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Abstract

A new deterministic approach to the electronic noise calculation based on the non-
equilibrium Green’s function formalism with the electron-phonon scattering mecha-
nisms is presented for nanoscale devices, and the diffusion noise phenomena at zero
frequency are investigated. Our approach can handle the quantum effects naturally and
it gives physical insight about the noise in nanoscale devices. As an application, silicon
nanowire field effect transistor is considered and the numerical results show that the
Johnson-Nyquist theorem is satisfied at equilibrium and the excess noise occurs in the
presence of current transport.

1 Introduction

The noise is a limiting factor of electronic device performance in the ultra small de-
vices. Especially, the diffusion noise phenomena originated from the electron-phonon
interactions are unavoidable. The diffusion noise in the nanoscale conductors have been
analyzed with the help of the transmission approach [1], but it assumes that the scatter-
ing inside the device is only elastic and the fluctuations must originate solely from the
thermal agitation in the contacts of the device.

In this paper, we present a new method to calculate the steady-state noise at zero fre-
quency based on the NEGF formalism with the elastic and inelastic scattering mecha-
nisms, which includes the fluctuations inside the device as well as on the contacts of
the device. As an application, we consider the diffusion noise phenomena in the sil-
icon nanowire transistor which have been studied as a candidate for the future device
substituting the planar MOSFET [5].

2 Model of diffusion noise

In order to calculate the terminal noise current of an electronic device, we need to
calculate the microscopic noise sources in the device and the transfer function which
determines the influence of the noise sources on the terminal current [2]. In this work,
we consider the diffusion noise source for the microscopic noise source and the transfer
function will be calculated base on the NEGF formalism proposed in Ref. [3].
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The solution of quantum kinetic equations gives information about the detailed motion
of electrons in the device. Now, similarly to the impedance field concept [4], we define
the transfer functiols® whose elemen&sS represents the ratio of the net electron out-
flux through thecth contact by the electron in-flux into a statdo this in-flux. In
addition, letFsy be the mean electron flux that electrons suffering a phase-breaking
process at a stagewill suffer its next phase-breaking event at a s&t€he derivations

will not be shown here on account of space considerations.

The diffusion noise source can be modeled as the fluctuation of the electron fluxes origi-
nated from the phase-breaking electron-phonon interactions, which occur randomly and
independently due to the discrete nature of carriers. Each electron flux fluctditign
defined as the fluctuation &% ¢ follows Poissonian process and they are uncorrelated
each other, so the cross power spectral density of the electron fluxes is

S5FS,S"5F52753 = ZFS’S’ 6552 651’53. (1)

The occurrence of a single fluctuatiéfs ¢ means the same amount of electron in-flux
into s" and out-flux froms, which results in the net electron out-flsg — GS)dFs ¢

to the cth terminal, and simultaneously, induces the external noise current aththe
terminal byq(GS — GY ) dFs ¢ to satisfy the current conservation. Here, the displacement
current is neglected since we are interested in the zero-frequency fluctuation.
Including all diffusion noise sources in the device, the noise current aftthierminal

can be obtained as

5ic = z ;CI(GE - Gg')(SFs’,s- (2)

We finally obtain the power spectral density of itk terminal noise current from eq.
(1) and eq. (2),

S =Y ngas\eg— Gg[% 3
S

3 Simulation results

For the sake of numerical simplicity, we used the mode-space NEGF method [6] which
neglects the gate tunneling current and we simulate the silicon devices with a single val-
ley, but the electron-phonon interaction strengths are chosen to be reasonable compared
with six-valley bulk silicon. These simplifications do not matter in the investigation of
noise phenomena, and the extension to rigorous simulation is straightforward.

The simulated silicon nanowire field effect transistor andjitgs Vy andlg vsVy char-
acteristics are shown in Fig. 1. The threshold voltage is abO&V .

Fig. 2 shows the simulation results at equilibrium. The electrons having energy higher
than the gate potential barrier can pass the channel region easily, whereas the low en-
ergy electrons hardly pass that region. So, considering the spectrum of electron density,
the source transfer functions are regarded as physically reasonable results. As we ex-
pected, the resistive factors such as the contact injection, the potential barrier and the
interference effect much contribute to the diffusion noise.

The excess noise phenomena are also investigated and the results are shown in Fig. 3.
The interpretations can be done similar manner to those of the results at equilibrium.
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Figure 1: (a) Simulated silicon nanowire field effect transistor, whege= 5nm
Ls/p = 5nm, Ds;j = 2nm, and Tox = 0.5nm The gate material is the ideal poly-
silicon whose work function is equal to the conduction band edge.nTheurce and
drain region regions are uniformly dopedi&f®/cn?, and the channel region is intrin-
sic. (b)lq vsVy and (c)lg vsVy characteristics.

03 5 10 15
a1
025 x10
< 02
3,
> 015
g
2 01
5
0.05
0
v =ov
005 Vi=ov
energy [eV] 0.1
-6 2 0 2 4 6 5 02 -6 2 0 2 4 6
position [nm] position [nm]
@ (b) (©

Figure 2: (a)Energy spectrum of the one-dimensional electron density along the z-
direction with minimum subband(thick solid line) and (b) the transfer function for
source contact and (c) energy spectrum of the noise contribution along the z-direction
at a bias olg =0V, Vg = 0V.
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Figure 3: (a)Energy spectrum of the one-dimensional electron density along the z-
direction with minimum subband(thick solid line) and (b) the transfer function for
source contact and (c) energy spectrum of the noise contribution along the z-direction
at a bias of/g = 0.2V, Vg = 0.3V.
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Figure 4: Bias dependence of power spectral density of the source current noise evalu-
ated by the simulation and (a) by the Nyquist theorem and (I2ojhy

Fig. 4(a) shows that the simulated results from our model agree with the Johnson-
Nyquist theorem at equilibrium, where the small differences are seem to be from the
discretization error in numerical simulation. In Fig. 4(b), we compare the drain bias
dependence of the short-circuit source noise current powelalgd In the case of

long channel planar MOSFETS, it has been known that the short-circuit drain noise
current power decreases with increasing the drain bias and holds nearly constant in
saturation [7]. However, our simulation on nanoscale device shows excess noise at
high current levels, but not so-called full shot noise because of much phase-breaking
scattering inside the device.

4 Conclusion

In this work, we present a new model for the diffusion noise calculation based on the
NEGF formalism including the electron-phonon scattering. It is shown that the calcu-
lated diffusion noise at zero frequency agrees with the the Johnson-Nyquist theorem at
equilibrium and the excess noise occurs at high current conditions.
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