer. The
influence of the collector current density on the col-
lector depletion-layer transit time will be discussed
for three situations: part-depletion, full-depletion and

base widening.

2esiesice (Vo + ¢1) <qNB + —>

2.1. Part-depletion

When the collector current density is small, the
collector layer is part-depleted, and the electric field
in the space charge region on the two sides of the col-

lector junction is shown in Fig.1 for z, < wc here.
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Fig.1. The electric fields of the space charge region on the
two sides of the collector junction in SiGe HBT part-depletion
layer.
In Fig.1, wc is the width of collector, x,, is the width of
collector junction depletion layer on the base side, and
xy is the width of collector junction depletion layer on
the collector side. z, and x,, are given in Egs.(2) and

(3) respectively,!!]

: (2)

Iy =

(v~ )
qUs

T, =0Ty
J
<NB + 5)

In Egs.(2) and (3), N¢ is the collector doping con-

centration, Ny is the base doping concentration, v is
the electron saturation velocity, Vgc is the applied
voltage across the BC junction,J¢ is the collector cur-
rent density, eg; is the dielectric constant of Si. eg;qe is
the dielectric constant of Si;_,Ge, in the base region,

and is given as follows:!3]
€siGe = 11.9 + 4.9y, (4)

where y is the content of Ge in the base region. ¢,
is the Fermi potential difference between the base and
collector, which may be given by
kT N¢N;
¢1:q1 ( 2B>—AEV. (5)
In Eq.(5), n; is the intrinsic carrier density of Si,
and AFEYy is the valence band offset between the base

and collector®!

AEy = 0.96y — 0.43y* + 0.17y>. (6)

Jo\ 2 Jc Jc
s (e = 32 s (e = 32 ) (a4 7 )

Then the collector depletion-layer transit time is given

by

Td = Lp + In . (7)

2vg

2.2. Intrinsic collector full-depletion

From Eq.(2), there is an enhancement in z, with
The collector
The collec-

tor junction depletion layer will extend towards the

increasing collector current density.

layer is fully depleted when x, = wc.

substrate with the continuous increase of the collector
current density. Then the space charge region consists
of three parts: the base part x,,, the collector part w¢
and the substrate part 7. After the intrinsic collector
layer is fully depleted due to the continuous increase

of the collector current density, the collector part of
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the collector junction depletion layer will be changed  According to the boundary conditions

from positively charged to electrical neutral, and then

becomes a negatively charged region. Exn (x)|m:7zp =0, (10a)
As the collector part of the collector junction de- Eg ()] ,g = E21 ()] » (10b)

pletion layer becomes a positively charged region, we Fas (x)|w:wc+w: =0, (10c)

J
have qNg — “C > 0. The electric field of the space
v

charge region on two sides of the collector junction is
shown in Fig.2, in which z is the width of the sub-

strate part of the collector junction depletion layer.

n+. p AlE| n~ nt
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Fig.2. The electric field of the space charge region on the
two sides of the collector junction in full-depletion, with the
collector part of the collector junction depletion layer being
positively charged.

Poisson equations of space charge region are given

by
dE21 ($)
T = —qkl — Tp S < 0, (8&)
dEss (x
%():qu 0< < we, (8b)
dFE
%(m):qu we <z < we+x. (8¢)

In Eq.(8), Eo; is the electric field of depletion
layer in the base, E33 is the electric field of deple-
tion layer in the collector, Es3 is the electric field of

depletion layer in the substrate, and

Jc

+ Ng
by = 4% (9a)
€SiGe
J
Ne — 28
ky = i, (9b)
€si
J
NG - 8
hy = —— L% (9¢)
€si

by solving Eq.(8), three electric field equations are ob-
tained for the three parts of the depletion layer

By (z) = —qk1 (z + )
E22 (1:)
E23 (I)

-z, <z <0, (11)

0<z<wg, (12)
we <z < we+ 2. (13)

= qua: - qkl wp
= qks (m —z¥ )

The potential difference between two sides of the
space charge region is the sum of the applied volt-
age Ve across the BC junction, the built-in potential
¢1 of BC junction and the Fermi potential difference
between the collector and substrate ¢o, and can be

obtained by integrating over the space charge region

Veg + ¢1 + ¢2
0 wc
=— < / Eo (z)dx + /E22 (z)dz
—z, 0
wota]

(14)

+ / Eas () dx).

In Eq.(14), ¢2 is the Fermi potential difference

between the collector and substrate

¢2:k—Tln<N—g>

4 Ne (15)

Under the condition that positive charges must be
equal to negative charges in the space charge region,
we have

(16)

gesicek1T, = gesikawe + gesikazy .

