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 
Abstract—We report extensive experimental results of the 

NBTI reliability of SiGe channel pMOSFETs as a function of the 
main gate-stack parameters. The results clearly show that this 
high-mobility channel technology offers a significantly improved 
NBTI robustness compared to Si-channel devices, which can 
solve the reliability issue for sub 1-nm EOT devices. A physical 
model is proposed to explain the intrinsically superior NBTI 
robustness. 

Index Terms—Ge, NBTI, pMOSFET, Reliability, SiGe.  

I. INTRODUCTION 
EGATIVE Bias Temperature Instability (NBTI) is 
considered as the most severe reliability issue for scaled 

CMOS technologies [1].  The quasi-constant supply voltage 
scaling proposed by the International Technology Road Map 
[2] for the recent technology nodes enhances NBTI due to the 
ever increasing interfacial oxide electric field (Eox).  As a 
consequence, although several groups have already 
demonstrated well behaving CMOS devices with aggressively 
scaled EOT down to 0.5nm [3,4], a 10 year lifetime cannot be 
guaranteed for the expected operating voltages [5,6]. Hence 
the reliability issue is coming up as a showstopper. 

Meanwhile, the use of high-mobility channels (e.g. SiGe, 
Ge) is being considered for further enhancement of the CMOS 
performance [7-10]. The main benefit promised by the Ge-
based technology can be briefly summarized as 1) enhanced 
mobility which can alleviate the mobility reduction caused by 
the defective high-k layer coming closer to the channel due to 
the scaling of the SiO2 interfacial layer (IL), and 2) pMOS 
threshold voltage tuning toward the roadmap target.  

In this paper we report a complete study of the NBTI 
reliability of Ge-based quantum well (QW) pMOSFETs. 
Already in 2009 we have observed that the incorporation of 
Ge into the channel significantly improves the NBTI 
robustness [11,12]. Extensive experimental datasets are 
collected here, showing the reliability improvement to be 
process- and architecture-independent, while being 
intrinsically related to the incorporation of Ge. We thoroughly 
discuss extensive experimental results including new insights 
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and supporting data, and we propose a physical model that can 
explain all the experimental observations. It is made clear how 
incorporation of Ge into the pMOSFET channel opens a new 
degree of freedom for optimizing the NBTI reliability of ultra-
thin EOT devices. In particular, a reliability-oriented gate 
stack optimization with a high Ge fraction, a thick QW and 
thin Si passivation layer is shown to boost the allowed gate 
voltage overdrive for 10 year lifetime above the expected 
operating VDD for devices with ultra-thin EOT (down to 
~0.6nm EOT) [13]. The extensive experimental results 
collected on a variety of processed wafers and reported here 
strongly support SiGe channel technology as a promising 
candidate for future CMOS technology nodes, offering a 
solution to the reliability issue for ultra-thin EOT devices.  

II. EXPERIMENTAL 
The buried SiGe channel p-FETs used in this work were 
fabricated at imec on 300 mm Si wafers. A sketch of the 
device gate-stack and its band diagram in inversion are 
depicted in Fig. 1. The channel layer consists of an epitaxially 
grown compressively strained thin Si1-xGex layer, with 
thickness varying between 3nm and 7nm. Ge fractions up to 
x=0.55 were used. On top of the Si1-xGex layer, a thin undoped 
Si cap was grown epitaxially. The physical thicknesses of this 
thin Si cap varied between 0.65nm and 2nm (as estimated 
from C-V curves and TEM pictures of the final device). A 
detailed description of the epi-process can be found elsewhere 
[14]. Gate stack fabrication started with a wet chemical 
oxidation (imec clean [15]) of the Si cap. On top of this IL,  a 
~1.8nm thick HfO2 layer was deposited by ALD. Finally, a 
PVD TiN metal gate was deposited. The metal gate thickness 
controlled the final IL thickness by means of the oxygen 
scavenging technique, as discussed in [3]. The mobility 
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Fig. 1  (a) Sketch of the gate-stack of SiGe devices used in this work. (b) 
Band diagram sketch in inversion. Channel holes are confined into the SiGe 
QW due to the valence band offset (Ev) between the SiGe channel and the 
Si cap. The Si cap thickness (tSicap) therefore contributes to the Tinv of the gate 
stack. 
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enhancement factor of SiGe devices w.r.t. Si ranged between 
1.5x and 2.4x, depending on the gate-stack parameters [8]. 

