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ABSTRACT

Accurate prediction of noise characteristics is a pre-
requisite for RF-circuit simulation. We demonstrate
here that the 1/f noise is modeled only with the trap
density as a model parameter and the thermal drain
noise is determined only by the I-V characteristics even
for short-channel MOSFETs. Good agreement with mea-
surements is the justification of the model implemented
in HiSIM, the circuit simulation model based on a full
surface-potential description. The thermal drain-noise
coefficient γ of short-channel MOSFETs increases from
2/3 under the saturation condition. The origin is ex-
plained by the potential increase along the channel.

Keywords: MOSFET Model, Noise Measurement, Sur-
face Potential, HiSIM

1 INTRODUCTION

As MOSFET size reduces, noise increase is becom-
ing a serious problem for RF applications [1]. Fig. 1
shows the noise characteristic of a 100nm technology,
where the 1/f noise and the thermal drain noise are
observed, which originate from different physical mecha-
nisms. However, measured low-frequency noise of recent
advanced technologies shows no clear 1/f characteris-
tics, and the thermal noise is hard to measure directly
due to its relatively small magnitude and considerable
required experimental effort [2-4]. Here we report that
the deviation from the 1/f characteristics is due to the
inhomogenuity of trap denstity in the oxide, and thus
the averaged measured 1/f noise characteristics can be
exploited for circuit simulation [5]. Only with the trap
density as a model parameter, all measured 1/f noise
characteristics for any gate lengths are successfully mod-
eled. The thermal drain noise requires no fitting param-
eter, but inclusion of the potential distribution along the
channel is essential for short-channel cases [6].

2 MODEL CONSISTENCY OF HiSIM

HiSIM, a MOSFET circuit-simulation model released
as a free software [7], introduces two approximations:
the charge-sheet approximation and the gradual-channel
approximation. The approximations allow to derive an-
alytical formulations for all device characteristics as a
function of surface potentials at the source side φS0 and
the darin side φSL (for example [8]). These surface po-
tentials are obtained by solving the Poisson equation
iteratively. In spite of the iteration the calculation time
is not longer than with BSIM3v3 [9]. It has to be em-
phasized that φS0 and φSL are very sensitive to device
parameters such as the bulk impurity concentration.
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Fig. 1: Noise characteristics as a function of frequency f.
Measured values are for Lg=0.11µm in a 100nm technology.

The gradual-channel approximation is only valid for
the non-saturation region. Beyond φSL the potential
increases steeply, forming the pinch-off condition. The
model beyond the pinch-off point is depicted schemati-
cally in Fig. 2 [10]. This potential distribution is the ori-
gin of all phenomena, and the distribution is determined
by device construction. HiSIM considers the complete
potential distribution explicitly.
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Fig. 2: Schematics depicting correlations among physi-
cal quantities in the pinch-off region.

Advanced MOSFET technologies undertake inten-
sive channel engineering. The pocket implantation is
one example. We assume a linearly reducing pocket pro-
file along the channel as shown in Fig. 3 [11] to derive
analytical formulations. Length of the extension into
the channel (Lp) and maximum concentration Nsubp are
extracted from the measured threshold voltage (Vth) de-
pendence on the gate length (Lg). Calculated Vth values
are compared with measurement in Fig. 4. It has to be
emphasized again that the impurity concentration is the
model parameter, which influences all device character-
istics such as the mobility through the surface potential
values.

The low-field carrier mobility (µ) is described with
three independent contributions [12]
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Fig. 3: (a) 2D-pocket profile obtained by the 2D-process
simulator to reproduce measured Vth-Lg characteristics,
and (b) its projection. Leff is the channel length and
Nsubc is the substrate concentration.
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Fig. 4: Pocket implanted threshold voltage Vth-Lg char-
acteristics. Calculated Vth with HiSIM in comparison to
measurements.
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where µClmb, µph, and µsr are the mobility degrada-
tion due to the Coulomb scattering, the phonon scatter-
ing, and the surface roughness scattering, respectively.
MUECB0, MUECB1, MUEPH 0, MUEPH 1, MUESR0,
and MUESR1 are model parameters. The effective elec-
tric field Eeff is described as [13]

Eeff =
1
εSi

(Qb + ηQi) (5)

where η is 1/2 for electrons and 1/3 for holes for nor-
mal MOSFETs. MUEPH 0=0.3 and MUESR0=2.0 are
known as the mobility universality [14]. Preservation
of the universality is the proof of correct calculation of
the charges Qb and Qi [15]. Fig. 5 demonstrates an
extracted low field mobility with HiSIM. The model-
parameter set for HiSIM was determined by a conven-
tional parameter extraction based on the I-V character-
istics. HiSIM includes around 70 model parameters for
describing all MOSFET characteristics [16].
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Fig. 5: Extracted low field mobility by HiSIM as a func-
tion of effective electric field.

