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In this paper, UTBOX nMOSFETs with different gate dielectrics have been studied based on their low-
frequency noise (LFN) performance. Since LFN measurements have been successfully used as a character-
ization tool for determining the quality of the films, here, we have investigated the dielectric films used in
state-of-the-art UTBOX devices in order to evaluate their performance and to identify the type of traps
possibly introduced during the device processing.

High-k gate dielectric devices have shown predominantly 1/f noise with a two-order of magnitude
higher value than the conventional SiO, ones which, consequently, results in higher density of traps in
those devices. The carrier number fluctuations dominate the 1/f noise for both front and back interfaces.
Due to the thin silicon film thickness there is a strong electrostatic coupling between front and back inter-
faces that interferes in the noise results as well as in transistor parameters. A contribution of the back
interface noise source of about 14% on the measured noise in the front channel conduction was found,
while the contribution of the front interface noise source is about 22% on the measured noise in the back

channel conduction.

The generation-recombination (GR) noise performed at different temperatures has enabled the identi-
fication of 6 types of traps and 2 unknown ones, being originated from the dry-etching or implantation

damage.

1. Introduction

The advent of the 16 nm technology node and below has
demanded the appearance of new devices based on different struc-
tures, materials and designs in order to achieve the performance
specifications. In these terms, there is a growing interest in the
fully depleted (FD) ultra-thin buried oxide (UTBOX) technology
because of its superior characteristics reported in literature [1,2].
The very thin BOX provides an extra control of the short channel
effects due to the higher electrostatic coupling between gate and
channel. Moreover, the threshold voltage can also be controlled
by applying a back bias voltage, becoming more significant if
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combined with a ground plane (GP) implantation that suppress
the depletion under the BOX [3-6]. Besides it has been reported
that a BOX thickness of around 10 nm is necessary to avoid high
bias values at the back channel [7]. Another interesting aspect
about FD UTBOX technology is the non-intentionally doped
channel that offers several advantages in terms of suppression
of dopant-related variability [8]. Lately, these devices have been
applied as one-transistor dynamic random-access memory
(1T-DRAM) cells [9,10] where one of the main concerns is related
to the charge retention time that is affected by defects present in
the silicon and the dielectric layers. Because of that, a good
process control to avoid the occurrence of defect-related carrier
generation-recombination (GR) is required [11,12]. One way to
characterize the defects present in the devices is based on the
low frequency noise (LFN) analysis which is a non-destructive
characterization tool that gives information about the quality of



the gate oxide, the silicon/dielectric interface and Si film.
Measurements at different temperatures allow to perform a noise
spectroscopy that provides information on the nature of the
traps [8,13]. It is well known that high-k dielectrics have been
widely applied in state-of-the-art devices. Although they allow
the gate leakage decrease compared to the thin silicon dioxide
(Si0y), it is also known that high-k materials suffer from increased
noise behaviour due to the higher number of traps and a poorer
interface quality [14-16]. Consequently, understanding the LFN
in these devices is an important way to assess the device quality
and to optimize the processing steps for less defects.

The aim of this work is to investigate the low frequency excess
noise sources (1/f and Lorentzian spectra) versus temperature as a
diagnostic tool in order to characterize the traps present at the
front (and back) gate oxide/Si film interface and in the depletion
area (Si film) of these advanced n-channel UTBOX devices, compar-
ing different gate dielectrics.

2. Device description and methodology

The tested devices were processed at imec in 300 mm fully
depleted (FD) ultra-thin buried oxide (UTBOX) wafers. In the first
section, the measured devices present a BOX thickness of 18 nm
and a silicon thickness (ts;) of 6 nm (after the device processing).
Two wafers were compared, differing from each other only by
the gate stack: a conventional silicon dielectric (5 nm thermal
SiO, + Poly) and a high-k one (1.5 nm ISSG + 4.2 nm HfSiO + 5 nm
TiN + 2 nm Si-cap, resulting in an EOT = 2.6 nm). Different dies
are measured in order to check the variability along the wafer
but the device dimensions are kept the same, 70 nm channel
length and 1 pm channel width. More process details can be found
in [17]. The noise measurements have been performed using the
BTA system controlled by the NoisePro software from ProPlus
Design Solutions, Inc. while the DC characterization is performed
on the same devices using the HP-Agilent 4156C system. The
devices have been measured at room temperature along the verti-
cal diameter of the wafer and in linear operation (drain voltage
Vps = 0.05 V), with the front (Vs) or back gate voltage (Vgp) stepped
from weak to strong inversion. The front-channel noise was mea-
sured with V=0V and the back-channel one at V5=0V. The
noise spectra of the studied devices present pure 1/f noise in the
low frequency range; this allows to estimate the 1/f noise level
at fixed frequency of 25 Hz.