Due to the valence band offset between the SiGe and the Si 
cap (see Fig. 1b) inversion holes are confined in the SiGe 
channel, which therefore acts as a quantum well (QW). This 
causes the Si cap thickness to lower the inversion capacitance 
as compared to the accumulation capacitance [11]. For a fair 
benchmarking of these devices it is therefore necessary to 
consider the capacitance-equivalent thickness (CET) in 
inversion (Tinv, evaluated at VG=Vth-0.6V) which includes the 
contribution of the Si caps of varying thicknesses.  

NBTI stress experiments were performed using the extended 
measure-stress-measure technique [16]. The devices were 
stressed at T = 125oC with several gate overdrives, while the 
sensing bias was VG=Vth0. To minimize NBTI relaxation 
effects for the device lifetime predictions, ∆Vth was evaluated 
at trelax=1ms, i.e., the minimum delay of the used setup 
(Keithley 2602 Fast Source Meter Units). This delay was fixed 
in the experiments to allow cross-comparison. For each gate 
voltage the stress time needed to reach a failure criterion, 
assumed at 30mV threshold voltage shift, was extracted. The 
10 year lifetime operating overdrive (Vop) was then 
extrapolated by fitting a power law to the lifetime vs. gate 
overdrive dataset (see e.g. Figs. 2-4). For a dedicated 
experiment presented in section VI-D, an ultra-fast NBTI 
measurement setup (Keithley 4200 PMUs UF-BTI) was used  
to reduce the measurement delay to ~2us (i.e., comparable 
with the fastest reported NBTI measurements [17]). 

First, the three major process parameters of the SiGe 
pMOSFETs, i.e. the Ge fraction, the SiGe layer thickness and 
the Si cap thickness, were varied separately in order to assess 
their individual impact on NBTI. In this preliminary set of 
experiments the EOT was not aggressively scaled 
(EOT~1.2nm). For comparison, a second set of standard Si 
channel devices with an identical gate stack was also used. 
Then the experimental learning was used for a reliability-
oriented optimization of the SiGe gate-stack at sub 1-nm EOT. 
Finally a model explaining the superior reliability is proposed. 

III. EXPERIMENTAL RESULTS  

A. Ge fraction 
As shown in Fig. 2, the introduction of Ge in the channel 

significantly improved the NBTI reliability. The extrapolated 
operating overdrive voltage for a 10 year lifetime (Vop) 
increased from 0.46V for the Si ref. up to 0.8V for 45% Ge 
fraction device with a SiGe layer thickness of 7nm and a Si 
cap thickness of 1.3nm. Increasing the Ge fraction to 55% 
while fixing the other parameters boosted the operating 
overdrive voltage even more, reaching 0.9V. 

B. SiGe QW thicknesses 
Increasing the thickness of the SiGe QW gave an additional 

improvement of the NBTI reliability (Fig. 3): Vop increased 
from 0.85V up to 1.01V when moving from a 3nm-thick SiGe 
layer to a 7nm one. This observation was made with fixed Si 
cap thickness (1.3nm) and Ge fraction (55%). 

C. Si cap thicknesses 
The most significant impact on the NBTI reliability was 

observed when varying the Si cap thickness (Fig. 4). 
Interestingly, a reduced thickness of this layer clearly 
improved the NBTI robustness. Naively one would expect the 
thinner Si cap to act as a reduced tunneling barrier for holes 
but conversely Vop increased from 0.82V to 1.14V when the Si 
cap thickness was decreased from 2nm to 0.65nm. This 
counter-intuitive observation is crucial for understanding the 
superior SiGe reliability, as we will discuss in section VII. 
Moreover, the observation is particularly relevant since a 
reduced Si cap thickness, while improving the NBTI 
reliability, also reduces the device Tinv  (thanks to reduced hole 
displacement, see Fig. 1b) and therefore enhances the current 
drive performance. 