3 1/f NOISE

Origin of the conventional 1/f noise in MOSFETs
has been understood theoretically as the fluctuation in
the number of channel carriers due to trapping/detrapping
processes at the gate-oxide interface, as well as by the
mobility fluctuation caused by scattering fluctuations
due to the charges in the oxide (see for example [17]).
Fig. 6 shows measured noise spectrum density (Sid) of
30 different chips on a wafer for Lg = 0.46µm [5]. As the
noise source, the intrinsic part of the device is still dom-
inant and the extrinsic noise source such as diffusion
regions generate negligible contribution. Additionally,
we confirmed that the gate leakage current of the MOS-
FETs used for the measurement is negligibly small. The
non-1/f noise spectrum of 100nm MOSFETs is caused
by the inhomogenuity of the trap density and energy dis-
tribution in the depth-direction of the gate oxide. By
averaging over many noise spectra of identical devices
on a wafer, the non-1/f noise spectra reduce to a con-
ventional 1/f noise spectra as shown by a thick line.
Thus as a circuit-simulation model it is a subject to de-
scribe only this averaged 1/f noise characteristics with
two boundaries as the worst and the best case. Fig. 7
summarizes the measured gate-voltage (Vgs) dependence
of the obtained Sid for Lg=1.0µm, 0.46µm, and 0.12µm
at f = 100Hz. All measured points are averaged val-
ues over 30 chips on a wafer. The final model equation
based on the drift-diffusion approximation is

SIds =
I2
dsNFTRP

βfLeffWeff

{
1

(N0 + N∗)(NL + N∗)

+
2NFALP · v
NL − N0

log
(

NL + N∗

N0 + N∗

)
+ (NFALP · v)2

}
(6)

where Leff and Weff are channel length and width, and

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-8-4     Vol. 2, 2004 67



10
1

10
2

10
3

10
4

10
510

-20

10
-19

10
-18

10
-17

10
-16

10
-15

Frequency [Hz]

S
I d

s [
A

2
/H

z
]

Lg = 0.46µm

Wg = 10µm

Vds = 1.2V

Vgs = 1.2V

average

1/ f

Fig. 6: Calculated 1/f noise characteristics in compari-
son with measurements. Only the trap density NFTRP
is the model parameter, valid for all gate lengths [5].
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Fig. 7: Calculated 1/f noise characteristics in compari-
son with measurements. Only the trap density NFTRP
is the model parameter, valid for all gate lengths [5].

NFTRP , NFALP , and CIT are model parameters.
N0, NL and v are carrier concentrations at the source
side, the drain side, and carrier velocity, respectively.
Due to the drift-diffusion approximation, a single equa-
tion is valid for any bias conditions. We have extracted
that the contribution of the mobility fluctuation is small

and CIT can be fixed to zero. Thus a channel-length in-
dependent single model parameter NFTRP is the only
model parameter. A good agreement for any applied
voltages and Lg proves consistency of the measurements
as well as the model. Additionally we found that the ex-
tracted trap density values are quite similar for different
technologies, if the technologies are mature.

4 THERMAL DRAIN NOISE

The Nyquist theorem describes the spectral density
of the thermal drain-noise current at temperature T by
integration along the channel direction y [18]

Sid =
4kT

Leff

∫
gds(y)dy = 4kTgds0γ (7)

Here k, Ids, gds(y), gds0, γ are Boltzmann’s constant,
drain current, position-dependent channel conductance,
channel conductance at Vds = 0, and drain-noise coeffi-
cient, respectively. The Nyquist theorem predicts that
γ decreases from 1 to 2/3 as a function of Vds for long-
channel transistors. For short-channel transistors γ has
been reported to be up to an order of magnitude larger
[2]. Modeling and explanation of the measured γ-char-
acteristic are based on different reasons; based on the
hot electron, the channel length modulation, and also
the velocity saturation [2-4]. However, we could not
confirm these explanations. Instead we found that the
distribution of device quantities along the channel is the
major concern for the γ behavior.

Our theoretical approach is based on solving directly
the integral along the channel direction in the Nyquist
theorem by including the channel-position dependence
of the concerning device quantities. Origin of all posi-
tion dependent device quantities is the potential distri-
bution in the channel. Since HiSIM treats the surface
potential φs in the channel self-consistently as the mea-
sure, our integration is done with φs

Sid =
4kT

L2
effIds

∫
g2
ds(φs)dφs (8)

gds(φs) = Weff
d(µ(φs)f(φs))

dφs
(9)

Here f(φs) is a characteristic function of HiSIM related
to the carrier concentration [16]. The final equation for
Sid and γ in our compact-modeling approach after solv-
ing the integral of Eq. (9) becomes a function of the self-
consistent surface potentials as well as surface-potential
derivatives at source and drain [6]. Fig. 8 shows the Vds-
and Lg-dependence of this Sid-model in comparison to
measured results for a 100nm pocket-implant technol-
ogy. The measurement is performed with the noise fig-
ure method. Fig. 9 shows the noise coefficient γ. The
γ-increase for short Lg is much less drastic than reported
in [2] but resembles the reported increase in [4]. γ-values
in the linear region are very similar and show the same
behavior for long as well as short Lg. The different be-
havior and the γ-increase for short Lg starts when Vds
enters the saturation condition. Under the condition the
surface-potential increase becomes obvious. For shorter
Lg even the γ-minimum at the end of the linear region
becomes larger than 2/3.