In the second section, the UTBOX devices are fabricated using
the same technology, but are issued from a different lot than those
proposed for the study in the first section. Different gate lengths
(from 55 nm up to 935 nm) have been analysed with a fixed gate
width (1 pum), the equivalent gate oxide thickness (EOT) of the
high-k dielectric (1.5 nm SiO, +2.5 nm HfSiO with 60% Hf) is
2.6 nm and the BOX thickness about 10 nm. Further processing
details are presented in [18]. The low frequency noise measure-
ments were performed directly on wafer-level using a “Lakeshore
TTP4” prober. The noise measurements have been made using
two low noise DC voltage sources which allow biasing the devices
by choosing the Vs and Vps voltages, an I-V converter and a low
noise voltage amplifier. An HP3562 spectral analyser was used to
obtain the noise spectral density between 10 Hz up to 100 kHz.
The measuring set-up allows also to measure the total dynamic
resistance between drain and source r; and the transconductance
gm over the same frequency range by applying a small signal at
the source and gate nodes, respectively. Noise is calculated at the
input of the device by dividing the measured noise voltage by
the square of the measured voltage gain between the gate and
the output and this for different applied gate voltages avoiding
the set-up bandwidth. The noise spectra of the studied devices

contain GR contributions even for frequencies lower than 100 Hz.
In order to properly extract the noise parameters, in particular
the Lorentzian and 1/f contributions, the frequency dependence
of the different contributions that can occur in the total noise spec-
tral density at the input of the devices was considered. At room
temperature, the front (back) gate noise was investigated as a func-
tion of the front (back) gate voltage Vis(Vps) for a fixed Vs =0V
(Vs = OV). The coupling between the two interfaces was taken into
account. The front gate noise measurements were performed from
room temperature down to 80K (with 10K step), keeping the
drain current constant at Ip = 9 pA, in order to investigate the traps
present in the device structures.

3. Experimental analysis
3.1. Low frequency noise (LFN) in SiO, and HfSiO gate dielectrics

In this section, hafnium silicate (HfSiO) gate dielectric devices
are confronted to the conventional silicon dioxide (SiO,) ones in
order to evaluate the low frequency noise performance and to
establish a correlation with the main transistor parameters.

Initially, the threshold voltage (Vi) and the low-field electron
mobility (x,) are analysed in both types of splits. Table 1 shows
these values found for six samples extracted from different posi-
tions along the wafer diameter and based on the Y-function
method [19]. Front and back channels are analysed due to the
strong coupling between the two interfaces. The V;, variation is
due to local silicon film thickness variation combined with possibly
different effective channel lengths along the wafers [17]. One can
also observe that the mobility values scatter around the average
point of 60.7 cm?/Vs for the SiO, split and 37.8 cm?/V s for the
high-k one, underlining that conventional SiO, devices present
higher electron mobility with an increase of around 40%. Moreover,
the back-channel mobility of the high-k wafer is also better than
the front side of the same devices while the SiO, split presents a
poorer back performance mainly due to the thickening of the
BOX during the shallow trench isolation (STI) processing.

No correlation has been found between the front and back
channels threshold voltage unlike the mobility values as presented
in Fig. 1. A linear trend can be noticed mainly for high-k transistors
which mean that each interface affects the other due to the cou-
pling between them.

The current-noise spectral density (S;) for the front and back-
channels are presented in Figs. 2 and 3, respectively, where the
samples of each dielectric at the same overdrive voltage (Vsr = Vigs—
Vi, and Vgr~ 0V) are compared. One can notice that the noise
level is approximately the same in both front and back-channels.
This can be associated to the interference of one channel on the
other. As the back-channel consists of thermal-SiO, similar values
in both types of wafers are expected. However, high-k devices
present a back-channel noise level almost two orders of magnitude
higher than the conventional dielectric samples. Pure 1/f behaviour
can be observed for all devices for frequencies lower than 100 Hz.
The occurrence of generation-recombination (GR) noise appears in
the back-channel analysis of the two SiO, samples. This GR noise is

Table 1
Average and range of variation of Vy, and w, obtained for the two studied wafers.

