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Silicon germanium (SiGe) heterojunction bipolar transistor (HBT) on thin silicon-on-insulator (SOI) has recently
been demonstrated and integrated into the latest SOI BiCMOS technology. The Early effect of the SOI SiGe HBT is
analysed considering vertical and horizontal collector depletion, which is different from that of a bulk counterpart. A

new compact formula of the Early voltage is presented and validated by an ISE TCAD simulation. The Early voltage

shows a kink with the increase of the reverse base—collector bias. Large differences are observed between SOI devices

and their bulk counterparts. The presented Early effect model can be employed for a fast evaluation of the Early voltage

and is useful to the design, the simulation and the fabrication of high performance SOI SiGe devices and circuits.
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1. Introduction

Silicon germanium (SiGe) technology has ma-
tured to a stage where a superb state-of-the-art het-
erojunction bipolar transistor (HBT) with characteris-
tic frequency at room temperature exceeding 400 GHz
can be manufactured.['!] SiGe HBTs have emerged as
one of the key components for millimeter wave appli-
cations, such as high speed communication systems at
60 GHz, automotive radar systems at 77 GHz, mil-
limeter wave imaging systems at 94 GHz or higher,
due to the great compatibility with the standard sil-
icon process.[?l Unlike IIT/V semiconductor technolo-
gies, the SiGe exploits the same manufacturing steps
as the silicon-based CMOS and allows analog, digital
and millimeter wave functionalities to be integrated on
a single chip. Silicon-on-Insulator (SOI) devices fea-
ture reduced parasitic capacitances, low leakage cur-
rents and improved immunities to substrate noise and
crosstalk.®) Therefore combining SiGe HBTs with the
SOI technology, especially thin film SOI, is attractive
for low power and high speed applications. Recently, a
novel SiGe HBT with “folded collector” fabricated on
thin CMOS-compatible SOI, first proposed by IBM, 4!
has been integrated into the latest 0.13 pm millimeter
wave SiGe SOI BiCMOS technology.[’! The devices
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show decent electrical performances, such as higher
Early voltage and better trade-off between the base-
collector avalanche breakdown voltage and the char-
acteristic frequency.

As the SOI SiGe HBT has both vertical and hor-
izontal current flow paths,[* the change of the elec-
trical behaviour makes the conventional model insuf-
ficient to describe the forward Early effect. The Early
effect has a profound impact on device characteristics.
The Early effect is due to variations in the width of
the quasi-neutral base, which arise from a modulation
of the base—collector depletion width. Changes in the
capacitively stored junction charge cause changes in
the output current, in the output conductance, in the
base transit time, in the current gain and in the col-
lector diffusion capacitance.

The forward Early effect of the device has been
analysed qualitatively.[®/ The researchers simplify the
problem by neglecting the capacitance induced by the
horizontal space charge expansion and propose an ar-
tificial Early voltage instead. Our investigations focus
on understanding the unique features of the horizontal
space charge region and their influences on the forward
Early voltage. To our knowledge, the forward Early
effect has not been theoretically and quantitatively
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studied. The aim of this paper is to develop an accu-
rate yet relatively simple analytical expression for the
conventional Early voltage. This paper is organized
as follows. Section 2 provides information on the in-
vestigated transistor and briefly derives the employed
models. In Section 3, device simulation results are
compared to the calculation of the model. Further-
more, the observations are discussed. The results are

summarized in Section 4.

2. Early voltage model for SOI
SiGe HBT's

Figure 1 shows the sketch of a SiGe HBT on thin
SOI with the definitions of dimension variables. The
width of the collector is about 150 nm,!”! therefore
the current flows vertically and makes a turn to the
N+ collector contact region. The zero point of z axis
is located at the base side edge of the base—emitter
depletion region at zero bias and the zero point of y
axis is located at the edge of the base. We restrict our
analysis to the left half side of the device. A similar
discussion applies to the other side.

Fig. 1. Schematic diagram of a SiGe HBT on thin SOI.

