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The origin of the low-frequency noise is investigated in n-channel fin-shaped field-effect transistors (Fin-
FETs) in terms of the channel length and fin width. In long-channel and wide fin devices, the spectra are
dominated by 1/f noise due to carrier number fluctuation, correlated with mobility fluctuations. In long-
channel and narrow fin devices, the spectra are composed of both 1/f and excess generation–recombina-
tion (g–r) noise components. Analysis of the g–r noise parameters lead to the conclusion that the g–r
noise originates from traps in the sidewall gate oxides and in a depletion region near the sidewall inter-
faces. In short-channel devices, the spectra show 1/f behavior in the weak inversion described by carrier
number fluctuations and g–r noise component in the low drain current region, possibly originating from
the source and drain contacts process.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction the trap characteristic parameters (energy level, capture cross-
Tri-gate (TG) fin-shaped field-effect transistors (FinFETs) are
promising device structures for sub-100-nm scaling of MOSFETs
due to their immunity to short-channel effects (SCEs) [1–3].
However, as the FinFETs scale down, the low-frequency (LF) noise
becomes more pronounced due to its inverse dependence with the
gate area, and it could lead to serious limitations of the analog and
digital circuits functionality [4,5]. In addition, the LF noise is a non-
destructive and sensitive diagnostic tool to characterize the traps
present at the gate oxide/silicon interface and in the depletion
layer of silicon [7–14]. Therefore, it is important to clarify the ori-
gin of the LF noise in nanoscale TG FinFETs, in order to optimize
their noise level.

In most cases of n-channel TG FinFETs, the origin of the LF noise
has been investigated in long-channel devices [6–13], and recently,
the investigation was extended to gate lengths down to 60 nm
[12,13]. In several cases, it was found that the noise spectra contain
two noise sources: 1/f noise ascribed to carrier number fluctua-
tions (CNFs) due to carrier exchange between the gate dielectric
traps near the interface and the channel and generation–recombi-
nation (g–r) noise components due to charge traps in the gate
oxide or in the silicon depletion region. Analysis of the g–r noise
components at different temperatures enabled the extraction of
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section) [12,13]. In the weak inversion region of n-channel FinFETs,
in some cases, the mobility fluctuation was found to be the domi-
nant 1/f noise generation mechanism [14]. Recently, the LF noise in
the linear region from weak to strong inversion has been investi-
gated in p-channel FinFETs, with channel length ranging from
70 nm to 1 lm [15]. It has been shown that in p-channel FinFETs,
the LF noise is composed of both 1/f noise governed by CNF and
g–r noise originating from traps in the gate oxide [15].

In this work, we investigate systematically the impact of the fin
width on the LF noise of n-channel TG FinFETs with long-channel
length (L = 1 lm) and short-channel length (L = 25 nm). It is shown
that the LF noise spectra are composed both of 1/f noise and g–r
noise components. The origin of the 1/f and g–r noise components
is clarified in the long-channel and short-channel devices in terms
of the fin width.

2. Experimental

The n-channel FinFETs were fabricated at IMEC (Leuven, Bel-
gium) on silicon on insulator (SOI) wafers with 145 nm buried
oxide thickness. The device parameters are channel doping con-
centration 1015 cm�3, TiN/HfO2 gate insulator stack with equiva-
lent gate oxide thickness tox = 1.7 nm, constant fin height
Hfin = 65 nm, fin width Wfin varying from 5 nm to 1 lm, and chan-
nel length L = 25 nm and 1 lm. The investigated devices have five
fins, and the effective device width is 5 � (2Hfin + Wfin). Details for
the device fabrication processes are presented elsewhere [16].
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Low-frequency noise measurements were performed at room
temperature in the linear regime (drain voltage Vd = 30 mV), with
the gate bias varying from weak to strong inversion, using a fully
automatic LFN measuring system by synergy concept [17]. During
measurements, the substrate contact was grounded.
3. Results and discussion

Drain current noise spectra of n-channel FinFETs with constant
channel length L = 1 lm and fin widths Wfin = 1000, 65, 15, and
5 nm were measured in the frequency range of 5–104 Hz at differ-
ent drain currents. In general, the noise spectra contain 1/f and g–r
noise components, with the noise spectral density SI following the
equation:

