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ABSTRACT

The aim of this study is to analyse the excess low frequency noise from 100 K up to room temperature in
p-channel triple-gate standard and strained FinFET transistors fabricated on silicon on insulator (SOI)
substrates. The low frequency noise measurements as a function of temperature can be successfully used
as a non-destructive device characterisation tool in order to evaluate the quality of the silicon film and to
identify traps induced during the device processing. Several identified traps which can be related to
boron and carbon, in particular for strained substrate devices, were observed.
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1. Introduction

The continuous downscaling of devices requires new materials,
structures and design in order to achieve the ITRS [1] specifica-
tions. It is already known that the multi-gate FinFETs are consid-
ered as strong contenders for the nano MOS device structures,
mainly because of the 3D geometry, which through a better elec-
trostatic control of the gate over the conduction channel leads to
an improved control of the short-channel effects and provides an
enhanced mobility due to the undoped channel. Using strain engi-
neering techniques, an enhancement of the electrical performances
of FinFETs can be achieved without adding major process com-
plexity. Concerning the channel architecture, the carrier mobility
improvement can be obtained by the use of biaxial strain (sSOI)
or of uniaxial strain, implemented by contact etch stop layers
(CESL) [2,3]. For the source and drain regions, the implementation
of SiGe realized by selective epitaxial growth (SEG) leads to a
reduction of the access resistances [4].

The low frequency noise (LFN) analysis has been proposed as a
non-destructive diagnostic tool in order to evaluate the quality of
the gate oxide interface and of the depleted silicon film [5-9].
The evolution of the low frequency noise with the applied gate
voltage at different temperatures was already studied for p-
channel standard and strained SOI FinFETs with the aim to investi-
gate the quality of the gate oxide interface through the 1/f noise
analysis [10].

The study of the generation-recombination (G-R) noise, corre-
sponding to a Lorentzian type of spectrum, allows to carry out the
so-called low frequency noise spectroscopy, when performed as a
function of temperature at fixed biasing, and provides information
on the nature of traps located in the depletion region of the device
[11]. In this work, the study is focused on the G-R contribution in
the total low frequency noise versus the temperature in order to
investigate the quality of the depleted Si film (fin) of p-channel
standard and strained SOI FinFETs.

2. Experimental

The studied devices are p-channel triple-gate FinFETs processed
at imec in a 32nm SOI technology with standard and



strain-engineered channels. The tested devices have five fins in
parallel, with a fin width (W) of 25 nm and a fin height (Hgiy,)
of 65 nm and a fixed mask length (L¢) of 1 pm. The gate oxide con-
sists of a high-k dielectric (HfSiON) on top of the 1 nm interfacial
SiO,, resulting in an equivalent oxide thickness (EOT) of 1.5 nm;
the metal gate consists of 10 nm TiN covered by 100 nm polysili-
con. The devices are on standard SOI substrates (SOI) and on biaxial
globally strained silicon films (sSOI); these substrates can be com-
bined with uniaxial local strain (CESL) and/or using SEG in the
source and drain regions.

Low frequency noise measurements were performed directly at
wafer-level for temperatures from 100 K up to room temperature
by a step of 10K using a 2in. Lakeshore TTP4 prober. The
experimental noise set-up, which allows to bias the devices by
choosing the Vps and Vs voltages, consist in an I to V converter, a
low noise voltage amplifier and a HP3562A spectral analyser which
is used to obtain the noise spectral density from 1 Hz to 100 kHz.
The set-up allows to measure the small signal parameters: the total
dynamic resistance between drain and source (r;), defined as

alp

(r) ' = Wosly and the transconductance (g,,) over the same

Gs=const.

frequency range by applying a small signal at the source and gate
nodes, respectively. The measurements were performed at fixed
Vps = —20 mV and Vs was adjusted in order to keep a fixed drain
current (|Ip| = 1 pA) over the whole temperature range. Noise is cal-
culated 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, cancelling the set-up bandwidth limitation.