Finally, we note that a distinct relation between the initial 
Vth0 and the NBTI-caused ΔVth is consistently observed in our 

 
Fig. 2: Extrapolated lifetimes as a function of gate voltage overdrive for 
varying Ge content. A higher Ge fraction boosts the NBTI robustness. 

 
Fig. 3: Extrapolated lifetimes as a function of gate voltage overdrive for 
varying QW thickness, (55% Ge fraction, 1.3nm thick Si cap). A thicker QW 
boosts the NBTI robustness. 

 
Fig. 4: Extrapolated lifetimes as a function of gate voltage overdrive for 
varying Si cap thickness (55% Ge fraction, 5nm thick QW) . A reduced Si 
cap thickness boosts the NBTI robustness while enabling Tinv reduction. The 
extrapolated Vop are plotted in Fig. 6 for fair benchmarking vs. Tinv. 
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SiGe devices with different gate stacks (Fig. 5). Devices with 
lower initial Vth0 always showed reduced Vth instability, at any 
given stress condition (|VGstress – Vth0|). This correlation has not 
been observed for Si channel devices [18] and it will be 
discussed later in this paper in Section VII. 

IV. GATE-STACK OPTIMIZATION 
The Vop extracted for different Si cap thicknesses are shown 

in a benchmark plot vs. the Tinv values (Fig. 6) and compared 
with benchmark data measured on Si channel pMOSFETs. As 
one can see, it is clear that reducing the Si cap thickness yields 
a significant Vop boost together with a Tinv reduction. Such a 
Vop boost for reduced Si cap thickness was observed 
consistently for several IL thicknesses. This trend is clearly 
different w.r.t. the data collected on Si channel devices where 
a Tinv reduction (normally achieved by IL scaling) is always 
associated with a reliability reduction, as also shown in Fig. 6. 

This remarkable property can be used to optimize the SiGe 
gate-stack and salvage the NBTI reliability of devices with 
aggressively scaled IL. Fig. 7 reports that combining the 
beneficial effects of a high Ge fraction, a thicker QW and a 
thinner Si cap, the NBTI lifetime was boosted above the ITRS 
target VDD condition at ultra-thin EOT (10 year continuous 
operation at |VG-Vth|≈0.6V at Tinv≈1nm, EOT≈0.6nm).  

V.   PROCESS- AND ARCHITECTURE- INDEPENDENT RESULTS 
The optimization presented above was demonstrated both in 

a Metal-Inserted Poly-Si (MIPS) and a Replacement Metal 
Gate (RMG) process flow, with reproducible results for 
different thermal budgets (Fig. 7) [19]. These process-
independent results already suggest the reliability 
improvement to be an intrinsic property of Ge-based devices.  

Moreover the improved reliability is observed to be also 
architecture-independent: preliminary results on novel SiGe 
wrapped-channel bulk pFinFETs [20] show improved NBTI 
lifetime w.r.t. Si planar ref. when removing the Si cap (Fig. 8).  
 Furthermore, the experiment with varying Si cap thickness 

was repeated on pure Ge channel pMOSFETs [21] with 4, 6, 
and 8 Si mono-layers (ML) epi-grown from Silane precursor 
at 500ºC. A reduced thickness of the Si-layer again resulted in 
a reduced NBTI at fixed stress conditions (electric field, stress 
time, stress temperature, sensing delay): 4 MLs devices 
degrade ~4× less than 8 MLs devices (Fig. 9a). The same 
trend was also observed for Si-caps grown using a 350°C epi-
growth from Trisilane precursor: a ~8× NBTI reduction is 
observed when reducing the Si from 9 to 3MLs (Fig. 9b). 
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Fig. 7: A high Ge fraction (55%) in a 6.5nm thick QW, combined with a thin 
Si cap (0.8nm) boost Vop to meet the target VDD at ultra-thin EOT in a MIPS 
flow (green circles, as compared to red circle). The optimization was also 
implemented in a RMG flow: high-k last SiGe sample with thick Si cap (red 
square) shows poor NBTI robustness; an IL reduction by means of O-
scavenging in a high-k first process flow (red triangle), further reduces NBTI 
robustness; however, the SiGe gate-stack optimization (green triangles) 
boosts the Vop above the ITRS target. The results were reproduced for several 
process T-budgets. 

