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A device model for thin silicon-on-insulator
SiGe heterojunction bipolar transistors
with saturation effects*

Xu Xiao-Bo(#:/ME)T, Xu Kai-Xuan(#k#lik), Zhang He-Ming(5K#51%), and Qin Shan-Shan(Z53i3})
Key Laboratory of Ministry of Education for Wide Band-Gap Semiconductor Materials and Devices,

School of Microelectronics, Xidian University, Xi’an 710071, China

(Received 1 April 2011; revised manuscript received 9 May 2011)

In this paper, we describe the saturation effect of a silicon germanium (SiGe) heterojunction bipolar transistor
(HBT) fabricated on a thin silicon-on-insulator (SOI) with a step-by-step derivation of the model formulation. The
collector injection width, the internal base—collector bias, and the hole density at the base—collector junction interface
are analysed by considering the unique features of the internal and the external parts of the collector, as they are
different from those of a bulk counterpart.
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1. Introduction

The silicon germanium heterojunction bipolar
transistor (SiGe HBT) fabricated on a thin silicon-
on-insulator (SOI) has been integrated with the lat-
est 0.13 pm mm-wave SiGe SOI BiCMOS technol-
ogy and shown decent device performances, includ-
ing higher Early voltage, weaker avalanche multiplica-
tion effect, better trade-off between the base—collector
breakdown voltage and the characteristic frequency,
better proton radiation effect, smaller parasitic pa-
rameters, and improved immunity to the substrate
noise and crosstalk.!!]

As the SOI SiGe HBT has both vertical and hor-
izontal current flow paths, the electrical behaviour
change makes the conventional models insufficient to
describe the device. Although many models are re-
ported to describe various electrical parameters, such
as the base transit time, the collector resistance, the
depletion capacitance, the Early voltage, and the
avalanche current,2~6 they are only suited to the case
of low current situation. We take saturation effects
into account and describe the device under the large

current situation by focusing on the unique features of
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the SOI device. The collector is in the injection mode
if the transfer current is large enough to make the in-
ternal base—collector junction forward biased, specifi-
cally in the saturation condition. Saturation models of
the bulk device have been reported,[”=? and our mod-
els of the SOI device are derived step by step similar
to that of the bulk one. The current is vertical and
horizontal, therefore the collector current density par-
allel to the base—collector junction is non-uniform, and
the voltage drop across the collector region is different
from that of the bulk one. So the saturation effects of
the SiGe SOI device should be analysed carefully. In
this paper, we model the saturation effects of the SOI
SiGe HBTs for the first time.

The remainder of this paper is organized as fol-
lows. In Section 2, we provide information about the
investigated transistor and derive the employed mod-
els including the collector injection width, the injected
hole density, and the internal base—collector bias. In
Section 3, the simulation results are demonstrated and
the observations are discussed. Finally, the conclu-
sions drawn from the obtained results are given in

Section 4.
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2. Model derivation for SOI SiGe
HBT

Figure 1 shows the schematic diagram of a SiGe
HBT on a thin SOI. The width of the collector is about
150 nm,[!! therefore the current flows vertically and
makes a turn horizontally to the N* collector contact
region. The zero point of the x axis is located at the
base side edge of the base—collector depletion region
at zero bias, and the zero point of the y axis at the
edge of the intrinsic base. The analysis is constrained
to the left half of the device, and a similar analysis
can be made on the other half. We consider just the
saturation effect in the hard saturation case, for sim-
plicity, most of the collector region is assumed to be
quasi-neutral.
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Fig. 1. Schematic of SiGe HBT on thin SOI.

First, the collector injection width is considered.
The abrupt base—collector junction (N > Nepi,
where Np and Ngp; are the base and the collector
doping concentrations, respectively, and are assumed
to be constants) and the depletion approximation are

made. The one-dimensional Poisson’s equation is
given by
dE 1 Jepi
C2 = (N — 221, 1
dz €si (q P Usat) ( )

where eg; is the dielectric coefficient of silicon, Jepi is
the collector current density, vg,t is the electron satu-
ration drift velocity, and q is the charge of an electron.
The term (qNp; —
tion of the space charge by the electrons in transit.

