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•  Aggressive	scaling	has	pushed	LG	
below	20nm	

•  Innova8ve	device	architectures	
(FDSOI,	finFET,	nanowires)	

	
	
•  New	materials	are	being	used	for	
the	channel,	dielectrics,	
interconnects,	…	
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Electrical	characteriza8on	at	wafer	level:	DC,	pulsed	and	noise	
Set-up	for	design	and	realiza8on	of	electronic	boards	

LOW NOISE SECTION 
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Fig. 1. Schematic cross-sectional diagram of Ge pMOSFET.

Fig. 2. Threshold voltage and DIBL as a function of gate length for
Ge pMOSFETs.

control the short-channel performance. A detailed process flow
can be found elsewhere [4]. For comparison purposes, we
characterized a second set of devices on a Si substrate and
with similar gate stack consisting of 0.8 nm of SiO2, 2 nm
of ALD HfO2, and TiN metal gate. The device performance
and reliability characterization were done using a Keithley 4200
semiconductor characterization system and an Agilent E4980A
precision LCR meter. All measurements were done at room
temperature unless stated otherwise. In Fig. 1, a schematic
diagram of the Ge-on-Si pMOSFET used in this paper is shown.

III. RESULT AND DISCUSSION

A. Device Characterization

In this section, we highlight the performances of six-ML Si-
passivated Ge pMOSFETs. These Ge devices show acceptable
threshold voltage (VT ) roll-off and DIBL characteristics as
shown in Fig. 2. Good control of off current is observed for Ge
pMOSFETs, when measured at the source [15], [16]. The off
currents were measured at room temperature with the source
and substrate grounded, the gate at VT + 0.33 V [4], and
the drain at −1 V. The IOFF is close to the ITRS-specified
value of 7 nA/µm as shown in Fig. 3 and also reported by
Nicholas et al. [4]. All these results confirm that Ge-on-Si
pMOSFETs have good short-channel performance. The advan-
tage of using Ge as a channel material lies in the higher hole
mobility with respect to Si. The hole mobility was extracted by
measuring the channel-to-gate capacitance (CGC) and ID–VG

at −20-mV drain bias. The contribution from the source and
drain overlap capacitance has been nullified from CGC by
subtracting the average minimum CGC value from the overall
CGC data. Fig. 4 shows the extracted effective hole mobility

Fig. 3. IOFF as a function of gate length for Ge pMOSFETS. IOFF is
measured at VG = VT + 0.33 V.

Fig. 4. Effective hole mobility as a function of hole inversion charge.
A 2× mobility improvement is observed for Ge compared to Si.

Fig. 5. Comparison of ISUB–Ijnleakage versus VGT for Si and Ge
pMOSFET devices at a drain bias of −2.1 V. ISUB for Ge is at least two orders
higher.

as a function of hole Ninv for Ge and Si pMOSFETs from a
split C–V measurement. We observe a 2× peak hole mobility
enhancement for Ge compared to Si in Fig. 4.

B. HC Degradation

In this section, our discussion will be focused mainly on HC
degradation of the six-ML Si-passivated Ge pMOSFETs. The
smaller bandgap of Ge as compared to that of Si is expected
to yield higher HC effects in the Ge devices. To investigate the
effect of the bandgap on impact ionization on real devices, the
substrate current as a function of gate voltage overdrive (VGT)
is plotted at high drain bias values in Fig. 5 for both Ge and
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Fig. 6. Impact ionization rate at ISUBpeak plotted as a function of VD for
both Ge and Si pMOSFETs.

Fig. 7. Threshold variation at VG = VD = −1.6 V at room temperature
(25 ◦C). Ge devices show worse degradation compared to Si.

Si devices. It is important to observe that the substrate current
ISUB is corrected from the drain-well junction leakage current
contribution measured at the same VD with source and gate
floating. The corrected ISUB is still two orders of magnitude
higher compared to the Si counterpart. The bell-shaped curve is
wider in the Ge case, and the peak occurs at a higher VGT value
when compared to the Si devices. As known, the ratio ISUB/ID

gives the electron–hole pair generation rate at the drain end.
From Fig. 6, it is clear that the ratio is higher in the Ge case and
that impact ionization is a serious issue for Ge devices because
the generated hot holes can be injected into the gate oxide and
degrade the interface and quality of the oxide.

