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Restabilizing Mechanisms After the Onset of
Thermal Instability in Bipolar Transistors
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Abstract—The electrothermal behavior of single- and two-
finger bipolar transistors at medium- and high-current operations
is studied through theoretical modeling, experimental measure-
ments, and computer simulations. Bias conditions that border
thermally stable and unstable operation regimes are described by
novel analytical formulations, which for the first time include si-
multaneously all relevant parameters that weaken the electrother-
mal feedback at high currents such as ballasting resistors, current
dependence of the base–emitter-voltage temperature coefficient,
and high-injection effects. Hence, besides giving a correct de-
scription of thermal instability mechanisms, the developed formu-
lations also allow the prediction and physical understanding of
restabilization phenomena. The models are supported by measure-
ments on silicon-on-glass n-p-n bipolar junction transistors and
by simulation results from a novel SPICE-based electrothermal
macromodel for bipolar transistors. Furthermore, the models are
employed to analyze the influence of the germanium percentage in
the base of SiGe heterojunction bipolar transistors on the thermal
ruggedness of the device.

Index Terms—Ballasting resistors, bipolar transistors, electro-
thermal feedback, electrothermal modeling, electrothermal
restabilization, high-injection effects, silicon-on-glass technology,
substrate transfer, thermal instability.

I. INTRODUCTION

I T IS WIDELY recognized that the behavior of today’s
high-frequency bipolar devices and circuits is governed by

coupled electrical and thermal phenomena [1]–[5], rather than
by purely electrical effects. The positive current–temperature
feedback may not only adversely affect the safe operating area
of devices but also threatens to impose a fundamental limit to
the speed [6]. Electrothermal effects in bipolar transistors have
been the subject of extensive investigations in recent literature.
In our previous papers [7]–[10], an extensive analysis of the
two ways in which thermal instability manifests itself in bipolar
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transistors has been given: 1) “flyback,” the onset of a negative
resistance branch that also is referred to as “snapback” or
“turnover” and 2) “bifurcation,” the onset of an uneven current
distribution among seemingly identical emitter fingers. The role
of internal and external series resistances for the electrothermal
response of the transistor was clarified; while the emitter and
the base series resistances readily increase the power at which
thermal instability occurs, the collector series resistance is less
effective. However, it was observed that, at high-current levels,
the voltage drop across even a relatively small external collector
resistance could become so large that a thermally unstable
transistor could restabilize.

In this paper, other high-current-regime restabilizing effects
are identified for the first time: current and temperature de-
pendence of the current gain, and current and temperature de-
pendence of the base–emitter-voltage temperature coefficient.
Transition points between thermally stable and unstable device
operations are modeled through a novel analytical formulation
applicable for both single- and two-finger bipolar transistors
operating at medium- and high-current regimes. For the first
time, all relevant effects are simultaneously accounted for in an
analytical model. In addition, a SPICE-based macromodel for
the electrothermal simulation of bipolar devices is developed,
with which not only relatively simple single- and two-finger
devices can be characterized but also multifinger transistors
and complete circuits can be electrothermally simulated. Both
the analytical formulation and SPICE macromodel are veri-
fied by experimental measurements on n-p-n bipolar junction
transistors (BJTs) fabricated in a substrate-transfer silicon-on-
glass technology [11]. The models are applied to investigate
the effects of different device parameters on restabilization
mechanisms and to compare thermal robustness of Si- and
SiGe-base transistors.

II. ANALYTICAL FORMULATION OF

THERMAL INSTABILITY

A. Single-Finger Bipolar Transistors

A very simple dc circuit diagram of a single-finger bipolar
transistor with lumped resistors and a subcircuit accounting for
self-heating are given in Fig. 1(a). rE , rB , and rC represent the
internal (parasitic) emitter, base, and collector resistances, re-
spectively, while RE , RB , and RC are the external (ballasting)
resistors. The collector, emitter, and base currents are denoted
with IC , IE , and IB , respectively, and the external base–
emitter, collector–base, and collector–emitter voltages are

0018-9383/$20.00 © 2006 IEEE



644 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 53, NO. 4, APRIL 2006

Fig. 1. (a) DC circuit diagram of an ideal single-finger bipolar transistor with
lumped resistors and thermal network. (b) Measured IE -controlled IC−VBEX

characteristics. The inset table shows the comparison between measured and
analytically modeled IC,crit by (14).

VBEX, VCBX, and VCEX, respectively. Fig. 1(b) shows various
examples of measured IE-controlled IC−VBEX characteristics.

