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interaction between channel holes and pre-exidfietgctric
Abstract—Time-dependent variability of nanoscaled Si,sGeyss defects thanks to a favorable channel Fermi lelighmaent
PFETs with varying thicknesses of the Si passivatio layer is  shift. A simple mathematical implementation of tlkisergy-

studied. Single charge/discharge events of gate deidefects are  pased model was shown to excellently reproducetrsl
detected by measuring NBTI-like threshold voltage \(,) shift experimental observations there made [1].

relaxation transients. The impact of such individudly charged .
defect on the deviceVi, is observed to be exponentially —HOwever, those studies were performed on large @@l

distributed. SiGe channel devices with a reduced tokness of HNT) test devices, as customary for standard NBTirtgsOn
their Si passivation layer show a reduced averageumber of such large area devices, the random propertiesaof/rdefects
active defects, and a reduced average impact peraitged defect in the gate oxide (e.g., for a defect density~d)Dllcm'2, one
gf‘Gthe hdeViC$\t/lh.hou|r model for tlhe S“perio(; ,re“sbﬂtity r?f r:h'e device contains-10* defects) average out, yielding the same,
iGe channel technolo reviously proposed in Pait which is ) .

based on the energygi/igcouplingy kF))etvF\)/een channel heland well defined, BTI degradation curve on each def&;8]. .
dielectric defects, is shown to explain also thesexperimental Conversely, recent works have shown that as thecelev
observations. Other reliability mechanisms such as/f noise, geometries scale toward atomistic dimensions, timaber of
Body Biasing during NBTI, Channel Hot Carriers, and Time- dopant atoms, as well as the number of dielectefeas in
Dependent Dielectric Breakdown, are also investigat. None of each transistor is reduced to numerable levels ferg defect
these mechanisms is observed to constitute a showter for the  density of~10"cm? a 90x35 nrhdevice would include an
reliability of this promising novel technology. average obnly 3defects per devi¢eAs an implicationpoth

Index Terms—1/f noise, Body Bias, Chanel Hot Carriers, Ge, the frgsh device param(.-zte'mﬂd the. pa}rameteshlfts during
NBTI, pMOSFET, Reliability, RTN, SiGe, TDDB, Time- Operation become statistically distributed [2-5h bther

Dependent Variability. words, both a time-zero (i.e., as-fabricated) \ality, and a
considerable time-dependent variability (i.e., el
I. INTRODUCTION reliability) arise.

I N Part | we have shown that SiGe channel pMOSFETis caAS @ consequence, the deterministaverage’ lifetime
solve the Negative Bias-Temperature Instability TNB which is normally assessed on large area devicesldtbe
issue for ultra-thin EOT devices [1]. A crucial @df of the Si replaced by lifetime distributions [3,6]. ThiBne-dependent
passivation layer (cap) thickness was found, witinrter Si variability (i.e. nanoscaled NBTI reliabilitygan be studied in
caps yielding a significant reliability improvemer@ontrary terms of statistical measurements of the charging and
to Si channel pMOSFETS, ultra-thin EOF0(7nm) SiGe discharging of individual defectg-9]. We and others have
channel devices optimized with a high Ge fractioa. 65%), recently shown that the properties of individuahied gate

a thick quantum well (i.e~6-7nm) and a reduced Si Capoxide defects can be directly observed and measbred
thickness (i.e. <lnm) were demonstrated to quéftily 10 l0ooking at_the individual discharge events vis_ih)ieNBTI-Iike
years of continuous reliable operation at nomingh.\WWe AV transients recorded on nanoscaled devices [3,5T10%

ascribed this superior NBTI robustness mainly #® tibduced approach recently led to the introduction of a mavefect
characterization technique, the Time Dependent defe
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devices owing to their undoped epitaxially growrachel.
(@) (b) Therefore, for correct benchmarking, a ~8nm thicklaped Si
TiN toen channel layer was grown epitaxially as a part of i
HfO, j!;)f;g reference gate stack [15].
«— S0, 1L The properties of individual defects, which ultimigt
[ Sicap (relaxed) 9 control the time-dependent variability of a tectowy, were
SiGe (strained) AE, studied by means of NBTI-like measurement. Aftededect
Si charging phase (i.e. a NBTI-like stress), the clehmurrent

