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Abstract—According to Nyquist's theorem, in the low frequency limit, the thermal noise voltage spectrum can be
written as Sc(f) = 4kTR. Based on this, we can define, Rnyqoin = S-(f)/4 KT as the Nyquist resistance of the
sample. We can also define the observed zero bias resistance of a sample 85 Robrerves = ‘l}ﬂ (VII). It is common

practice 1o substitute Rosserved f0r Riyquise in order to estimate the thermal noise. It will be shown that this
substitution is not always valid in MOSFETs. and that the data obtained by Takagi and van der Ziel can be

explained in this manner.

INTRODUCTION

Takagi and van der Ziel{1] have experimentally demon-
strated that for a MOSFET at zero drain bias, the
experimental measurements of thermal noise do not
match with the theoretical estimates. It will be shown
that this is due to the strong transverse electric field
experienced by the MOSFET inversion channel and
finite mobility gradient perpendicular to the oxide-semi-
conductor interface.

General analysis for an n channel MOSFET inversion
layer.

It has been shown[2] that for a limited range, a MOS-
FET inversion layer can be divided into sublayers and
one can specify a carrier density “n™ and a mobility “u"
to each sublayer. Further, it has been shown[2] that due
to intersublayer interaction, the effective mobility of a
sublayer is given by

e = polx) {,,_ uo(x)l‘:;,(x)m a,.;:x)}
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where all the symbols have their usual meaning; for
example, m is the effective mass of the carriers. The field
due to the gate bias acts in the £ direction and the
conduction in the channel is along the § direction, the
problem being assumed to be invariant along the 7 direc-
tion. The oxide semiconductor interface constitutes the
x =17 plane. It is assumed that E, » E,. E, produces a
transverse effect on the conduction in the § direction. In
order to calculate the total transverse effect we shall sum
over the effect on each sublayer and hence arrive at the
total transverse effect.

Let np = electron density in the bulk of the device
(x = =), n(x) = electron concentration at some point at a
distance “x™ from the interface, U = q¥/kT =norm-
alized potential, U, = normalized surface potential. i.e. at
x =0, and Us = normalized Bulk potential, i.e. at x = x

Then, since the sample is in equilibrium in the £
direction (no net current flow) we have, assuming
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Boltzmann statistics,

(@) =nexp(U), ns=ni exp (Ua). Q)
Total sheet conductance
0,24 [, herntx) =) dx
=050~ Ao ©)
Using Eq. (1), we obtain,
o= || uololn(x)-nB1dx @

and

Ao, =m L ) ,d,(x)"ﬁ” E()n(x)- nsldx.  (5)

For a MOSFET with channel length L and width W,
channel conductance

w w

Gen= T (050~ Aay). )

It should be noted that this is an expression for the
measured channel conductance since the effect of a finite
drain bias and hence finite carrier drift has been taken
into account as mutual sublayer interaction{2].

However, if we consider the channel conductance
under strict equilibrium conditions, i.e. with zero drift
velocity for each sublayer, the sublayer interaction does
not exist and we have

=€

G Nyquist = Tso0. (7)

Note again that this conductance cannot be measured
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since any application of the drain bias, however small,
disturbs the strict equilibrium.

‘Hence it is seen that the effective conductance
(measured conductance) is smaller than the equilibrium
conductance (Nyquist conductance). Since, thermal
noise is an equilibrium phenomena, it is governed by
Nyquist conductance and hence
. o>ly + (based on measured conduc-

tance).

This is precisely the result that has been reported.

Detailed evaluation for the MOSFET
Let the discrepancy between the measured and esti-
mated values of equivalent noise current be Al.,. Then

Al = 3';1 AG ®)

or
Aleq_ Wmn, (=
T 23‘: o ”‘2’(")5‘(‘)2%&“’“’(”)
- exp( UB)] dx (9)

Assuming po(0) =0 and po(x) = us, after some manipu-
lation, we get

. 3
Bea _—-‘;'Z'; E (V) - expUal 42 (10)

Here —— denotes a suitably defined average which can
be evaluated only when the exact dependence of puofx)
on x is known.

Alternatively, one can show,

Here —— denotes another suitably defined average. We
have assumed here a sufficiently doped P type back-

ground so that U, is a large negative number and hence
explUs] <.

Dependence of Al., on gate bias

As one increases the gate bias to produce stronger
inversion, the surface potential U, increases and so do
the surface electric fields. Hence the quantity

E,(x) [exp (U) - exp (Us))

goes up. An exact evaluation is not possible in view of the
absence of the knowledge of u(x) profile. However, one
can infer from eqn (10) that as Vg goes up, AL, will go up
too.

Dependence of Al.q on temperature.

In order to extract the temperature dependence we
concentrate on eqn (11). Substituting a; = const.
T2 2xp (E,2kT) in eqn (11) and neglecting the tem-
perature dependence of p3(x)duo/dx in comparison with
the temperature dependence of the exponential, we get

AlugaT™ exp(ﬂ("—’k‘-TE"—zl) 2
where E, is the band gap of the semiconductor. Now, so
long as the Fermi level does not touch the conduction band
the exponent is negative. Hence, a lowering of the tem-
perature T will lower AL. Both these dependences are in
qualitative agreement with the experimental findings.

Note that for the degenerate case (i.e. when the Fermi
level lies above the conduction band) eqn (12) does not
seem to point to the right temperature dependence.
However, in this range our assumption of using Boltzmann
Statistics also is not valid. Quantization effects further
make the situation more complicated with no simple
method of formulating the problem.
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