Define ' = x — Wpgg, where Wpy is the quasi-neu-
tral base width at zero bias. The Early voltage expres-
sion of a SiGe HBT can be obtained by partitioning
the relative Gummel number Gg/Gpg of the collec-
tor current and using /the definition of the Early volt-
age, where G = ffg,E (Ng(2')nZ) /Dy (2" )n2(2"))da’
and Gy = fOWBO (Ng(z')n2)/ Dy (2" )n?(z"))da’ are
the base Gummel numbers at arbitrary biases and at
zero bias respectively, D, is the minority carrier diffu-
sion coefficient in the SiGe base, Ny is the base doping
concentration, n;g is the intrinsic carrier concentration
of the un-doped Si, n;(z’) is the intrinsic doping of Ge.
The xy, (x) is the increase of the quasi-neutral base
width due to a change in the emitter—base (collector—

base) depletion layer width. 8]
G\
Vi = Gro ( - )

where G¢ = ng,io (Ng(2")n /Dy (2" )n2(2"))da’, VEE
is the effective forward Early voltage at zero bias, Vpc
is the base—collector bias. The reverse collector-base
bias will be denoted by Vep.

The intrinsic carrier concentration of SiGe is n?
= (Nch)ste exp[ng/(kT)], where (Nch)ste is
the Ge-induced change including both the conduc-
tion and the valence band effective density-of-states,
k and T are the Boltzmann constant and the ab-
solute temperature, respectively. Neglecting the ef-
fect of doping induced bandgap narrowing, we obtain
Ey(2,T) = Eo(T) — 0.962 + 0.4322 — 0.1723 (eV),[1%
where z is the Ge fraction, gy is the energy differ-
ence between the lowest conduction band edge and the
highest valence band edge for the alloy layer (strained
Siy_,Ge, grows on an unstrained Si layer) and Ey(T)
is the bandgap of the bulk Si (1.17 eV at 90 K or
1.12 eV at room temperature). We are looking for
a reasonably simple but adequately accurate formula.
Hence we assume the Ge doping in the base is lin-
ear, the base doping concentration is a constant, the
diffusion coefficient is a constant and the third order
component of F, is negligible. We can then write

; (1)

) ! 9 .’)3’2
f=A — 0.47KT 2
wt = e (- ). @

BO
Eo(T)

@)
where 17 = 0.96(zwy, — 20)/(kT), 2wy, and zo are the
Ge fractions at 2’ = Wpo and 2’ = 0, respectively.
In practice, the bandgap change within [Wgo, 2(] is
negligible. Substituting Eqs. (2) and (3) into Eq. (1)
and evaluating the collector—base depletion charge by
a capacitance Cjc, we obtain,

A = (NcNvy)sice €xp (—

it _ fol exp(—nx’ + 0.47kTn?z'?)dz’ QBO’
exp(—n + 0.47kTn?) Cic
where Qg = ¢WgLgNgWpgp is the base charge at
zero bias. The integral fol exp(—z'?)dz’ can be evalu-
ated approximately by the trapezoidal method, which
is equal to 0.746. If the second order component of Eg

is also neglected, the forward Early voltage of a bulk
HBT is simplified to

(4)

1 —exp(—n) Qo
nexp(—n) Cic’ ©)

The “folded collector” of the SOI HBT makes
the collector capacitance different from that of a bulk

eff
VEF -

counterpart. The behaviour of the device is analysed
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to get a collector depletion width model and hence to
obtain a final formula for the collector capacitance.

The base—collector space charge region (SCR) ex-
pansion is vertical at Vop = 0 V while lateral at higher
reverse bias for a partially depleted HBT. The SCR
expansion is lateral at Vog = 0 V for a fully depleted
HBT. We focus on the former case just because the
latter case can be described by conventional models.

According to the HICUM model,'! the effective
vertical punch through voltage is expressed as Vipc =
(chpi/QESi)ngi — Vdc» where Vdc = VT ln(Nezpi/niz)
is the built in potential, Nepi and Wepi are the col-
lector doping concentration and the collector width,
respectively, €s; is the dielectric coefficient of Si, Vp
is the thermodynamic potential. If Vop < Vjpc, the
collector SCR extends vertically; if Vop > Vipc, the
collector SCR reaches the Si/SiO; interface and begins
to extend horizontally.

