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Improved high-frequency equivalent circuit model based on
distributed effects for SiGe HBTs with CBE layout*
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In this paper, we present an improved high-frequency equivalent circuit for SiGe heterojunction bipolar transistors
(HBTs) with a CBE layout, where we consider the distributed effects along the base region. The actual device structure is
divided into three parts: a link base region under a spacer oxide, an intrinsic transistor region under the emitter window,
and an extrinsic base region. Each region is considered as a two-port network, and is composed of a distributed resistance
and capacitance. We solve the admittance parameters by solving the transmission-line equation. Then, we obtain the small-
signal equivalent circuit depending on the reasonable approximations. Unlike previous compact models, in our proposed
model, we introduce an additional internal base node, and the intrinsic base resistance is shifted into this internal base node,
which can theoretically explain the anomalous change in the intrinsic bias-dependent collector resistance in the conventional
compact model.
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1. Introduction

In recent years, SiGe heterojunction bipolar transistors
(HBTs) have undergone rapid growth because of their high
speed, high driving power, and low noise, and they have been
applied to fields such as wireless communication, analog cir-
cuit, fast data acquisition, and conversion, 173! Small-signal
equivalent circuit models, such as the lumped SGP, VBIC,
HICUM, and Mextram, are often used to characterize tran-
sistor performance, optimize the device structure, and guide
circuit design.[*%! However, bipolar transistors are actually
large distributed networks that are composed of a basic re-
sistance and capacitance, and their design is not always as
easy as described in the above lumped models. Although most
transistor electrical performances can be effectively character-
ized by lumped models, there remain fundamental limitations
with respect to actual device structures.!”] When extracting the
small-signal model parameters in conventional Mextram, we
find that the bias-dependent collector epilayer resistance Rcic2
monotonously decreases as the base voltage Vpc increases,
which clearly deviates from basic device physics theory, and
the underlying physical mechanism should therefore be inves-
tigated.

Owing to its special base structure, SiGe HBTs show
a built-in multi-Mrad total dose hardness with no inten-
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tional hardening.!®~1%! However, single-event effects (SEE) re-
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main a serious problem, with recent results demonstrating a
low linear energy-transfer threshold and high saturated cross-

s.[11=141 A reduction in the sensitive area enclosed by

section
deep trench isolation is considered an effective method of im-
proving the net upset cross section. Therefore, a transistor with
minimum feature size, i.e., using only a single collector, base,
and emitter (CBE) contacts, possesses a high SEE immunity,
compared with standard devices with double collector and
base contacts (CBEBC).!!1:12] Furthermore, when the transis-
tors are exposed to the space-energetic particle environment,
the distributed effect is more significant because the irradia-
tion damages are generally not uniformly distributed through-
out the whole transistor structure. 8! Therefore, it is necessary
to investigate the small-signal equivalent circuit based on the
distributed effects for SiGe HBTs with a CBE layout.

In the present work, in order to determine the phys-
ical mechanisms by which the extracted Rcc decreases as
VB increases, we propose an improved small-signal equiv-
alent circuit that is based on the distributed effects for SiGe
HBTs with a CBE layout. The whole transistor is divided
into three parts along the base region. Then, we obtain the
high-frequency equivalent circuit under the cut-off mode by
solving transmission line equations, and taking into account
the distributed effects.
pushed into the internal base node, and the added component
of R1(Crg + Crc) /3Crc is found to contribute to the declined

The intrinsic base resistance Rpy is
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Rcc as Vpc increases. Finally, we obtain the equivalent circuit
in the forward-active mode by adding four additional modules
into the equivalent circuit in the cut-off states.

