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Bias non-conservation characteristics of radio-frequency noise mechanism of 40-nm n-MOSFET are observed by
modeling and measuring its drain current noise. A compact model for the drain current noise of 40-nm MOSFET is
proposed through the noise analysis. This model fully describes three kinds of main physical sources that determine
the noise mechanism of 40-nm MOSFET, i.e., intrinsic drain current noise, thermal noise induced by the gate parasitic
resistance, and coupling thermal noise induced by substrate parasitic effect. The accuracy of the proposed model is verified
by noise measurements, and the intrinsic drain current noise is proved to be the suppressed shot noise, and with the decrease
of the gate voltage, the suppressed degree gradually decreases until it vanishes. The most important findings of the bias
non-conservative nature of noise mechanism of 40-nm n-MOSFET are as follows. (i) In the strong inversion region, the
suppressed shot noise is weakly affected by the thermal noise of gate parasitic resistance. Therefore, one can empirically
model the channel excess noise as being like the suppressed shot noise. (ii) In the middle inversion region, it is almost
full of shot noise. (iii) In the weak inversion region, the thermal noise is strongly frequency-dependent, which is almost
controlled by the capacitive coupling of substrate parasitic resistance. Measurement results over a wide temperature range
demonstrate that the thermal noise of 40-nm n-MOSFET exists in a region from the weak to strong inversion, contrary to
the predictions of suppressed shot noise model only suitable for the strong inversion and middle inversion region. These
new findings of the noise mechanism of 40-nm n-MOSFET are very beneficial for its applications in ultra low-voltage
and low-power RF, such as novel device electronic structure optimization, integrated circuit design and process technology

evaluation.
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1. Introduction

With the advent and application of metal-oxide—
semiconductor field-effect transistor (MOSFET), the research
and characterization of its noise mechanism has become the
focus of research.Its low frequency noise is used to identify
the deep level defects of the device, in order to ascertain the re-
liability of the device. With the development of down-scaling
of technology, it is very important to understand the high fre-
quency noise characteristics of nanoscale MOSFET. Its radio
frequency (RF) noise is modeled to meet the needs of the opti-
mal designs of various information transmission and process-
ing systems. /1!

The needs of low-voltage and low-power design of mod-
ern and future wireless communication/network systems have
greatly stimulated the applications of digital complementary
metal-oxide—semiconductor (CMOS) technology in RF ana-
log integrated circuits. One of the most important problems is
how to establish a precise RF equivalent noise circuit model of
MOFET. In the two-port equivalent noise model of the com-
mon source configuration of MOSFET shown in Fig. 1, the
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drain current noise (S;q) has always been a concern because it
characterizes the noise mechanism of MOSFET.[!:36-11] The
power spectral density (PSD) of induced-gate current noise
(Sig), which is correlated with S;q(Sigia« ), is 2—3 orders of mag-
nitude lower in dimension than Siq.['~71%13] Therefore, Siq is
the dominant noise source of MOSFET, but the most impor-
tant problem is that the noise mechanism for different channel
lengths may be channel thermal noise or shot noise.
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Fig. 1. Equivalent noise current source representation of MOSFET.

The long channel thermal noise model has been exten-
sively studied for submicron channel MOSFET, and many dif-
ferent models have been proposed. A physical model based on

the electronic structure of devices for a long channel MOSFET
igl12]
is

w
Sia = 84kT (Lueffcéx) Vor, (D
eff
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where § is the noise parameter, k is the Boltzmann’s constant,
T is the absolute temperature parameter and characterizes its
thermal noise mechanism, Vgt = Vgs — Vr is the gate over-
drive voltage, V1 = V19 — Vps is the threshold voltage taking
into account the drain-induced barrier lowering effect. The pa-
rameters in the bracket are the microelectronic process struc-
ture parameters of the device.

The most famous compact model for submicron and
deep-submicron channel MOSFET is!!!3]

Sia = 4kTygds0, ()

where 7 is the bias-dependent noise parameter and g4y is the
output conductance at zero drain voltage (Vps). The accuracy
of the model from the strong inversion (SI) region to the weak
inversion (WI) region has been confirmed.