Threshold voltage (V) Low-field mobility (cm?/V s)

Average Range Average Range
SiO, Front 0.15 0.09-0.18 60.7 33.3-70.0
Back 0.34 0.32-0.36 49.9 27.2-53.6
HfSiO Front 0.81 0.79-0.83 37.8 21.0-45.8
Back 4.86 4.77-4.99 62.5 47.3-84.5
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Fig. 1. Front versus back-channel mobility for the two splits. A linear tendency is
observed and demonstrates a correlation between front and back mobility.
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Fig. 2. Current noise PSD versus frequency for high-k and SiO, wafers for the front-
channel. GR noise contribution is represented by square and triangle symbols.
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Fig. 3. Current noise PSD versus frequency for high-k and SiO, wafers for the back-
channel. GR noise contribution is represented by square and triangle symbols.

induced by deep energy levels in the silicon film, as shown by sym-
bols in the spectra of Fig. 2 and Fig. 3.

The 1/f noise levels were estimated at fixed frequency (i.e.
25 Hz). According to the normalized spectral density (S;/Ips?), rep-
resented by Fig. 4 (front-channel) and Fig. 5 (back-channel), a pla-
teau can be observed in weak inversion followed by a dropping off

at the threshold voltage and in strong inversion, indicating that the
LF is due to carrier number fluctuations [16] (see Fig. 5).

Fig. 6 presents the input-referred noise (S,.) PSD for the front
(a) and back (b)-channels, comparing the two dielectrics. As
expected, the use of a high-k dielectric induces an increase of the
trap density in the oxide layers and results in a degraded interface
profile [15]. The S,. values are about one order of magnitude
higher for high-k devices at both interfaces (front and back-chan-
nels). Two points have been highlighted to indicate the occurrence
of GR noise in the SiO, split. Except by these points the spectra of
the samples are predominantly 1/f’like (y ~ 1) which means the
noise is related to the oxide traps, thus an average S, values can
be obtained that will be used later to estimate the interface trap
density. The front-channel average values correspond to
2.5 x 107°V?[Hz and 1.5 x 10"'°V2/Hz while the back-channel
presents 2.3 x 1078 V?/Hz and 1.0 x 10s~° V?/Hz for the high-k
and SiO, wafers, respectively.

The correlation between back and front-channel S, is pre-
sented in Fig. 7. Except for two devices where GR noise dominates,
a correlation between noise at the back and front channel is
observed as already mentioned in the mobility analysis. However,
the correlation is less clear and should be validated by other
experiments.

Based on the average values of the 1/f noise levels, the oxide
trap density (N,¢) can be determined according to Eq. (1).

q*KTN,y;

T WIfCa M

Vs

with g the elementary charge, kT is the thermal voltage, f is the fre-
quency (25 Hz), «=10% cm~! is the tunnelling attenuation coeffi-
cient in SiO, and G,y is the oxide capacitance per unit of area.

As a result, the density of traps for high-k devices are more than
two orders of magnitude higher compared to the SiO, ones. The
estimated values are about 7.1 x 10'° and 2.2 x 10"¥¥ cm ™3 eV~!
for front and back channels, respectively, while the SiO, split pre-
sents 1.7 x 10'7 and 9.5 x 10'® cm~3 eV~! for front and back chan-
nels, respectively.

Fig. 8 shows the correlation between input-referred noise PSD
and low-field mobility for the front-channel. Although there is no
correlation between these parameters when the back-channel is
analysed, the front channel shows that a higher mobility is associ-
ated with a lower noise level, i.e., a linear behaviour mainly for the
high-k dielectric nMOSFETs. Such behaviour has been already
reported in [20] and can be explained based on the Coulomb scat-
tering of the charged oxide traps according to 1/itsc ~ ¢scGNo¢, With
Ny incm—2. Considering the average values of the front-channel uy
and N, an energy interval of 4kT (~0.1 eV) and a tunnelling depth
of ~2nm, the scattering parameter, o, is 1.2 x 10°V s/C and
2.3 x 107 V s/C for front and back channels of the high-k devices
while the SiO, wafer presents . equal to 3 x 10® V s/C for front
and 6.8 x 108V s/C for the back channel.