2. Background

The conventional hybrid-.7 small-signal equivalent cir-
cuit for SiGe HBTs under forward- active mode is depicted
in Fig. 1, as adopted in HICUM or Mextram. The collector
series resistance and base series resistance are separately di-
vided into two parts: a constant external part Rcx and intrinsic
bias-dependent epilayer resistance Rcico, a constant external
resistance Rgx, and a variable intrinsic resistance Rgj.
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Fig. 1. Conventional small-signal equivalent circuit for SiGe HBTs.
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Fig. 2. Extracted collector epitaxy layer resistance Rcicz as a function
of VBC-

As demonstrated in our previous study, the small-signal
model parameters can be precisely extracted based on the non-
linear rational function ﬁtting.llSJ However, we observed an
abnormal variation of the collector epilayer resistance Rcicz,
and it decreases as the base voltage Vpc increases, as shown in
Fig. 2. It appears that this variation deviates from basic device
physics theory, and Rcjc; is actually expected to increase as
VBc decreases. According to the cross-sectional view of the in-
trinsic transistor under the emitter window, as shown in Fig. 3,
the depletion width Wy narrows as V¢ increases, and this is
because of the decreased reverse bias voltage. Consequently,

the width of the neutral collector region Wck increases, caus-
ing an increase in Rcico.
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Fig. 3. (color online) A simplified cross-sectional view of the intrinsic
transistor.

Therefore, in the conventional compact model, the ob-
tained Rcicy contradicts basic device physics theory. In or-
der to find the underlying physical mechanism, starting with
the actual device structure, we propose an improved high-
frequency small-signal equivalent circuit for SiGe HBTs based
on the distribution effects. The intrinsic base resistance Rpj is
pushed into the introduced internal base node, and contributes
to the collector resistance with certain proportion, and this can
fundamentally explain the above abnormal variation of Rcc2
versus the base voltage Vpc.

3. Device-under-test and method for the pro-
posed model

The device evaluated in this work features a single-stripe
CBE configuration, i.e., with only one CBE, as opposed to the
larger CBEBC stripe configuration. The typical cross-section
is shown in Fig. 4. The key process includes an n™ collector
epitaxy, a graded SiGe base epitaxy, an in-situ doped polysil-
icon emitter, LOCOS isolation, an n™ collector sinker, and
an ion-implanted extrinsic base. Along the base region, the
whole transistor structure is divided into three parts: I) a link
base region including the spacer oxide, II) an intrinsic transis-
tor region, and III) an extrinsic BC junction containing metal
silicide.

In the present work, we separately determine the small-
signal equivalent circuit under the cut-off and forward-active
mode. Each region is considered as a two-port network
composed of several basic resistors and capacitors. We ob-
tained the admittance parameters by solving the transmission-
line equation, and we then determine the small-signal equiv-
alent circuit in the cut-off mode depending on some rea-
sonable approximations, using the well-known 7 network
characteristics,!'®! as shown in Fig. 5. Finally, we directly ob-
tained the equivalent circuit in forward-active mode by adding
four additional modules.
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Fig. 4. (color online) Schematic cross-section for SiGe HBT with a single-stripe CBE structure.
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Fig. 5. The well-known characteristics of the 7 network.

4. Results and discussion

4.1. Equivalent circuit under cut-off mode
4.1.1. Link-base region

As depicted in Fig. 4, the link-base region contains only
the BC junction, and the distributed network is shown in Fig. 6,
where ry; is the series-base resistance and ¢y is the shunt BC
junction capacitance per unit length. We assume that all of the
electrical elements along the link-base region are distributed
uniformly. The total length of this region is assumed to be d.

To determine the current i(z) and voltage v(z) at any po-
sition z, we have the following equation:

v(z) —v(z+dz) = i(z)redz, 0
i(z) = i(z+ dz) +v(z+ dz)jocyp dz,
1.e.,
d‘;(Z) = —i(2)roi,
Z
) 2
di(z) :
d =] (J)cb]v(z).
Z

Combined with the boundary conditions v(0) =V} and v(d) =
V,, the general solution of Eq. (2) along the transmission line

is given as
gy = D Ve e VIETH A, 3)
Cevd_e—vd evd — e—vd ’
. Vleyd—Vz _ —Vle_yd-l-Vz
i(z =L “7d — a—yd © yz_ﬁeyz e
rp \ 74 — eV et — eV

where ¥ = +/jwcpirp is the complex propagation coefficient.
As aresult, the two driving-point admittances for the link-base

region of the SiGe HBT with the CBE layout are given as

i(0 e e
vy =0, oyl ke 5)
V1 bl evd — eV
—i(d) yere ™
Yo = =L T 6
A lvi=0 rop o7 — e —1d’ (6)

Hi=Yin=—"Flp-0=—"—""7 )

Then we can obtain the following equations:

