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Abstract—The low-frequency noise of input-output (I/O)
FinFETs with 3.5 nm SiO2 gate dielectric is studied for
different processing conditions. It is shown that a highpressure (HP) deuterium anneal can improve the noise Power
Spectral Density (PSD). There is no significant impact on nchannel devices, while a pronounced effect is observed for pchannel devices, especially for a HP anneal at 400 oC and 20
atm. Results are also presented on the use of a Si/SiGe
superlattice architecture and it is shown that the same gate
stack quality as for standard devices can be maintained.
Keywords—Flicker noise, number fluctuations, oxide trap
density, deuterium annealing, input/output FinFETs, superlattice

I.

INTRODUCTION

System-on-a-chip (SoC) applications of CMOS
technology require the presence of different flavors of
transistors. Besides devices for high speed and low power
logic, high-voltage Input-Output (I/O) transistors, which are
able to operate at higher supply voltage, have to be
implemented [1]. The corresponding gate oxide thickness
(tox) is currently in the range of 3 nm, so that standard SiO2
can serve as a high-reliability gate dielectric for I/O
MOSFETs. In order to be compatible with a bulk FinFET
process flow, alternatives to standard high-temperature
thermal oxidation are being explored. An attractive option
in this context could be the Atomic Layer Deposition (ALD)
of SiO2 yielding high-quality and highly reliable I/O
transistors [2]. It has also been demonstrated that a highpressure post-deposition annealing (PDA) in deuterium (D2)
can improve the interface properties, i.e., the subthreshold
slope SS and the density of interface states (Dit) of Si-capfree SiGe p-channel FinFETs and the overall device
performance [3].
Further along the roadmap, vertically stacked horizontal
gate-all-around nanowire FETs are promising candidates
because they allow a more aggressive gate length scaling
[4]. However, the spacing between stacked nanowire
devices does not accommodate the thick oxide for I/O FETs.
Alternatively, one can consider a Si/SiGe/Si/SiGe/Si
superlattice FinFET for I/O applications.
In this work, the impact of high-pressure (HP) PDA on
the low-frequency (LF) noise performance of 1.8-V
compatible I/O bulk FinFETs, with 3.5 nm ALD SiO2 and
metal gate is reported. It is well-known that LF noise is a
good quality and reliability indicator for the gate stack
[5],[6], which has recently also been applied to planar I/O
transistors for DRAM peripheral applications [7],[8]. It is
shown here that while the HP annealing has little impact on
the 1/f noise Power Spectral Density (PSD) of the
nMOSFETs, a significant reduction can be observed for the
p-channel counterparts, especially, for an anneal at 400 oC.
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The responsible mechanism for the 1/f noise reduction is
investigated, showing that the main contribution comes from
the lowering of the access resistance noise. A secondary
effect may be the result of a lowering of the density of traps
in the SiO2, with energy close to the silicon valence band
edge.
Furthermore, the noise spectra of Si/SiGe superlattice
I/O n-channel FinFETs are investigated, pointing out that
the spectra contain 1/f and generation-recombination (GR)
noise components. The flicker noise is related to remote
Coulomb scattering impacting the carrier mobility, while
traps in the depletion later cause the second component [9].
II.

EXPERIMENTAL DETAILS

I/O FinFETs with a supply voltage of 1.8 V have been
processed in a 16 nm technology with an Equivalent Oxide
Thickness (EOT) of 3.5 nm. The gate stack consists of a
SiO2 gate dielectric processed by Atomic Layer Deposition
and a TiN metal gate. One quarter of a 300 mm wafer
received a 20 atm H2 anneal at 450 oC for 20 min (devices
are labeled HP1), while another quarter underwent a 20 atm
H2 anneal at 400 oC for 20 min (HP2).
Noise measurements have been executed on 1 m long
FinFETs with 4 fins, with a height of 35 nm and a width of
10 nm. The noise was measured on at least four devices per
wafer in linear operation (|VDS|=50 mV) by stepping the
front gate voltage VGS from weak to strong inversion. The
input-referred voltage noise PSD was calculated
from
, with gm the measured transconductance
in each operation point and SI the measured drain current
noise PSD.
The Si/Si0.70Ge0.30 superlattice I/O FinFETs operating at
1.8 V have a gate stack of 2 nm ALD high- dielectric
(HfSiO) on top of 3 nm interfacial SiO2. In the case of 2.5 V
operation the thickness on the interfacial SiO2 is increased
to 5 nm, resulting in an equivalent oxide thickness (EOT) of
5.6 nm. Full process details are described in [4].
III. RESULTS AND DISCUSSION
A. I/O Bulk FinFETs
The input ID-VGS characteristics in linear operation
corresponding with the noise measurements are represented
in Fig. 1, together with the transconductance. For the nchannel FinFETs in Fig. 1a, rather similar gm and ID are
found, the main impact being an increase of the threshold
voltage VT upon application of a HP anneal. No systematic
trend is found for the pFinFETs in Fig. 1b, whereby it
should be remarked that the observed changes fall within the
variability range of the device performance.