Recently, no thermal noise has been observed for an ultra-
short (ballistic) channel MOSFET because the scattering cen-
ters inside the channel are scarce.l!] Therefore, the shot noise
characteristics of around-10-nm MOSFET are observed in the
ST and middle inversion (MI) region.[%! The shot noise in bal-
listic MOSFET has been modeled by modifying the full shot
noise model"-”]

Sia = 2qIpsF, 3)

where the drain current Ipg characterizes its shot noise mecha-
nism, the Fano factor F is used to characterize the suppressed
shot noise in the SI region. The reason for this suppression has
been explained by the Fermi exclusion principle at the barrier
and the Coulomb interactions between the carriers already in
the channel.l'l Also, F will tend to 1 at a given small drain

[1.6-8] Recently, a theoretical model of the Fano factor

current.
in the strong inversion region has been given.’!

A more complicated physical model of shot noise based
on the device electronic structure for short channel MOSFET
is!10]

w Vor — Voir

Sid = 2 MerrCly (n— 1)V, exp | %
Lesr Ve

x (1+e7"0s fuy,), 4)

where vy, = kT /q is the thermal voltage, n is the sub-threshold
slope factor, and Vi = VT gup — V1 is the offset voltage, which
can be extracted from the current—voltage characterization in
the sub-threshold region.

At present, the noise investigations of short channel
MOSFET focus on the SI and MI region, and the noise mech-
anism is verified to be the suppressed shot noise for chan-

79.13] put the thermal noise for

nel length 40 nm or less,!
channel length longer than 40 nm.!>”] The WI region is be-
coming more important for low-voltage and low-power RF

applications,*>111415] but recent studies for the devices of

40 nm,P! 65 nm,"* and 80 nm!'3! have focused on the char-
acterizations of the macroscopic four noise parameters inde-
pendent of the noise mechanism. In addition, since the mil-
limeter wave effects of Sj; and Sigjg« in sub-threshold region
are very obvious; recent studies®> 111 have focused on their
accurate and continuous modeling from SI to WI region. Un-
fortunately, Si; and Sigia« cannot be used to characterize the
device noise mechanism. The following noise observations of
40 nm n-MOSFET are carried out for Sjq because the noise
mechanism of MOSFET is characterized by Siq.[13¢-11]

In this paper, a physic-based compact model for Sjq is pro-
posed and validated. New observations of 40-nm n-MOSFET
noise controlled by gate voltage (Vgs) and drain voltage (Vps)
simultaneously from SI to WI region are presented. The spe-
cial bias non-conservation phenomenon is also characterized
by noise analysis and measurement.

2. Device and experiments

In this paper, two n-MOS transistors respectively with
channel lengths of 40 nm and 120 nm, fabricated by a 40-
nm COMS process, are used for the unified comparison and
identification of noise mechanism. The 120-nm device is used
to calibrate the noise measurement and analysis method used
here because its thermal noise mechanism is well known and
can accurately be predicted by the well-proved long channel
thermal noise model. ['-3*13] Two n-MOS transistors both have
M = 6 (the number of devices in parallel), Ny = 10 (the num-
ber of fingers per device) and W = 2 um (width). The mea-
surement frequency ranges from 1 GHz to 60 GHz where the
low-frequency noise is negligible.

The RF equivalent circuit model shown in Fig. 2[>11.16]
is used to characterize the device noise behaviors. Figure 3
shows the scattering (S) parameters of 40-nm n-MOSFET in
a frequency range of 1 GHz-60 GHz measured by a commer-
cial Agilent 8510C network analyzer. Thus, the parameters of
small-signal equivalent circuit of 40-nm n-MOSFET shown in

Table 1 can be carefully extracted by using the dummy open
4,5,17,18]

and short de-embedding technique. !

S/B ' S/B

Fig. 2. RF noise equivalent circuit model for tested n-MOSFET.
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(b)

Fig. 3. Measured S parameters of 40-nm n-MOSFET in a frequency range
of 1 GHz—-60 GHz and with Vpg = 1.1 V and Vgs = (a) 0.18 V, (b) 0.35 V,
and (¢) 0.7V.