We have tested the apparent characteristic of the γ-
Vds relationship by another technology. As Fig. 9 shows,
the same characteristic is indeed obtained.
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Fig. 8: Calculated thermal noise in comparison with
measurements. For the calculation model parameters
extracted only from measured I-V characteristics are
used [6].
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Fig. 9: Calculated thermal noise coefficients γ and mea-
surements as a function of the drain voltage Vds for var-
ious gate lengths Lg [6].

5 CONCLUSION

Both the 1/f and the thermal noise are successfully
modeled based on the surface potential in HiSIM. The

1/f noise requires practically only the trap density as
a Lg independent model parameter. The thermal noise
requires no model parameter, and the increase of the
noise coefficient γ for short-channel transistors is not so
drastical as previously considered.

REFERENCES

[1] T. A. M. Kevenaar, E. J. W. ter Maten, Proc. of SIS-
PAD, p.7, 1999.

[2] G. Knoblinger, P. Klein, M. Tiebout, IEEE J. Solid-
State Circuits, 36, No.5, p.831, (2001).

[3] M. Jamal Deen and C.-H. Chen, Proc. of MSM, p.694,
(2002).

[4] A. J. Scholten, L. F. Tiemeijer, R. van Langevelde, R.
J. Havens, V. C. Venezia, A. T. A. Zegers-van Dui-
jnhoven, B. Neinhüs, C. Jungemann, and D. B. M.
Klassen, Tech. Dig. IEDM, p.129, (2002).

[5] S. Matsumoto, H. Ueno, S. Hosokawa, T. Kitamaru, M.
Miura-Mattausch, H. J. Mattausch, S. Kumashiro, K.
Yamaguchi, K. Yamashita, and N. Nakayama, submit-
ted for publication.

[6] S. Hosokawa, Y. Shiraga, H. Ueno, M. Miura-
Mattausch, H. J. Mattausch, T. Ohguro, S. Kumashiro,
M. Taguchi, H. Masuda, and S. Miyamoto, Ext. Abs.
SSDM, p.20, 2003.

[7] http://www.starc.or.jp/kaihatu/pdgr/hisim/index.html
[8] M. Miura-Mattausch, U. Feldmann, A. Rahm, M.

Bollu, and D. Savignac, IEEE Trans. CAD/ICAS, 15,
No.1 p.1, (1996).

[9] BSIM3v3 Manual, University of California, Berkeley,
1996.

[10] D. Navarro, T. Mizoguchi, M. Suetake, S. Ooshiro, K.
Hisamitsu, H. Ueno, M. Miura-Mattausch, H. J. Mat-
tausch, S. Kumashiro, K. Yamaguchi, S. Odanaka, and
N. Nakayama, submitted for publication.

[11] H. Ueno, D. Kitamaru, K. Morikawa, M. Tanaka, M.
Miura-Mattausch, H. J. Mattausch, S. Kumashiro, T.
Yamaguchi, K. Yamashita, and N. Nakayama, IEEE
Trans. Electron Devices, 49, p.1783, (2002).

[12] T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys.,
54, p.437, (1982).

[13] Y. Matsumoto and Y. Uemura, Jpn. J. Appl. Phys.,
Suppl. 2, p.367, (1974).

[14] A. G. Sabnis, and J. T. Clements, Tech. Dig. IEDM,
p.18, (1979).

[15] S. Matsumoto, K. Hisamitsu, M. Tanaka, H. Ueno, M.
Miura-Mattausch, H. J. Mattausch, S. Kumashiro, K.
Yamaguchi, S. Odanaka, and N. Nakayama, J. Appl.
Phys., 92, No.9, p.5228 (2002).

[16] M. Miura-Mattausch, H. Ueno, H. J. Mattausch, K.
Morikawa, S. Itoh, A. Kobayashi, and H. Masuda, IE-
ICE Trans. Electron., E86-C, No.6, p.1009, (2003).

[17] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, IEEE
Trans. Electron Dev., 37, p.1323, (1990).

[18] H. Nyquist, Phys. Rev., 32, p.110 (1928).

NSTI-Nanotech 2004, www.nsti.org, ISBN 0-9728422-8-4     Vol. 2, 2004 69