In the case Vop < Vipc, the collector is partially
depleted and the depletion is generated in the intrin-
sic collector region. We solve the one-dimensional Pos-
sion’s equation and obtain the vertical depletion width
T with the assumption of an abrupt base—collector
junction

. 2esi(Ves + Vdc). (6)

qupi
In the case Vo > Vipc,  is equal to Wepi, the col-
lector is fully depleted and the excess voltage falls on
the collector’s horizontal depletion region. We apply
the Possion’s equation horizontally with boundaries
E(y) = 0, where E is the electric field, § is the hori-

zontal depletion length and — fog E(y)dy = Ves—Vipc
and obtain
_ 2esi(Veisi — Vipai
y\/ S(C]]if JPC)' (7)
q{Vepi

In summary, the vertical and the horizontal space
charge region widths for a partially depleted HBT are

0, 0 < Ve < Vipc,

y= \/2€Si(VCB — Vipc) (9)

, Vos > Vipc:
qupi !

In practice, the horizontal collector current is
confined in a thin film as Ve > Vipc, with the
width Wpgrp smaller than the collector width Wep,
as shown in Fig. 2. The corresponding vertical and
horizontal collector depletion charges are Qjcv =
0.5¢Nepi LEWEZ and Qjcn = ¢Nepi LEWDEFPY, Where
0.5LgWx and LgWpgrp are the emitter area and the
horizontal collector depletion region area of the left
half of the device, respectively. Therefore the verti-
cal and the horizontal collector depletion capacitance
Cjcv and Cjcn can be obtained as

Cico
, 0 < Vep < Vipe,
Ciov = { (VeB/Vac + 1)1/2 R 1)
esi/Wepis Vipc < Vs,
0, 0 < Ve < Vipg,
aC
Cion = - i3 Viee < Ves, (11)
Ve Vipc
Vdc Vdc
where Cjco = WELE(qupiESi/(QVdC))1/2 is the
zero bias collector depletion capacitance. The

o = WDEFPLE/(O.5WELE) = WDEFP/(O-5WE) is a
weighting factor and can be considered as a constant
at the first order approximation since it depends on
the extrinsic base—collector SCR in the punch through
mode.['2! The vertical capacitance can be regarded as
€si/Wepi in full depletion cases. From a physical mod-
eling point of view, the whole collector depletion ca-
pacitance Cjc is the series of vertical and horizontal
It should be noted that the collector deple-
tion capacitance of the right half is similar to that of

parts.

the left half and has the same expressions. Therefore,
the Cjc is expressed as 2/(1/Cjcv + 1/Cjcn), where
2 accounts for both the left half and the right half
contributions and is given by

0 < Ve < Vipc,

Virc < VoB.

given by
2egi (Ve + Vae)
ZesilfeB T Vo) () < Yo < Vipe,
7= Nepi =B =P g
Wepis Ves > Vipc,
20j00
(Vew/Vae + 1)1/27
Cic = 2

Wepi + (VCB/VdC - ViPC/‘/dc)l/2 '
€si aCjco
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Substituting Eq. (12) to Eq. (5), the final expres-
sion for the forward Early voltage of a partially de-

1 —exp(—n) Qro(Ven/Vae + 1)1/2

pleted SOI SiGe HBT with an abrupt base—collector
junction is obtained

) 0 < Ve < Vipc,
(13)

o ) 2mexp(—n) Cjco

EF —
1 —exp(—n) Oro (Wepi n (Ver/Vae — Viee/Vae)'/?
2nexp(—n) Esi aCico

It is apparent that the Early voltage in the model
shows a kink at the transition point.

E
B ——
| S SiOo |N+
C_| SiO2 | LS
N+ WDEFPJ
A N LU
SiO9 f
Lepi/2
b epl/ .
: 5 D
1 1 1 1
Y Ly, Lperp 0

Fig. 2. Schematic diagram of electron flow path for the
fully depleted operation mode.

3. Verification and discussion

The model established above is verified by a two-
dimensional simulation using ISE TCAD with graded
Ge content, while the constant Ge case is a special
case with zero gradient. For experimental convenien-
ce, the forward Early voltage is normally written as
Ic/(01c/0VeR).

