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Abstract

This paper presents an accurate, comprehensive and physics-based aging compact model for stress-induced degradation
due to hot-carrier generation and oxide trapping in advanced complementary NPN and PNP SiGe HBTSs. The analytical model
equations are derived from the solution of reaction-diffusion theory and Fick’s law of diffusion combined with oxide trapping
mechanism under accelerated stress conditions. The model accuracy has been validated against results from long-term aging
tests performed close to the safe-operating-areas of an advanced complementary 0.25 um BiCMOS technology. Degradation
asymmetry observed between NPN and PNP devices is accurately captured by this unified aging compact model. This study
highlights the challenges of predicting degradation of complementary circuits and thereby improving its functionalities by
designing better-matched NPN and PNP HBTSs.
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1. Introduction

Long-term reliability of modern SiGe
heterojunction  bipolar  transistors (HBTS) s
increasingly becoming a major concern for circuit
designers. Continuous improvement of the maximum
operating frequency leads to an increase of operating
current density and a reduction of breakdown voltages
[1]. Moreover, advanced circuit applications require
the transistors to operate closer and even beyond their
classical safe-operating areas (SOA). Hence,
reliability-aware circuit design has become a
mandatory approach [2] employing accurate aging
models [3] to facilitate time and cost-effective circuit
design. Complementary circuit  functionalities
employing both NPN and PNP bipolar transistors are
of particular interest owing to their large variety of RF,
analog and high speed digital applications [4].
However, performance mismatch between the NPN
and PNP devices, due to their different architectures
and mode of technological integration, are particularly
detrimental for both DC and AC operation of
complementary circuits. Added to these concerns,
reliability issues such as bias temperature instability
are more severe for complementary circuits because of
nonequivalent degradation in either type of devices.
More precisely, as supported by experimental
evidence [5], hot carrier induced damage is more
aggressive and accelerated in PNP devices over their
NPN counterpart, which not only significantly
impedes symmetric circuit operation, it also poses
major challenges for high performance circuit design.

*Corresponding author

Only a few previous studies have illustrated the impact
of bias-dependent mismatch on the aging of
complementary  devices [6]. Investigation of
degradation physics in complementary devices has
also been studied using TCAD simulation [5]. From
the circuit designers’ point of view, the major
degradation mechanism that needs to be accurately
incorporated in SPICE compact models is hot-carrier
degradation (HCD) that predominantly limits the
lifetimes of modern SiGe HBTs [3, 5-10]. The
principal physical degradation mechanism is the
generation of hot carriers, through impact ionization
under high field or current conditions at the collector
base junction, which are accelerated toward the
emitter-base (EB) spacer oxide interface where they
create traps via Si-H bond-breaking. The formation of
these traps can be identified by the degradation of non-
ideal base current [3]. There have been many forms of
the reaction-diffusion (R-D) formalism adapted for
describing HCD physics in SiGe bipolar transistors [3,
5, 9-10] each with their application specific
limitations. One of the more versatile and unified
closed form solutions has been proposed in [3]. This
model (HiCuM AL V1) has been further enhanced in
an upgraded version, HICuM AL V2, and a more
accurate compact model implementation that also
accounts for dynamic stress conditions, ensuring time-
invariance of the compact model [11].

This paper aims to provide a detailed
compact modeling approach for studying the aging-
induced degradation asymmetry in advanced
complementary SiGe HBT technologies under both
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mixed-mode and reverse E-B stress conditions, based
on the aging compact model developed in [3, 11].
With the accuracy of the model in [11] validated for a
wide range of advanced industrial SiGe HBT
technologies under diverse stress conditions close to
their safe-operating areas, the aging compact model is
adapted for analyzing the degradation behavior of a
complementary BiCMOS technology from IHP
Microelectronics [12]. Mixed-mode (MM) aging tests
for the complementary NPN and PNP HBTSs show the
expected asymmetry in the degradation depicting
more aggressive degradation in PNP devices. An
additional component of degradation is observed in
case of the PNP devices at higher stress bias that
cannot be captured by R-D based HCD compact
models such as the one in [11]. While this component
is not clearly visible in case of NPN HBTs under MM
stress within the maximum of 1000h stress duration,
both transistors exhibit this additional component
under high E-B reverse stress conditions, confirming
the presence of this component for both HBTs. The
stress bias-dependence of this component, attributed
to fast oxide trapping, is analyzed and modeled using
HiCuM AL V3.1, which extends the previous aging
compact model in [11].

