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We present a generalized transfer field method with the microscopic noise sources
directly connected with the velocity and energy change during single scattering events.
The advantages of this method are illustrated by hydrodynamic calculations of current
and voltage noise spectra in several two-terminal submicron structures.
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INTRODUCTION

A standard technique to compute noise in electro-
nic devices is the impedance field method [1,2], a
deterministic approach able to provide analytical
and numerical solutions for the noise spectra of
electronic devices at a hydrodynamic level [3].
However, even in its advanced form [2] this
method is not appropriate for deep submicron
devices where spatial correlations between noise
sources cannot be neglected [4]. To overcome these
difficulties, we have recently developed a new
scheme [5] where the noise sources are directly
connected with the velocity and energy changes
during single scattering events. The aim of this
work is to implement the new scheme within a
generalized transfer field (GTF) method and

present the corresponding computational proce-
dures which are then applied to noise calculations
in several submicron structures such as GaAs
n+nn +, n + n-Schottky-contact and Si p+n
diodes operating under various conditions includ-
ing voltage, current, and circuit-noise operation
modes.

GENERALIZED TRANSFER FIELD
METHOD

The GTF relates macroscopic fluctuations of the
device characteristics under interest (e.g., current,
voltage, etc.) to microscopic fluctuations of the
dynamical variables of a single carrier (e.g.,
velocity, energy and higher order moments of
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carrier momentum p) which are originated by
single scattering events of carriers inside the
device. At the kinetic level of description, the
fluctuations of the carrier distribution function in
momentum space due to random scattering events
are described by the microscopic Langevin force,
(p,x,t). At the hydrodynamic (HD) level of
description, the fluctuations of average dynamic
variables such as velocity v(x,t), energy e(x,t),
etc., are described by the HD Langevin force,

fa(p)(p, x, t)dp, where c v, e, etc. Within
the Green-function formalism, the fluctuation of
any HD H-characteristic of a two-terminal device
caused by the HD Langevin force can be
represented as (for simplicity let us consider a
one-dimentional geometry):

f0
L

f06H(x, t) dxo drG(x, xo, r)

(1)

Here H(x, t) :_ {n(x, t), v(x, t), e(x, t), E(x, t), ...)
can represent various local physical quantities such
as carrier concentration, average velocity, average
energy, conduction current density, electric field,
electrical potential, etc., G(x, Xo, r) is the single-
particle Green-function which describes the linear
response of the H-characteristic at point x and
time to a local perturbation of the dynamical
variable a of a single particle at point x0 and time

t-% and L is the device length. Owing to the f-
like correlation of the Langevin forces both in time
and space, the spatio-temporal dependence of the
auto-correlation (H H’) and cross-correlation
(H:H’) functions of fluctuations of any two
H-characteristics takes the form:

(2)

where Sea(xo is the single particle spectral density
of the Langevin force and ns(xo) the carrier con-
centration pertaining to stationary conditions.
By neglecting carrier-carrier scattering S3(x)
takes the form:

G (x)
2

m(x) f dpf dp’[c(p)-c(P’)]

[fl(p) fl(p’)] W(p, p’)f,(p’, x)
(3)

where a, 3 v, e, etc., f(p, x) is the steady-state
distribution function normalized to carrier con-
centration at point x, and W(p, p’) is the collision
rate due to all scattering mechanisms.

In the general case of a local H(x, t)-character-
istic such as the local conduction current,
j(x, t) en(x, t)u(x, t), the local electric field,
E(x,t), etc., the correlation function given by
Eq. (2) and its Fourier transform will depend on a
pair of local coordinates, (x,x’). Usually one is
interested in fluctuations of global H(t)-character-
istics, such as, the total current density (H _= J
(elL) f n(x, t)v(x, t)dx) or the voltage drop be-
tween the terminals (H-- U- fE(x, t)dx) which
are already some integrals of the corresponding
local characteristics over the whole device. Ac-
cordingly, the response functions of these global
characteristics and their Fourier transform will
depend only on x0. By applying the Wiener-
Khintchine theorem to the fluctuations of a global
characteristic one obtains the GTF formula in the
form:

S(co) 2 SH(t)SH(t + s)texp(icos)ds

(4)

where

F(xo, co) ds exp(-icos)G(xo, s)
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is the generalized transfer field determined as the
Fourier transform of the function G(xo,s) which
gives the linear response of the global H(t)-
characteristic of the whole device (i.e., the con-
duction current flowing through the structure or
the voltage drop between the structure terminals)
to perturbations of velocity, energy and higher
order moments (a u, c, etc.) appeared at point
x0. In the case when fluctuations of local
characteristics are considered, the spectral density
of fluctuations takes a .form similar to Eqs. (4) and
(5), however Sm-l,(X, x’,v) will describe the cross-
correlation of fluctuations in two local points x
and x’, and F(x, xo, t) will describe the response
of the local H(x, t)-characteristic at point x to a

perturbation of velocity, energy, etc., at point x0.