3.2. Excess noise study in UTBOX devices with HfSiO gate dielectrics

Typical frequency normalized front interface noise spectral den-
sity is illustrated in Fig. 9. It can be observed that the noise behav-
iour in the studied devices can contain G-R contributions, even for
frequencies lower than 100 Hz. In order to perform the low fre-
quency noise spectroscopy, one should estimate the plateau value
and the characteristic frequency of each Lorentzian contribution.
Moreover, the estimation of the 1/f noise contribution in the total
noise by taking into account the noise at fixed frequency (i.e.
25 Hz) could lead to overestimations because of the G-R contribu-
tions. One issue method is to take into account the frequency
dependence of the different contributions on the total noise
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spectral density at the input of a MOS transistor, which can be
expressed as in the following equation [21]:

N N
Svc(f):B+ij—{+ZL2. (2)
)

where B is related to the white noise level, K¢/f” presents the flicker
noise (the frequency exponent y may deviate from 1 if the trap den-
sity is not uniform in depth), and the third term of the equation pre-
sents a sum of Lorentzian components, with A; the plateau value
and fy; the characteristic frequency. Assuming contributions of
these three noise sources, the observed noise spectra can be per-
fectly modelled by Eq. (2) as shown in Fig. 9. By using plots in which
the frequency normalized noise spectral density versus frequency is
represented, one can identify the different noise parameters. This
technique has been successfully applied for the noise parameters
extraction in advanced MOSFET devices [22-23].

3.2.1. 1/f noise at room temperature

The extracted 1/f noise levels for the front interface is noted Ky
and K, for the back interface. In the case of 1/f noise is governed by
the carrier number fluctuations, a more in-deep analysis can be
made, taking into account the coupling effect on the front and
back-gate input gate voltage 1/f noise. For fully depleted SOI
devices, in [24,25] is proposed an analytical model, based on [26]
that takes into account the coupling expressions derived in [27].
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Fig. 9. Modelling of a noise spectrum using Eq. (2).

This model assumes that the noise sources are related to fluctua-
tions of the front and back flat- band voltages, and if one channel
is activated, the opposite channel is in depletion or weak inversion
mode. Then, the coupling effect on the front and back interface

input voltage noise (Sve, andSVGZ) can be described by:
SVGI = SVFBI + C%SVFBZ
SV52 = C%SVFBI + SVF82

G3)

where Sve,, are the voltage spectral density in the flat-band opera-
tion for the front and the back interface defined in Eq. (1) and ¢y,
are the front (back) coupling effect parameter defined as:

SN 4
Coxl 2 (1 + #)

0xy 1

Ci2 =

where Cs;, Cor, and Coy, are respectively the capacitances of the bur-
ied silicon film, the front and the back interfaces.

It can be simply derived that the parameters Ky and Kp, repre-
sent the input 1/f voltage noise Sve, and Sv,, at 1 Hz. The front gate
1/f noise level Kp is extracted from the total noise by varying the
front gate voltage overdrive while the source and substrate are
grounded; the back gate 1/f noise level Kp, is extracted from the
total noise by varying the back gate voltage overdrive while the
source and the front gate are grounded; for all measurements,
the drain potential is maintained at 50 mV. The values of the C;
and C,,, capacitances and the coupling coefficients c;, of these
devices are summarised in Table 2.

The extracted Ky, and Kj, levels for the front and back interfaces
are shown in Figs. 10a and 10b, respectively. For lowest applied
front gate voltage overdrives (and for lowest applied back voltage
overdrives Vgr= Vps—Vy) the 1/f levels Ky and Kj, are quasi-con-
stants. This feature clearly indicates that carrier number fluctua-
tions due to carrier trapping in the oxide layer dominate the 1/f
noise [28]. The increase of the noise in strong inversion could be
explained by the access resistance contribution to the 1/f noise.
Considering uncorrelated noise sources in the channel and the
source/drain regions, the total low frequency noise can simply be
obtained by adding to the channel noise the contribution of the
excess noise originating from the access region. In linear region
of operation, assuming that the drain and source access regions
are symmetric, the total voltage noise spectral density can be sim-
plified as Eq. (5) [29-31]:

KrlZ rgccess i (5)

2 2 :
f 2r712 &y

2
SVGI 2 = (1’112 — Taccess) (SV)channellz

where the subscripts 1 and 2 are related to the front interface and to
the back interface, respectively; rr is the dynamic total resistance
between source and drain, rgqess is the dynamic access resistance,
K. is the access resistance noise level, Ip is the drain current and
gm the transconductance.