The points in which

∂VBEX

∂IC

∣∣∣∣
VCBX=const

= 0 (1)

determine borders of stable operation. It is well established
that the flyback behavior at the points A and B is the conse-
quence of positive current–temperature feedback [12]. More-
over, the condition (1) is also met in the point C, in which
the IC−VBEX characteristic returns to a stable situation. In
order to analyze the behavior described by (1), the bipolar
transistor is modeled as follows in an analysis that is limited to
the case in which avalanching does not play a significant role,
i.e., for VCE � BVCE0, where BVCE0 is the collector–emitter
breakdown voltage (BV).

In the forward active mode, the base current IB and current
gain βF can be expressed as

IB = IB0 exp
(

VBEI + ϕBE(IC , T )∆T (IC)
nVT0

)
(2)

βF = β0

(
1 +

VCEX − RECIC

VA

)

× exp
[
ϕβ(IC , T )∆T (IC) − RHI(IC , T )IC

nVT0

]
(3)

where IB0 is a temperature-insensitive parameter; VBEI =
VBEX − REBIC ; REB ≈ RE + rE + (RB + rB)/β0; n is the
ideality factor; VT0 is the thermal voltage at ambient tempera-
ture T0; T = T0 + ∆T (IC) is the junction temperature; β0 �
1 is the current gain at medium current levels, at ambient tem-
perature, and under conditions with negligible Early effects; VA

is the Early voltage; and REC = RE + RC . The temperature
coefficients ϕBE(IC , T ) and ϕβ(IC , T ) are defined as

ϕBE(IC , T ) = −∂VBEI

∂T

∣∣∣∣
IB=const

(4)

which is the absolute value of the temperature coefficient of the
base–emitter voltage for a fixed IB and

ϕβ(IC , T ) = −nVT0

∆T

∆EG − B

k

(
1
T

− 1
T0

)
(5)

which represents a temperature coefficient of the current gain
at medium currents. ∆EG = EGB−EGE is the difference in
the bandgaps of the base and the emitter, which is positive in
Si BJTs [13] due to the bandgap-narrowing (BGN) mechanism
in highly doped emitters [14] and is negative in GaAs and
SiGe heterojunction bipolar transistors (HBTs) [15]–[17]. B
is a fitting parameter needed to account for the different tem-
perature dependence of the diffusion coefficient of holes and
electrons [18], and k is the Boltzmann’s constant. Moreover, the
temperature-dependent gain lowering at high-injection levels is
described by

RHI(IC , T ) =
nVT0

IC
ln

{
1 +

[
IC

IH(T )

]mH(T )
}

(6)

through the temperature-dependent parameters IH(T ) and
mH(T ). Note that the term RHI is negligible at low and
medium currents, whereas it becomes a decisive parameter at
high-current levels.

The collector current can then be calculated as IC = βF IB

to give (7), shown at the bottom of the page, where IC0 =
β0IB0, and

ϕTOT(IC , T ) = ϕBE(IC , T ) + ϕβ(IC , T ). (8)

IC = IC0 exp
[
VBEX + ϕTOT(IC , T )∆T (IC) + nVT0ε(IC) − REQ(IC , T )IC

nVT0

]
(7)
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This is the absolute value of the temperature coefficient of the
base–emitter voltage for an assigned medium-level IC , i.e.,
ϕTOT � −∂VBEI/∂T |IC

. ε(IC) is

ε(IC) = ln
(

1 +
VCEX − RECIC

VA

)
(9)

and the equivalent resistance term REQ(IC , T ) = REB +
RHI(IC , T ) accounts for the attenuation of IC at current levels
where high-injection and/or resistive effects dominate. The
dissipated power

P = IC(VCEX − RECIC) (10)

is related to the device temperature as

∆T (IC)= T (IC) − T0 = RTHP = RTHIC(VCEX − RECIC)
(11)

where RTH is the self-heating thermal resistance. Combining
the above equations gives

VBEX = nVT0 ln
(

IC

IC0

)
+ ICREB − V∆T (IC) (12)

where

V∆T (IC) = ϕTOT(IC)∆T (IC) + nVT0ε(IC) − RHI(IC)IC .
(13)

Note that the function V∆T accounts for:
1) βF dependence on IC and T ;
2) ϕBE dependence on IC and T ;
3) Early effect; and
4) self-heating.

Substituting relation (12) into (1) yields

IC,crit =
nVT0

dV∆T (IC)
dIC

∣∣∣
IC,crit

− REB

(14)

which implicitly relates the biasing points at the borders
between thermally stable and unstable regions of single-
finger bipolar transistors with all the relevant parameters. For
REC = 0 and at medium-current levels, the above expression
can be written as (15), shown at the bottom of the page, which,
under the conditions ϕTOT = const, can be simplified to the
well-known expression [9], [19]

IC,crit =
nVT0

ϕTOTRTHVCEX − REB
. (16)

Contrary to (16), the more accurate (14) can have multiple
solutions that determine all the transition points between stable
and unstable operation.