Jepi/Vsat) represents the modula-

Equation (1) is integrated twice with boundary
conditions

E(xi) = —vsat/fin, (2)

Wepi
—/ E(z)dz =Veg + Vg — LepiRen,  (3)

i

where Iopi = AemJepi is the collector current, with
Acn being the emitter area; py, is the electron mobil-
ity; Ren is the Ohmic resistance of the horizontal part
of the external collector, which will be discussed in
more detail below; W is the collector epilayer width;
x; is the collector injection width; Vg is the reverse
base—collector junction bias; and Vg = Vrln(NZ,;/n?)
is the built-in potential of the base—collector junction,
with Vp the thermodynamic potential and n; the in-
trinsic carrier concentration. The relation between

Iopi and z; is obtained as

Ve + Va
= IepiRch +

Usat
Hn

1 Loy
Nepi — —o— epi — @)% (4
i (Ve = 22 ) Vo = . (4

The collector horizontal resistance can be mod-

(Wepi - fl?i)

eled directly, as the current passing through the region
is uniform,

L
= - : (5)
2qunNepiLEWepi

Rch

where 2 arises from the symmetry, Ly, = (Lepi—Wg)/2
is the collector external horizontal length, Wg and Lg
are the emitter width and the emitter length, respec-
tively, and the current flow area is Ly x Wep;.

Substituting Eq. (5) into Eq. (4), the final col-
lector injection width for the saturation condition is
obtained.

Next, the internal reverse collector-base bias Vj is
considered. Here we use the collector quasi-neutrality
(Nepi + p = n, where p and n are the collector hole
and electron densities, respectively) and the following
basic relation

pn =0 expl(pn() — dp)/Val, (6)

where ¢, (z) and ¢, are the electron and the hole
quasi-Fermi potentials, respectively. The ¢, is as-
sumed to be independent of x, which has been verified

[7) as the col-

by the numerical simulation by Kull et al.,
lector hole density is relatively small under the satura-
tion condition. Their difference equals the bias applied
over the junction, specifically ¢n(x) — ¢p = —V(x),
where V(z) is the voltage drop from point = to the

base. Equation (6) is rewritten as

p(@)(p(x) + Nepi) = nf exp(=V(2)/Vr).  (7)

Apparently V(0) = Vj.
solved if the hole density at the base—collector junction

The problem is in principle
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interface p(0) is obtained. In fact, we just calculate an-
other relevant parameter K (0) = 2p(0)/Nepi + 1 from
collector current Ip; and collector injection width x;,
which will be discussed below.

The Iqp; should be analysed by applying the con-
tinuity equation in the collector. For the device under
the saturation condition, the internal base—collector
junction is forward biased, and holes are injected into
the collector epilayer. Assuming no recombination,
the collector hole current can be given by the conti-
nuity equation

Jp = qupenip — gD =0, (8)

P dax
where p1,, is the hole mobility, epr is the base built-
in electric field for large current, and D, is the hole
diffusion coefficient. The egr can be obtained as

D,1dp KT 1dp
e (9)
pp p dx g pdx
where the Einstein relation is used. The electron con-

tinuity equation is

dn

aﬂ (10)

Jn = qineBIn + gDy
where D, is the electron diffusion coefficient. Substi-
tuting Eq. (9) into Eq. (10) and assuming the collector
quasi-neutrality again, we obtain the transfer current
density as

Ne i dp

Jepi = —Jn = —qDn | 2 PL)—=. 11
. omu(24 72 L
Multiplying both sides of Eq. (11) by dz and then
integrating the resulting equation from 0 to Wepi, we

have

qDn
Jepi - (2p(0) - 2p(Wepi)

Wepi
p(0)
p(Wepi)). (12)

The collector current Iop; can be evaluated by comb-
ing Egs. (7) and (12
Eq. (12) by emitter area Aen, and is expressed as

K(0) +1 )

+ Nepi In

) and multiplying both sides of

T = 3|V (KO = K(Wo) = 1n

K(Wepi) +1
+ VCB - IepiRch - V}:| ) (13)
where
W,
R = $ 14
qpinNepiAem (14)

\/1+4n2/ i exp[—(V; + Va)/Vr], (15)