The K and Kp, behaviours with the applied gate overdrive and
back gate overdrive, respectively, can be well modelled by Eq. (3).
This suggests that the access resistance noise contribution explains
the increase of the noise in strong inversion for both interfaces. It
should be observed that the access resistance noise level K, is
higher for the front channel compared to the back channel ones.

The extraction of the front (back) spectral density in the flat-
band operation can then be performed using Egs. (3) and (4) and

Table 2

Csi, Cor,, and the coupling coefficients ¢, , for the studied devices.
GCsi (F/mz) Coxs (F/mz) Cox, (F/mz) C1 C2
6.58 x 1073 13 x 1073 343 x 1073 17.4 x 102 1.26
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the technology parameters for the studied devices, summarized in
Table 2. The slow oxide trap densities of the front oxide N¢; and of
the back oxide Ny can be extracted using Eq. (1). The obtained
values are reported in Table 3:

It can be observed that the contribution of the back interface
noise source is about 14% on the measured noise in the front chan-
nel conduction, while the contribution of the front interface noise
source is about 22% on the measured noise in the back channel
conduction. A similar contribution was observed for all investi-
gated samples with 85 nm effective channel lengths, for which
Ny were found in the range of 7-12 - 10'8 (cm—3 eV—") while Ny,
was in the range of 2-6 - 10'® (cm 3 evV1).

3.2.2. Noise spectroscopy

In general, the Lorentzian component of the noise spectra can
originate from traps located in the dielectric, at the interface
dielectric/semiconductor or in the depletion zone. Random tele-
graphic signals (RTS), which are commonly attributed to individual
carrier trapping at the silicon-oxide interface, can also be observed

Table 3
Example of noise parameters for devices with Ley= 85 nm.

SV, (V2) Sve, (V?)

41x1078 3.1x 1077

Ny (cm™3eV1) Ng (cm™3eV1)

11 x 10" 6x 10'8

in small area devices (<1 um?). In this work, we will focus only on
traps in the depletion region. According to [13], for a fixed temper-
ature operation, if the characteristic frequency of a Lorentzian does
not change with the applied gate bias, this Lorentzian can be
assigned to a trap located in the depletion film. In this case the
characteristic frequency should vary with the temperature. Only
Lorentzians which satisfy these two conditions were taken into
account. Fig. 11 illustrates an example of the frequency normalized
noise spectral density versus the temperature, from which temper-
ature variations of the characteristic frequency with the tempera-
ture can be observed.

In frequency normalized noise spectral density versus
frequency plots, the Lorentzian contributions will exhibit bumps
centred at their characteristic frequencies (Fig. 9). The front gate
voltage spectral density SVG,,,, of a trap located in the depletion area
can be expressed as:

SV (f) _ quWdNT‘[ 1 )
Slor WLC, 1+ (2nfr)?

(6)

where B is a coefficient estimated to be 1/3 [32,33]; Nris the density
of the trap in the silicon film; Wy is the silicon film depletion depth
(in our case the depletion depth is equal to the buried silicon film
thickness ts;) and 7 is the relaxation time constant.

For each Lorentzian characterized by its plateau level A;

2 . . .
(deﬁned as A = %r,) and its characteristic frequency f,;
N

one can associate a trap density Ny of time constant t; (t; defined
as 1/(27f,;)). According to [13], the variation of the characteristic
frequency f,; as a function of the temperature can be equated as:

3
In(tT?) = Ee—Er y h . (7)

kT 4ka,y/6m3Mm;? m,*f/z

where h is the Planck constant; m;, m; are the effective mass of
electrons and holes respectively and M, is the number of conduction
band energy minima.

From the slope and the y-intercept of the evolution of In (tT?)
versus 1/(kT) one can extract the energy difference between the
appropriate band energy and the trap energy (i.e. AE = Ec—E7) and
the electron capture cross section o, of the trap, respectively.
The physical nature of these traps can be identified by comparing
the energy and capture cross section of the traps with data in the
literature.