The rest of this paper is organized as follows:
Section 2 illustrates the model formulation and the
derivation of bias-dependence of aging model
parameters along with model implementation; Section
3 describes the SiGe HBT technology under test and
the stress bias conditions, the aging test results, model
validation followed by the conclusion.

2. Aging Model Formulation: Premise and
Derivation

To illustrate the electrical signature of the
aforementioned additional oxide trapping mechanism,
Fig. 1 shows the base current degradation for an NPN
SG25H3P HBT from the complementary 0.25 pm
BiCMOS  technology  developed by IHP
Microelectronics [12] under mixed mode (1 (a)) and
reverse emitter-base (1 (b)) stress conditions. While
for the reverse E-B stress conditions it is much more
significant, both stress conditions exhibit that at longer
stress time, there exists an additional contribution to
the base current degradation (even though it is not
evident under MM stress unless compared with model
simulations) that cannot be accurately captured by the

previous version of our aging model HiCuM AL V2
[11]. In contrast, the improved model formulation
presented in this work, HiCuM AL V3.1 (detailed in
the next section), can accurately capture this
additional mechanism (Fig. 1). Considering that
modern SiGe HBTs have thermally grown
homogeneous SiO, spacers free from external
impurities, the possibility of two different interface
traps (with two activation energies) is rather low in
SiGe HBTs when a single polarity of hot carriers is
considered (as [6]). On the contrary, 111-V HBTs with
deposited nitride sidewalls, can result in two different
types of interface traps [2]. In our present analysis, it
was thus considered that the double hump (more
clearly visible in Fig. 1(b)) observed in the base
current degradation is the combined result of two
independent mechanisms originating from interface
and deep oxide traps that are responsible for the
overall degradation. In effect, the oxide trapping
mechanism is evidently more significant under reverse
E-B stress, which can be explained by the fact that
regardless of the presence of large electric fields, the
origin of the hot carriers are somewhere in the E-B
region under reverse E-B stress compared to that of
the C-B junction under mixed-mode stress [6]. While
the hot carriers under E-B stress have a lower transport
loss and smaller distance to cover (relative to the
scattering length/mean free path) to reach the E-B
spacer, more significant degradation can be observed
in this case. In case of PNP transistors, as we will show
later on, this effect is more pronounced even in mixed-
mode conditions. This additional effect can be
attributed to the oxide trapping (OT) mechanism
which appears to intensify at higher stress bias at long
stress time. The dynamics of this mechanism is similar
to the phenomenon of bulk trap generation in MOS
transistors, responsible for its dielectric breakdown
[13]. To the best of our knowledge, this is the first
notable observation of this effect in modern SiGe
HBTSs.
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Fig. 1: Base current degradation of an NPN SG25H3P HBT under
(a) mixed mode and (b) reverse emitter-base stress depicting the
additional oxide trapping component at longer stress time.

While the oxide trapping component starts to
dominate at longer stress time, HICuM AL V2 [11]
can accurately describe the degradation in the earlier
stress time. For reverse E-B stress, on the other hand,
specifically at a stress voltage of 4 V, the excess
degradation component (OT) depicts a significant
deviation from what the HiCuM AL V2 predicts.
HiCuM AL V2 has been adapted to incorporate
modeling of this effect in a newer version, HiCuM AL
V3.1, where the OT mechanism has also been
introduced.

