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Abstract

A new 1/ f noise model of MOSFETs for circuit simulation
valid down to 100nm technology has been developed. The
main feature of the model is inclusion of the carrier density
distribution along the channel. The model is implemented
into the circuit simulation model HiSIM based on the drift-
diffusion approximation. It was proved that only one gate-
length-independent model-parameter, the trap density, is suf-
ficient to reproduce all measured 1/ f noise characteristics.

1 Introduction

Accurate prediction of 1/ f noise characteristics is becom-
ing increasingly important for RF applications of MOSFETs,
because the low-frequency 1/ f noise affects for example the
high frequency phase noise through upconversion [1].

The origin of the conventional 1/ f noise in MOSFETs has
been explained theoretically by a fluctuation in the number of
channel carriers by trapping/detrapping processes at the oxide
interface [2] and by a fluctuation in mobility [3]. However,
shortcomings of existing 1/ f noise models for circuit simula-
tions are that they can hardly reproduce the strong gate length
(Lg) dependence as well as the complicated bias dependence
with a single model equation. The measured 1/ f noise was
found to exhibit the large increase of noise by reducing the
gate length, which is stronger channel length dependence than
predicted by the conventional 1/LW linear relationship [4].
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Fig. 1: Drain current noise of n-MOSFET with different gate length
(0.08, 0.5 and 1.0µm) under linear condition.

Thus, our objective is to develop the 1/ f noise model for cir-
cuit simulation valid for all gate lengths with a single param-
eter set. The model will be demonstrated to meet required
accuracy for any bias conditions and gate lengths with a sin-
gle model parameter set.

2 Analysis of Measured 1/ f Noise Characteristics
The 1/ f noise spectrum is obtained by assuming uniform

trap density and energy distribution in the oxide layer [2].
However, as device size reduces, measured low-frequency
noise strongly departs from the 1/ f dependence as shown
in Fig. 1. This means that the trap density and energy dis-
tribution is spatially non-uniform in the oxide layer [5, 6]
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Fig. 2: Comparison of drain current noise spectrum density between
forward measurement and backward measurement under (a) linear
and (b) saturation condition forLg = 1.0µm. The insets show
schematics of the inversion charge distribution in the forward and
backward measurement.

especially in smaller scale devices [7, 8]. Thus, the spatial
distribution of the trap density determines the noise feature.

Figs. 2a and 2b show measured noise spectra under the lin-
ear and saturation conditions, respectively, for a gate length
(Lg) of 1.0µm. The measurements with exchanged source
(forward) and drain (backward) contacts are compared in the
figures. The carrier density distribution along the channel is
schematically depicted for each condition. Under the linear
condition the difference in the noise spectra between the for-
ward and backward measurement is hardly observed. On the
contrary, the difference becomes clear under the saturation



condition. However, no difference in the measured drain cur-
rent is observed by the exchange. This concludes that the
measured characteristics in Figs. 2a and 2b are due to the po-
sition dependent trap density and energy along the channel
direction, in which the drain current is insensitive.

The Lorentzian noise is described

SIds =
Aτ

1+ (2π f τ)2
(1)

whereA is a magnitude of the Lorentzian noise determining
the trap density, andτ is a time constant of the carriers in the
generation-recombination process, determined by the posi-
tion in the depth direction of the oxide layer [2, 9]. The calcu-
lation result with Eq. (1) is shown in Fig. 3 together with mea-
surement [10]. Under the linear condition, the carrier con-
centration is rather homogeneous along the channel. There-
fore, all trap sites along the channel causing the Lorentzian
noise contribute on the noise characteristics for both the for-
ward and backward cases, resulting in a nearly diminished
difference in the measured noise spectra. On the contrary, the
pinch-off condition occurs under the saturation condition, and
the carrier distribution along the channel becomes inhomoge-
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Fig. 3: Measured drain current noise power spectraSIds versus fre-
quency for variousVgs − Vth values. Three dashed lines represent
ideal 1/ f spectra and the dotted line is the result fitted with Eq. (1).

neous.
Figs. 4a and 4b show the same measurement as Figs. 2a

and 2b but forLg = 0.12µm case. The difference in the for-
ward and backward noise measurements under the saturation
condition is enhanced. The reason is that the contribution of
each inhomogeneous trap site on the noise characteristics is
enhanced due to the reduced gate length. There is again no
distinguishable difference in the measured drain current iden-
tical for the forward and the backward measurement of the
Lg = 1.0µm case.

