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ABSTRACT
An eﬃcient model for the simulation of terminal current noise in the presence of avalanche carrier generation
is presented. Our approach is investigated by DD, HD,
and MC noise simulations of a 1D N + N N + structure.
A comparison of the terminal current noise evaluated by
the 2D HD and DD Langevin equations with full band
Monte Carlo simulations exhibits excellent agreement
between the MC and HD results.
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The rapid proliferation of Si and SiGe devices for radiofrequency (RF) applications [1] has caused a demand
for physics-based noise modeling and recently the ﬁrst
hierarchical 2D bipolar drift-diﬀusion (DD) and hydrodynamic (HD) noise models for multi-terminal Si and
SiGe devices have been developed [2, 3]. The inclusion
of noise due to the generation of secondary particles by
impact ionization (II) into these models and the veriﬁcation by full-band Monte Carlo (MC) simulations are
demonstrated in this paper for the ﬁrst time.

MODELS
In order to simulate noise with our DD and HD models,
the DD and HD Langevin equations must be solved.
These are derived along the same lines as the DD and
HD models [4] where each balance equation includes an
additional Langevin force. The respective equations of
the DD and HD model must be solved self-consistently
with Poisson’s equation.

(5)
(6)

n


∇r Nc 
− n UTn∗
+ ξjn
Nc

3 T ∗ − T0
∇rTsn = −qjn ∇r Ψ̃ − n kB n ∗
+ ξẇn
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∂t



(9)

jp = qµ∗n p∇r Ψ̃ − UT0 ∇r p − UT0 ∇r Nv + ξ (10)
jp
Nv

(12)
Poisson’s equation
∇r (∇r Ψ) = −q(ND − NA + p − n)
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where q is the electron charge, kB the Boltzmann constant, p, n the carrier densities, GII the II generation
rate and Nc/v the eﬀective density of states in the conduction/valence band. The potential Ψ̃ is deﬁned as
E
Ψ̃ = c,v
q −Ψ where Ec,v is the conduction/valence band
edge and Ψ the electrostatic potential. j and s denote
the current and energy current density with the relaxation times τw∗ n,p , τj , and τj∗ and the (energy) mobilities
µ∗ and µ∗s . The quantities ξṅ,ṗ , ξj , ξẇ and ξs are the
Langevin forces for the particle, current, energy, and energy current density. It should be noted that ﬁrst order
derivatives in time have been neglected in all balance
equations besides (1), (5), (9), and (11), which limits
the validity of this approach to frequencies below 100
GHz.
The DD and HD noise equations are solved in the
frequency domain by using a generalized Green’s function approach [3,5,6]. The discretized Green’s functions
are computed by a method ﬁrst suggested by Branin
[7] which signiﬁcantly enhances the computational efﬁciency of the algorithm. The described method has
already been applied to consistently compute HD and
DD diﬀusion noise [3, 8]. Our new approach to include
II noise in the DD and HD models is a generalization
of the method for generation noise outlined in [9] for
the DD model. Since II generates secondary electrons
and holes, the Langevin forces for ξṗ and ξṅ must be
considered, whereas the contribution of II to the other
Langevin forces ξj , ξẇ and ξs can be neglected because
the II scattering rate is small compared to the rates
of the other scattering processes [10]. For II, secondary
electrons and holes are always generated as pairs and are
therefore correlated. As the generation of electron/hole
pairs by II is a Poisson process the corresponding terminal current noise can be evaluated as
S II
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Figure 1: Electron density and II generation rate biased
at 6V at room temperature evaluated by MC simulation
Noise due to particle scattering within the conduction or valence bands (diﬀusion noise) is included as
described in [3].

