Chin. Phys. B Vol. 20, No. 1 (2011) 018502

Analytical base—collector depletion capacitance in
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The base—collector depletion capacitance for vertical SiGe npn heterojunction bipolar transistors (HBTs) on silicon

on insulator (SOI) is split into vertical and lateral parts. This paper proposes a novel analytical depletion capacitance

model of this structure for the first time. A large discrepancy is predicted when the present model is compared with the

conventional depletion model, and it is shown that the capacitance decreases with the increase of the reverse collector—

base bias—and shows a kink as the reverse collector—base bias reaches the effective vertical punch-through voltage while

the voltage differs with the collector doping concentrations, which is consistent with measurement results. The model

can be employed for a fast evaluation of the depletion capacitance of an SOI SiGe HBT and has useful applications on

the design and simulation of high performance SiGe circuits and devices.
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1. Introduction

Silicon on insulator (SOI) schemes are increas-
ingly employed due to the need for electrically in-
sulating active devices from the substrate, leading
to reduced parasitic capacitances, low leakage cur-
rents, and improved immunity to substrate noise and
crosstalk.[l Si/SiGe BiCMOS technology is widely
used for low power, high speed applications such as
3G wireless circuits, millimeter radar, optical commu-

2] Combining SiGe heterojunc-

nications, and so on.
tion bipolar transistors (HBTs) with SOI technology,
especially thin film SOI, is attractive but invalid due
to the limited Si volume available for collector con-
struction. However, a novel vertical SiGe HBT struc-
ture for a thin SOI substrate has been proposed by
IBM group,®! and successfully integrated with STMi-
croelectronics’ 0.13 pm millimeter wave SOI BiCMOS
technology in 2008.14!

It has been thoroughly demonstrated that SiGe
HBTSs on thin SOI show vertical and horizontal space
charge extension through experimental studies and
simulations.[®:6] This phenomenon has been analysed
qualitatively,l”) but quantitative modeling remains an
issue. Hence an accurate prediction of the base—

collector space charge region is needed. In this pa-
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per, a novel analytical model of the base—collector de-
pletion capacitance including vertical and horizontal
expansion of the base—collector space charge has been
developed in order to accurately model SiGe HBT's on
thin SOI. A large discrepancy is predicted when the
present model is compared with the conventional de-
pletion model, and it is shown that the capacitance de-
creases with the increase of the reverse collector—base
bias, and shows a kink as the reverse collector—base
bias reaches the effective vertical punch-through volt-
age while the voltage differs with the collector doping

concentrations.

2. Model of the base—collector de-

pletion capacitance

A schematic cross section of the device is shown
in Fig. 1, where the symmetry of the structure has
been used to limit the analysis to a half device, with a
similar analysis for the other half. The zero point of x
axis is located at the base side edge of the base—emitter
depletion region at zero bias, and the zero point of y
axis at the middle of the emitter. The Wep; and Lep;
are the width and length of collector respectively, Wg
and Lg are the width and length of base respectively,
Wk is the width of the emitter.
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Fig. 1. Sketch of the HBT on thin SOI and associated collector simplified equivalent circuit.

The major differences between an HBT on bulk
and an HBT on SOI are the collector thickness and
the absence of a buried layer. The intrinsic collec-
tor space charge extension is lateral at Vg = 0V
for a fully depleted HBT, and vertical at Vop = 0 V
while lateral at higher reverse bias for a partially
depleted HBT where Vg is the collector-base volt-
age. Electrons injected from the emitter flow vertically
down in the collector and make a turn horizontally to-
wards the nT reachthrough on the side. To model the
two-dimensional space charge extension, the intrinsic
base—collector junction vertical depletion capacitance
Cjciv and horizontal depletion capacitance Cjcin are
introduced. Substrate capacitance Cig and substrate
Other elec-
trical parameters are the same as in the Mextram

resistance Rg model the SOI substrate.

model,m Rpc and Rcc are the constant resistance at
the external base and the collector, Rg, and Rc, are
the low current resistance of the intrinsic base and the
epilayer. The Cpc and Cqp; are the collector region

and the epilayer diffusion capacitance respectively.

2.1. Base—collector depletion width

It is noted that the variation of conduction band
offset AE. with germanium content is minimal; the
majority of the bandgap offset occurs in the valence
band.l?! The conduction band offset can therefore be
neglected for most practical purposes.