3. Low frequency noise spectroscopy - identification of traps
located in the depletion region

3.1. Theory

The Lorentzian type of spectra associated to generation-
recombination phenomena (trapping and detrapping) are related
to processes of capture and emission of free carriers by single time
constant traps, which can be located at different regions of the tran-
sistor structure. For conventional (planar and with one gate) tran-
sistors these traps can be situated: in the dielectric layer or at the
interface channel/dielectric or in the silicon depletion region. For
devices having a gate active area lower than 1 um?, random tele-
graphic signals (RTS), which are commonly attributed to individual
carrier trapping at the silicon-oxide interface, can be observed.

For generation-recombination phenomena, the noise spectral
density of carrier number fluctuations 6Sy(f) for a trap of energy
E7, with a trap density N in the case of a single time constant
is described by the formula [8,11]:

3Su(f) = Ne(En)f o (En[1 — f(Ep)] —

1+ (2nfr)*

where f{Er) is the Fermi-Dirac function, and f{(E7)[1 — f{(E7)]
expresses that only the traps close to the Fermi energy level par-
ticipate to the G-R fluctuations.

Thereafter, we briefly present the noise model of G-R due to
traps located in the depletion region of the transistor, which,
according to the theory developed in [6] leads to Lorentzians for
which the characteristic frequency does not change with the
applied gate voltage. In this case, the total spectral density of the
carrier number fluctuations is obtained by integration of Eq. (1)
over the gate active surface, which is defined by the product of
the effective length (L) and the effective width of the inversion
channel and can be expressed as [12]:
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where N is the effective (surface) density of the traps.

In the ohmic operation regime, the drain current is proportional
to the number of carriers; the expression of the gate voltage spec-
tral density is then given by the relation [12]:

SV (f) _ qzdeTT,‘ 1
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For each Lorentzian G-R type contribution to the total noise one can
associate a surface (effective) trap density (Negy) or a volume trap
density (Ny) and a time constant defined as 1/(2nfy;). The
relationship between Ny and Nr is given by: Negs= BN{Wy where B
is a coefficient estimated to be 1/3 [12,13] and
Wy = \/4eoesikT In(Na/n;)/(q2N,) is the silicon film depletion depth,
n; is the intrinsic carrier density, Ny is the silicon film doping con-
centration, ¢ is the permittivity of vacuum and eg; is the relative
silicon permittivity.

Each Lorentzian contribution is characterised by a plateau level
A;, defined as:
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Eq. (4) indicates that, for traps located in the depletion region of the
transistor, the evolution of the Lorentzian plateau A; versus 7; (A;
and 1; associated to the same trap) should be linear. As the fin width
(WHin) for the studied devices is very small (i.e. 25 nm), the deple-
tion zone of the FinFET transistor can be assumed to be
Wa = Win/2.

The variation of the characteristic time constant 7; (associated
to the same trap) as a function of the temperature allows to plot
an Arrhenius diagram; according to [11] one can write:

3
ET_EV+1n h ) (5)

kT 4% 6,/ 6m3M m 2 m;

where h is the Planck constant; m.*, my* are the effective mass of
electrons and holes, respectively, and M. is the number of conduc-
tion band energy minima.

From the slope and the y-intercept of the evolution of In (;7%)
versus 1/(kT) one can extract the energy difference between the
appropriate band energy and the trap energy (i.e. AE=Er— Ey)
and the capture cross section o, of the trap, respectively.
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Fig. 1. Typical gate voltage noise spectral density normalized by the frequency.
Using the model of Eq. (6), white noise, flicker noise and two Lorentzian
contributions are considered to obtain the best fit between the experimental noise
and the model.



3.2. Experimental methodology

Fig. 1 illustrates an example of the gate voltage noise spectral
density normalized by the frequency for a standard SOI device at
240 K.