HiCuM AL V2 has been developed principally
based on the R-D theory [10]. Hence the initial phase
of modeling concerns the derivation of the analytical
model equations governing the physics of hot-carrier
degradation (HCD). In HCD, the rate of bond
dissociation is governed by a chemical interaction
between the carriers and the passivated Si-H bond
through generation and annihilation of traps. The
interface-trap density, Nt (t), increases with the net
rate of reaction described by the R-D model [3, 10-11]
as,

dN;

- = Ke(Ng — Np(£)) — KgNp(ONy (0,8) = g (1)
Here, Kris the rate constant of the forward reaction,
i.e., generation of traps, Kg is the rate constant of trap
annihilation by hydrogen atoms, Ng(x,t)is the
volumetric density of hydrogen at distance x of the
Si/SiO; interface and Ng is the total number of
available bonds that can break. The modeling of
interface trap generation and recovery has been
implemented in [11] through the equivalent circuit
representations shown in Figs. 2(a) and (b) where the
latter employs an R-C ladder network for modeling
hydrogen diffusion within the E-B spacer. In addition
to this setup, HiCuM AL V3.1 employs an additional
fictitious transistor node for the oxide trap generation

through the total oxide trap density N,y (t) which is
governed by an exponential stress time dependence
similar to the implementation of bulk trap in [13]. In
our model the following differential form is
incorporated in the compact model with two additional
model parameters, Nyypax and T,y for the maximum
oxide trap density and oxide time constant,
respectively, as,

dNox(t) _ Noxmax — Nox(t)

T (2
Tox

Eq. (2) is represented by a single pole network shown
in Fig. 2(c), consisting of a resistor of value 75y and a
capacitor of value 1F, along with a current source of
magnitude Noxmax/Tox- It is theorized that thicker
oxides are more prone to exhibit the OT mechanism
owing to their higher capacity of oxide trap
generation, as indicated in [14]. This could also
present a comparative perspective for the different
topographies of spacer oxides integrated within their
respective process flows of the SiGe HBT
technologies [15]. In other words, this could explain
the absence of this component in our earlier works [3,
11]. Interestingly though, the presence of this
component can also be seen in case of previous aging
tests performed on the same technology [Fig. 6, ref.
5], which was left unaddressed due to absence of
sufficient data for analysis.
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Fig. 2: Organization of the (a) R-D, (b) Diffusion model [11] and
(c) Oxide-trapping model implementations.

Similar to the previous versions of the aging model,
HiCuM-AL V1 [3], and HiCuM-AL V2 [11], the base
current degradation has been implemented in HICuM
compact model through the recombination current
parameter in the periphery, Ireps. In the current version
of the aging model (HiCuM-AL V3.1), the evolution
of Ireps is translated from the combined evolution of
the trap densities Nt (t) and Nox (t). Kr (s7), Kr (cm3s®
1 of (1) are represented by their corresponding
compact model parameters Kg, (s%), Kr) (cm.Ats?),
respectively, and N by I (A) which is the final value
of Alreps, (A). Similarly, for oxide trap generation
related parameters in (2) Noxwmax is represented by lox



(A) and ox (s) by zox, (). While I and lox remain
model parameters pertaining to the process, the
parameters Kri, Kgry and zox, are represented as
function of the stress bias. This results in a revised
model parameter set that can be efficiently exploited
for analysis of circuit aging.

Firstly, under mixed-mode stress the forward rate
constant, Kg,, increases with Vcgsiress following an
exponential dependence while Jestress IS kept constant.
On the other hand, while Vcgstiress IS kept constant, Kg,
demonstrates a peak value before starting to roll off [3,
7, 11]. This has been explained by a decrease in the C-
B electric field at the onset of the Kirk effect at such
high stress current densities [3, 16], resulting in a
reduction in Alg. The decrease of the impact ionization
mechanism at high current densities has been
demonstrated in [16], which can be held responsible
for the decline of the avalanche current density, Javi,
at large emitter stress current densities [16]. Taking
this into account, the expression for Kg, under mixed-
mode stress has been simplified by introducing the
JavL parameter obtained using the new avalanche
model [16]. For reverse E-B stress, however, K, is
only an exponential function of the reverse E-B stress
bias, Vesswess. Additionally, an Arrhenius-like
temperature dependence is added to the expressions of
Kr,. The activation energy, Eo, is identical (0.24 eV)
to the values for previously reported SiGe HBT
technologies [11] which governs the temperature
dependence of the rate constants. The expressions of
Kr1 under mixed mode and reverse E-B stress,
respectively, can thus be written as,