 
Fig. 8: SiGe channel bulk pFinFETs without a Si cap show improved NBTI 
reliability w.r.t. the same devices with a thick Si cap and w.r.t Si planar 
pFETs. The dashed trendline for Tinv>1.4nm demarcates planar Si pFET 
constant field scaling (“iso-field”). Uncertainty in Tinv is related to the 
finFET dimensions. Note: Planar SiGe devices without a Si cap also show 
improved NBTI reliability (e.g. two different planar gate stacks are shown, 
green triangles: Si0.75Ge0.25 3nm-thick QW, and Si0.55Ge0.45 3nm-thick QW 
with reduced IL thickness). 

 
Fig. 9: A decreased thickness of the Si passivation layer improves the NBTI 
robustness of Ge pMOSFETs, independently of the Si cap epi-process used, 
(a) Silane 500ºC, or (b) Trisilane 350ºC. 
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Fig. 5: A clear correlation between 
the initial Vth0 and NBTI-caused 
Vth is consistently observed on 
our SiGe devices with different 
gate-stacks: devices with lower 
initial Vth0 always showed reduced 
Vth instability, at any given stress 
condition (|VGstress - Vth0|). This was 
not observed for Si devices. 

Fig. 6: Maximum operating 
overdrive for 10 year lifetime 
(T=125°C, failure criterion 
Vth=30mV) vs. Tinv 

(evaluated at VG= Vth-0.6V). 
SiGe devices with a thin Si 
cap offer improved NBTI 
reliability, i.e. higher Vop. 
Note: the open-diamond and 
the circles represent the Si 
ref. gate stack of Fig. 2 and 
the SiGe gate stacks of Fig. 4 
respectively. 
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All these process- and architecture-independent results 
suggest that the reduced NBTI is an intrinsic property of the 
Ge-based channel structure, further emphasizing the use of a 
SiGe channel as a promising candidate for future CMOS 
technology nodes. In the next sections the physical mechanism 
behind this experimentally observed property is discussed and 
a model for the improved NBTI reliability is proposed. 

VI.   DISCUSSION 
A reduction of the Si cap thickness was shown to yield the 

most significant reliability boost on SiGe. It is then worth to 
discuss this remarkable experimental result in more detail. 

A. Power-Law time exponent and Eox-acceleration 
Fig. 10 shows the typical NBTI ΔVth evolution vs. the stress 

time for the Si ref. and the SiGe devices with different Si caps. 
The SiGe devices show a significantly reduced ΔVth, 
especially for the samples with reduced Si cap thickness. The 
NBTI ΔVth evolution is often described as a power-law of the 
stress time (ΔVth=A tstress 

n), with a pre-factor A dependent on 
the stress Eox, and an apparent exponent n typically reported in 
the range of 0.15 to 0.25 [1] depending on the relaxation 
allowed by the measurement delay [16]. Fig. 11 documents the 
extracted power-law pre-factors and exponents for all the 
devices here considered. The pre-factors clearly show a 
dramatic reduction for the SiGe devices, with a further 
reduction for a reduced Si cap thickness. Moreover, the pre-
factors show a significantly stronger Eox- acceleration for SiGe 
w.r.t. the Si ref., yielding further benefit at the lower operating 
fields. On the other hand we note that SiGe devices with thin 
Si caps show a slightly higher apparent time exponent. This 
observation might be linked to a reduced hole trapping 
component (i.e. causing an apparent exponent closer to the 
typically observed ΔNit exponent of ~0.25) and to a faster 
relaxation [16] in SiGe devices, as discussed later. 