Typical LF noise spectra are shown in Fig. 2, in linear
operation and at a current of about 1.1 A for n- (Fig. 2a)
and 1 A for pFinFETs (Fig. 2b) for a reference (no HP
anneal), a HP1 and a HP2 device, respectively. As can be
seen, the spectra are predominantly 1/f-like with the
frequency exponent  close to 1. It is clear from Fig. 2a that
there is little difference in the current noise PSD (and also in
the normalized PSD given by SI/ID2) for the n-channel
transistors. For the pFinFETs, on the other hand, there is a
clear reduction of SI for HP2, while the spectrum for HP1
coincides with the reference non-annealed device.

The input-referred voltage noise PSD represented in Fig.
4a for the nFinFETs is constant for most of the gate voltage
overdrive VGT=VGS-VT range studied and corresponds with
the value at flat-band voltage, i.e.,
, with negligible
correlated mobility fluctuations. It is rather similar for the
three nFinFETs studied. According to the number
fluctuations theory, the oxide trap density Not can be
extracted from [5],[10]:

Fig. 3. Normalized current noise PSD, SI/ID2, at f=10 Hz and in linear
operation at |VDS|=0.05 V of 1 m long n- (a) and p-channel (b) FinFETs,
without HP annealing (ref); HP1 and HP2. The dotted lines correspond
with gm2/ID2.
Fig. 1. Input ID-VGS characteristics in linear operation at |VDS|=0.05 V and
corresponding transconductance of 1 m long n- (a) and p-channel (b)
FinFETs, without HP annealing (ref), HP1 and HP2.

Fig. 2. LF noise spectra in linear operation at |VDS|=0.05 V and |ID|~ 1 A
for 1 m long n- (a) and p-channel (b) FinFETs, without HP annealing
(ref), HP1 and HP2. The dashed line is a guide to the eye, representing a 1/f
slope.

The normalized noise at a frequency f=10 Hz is shown for
each type of device as a function of the drain current in Fig.
3. The data for the three types of I/O nFinFETs are rather
similar (within the dispersion of the noise data). Moreover,
from the proportionality of SI/ID2 with gm2/ID2, one can
conclude that the 1/f noise is determined by number
fluctuations [5],[6],[10], i.e., by trapping into so-called
border traps in the SiO2. Moreover, for the nFinFETs, within
the variability of the data, no change in the oxide trap
density is observed at energies close to the conduction band
in silicon, following the application of a HP PDA.
The case is different for the pFinFETs in Fig. 3b. A
reduction of the normalized current noise PSD is found for
the devices with HP1 and HP2, compared with the
reference. This occurs mainly for larger |ID|, while in weakto-moderate inversion, the normalized noise runs parallel
with gm2/ID2. This points to predominant gate oxide trapping
as origin for the 1/f noise at low currents, while in strong
inversion, another mechanism becomes more prominent.

(1)
with Cox the oxide capacitance per unit area, q the electron
charge; kB Boltzmann’s constant, T the temperature, WL the
effective transistor area and  the attenuation length of the
electron (hole) wave function in SiO2.
The pFinFETs exhibit a much stronger dependence of
SVG on the gate voltage overdrive in Fig. 4b. This indicates
that besides the number fluctuations and associated
correlated mobility fluctuations (CMF) another mechanism
becomes important in strong inversion. In fact, it has been
shown in the past that at larger currents, there could be a
strong impact of the series or access resistance (racc) on the
noise PSD [11], which can be represented by [12]:
(2)
with rtot is the total channel resistance (=VDS/ID in linear
operation), racc the access resistance, Kr the strength of the
access resistance noise source, eff the effective mobility and
C the Coulomb scattering factor. The + or – sign in Eq. (2)
depends on the donor or acceptor character of the oxide
traps. Narrow-fin architectures are particularly prone to a
high access resistance and associated increase in inputreferred voltage noise PSD [12],[13].
According to the second term in Eq. (2), the access
resistance noise Sr increases proportionally with ID4, which
is represented by the dashed curves in Fig. 4b and well fits
the experimental data at more negative gate voltage
overdrives. It is also evident that the main effect of the HP
anneal is to reduce this Sr contribution to the total noise PSD
by approximately 20 % going from the reference to HP2.
Note that the increase with VGT in Fig. 4a for the nFinFETs
of SVG could also be related to the series resistance noise,
although in this case there is no systematic trend between
annealed and reference nFinFETs.