I g vL € E

! |MM mte]A L Xp(uFVCB.Stress) exp [ k:T (3)
F EB Kp exp V E,

K 'I| B A0 (#F EB,Stress) eXp[ kBOY ( L)

Here, the new aging compact model parameters are
Grate (UM?A1s1), which is the fraction of the
avalanche current density that reaches the spacer oxide
interface [15] and pr (V1) which is the exponential
factor that governs acceleration of hot carriers under
the applied electric field. The use of Jaw instead of
Je,stress Simplifies the previous expression proposed in
[11].

On the other hand, the trap annihilation rate strongly
depends on the junction temperature and follows an
Arrhenius  law. Additionally, the stress bias
dependences are introduced similar to that of Kg,
although the bias-dependence is relatively weaker.
The expressions of Kg under mixed mode and reverse
E-B stress, respectively, can thus be written as,

KR,I |MM = KRO exp(lu'RVCB,Stress) exp [— % (5)
K1 |EB = Kgo exp (nu'RVEB,stress) €xp [— kEB_OT (6)

Here, the new aging model parameters are Ky, , which
is the magnitude of Kg, in cmAls?® u, is the
exponential factor in V-1,

Finally, the temperature and stress bias-dependence
of zox, was found to be of inverse nature as that of Kg,
and Kg,;. Hence, to maintain modular expressions, the
following equations can be written for zox, under
mixed mode and reverse E-B stress, respectively,

Tox,1| um — Foxo exp(_.uOXVCB,stress) exp [,i_OT] @)

Tox,1] EB . LOX0 exp(—Hox Vis,stress) €XP [,i_OT] ®)
Here, the new aging model parameters are 7,y ,
which is the magnitude of tox, in s and pyy is the
exponential factor inV-1. Further analyses on the three
aging model parameters are presented at the end of
section 3 which demonstrate the validity of the
equations (3-8) against experimental results.
The temperature dependence of the H-diffusion
coefficient, Dy, is also governed by an Arrhenius law,
for which the value of the activation energy Ea used in
our model is roughly 0.48 eV, which is consistent with
the values reported in [3]. Additionally, the
temperature dependence of the H-diffusion R-C
network directly stems from the temperature
dependence of Du. The resistance Ri, which is
inversely linked to the velocity at which the H-
diffusion front diffuses, is the only temperature
dependent quantity; whereas, C; signifies the lateral
incremental length of the subsequent cells of the R-C
network and is only geometry dependent. Hence the
equations governing these two quantities read,
9
Dy = Dyoexp [—%],Rl =§—; ®)
Here, the aging model parameters are Dy, and Ea.

3. Model Validation

In this section, we test the validity of the model under
various aging conditions, close to the SOA of the NPN
and PNP HBTs from IHP’s complementary 0.25 um
BiCMOS technology [12]. The mixed mode aging
tests were performed up to 1000h of stress time,
whereas the aging tests under reverse E-B stress were
performed up to 10°s of stress time.

The aging compact model was validated on
both NPN and PNP HBTSs featuring transistors in BEC
configuration with effective emitter areas of 0.3x0.92
and 0.22x0.84 um?, respectively. Aging tests were



performed at ambient temperatures (300K) under
various mixed-mode stress conditions as illustrated on
the output characteristics in Fig. 3 (a) for both type of
HBTs. Base current degradation under mixed mode
stress conditions is governed by the two accelerating
factors of stress: Vcg and Jg, which are chosen around
peak-fr, where most modern circuits operate, and the
operating points are chosen above the open base
breakdown voltages Bvceo, nen = 2.2 V and Byceo, pne
= 2.8 V. The open-emitter break-down voltages of
these HBTSs are Bycgo,pene = 4.0 V and Byesonen = 6.0
V, which already indicates that the PNP HBT will be
more prone to base current degradation under the same
stress voltages.
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Fig. 3: Aging test bias conditions for both NPN and PNP HBTs
under (a) mixed-mode, (b) reverse E-B stress.