For a partially depleted collector, assume a flat
dope in the epilayer and an abrupt base—collector junc-

tion for the derivation. In the case of partial depletion,

the solution of the Poisson equation is classic:!'%

_ \/2851(V01Bi + Vae)

qupi

: (1)

where depletion and low injection approximations are
made, the hole drift and diffusion currents, generation
and recombination currents are ignored, the impurity
atoms are assumed to be completely ionised, = is the
depletion width, eg; is the dielectric coefficient of Si,
Veigi is the intrinsic collector—base voltage, Ncpi is the
collector doping concentration, Voo = Vo In(NZ,;/n?)
is the built in potential with n; the intrinsic concen-
tration of Si.

The depletion width increases with the increase
of the reverse collector-base voltage, the effective ver-
tical punch-through voltage Vipc; is given according
to the HICUM compact model definition!*!]

qNCpl W2 _ V .

epi

Vipci = (2)

Further increase of the collector voltage no longer
influences the vertical potential distribution, the space
charge region begins to expand horizontally and the
voltage drop falls on the horizontal depletion region,
which is the case for full depletion. Neglecting the
effect of the substrate,'? from Poisson’s equation

dE
dy

and the boundary conditions

qupi
€si

(3)

E(y) =0, (4)
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Yy
—/E(y)dx =Vcisi — Vipaci, (5)
0

we can obtain the horizontal depletion width

_ \/QESi(VCiBi — Vipci)

qupi

: (6)

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

2egi(Vaisi + Vae)
) 0 S V iBi S Vi i
v — \/ qupi CiB jPC (7)
Wepi, Vaisi > Vipai,
0, 0 < Veisi < Vipai,
y= 2esi(Vaoigi — Vipai (8)
esi(Vein LS. ), Veisi > Vipai.
qupi

qupi

qupi\/QESi(VCiBi + Vi)
Qic =

For a fully depleted HBT, the collector space
charge is lateral when Vi;p; = 0, with a similar deriva-
tion, the vertical and horizontal depletion widths are

given as

z = Wepi, Veigi 2> 0,

_ [2esi(Veisi — Vipai) Ve > 0 (9)
qupl ) 1b1 —

2.2. Depletion capacitance

The base—collector depletion capacitance is due to
variation of the space charge with the applied voltage.
We can obtain the corresponding collector depletion
charge Q¢ of a partially depleted SiGe transistor with
thin film SOI under the depletion approximation,

0 < Vaisi < Vipai,
(10)

qupiWepi + qupi

2esi(Veisi — Vipai)

With the definition of the depletion capacitance Ct =
dQy/dV;, and after full depletion, the vertical capaci-
tance is constant and expressed as es;/Wepi, the ver-
tical and horizontal capacitance Cjciv and Cjcin can
be given as

Cico
) 0 <V iBi S V; iy
Ciciv = { (Vaii/Vaec + 1)1/2 G APy
esi/Wpis Vipci < Veisi,
Cjco
Cicin = ! , Virci < Vaisi,
(Veii/Vae — VjPCi/Vdc)l/2
(12)

qupi

Cjco
(Vaisi/Vae + 1)1/i7

, Veisi > Vipai.

where Cjco = (qNepiesi/(2Vac))'/2. The space charge
region extends vertically and approaches the Si/SiOq
interface with the increase of Viip; for partially de-
pleted collector, therefore the whole depletion capac-
itance is the vertical part Cjciv before full depletion.
After full depletion, the space charge region expands
horizontally as Vi;p; increases, the capacitance can be
regarded as series of the vertical and horizontal part
and given by 1/(1/Cjciv +1/Cjcin). In summary, Cjc;
for a partially depleted SOI SiGe HBT with abrupt

base—collector junction can be expressed as

0 < Vaisi < Vipai,

Cioi = 730 Vieci < Veisi, (13)
Weip n (Veisi/Vae — Vipci/Vae)
Esi Cjico
: . \
Apparently the capacitance model shows a kink at the as
transition point. This causes discontinuities in other 1
. P Cici = , Vo > 0.(14)
important parameters such as the early voltage, the Wepi I (Veisi — Vipci/Vac)
output conductance and the cut-off frequency. €si Cico

For a fully depleted HBT, Cjc; is a series of the
constant vertical capacitance eg;/Wepi and the hori-

zontal capacitance with Veip; > 0, and can be given

From the derivation and analysis above, we ob-
serve that a fully depleted HBT is the limit of a par-
tially depleted one, and analysis of the latter contains
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that of the former.
discussion below are focused on the partially depleted

Therefore the illustrations and
device.