Besides the clear reduction of Sr at larger VGT for the
pFinFETs, there is also a tendency for lower noise PSD
around VT (the flat-band value) in Fig. 4b, suggesting a
reduction in Not around the valence band energy of silicon.
However, considering that three different devices are being
measured - and not the same device after different HP PDA
– some caution in this interpretation is required, in view of
the significant noise dispersion or variability which exists
for scaled technologies [6],[13]. Therefore, in Fig. 5 the
average flat-band noise PSD at 10 Hz is represented for all
n- and p-channel FinFETs studied, showing little change for
the n-channel devices and a marked reduction for the
pFinFETs after a HP2 anneal at 400 oC.

Bw.

Fig. 6. Input ID-VGS characteristics for 1.8 V superlattice I/O n- and pchannel FinFETs (3 nm SiO 2 and 70 nm gate length) (a) [4], and gate
voltage noise PSD for two devices (b). For device 1 the noise modeling
only requires white noise and flicker noise, while device 2 also requires a
Lorentzian generation-recombination noise component [9].

The trap density can be calculated using Eq. (1). It is
important to remark that for the studied devices there is a
correlation between the trap density and the inverse
mobility of the devices as illustrated in Fig. 7 [9]. A
similar trend has been reported before for e.g. HfO2
nMOSFETs [15] and TiN/TaN/ HfO2 Ge pMOSFETs [16]
and was associated with the impact of the remote Coulomb
scattering. Shorter devices lead to a more pronounced
reduction of the mobility.
Fig. 4. Input-referred voltage noise PSD at f=10 Hz and in linear operation
at |VDS|=0.05 V of 1 m long n- (a) and p-channel (b) FinFETs, without HP
annealing (ref), HP1 and HP2. The dashed lines in (b) represent the series
resistance related noise PSD.

Fig. 7. Correlation between the trap density and the inverse of the carrier
mobility for 70 nm superlattice I/O devices.

Fig. 5. Flat-band voltage noise PSD at 10 Hz and linear operation for 1
m I/O n- and pFinFETs without annealing, after HP1 at 450˚C and HP2
at 400˚C.

B. I/O Si/Si0.70Ge0.30 superlattice FinFETs
The input ID-VGS characteristics of 1.8 V superlattice
I/O FinFETs are shown in Fig. 6a for n- and p-channel
devices [4]. There is a good electrostatic control with Ion
>1200 A/um and for the pFETs the SS = 69 mV/dec and
DIBL = 30 mV/V [4]. The gate voltage noise PSD
(experimental and model) is shown in Fig. 6b. for two
devices [9]. The developed noise model is based on [14]
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with as noise components the 1/f noise (noted Kf), the
generation-recombination
Lorentzians
with
corner
frequency (foi) and plateau value (Aoi) and the white noise

Using noise spectroscopy whereby the low frequency
noise at a fixed polarization is studied as a function of the
temperature enables to obtain more information on the
nature of the traps by determining for each trap the energy
level, the concentration and the capture cross section. The
analysis includes the evolution of both the corner
frequencies and the plateau values. Some typical results
are illustrated in Fig. 8 resulting in four trapping levels,
i.e., EC-ET = 0.45 eV (T1), EC-ET = 0.44 eV (T3), EC-ET =
0.42 eV (T2) and EC-ET = 0.17 eV (T4) [9]. These levels
can be associated with V2H, VP, V2(0/-) and CiCS
complexes, respectively. Further investigations are
ongoing.
Similar as for the standard I/O bulk FinFETs discussed
in the previous section it is interesting to analyze the flatband noise PSD at 10 Hz as shown in Fig. 9. It can clearly
be seen that the median value of the noise is only slightly
increased for the superlattice FinFETs compared to the
reference device architecture, although there is a higher
spread in the data.
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Fig. 8. Arrhenius diagram for the time constants of the GR noise
component used to determine the activation energy of the trapping levels
in superlattice devices [9].
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Fig. 9. Flat-band voltage noise PSD at 10 Hz and linear operation for
standard and superlattice 1 m I/O n- and pFinFETs. The horizontal
solid lines are median values.

IV.

CONCLUSIONS

It has been shown that the 1/f noise PSD of I/O
pFinFETs with 3.5 nm ALD SiO2 is significantly reduced
after a post-deposition high-pressure deuterium anneal at
400 oC. This is mainly related to the reduction of the series
resistance noise. The n-channel counterparts show little
impact of the HP annealing on the flat-band voltage noise
PSD, while in strong inversion suppression of the access
resistance noise could be found for some devices. For
Si/SiGe superlattice devices the presence of traps in the
depletion layer impacts the low frequency noise of Si/SiGe
superlattice devices. Although there is a higher spread in
the noise from device to device compared to standard I/O
devices, there is only a limited impact on the median lowfrequency noise values.
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