Fig. 2. (a) DC circuit diagram of an ideal two-finger bipolar transistor with
lumped resistors and thermal network. (b) Measured IE -controlled collector-
current distribution for three different transistors. The inset reports results
obtained from (22).

B. Two-Finger Bipolar Transistors

A simplified dc circuit diagram of a two-finger bipolar
transistor is shown in Fig. 2(a). In the ideal case, where the
two fingers are perfectly identical, the total currents would be
equally divided between them. In reality, however, there are
always small unintended differences that will be responsible for
an asymmetry in current distribution in the current-controlled
situation [8], [10], [20], [21]. On the other hand, as demon-
strated by the measurements shown in Fig. 2(b), electrothermal
interactions at high-current levels can induce restabilization,
even in the absence of ballasting resistors.

In order to model this behavior, the set of relations given
by (2)–(9) are applied to each finger individually identified by

IC,crit =
nVT0

RTHVCEX

(
ϕTOT(IC,crit) + IC,crit

dϕTOT(IC)
dIC

∣∣∣
IC,crit

)
− REB

(15)
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subscripts 1 and 2. Expressions for IC1 and IC2 can be derived
from (7) and combined to yield

nVT0 ln
(

IC1

IC2

)

= ϕTOT(IC1, T1)∆T (IC1, IC2) − RHI(IC1, T1)IC1

− ϕTOT(IC2, T2)∆T (IC2, IC1) + RHI(IC2, T2)IC2

− rEB(IC1 − IC2) (17)

where rEB ≈ rE + rB/β0. The finger temperatures can be
calculated as

∆T (ICi, ICj) = RTHVCEICi + RMVCEICj (18)

where i, j(i �= j) are the finger numbers, RM is the mutual ther-
mal coupling resistance, and VCE=VCEX− (IC1 +IC2)REC.
In the following, IC1 and IC2 are expressed as

IC1 =
IC

2
+

∆IC

2
, IC2 =

IC

2
− ∆IC

2
. (19)

After some manipulation, (17) becomes

nVT0 ln
(

IC + ∆IC

IC − ∆IC

)
= V∆T

(
IC + ∆IC

2
, IC

)

−V∆T

(
IC − ∆IC

2
, IC

)
− rEB∆IC (20)

where

V∆T (x, y)

= ϕTOT(x, T0 + xVCE(RTH − RM ) + yVCERM )

× [xVCE(RTH − RM ) + yVCERM ]

− RHI (x, T0 + xVCE(RTH − RM ) + yVCERM ) · x (21)

with RHI and ϕTOT defined as (6) and (8), respectively. Com-
pared to the single-finger situation, V∆T now accounts for the
mutual thermal coupling RM , while Early effect and external
resistors do not play any role due to the symmetry of the system
[see Fig. 2(a)]. The boundary points of thermal stability seen in
Fig. 2(b) can be found from (20) for ∆IC → 0. This leads to

IC,crit =
2nVT0

∂V∆T (x,y)
∂x

∣∣∣
x=

IC,crit
2

y=IC,crit

− rEB

. (22)

Note that the mathematical form of (14) and (22) is the same.
When a constant ϕTOT is assumed and both external resistors
and high-current effects are excluded, (22) reduces to

IC,crit =
2nVT0

VCEXϕTOT(RTH − RM ) − rEB
(23)

which can have only one solution and coincides with the
expression derived in [10].

III. SPICE-BASED MACROMODEL FOR

ELECTROTHERMAL SIMULATIONS

In contrast to the relatively simple computer code necessary
for calculating the “critical” points by using (14) and (22),
the evaluation of the overall current–voltage characteristics,
such as those shown in Figs. 1(b) and 2(b), requires a higher
level of complexity; for example, the calculation can be based
on solving the nonlinear algebraic system of the equations
that are for each finger given by (2)–(11). A more circuit-
oriented approach to the problem is to modify transistor models
available in already-existing commercial tools for circuit simu-
lations and make them capable of solving electronics problems
in which electrothermal coupling cannot be neglected. The
program SPICE, for example, is in itself not equipped for the
description of electrothermal behavior, since the temperature
of the entire circuit is assigned prior to simulation and re-
mains constant, independent of dissipated power. Thus, self-
heating of individual devices and thermal coupling are not
accounted for.