The above investigation proved that the non-1/ f noise is
due to the non-uniform trap density. Thus, by averaging the
noise spectra over chips on a wafer, it is expected that the
noise reduces to the 1/ f characteristics [11]. Fig. 5 shows
measured noise spectra of about 30 different chips on a wafer
for Lg = 0.46µm at f = 100Hz. The average of all these
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Fig. 4: Comparison of drain current noise spectrum density between
forward measurement and backward measurement under (a) linear
and (b) saturation condition forLg = 0.12µm.

noise spectra exhibits really the 1/ f noise characteristics as
shown by a thick line. This concludes that trap sites causing
the Lorentzian noise spectra distribute randomly on a wafer
as can be seen from the Gaussian distribution of the noise
spectrum density atf = 100Hz shown in Fig. 6. Thus as
a circuit-simulation model it is a subject to describe only
this averaged 1/ f noise characteristics with boundaries as the
worst and the best case.

3 Model Description
The general expression for the 1/ f noise power spectrum

density of a MOSFET (SIds) [2, 12] has a position-integral
part of the inversion-charge density (N(x)) along the channel
directionx

SIds( f ) =
I2
dsNtrapkT

L2Wq f

∫ L

0

(
1

N(x) + N∗
± αµ

)2

dx (2)

N∗ =
kT
q2

(Cox +Cdep+Cit) (3)

wherek is the Boltzmann constant,T is the lattice temper-
ature,L is the channel length,W is the channel width,q is
the electron charge,µ is the carrier mobility,Cox is the gate
oxide capacitance andCdep is the depletion layer capacitance.
The model parametersNtrap (= Nt/γ), α andCit are the ratio
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Fig. 5: Measured drain current noise spectra of about 30 devices
with the same size under the same bias condition on a wafer. The fat
curve represents an averaged noise spectrum.
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Fig. 6: Histogram of measured drain current noise spectra at 100Hz.
The curve shows the normal distribution function.SIds is about 1.0×
10−17A2/Hz.

of trap density (Nt) to attenuation coefficient into the oxideγ,
the contribution coefficient of the mobility fluctuation and the
capacitance caused by the interface trapped carriers, respec-
tively. To develop an precise 1/ f noise model, therefore, not
only the currentIds itself, but also the position dependent car-
rier concentration along the channelN(x) is necessary. Our
new 1/ f noise model is linked with the circuit simulation
model HiSIM [13], based on the drift-diffusion approxima-
tion [14]. HiSIM provides the carrier concentrations at the
sourceN0 and drain sideNL determined by surface potentials
consistently. Beyond the pinch-off point under the saturation
condition the carrier concentration becomes negligibly small,
thus the integration in Eq. (2) is done fromφs0 to φsL. Thus,
our description of the 1/ f noise spectrum density is

SIds( f ) =
I2
dsNtrapkT

L2Wq f

∫ φsL

φs0

(
1

N(φ) + N∗
± αv

)2

dφ (4)

In Eq. (4) the mobilityµ is replaced byv of the second term
in the parenthesis of the right-hand side of Eq. (2). The rea-
son is that the field increase along the channel has to be con-
sidered together with the mobility distribution. In order to
perform the integration analytically an assumption is applied.
Namely, N(x) is linearly decreasing fromN0 to NL. This
can be verified with two-dimensional simulation results with
MEDICI [15] in Fig. 7. For the two-dimensional simulation
the impurity profile was extracted by the inverse modeling
from measured current-voltage characteristics. It is seen that
the linear approximation ofN(x) is applicable for any bias
conditions.
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Fig. 7: The inversion-charge density at the sourceN0 and drain side
or pinch-off point in saturation conditionNL calculated by HiSIM.
The position dependence ofN(x) calculated by two-dimensional de-
vice simulator is also depicted.

The validity of the exclusion of the channel region beyond
the pinch-off point is proved here. In the pinch-off region
carriers loose the gate voltage control and number of carri-
ers reduces drastically. Thus, diminished trapping/detrapping
process is expected due to diminished collision with the in-
terface. Fig. 8 shows the simulated number of channel elec-
trons colliding with the oxide interface per unit time by the
Monte Carlo simulator FALCON [16] as a function of po-
sition along the channel [10]. The FALCON includes all
scattering mechanisms important for MOSFETs with a full-
energy-band structure. Thus, the diminished noise power
arises from the pinch-off region andL in Eq. (2) can be re-
placed byL − ∆L where∆L is the length of the pinch-off
region [17].