Moreover, it is already known from our previous study that
the density of initial traps present in the gate oxide on Ge is
higher than for Si devices, due to Ge outdiffusion into the gate
oxide [17]. In order to investigate the oxide degradation, HCI
stress under VG = VD = −1.6 V was investigated for 155-nm
gate length (LG) devices. Stress was interrupted periodically,
ID–VG was measured at −50-mV drain bias each time, and VT

was extracted using the maximum transconductance method.
As stress time increases, VT shifts toward the negative direction
which indicates positive charge trapping into the oxide. Fig. 7
shows that damage of the Ge device is a serious concern. Fig. 8
compares the lifetime of Si and Ge devices. The lifetime was
defined when the VT shift reaches 30 mV in absolute value.
Lifetime is worst in case of Ge when compared with the Si
device. It also indicates that HC degradation can be an issue
for Ge pMOSFETs.

Fig. 8. Comparison of pMOSFET lifetime at room temperature (25 ◦C)
for Ge and Si devices. The stress condition is VG = VD = −Vstress.

Fig. 9. Two-dimensional Sentaurus SPARTA simulations show (upper) higher
longitudinal electric field and (lower) hole temperature for Ge compared to Si.
ISUBMAX and VG = VD are two stress biases used for simulation. Zero is the
center of the channel.

C. Simulation

To confirm the mechanisms for accelerated degradation,
2-D device simulations have been performed with the TCAD
package “Sentaurus Sparta,” a full-band Monte Carlo simu-
lator which includes all the common scattering mechanisms
including impact ionization. From Fig. 9, it is evident that
the lateral electric field for the case of Ge-based devices is
higher with respect to the Si case. The higher electric field and
the lower bandgap are the root causes for the higher impact
ionization rate and carrier temperature. The impact ionization
rate, as shown in Fig. 10, has been simulated by using the
van Overstraeten–de Man model [18]. Fig. 10 shows that a
difference of two orders exists in the impact ionization rate
between the Si and Ge devices, confirming the experimental
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Fig. 2. Threshold voltage and DIBL as a function of gate length for
Ge pMOSFETs.
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enhancement for Ge compared to Si in Fig. 4.
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In this section, our discussion will be focused mainly on HC
degradation of the six-ML Si-passivated Ge pMOSFETs. The
smaller bandgap of Ge as compared to that of Si is expected
to yield higher HC effects in the Ge devices. To investigate the
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Fig. 15. GNP as a function of the gate-current density for p-MOSFETs with
different substrates: Silicon and germanium. The channel widths were 10 µm,
and channel lengths were 1 µm. A strong degradation of the figure of merit is
observed in the case of Ge p-MOSFETs.

outdiffusion can be considered as one of the causes for the lower
quality of the gate dielectric when deposited on Ge. In fact, the
outdiffused Ge acts as a trap center inside the gate oxide. Hence,
a higher gate-current noise is observed in Ge p-MOSFETs.

V. CONCLUSION

In this paper, we have studied the drain- and gate-current
noises of MOSFET devices with high-k gate stacks. We have
observed that the use of high-k dielectric such as hafnium
dioxide degrades the quality of the gate stack. The trap density
in the gate stack can be reduced when using other high-k
dielectrics with less hafnium content, like HfSiON. In addition,
we have proved that the degradation of the noise performance
is not only ascribed to the kind of dielectric implemented.
The IL thickness plays a significant role since the closer the
high-k layer to the channel interface, the higher the noise in
both drain and gate currents. Moreover, we have shown that
the interface between the high-k dielectric and gate electrode
is a key element in the overall quality of the gate stack.
Even a submonolayer of HfO2 sandwiched between the SiON
dielectric and polysilicon gate is able to increase significantly
both drain- and gate-current noises. However, much better
quality of gate stack can be achieved by using a metal gate
as a replacement of conventional polysilicon. We have shown
that strain engineering in p-MOSFETs can be implemented by
means of nitride cap layer without changing the overall quality
of the high-k gate stack. The experimental results (in particular,
the gate-current noise measurements) have also highlighted that
in the case of a germanium channel, the quality of the high-k
gate stack is degraded with respect to the silicon counterpart.