The method usually adopted to enable electrothermal simu-
lations in SPICE is the structural macromodeling technique by
which the built-in device model is expanded with supplemen-
tary passive and active standard components in order to describe
specific transistor phenomena such as the thermal interactions
[22], [23]. An effective alternative is the analog behavioral
macromodeling (ABM), which makes use of a powerful facility
introduced in latest SPICE versions [24]. A number of the
laws governing the electrical and thermal device behavior can
be easily modeled by means of voltage-controlled voltage and
current sources (denoted with ABM and ABM/I in the SPICE
schematic, respectively) that allow a straightforward “in-line”
implementation of a large variety of algebraic equations. The
effectiveness of this approach for the electrothermal simulation
of power MOSFETs and BJTs has been clearly demonstrated
in the past [25], [26]. The developed macromodels have proven
to be flexible and accurate, while at the same time requiring an
analysis time comparable to that needed when using standard
SPICE elements. Lastly, it is noteworthy that ABM-based elec-
trothermal subcircuits are manageable in all the modern SPICE-
like simulation codes that support the ABM facilities.

An example of an electrothermal SPICE ABM-based macro-
model is shown in Fig. 3. The subcircuit representing the
elementary transistor [see Fig. 3(a)] is encased by a dashed line.
It is fully derived from the mathematical expressions given by
(2)–(10). The macromodel is built for the simulation of bipolar
device behavior in the forward active mode, and in Fig. 3(a)
it is connected in a common-base configuration. The input
quantities are the base voltage “B,” the emitter current “E,” the
collector voltage “C,” and the increase of junction temperature
“∆T ” above ambient presented as an input voltage. The diode
“D” is used to describe the “internal” base–emitter junction
behavior. Since this intrinsic SPICE device has a constant
temperature T0 during the whole simulation run, it draws a
temperature-independent current given by

IB,diode = IB(VBEI, T0) = IB0 exp
(

VBEI

nVT0

)
. (24)
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Fig. 3. (a) Detailed diagram of the ABM-based SPICE macromodel for BJTs in the common–base configuration. The subcircuit corresponding to a single
transistor is depicted. (b) Block diagram of a two-finger transistor.

To introduce temperature dependence, a correction current

IB,corr(VBEI,∆T ) = IB0

·
[
exp

(
VBEI + ϕBE∆T

nVT0

)
− exp

(
VBEI

nVT0

)]
(25)

is added to the model through the element ABM/2I (A), where
the “2” refers to the number of block inputs. The sum of the two
currents IB,diode and IB,corr gives the temperature-dependent
base current IB expressed by (2).

The source ABM/2 (B) forces a voltage corresponding to
βF , which is computed from IC , VCEX, and ∆T , according
to (3). IC is, in turn, computed through ABM/2I (C) by simply
multiplying the base current IB and the current gain βF .

In the common–base configuration, the dissipated power
given by (10) can be expressed as a function of the base–emitter
voltage and collector–base voltage

P = VBE,devIE + VCB,devIC (26)

with

VBE,dev =VBEI + rEIE + rBIB

VCB,dev =VCBX − RCIC + RBIB. (27)

The above expression for P is implemented in the SPICE
model and is used as an input variable of the thermal feedback
network represented by an equivalent electrical circuit. In a
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more general case where N elementary devices are connected
in a circuit of N transistors, or form an N -finger device, the
thermal network is described by

∆Ti =
N∑

j=1

RTH,ijPj (28)

where ∆Ti is the increase of the temperature of the ith finger
with respect to T0. Note that the thermal resistances RTH,ij

are treated as electrical ones. In Fig. 3(b), the two elementary
transistors are connected in parallel to form a two-finger device;
similarly, a multifinger device or a circuit that consists of a
number of transistors can be effortlessly created.

The proposed dc approach can readily be extended to the dy-
namic case, by including the inherent transistor capacitances in
the electrical subcircuit and considering an RC thermal equiv-
alent network. However, care should be taken in the dissipated
power evaluation: (26) may lead to inaccuracies due to energy
storage elements in the transistor subcircuit, which do not con-
tribute to the self-heating and should not be accounted for [27].

To conclude this section, we want to remark that some tools
currently adopted in the IC computer-aided design (CAD) area
include bipolar transistor models that allow activation of self-
heating (e.g., the BJT model MEXTRAM 504 [28] available in
ADS [29]); such models are equipped with a thermal node and
the temperature increase above ambient is evaluated through
an internal thermal circuit. A possible alternative to the above
SPICE approach would lie in adopting these codes after en-
abling the still absent mutual coupling between transistors (as
in, e.g., [30]). On the other hand, exploiting the model described
in Section I, which is based on a straightforward parameter-
extraction methodology, is simple and gives accurate results
(see Section V).

IV. EXPERIMENTAL VERIFICATION

All the electrical measurements are performed on silicon-
on-glass bipolar test structures [11]: single- and two-finger
n-p-n BJTs with emitter areas of 20 × 1 µm2 and 2 × (20 × 1)
µm2 are considered. The model parameters are extracted from
isothermal characteristics of single-finger devices. For example,
ϕBE(IC , T ), ϕβ(IC , T ), and RHI(IC , T ) from (4)–(6) are ex-
tracted and modeled from the measured data given in Fig. 4(a)
and (b), as suggested in [7], [31], and [32]

ϕBE(IC , T ) = ϕ0 − ϕ1 ln
IC

βF IB0
(29)

and

IH(T ) = IH0 − aH∆T

mH(T ) = mH0 − bH∆T. (30)

RTH and RM are measured using the lock-in measurement
technique described in [33]. The extracted parameters are given
in Table I.