The four noise parameters for 40-nm n-MOSFET, shown
in Fig. 4, can also be measured by using a commercial spread-
spectrum Agilent N8976B noise figure analyzer.!!’7-20 Af-
ter de-embedding the parasitic and noise, the measured Sig
characterizing the devices noise mechanism can be obtained

from 35131
2
Sid :4kTRn|Y21| s (5)
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where

Y

gm — ©*Cyq (Cad + Cos) Re — j®[(Cad + Cos) Regm + Ces]

1+ w? (ng +Cgs)2R§

Figure 5 shows the observation of noise mechanism for
120-nm n-MOSFET from SI to WI region. The good agree-
ment between the extracted channel thermal noise and its the-

oretical value based on model (2) validates the reliabilities of

noise measurement and analysis method used here.

Table 1. Extracted small-signal parameters of 40-nm n-MOSFET in
Fig. 2 which can benefit the noise analysis at Vpg = 1.1 V.

Vas/V 0.18 0.35 0.7
Cpe/tF 8 8 8
Cpa/fF 20 20 20
Cped/fF 2.1 2.1 2.1
PAD Ly/pH 52.5 52.5 52.5
parasitic Ly/ pH 20 20 20
parameters Ls/ pH 12 12 12
Ry/Q 3.98 3.98 3.98
R,/Q 0.378 0.378 0.378
R4/Q 0.306 0.306 0.306
Substrate Ry/Q 40.56 17.6 2.00
parasitic Cav/tF 18.10 19.61 20.83
parameters Cyp/tF 0.51 2.39 3.19
Cys/fF 36.12 47.18 59.78
Cyu/fF 29.76 29.81 30.13
Intrinsic Cys/fF 4.62 4.96 5.09
parameters gm/ms 0.57 5.65 112.82
T/ps 0.02 0.08 0.21
gds/ms 1.23 7.28 17.68

f == Vs =0.7V \A\ (d)
F e Vs =0.35 V o
—0.04f —a— V5=0.18 V N\
0 10 20 30 40 50 60
Frequency/GHz

Fig. 4. (color online) Measured four noise parameters of 40-nm n-MOSFET in a frequency range of 1 GHz-60 GHz, showing plots of (a) equivalent noise
resistance Ry, against frequency, (b) minimum noise figure NFy;, against frequency, (c) real part of optimum source admittance Gop against frequency, (d)

imaginary part of optimum source admittance Bop against frequency.
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Fig. 5. (color online) Plots of measured Sjq against Ips for 120-nm n-
MOSFET at 10 GHz and Vpg = 1.1 V.

3. Experimental results and discussion

3.1. Noise source characterization and modeling of 40-nm
n-MOSFET

Figure 6 shows that the noise predicted by full shot noise

[6.13]1 The measure-

model increases monotonically with Vgs.
ment results indicate that in the SI region, the noise mecha-
nism of 40-nm n-MOSFET acts as the suppressed shot noise
similar to the recent theoretical prediction,”->13] but a weak
temperature dependence is observed. In the MI region, the
noise mechanism is near to full shot noise in which the mea-
surement results are all the same as the expectations from
model (3). Some own features of 40-nm n-MOSFET are ob-
served that the drain current noise separates itself gradually
from full shot noise in the WI region, and ultimately turns into
the thermal noise with obvious temperature dependence. Fig-
ure 6 also shows that in the WI region, a severe underestima-
tion of noise intensity is obtained if only the shot noise model
is used consistently.

1079 g T T
EWI i M1 i Sl
10-2 [ region | region | region
7 107 i :
N F i |
= i | :
“:C 107 # ¢ i i
~ E | |
) N | |
102 F ' '
F i i—— full shot noise
1072 at E i a measured at 300 K
EA a i ! a measured at 77 K
O Y A R S
10 0 0.2 0.4 0.6 0.8 1.0

Ves/V

Fig. 6. Plots of measured Sj; against Vgs for 40-nm n-MOSFET at
10 GHz, Vps = 1.1V, and two different temperatures.