Classically, the BVCEO defines the stable operating
region (SOR) whereas BVCBO defines the boundary
of real degradation conditions in circuit operation and
thus defines the safe operating area of modern
transistors. So, beyond BVCBO the transistor is likely
to have its degradations aggressively accelerated and
is thus the maximum limit that can be used. Our stress
conditions are chosen between these two limits.

In case of reverse E-B stress, degradation
occurs under reverse biased E-B diode stress with a
shorted CB junction (Vcs = 0V). The stress conditions
chosen in our study are highlighted in Fig. 3(b) for the
two HBTSs. Here, the junction tunneling current is the
major source of the highly energetic carriers which are
able to create traps at the E-B spacer oxide interface
[5]. Since the distance these carriers have to travel is
much shorter than for MM stress [5], an immediate
and more pronounced increase of the non-ideal base
current is expected in case of reverse E-B stress. For
practical circuit operating conditions, however, these
stress conditions are of minor importance as both the
MM and EB stress conditions used in this work are
quite harsh and may not have realistic applications.

The asymmetry of the degradation in the
NPN and PNP HBTs is evident from the results of the
evolution of the normalized excess base current

(Alg/lg) as a function of aging time, as demonstrated
in Figs. 4 (a) and (b) for both HBTs under mixed-mode
stress. Fig. 4 (a) depicts the results for different
Veestess (3 - 4.25 V) under constant Jesiress (4.5
mA/um?) for the NPN HBTs, while Fig. 4 (b) shows
the results for the PNP HBTSs under different Vg stress
(2.5 - 3.75 V) with constant Jg siress (6.2 MA/um?). The
different values of Jesiress are used to maintain similar
junction temperature values for both NPN and PNP
HBTs during aging. Matching junction temperatures
were chosen to ensure the same accelerating
conditions/factors, impact ionization and self-heating
at the beginning of the degradation for both HBTS.
This emulates realistic degradation scenarios where
base current degradation is simultaneously governed
by impact ionization due to hot carrier degradation and
increase of junction temperature. The evolution of
aging parameters, such as Kg,;, governed by these
factors are thus also different for the two HBTS in
realistic scenarios. In fact, the effect of oxide trapping
starts to dominate from a Vcpswress Of 3.25V for the
PNP HBTs whereas the oxide trapping effect is not at
all prominent in case of the NPN HBTs under mixed-
mode stress, in the 1000h stress window. Since it is
not feasible to stress the devices experimentally for
longer stress duration, NPN HBTSs were stressed under
reverse E-B stress conditions to accelerate the
degradation mechanisms. On the other hand, PNP
HBTSs, being more susceptible to degradation, exhibit
this component even under MM stress within 1000h
of aging. In fact, the presence of oxide trapping is
universal for this technology as even new generations
too show this component on an advanced 0.13 um
SG13S technology. The fact that even the latest
generations show this component indicates that it has
not been observed or at least noticed in earlier works
as the stress time (1000h) is not sufficient for it to
manifest.

The principal reason that the PNP HBTSs (Fig.
4 (b)) show much more pronounced oxide trapping
compared to the NPN HBTs under MM stress is that
there is more impact ionization in the PNP HBTs at
high Vcg due to its lower Bycgo compared to that of
the NPN HBTSs that depict more gradual degradation.
Apart from the different generation rates of hot
carriers in the two device types, the dynamics of hot
carrier trapping depends on carrier types [5]. While
secondary hot holes are dominant carriers in NPN
devices, the hot electrons are the major force behind
the degradation in PNP HBTSs that have superior
scattering lengths and thus higher retention of energy



[5]. As demonstrated in [5], the hot carrier generation
rate has two peaks in PNP HBTSs, one due to the
proximity of the E-B spacer region compared to the
NPN devices, and the other due to a lower activation
energy, which result in significantly more trap
formation in PNP devices. Added to this, the
complexity of complementary device degradation
increases due to the different activation energies
associated to the E-B spacer traps with relevant
polarities involved in the degradation. With lower
activation energies in case of PNP transistors [5], the
Si-H bonds are easier to break in these devices,
making them more susceptible to degradation.