COMPUTATIONAL PROCEDURES

The above approach ig sufficiently general and can
be applied to various HD models. Below we shall
apply it in the framework of the velocity and
energy conservation equations. Accordingly,
microscopic fluctuations of carrier velocity and
energy will form the basis of noise sources.

Model

The HD model includes the continuity equation
for carrier concentration n(x, t) as well as the con-
servation equations for carrier average velocity
v(x, t) and mean energy c(x, t) written in the form
[5]:

0-- + 0 (6)

Ov 0
--+ V-x + --x nQ eEm-1 + W

l
(7/

Ot
Oe 10

+ Vx +-n-x (nQe) eEv + ( eth)l,’e ---en
(8)

Depending on the task to be solved, the Poisson
equation for the self-consistent electric field E(x, t)
and the equations describing an external circuit
can be added to Eqs. (6)-(8).

Parameters

Equations (7) and (8) contain five energy para-
metric dependencies, namely, the average of the
reciprocal effective mass in the field direction m-1,
the velocity and energy relaxation rates, uv and
u, the variance of velocity-velocity fluctuations,
Qv (v)0 and the covariance of velocity-energy
fluctuations, Q (v6e)o, where brackets mean
average over the distribution function and the
subscript 0 indicates steady-state conditions per-
taining to constant and homogenous applied
electric fields. All the parameters are assumed to
depend only on the local mean energy, and as such
they can be obtained from a stationary Monte
Carlo (MC) simulation of the bulk semiconductor
[3].

Noise Source

The white spectral density of the Langevin force

S3 is also treated as depending on the local mean
energy only. This quantity is determined, within
a MC simulation, in parallel with the calculations
of the other parameters of the HD model by
averaging over a trajectory of the single-carrier
random walk in momentum space as [5]:

2 N

S& - il mOZ m/ (9)

where Acti, A/ are the instantaneous variations of
velocity and energy of a single carrier during the i-
th scattering event and T is the total time elapsed
during N scattering events.

Green Functions

Calculations of the Green-functions are performed
in two main steps. Firstly, in the absence of
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perturbations due to the Langevin forces, one
should obtain a stationary solution of Eqs. (6)-(8)
coupled with the Poisson equation and, if neces-
sary, another equations describing the external
circuit. Then, a perturbation of the steady-state
values of velocity or energy, given by Ac(x-x0),
is introduced at time 0 and point x0. Usually,
the spatial profile of the perturbation is given
by some approximation of the -function which
takes some volume in x-space, as for example
a Gaussian function. The perturbation amplitude
As is taken sufficiently small to fulfill the require-
ment of linearity of the response. Then, a direct
numerical solution of the system of Eqs. (6)-(8)
jointly, if necessary, with the Poisson and circuit
equations is carried out to give the relaxation of
the system to the stationary state. The Green-
function corresponding to the given H-character-
istic is obtained from the difference between the
local values of H(x, xo, t) calculated during the
relaxation process and the values of H(x) corre-
sponding to steady-state conditions. The values of
the difference are then normalized to the amplitude
of the initial perturbation As and to n(xo) as:

6 (x x0, t)H Acns(Xo [H(x, xo, t) Hs(x)] (10)

where c v, , respectively.

4
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FIGURE Spectral density of voltage fluctuations calculated
with the GTF method for a 0.21-0.30-0.39 gm n+nn + GaAs
structure with doping levels n 5 x 1015 cm-3 and n +

1017 cm -3 at T 300K for a voltage of 0.5V (curve 1). Curves
2 to 4 present, respectively, contributions coming from
velocity-velocity, velocity-energy and energy-energy micro-
scopic noise sources. Curve 5 shows the result of direct
simulations of voltage noise with the MC method.

those of a direct simulation performed with the
MC method. We find that the main contribution
comes from the microscopic noise source related to
velocity rates (curve 2). The cross-correlation
between velocity and energy rates is found to give
a negative contribution which partially compen-
sates the positive contribution belonging to the
autocorrelation of energy rate.