Si SiGe Si SO, HfO, TiN relaxation transientsA(p) were recorded at a sense gate
ggndl d(i:) r?r(:tiﬁhin(\)/fe:zs)ng'fﬁaitr?glkhg:eii:rz Szfi‘i'l:na?odt:; tgiiéew(gcc cﬁﬁz voltage Vosensd €qual fo the threshold voltage of the fresh
to the valgnce band offsek,) between the SiGe channel and the Si cap. device MhO).' The re(.:ordedﬂp transu_ar_lts were converted to

AVy, relaxation transients using the initighVg measurement
reliability on large area devices [1]. The use @i@e channel of the fresh device as reference [16]. The expanbal
is shown to offer a considerable reliability impeovent also temperature was 25°C. A representative set of aypid/,
for deeply-scaled devices, which is expected tmiogntly relaxation transients recorded on nanoscaled S&vies is
alleviate the time-dependent variability issue.sTaspect can shown in Fig. 2a.
be understood in the framework of our previouslgpmsed
model of reduced interaction between channel hatek pre- Ill. RESULTS
existing dielectric defects [1].

Finally, other reliability mechanisms including lew ) ) .
frequency (1) Noise, Body Biasing during NBTI, Channel AS previously reported for Si devices [2,5], théataAVi,
Hot Carriers (CHC), and Time Dependent Dielectri@Pserved after the same NBTI-like stress stronglyes from
Breakdown (TDDB) are also investigated and are mlese device to device (Fig. 2a). For each device, zedsfit number
not to constitute showstoppers for the SiGe tedgyol of |r_1d|V|duaI discharge events (i.e. a dlfferentmh_n_ar _of

The broad set of experimental results reported tenéirms ~ Previously charged defects) are visible. Each iridial
once again the SiGe channel pMOS technology asding discharge causes a well-defin@dVy, step. TheAVy, step

candidate for further scaled CMOS technology ndti2k heights collected together into a cumulative distiion plot
appear exponentially distributed [Fig. 2b, PDF:

f(AVin,)=exp(-AV/n)/7], with the averagaVy, step heigh.

. . . _ Individual discharge events causiiyy, step as large as
%'OﬁfvaigopFETS with rgetallurgéc lingtlt}é'fr“l%r;m $nfd ~20mV are easily observed in the/, relaxation transients

width W=90nm were used to study the reliagilaf o1 ability of ~1 in ~240 observed defects, Fig).2This

?he'r?pley_i(;aiﬁ de;/(ljcer?. ;gee d:r:/;%?]e?atz sSta il; Gevr\j,fr[:e: value is about ~9 times larger than expected frioencharge-
dilffereﬁlt tr)l(ilckr):egse\;vin trlle range 0 65’-2nmI angri(erfacial sheet app.roximatioWo:q/COX:q*toxlaoarWLeﬁ, with G, being
layer (~0.8nm), an Hidielectric (~1' 8nm) a;nd 2 TiN metal the capacngnce-equwalent-thlckness (CET) of thte-gtack
gate (Fié 1) ' More information about t'he process be Q.e. assuming the charged .defec.t t.o be locatedeathannel
found in [i2 i3] It is important to note that, ginthe device- interface) [17]. For comparison, it is worth to abahat the
. v o ~~  typical BTI failure criteria considered for procepsalification
to-device variability is known_t_o depend on the |dgpeve_l In range between 30 and 50mV \gf, shift. In other words, two
the channel [4,14], a beneficial effect is expected SiGe such charged defects might already jeopardize thece
50 @ p—e— o reliability. Such anomalously largé, shiftscaused by single
‘ Si, .o Gey o/Sicap 2nm 1o charged defects are ascribed to the intrinsic patiee nature
of the current flow in nanoscaled devices, whicdug to the
1 non-uniform channel potential caused by Random BDbpa
; Fluctuations (RDF) and other nanoscale issues s Edge
o y Roughness, Metal Gate Granularity, etc. [4]. In timbucky
LN case of a gate oxide defect spatially located ctosg.e. on
5:25?;{755:\/132:;_0 oy P <N, p( o ] top) the critical point of a channel current peatan path, a
e single charge/discharge event can result in a faigni
ot [] Single Charge - AVyy [mV] change in the device current (i.e. observed ineoyoeriment