The oxide trapping mechanism occurs in the
E-B spacer oxide where deep oxide trap level are
created under accelerated stress conditions. The fact
that the oxide trapping effect can be visible at longer
stress time confirms that these traps are slow to
respond compared to the interface traps. Due to the
fact that the technology under test has a thicker spacer
oxide compared to the other technologies we studied
in our earlier works [3, 11, 15-16], the oxide trapping
effect could be observed in this case. We have
however, neither seen any collector current
degradation nor any recovery under normal
conditions. On the other hand, we have not performed
annealing measurements [11], as they fall within the
future scope of this work.

The limits of the base current degradation,
estimated following [13] and from the model V3.1, are
also shown in Fig. 4 highlighting the cases what only
the R-D model predicts and where both R-D model
and oxide trapping effects govern the degradation.
While for PNP HBTS, the R-D model limit has already
been crossed, for NPN HBTs the base current
degradation is still below the R-D limits and thus there
are no significant oxide trapping effects. In both cases
excellent accuracy is observed.
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As a validation, Gummel characteristics measured at
different stress intervals under a Vg stress 0F 3.75V and
Je stress OF (@) 6.2 and (b) 4.5 mA/um? for the PNP and
NPN HBTSs, respectively, are compared with model
simulation, as shown in Fig. 5. Initial simulation is
performed using a foundry-generated scalable model
card followed by re-simulations using extracted
HiCuM AL V3.1 aging model parameters, for
different aging intervals. Excellent agreement
between model and measurement is observed.

In contrast with the results obtained under
MM stress, reverse E-B stress shows rather symmetric
degradation for both NPN and PNP HBTs, owing to
the proximity of hot carriers to the E-B spacer in both
cases. Hot carriers generated under reverse E-B stress
are quite close to the E-B spacer region compared to
that of the C-B junction in mixed-mode stress, thus
implying much shorter transit time of hot carriers in
the former case. Thus, Figs. 6 (a) and (b) show rather
equivalent evolution of the normalized excess base
current (Alg/lgo) as a function of aging time for both
NPN and PNP HBTs under different reverse E-B
stress (3 - 4.5 V), respectively. The limits of the base
current degradation are shown here which indicates
that in both cases the R-D limit is crossed for a stress
voltage of 3.75V and eventually the limit due to R-D
and oxide trapping is reached. In both cases good
model accuracy is observed.
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The simulation of Gummel plots at different stress
intervals under a Vegsiress OF 4V for both HBTS are
compared with measurements, as shown in Fig. 7.
Excellent agreement between model and measurement
is also observed for all stress conditions.
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Fig. 7: Comparison between measurement and HiCuM-AL-V3.1
simulation: Gummel plots at different aging intervals for (a) PNP
HBTs and (b) NPN HBTSs under Veg stress Of 4V.

Finally, the accuracy of bias dependence captured in
the aging model parameter equations (3-8) is validated
through comparison between the extracted values
(from experimental data) and model simulations for
the generation (Kg;) and annihilation (Kg,) rate
constants as well as the oxide trapping time constant
(zox,1), under different stress conditions studied in this
work. It has to be noted that all of these three
parameters are simultaneous functions of both stress
bias and temperature.
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Fig. 8: Evolution E;f Kg, as an explicit function of (a) inverse of
junction temperature and (b) stress bias; Surface plot of Kg, as
function of inverse junction temperature and stress bias, under (c)
reverse E-B and (d) mixed mode stress.

This dual dependence is shown for Kg, (based on the
analytical egs. (3) - (4)) in Figs. 8 (a) and (b) which
depict the comparison between the measurement and
model as explicit functions of (a) inverse of
temperature and (b) stress bias, depicting good
agreement. To further aid the visualization of the
quantity, Figs. 8 (c) and (d) show the 3D surface
representation of Kg; as simultaneous functions of
both the inverse of temperature and stress bias for an
NPN HBT, under reverse E-B and mixed-mode stress
conditions, respectively. The higher curvature of the
surface in case of the reverse E-B stress highlights the
difference between MM and reverse E-B stress,
particularly observed for NPN HBTSs.