In addition to conventional noise figure of merits extracted
from the drain 1/f noise measurements, the GNP has been used
in order to characterize the quality of the gate stack from gate-
current 1/f noise measurements. The main advantage of using
the gate-current 1/f noise as diagnostic in MOS structures is its
intrinsic immunity to the large gate leakage, which can corrupt
the accuracy of all the other conventional methods. Moreover,
we have seen in different experiments that the GNP value is

more sensitive to the traps far from the channel interface with
respect to drain-current 1/f noise measurements.
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Fig. 1. Drain-current noise spectra normalized with respect to the device area
and the dc drain-current square. Typical 1/f spectra are observed for different
VGS values.

Fig. 2. Gate-current noise spectrum normalized with respect to the device area
and the dc gate-current square. By fitting the spectrum with a 1/fγ law, the
coefficient γ is found to be very close to one (γ = 1.03).

the drain-to-source voltage VDS ≤ 50 mV, while for the gate-
current noise measurements, VDS = 0 V was applied. Static
characterization was performed with a 4200-SCS Keithley pa-
rameter analyzer in order to measure ID–VGS and IG–VGS

curves and then to extract typical parameters such as transcon-
ductance gm and threshold voltage VT .

III. DATA ANALYSIS METHODOLOGY

In this paper, the spectra were measured for both drain- and
gate-current noises. The typically observed spectra are shown
in Figs. 1 and 2 for the drain and gate currents, respectively.
In both cases, a 1/f -like noise is found. The obtained power
spectral densities are then fitted with a law 1/fγ in a frequency
range of 1 decade, and the coefficients γ’s are extracted. It
can be easily checked that in Figs. 1 and 2, γ is close to one.
Moreover, the dc drain and gate currents are measured at the
same time.

All the data reported in this paper are extracted in samples
exhibiting 1/f noise. In the following, we will show how these
measurements are treated, in order to obtain a figure of merit
for the MOSFETs investigated.

A. Drain Current

The drain-current power spectral density Sid normalized
with respect to the square of the dc drain current ID and
with respect to the channel area A = WL is measured in the
frequency range of 1–100 Hz and evaluated at a fixed frequency
(f = 25 Hz) as a function of the gate voltage overdrive. In
order to understand which mechanism dominates the drain
flicker noise, a common method consists in checking the nor-
malized Sid dependence on the gate voltage overdrive (VOV =
VGS − VT ) with the MOSFET biased in the linear region.
When A · Sid/I2

D ∝ (1/N)2 ∝ 1/(VGS − VT )2, where N is
the number of electrons in the channel, the noise is attributed
to the fluctuation of charge carriers which are trapped and
detrapped by oxide traps [7], [20], [21]. Otherwise, if A · Sid/
I2
D ∝ 1/N ∝ 1/(VGS − VT ), the noise is attributed to the fluc-

tuation of the mobility in the inversion layer [5]. Moreover,
correlated carrier number/mobility fluctuation is also possible
in the middle case [6], [21]. Based on the dominant source of
noise, a different figure of merit can be computed.

If carrier number fluctuation dominates, then the trap den-
sity in the dielectric per unit energy and unit volume can be
extracted as [7]

Nt =
SidC2

EOTWLf(VGS − VT )2γ
q2kTI2

D

(1)

where q is the elementary electron charge, kT is the thermal
energy, γ is the attenuation coefficient [7], and CEOT is the
gate dielectric capacitance per unit area. Conversely, from the
study in [6], the gm dependence on the gate voltage overdrive
[14] is taken into account. In (1), the trap density is supposed
to be uniform in energy and in space. Moreover, the traps are
considered to be situated close to the channel interface. These
assumptions are not verified in the case of multistack gates.
Therefore, in this case, the trap density should be read as an
effective number.