Fig. 2: (a) NBTI relaxation transients recordednamoscaled SiGe devices. oPS & Iargﬁvth step). . . o
each device, multiple single defect discharge evene visible. (b) Weighted 1h€ time-dependent device-to-device variability Heesen

complementary Cumulative Distribution FunctioCGDF) plot of the described by means of the average number of agiiwe
individual AVy, step heights observed on multiple (41) devicesspite the charging/discharging) oxide defectsNg=, and the average
intentionally undoped epitaxially grown SiGe chanribe AV, step heights AVy, impact per defecty, discussed abovis]. In order to
appear to be exponentially distributed [4], withaarerage valug=3.9mV. The estimate #&l> andy for each gate stack studied here the same

average number of defects per devidsr>s can be easily read in this plot agequence including a charging phase and a relaxtiasient
the intersection of the distribution with the y-gi6].

A. Individual defect discharge events
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100 Fig. 3: The characteristic trap

90x35nm?, 41x devices

Sio.asGeo ss/Si cap 2nm emission times and the

= corresponding\Vy, caused by a
E single charged defect are clearly
g 1w uncorrelated, just as observed
;E recently for RTN defecis
< [2,17,19]. (Note: the weak
accumulation of several

discharge events at 10ms is an
artifact related to the measuring
speed of the used instrument).

1 10 100 1000

Lemission [S]

was repeated on a large set of nominally idendeaices. The
device set size was chosen to be large enoughptorreathe
signatures of some hundred active defects for gatd stack
(i.e. typically a few tens of devices, but up t®Ievices for
SiGe devices with a reduced Si cap thickness). AWgsteps
observed in the relaxation traces were then celtedhto
weighted complementary Cumulative Distribution Riorc
(CCDF, see Fig. 2b) plots, and a Maximum Likelihdibadvas

performed in order to estimate the exponentialriistion

parameterg and N>,

This experimental technique is to a certain exegputivalent
to standard Random Telegraph Noise (RTN) studies RN
measurements normally performed at low gate Bias\(io),
a large number of nanoscaled devices (up to thais$aare
typically needed in order to capture the signatofea
statistically significant number of oxide defectscleanging
charges with the transistor channel [18]. Convgrséhe
experimental technique used here allows to maxintize
number of observed defects per device, thanks ®
preliminary charging (“perturbation”) phase durivghich
oxide defects with deeper energy levels becomesaiie due
to a high oxide electric field. As a consequenceeduced
device sample size is sufficient to collect a statally
significant dataset. In other words, the relaxaticansients
studied here can be interpreted as a non-steatty ciae of
RTN, as discussed in [17,19-20]. Furthermore witttiis
analogy, recent works have shown that the chaistiter
charging/discharging time of defects causing RTNe a
uncorrelated with the respective impact of eachrgdh defect
on the device characteristics [2,17,19]. This olmsteon is
confirmed by a typical set &fVy, step heights observed with
our experimental technique on SiGe devices witmm #hick
Si cap plotted against their respective dischdrge {Fig. 3).
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Fig. 4: (a)Large-area devices: the NBAWV, follows a power law with

the stress time and with the stress gate voltalge.Nanoscaled

devices: the average number of discharge eventsnadib on each

device (i.e. the average number of active traps dmice N;>)

follows similar dependences.
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Fig. 5: (a) Large area devices: SiGe channel pMOSREith a reduced $Si
cap thickness show reduced NBAVy, and a stronger field acceleration
leading to further improvement at lower operatitgjds. (b) Nanoscaled
devices: the same experimental observations apptlyet average number of
charging/discharging defects per devicél{<. Note: very high equivalent
oxide fields were needed for the preliminary chaggphase in order to he
able to observe active defects in SiGe devices thiththinnest Si cap &>
as low as ~0.33 at 15MV/cm, i.e. one defect obskfee every 3 measured
devices).

Charging E ,, [MV/cm]

B. Average number of active defects per devicer&N

The AVy, induced by NBTI in large area devices is known to
approximately follow a power law with the stresmei and
with the stress gate overdrive voltage (Fig. 4ajiialently,
for nanoscaled devices the average number of digeha
events observed on each device after the chardiagepis
observed to follow similar power-law dependenceig.(Bb,
[21]).