The IC − VBEX characteristics of a single-finger device with
RTH = 12 100 K/W are measured in an IE-controlled setup.
Fig. 1(b) shows three characteristics for VCBX = 0.2 V: one

Fig. 4. Isothermal (pulsed) measurements of: (a) internal base–emitter voltage
as a function of temperature for different IB values. The symbols are measured
data extracted from the Gummel plots at different temperatures; the dashed
lines are parallel to the lowest IB-fixed curve (ϕBE independent of the base
current); the solid lines are the modeled curves that guarantee the best fit with
the experimental data. (b) Current gain as a function of collector current for
various temperatures.

without external resistors and the other two with an added
RC or RE of 20 Ω. The arrows indicate the critical points,
which are also calculated through an iterative process applied
to condition (14) and reported in the inset. A very good agree-
ment between the model and experiments is observed. It is
shown that, although an external collector resistance provides a
restabilizing effect, it is much less effective than ballasting the
emitter in weakening the electrothermal feedback. This is due
to the fact that RE directly reduces the internal base–emitter
voltage, which governs the current handled by the device, while
RC only lowers the dissipated power level.

In Fig. 2(b), the measured collector-current distribution is
shown for several two-finger devices with different (RTH, RM )
values. The measurements are performed in an IE-controlled
setup for VCBX = 0 V. The critical points are calculated by
the model (22) and reported in the inset of the figure. As can
be seen, the model gives a good prediction of both the critical
point 1 and the critical point 2. In the case of the most thermally
coupled fingers, the device remains stable for any value of the
biasing current, as foreseen by the model.
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TABLE I
EXTRACTED MODEL PARAMETERS

Fig. 5. Collector-current distribution of IE -controlled (a) one-finger and
(b) two-finger silicon-on-glass BJTs: comparison between measured and
SPICE-simulated characteristics.

Experimental measurements are also compared with the
characteristics simulated by the SPICE macromodel. This com-
parison for the same set of devices from Figs. 1(b) and 2(b) is

Fig. 6. SPICE-simulated collector current as a function of discrepancy be-
tween the two fingers. The bifurcation is induced through a difference ∆rE

between the internal emitter resistances.

presented in Fig. 5; as can be seen, a very good agreement is
obtained for each situation and for any value of the input bias.

V. DISCUSSION AND MODEL APPLICATIONS

As mentioned in Section II-B, the current-bifurcation phe-
nomenon in two-finger bipolar devices results from the fact
that the two fingers are never identical in a realistic case.
In order to simulate the experimental behavior by SPICE, a
difference in the parameters of the two elementary devices must
be introduced. For example, this can be achieved by assigning a
slightly different value of the emitter series resistance to the
finger 1 as compared to the finger 2. In Fig. 6, the region
around the current-bifurcation point is plotted for different
values of ∆rE = rE1 − rE2. The critical-point condition given
by (22) defines the current bifurcation for the case in which
there is an infinitely small difference between the fingers, i.e.,
∆rE → 0. As the difference in device parameters grows, the
abruptness of the transition from stable to unstable case is
less sharp, and the critical point must be defined in another
way, for example, as the point at which the lower current has
reached its maximum, i.e., where δIC1 = 0 [8]. Nevertheless,
since the elementary devices are in principle made with the
smallest possible differences, expression (22) is in practice a
very useful approximation. When external ballasting resistors
are connected to each individual finger (e.g., RE1, RB1, and
RC1 for finger 1 and RE2, RB2, and RC2 for finger 2),
inequalities (e.g., RE1 �= RE2) produce an effect similar to that
of ∆rE shown in Fig. 6.

The existence and position of the critical points depend on
several compounded effects, rather than only on one domi-
nating factor. This is illustrated in Fig. 7, where the SPICE
electrothermal simulations of a two-finger BJT are presented as
a function of the model complexity. Compared to the complete
model (solid line), an unacceptable error occurs even for low
current values if the thermal coupling is not accounted for (long
dashes). The correct values for the coefficient ϕBE are modeled
through an appropriate choice of the parameters ϕ0 and ϕ1.
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Fig. 7. SPICE-simulated collector-current distribution of two-finger bipolar
transistors as a function of device-model complexity.