Considering white noise, 1/f and Lorentzian contributions, the
total low frequency noise can be written as:

st(f>:Bw+j’f—{+2i”zoA7. (6)

i
1+ <ff7)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 gate
oxide trap density is not uniform in depth), and the third term of
the equation presents a sum of Lorentzian components, with A;
the plateau value and fp; the characteristic frequency. Assuming
contributions of these three noise sources, all the observed noise
spectra can be perfectly modelled by Eq. (6) as shown in Fig. 1. By
using plots in which the frequency normalized noise spectral densi-
ty versus frequency is represented, one can identify the different
noise parameters, in particular the plateau A; and the characteristic
frequency fo; values of the different Lorentzian contributions.

In Fig. 2 are plotted the time constant t; estimated from noise
measurements performed at room temperature as a function of
the applied gate bias. It can be observed that there are three
Lorentzian contribution categories: one which is characterised by
the fact that the characteristic time constant does not change with
applied gate bias; another for which the characteristic time con-
stant decreases with increasing applied gate bias; also some
Lorentzian contributions in strong inversion can be correlated with
a random telegraph signal (RTS) noise mechanism [14] which is
confirmed by the behaviour of the drain current in the time domain.

The traps located at the oxide dielectric/channel are charac-
terised by a continuous distribution of their levels over the energy
depth [15]. Then, if the gate bias varies, the Fermi level also varies
and it scans traps of different nature. The characteristic time con-
stant of the Lorentzian decreases with the gate voltage increasing.
The dependence of t; with the applied gate voltage overdrive
(Ver= Vg — V1, where V7 is the threshold voltage) is according to
the law exp (—BcrVer), with a e of 29 V™! (Fig. 2). This value is
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Fig. 2. Characteristic time constant evolution with the applied gate voltage
overdrive for a standard device at 290 K. A time constant independent of the gate
voltage overdrive is correlated to traps located in the Si film; a time constant
depending exponentially on the gate voltage overdrive (with an exponential
coefficient of about 29 V™) is correlated to traps located at the gate dielectric/Si
film interface; two RTS contributions are confirmed by the evolution of the drain
current in the time domain representation. For a gate bias close to the threshold
voltage (close to the |Ip| = 1 pA) only time constants related to traps located in the Si
film are observed.

close to the values reported in the literature for G-R noise at the
Si/SiO, interface (channel/interface layer) [12].

The traps located in the depletion region are traps with discrete
and unique deep energy levels. The Fermi level changes with the
applied gate bias. Since the energy level of the trap is discrete
and unique, the Fermi level scans the same traps (but for increas-
ing depth in the depletion zone). The characteristic time constant
of the Lorentzian associated with this trap does not change with
gate bias variation [6]. Similar trends were observed for all the
investigated devices: the RTS contributions and the G-R noise
which can be related with traps located at the gate dielectric/Si
interface appear in particular in strong inversion. As the measuring
set-up permits a very good control of the drain current, all the
noise measurements were performed in moderate inversion at a
fixed drain current |Ip| = 1 pA.

At different temperatures, noise measurements as a function of
the applied gate voltage were performed, as in [10]. This permits to
put in evidence, for a fixed temperature operation, Lorentzian con-
tributions which can be assigned to traps located in the depleted
fins. In this case the characteristic frequency should vary with tem-
perature [11]. This study considered only Lorentzians which satisfy
these two conditions.

Fig. 3 illustrates an example of the frequency normalized noise
spectral density versus the temperature, from which variations of
the characteristic frequency with the temperature can be observed.
For each Lorentzian originating from traps in the depletion region,
the characteristic frequency f,; and the plateau value A; were
extracted using the model of Eq. (6).

The physical nature of these traps can be identified by compar-
ing the energy and capture cross section of the traps, which are
estimated from the slope and intercept of the Arrhenius diagrams
(Eq. (5)), with data in the literature.