3. Illustrations and discussion

For illustration, the transistor has a base width
of 35 nm with B doping concentration of about 3 x
10'® cm™3.

at the emitter junction side to 25% at the collector

The Ge is linearly graded up from 10%

junction side of the base. The collector doping con-
centrations are 1 x 10'7 cm™2, 2 x 107 ecm™3 and
3 x 101" cm™2, and the collector width is 150 nm.
Figure 2 shows the effective vertical punch-
through voltage versus collector width which depends
on collector doping. The voltage increases with the
increase of collector width and doping concentration,
which is due to more holes afforded by the collector.
More holes require more electrons to meet the charge
neutrality condition, and therefore require larger elec-
tric field and larger effective vertical punch-through

voltage.
60 y " " i )
—— Nepi = 1x 1017 cm ™3 P
| —— Nepi = 2x 107 cm—3 ]
~weos Nepi = 3 x 1017 cm =3 ;
40 | ’lt,’ -
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Fig. 2. Effective vertical punch-through voltage as a func-
tion of collector width with different collector doping con-
centrations.

For relatively small Nepi, the collector affords
fewer holes, the base—collector space charge region
extends further vertically to generate more holes to
meet the charge neutrality condition, and reaches
the Si/SiO. interface at relatively smaller reverse
collector—base bias, as evidenced in Fig. 3, which plots
x, y versus Veig; as a function of collector doping con-
centration. Note from the figure that with the increase
of Viigi, the vertical space charge width increases for
Veigi < Vijpci, and is invariable for Veigi > Vipai,

while horizontal width begins to increase for Veip; >
Vipci. Apparently the direction of the electric field
generated by the applied reverse collector—base bias is
from collector to base, the same as that of the built-
in potential, and larger reverse bias extracts more
holes, hence the increase of the vertical space charge
width. As the reverse collector—base bias increases for
Veisi > Vipci, the excess electric field requires an in-
crease of holes while the vertical part of the collector is
fully depleted, hence the electric field falls on the hor-
izontal part, and the horizontal expansion tendency
begins to dominate.

—— Nepi = 1x 107 ¢cm—3
—— Nepi =2 x 1017 cm—3
-t Nopi = 3 % 1017 em ™3

z/107" m

Veisi/V
Fig. 3. Vertical and horizontal space charge region widths
as a function of reverse collector—base bias with different
collector doping concentrations

The relation between the base—collector depletion
capacitance and the reverse collector—base voltage as a
function of the collector doping concentration is plot-
ted in Fig. 4.

1.8 : : -
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N e Nepi = 3% 107 cm =3

Cjc§/1043 Fm~2

Veigi/V
Fig. 4. Results of the base—collector depletion capac-

itance model, plotted for C' versus Vcig; as a function
of Nepi for SOI SiGe HBT with Wep; = 150 nm, N =
3 x 1018 cm—3.
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It is observed that the capacitance decreases with
the increase of Vigi, and shows a kink as Vg;g; reaches
the effective vertical punch-through voltage as evi-
denced by the discussion above. The capacitance
is the vertical part due to vertical depletion when
Veii < Vjpci and the series of the vertical and hori-
zontal part due to the horizontal extension as well as
the vertical depletion when Vgigi > Vipci. The discus-
sion of the capacitance in the paper is consistent with
the qualitative analysis and measurement reported in
Ref. [7].

Figure 5 presents a comparison of the base—
collector depletion capacitance between the SOI and
standard SiGe HBT with the same collector doping

concentration 1 x 107 em—3.

12

——SOI SiGe HBT
—-—-standard SiGe HBT

Vaisi/V

Fig. 5. Comparison of the base—collector depletion ca-
pacitance model for SOI and standard SiGe HBT.

As predicted, the capacitances agree well with
each other before full depletion of the collector of the
SOI HBT, and a large discrepancy is observed when
Veisi > Vipciv as the base—collector space charge re-
gion of the SOI HBT expands horizontally while that
of the standard HBT continues the depletion verti-
cally. The smaller capacitance with full depletion of
SOI SiGe HBTs explains the inherent higher forward

early voltage in comparison with standard devices.?!

4. Conclusions

An analytical base—collector depletion capaci-
tance model for vertical SiGe HBTs fabricated on
CMOS-compatible SOI is developed. The model in-
cludes the vertical and horizontal expansion of the
base—collector space charge and is applicable to abrupt
junction devices under reverse bias conditions. A large
discrepancy is predicted when the present model is
compared with the conventional depletion model, and
it is shown that the capacitance decreases with the
increase of Vgigi, and shows a kink as Vgig; reaches
the effective vertical punch-through voltage while the
voltage differs with the collector doping concentra-
tion, which is consistent with measurement results by
STMicroelectronics. The presentation of the model is
significant and has useful applications on the design
and simulation of high performance SiGe circuits and

devices.
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