B. Temperature activation 
Fig. 12 reports NBTI data at different stress temperatures 

for Si and SiGe devices (Si cap thicknesses: 2 and 0.65nm). 
No clear difference in the activation energies is observed for 
the different devices. The apparent ΔVth-activation energy is 
~60meV, in the typically reported range [1]. 

C. Interface state creation (ΔNit) and hole trapping  (ΔNot) 
It was reported recently that NBTI is possibly ascribed to 

two components [22]: a recoverable (R) one related to hole 
trapping in pre-existing bulk oxide defects (ΔNot), and a so-
called permanent one (P) typically associated with creation of 
new interfaces states (ΔNit). To get insights into the measured 
NBTI trends, the charge pumping (CP) technique [23] was 
used to monitor the interface state creation during the NBTI 
stress. While ΔNit was monitored by CP, ΔNot was calculated 
by subtracting the ΔNit contribution from the total ΔVth 
measured. Fig. 13 reports ΔNit and ΔNot evolutions measured 
on SiGe devices with two different Si cap thicknesses and on 
the Si ref. device for fixed stress conditions (Eox = 10MV/cm, 
T=125ºC). Two main observations can be made: ΔNit follows 
a power law of stress time with the same exponent of ~0.25 
for the Si ref. and for SiGe with different Si caps, suggesting 
the same interface bond breaking process. However, the SiGe 
device with a thin Si cap shows both reduced R and P, with 
the R reduction being of higher relevance on the total ΔVth. 

D. Faster NBTI relaxation 
To investigate the supposedly faster NBTI relaxation 

suggested by the higher apparent ΔVth time exponent for SiGe 
devices with thin Si caps (see Fig. 11b), a dedicated ultra-
fast(minimum trelax≈2µs) NBTI measurement was performed.  
Fig. 14 shows typical relaxation transients recorded on SiGe 

 

 
Fig. 11: (a) Extracted power-law pre-factors: a significant reduction for the 
SiGe devices is observed, especially with a reduced Si cap thickness. A 
stronger Eox- acceleration for SiGe w.r.t. the Si ref. device is also noted. (b) 
Extracted power-law time exponents:  SiGe devices with a reduced Si cap 
thickness show slightly higher apparent exponents 
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Fig. 13: Total Vth split into the so-called permanent (P) Vth, assumed to be 
caused by Nit, and the recoverable (R) Vth, assumed to be caused by filling 
of pre-existing oxide traps (Not). Nit measured with charge pumping during 
NBTI stress were converted to Vth_Permanent (=Nit.q/Cox) in order to decouple 
their contribution from the total measured Vth. Nit follows a power law on 
the stress time with the same exponent (~0.25) on all three samples. However 
SiGe devices with thinner Si cap show both reduced P and R, with the 
reduction of R having a higher impact on the total Vth. 
 

Fig. 10: Measured Vth 
during NBTI stress at 
fixed stress conditions on 
a Si Ref. and on SiGe 
devices with different Si 
cap thicknesses. The 
SiGe device with the 
thinnest Si cap shows 
most reduced Vth 
instability. 
 

Fig. 12: NBTI-induced ∆Vth 
measured at different temperatures 
on the Si ref. devices, and on SiGe 
devices with two different Si cap 
thicknesses (2nm and 0.65nm). No 
clear difference in the apparent 
ΔVth-activation energy is observed 
(extracted EA ≈60meV). 
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devices with 2nm and 0.65nm Si cap after the same stress. 
While valence band electron re-population of interface states 
could be partially responsible for different ΔVth recovery at 
short relaxation times (<1µs), differences in the relaxation 
shape are still found for longer relaxation times (>1µs): the 
relaxation transients fitted with the empirical Universal 
Relaxation model [16,22] show faster recovery for the 0.65nm 
Si cap devices. This can be observed also by looking at the 
ratio between the ΔVth of the thick Si cap device vs. the ΔVth 
of the thin Si cap device as a function of the relaxation time: 
an increasing ratio suggests a faster recovery for the latter. 