Adopting a constant value for ϕBE (as in, e.g., [8], [12], [19],
and [34]) fails to accurately predict the device behavior (dotted
line) since the current dependence modeled by (29) weakens the
electrothermal feedback in the system. Likewise, a reduction of
the temperature coefficient of the current gain also introduces
a negative feedback at high currents [31], [32]; isothermal
measurements from Fig. 4(b) indicate that ϕβ can even become
negative at high-injection levels, and thus can be decisive for
the restabilization. Indeed, it can be seen that neglecting such
an effect (IH → ∞) actually leads to the switching off of the
colder finger (dot–dashed line). Finally, it is also observed that
the stabilization can be restored by introducing sufficiently high
external resistors (small dashes).

Fig. 8(a) and (b) depicts the curves attained for various values
of ballasting resistors per finger on the emitter, RE1 = RE2,
and on the base, RB1 = RB2. This shows how the ballasting
not only increases the IC,crit for bifurcation but also decreases
the IC,crit for restabilization, giving an overall more stable
device.

A. Safe Operating Area

Fig. 9 illustrates the solution loci of (22) in the (VCEX, IC)
plane for IE-controlled two-finger BJTs with equal RTH and
different RM values. The curves represent the borders between
stable (left) and unstable (right) operation regimes. For low
VCEX values, all transistors are unconditionally stable. As the
collector voltage increases, the devices are triggered into the
asymmetrical operating mode and the current instability range
increases with the applied voltage. It is noteworthy that the
thermal ruggedness increases with increasing RM . This has in
the past also been empirically demonstrated by the beneficial
influence of thermal shunt resistors between emitters in GaAs-
based HBTs [35], [36].

B. Si- Versus SiGe-Base Transistors

From (14), the aggregate effect of coefficients ϕBE and ϕβ ,
and their derivatives with respect to IC determines the thermal

Fig. 8. SPICE-simulated individual collector currents for two-finger silicon-
on-glass transistors in IE -controlled conditions at VCBX = 0 V. (a) Effect of
ballasting each emitter finger with a resistance value RE1 = RE2. (b) Effect of
ballasting the base of each emitter finger with a resistance value RB1 = RB2.

Fig. 9. Solution loci of (22) in the (VCEX, IC ) plane for several two-finger
bipolar transistors with equal RTH and different RM values.

behavior. While Si transistors can restabilize at high-current
levels due to reduction of ϕBE and ϕβ as IC increases, SiGe-
base devices [16], [17] and GaAs-based HBTs [15] can both
be designed so that even for low and medium currents, ϕβ will
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Fig. 10. Modeled critical current of single-finger SiGe-base transistors as a
function of germanium percentage. Model (14) is used for the calculations.

be negative and ϕBE will still decrease as IC increases. For
example, in SiGe transistors with uniform Ge percentage in the
base (%Ge), the base bandgap is reduced by 7.4 × %Ge meV
[37]. This reduction is included in EGB from (5) and can result
in a negative ϕβ .

The potential thermal robustness of single-finger SiGe de-
vices is investigated here by varying the %Ge. For the sake of
simplicity, devices with uniform %Ge in the base are consid-
ered, and the functional dependence of ϕβ with IC is neglected,
i.e., IH → ∞. To allow a manageable basis for comparison,
the emitter–base profiles are tailored to give a β0 = 120 for
all %Ge. A higher %Ge will increase the collector current at
ambient temperature. This means that other device parameters
must be modified to meet the request for constant β0. Two
device categories are studied: type 1, in which the base dop-
ing is increased, and type 2, in which the emitter depth is
reduced for higher %Ge [38]. The calculated IC,crit is plotted
in Fig. 10 as a function of %Ge. It is noteworthy that increasing
%Ge leads to better thermal stability of the type-1 devices;
in this case, all transistors have identical emitters, and thus
identical coefficients ϕBE. On the other hand, for the type-2
transistors, electrothermal stability is not improved; shallower
emitter depths yield higher IB0, which means higher ϕBE for
the same IC . This implies that the benefits of reducing ϕβ

are counteracted and, from the electrothermal point of view,
the type-2 transistors only marginally take advantage of the
higher %Ge.

C. Generalization of SPICE Macromodel—Three-Finger
Devices

As mentioned in Section III, the SPICE macromodel can be
generalized to simulate the behavior of circuits and multifinger
transistors with a large number of elementary devices. As an
example, the case of a three-finger silicon-on-glass BJT is
presented here. The investigated device is symmetrical around
the inner finger with index “2.” The physical model parameters

Fig. 11. SPICE-simulated electrothermal behavior of a three-finger device;
the case of ideally identical fingers (solid lines) is compared to the “unbalanced”
outer fingers case (dashed lines).