SI ¼
K f

f
þ
XN

i¼0

Ai

1þ f
foi

� �2 ; ð1Þ

where Kf is a coefficient characterizing the intensity of the 1/f noise
and the second term represents a sum of g–r components with Ai

the plateau value and foi the characteristic frequency of the g–r noise
components associated with the time constant of the traps si = 1/
2pfoi. The later is characterized by a plateau value at low frequencies
and a fall-off according to 1/f2 at higher frequencies. It is noticed that
the white noise observed at high frequencies is two orders of magni-
tude lower than the measured power spectral density and has been
neglected in Eq. (1). The 1/f and g–r noise components can be revealed
more clearly by representing the product SI � f versus frequency f in
Fig. 1. For the wide fin device (Wfin = 1000 nm), it is seen that SI � f in-
creases with f, that is, the noise follows a 1/fc (with c < 1) behavior
indicating that the top gate oxide trap density decreases with dis-
tance from the Si–SiO2 interface [9]. In the TG device (Wfin = 65 nm),
one can notice a slight distortion of the 1/f noise due to the presence
of weak g–r noise component, whereas in the narrow fin devices
(Wfin = 15 and 5 nm), the presence of the g–r noise is more evident.
Fig. 1. Frequency dependence of the drain current noise spectral density multiplied b
n-channel FinFETs with channel length L = 1 lm and fin widths Wfin = 1 lm (a), 65 nm (
The normalized drain current noise spectral density SI=I2
d at fre-

quency f = 10 Hz, extracted from the noise spectra of the FinFETs of
Fig. 1, is presented in Fig. 2. The normalized flicker noise compo-
nents at frequency 10 Hz, extracted from analysis of the noise
spectra, are also presented in Fig. 2. In most cases, the data tend
to saturate to a plateau in weak inversion and exhibit a decreasing
trend with increasing the drain current Id in strong inversion. In the
case of the wide fin FinFET with Wfin = 1000 nm, a good correlation
between normalized drain current noise and transconductance
(gm/Id)2 is shown. These results satisfy the model of carrier number
fluctuations and additional correlated mobility fluctuations, that is,
the so-called correlated mobility fluctuations (CMF) [18,19]. In this
noise model, the interaction between traps in the gate oxide near
the interface and channel carriers is the main source of noise. In
several cases, peaks and humps occur in the plots of SI=I2

d versus
Id, which can be ascribed to excess g–r contributions in the spectra.
In Fig. 2b, weak peaks are observed indicating the dominance of
the 1/f noise over the g–r noise components. However, in the nar-
row fin devices of Fig. 2c and d, the occurrence of strong peaks and
humps is a clear evidence of the g–r noise components dominance
over the 1/f noise. Specifically, in the case of the very narrow fin de-
vice (Wfin = 5 nm), the g–r noise dominates over the whole drain
current range.

The g–r component of the noise spectra can originate from a
trap located in the gate dielectric, at the interface between gate
dielectric/silicon or in the depletion region [20,21]. To identify
the origin of the g–r noise observed in Fig. 2c and d, the normalized
plateau amplitude Ai=I2

d and the trap time constant s of the ob-
tained g–r components are presented in Fig. 3a and b, respectively.
These results show clearly the presence of two trap levels in Fin-
FETs with Wfin = 15 and 5 nm. The values of s and Ai=I2

d depend
on the gate voltage and some of the curves s(Vg) and Ai=I2

d (Vg) pass
through a maximum in the region near the threshold. Such behav-
ior is typical for g–r noise due to thin layers of single energy trap
levels in the depletion region near the Si/SiO2 interface [20,21]. It
is noted that similar behavior of s(Vg) is also typical for g–r noise
y frequency, measured at drain voltage Vd = 30 mV at different drain currents, in
b), 15 nm (c), and 5 nm (d).



Fig. 2. Normalized measured drain current power spectral density SI=I2
d (circles) and flicker noise components (triangles) versus drain current Id, extracted from the

experimental data of Fig. 1. The dotted lines correspond to the CNF + CMF model, derived using the (gm/Id)2 parameter, along with the noise parameters values:
Svfb = 4.5 � 10�12 V2/Hz and asc�leff = 1.25 � 106 cm2/C (a), Svfb = 1 � 10�11 V2/Hz and asc�leff = 1,5 � 106 cm2/C (b), Svfb = 2 � 10�11 V2/Hz and asc�leff = 1 � 106 cm2/C (c),
Svfb = 7 � 10�11 V2 /Hz and asc�leff = 9 � 105 cm2/C (d), where Svfb is the flat-band voltage spectral density, asc is the Coulomb scattering coefficient and leff is the effective
carrier mobility.