NUMERICAL RESULTS

Below the general procedure of noise calculations
is applied to several submicron semiconductor
structures.

n+nn+ Structures

Figure shows the contributions of microscopic
noise sources connected with velocity and energy
rates to the total value of the spectral density of
voltage fluctuations calculated for a 0.21-0.30-
0.39 l.tm n +nn+ GaAs structure. Results obtained
within the GTF method are shown together with

Schottky Diode

The results of noise calculations for a 0.35
0.35 lam GaAs n+ n- Schottky-contact struc-
ture are presented in Figures 2 and 3. Since here
current noise is of most interest, calculations are
performed directly for current fluctuations, i.e.,
taking H- J. In so doing, intermediate quantities
such as transfer field, local contributions to noise,
etc., useful for a spatial analysis of the noise, are
obtained in a natural way. Furthermore, by using
the microscopic noise sources originated by scat-
tering events one needs to consider just the noise
sources inside the structure, thus avoiding the
introduction of bulk and surface noise sources
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FIGURE 2 Spectral density of current fluctuations for a
0.35-0.35 gm GaAs n + -n-Schottky-barrier structure with
n + 1017cm -s, n 1016cm -s and Ud= 0.575V. Continu-
ous (dashed) curves refer to GTF method (MC) calculations,
respectively.

10

x (m)

FIGURE 3 Spatial profiles of local contribution to the total
current noise. Calculations refer to the GTF method under
constant voltage operation mode for the Schottky-barrier
structure of Figure 2. Curves to 3 correspond, respectively,
to frequencies f 0, 500, 2500 GHz.

to describe the total noise of the device. Figure 2
compares the spectral densities of current fluctua-
tions calculated by the GTF method and the MC
procedure at U 0.575 V (solid and dashed lines,
respectively). As noise source, only the S-term is
accounted for. This term is found to be sufficient
to describe the noise spectrum with a good

accuracy practically in the whole frequency range.
Accordingly, the shot-noise at low frequencies, the
spike in the intermediate frequency range near

f-600 GHz corresponding to returning carriers,
as well as the plasma peak in the high-frequency
range near f-2.2THz are well reproduced.
To emphasize the advantage given by the GTF
method in providing the spatial analysis of the
noise contribution, Figure 3 presents the spatial
profiles of the local contribution to the conduction
current noise, 6Sj(xo, ) n(xo)[Fj(xo, )lzSg(x0),
calculated, respectively, at frequencies f-0, 500,
2500GHz (curves to 3). At low-frequency, the
local contribution reaches a maximum value just
near to the Schottky barrier, thus confirming that
this space region is responsible for shot noise. At
intermediate frequency, 6Sj exhibits a clear peak
near to the center of the n-region which is
associated with the returning carrier effect. At
high frequency, Sj exhibits a plateau in the n +

region and some peaks in the n-region which are
reminiscent of the formation of standing waves
due to perturbation reflection from the barrier.

Bipolar Diode

In this case the balance Eqs. (6) to (8) written
separately for holes and electrons are used jointly
with the Poisson equation. By introducing sepa-
rate noise sources in the velocity and energy
conservation equations, the GTF method is found
to provide natural calculations of noise. Due to the
short length of the structure, generation-recombi-
nation processes are neglected and, as noise
sources, only the S-term is accounted for.
Figure 4 presents the spectral density of hole
(curves to 3) and electron (curves 4 to 6) current
fluctuations calculated by the GTF method for a

bipolar 0.3-0.4 tm Sip+n structure. Analogously
to the case of the Schottky-barrier diode consid-
ered above, the low-frequency (f< GHz) plateau
corresponding to shot noise is well reproduced for
both hole and electron current noise. The numer-
ical values well agree with the usual relation
Sj(O) 2eJ. In the intermediate frequency range
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FIGURE 4 Spectral density of hole (curves to 3) and
electron (curves 4 to 6) current fluctuations calculated with the
GTF method at, respectively, Ua 0.6, 0.65, 0.7 V applied to a
bipolar 0.3-0.4jam Si p+n diode with p+=1017cm-3
n=5x 1015cm-3.

(f= 10+ 100GHz), a second noise plateau is
exhibited by holes while electron current noise
show a peaking behavior probably corresponding
to a returning carrier mechanism. At high-fre-
quencies we have found a peak of the hole current
noise due to plasma oscillations (f THz).

CONCLUSIONS

We have presented a GTF method based on
microscopic noise sources related to velocity,
energy, and higher moments change during single
scattering events as a unifying scheme able to
interpret noise in deep-submicron semiconductor
devices. By combining the new noise sources with

the transfer fields, the spectral density of the
fluctuations of any macroscopic quantity can be
represented in a form similar to that given by the
standard impedance field method, i.e., as the
convolution in real space of the noise source with
a transfer field. The numerical results obtained
here for various two-terminal devices evidence that
the GTF method offers a natural way to include
spatial correlations in noise calculations of sub-
micron devices under various biasing conditions.
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