Similarly, Figs. 9 and 10 show the evolution
of Kg,1 and zox,1 exhibiting similar dual dependence on
bias and temperature. In all cases excellent model
accuracy can be observed. Note that the trap
annihilation rate, Kgr;, shows a much weaker stress
bias dependence under mixed-mode stress compared
to under reverse E-B stress. This disparity is less
evident in case of PNP transistors. However, the bias
dependence of Kg, is weaker in all cases compared to
that of Kg,; and zox, and its evolution is principally
governed by its junction temperature dependence.
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Interestingly, the magnitudes of Kg and zox,, which
basically signify generation rates of interface and
oxide traps, respectively, are quite similar for both
type of HBTs under reverse stress, even though they
largely differ under mixed-mode stress. Table I lists
the extracted aging model parameters for the rate
constants depicted in equations (3) - (8). Significantly
higher values of the trap generation rate for the PNP
HBTs under mixed-mode stress further validates the
degradation asymmetry between the two HBT types,
owing to different breakdown voltages and the
polarity of hot carriers.
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Fig. 10: Evolution of zox, as an explicit function of (a) inverse of
junction temperature and (b) stress bias; Surface plot of zox, as
function of inverse junction temperature and stress bias, under (c)
reverse E-B and (d) mixed mode stress.

The elements of the H-diffusion R-C network,
however, are only functions of temperature (R1) or
geometry (C1) and show no evolution with stress bias.
The new parameter values Ea, Rig are identical
regardless of the HBT type and stress conditions. The
new set of aging parameters are much more
convenient for circuit aging simulations and
reliability-aware circuit design.

4. Conclusion

In this work, we have presented a unified physical
and accurate aging compact model implementation,
compatible with existing circuit design framework,
developed for modern SiGe HBT technologies based
on the reaction-diffusion theory of hot-carrier
degradation combined with oxide trapping mechanism
and a differential form of Fick’s law of diffusion.
Significant oxide trapping has been observed under
accelerated stress bias conditions, particularly under
reverse E-B stress, which has been taken into account

TABLE I: AGING PARAMETERS OF THE RATE CONSTANTS UNDER DIFFERENT STRESS CONDITIONS

Kro He Orate Kro Hr Toxo Hox Eo
HBT Type  Stress type (sY) V) (mAls)  (cmA’s?) (V) . Y
NPN Mixed-mode - 0.95 0.02 1.95x101 0.65 4.5%101° 2.95 0.24
Reverse E-B 9x10° 6.5 - 6.55x10%° 1.05 3x104 8.2 0.24
PNP Mixed-mode - 1.3 0.28 2.5x101 0.45 3.1x10% 3.95 0.19
Reverse E-B 8x108 5.6 - 1.4x101 1.08 9.2x10%2 6.5 0.19




in the current modeling framework. To the best of our
knowledge, this is the first notable observation and
systematic modeling of this effect in advanced SiGe
HBTs. The model implementation is time-invariant
and predictive. Moreover, the aging rate constants are
implemented as function of stress bias conditions,
enabling circuit aging simulation capabilities. The
aging model has been validated against long-term
aging tests on a complementary 0.25 pum SiGe
BiCMOS technology from IHP, yielding very good
agreement thus confirming its accuracy and
versatility. Significant asymmetry in degradation
behavior between NPN and PNP HBTs have been
observed under mixed-mode stress conditions that are
close to the realistic long-term degradation scenarios
in contrast with the reverse E-B stress. The different
dynamics of degradation can be attributed to the origin
of the hot carriers in the two cases of stress conditions.
The fundamental difference between the degradation
in NPN and PNP transistors can be attributed to hot
carrier polarity and trap activation energy pertaining
to each case, demonstrating significantly faster
degradation in PNP HBTSs. This needs to be taken into
account when evaluating the long-term performance
of circuits sensitive to HBT mismatch. With its strong
physical basis, the proposed aging compact model,
HiCuM AL V3.1, is indispensable for ensuring stable
circuit operation close to the SOA of the technology,
through prediction of reliability-aware circuit
architectures.
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