Vi 4 Y1y — Py 4 Fip = L ST 2
Yo =Yt Yio = - — o

®)

Y 2
Yo =———Fr—.
1y e’ —e—v

©))

With respect to Fig. 5, it is difficult to directly determine the
equivalent circuit according to Egs. (8) and (9). It is neces-

sary to approximate the exponential term e*7¢

using the Tay-
lor series. Obviously, the more items taken in the Taylor series
expansion, the more accurate will be the obtained equivalent
circuit; however, the obtained equivalent circuit may be more
complicated. Considering the trade-off between the accuracy

+yd

and complexity, here, we approximated e™"* as a third-order

Taylor expanded formula
2 3
e 1+ yd + —O’zd‘) + (”3‘? .

Then, substituting Eq. (10) into Egs. (8) and (9), we obtain

(10)

1 1 RpL 1
Yin+Y Yo+ 3 o Bl
2
1 jwRp1.C
— ~Rp 1+ JORBLEBL |\ ReL, (12)
Yo 6

where Ry, = dry and CgL = dcy) separately — represent the
total series resistance and shunt capacitance for the link-base
region. Then, the equivalent circuit for the link-base region of
the SiGe HBT with the CBE layout can be simplified in the

following form in Fig. 7.
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Fig. 6. Distributed network for the link-base region in the cut-off mode.
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Fig. 7. Simplified equivalent circuit for the link-base region of the SiGe
HBT with the CBE layout.

4.1.2. Intrinsic transistor region

The distributed network for the intrinsic transistor region
is shown in Fig. 8. Similar to the link-base region, we as-
sume that the electrical parameters along the length direction
are distributed uniformly. The series-intrinsic base resistance,
BE junction, and BC junction shut capacitance per unit length
are set as rpj, Cte, and ¢y, respectively. The total length of the

intrinsic transistor is set as /.

T T I L -
et = cidz et et
Vs
Z(Z) Z(Z+d2 z=1
b} >+ -
{1 J__:l— o o L
cpidz J
s = cidz == =
Fig. 8. Distributed network for the intrinsic transistor region under cut-off mode.
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Fig. 9. Equivalent distributed network of intrinsic transistor for solving ¥;; and Y, where the emitter terminal is connected to ground

and the base terminal Bj is the applied voltage V.

First, we determine Y;; and Y»; for the two-port network
in Fig. 8. The base terminal B, and emitter terminal E are sep-
arately applied to voltage V| and ground (here V, = 0). Then,
we reduce the distributed network to the form in Fig. 9. With
boundary conditions v(0) = Vj, i(l) = 0 and the similar ap-
proaches to the solution, Y;; and Y, are written as

i(1=0) B ePl—e P
1 7 [v,=0 1o BT o Bl 13)
; Bl _ o—BI
iCe. B ce e e
Y = )= —— s 14
S =0 i Cre +crc ePl 4¢Pl (1

where 8 =
stant for this two-port network.

jw(cie + cre ) rpi is the complex propagation con-

Next, we obtain the admittance parameter Y»;. Now,
we apply emitter terminal E| to V;, and base terminal B, is
grounded. The current i(z) and voltage v(z) at arbitrary posi-

tion z satisfies the following equation:
dv(z)

= —IUZ)"pi,
" = —itan
. (15)
di(z) ) .
i = —jO(ce + cie)v(2) + jOcVa.

Considering the boundary conditions v(0) = 0 and i(/) = 0,
the voltage v(z) and current i (z) along the intrinsic base re-
gion are determined by

Cte (1 eﬁ(l_z) _|_ e_ﬁ(l_z)
Cte + Cic

ebl 4 e—Bl

v(z) =

)Vz, (16)
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i B ce e BU-2) _ ¢Bll-2)
= — . 1
i(z) Tbi Cte + Crc eBl 1 e—BI Vs (17)

We assume that igy and ig; represent the current flowing into
terminals B, and Ej, and i is the total current flowing into
ground through c(.. According to Kirchhoft’s law, there exists
ig2 +Iig1 = i, where

B Cre eﬁl— efﬁlv
rvi C1E + Crc el +e—Bl >

ig2 = i(0) = (18)

d
e = /0 jocev(z)dz

. 1 ePl — Bl
= JoCrc )Vz- (19)

_~TE (2
Cre + Crc B el 4 e—B!