By solving Egs.(14) and (16), expressions of z

and z, are obtained.

kiweed;kaks < egiks )}
Qoo — L8128 o ape [ =218
{ e €dige kT PO\ esigekn , )
krwoel kak k &

+ [2]63100 - EOESE _ gkwe (L - )] —4 |k <7ES s > ks

n £§igeki €sigek1 egicekl
k2 \? ik 2(V
x klw%< Esift2 > +2k1w§,< esilt2 )kzwg (Von + ¢1 + ¢2)
£si e
+ SiGelvl SiGelvl q
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esiks
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koesiwe + kaesizy
a:p =

17b
k1esige (17D)

Then the collector depletion-layer transit time is
given by
Tp + wg + wi

T4 =
20

(18)

2.3. Base-widening

As the collector current density increases continu-
ously, the base extends towards the collector, and the
collector junction moves to the region between the col-
lector layer and the substrate. Then the space charge
region consists of two parts: the collector part =, and
the substrate part z7. The electric field of the space
charge region on two sides of the collector junction is

shown in Fig.3.
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Fig.3. The electric field of the space charge region
on two sides of the collector junction in full-depletion

after base widening.

The expression of x, is given by
z, = wg — Aws, (19)

where Awg is the width of the base widening!?

/2
Jor — quiNe \ '
A = 1-|— . 20
ws wc[ = (20)

In Eq.(20), Jcg is the critical current density for

the start of base widening!®!

2ESiVCB> (21)

Jer = qus <Nc + 5
qWc
Since positive charge is equal to negative charge
in the space charge region, the following expression

can be obtained

J
U*C —qNc
+ _ s
Ty =z, | (22)
gN¢ — on

So, with the base widening the collector depletion-
layer transit time is given by
Tp +

== 8 23
=l (23)

3. Results of simulation and anal-
ysis

In this paper, the models established are simu-
lated and analysed using MATLAB. The relation be-
tween the collector depletion-layer transit time 74 and
the collector current density Jc is plotted in Fig.4,
for different applied voltages across the BC junction,
with the doping concentrations in the base layer and

the collector layer, and the width of the collector layer

being fixed.
Ng=5x10'%cm—3
3} Np=1x10'%cm~3
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Fig.4. Relations between the collector depletion-layer
transit time 7q and the collector current density J¢ for

different applied voltages across BC junction.

From Fig.4, it can be seen that the influence of
the collector junction reverse voltage on the collector
depletion-layer transit time is remarkable. When the
collector junction reverse voltage is large, the transit
time is quite long, and can be longer than the base
transit time, because the order of magnitude of the
base transit time is about ps for transistors with thin
base layer. In order to obtain high frequency per-
formance, the collector junction reverse voltage and
the collector layer doping concentration must be syn-
thetically considered when designing transistors. In
Fig.4, there are two turnover points in every curve.
At the first turnover point, the collector layer is fully
depleted. And at the second turnover point, the base

extending towards the collector layer starts.

The relation between the collector depletion-layer
transit time 74 and the collector current density J¢ is
plotted in Fig.5 for different doping concentrations of
collector layer, with the width of collector layer, the
doping concentration of the base and applied voltage

of BC junction being fixed.
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Fig.5. Relations between the collector depletion-layer transit
time and the doping concentration of the collector layer.

From Fig.5, it can be seen that increasing doping
concentration of collector layer could cut down the
collector depletion-layer transit time, but this would
influence the performance of BVcpo. So, the device is
designed according to the requirement of applications.
The higher the doping concentration of the collector
layer, the larger the current density for generating full-
depletion of the collector layer, and the higher the
critical current density for generating base-widening.
These can all be seen from Fig.5.

The relation between the collector depletion-layer
transit time 74 and the collector current density J¢ is
plotted in Fig.6 for different widths of the collector
layer, with the doping concentration of the base and
collector layer and the applied voltage across BC junc-
tion being fixed.

From Fig.6, when the collector layer is full-
depleted, the collector depletion-layer transit time 74
is significantly influenced by the width of the collector
layer.

According to Ref.[6], for SiGe HBT with the base
width of 0.22um and the base doping concentration of
10"7cm ™3, the base layer transit time is about 10ps,
when the device is operating in linear work. From
Figs.5, 6 and 7, the collector depletion-layer transit
time is less than 2ps, so it has only slight influence on

the frequency performance.
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Fig.6. Relations between the collector depletion-layer
transit time and the width of the collector layer.

But the cut-off frequency of SiGe HBT used at
high frequency is dozens of GHz. According to Ref.[7],
the SiGe HBT'’s base width is 45nm, its base doping

concentration is 8x108cm =3

, so its base layer tran-
sit time is 2.2ps, and the influence of the collector
depletion-layer transit time on frequency performance
is considerable. Therefore, in designing SiGe HBT for
high frequency applications, the influence of the col-
lector depletion-layer transit time on frequency per-

formance must be fully taken into consideration.

4. Conclusion

Based on the transportation process of the carri-
ers in npn-type bi-heterojunction SiGe HBT, the mod-
els of the collector depletion-layer transit time, taking
into account the collector current densities and base
extension effect, have been established. The influences
of the structure parameters and collector current den-
sity on the collector depletion-layer transit time of the
SiGe HBT are simulated and analysed. The collector
depletion-layer transit time is quantitatively studied
by considering the effect of the base-collector voltage,
doping concentration and the width of the collector

layer.
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