As discussed in Part | [1], for large area deviaesfound
that a reduced Si cap thickness on SiGe pFETstsesula
t§ignificantly reduced\Vy, at fixed stress conditions (Fig. 5a).
In a similar way, a thinner Si cap yields a stroaduction of
the average number afVy, steps (i.e. average number of
active defects My>) in nanoscaled devices (Fig. 5b). It is
worth noting that very low N> values (as low as ~0.33 for
the short pre-charging time used here, i.e. omlg defect
observed per three measured devices) are obseovesiGe
channel devices with the thinnest Si cap: such kiW>
values complicate the experiment, requiring laggmnple set

r(up to ~160 devices were used for this particutdegtack) to

observe a sufficient number of charging/dischargavegnts.
However, as discussed later, such IoMt><values might still
jeopardize the reliability of a fraction of devige a realistic
device population (billions of devices).

C. AveragedVy, impact per charged defeaf)(

As mentioned above, the other parameter controltimey
time-dependent variability of a given technology,jd.e. the
averageAVy, impact per individal charged oxide defect. When
looking at the weighte€ CDF plots of theAV,, step heights
observed on SiGe devices with two different Si cap
thicknesses, a reduceds found for the thinnest Si cap (Fig.
6, #~3.9mV for a 2nm Si cap angkl.8mV for a 0.65nm Si
cap). In order to benchmark more correctly thevalues
estimated on different gate stacks, a normalizatifopfor the
expectedAVy, per single charge calculated according to the
charge sheet electrostatic approximation (see stibeed) is
proposed. The normalizedyo values for SiGe devices with
different Si cap thicknesses and with two differdmt¢kness of
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the SiQ interfacial layer are shown in Fig. 7 and benchdr
against a reference value measured on undoped aineh
devices. As discussed next, the observed reduation,

combined with the reducedNs>, promisesa significant
improvement of the lifetime distributicf a realistic device
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population.

Interestingly, also the emission time distributiaffsg. 8)
appear to be shifted toward lower values for thinBecap,
suggesting a faster oxide defect discharge at lat® bias for
these gate stacks, i.e. a faster NBTI relaxatioe. &Weady
made a similar observation for large area devicefl]; as
discussed below, this behavior is predicted by ¢hergy-

driven model we propose.

The above discussed experimental
nanoscaled SiGe devices with reduced Si cap thésknan be

summarized as:

1) reduced average number of active oxide defebtss;
2) stronger stress electric field dependenceNybx

3) reduced averagtVy,impact per charged defegt,

4) reduced average trapped charge emission time.

IV. DISCUSSION CONSEQUENCES ON THH IME-DEPENDENT
VARIABILITY

As we have proposed in [6], the fraction of a =i
population (i.e. billions of devices) expected te Istill
functional after 10 years of continuous operatican de
estimated from the N> andy values extracted on individual
devices with the technique used in this work. Thkewdation
is based on the convolution of a Poisson distrithumember of
defects with the mean valueNg>, with an exponentia
distribution of impact per single charged defecidlte device

4

95

Fig. 6: WeightedCCDF plot of ! ™ ShyuGbres
the AV, step heights observed on £ T s
SiGe devices with two different 08 1 = T:125°C‘\
Si cap thicknesses. The average R v

AVy, step heighty is significantly 5 06 |

reduced for the devices with the S) ‘ ST
thinnest Si cap. Note also the Lo | -

e | o 2nm 90x35nm?2
reduced <N> (lower y-axis @ 1nm -
intercept). x 0.65nm  Slo4sGeoss

0.2 | T=257C,
Fig. 7: Extracted averag&Vy, step | tenarging=0.035>132s
heightsy for SiGe devices with Vechagng=LSV 225V »
different Si cap and for undoped 0
! p p 0.001 01 10 1000

Si channel devices, after a pre-
charging phase at,E12MV/cm.
SiGe devices with the thinnest Si

temission [S]