First, the forward Early voltage model of a bulk
SiGe HBT given by Eq. (4) and the simplified form
given by Eq. (5) are compared to the simulation with
emitter doping concentration 5x 10 cm ™3, base dop-
ing concentration 2 x 10'® cm ™3, collector doping con-
centration 1 x 107 cm™2, Ge doping profile linEarly
graded up from 10% at the emitter—base junction side
to 22% at the collector—base junction side and base
width of 40 nm. The Ge induced bandgap narrow-
ing model is implemented and the base—emitter bias
is 0.85 V.

Figure 3 shows the forward Early voltage versus
Veg for linEarly graded Ge. The forward Early volt-
age increases with the increase of Vg. Discrepancies

between the proposed model and the simulation at low

) ,  Vipc < Vos.

biases and large biases are observed. The former is due
to weak electron extraction capability of small electric
field, the latter is probably due to the high injection
effect. It is observed from the figure that the proposed
model given by Eq. (4) and the simplified form given in
Eq. (5) coincide with each other. In fact, the deviation
is less than 1%. The simulation agrees wells with the
model given by Eq. (5). The SPICE-Gummel-Poon
(SGP) model Qgo/Cjc is drawn. Apparently the SGP
model is insufficient to describe the SiGe HBT with
graded Ge.

800

600 r

% 400
£
+
g + ISE TCAD simulation
200 ¢ simplified proposed model
proposed model
--------- SGP model
I .
0 1 2 3

Ve /V

Fig. 3. Relation between the forward Early voltage and
the collector—base junction voltage for a bulk SiGe HBT.

Then, the forward Early voltage model of an SOI
SiGe HBT is compared to the simulation, where a
0.2 um x 1 pwm transistor with emitter doping con-

centration 1 x 1020 c¢m—3

, base doping concentra-
tion 3 x 10'® ecm™3, collector doping concentrations
1 x 107 em™3 and 2 x 1017 em™3, 10% (22%) Ge at
the emitter (collector) side and base width of 35 nm
is modeled and simulated.

Figures 4 and 5 present the results of the base—
collector capacitance and the forward Early voltage

versus reverse base—collector bias. The symbols repre-
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sent results from the simulation and the lines represent
results from the numerical calculation. The kink oc-
curs in a transition from the vertical operation mode
to the horizontal operation mode. As the collector
doping dose increases, the device is harder to de-
plete, which causes a larger vertical punch through
voltage and hence leads to the delay of the kink. In
the case Vop > Vipc, large differences are observed
between the SOI HBT and the corresponding bulk de-
vice. This is because the collector SCR, of the former
extends horizontally and forms the series of vertical
and horizontal capacitances. The excess electric field
on horizontal depletion region has a limited effect on
the collector current, therefore a more stable collector
current is generated and a larger Early voltage is pre-
dicted. While the latter continues to deplete vertically

due to a much thicker collector width. As can be seen,

3 v T

—— Nepi = 1 x 1017 ecm ™3
......... Nepi = 2 x 107 em—3

Cpc/10716 F

Ves/V

Fig. 4. The base—collector depletion capacitance Cpc ver-
sus Vg for SOI SiGe HBT's with different collector doping
doses.

the proposed model is consistent with the simulation

result. The deviation around Vjpc is mainly due to
the two dimensional extension of the collector SCR as

Ves approaches Vipc.

SOI model Ngp; =1 x 1017 cm =3

¢ SOI simulation Nep; =1 x 10'7 cm—3
—+—--bulk model Nep; =1 x 1017 cm™3
1400 ¢ ——=S0I model Nep; =2 x 1017 cm—3 1
#  SOI simulation Nepi = 2 x 1017 cm ™%

--------- bulk model Nepi = 2 X 1017 cm—3

1000t

Ver/V

600 r

200
0
Ves/vV

Fig. 5. The Vgr versus Vep for SOI SiGe HBTs with
different collector doping doses.

4. Conclusions

The Early effect of an SOI SiGe HBT is analysed
considering vertical and horizontal collector depletion
which is different from that of a bulk counterpart.
A new compact formula for the Early voltage is pre-
sented and validated by an ISE simulation. The Early
voltage shows a kink with the increase of the reverse
base—collector bias. Large differences are observed be-
tween SOI devices and their bulk counterparts. The
presented Early effect model can be employed for a
fast evaluation of the Early voltage and is useful to
the design, the simulation and the fabrication of high

performance SOI SiGe devices and circuits.
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