The final analytical equation of the 1/ f noise, valid for all
bias conditions, is derived

SIds( f ) =
I2
dsNtrapkT

(L − ∆L)Wq f

{
1

(N0 + N∗)(NL + N∗)

+
2αv

NL − N0
log

(
NL + N∗

N0 + N∗

)
+ (αv)2

}
(5)

whereNtrap is the model parameter, andN0 andNL are calcu-
lated by HiSIM.
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Fig. 8: Monte Carlo simulation result for number of electrons col-
liding with the oxide interface per unit time as a function of position
along the channel forLg = 0.12µm. The vertical arrows indicate
pinch-off points.

4 Calculation Results
Fig. 9 shows the measuredVgs dependence ofSIds of n-

MOSFETs for differentVds values withLg = 1.0, 0.46 and
0.12µm at f = 100Hz by symbols. All measured points are
average values over 30 samples on a wafer. Calculated re-
sults with our model are also shown by solid curves. It is
seen that the bias dependences of the noise characteristics for
all channel lengths are well reproduced with a single model-
parameter set. Fig. 10 shows the measuredVds dependence
of SIds of n-MOSFETs for differentVgs values. Among three
model parameters (Ntrap, α, Cit), two parameters (α andCit)
were extracted to be negligibly small. And onlyLg indepen-
dentNtrap is responsible for the measured 1/ f characteristics.

The dotted curves in Fig. 9 are calculated results with av-
eragedN(x) in the channel (Nave) instead of the integration
explicitly as shown below:

SIds( f ) =
I2
dsNtrapkT

(L − ∆L)Wq f

{
1

Nave+ N∗
+ (αv)

}2

(6)

It is seen that the results withNave cannot reproduce the bias
dependences of theSIds for all channel lengths with a single
model-parameter set. Especially the noise enhancement for
largerVds is not well reproduced. Thus, we can conclude that
the position dependence of the carrier concentration plays an
important role for the 1/ f noise characteristics. For the suc-
cessful prediction of the 1/ f noise characteristics, the mea-
sured I–V characteristics have to be accurately simulated,
sinceN0 andNL are important origin of the complicated bias
dependent 1/ f noise. To verify the role of our argument, we
compare theVds dependence of the drain current noise (solid
curves) and square of drain current (dotted curves) in Fig. 11.
Roughly, the 1/ f noise characteristics are governed by the
I2
ds characteristics. However, clear deviations between two

are observed. Especially, theSIds–Vds characteristics in lin-
ear condition are different from theIds–Vds characteristics. In
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Fig. 9: Comparison of theVgs dependence of the measured and sim-
ulated drain current noise by our model for (a)Lg = 1.0µm, (b)
0.46µm and (c) 0.12µm at frequency 100Hz. Model parameter val-
ues are the same for allLg values. Dotted curves represent calculated
results withNave instead ofN0 andNL.

linear condition, terms ofNL cannot be negligible in Eq. (5).
Thus, the bias dependence of the 1/ f noise is due to not only
theI–V characteristics but also the bias dependence ofN0 and
NL.

Fig. 12 shows the device areaLW dependence of measured
SIds normalized byI2

ds at f = 100Hz, whereWg is fixed to
10µm. The well-confirmed 1/LW dependence is still pre-
served for 100nm-MOSFETs. However, the deviation from
the linear relationship is observed beyondLg = 0.14µm. The
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Fig. 10: Comparison of theVds dependence of the measured and
simulated drain current noise by our model for (a)Lg = 1.0µm, (b)
0.46µm and (c) 0.12µm at frequency 100Hz.

enhancement is attributed to the high-field effects becoming
more pronounced for smallerLg. It is seen in Fig. 9 that the
present model is valid even for such case.

5 Conclusion

We have demonstrated that the non-1/ f noise characteristic
is caused the inhomogeneous trap density distribution along
the channel. Averaged noise spectra on a wafer reduces to the
1/ f characteristic, which is suitable for the modeling. A new
1/ f noise model for circuit simulation based on the drift-dif-
fusion approximation, reproduces the bias andLg dependence
of the averaged noise spectrum with only three model param-
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eters. Practically only one model parameter is responsible for
describing the measured 1/ f characteristics.
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