A typical Arrhenius diagram is plotted in Fig. 12. In this exam-
ple, 6 kinds of traps can be clearly identified: divacancies V,(+/0)
and V,(—/-) [34-36], interstitial boron-interstitial-oxygen complex
(B;O;), interstitial boron substitutional-boron complex (B;Bs)
[34,36], interstitial carbon-interstitial-oxygen complex (C;0;) and
vacancies-phosphor (VP) [36-38]. In addition of these, 2 unknown
traps were evidenced.

The evolution of the Lorentzian plateau A; versus t; (A; and t;
associated to the same trap) should be linear. This is verified for
all observed traps; an example is shown in Fig. 13. From the slope
of A; versus t;, the trap density Ny of each trap in the silicon film can
be estimated. In order to make no assumption on the B coefficient,
which was estimated at 1/3 for a bulk planar single gate transistor
[33,39] from the evolution of the A; versus T; the effective trap den-
sity, defined as Ney= BNrTs;, was extracted. The extracted effective
trap densities of each trap for this example are summarized in
Fig. 14. It can be observed that the obtained values of the effective
traps densities are almost 2 order of magnitude lower compared to
other non-intentionally doping channel technologies [12].

For all the investigated n-channel UTBOX devices with effective
channel of 85 nm 6 kinds of traps were clearly identified: divacan-
cies V,(+/0) and V,(—/-), interstitial boron-interstitial-oxygen
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Fig. 11. Example of the front gate voltage frequency normalized noise spectral density versus temperature for a UTBOX nMOSFET with effective gate length of 85 nm: (a) for
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arrows) which are then assigned to traps located in the fully depleted film.
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Fig. 14. Trap densities extracted from the evolution of the Lorentzian plateau A;
versus the time constant t; for these UTBOX device with an effective gate length of
85 nm.

complex (B;0;), interstitial boron-substitutional-boron complex
(BiBs), interstitial carbon-interstitial-oxygen complex (C;0;) and
vacancies-phosphor (VP). All the studied structures have received
a boron halo implantation (used to reduce the short channel
effects). This may explain the presence of the traps related to
boron. The traps related to phosphor may also be related to the
HHD implantation. The presence of divacancies could be explained
by the recombination or the evolution to a stable state of the
unstable defects like Frenkel pairs, which could be generated dur-
ing the implantation. A possible carbon contamination due to the
SiC liner deposition step can explain the traps related to carbon.
One can notice that a variety of traps are reported in the literature.
Most likely, they may originate from the dry-etching or implanta-
tion damage. The number of observed traps is important: this may
be due to the relatively low value of the pure 1/f noise and the
advanced technology used to process the devices.

4. Conclusions

In this paper we have compared UTBOX nMOSFETs with differ-
ent gate dielectrics through their low frequency noise perfor-
mance. A poorer oxide quality has been found mainly for HfSiO
devices compared to the SiO, ones, which resulted in a degraded
low-field mobility. Moreover, high-k devices have shown higher
Coulomb scattering and also higher oxide trap density as expected.
A linear trend has been found between front and back S, for both
type of dielectrics, emphasizing the influence of the strong electro-
static coupling between front and back channels for thin silicon
film technologies.

The carrier number fluctuations dominate the 1/f noise for both
front and back interface considering the different dielectric sam-
ples studied in this work. In strong inversion, the access resistance
noise contribution in the total 1/f noise prevails. It was found that
the access resistance noise level is higher for the front channel
compared to back channel. Taking into account the contribution
of both interfaces the interface trap densities were estimated.
The quality of the front and back gate oxide interfaces was evi-
denced by the relatively small values of the oxide trap densities.
Moreover, for all investigated devices, the contribution of the back
interface noise source is about 14% of the measured noise in the
front channel conduction, while the contribution of the front inter-
face noise source is about 22% of the measured noise in the back
channel conduction.

The analysis of the temperature evolution of the Lorentzian
time constants allowed to identify traps in the silicon film. For
all the investigated n-channel devices, 6 kinds of traps were clearly

identified and 2 kinds of unknown traps have been frequently
observed. However, most likely, they can originate from the
dry-etching or implantation damage.
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