For explaining the bias non-conservation characteristics
of noise mechanism of 40-nm n-MOSFET shown in Fig. 6,

some equivalent circuit parameters of device shown in Table 1
are analyzed.

Firstly, with the improvements of process technology on
gate materials, the number of gate fingers and gate layout, the
gate parasitic resistance R, has been greatly reduced. How-
ever, the value of R, in Table 1 is still much larger than those
of Rq and R;. As a common source configuration, device it-
self provides the transconductance gain gn, from the source to
the drain. Therefore, the noise contribution of Ry to Sig has
always been considered seriously; its strong influence on the
long channel®#! and 65-nm!*! n-MOSFET in SI region has
been confirmed. The thermal noise contribution of Ry to Sig

can be modeled by >8]

ingy— = 4T g Ry. (©)

Secondly, Table 1 also shows that drain to substrate parasitic
capacitor Cgp, and substrate parasitic resistance R, may have
a greater influence on intrinsic noise current. This is because
at low frequencies, idealized substrates do not have coupling
effects. However, as the operating frequency rises up to GHz,
the reduction of junction capacitance leads to severe coupling
between drain and substrate.[*!1 Such a nonideal coupling ef-
fect will obviously affect the characteristic of the output ad-
mittance by Ygp = a)zcgbRb +jwCqy. Therefore, the noise
contribution of substrate parasitic to Sjg can be modeled by

% = 4kTRe(Ysub) = 4kT(COCdb)2Rb. (7)

If the intrinsic drain current noise is assumed to be the
suppressed shot noise, its PSD iﬁ can be modeled by Eq. (3).
Thus, a compact RF noise model for drain current noise of
40-nm n-MOSFET can be described as

Sid %-ﬁ-%-ﬁ-iﬁj

2qIpsF +4kT g2 Ry + 4kT (0Cap)* Ry (®)

In order to evaluate the noise contributions of R, and R,
in different operating regions and to verify model (8), the typ-
ical PSD values listed in Table 2 are calculated by using the
extracted parameters shown in Table 1. Further observations
for device noise mechanism are discussed as follows.

Table 2. Typical noise contributions of Rg and Ry, for Sjq at room temper-

ature (300 K) and 10 GHz. The iidmax and f,zw,min represent the shot noise
PSDs for intrinsic drain current noise at different Vpg.

Vas/V 0.18 0.35 0.7
%/AZ.Hz*l 2.14x107%  2.10x1072*  839x 10722 (max)
1.82x 10722 (min)
i2,/A%-Hz"! 8.68x10725  4.42x10°25 5.63%10720
%/AZ‘HZ*‘ 3.02x107%*  1.08x107%2 1.55x10721
2, IAZHz'!  480x10°  3.33x10°% 1.44x10723
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3.2. Further observation of noise mechanism change and
model verification

As shown in Fig. 7, the characteristics of suppressed
(F =~ 0.301) shot noise of 40-nm n-MOSFET in saturation re-
gion (big Ips) is confirmed by noise measurements at Vgg =
0.7 V. The F ~ 0.301 is consistent with the theoretically pre-
dicted value of 0.3 in Ref. [9], which can verify the validity
of model (8) about the hypothesis of the intrinsic drain current
noise mechanism. Figure 7 also shows that the noise mecha-
nism in the saturation region looks like suppressed shot noise,
but it is weakly affected by the thermal noise of R;. In the
linear region, as the Vpg decreases, the suppression of the shot
noise is reduced (i.e., F' — 1), but when Ipg is extremely small,
the whole noise is almost controlled by R;. These particu-
lar bias non-conservation properties of 40-nm n-MOSFET are
also verified by comparing the noise data between 300 K and
cryogenic temperature (77 K). Note that as the predictions in
the column of Vgg = 0.7 V in Table 2, the thermal noise in
the SI region has a slight influence on the intrinsic shot noise
property of the device even though the short channel process
has significantly reduced R,. This is because the transconduc-
tance amplification of common source configuration is very
strong under the condition of high Vpg in the SI region, i.e.,
very high gn,, which leads to the strong thermal noise contri-
bution of Ry modeled by Eq. (6). But Ry, is very small in SI
region because the conduction characteristic of channel is very
good. Therefore, the model (7) shows that Ry, contributes lit-
tle to the substrate coupling thermal noise as predicted in the
column of Vgs = 0.7 V in Table 2.