2
K (W) = \/ o expTupi e~ Va— V), (16)
epi
with R being the low current Ohmic resistance of
the vertical collector region, K (0) = 2p(0)/Nepi +

and K (Wepi) = 2p(Wepi)/Nepi + 1. If the dev1ce
is under the low current condition, Vog > 0 and
K (0) = K(Wepi), equation (13) reduces to Ohm’s law

epl = (VCB IepiRch - ‘/])/R (17)

With Eq. (7), we obtain
p(0)(p(0) + Nepi) = nf exp(=V;/Vr).  (18)

By combining Egs. (13) and (18), K(0) and V; can be

calculated from Iopi, @i, and K(Wepi), so can p(0).

3. Verification and discussion

Numerical simulations are performed to inves-
tigate the ranges of z;, p(0), and Vj achievable
with the variation of I.,;. For these simulations, a
0.17 pm x 2 pm transistor with a collector length Ly,
of 800 nm, a collector width Wcp; of 150 nm, and
a base width of 50 nm is established. Doping con-
centration Nepi is 1 x 1017 ¢cm~3 for the collector,
2 x 10'® e¢cm™3 for the base, 5 x 10 cm™3 for the
emitter, collector-base bias Vg is 2.3 V. To analyse
the influence of the saturation effect, collector current
Iepi is varied between 0.1 mA and 10 mA.

Figure 2 shows normalized collector injection
width x;/Wepi varying with collector current Iop;. The
injection width increases with the increase of Igp;.
There are two reasons for this. First, the voltage drop
across the collector resistance can be ignored at low
collector current. However with the increase of col-
lector current I.pi, the voltage drop further increases,
and the internal base—collector junction is forward bi-
ased at certain I.p;, which makes the holes in the base
injected into the collector. The injected holes accu-
mulate at the boundary of the base—collector space
charge region. With the continuous increase of Iopi,
the holes in the collector increase further. Finally, the
base region spreads, and the collector injection width
increases. Second, at low collector current, the car-
riers can be ignored. With the increase of I.p;, the
carriers increase, and the pure space charge density in

the collector turns to be reversed at certain Iqp;. The
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injection width increases with the continuous increase

of Icpi~
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Fig. 2. Relation between normalized collector injection
width x; and collector current.

Figure 3 shows the change of the hole density at
the base—collector junction interface with the increase
of collector current I.p; . As can be seen from the fig-
ure, the hole density p(0) is tiny and can be ignored
for not too large current and increases rapidly at the
high current mode. With the increase of the collec-
tor current, the HBT operates in a saturation state,
and the internal base—collector junction becomes for-
ward biased, which makes the holes injected into the
collector. The forward bias increases with the contin-
uous increase of I.p;, therefore the hole density at the
base—collector junction interface further increases.
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Fig. 3. The relation between hole density at the base—
collector junction interface p(0) and collector current Iop;.

Figure 4 shows internal reverse collector—base bias
Vi varying with the collector current. The internal re-

verse collector—base bias decreases with the increase
of the collector current. The applied collector—base
bias drops mostly on the corresponding base—collector
junction due to the fact that the voltage drop across
the collector resistance is small and can only make
a small contribution to the total applied bias at the
low current mode. The increase of collector current
Iopi causes the voltage drop across the collector resis-
tance to increase, and hence leading to the decrease
of the internal collector—base junction voltage. At the
point the voltage drop across the collector resistance
increases to the applied bias, V; equals zero. The V]
is below zero and decreases further, as Iop; further in-
creases, which is the case that the base—collector junc-

tion is forward biased.
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Fig. 4. The relation between internal reverse collector—
base bias V;j and collector current Iep;.

4. Conclusion

The saturation effect of an SOI SiGe HBT is anal-
ysed with a step-by-step derivation of the model for-
mulation. The collector injection width, the injected
hole density, the internal base—collector bias, and the
hole density at the base—collector junction interface
are described by considering the unique features of
the internal and the external parts of the collector,
as they are different from those of a bulk counter-
part. The presentation of the saturation effect can be
employed as a compact model for the design and the
simulation of the high performance SOI SiGe devices

and circuits.
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