Fig. 8: 1CDF plot of all the charge emission times observednaritiple
Wi devicesl/traps after preliminary charging phaseslifiérent durations and at
cap show a significantly lowef  several voltages, on SiGe gate stacks varying [Sitiigkness. The apparent
(~2x). The observation is distributions are reminiscent of the NBTI relaxatimaces typically observed
confirmed on SiGe devices with on large area devices (insaV;, relaxation trace for a 10uin® SiGe device
two different SiQ interfacial ~With a 2 nm Si cap). The emission time distribusiappear shifted toward
layer thicknesses. The red dasheglower values for reducing Si cap thicknesses, sstijgea faster discharge of

the trapped charges after stress removal, as jpiglyiobserved for large area
devices in [1]. NB: A detailed study ofsingletrap emission times distribution
can be found in [10].

line demarcates the benchmark
value experimentally estimated on
undoped Si channel ref. devices.
The error bars on the estimated  Although <Nt> can be evaluated from relaxation transients
values are related to the lover yacorded on individual nanoscaled devices as shabove
<Nr> observed for SiGe. (see Fig. 2b), an easier and more robust estimatiorN>
can be obtained from the NBTI-induc&dy,, data measured
on large area devices (see. Fig. 5a), which incltiue
contribution of typically thousands of defects pewice [22].
Moreover the dependences on the stress time amdsstr
voltage, and the impact of a higher operating taatpee
(125°C), are readily captured using the broad ewpmrtal
datasets we previously presented in Part | [1]. Huos
purpose, the large area devig shifts can be described with
a simple power law model:

AVth = AA\/(h (VG _Vtho)yt:tress [V] (1)
where the prefactor A, is the AVy, that one would measure
after 1s stress at a gate overdrive of 1V on larga devices.
This prefactor Ay can be easily converted into trapped

observations 6Rarge density as:
Any,
q

[eni?]

&)

— Cox — Eogr
’AhNol q ’Ahvlh tOX
Next, assuming no additional oxide defectivity ieegly-
scaled devices, the power law prefactornsican be simply
rescaled by the device area:

No = Ay, Wiy 3)
Finally <Nr> for the nanoscaled devices (W=90nnx435nm

in our case) can be expressed as a function obpleeating
voltage and stress time as:
< NT >= NO (VG _Vtho)ytgtress (4)
The parameterdly, y and n extracted for the different gate
stacks considered here are reported in Table &theg with
the n values estimated on nanoscaled devices (see Fig 7
| significantly reducedN,, a significantly highey and a slightly
higher n are found for SiGe devices with reduced Si cap

threshold voltage with mean valyeThe mathematical details thickness with respect to Si ref. devices, in agrest with the
can be found in [2,6].

experimental observations previously made in P@Er |
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TABLE |
EXTRACTED PARAMETERS
Gate stack N Y n n/no

Si Ref. 8.64 303 013 18
SiGe — Si cap 2nm 1.45 478 | 0.15 1.66
SiGe — Sicap 1.3nm 0.60 528| 0.17( 1.34
SiGe — Sicap 1nm 0.33 552 [ 0.18] 1.15
SiGe — Si cap 0.65nn] 0.11 6.36 | 0.19 0.9
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Fig. 9: Calculated fractions of working deviceseaftlO year continuous
operation at varying operating voltages for thdedént gate stacks studied
here. A dramatic improvement of the distributiomgpparent for SiGe devices
with reduced Si cap thickness. Note: large aredcddifetime would appear in
this plot as a vertical dashed line (whole popatatfails above maximum
allowed operating voltage, while it passes for Ioweltages) with same
median value (Probit=0) of the respective nanoscdtvice distribution. The
reliability improvement previously observed in largarea SiGe devicaes
(demarcated by the solid arrow, distance at Probitts expected to he
magnified at high percentiles (demarcated by thteedarrow, at ~1 ppb).

Eq. (4) was used to project to 10 years of contisuo
operation and calculate the fraction of devicdswbirking as
a function of the operating gate overdrive voltaggeshown in
Fig. 9. A dramatic improvement of the distributidor
optimized SiGe devices is apparent, particularlythes high
percentiles (e.g. ~ one failure per billion devjces

Finally we note that, thanks to the reducedrx<Mndn, we
expect both a reduced probability of RTN occurrenod a
reduced RTN impact (amplitudes) in the optimizedG&i
devices.