Due to the observed faster relaxation, one may argue that 
the improved NBTI reliability for SiGe devices with thin Si 
caps might be only an apparent effect related to the non-zero 
measurement delay. This hypothesis is readily ruled out by 
observing the device current degradation during the stress 
(Fig. 15). Similarly to the On-The-Fly BTI measurement 
techniques [1], this measurement is performed while the 
device is biased at the stress condition, i.e. with zero-delay. As 
one can see, the reduced degradation for SiGe is still evident. 

The above discussed experimental observations on SiGe 
devices with reduced Si cap thickness can be summarized as: 

(1) Reduced NBTI, i.e. lower power-law pre-factor; 
(2) Stronger Eox-acceleration;  
(3) Similar temperature activation (EA≈60meV) as Si ref.; 
(4) Similar ΔNit time exponent (~0.25) as Si ref.;  
(5) Significantly reduced ΔNit and ΔNot, with the latter 

reduction being of greater relevance.  

 (6) Slightly higher apparent ΔVth time exponent due to 
strongly reduced ΔNot and faster relaxation. 

VII. MODEL 
Previous work attributed an improved NBTI robustness to 

induced strain at the interface [24]. This explanation does not 
apply to our devices: the SiGe layer thicknesses here 
considered were well below the critical relaxation thickness 
for the used epitaxial processes, causing the channel layer to 
be compressively strained [14]. Therefore the Si cap was 
lattice-matched to the underlying Si substrate, and thus strain 
effects at the Si/SiO2 interface were not involved. 

Another hypothesis is related to the Si cap acting as a 
tunneling barrier for holes toward the dielectric. On the 
contrary, recent works have clearly disqualified the direct 
tunneling mechanism to be able to explain the trapping 
component of NBTI [25-26]. Moreover, although this 
explanation might fit the observed trends for the Ge fraction 
(higher Ge% → reduced bandgap → higher valence band 
offset ΔEv) and QW thickness (for a very thin QW, i.e. 3nm, 
quantum mechanical effects increase the hole energy, and 
therefore artificially reduce ΔEv [27]), it clearly fails to explain 
why a thinner Si cap yields reduced NBTI.  

As discussed above, SiGe devices with reduced Si cap 
thickness show both reduced P and R components. In the next 
sub-sections, models for reduced P and R are proposed. 

A. Reduced P (ΔNit) 
Nit creation during NBTI stress is commonly attributed to 

de-passivation of H-passivated Si dangling bonds (Pb0) at the 
Si/SiO2 interface.  We have previously reported [13] Electron 
Spin Resonance Spectroscopy (ESR) [28] measured on a Ge 
substrate with a thick Si cap which revealed a high Pb0 density 
(~1x1012 cm-2), while it could not detect these defects (<1011 

cm-2) for a very thin Si cap. This suggested that the higher Ge 
segregation at the Si/SiO2 interface reported for thin Si caps 
[29] can reduce the Nit precursor defect density and therefore 
reduce ΔNit during NBTI stress. This reduced creation of 
interface states might play a role in the improved NBTI 
reliability observed for SiGe channel devices (see Fig. 13). 
However it cannot completely explain the strongly reduced 
overall NBTI degradation which is mainly related to a 
significant reduction of the R component, as noted above. The 
R reduction is discussed next. 

B.  R (ΔNot) - A model for improved NBTI 
We propose that the R reduction is related to a favorable 

alignment shift of the Fermi level EF in the SiGe QW w.r.t. to 
the pre-existing bulk oxide defect energy levels (see Fig. 16). 
Larger misalignment can cause carriers to interact with a 
reduced density of oxide traps Not. To model this effect, we 
assumed the existence of a defect band both in the SiO2 IL and 
in the high-k layer. We note that interacting defects have to be 
located in both the dielectric layers since the same NBTI 
trends on SiGe with different Si caps were consistently 
observed for scaling IL (see Fig. 6). As depicted in Fig.16, the 
Fermi level in the channel determines which part of the defect 
band is accessible to channel holes. The defect bands are 
modeled as Gaussian distributions over energy. The mean 

 
Fig. 14: (a) Ultra-fast NBTI relaxation transients recorded on SiGe devices 
with 2nm and 0.65nm Si cap after the same stress (stress conditions 
Vov=1.95V, T=25C, tstress=100s). (b) The transients fitted with the Universal 
Relaxation model [16,22] reveal faster relaxation for the thin cap device (inset 
table shows fitted parameter values; note larger B and β). This is also evident 
when looking at the increasing ratio of the two Vth curves as a function of the 
relaxation time (a). 