Then, we can obtain

. Cte Ctc 1 GBI - e_ﬁl
Yp=joCe——\ —+ 35 20
20 =] TECte+th (Cte + Bl eBl 4 e=Bl)’ (20)

ﬁ eﬁl — eiBl Ctc
Yii+Yp=— ’ .
= eBl L 6Bl ¢+ e ey
Yoo +Y12
Bl _ o—Bl /3

Ce . e e joce B
= " li@wCrc+ T )P
Cte + Cic |:J e eBl 4 e—Bl ( B Vbi)} =

Considering the third-order Taylor expanded formula, we can

obtain
1 1 Rp1 C C
_ Rp1 C1E +C1C ’ (23)
Y2 joCrg 3 Cre
1 1 Rp1 C C
~ - Rg1 CTE + TC’ (24)
Yn+Y. joCrc 3 Crc
. 1
Y12+ Y2 =~ joCrg — , (25)

1 Crc +Cre Rpi
JOCrE Cre 3

where Crc = ¢!, Ctg = ctel, and Rpy = ry;l are the total in-
trinsic BC junction capacitance, intrinsic BE junction capac-
itance, and intrinsic base resistance, respectively. Then, the
distributed network of the intrinsic transistor is equivalent to
that in Fig. 10.

S :
Rp1(Cre+Crc)/3CrE |

Crg

[l Re1(CretCrc)/3CT0 —Cypa=

Cre= —Rpi(Crut+Cre) /3Ccll

Fig. 10. Simplified equivalent circuit for the distributed network of the
intrinsic transistor region.

4.1.3. Extrinsic base region
A heavily doped poly-silicon and metal silicide with a low
sheet resistance are generally employed in modern advanced

SiGe HBT technology.!?! Consequently, the extrinsic base re-
sistance Rpy is significantly reduced, and is much smaller than

Rgpr. and Rpy. Therefore, the distributed effect in the extrin-
sic base region is not obvious. For simplicity, the extrinsic
base region is represented by a lumped parallel RC network,
as shown in Fig. 11, where Cpcx is the extrinsic BC junction
capacitance.

Ccx

B 1 ] B:
Rpx

Fig. 11. Simplified equivalent circuit for the extrinsic base region.

4.1.4. Equivalent circuit model for the whole transistor
in cutoff mode

Once the equivalent-circuit of the link-base region, in-
trinsic transistor region, and extrinsic base region are deter-
mined by solving the transmission-line equation, we obtain the
following hybrid-.7r small-signal equivalent circuit for SiGe
HBTs with a CBE layout under cut-off mode, as shown in
Fig. 12. The parasitic emitter resistances and collector resis-
tances are treated as lumped elements that depend on the de-
vice geometry. The series-collector resistance contains two
parts: a constant external part Rcx and an intrinsic bias-
dependent part Rcjcz2. In addition to a simple substrate net-
work, we adopted a parasitic substrate resistance Rsy in series
with the substrate-collector junction capacitance Csy and Crs
to model the substrate characteristics.[!®!

Compared to the conventional MEXTRAM and HICUM,
the high-frequency small-signal equivalent circuit presented in
this work introduces an additional circuit node B;, which sep-
arates the intrinsic base resistance Rg; and the link-base re-
sistance, Rgy,. Furthermore, the intrinsic base resistance Rp
is shifted into the internal node B, and separately contributes
to the emitter resistance and collector resistance with various
proportions. As marked within the dashed-line box, the admit-
tance Y can be approximately rewritten as

1

Rp1 Ctg +C
" . B1 CtE +C1B
~ a0 (1 —|—]COCTET7CTE )

~ 0|at low frequncy (26)

" = joCrg+

which means that the marked network can be considered open
and removed from the small-signal equivalent-circuit at low
frequency. Hence the component of Rpi(Crg + Crc)/3Crc
is directly added to the intrinsic bias-dependent collector re-
sistance Rcico, and it is regarded as a total equivalent resis-
tance R'cic2 = %% + Rcic2. It is the added compo-
nent of Rpy(Crg + Crc)/3Crc that can fundamentally explain
why the collector epitaxial collector resistance decreases as
VBC increases. As Vpc increases, the BC junction depletion
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width decreases, and then the width of the neutral base region
increases owing to a decreased reverse bias voltage. The base
current flows parallel with the BC junction and is perpendicu-
lar to the direction of the base width. Therefore, the increased

neutral base width leads to a reduction of the intrinsic base re-
sistance Rgy. Considering the large ratio of (Crg + Crc)/Crc,
the decreased Rpjcauses the collector resistance R'cic2 to de-
crease as Vpc increases.