from Table I are assigned to each finger, and RTH and RM

values are typical for silicon-on-glass transistors [7], [11], [39]:
RTH = 10 500 K/W, RTH12 = RTH23 = 5000 K/W, RTH13 =
2000 K/W. The total emitter current is controlled while the
collector–base voltage is fixed at VCBX = 0.75 V. The col-
lector currents versus the total collector current IC are shown
in Fig. 11. Solid lines refer to the case of identical fingers.
Due to the inherent difference in thermal coupling between
inner and outer fingers, an uneven current distribution arises
at low/medium IC levels: the innermost finger starts conduct-
ing more and more current due to the strong thermal cou-
pling with both neighboring devices, which each handle the
same amount of current due to the perfect system symmetry.
Nevertheless, at high-current levels, the system approaches a
stable situation because the central finger enters the region of
negative feedback. A more complex behavior is observed when
a slight discrepancy exists between the parameters of the two
outer fingers. Such behavior for ∆rE = 0.1 Ω is illustrated
by the dashed lines. As can be seen, when IC = 15 mA, the
applied unbalancing condition gives rise to a current bifurcation
between these fingers. Due to the higher positive temperature
coefficient of the collector current, the outer finger 1 draws
more current at the expense of both the inner and the other outer
finger. However, for current values larger than IC = 27 mA, the
effect of the introduced ∆rE becomes insignificant due to the
compounded restabilization mechanisms.

VI. CONCLUSION

It has been demonstrated that the analytical formulation
developed in Section II provides a fast and reliable means of
determining the boundary between stable and unstable regions
for single- and two-finger bipolar transistor configurations
operating at medium and high currents. Moreover, the for-
mulation accounts for and gives new insight into both indi-
vidual and combined mechanisms that are relevant for the
onset of instability and restabilization. Impact ionization effects
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that lead to electrical breakdown and enhance electrothermal
breakdown have not been included in this study; on the contrary,
the focus has been on the effects that can reduce the electrother-
mal feedback and lead to restabilization of the transistor after
the onset of thermal instability: the decrease of the temperature
coefficients of base–emitter voltage and current gain with in-
creasing current, and the factors that attenuate the actual collec-
tor current at high-enough currents, i.e., high-injection effects
and ballasting/series resistances. Predictions could therefore be
made for which combination of effects would lead to more
stable Si- and SiGe-base transistors.

For a simulation of the complete multifinger-transistor/
circuit characteristics, a novel ABM-based SPICE macromodel
for bipolar devices was developed to include the same set of
electrothermal mechanisms as the analytical model. It was built
for direct application in the electrothermal circuit simulator
SPICE. Its effectiveness in simulating more complex structures
was demonstrated for the case of a multifinger transistor.
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[33] N. Nenadović, S. Mijalković, L. K. Nanver, L. J. K. Vandamme,
V. d’Alessandro, H. Schellevis, and J. W. Slotboom, “Extraction and mod-
eling of selfheating and mutual thermal coupling impedance of bipolar
transistors,” IEEE J. Solid-State Circuits, vol. 39, no. 10, pp. 1764–1772,
Oct. 2004.

[34] M. G. Adlerstein, “Thermal stability of emitter ballasted HBT’s,” IEEE
Trans. Electron Devices, vol. 45, no. 8, pp. 1653–1655, Aug. 1998.

[35] B. Bayraktaroglu, R. Fitch, J. Barrette, R. Scherer, L. Kehias, and
C. I. Huang, “Design and fabrication of thermally-stable AlGaAs/GaAs
microwave power HBTs,” in Proc. IEEE Cornell Conf. Adv. Concepts
High Speed Semicond. Dev. Circuits, 1993, pp. 83–92.

[36] L. L. Liou, D. Barlage, J. Barrette, C. Bozada, R. Dettmer, T. Jenkins,
R. Lee, M. Mack, and J. Sewell, “Thermal analysis and characterization
of thermally shunted AlGaAs/GaAs heterojunction bipolar transistors,”
in Proc. IEEE Cornell Conf. Adv. Concepts High Speed Semicond. Dev.
Circuits, 1995, pp. 563–572.

[37] R. J. E. Hueting, J. W. Slotboom, A. Pruijmboom, W. B. de Boer,
C. E. Timmering, and N. E. B. Cowern, “On the optimization of SiGe-
base bipolar transistors,” IEEE Trans. Electron Devices, vol. 43, no. 9,
pp. 1518–1524, Sep. 1996.

[38] L. C. M. van den Oever, L. K. Nanver, and J. W. Slotboom, “Comparing
the high-frequency performance of box-Ge and graded-Ge SiGe HBT’s,”
in Proc. STW/SAFE, 2000, pp. 119–123.