 
Fig. 15: Drain current degradation recorded on-the-fly during NBTI stress 
phases of the eMSM. SiGe devices with reduced Si cap thickness show lowest 
degradation also with zero-measurement delay, showing the improved NBTI is 
not an apparent effect due to faster relaxation behaviors. (note: the drops in the 
measurement are due to the MSM technique, where relaxation transients are 
recorded in regular intervals). 
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value of the distributions were pinned at 0.95eV below the Si 
valence band for the IL (corresponding to the E’γ[E0/+] center 
in SiO2 [30]) and at 1.4eV below the Si valence band for the 
high-k (corresponding to the neutral oxygen vacancy [Oo] 
level in HfO2 [31]). As a function of the applied gate voltage, 
all the defects located above the channel Fermi level are 
considered occupied by trapped holes, while all the defects 
below are neutral (note: no trapping/de-trapping kinetics is 
included in this calculation, i.e. thermodynamic equilibrium). 

The model was first calibrated using the NBTI data on the 
Si ref. device: the standard deviations of the Gaussian 
distributions were used as a fitting parameter (in the range of 
0.3~0.5eV) in order to capture the correct electric field 
dependence, while the defect densities were fitted in order to 
match the observed Vth magnitude. The varying Vth 
contribution of defects located at varying depths due to their 
electrostatic effect was also included. Then, with the same 
defect band parameters, the expected Vth was calculated for 
SiGe channel devices, including the valence band offset of 
+0.35eV in the channel and including the varying voltage drop 
on Si cap with varying thicknesses. 

As one can see in Fig. 17 the simple model matches 
excellently the experimental data relative to the recoverable 
component. The model readily captures: i) the reduced NBTI; 
ii) the stronger field dependence observed for SiGe devices 
with reduced Si cap thicknesses; iii). the faster relaxation 
observed for SiGe, since the higher energy difference between 

the defect levels and the SiGe channel is expected to enhance 
the trapped charge emission [26].  

The model explains also the other experimental observations 
previously made concerning the Ge fraction and the Si cap 
thickness. In order to minimize the fraction of accessible 
defects, i.e. in order to ‘push up’ the Fermi level in the channel 
w.r.t. the defect band, the valence band offset between SiGe 
and Si has to be maximized: higher Ge fraction (reduced 
bandgap and higher ΔEv) and thick QW (to reduce 
quantization) are therefore beneficial.  

Moreover, this model can also explain the relation between 
the fresh device Vth0 and the NBTI observed in SiGe devices 
(Fig. 5): as calculated with MEDICI for, e.g., a Si cap 
thickness split, gate-stacks with lower |Vth0| have higher 
channel Fermi level energy (Fig. 18) and therefore benefit 
from reduced interaction between holes and oxide defects. 
Finally the model also predicts improved NBTI reliability for 
SiGe channel devices even without a Si cap (no voltage drop 
on the cap, i.e. maximum Fermi energy shift) as observed 
experimentally for planar devices and finFETs (Fig. 8). 

VIII.  PERFORMANCE VS. RELIABILITY 
We have shown that a reduced Si cap thickness is the key 

for improved reliability. However, previous work reported 
reduced hole mobility for SiGe devices with a reduced Si cap 
thickness [21]. This mobility loss was ascribed to poorer 
interface passivation: with a thinner Si cap more Ge from the 
channel segregates to the interface [29], causing a higher 
density of pre-existing interface states. This can be seen in the 
inset of Fig. 19a, where Nit0 values extracted from CP 
measurements are reported for three different Si cap thickness. 
However, it is worth emphasizing that the higher ΔNit 
observed during NBTI stress for devices with thicker Si caps 
(see Fig. 13) quickly causes the interface quality of these 
samples to become worse than the one of the devices with 
reduced Si cap thickness (Fig. 19a).  