One method to estimate the density of traps located in the
depletion region is the use of Eq. (4), for each Lorentzian plateau
[16]. However, from Eq. (3), one can observe that

SV, f,T) a%. For a given frequency fo, if 27fot{T) > 1,

Svgy (fo, T) 7(T)"" and Svg,. (fo, T) increases with increasing tem-
pere;ture because T; décreases. If 2nfer(T) <1, then
Sveor, fo, T) o Ti(T) and Sy, (fo, T) decreases with increasing tem-
perature. This means that the measured Sy, (fo,T) dependence
with temperature passes through a maximum., The density of the
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Fig. 3. Typical frequency normalized gate voltage noise spectral density evolution
with the temperature, from 100 K up to room temperature, using a step of 10 K, for
a constant applied bias of |Ip| = 1 pA, in the case of a SOI structure with a gate length
of 1 um.
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Fig. 4. Example of an Arrhenius plot for a standard SOI pFinFET. Three traps located
in the Si film are identified.

traps (which includes B = 1/3) can then be estimated as in the fol-
lowing expression [12,17]:

B 127 [stlnri (.va T)] maxfngXwL

A W 7

4. Results and discussion

A typical Arrhenius diagram for a standard SOI device is plotted
in Fig. 4. Three traps can be clearly identified: - one which is acti-
vated from 250 K up to 290 K and can be related to hydrogen (V,H)
[18]; the second one which is activated from 200 K up to 250 K and
is related to the interstitial carbon - interstitial oxygen complex
(Ci0;) [19,20], and the last one which is activated from 140 K up
to 180 K and could be related to interstitial boron (B;) [20,21].

Fig. 5(a-c) shows examples of the Arrhenius diagram and of the
identified traps for standard and strained devices.

The traps related to hydrogen may be present due to hydrogen
residues after annealing. Diffusion from the highly boron doped
source and drain regions may explain the presence of an important
number of identified traps related to boron. A contamination due
to the SiC liner deposition step can explain the important number
of traps related to carbon. The presence of the divacancies (V-P)
could be caused by the evolution to a stable state of the unstable
defects like Frenkel pairs, which could be generated during the
implantation. The nature of one trap was not identified in the case
of a strained device (sSOI + SEG + CESL). However, it may be related
to the dry-etching or the implantation damage processes.

Using the methodology of Eq. (7), the associated volume trap
densities Ny can be estimated from the evolution of SVG,,,,, (fo,T)

with the temperature at fixed frequency. As expected, a bell-
shaped behaviour can be observed in Fig. 6, showing the evolution
of Sy, (fo.T) - fo associated to the hydrogen trap, for a fixed fre-

quency fo of 30 Hz. The evolution of the characteristic frequencies
in the temperature range where this trap is active is shown in the
second Oy axis of Fig. 6. It can be easily observed that this fixed fre-
quency allows to obtain the factors f,/f, and fo, /f, which have
values (in our case, 5 and 5.3) close to each other; and this guar-
anties maximum limits of 2xfy74(T;) <« 1 and 27nfyto(T2) > 1,
where Ty - T, is the temperature interval where this trap is active
(T,=250K and T;=290K). From the maximum of the
SVG,,,,, (fo,T) - fo evolution with temperature (at fixed fo of 30 Hz) a

trap density Np; of 3.7 - 10'® cm~3 is obtained.
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Fig. 5. Example of Arrhenius plots for all p-channel structures (a) SOI + SEG; (b)
sSOI + CESL and (c) sSOI + SEG + CESL.

However, as pointed out by Eq. (4), the evolution of the
Lorentzian plateau A; versus 1; (A; and t; associated to the same
trap) should be linear. This was verified for all studied devices. A
value of 5.4 - 10~° (V?) for the slope of A; versus 7; (which is asso-
ciated to the V,H identified traps in a standard device (SOI)) is
obtained, as shown in Fig. 7. The value of the effective trap density
is Ney=8.6-10"" cm~2 By using the relationship between the
effective trap density and the volume trap density (i.e.
Nr=(NegB)/Wy from Eq. (4), with Wy = Wgip/2), finally, the volume
Np, traps density can be estimated at 2.3 - 10'” cm™>. By compar-
ison between these two methods to determine the volume trap
densities Ny, the value of B is estimated at 0.05. For all investigated
devices and identified traps, using the same procedure, the
obtained values of B coefficient are in the range of 0.04 up to
0.17. This variation could be related to the fact that on the one
hand, the estimation of the trap density using the method