RESULTS
In Fig. 1 the electron density, the II generation rate, and
the density of the secondary holes are shown for a 1D
Si N + N N + structure (100nm doped with 5 · 1017 /cm3
followed by 400nm with 2 · 1015 /cm3 and again 100nm
with 5·1017 /cm3 ) biased at 6V as calculated by the selfconsistent MC model. About 1000 uniformly weighted
test particles were simulated for 0.5µs.
The absolute value of the corresponding autocorrelation function (ACF) of the terminal current is shown in
Fig. 2 as calculated with and without II. Below 1ps the
ACFs show the usual oscillatory behavior due to plasma
oscillations. In case II is considered, a distinct exponential tail with a time constant of about 27ps is observed
beyond 10ps, which can not be found without II. This
very long tail of about 100ps necessitated the extremely
long MC simulation time of 0.5µs requiring about 19
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where GṗδIl and GṅδIl are the Fourier transformed terminal current Green’s functions corresponding to the
Langevin forces ξṗ and ξṅ mentioned above. GṗδIl (r, ω)
and GṅδIl (r, ω) are given by the current at the lth terminal due to a unit electron (hole) current injected with
frequency ω at the position r within the device.
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Figure 2: Absolute value of the ACF of the terminal
current biased at 6V at room temperature evaluated by
MC simulations with and without II, where the sign of
the ACF is indicated
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Figure 3: Spectral intensity of the terminal current biased at 6V at room temperature evaluated by MC, HD,
DD simulations with and without II
CPU days on a 1GHz PC. This makes MC simulation
of this eﬀect in 2D devices very challenging, because 2D
simulations are in general more CPU-intensive than 1D
simulations.
The time tail of the ACF predominantly inﬂuences
the low frequency part of the corresponding spectral
intensity of the terminal current which is the Fourier
transform of the ACF. This leads to the large deviations
for SII with and without II at low frequencies which can
be observed in Fig. 3. The results are shown for the DD,
HD and MC models where the frequency has been limited to the technically important range below 100GHz.
For a meaningful comparison, the parameters of the DD
and HD II models have been adjusted in such a way
that the device-integrated II generation rate of the MC
model is reproduced. Overall, excellent agreement of
the HD and MC models is found for the whole range of
frequencies. Since the HD and DD models are solved in
the frequency domain, the problem with the tail of the
ACF does not occur and the required CPU times are
only 30 (HD) and 15 (DD) seconds for the data shown
in Fig. 3.
The contributions of the electron and hole diﬀusion
noise together with the avalanche generation noise to
the terminal current noise are shown in more detail in
Fig. 4. The domination of avalanche noise for the lower
frequencies is again clearly visible whereas the contribution of the hole and electron diﬀusion noise is mainly
caused by the II-generated carriers.
The spatial contributions of the diﬀerent local noise
sources to the terminal current noise are shown in Fig. 5.
This information can not be extraced from MC simulations and is shown here for the classical DD and HD
models. The origin of the terminal current noise caused
by the generation of the secondary particles is located
at the peak of the II generation rate (cf. Fig. 1). The
diﬀusion noise of the secondary holes (p-diﬀ) peaks at
the same position as the hole density, whereas the peak
of the electron diﬀusion noise (n-diﬀ) is on the left side
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Figure 4: Contribution of avalanche, hole, and electron
noise to the spectral intensity of the terminal current biased at 6V at room temperature evaluated by HD simulations
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Figure 5: Spatial contribution of the diﬀerent local noise
sources to the low-frequency terminal current noise biased at 6V at room temperature evaluated by HD and
DD simulations
of the low density region, where the electron gas still has
a moderate temperature.

CONCLUSIONS
We have presented the ﬁrst hierarchical investigation
of noise due to II in Si devices and excellent agreement of
our new HD model with the MC model is demonstrated,
where the HD model is nearly ﬁve orders of magnitude
faster than the MC model. The good agreement between
MC and HD simulations indicate that the HD Langevin
model might serve as reference model for the DD noise
model.
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[1] A. Schüppen, “SiGe–HBTs for mobile communication”, Solid–State Electron., vol. 43, pp. 1373–1381,

1999.
[2] S. Decker, C. Jungemann, B. Neinhüs, and
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