If mobility fluctuation dominates, then the so-called Hooge
parameter can be extracted as [11]

αH =
WLSid

I2
D

fCEOT(VGS − VT )
q

. (2)

B. Gate Current

The gate-current power spectral density Sig is measured in
the frequency range of 1–100 Hz, and taken at a fixed frequency
(f = 1 Hz) and in accordance with the study in [15], a figure
of merit for the quality of the gate stack can be extracted as

GNP ≡ SigfA

I2
G

(3)

where IG is the dc gate current and GNP is defined as the
gate noise parameter. The extracted value is independent on the
gate area and on the bias point in the case of a uniform energy
distribution of traps. It is worth noting that the frequency value
chosen does not influence the GNP since this analysis applies
for 1/f noise spectra.
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due	to	lower	bandgap	

Higher	1/f	noise	due	to	
Ge	outdiffusion	in	the	

gate	stack		



Modeling and simulation activities 

•  assessment of different channel materials (on-current, 
SS, scalability….) 

•  influence of gate dielectrics (e.g. mobility reduction in 
MOSFETs with high-k gate stack) 

•  comparison of device architectures (e.g. finFET vs. 
nanowire) 
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Simulation approaches 
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•  Full quantum 
–  Atomistic DFT / tight 

binding Hamiltonians 
–  k⋅p Hamiltonian 

•  Multi-subband (semi-
classical) 
–  D-BTE 
–  MSMC,  

•  Semi-classical MC 
•  Drift-Diffusion 

s/s* 

dz2-r2 

px 



Case study: III-V MOSFETs 
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•  E.U.	project	III-V-MOS	
•  target:	III-V	semiconductor	based	

n-MOSFETs	at	and	beyond	the	14	
nm	node	

•  aims:	
§  to	develop	high-level	and	TCAD	

models	
§  to	narrow	down	the	technology	

development	op8ons	
§  to	deliver	models	to	end	users	

in	semiconductor	
manufacturing	industry	and	
research	labs	
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•  High-level	models	vs.	experiments,	examples:	

exp.	IBM	
k⋅p:	UniBO+UniUD	

material	proper8es	 interface	proper8es	

exp.	IMEC	
TCAD:	UniMORE	

carrier	mobility	

exp.	IBM	
MSMC:	UniUD	



Case study: III-V MOSFETs 
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•  TCAD	models,	examples:	
model	for	short	channels	validated	
vs	MSMC	(Unibo+UniUD)	Mobility	model	calibrated	on	

IMEC’s	data	(UniBO)	

TCAD	employed	for	
variability	studies	
(UniMORE)	



Graphene Transistors 
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E.U.	project	GRAND	

ballis8c	NEGF	simula8ons:	comparison	
between	TB	and	constant	or	non-
parab.	effec8ve	mass	(UniBO)	

Graphene	is	a	2D	
crystal,	gap-less	
with	very	high	
carrier	velocity.		

nano-ribbons	
have	a	gap	
and	allow	for	
reasonable	
Ion/Ioff	



Graphene Transistors 
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•  Low	mobility	in	nano-ribbons	
•  exp.:	literature	and	partner	AMO	

UniUD	

UniPI	

•  Development	of	MC	to	include	sca`ering	
•  sanity	check:	

MC	w/o	sca`	(UniUD)	vs	NEGF	(UniPI)	

•  es8mate	of	RF	performance	
with	sca`ering	(UniUD)	



Graphene Transistors 
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Alterna8ve	transistor	architectures	(E.U.	project	GRADE)	

Comparison	with	an	op8mized	SiGe	n-p-n	
HBT	shows	GBHT	superior	performance	

Graphene-Base-Transistor	

U
ni
BO

	

Graphene-Base-
Heterojunc8on-
Transistor	
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IE=IC simulation

tox1=5nm (SiO2)
tox2=16nm (Al2O3)

Area:1600um2

Si emitter: ND=1015cm-3

VCB=1.5 V

exp.	form	KTH	
sim.	:	UniUD	



Future developments 
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•  ac8vi8es	on	III-V	MOSFETs	
	à	III-V	APDs	for	X-rays	
(UniUD)	

à	proposal	MONET	
(UniUD+PoliTO):	III-V	
photo-detectors	for	ToF	
cameras	

•  ac8vi8es	on	graphene		
àother	2D	materials	
(UniPI,	UniUD)	
	
	
	
	
	
	
	
à	pressure	sensor	in	
graphene	(UniUD+KTH)	
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•  know-how	on	modeling	of	III-V	and	
other	materials	can	be	exploited	
also	in	power	devices	(GaN,	SiC)	