(@) (b)

Lower
<Np>and n |

i Larger
i <Np>and n

SiGe Si  SiO, HfO, TiN SiGe Si SiO, HfO, TiN

Fig. 10: Sketches of the SiGe gate stacks in ttesstcondition, showing the
defect bands in the Sj@nd HfQ as from the model proposed in Part | for lerge
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V. MODEL

In Part I, we proposed a model for the superidabdity of
SiGe channel devices based on a favorable enempugdéng
between channel holes and pre-existing dielecefeas. We
represented the pre-existing dielectric defect gnégvels as
two defect bands located in the $i@ and in the HfQ
bandgaps. As depicted in Fig. 10, the Fermi lenghe SiGe
channel determines which part of the defect band
energetically favorable for trapping channel holest a thin
Si cap only a smaller part of the defect bandscisessible,
while the larger voltage drop on a thicker Si cap f{xed
equivalent E)
defects accessible for channel holes. This intéapom, which
we showed is able to quantitatively match the NB@ta on
large area devices (cfr. Part I, Fig. 17 [1]), iBaéxplains
also the experimental observation of a reducé¢><in
nanoscaled SiGe devices with thinner Si caps (Ee&b).

Moreover, for thinner Si caps the accessible dsfent
located on the gate side of the dielectrics, he. equivalent
trapped charge centroid is closer to the gate. gy that
eachAVy, step height results from the electrostatic effefct
the charged defect convoluted with the non-unif@otential
profile in the channel, the average electrostatintrgbution
might be reduced for the SiGe gate stack with a 8ii cap
due to the preferential location close to the gakkis
observation explains the observed redugddr SiGe devices
(Fig. 7) [21]. Finally, the model can also expldie lower
average charge emission time (i.e., faster NBTaxation)
observed for SiGe devices with thin Si cap (see 8jgsince
the higher energy difference between the chargéettkevels
and the SiGe channel is expected to favor the tdymharge
emission once the stress condition is removed [17].

VI. OTHERRELIABILITY MECHANISMS

In this section, the impact of other reliability amanisms on
the SiGe channel technology, namely low-frequent) (
Noise, Body Biasing during NBTI, Channel Hot Carsie
(CHC), and Time Dependent Dielectric Breakdown ()P
is briefly discussed.

A. Low-frequency noise

lowers the Fermi level thus making more

is

Similarly to BTI, 1f noise has been recently ascribed to

10-°

area devices. Thanks to the higher Fermi leveténSiGe channel, fewer defects
are energetically favorable for channel holes. Muee the accessible defects are
preferentially spatially located further from thieacinel, toward the gate, yielding
a reduction of;. (a) The favorable alignment shift is maximized twe thinnest
Si cap thickness, while (b) the additional voltaitep on a thicker Si cap (a:
fixed field) makes more defects on the channel sideessible, displacing tne
equivalent trapped charge centroigi{&Xwnin). This observation readily explains
the larger &> andy observed for SiGe devices with thick Si caps.

E [VoVpl=0.4V (@) (b)
_ 10 T109 f
B ' T
N
T 101 E ‘:‘
- 2 o
ol Y
i =
1013k B— —&— Siref. @
Fooeees SiGe-Sicap =B~ Sicap=2nm
0.65nm ++@* Sicap=0.65nm
1014 - - = o L L L
1 10 100 1000 0.1 1 10 100
Frequency [Hz] Ip [HA]

Fig. 11: (a) SiGe devices with a reduced Si cagktigss for optimized NBTI
reliability also show reducedfldoise w.r.t. a Si ref. device with identical gate-
stack, (b) and also with respect to a SiGe devite ticker Si caf
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Fig. 12: (a) The body bias is found to modulate diigle electric field at a
given overdrive gate voltage and therefore the N&ddradation. Due to the
stronger electric field dependence of NBTI obserired5iGe pMOSFETSs
with reduced Si cap thickness (Fig. 5), more redud®TI with FBB is
observed. (b) A significantly faster NBTI relaxatis observed when a FBB
is applied during an entire stress/relaxation seqee

trapping and de-trapping of channel carriers intimle defects
with widely distributed characteristic time cond&f23]. The
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Fig. 14: Extracted maximum operating gate voltagag a soft breakdown
(i.e. non-destructive) failure criterion for a ~0@ EOT NBTI-optimized SiGe
gate stack shows no difference with respect toh@hnel device benchmark
date [30].