Furthermore, it is worth noting that a thinner Si cap, while 
causing a mobility reduction, increases the gate-stack Cox 
thanks to reduced hole displacement (reduced Tinv , see Fig. 
1b), as shown in Fig. 19b. When looking at the ION 
performance of the SiGe devices for different Si cap thickness, 
the best performance is typically obtained for a medium 
thickness Si cap of around 1.2nm, where a trade-off between 
higher Cox and reduced mobility is obtained (Fig. 19c). 
However, the ION stays within a ±5% range for the whole Si 
cap thickness range considered here. Looking at the sub-
threshold swing of the devices (which ultimately determines 
the IOFF figure of merit, when combined with the device Vth0), 
a very small increase is observed for the thinnest Si cap (<3%, 

 
Fig. 16: A model including defect bands centered at 0.95eV and 1.4eV below 
the Si valence band in the IL and in the HfO2 respectively (compatible with 
the expected O-vacancy levels). The channel Fermi level determines which 
part of the defect bands is accessible to channel holes. The defect band is 
modeled as a Gaussian distribution over energy. Charged defects at different 
spatial positions contribute differently to the total Vth due to electrostatic. 

 
Fig. 17: Calculated Vth vs. experimental data of the recoverable component. 
The model was first calibrated on the Si ref. data, then the same defect band 
parameters were used to calculate the expected Vth for SiGe devices 
(including the valence band offset between the SiGe and the Si cap, and the 
voltage drop on different Si cap thickness). The simple model matches the 
experimental data remarkably well. (a) Lin-lin, (b) log-lin, (c) log-log scales.  
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Fig. 19c), thanks to the higher Cox reducing the detrimental 
effect of a poorer interface passivation (see Fig. 19a inset). 

In conclusion, the Si cap shows a overall limited impact on 
the ION/IOFF device metrics while it has a dramatic impact on 
the device reliability. Therefore, when implementing a SiGe 
channel process we suggest to perform a Si cap thickness 
optimization based on performance/leakage metrics first, and 
then reduce this thickness as slightly as needed to meet the 
NBTI reliability specifications.  

IX.     CONCLUSIONS 
The NBTI reliability of Ge-based channel pMOSFETs was 

investigated. The results clearly showed significantly 
improved NBTI reliability for this family of high-mobility 
channel devices. A reliability-aware gate-stack optimization, 
with high Ge fraction, thick QW and reduced Si cap thickness 
was developed to demonstrate ultra-thin EOT SiGe devices 
with 10 year NBTI reliability at operating VDD. The NBTI 
reduction was ascribed mainly to a favorable alignment shift 
of the Fermi level in the SiGe channel w.r.t. pre-existing 
defect energy levels in the dielectric layers. The proposed 
model readily explains all the experimental observations. 
Finally it was shown that the reliability improvement is 
obtained not to the detriment of the device performance. The 
extensive experimental results here reported strongly support 
SiGe technology as a promising candidate for future CMOS 
technology nodes, offering a solution to the reliability issue 
for ultra-thin EOT devices. 
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Fig. 19: (a) A reduced Si cap thickness yields a higher interface state density 
on the fresh device (Nit0, inset). However, the larger NBTI-induced ΔNit on a 
2nm thick Si cap sample (see Fig. 13), causes the total Nit to soon overtake 
the values measured on a medium-thick Si cap sample. (b) Thinner Si cap 
samples show reduced mobility due to poorer interface passivation, but also 
increased Cox thanks to reduced hole displacement (see Fig. 1b). (c) This 
trade-off (mobility vs. Cox) yields an optimum ION for a medium Si cap. The 
sub-threshold swing is almost independent of the Si cap, thanks to the higher 
Cox reducing the effect of a poorer interface passivation for thin Si caps. 
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