10—‘2[] r
[ linear
region

107" F

saturation
region

A measured at 300 K
A measured at 77 K
model (8) at 300 K
model (8) at 77 K
full shot noise

V4 = == shot noise at F'=0.301

Si/A*Hz ™!

10722 E

_23 N ; bral
10 107! 10° 10! 10°

Ips/mA

Fig. 7. (color online) Plots of measured and calculated Sjq against Ipg for
40-nm n-MOSFET at Vgs = 0.7 V (SI) and different temperatures.

As shown in Fig. 8, the measured data at Vgg = 0.35 V
are further analyzed to explain the noise mechanism of 40-nm
n-MOSFFET in MI region. Obviously, the device noise mech-
anism in the saturation region is almost entirely determined by
intrinsic drain current noise and is near to the full shot noise as
expected in Refs. [9] and [13]. As the predictions in the col-
umn of Vgs = 0.35 V in Table 2, the thermal noise contribution

of Ry is greatly reduced in the MI region due to the reduction
of gm, and plays a weak role only in the deep triode region.
Moreover, because the conduction characteristic of channel is
still good, the thermal noise contribution of Ry, is very small.

3X107# ¢
N saturation
region

linear
region

3x10°2 f

Sid/A2'HZ41

measured at 300 K
A measured at 77 K
—— full shot noise
= model (8) at 300 K
= model (8) at 77 K

3X107%* ! —
107 107! 10°

Ins/mA
Fig. 8. (color online) Plots of measured and calculated Siq against Ipg for
40-nm n-MOSFET at Vgs = 0.35 V (MI) and different temperatures.

Also as shown in Fig. 9, the thermal noise characteris-
tics in the WI region are verified by noise measurements at
Vgs = 0.18 V. The noise behaviors can be determined by fur-
ther comparing the noise data between 300 K and 77 K at
10 GHz. It is worth emphasizing that the thermal noise be-
havior of 40-nm n-MOSFET under low voltage weak inter-
action is very obvious. As the predictions in the column of
Vis = 0.18 V in Table 2, the thermal noise caused by the sub-
strate coupling (Cyp, Ry) is higher than intrinsic shot noise and
thermal noise of Ry, and becomes the main RF noise source in
the WI region. The reason is that gp, is very small under the
condition of low bias voltage in W1 region, but Ry, is relatively
high. In addition, the experimental results in Fig. 9 at 30 GHz
and 60 GHz show that the substrate coupling noise is strongly
frequency-dependent in the WI region, which makes substrate
coupling noise become the focus of low-voltage applications
in CMOS technology, especially in millimeter wave band.

=21 0
1077 F saturation
[ linear region
1072 region
E Ao_A_A__A_ALA AAAL
107* ¢ Ahecdh ek ccbhebdh A AL
| E
N F
e . N " & A A *%‘
o 107 E
e %
= F A  measured at 300 K
2 1025k A measured at 77 K
E —— full shot noise
[ model (8) at 300 K and 10 GHz
107 model (8) at 77 K and 10 GHz
E = === model (8) at 300 K and 30 GHz
3 ====model (8) at 300 K and 60 GHz
107% = . - . —
1073 102

Ips/mA

Fig. 9. (color online) Plots of measured and calculated Sjq against Ipg for
40-nm n-MOSFET at Vgs = 0.18 V (WI) and different temperatures.
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4. Conclusions

The RF physical behaviors of drain current noise of 40-
nm n-MOSFET are distinguished by noise measurement and
analysis over the extended ranges of bias voltage and temper-
ature. The proposed model here is very attractive and promis-
ing for the simulation design of novel RF integrated circuit due
to its model accuracy especially in the WI region. The noise
modeling and measurement results strongly indicate that the
RF noise mechanism of 40-nm n-MOSFET changes from in-
trinsic suppressed shot noise to thermal noise under the condi-
tion of low-voltage weak interaction.
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