Forward Body Bias (FBB). As shown in Fig. 12a, aBFB
reduces the NBTI degradation in large area SiGé&ds\more
significantly than on Si ref. devices. FurthermoFBB is
observed to further speed up NBTI relaxation at lgate
biases. This effect can be ascribed to enhanced tet
trapping at reduced relaxation oxide field due tlitonal

reduced interaction between carriers and oxide ctiefe energy displacement of the defect levels with respe the

observed for SiGe devices due to the energy deirmuijs
therefore expected to yield also a reducdchaise [24]. This
observation is clearly confirmed when looking ae tlow-
frequency noise spectra measured on a Si ref. @ewid on a
SiGe device (Fig. 11la). Moreover the noise reductis
observed to depend on the Si cap thickness (Fif), lih
agreement with the BTI trends previously discussed.

B. Body-Biasing during NBTI

The interplay of body-bias and NBTI has receivednso
research interest since it provides an alternakmeb to
control independently the inversion hole carriencantration
and the oxide electric field during device stre@§][ In
particular, modulating the channel depletion widtte body-
bias can be used to modulate the gate overdriveterdfore
the inversion charge at fixed gate voltage anddfixide
field, or alternatively to modulate the oxide field fixed
overdrive voltage and fixed inversion hole popuatj26].

The latter condition is of particular interest @ni¢ can be
used to reduce NBTI without reducing

channel Fermi level. As one can observe in Fig., 1Bis
effect is substantial for SiGe devices (~4.5 desafbster
relaxation) [26].

C. Channel Hot Carriers (CHC)

The use of a small bandgap semiconductor favordrele
hole pair generation in the channel by impact iatian. This
effect is expected to enhance hot carrier degralaths a
consequence, poor hot carrier robustness has bperted for
pure Ge-channel devices [27,28]. However, durintypacal
CHC stress (¥=Vp=Vgyresy @ significant fraction of the total
degradation in pMOSFETSs is related to the residuBITI
effect at the source side of the channel [29]. €Ehbanced
NBTI robustness of the optimized SiGe devices (e
reduced charge trapping due to the favorable engiggnent
shift of the channel Fermi level w.r.t. the dielectdefect
levels) significantly reduces also the total delgteon caused
by CHC stress (Fig. 13a). As we reported in Red],[ZHC

the devic&l0 not constitute a showstopper for the optimizéchhin

performance. The stronger NBTI dependence on trideox EOT SiGe devices (Fig. 13b).

electric field observed in SiGe devices (Fig. %lgs further
benefit when a NBTI stress condition is combinedhwa

1E+13

1.E+12

o VD:Vov+Vth07| o . (@) '-"". (b)

c T=125C ¢ Q

5 i= LE+08 TR0V

T1E+12 o - O

oé a X o o LEH04

S A oA D LE+00 [a)

9 LE+11 / /O #SiRef. = Ler=30nm ™%,

IL o] /7 OsiGe-Sicap2nm - Tw=1.1nm P

Zw . ’v,/A 7 A SiGe-Sicap 1.3nm LE04 ¥ 155 %

5 N/ O SiGe-Sicap 0.65nm Optimized SiGe*,
1.E+10 . . * 1E-08 QO

5 10 15 20 1 5

15 2 2.
onzvov/Tinv [MV/Cm] VG:VD[V]
Fig. 13: (a) SiGe devices with a thick Si cap sHower CHC degradaticn
w.r.t. Si ref. only at low stress conditions, whdé high stress conditions a
higher degradation is apparent probably due torrgthimpact ionization in
the small bandgap channel. However, the optimiz&k $jate-stacks with a
reduced Si cap thickness consistently show an bveeduced CHC

D. Time-Dependent Dielectric Breakdown (TDDB)

TDDB is not considered a showstopper for Si channel
PMOSFETs with EOT down to ~0.7nm, although a fewt so
breakdown events (i.e. non-fatal dielectneearou) are
expected in 10 years of continuous operation atimainyVpp
[30]. As already noted for pure Ge channel devind81], no
significant difference in the TDDB characteristié¢ 8iGe
devices with respect to their Si counterparts iseobed (Fig.
14). As we calculated in [24], for our ~0.7nm EQOgtimized
SiGe gate stack less than 10 soft breakdowns gected on
a 0.1cm chip operated for 10 years ap3#=1V, in line with Si
reference devices [30].