Fig. 3. Dependence of the normalized plateau and time constant on gate voltage for the g–r noise components in n-channel FinFETs with channel length L = 1 lm and fin
widths Wfin = 15 nm (a) and 5 nm (b).
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due to interface traps in the sub-threshold mode of operation [20].
The dominance of the g–r noise with decreasing the fin width
clearly indicates that the layers of traps are located near the side-
wall gates, originating either from process steps used to define the
sidewall fins by reactive ion etching, or due to the different side-
wall crystalline orientation from the one of the top gate, thus lead-
ing to different energy states in the bandgap. In Fig. 3a and b, it is
also seen that a g–r noise appears at strong inversion, in which
both the time constant s and the normalized plateau amplitude
are gate voltage dependent exhibiting a peak at Vg > Vt. This type
of g–r noise, most likely corresponds to a trap in the sidewall gate
dielectric, with a well-defined activation energy and/or position in
the oxide. This finding implies that these traps are created by pro-
cessing steps specific for the gate oxide.

In Fig. 4a, the normalized drain current noise spectral density
SI=I2

d at frequency f = 20 Hz, extracted from the noise spectra of a
short-channel FinFET with channel length L = 25 nm and fin width
Wfin = 20 nm is presented, showing a dominance of the g–r noise
component in the sub-threshold and weak inversion regions.
Fig. 4b shows that the g–r time constant s is independent on the
gate voltage, which suggests that the g–r noise originates from de-
fects in the silicon layer [20,21]. Similar behavior for the normal-
ized drain current noise spectral density SI=I2

d and the time
constant s were observed also for the short-channel FinFET with
Wfin = 5 nm (not presented).

The overall results clearly show the impact of the fin width and
length on the traps observed in the silicon film. In short-channel
FinFETs, the prevailing traps may originate from process steps used
for realization of the source and drain contacts. In long-channel
FinFETs, the traps may be related to the process steps used for
defining the sidewalls of the fin and the gate oxide growth. The
characteristic trap parameters of the g–r noise (energy level, cap-
ture cross-section) can be determined from noise measurements
at different temperatures [12,13]. Moreover, in order to further



Fig. 4. (a) Normalized measured drain current power spectral density SI=I2
d (circles) and flicker noise components (triangles) versus drain current Id, in n-channel FinFET with

channel length L = 25 nm and fin width Wfin = 20 nm. The dotted line corresponds to the CNF + CMF model, derived using the (gm/Id)2 parameter, along with the noise
parameter values Svfb = 1 � 10�10 V2/Hz and asc�leff = 2.5 � 105 cm2/C, where Svfb is the flat-band voltage spectral density, asc is the Coulomb scattering coefficient and leff is
the effective carrier mobility. (b) Dependence of the time constant s on gate voltage for the g–r noise component.
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clarify the origin of the 1/f noise in small area devices (<1 lm2),
low-frequency noise measurements in the time domain are re-
quired to detect possible random telegraph signals (RTS) which
are generally caused by electron exchange between oxide trap
and the channel [22,23].
4. Conclusion

The impact of the fin width on the low-frequency noise has
been investigated in long-channel (L = 1 lm) and short-channel
(L = 25 nm) n-channel FinFETs. In the long-channel devices with
wide fins, the noise shows 1/f behavior which is compatible with
carrier number fluctuations and additional correlated mobility
fluctuations. In long-channel devices with narrow fins, the spectra
are composed of both 1/f and excess g–r noise on top of the 1/f
noise. From analysis of the gate voltage dependence of the g–r
parameters, it has been concluded that the g–r noise originates
from traps in the sidewall gate oxides and in a depletion region
near the sidewall interfaces. In the short-channel devices, the noise
spectra show 1/f type behavior in the strong inversion region,
whereas g–r noise appears in the sub-threshold and weak inver-
sion region originating from traps due to process steps for the
source and drain contacts formation.
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