[39] W. D. van Noort and R. Dekker, “Thermal resistance of (H)BT on bulk Si,
SOI and glass,” in Proc. IEEE BCTM, 2003, pp. 129–132.
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Dr. Nenadović received the Best Student Award in 2000 from the University
of Belgrade. He received the Best Student Paper Awards for his contributions
at the IEEE Topical RF Meeting in 2001, and the IEEE Conference on
Microelectronics (MIEL) in 2002. His Ph.D. thesis was awarded the 2004 Else
Kooi Award. He was also awarded a VENI grant from Dutch Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO) Science Fund for his
Post-Doctoral research at Delft University of Technology, The Netherlands.

Vincenzo d’Alessandro received the “Laurea” de-
gree in electronics engineering, and the Ph.D. degree
in information engineering from the University of
Naples “Federico II,” Naples, Italy, in 1999 and
2003, respectively.

From January 2002 to December 2002, he joined
the ECTM Group at the Delft University of Technol-
ogy, Delft, The Netherlands, working on simulation
and modeling of electrothermal effects in silicon-on-
glass bipolar transistors. In February 2003, he was
with University “Federico II” teaching a course on

digital electronics. Since July 2003, he has been working as a Researcher at the
Department of Electronics and Telecommunications Engineering. His current
research area is in electrothermal and thermal modeling/simulation of semi-
conductor devices, with particular regard to multicellular power VDMOSTs,
silicon bipolar junction transistors (BJTs), GaAs/AlGaAs heterojunction bipo-
lar transistors (HBTs), and 4H-SiC Schottky diodes/MPS rectifiers. He has
published over 40 papers in international journals and conference proceedings.

Luigi La Spina received the “Laurea” degree
in electronics engineering from the University of
Naples “Federico II,” Italy, in 2004. In January 2005,
he joined the Faculty of Electrical Engineering,
Mathematics, and Computer Science, Delft Univer-
sity of Technology, Delft, The Netherlands, where
he is currently pursuing the Ph.D. degree within the
Laboratory of Electronic Components and Technol-
ogy Materials, of Delft Institute of Microelectron-
ics and Submicron-technology, Delft University of
Technology.

His research interests include electrothermal analysis of bipolar junction
transistors (BJTs), thermal properties of thin-film materials, and heat conduc-
tion in micro- and nanoscale structures.

Niccolò Rinaldi (M’95) received the degree (cum
laude) from the University of Naples “Federico II,”
Naples, Italy, in 1990, and received the Ph.D. degree
in 1994.

In February 1994, he became a Research Assistant
at the University of Naples “Federico II.” From July
1996 to December 1996, he was Research Fellow at
the University of Delft, The Netherlands, working
on the modeling of high-speed bipolar devices. In
November 1998, he had been appointed Associate
Professor at the University of Naples “Federico II.”

Since November 2002, he has been a Full Professor. His present research
interests include the modeling of bipolar and power MOS transistors, self-
heating effects in solid-state circuits and devices, electrothermal simulation,
and design of RF and microwave circuits and devices. He has authored or
coauthored more than 70 publications in international journals and conferences.
He has been a reviewer for Solid-State Electronics, Microelectronics Journal,
Fizika A&B, International Journal of Electronics, as well as for international
conferences.

Dr. Rinaldi has been a reviewer for IEEE TRANSACTIONS ON ELECTRON

DEVICES, IEEE ELECTRON DEVICE LETTERS. He is currently the Vice-
Chairman of the IEEE Electron Device Chapter (Central and South Italy
Section) and a member of the IEEE Bipolar/BiCMOS Circuits and Technology
Meeting (BCTM) conference scientific committee.

Lis K. Nanver (S’80–M’83) received the M.Sc.
degree in physics in 1979 from the University of
Aarhus, Aarhus, Denmark. In 1982 she received the
Dr. Ing. degree from the Ecole Nationale Superieure
des Télécommunications, Paris, France, where she
worked on the simulation of charge coupled device
(CCD) structures. In 1987 she received the Ph.D.
degree from the Delft University of Technology,
Delft, The Netherlands, where she developed a
medium-frequency Bipolar Field Effect Transistor
(BIFET) process.

In 1988, she joined the DIMES IC Process Research Sector as Bipolar
Process Research Manager. She became Associate Professor and later Pro-
fessor with the Faculty of Electrical Engineering, Mathematics, and Computer
Science, Delft University of Technology, in 1994 and 2001, respectively. Within
the Laboratory of Electrical Components, Technology and Materials, she
manages the research on advanced Si-based devices, which is mainly directed
towards optimization and development of high-frequency Si bipolar junction
transistors (BJTs)/SiGe heterojunction bipolar transistor (HBT) devices
and the integration of passives. This research involves technologies such
as atmospheric-pressure/low-pressure chemical vapor deposition (APCVD/
LPCVD) epitaxy, dopant activation by excimer laser annealing, and substrate-
transfer techniques.

Dr. Nanver has served on the committees of IEEE European Solid-State
Device Research Conference (ESSDERC) and BCTM.