VII. CONCLUSIONS

The time-dependent variability of nanoscaleq ,&e)ss
pFETs was studied as a function of the Si cap t@sk and
compared with Si ref. devices. As in the Si couyrdaets,

degradation w.r.t. Si ref. (b) Extrapolated deviéetime under CHC stress individual discharge events were visible in the NHe AV,

for a ~0.7nm EOT (if,=1.1nm) NBTI-optimized SiGe gatestack. CHC do not

constitute a showstopper for SiGe devices.
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relaxation traces, with exponentially distributadpsheights.
The average number of discharge events followedyhieal
NBTI dependences on stress time and voltage oldéovehe

total AVy, on large area devices. The use of a thinner Sboap

SiGe was found to yield a significant reductiorttué average

number of active oxide defectsNg& causing charge/

discharge events, and of the averad&, step height#) per
charged defect. These results confirm this teclgylo be
extremely promising also for the reliability of remtaled
devices.

Our previously proposed model based on energy gdiogu
between channel holes and pre-existing dielectrideat
energy levels [1] readily explains
observations in the present paper as well, suggestat
fewer defects preferentially located further frohe tchannel
are accessible by channel holes for optimized $i€xces.

Owing to this effect, a reduced low-frequency naises also
observed in SiGe devices. Moreover a Forward Bods
during NBTI, reducing the oxide electric field aixed
inversion hole population, was shown to yield andigant
additional reliability improvement on SiGe devidbsinks to

the experimental

[12] J. Mitardet al, “Sub-nm EOT SiGe-55% pFETs for high-speed loysV
technology: a study from capacitor to circuit I€yéh Proc. IEDM, pp.
249-252, 2010;

[13] A. Hikavyy et al, “SiGe SEG Growth For Buried Channel p-MOS
Devices”, ECS Trans., Vol. 25, No. 7, pp. 201-22@9;

[14] A. Ghetti, C.M. Compagnoni, A.S. Spinelli, A.Visconti,
“Comprehensive Analysis of Random Telegraph Namsgability and Its
Scaling in Deca-Nanometer Flash Memories”, in |IEE&ns. Electron
Devices, Vol. 56, no. 8, pp. 1746-1752, 2009;

[15] G. Hellingset al, “Implant-Free SiGe Quantum Well pFET: A novel,
highly scalable and low thermal budget device, ueay raised
source/drain and high-mobility channel”, Broc. IEDM, pp. 241-244,
2010;

[16] B. Kaczer et al, “Ubiquitous Relaxation in BTI Stressing—New
Evaluation and Insights”, iRroc.IRPS, pp. 20-27, 2008;

[17] T. Grasseret al, “The Paradigm Shift in Understanding the Bias

Temperature Instability: from Reaction-Diffusion &witching Oxide

Traps”, in IEEE Trans. Electron Devices, Vol. 58, &1, pp. 3652-3666,

011;

[18] S. Realov, and K.L. Shepard, “Random telegrapise in 45-nm CMOS:
Analysis using an on-chip test and measurementersystin Proc.
IEDM, pp. 624-247, 2010;

B [19] T. Grasseet al, “Switching Oxide Traps as the Missing Link Betwee

Negative Bias Temperature Instability and Randofegdraph Noise”, in
Proc IEDM, pp.729-732, 2009;

[20] M. J. Kirton and M. J. Uren, “Noise in solitage microstructures: A new
perspective on individual defects, interface statesd low-frequency
noise,” Adv. Phys., vol. 38, p. 367, 1989.

the stronger NBTI field-dependence observed fors thiz1) 3. Franceet al, “On the impact of the Si passivation layer thieks on

technology. Other reliability mechanisms, such dwmarel
Hot Carriers and Time-Dependent Dielectric Breakdavere
shown not to be showstoppers.

The extensive experimental results reported hedeiraPart
| strongly support SiGe technology as leading ocdaudi for
future CMOS technology nodes, offering a completieition
to the reliability issue for ultra-thin EOT nanokzh
pPMOSFET devices.
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