1l
Crox
=]
Rpr/s  Cacry2
— 1
RgpLys CgcLy2
B Crc
Bo — o T S It — ——oC

Rpx B! RpL RBI(CTE+CTC)/3dJTC |1j:1 Reice Rex

i i

[]RBI(C'TE+CTC)/3CTE : —Crp : []RSU
: C're T :
Crg == —Rei(Cre+Crc)/3Cr¢ i J__

TE i iCsy = Crs

1 1 |

2
|

E(S)

Fig. 12. Improved small-signal equivalent circuit for SiGe HBT with CBE layout in cutoff mode.

4.2. Equivalent circuit in forward-active mode

Generally, in order to achieve the current amplification,
SiGe HBTs are usually biased in the forward-active mode with
a common-emitter configuration. As shown in Fig. 13, the
corresponding small-signal equivalent circuit can be easily ob-
tained based on the result of the cut-off mode. Because the BE
junction is forward-biased, for simplicity, two elements, the
junction diffusion capacitance C; and the junction diffusion
resistance Ry, are added in parallel with the BE junction de-

pletion capacitance Ctg. We used C; and Ry to characterize

the response of the BE junction to an applied low-frequency
small-signal sinusoidal voltage, and their values are functions
of the BE junction current. Cj reflects the ability of charge
storage in the base region as a function of vy, and Ry reflects
the modulation effect of the emitter voltage on the base cur-
rent. The voltage-dependent current Gy, Vpe is the collector
current in the transistor, and it is controlled by the internal volt-
age Vpe. G models the modulation effect of the base voltage
on the collector current. The output resistance r, is primarily
due to the Early effect.[”l In the future, we will focus on the
model parameter extraction for our proposed model.

1
Cpeox
— ||
Rpyys CgcLy2
— |
RgpLys CscL)2
- Crc
Bo— - }——C 1 {—— —t+oc
Rpx 1 RpL RBI(CTE+CTC)/BCTC Roice Rox
[]RBI(CTE+CTC)/3CTE [] To [] Rsu
vabe
F
| Cx ‘
Lt .
TS
_l: TE‘( Csu T
[JRE Gm = ngeXp(_j"‘)T)

E(S)

Fig. 13. Improved small-signal equivalent-circuit model for SiGe HBT in the forward-active mode.
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Theoretically, the proposed small-signal model is still ap-
plicable when the SiGe HBT operates under very high fre-
quency because the proposed model is based on the high-
frequency distributed effects. The whole transistor is con-
sidered as a large distributed network consisting of basic el-
ements, such as a resistance, a capacitance and a diode. In
fact, the proposed model should also be verified by performing
simulations or experiments. The verification process generally
includes two parts: parameter extraction from the measured re-
sults, and a comparison between the measured and simulated
(in ADS) results. However, the parameter extraction process
is relatively complicated and we are in the process of achiev-
ing this task. Details about the parameter extraction and the
verification process will be included in our following work

5. Conclusion

This paper presents a novel high-frequency small-signal
equivalent-circuit for SiGe HBTs with a CBE layout, and is
based on the distributed effects in an actual device structure.
According to the base region position, the whole transistor is
divided into three parts: a link-base region, an intrinsic tran-
sistor region, and an extrinsic base region. We obtained the
Y parameters for each region by solving the transmission-
line equation. We obtained the small-signal equivalent cir-
cuit in the cut-off and forward-active mode using the well-
known 7 network characteristics under reasonable approxi-
mations. The proposed equivalent circuit model can funda-
mentally explain the anomalous variations that exist between

the bias-dependent collector resistance and the base voltage in
conventional compact models. In the future, we aim to focus
on the parameter extraction for our proposed model.
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