8.0x10™° . : - . T

o

o ¥
7oxio04 @ S,,W7 (fy,T)for f, @ 30 He a 100 =
— o
“2’ O characteristic frequency f, o o g
v o =
7 6.0x10™" 4 o @
: S
> o L 2
7] 10 .Z
-0 | o s
5.0x10 pchannel SOI °
Lorentzians associated to V_H trap o
1] 2 H
S

4.0x10™° . . . . . 1

250 260 270 280 290
T(K)

Fig. 6. Temperature evolution of the parameters related to V,H traps identified in
SOI structure: on the Oy1 axis: Sy, (fo.T) - f, for a fixed frequency f, of 30 Hz; on
the Oy2 axis: characteristic frequency f,, of Lorentzians.

107+

A (V2/Hz)
>

()

Fig. 7. Example of the linear evolution of the Lorentzian plateau A; versus the time
constant 7 associated to the same trap.

“ [S’ (f,.T )]

8.0x10™ - )
max
pchannel SOI
Lorentzians associated to V_H trap
<
<
g
T 7.6x10™° - o o
£
o
& o
¢}
(/)>
a
7.2x10™ 4

10 20 30 40 50 60 70 80 90
f (Hz)

Fig. 8. [Sv.,, (fo,T)]max for different fixed frequencies fo, the error is minimal when a
fo is chosen for which both conditions 27fy1(T1) <1 and 27fot(T2) > 1 are
respected.

described by Eq. (5) is sensitive to the value of the fixed frequency
fo for which the evolution of Sy, (fo,T) for different fixed frequen-

cies fy is plotted as shown in Fig. 8. The error is minimal when a fy
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Fig. 9. Effective trap densities extracted from the slope of the Lorentzian plateau A;
versus T; (A; and t; associated to the same trap).

is chosen for which both conditions 27rfy74(T;)< 1 and
271foto(T2) > 1 are respected, as observed in Fig. 8. On the other
hand, the measurement relative error (less than 5%) and the esti-
mation of the plateau and characteristic frequency of the
Lorentzian contributions (which is less than maximum 10% when
4 Lorentzian contributions on 5 frequency decades of noise spectra
are observed [22]) could have an impact on the calculation of the B
coefficient.

The difference between the predicted value of B=1/3 [12,13]
and the experimental value (less than 1/3) could be related to
the fact that the theoretical B coefficient was determined for con-
ventional planar devices with one gate, and the investigated
devices are multiple-gate 3D devices. For these reasons, even if
the traps in the Si film are related to a volume phenomenon, we
determined the surface (effective) density of the identified traps,
for which no assumptions on the value of the B coefficient and
on the value of the depletion zone of the Si film are necessary.

The extracted effective trap densities for each identified trap are
summarized in Fig. 9. The number of the identified traps is impor-
tant: this could be related to the relatively low value of the pure 1/f
noise and also to the advanced technology used to process the
devices. The use of the additional process steps (sSOI, CESL, SEG)
in order to boost the device performances leads to an increase of
the number and of the maximum of the effective trap density of
the traps located in the Si film. However, the estimated effective
densities of the identified traps have the same order of magnitude
as those identified in n-channels FinFET [23].

5. Conclusions

The analysis of the temperature evolution of the Lorentzian
time constant allowed to identify traps in the silicon film. Three
traps were identified for devices processed on a standard SOI sub-
strate. Using strain or SEG leads to an increase in the number of
identified traps for a given technology. The nature of the identified
traps suggests that the implantation and the SiC liner process are
mainly responsible for all the observed traps. The nature of one
trap was not identified. However, it can originate from the dry-
etching or the implantation damage.

The experimental value of the correction factor B for multiple -
gate 3D devices is lower than the theoretically predicted one for
conventional planar transistors with one gate. In order to avoid
making an assumption of the B value, for 3D multiple-gate the
effective trap densities can be estimated directly from the plateau



versus the characteristic frequency of the Lorentzian contribution
associated with the same traps. As expected, it was observed that
the effective trap density seems to be sensitive to additional pro-
cess steps employed to increase the device performances.
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