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Abstract - This paper discusses in detail the efféx of

Hafnium oxide (HfO,) and Lanthanum (La) capping

layer thickness on the performance of narrow and sbrt

NMOS transistors. It is shown that the threshold vi-

age of the NMOS transistors increase with decrease

channel width and this effect is enhanced for thickr

HfO, and La capping layer. An empirical model is de-
veloped to understand and model this behavior.

1. Introduction: The use of higher K gate dielectrics with

metal gates is acknowledged world over as the major

change in the gate stack of MOS transistors dufiegast
decade [1-3]. The newer gate stack coupled witrsthall-

er geometries of modern MOS transistors give osaany
second order effects. One of them is the increaserésh-
old voltage (\f) with decrease in the transistor width (W)
for NMOS transistors. This behavior was attributedhe
non-uniform distribution of fixed charges in thellbwf
gate dielectric [4]. Note, the thickness optimiaatdf HfO,,
interfacial layer (Si@) and La capping layer are popular
methods to tune the;Vand adjust the long term reliability
of high K metal gate MOS transistors. So, the efté¢he-
se thickness variations on the narrow width betragio
NMOS transistors needs to be studied. In this waerg,
discuss the effect of HfOand La capping layer thickness
on the narrow width behavior of NMOS transistorbeT
possible physical mechanisms responsible for teisaior
are explained through detailed measurements. Aririgiadp
model is also proposed to explain the observed heha
and to incorporate the said effect in circuit siatigins.

2. Experimental: The devices used in this work are fabri-
cated using a 28-nm gate first CMOS technology with
high-K dielectrics and metal gates. The gate digtestack

is composed of Hf@(different thickness) and 8A interfa-
cial SiQ, layer (T). La is used as a capping layer between
the high-K gate dielectric and TiN metal gate tovie
band edge functionality. Note, all the devices usethis
study are fabricated using the same process flow.

3. Results and DiscussionThe measurements are per-
formed on NMOS transistors (gate length (L) of 34zna
W varying from 500nm to 80nm) with different HfO
(Twioz) and La capping layer thickness {I,) as men-
tioned in Table I. The experiments are performedbat
temperature and the ;Vis extracted using maximum
trans-conductance method.

Figs. 1(a) and (b) shows the ¥f NMOS transistors as
a function of W for different §io, and Tacap AS shown,
V+ increases with reduction in W and the narrow width
performance indicatorAV+ (V1 w=sonmyV1 (w=s00nm) iN-
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creases with increase imd, and Tacap
Table I: Device details

; To Thro2 Tlaca EOT
Device# p
A A A A
1 8 17 0 13.75
2 8 17 2 13.75
3 8 19 2 14.25
4 8 21 2 14.75
5 8 17 3 13.75
6 8 17 4 13.75
7 8 17 5 13.75
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Fig. 1: Vy of NMOS transistors as a function of W (a) for
different HfO2 thickness and (b) La capping layeckness.
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Fig. 2: High-K dielectric and metal gate stack witirious kinds

of charges that will contribute to the EWF of treegelectrode.
The increase in ¥Ywith the reduction in W for the gate first
high-K and metal gate NMOS transistors has beewipre
ously reported [4]. This behavior was attributedhe re-
duction in the positively charged oxygen vacancesl
high-K/SiQ, interface dipoles at the edges of the gate due
to oxygen diffusion from ambient and La out-difiusi
during post-gate high temperature process step, te-
se positively charged oxygen vacancies increassaiin
with increase in {0, thereby increasing the annihilation of
these charges at the gate edges due to oxygersidiffu
from the ambient. The high-K/SjOnterface dipoles also
increase with increase in Jcqp thereby increasing the pos-
sibility of La out-diffusion at the gate edges. Bdttese
factors explain the increase &V with increase in o,
and Tacap Although the above statement qualitatively ex-
plains the narrow width behavior of the high-K megate



NMOS transistors, a closed formy \éxpression is neces-
sary to model the said effect. Fig. 2 shows théntdgdie-
lectric and metal gate stack with various kindsbérges
that will contribute to the effective work functiggWF) of
the gate electrode and thereby &f the NMOS transistor.
Note, the positively charged oxygen vacancies are u
formly distributed across the bulk of Hf@nd so could be
modeled as a thin sheet of charge,(Q/cnf) at a distance
t. from the TiN/HfQ interface. The EWF in this case can
be written as,

EOThignk\ Q@ (EOThignk\ @b
EWF:(pMS_( 2EOT )E_( EOT )Q M
The first termoys is the metal-semiconductor work func-
tion difference. EOffignk is the effective oxide thickness of
the HfG, layer and EOT is the effective oxide thickness of
the complete gate stackeiis the gate capacitance per unit
area and Qis the dipole charge (C/én

As discussed before, due to oxygen diffusiomfitbe

ambient and La out-diffusion, there is a reductio: and

large and small geometry transistors, b) differgps, and

c) different Tacap As shown the fixed charge is maximum
at the centre of the channel and reduces as we thaoeve
wards the edges. This explains the dhiange with W. The
fixed charge at the centre of the dielectric stackl the
charge reduction at the gate edges are also high#rick-

er Turoz TLa-cap Which explains the observed increase in
narrow width effect for thicker o, and T a.cap.
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Fig. 3: Comparison of model (solid line) with theeasurement

Qp at the edges of the gate. The magnitude of the 10S yata (points) for different (@), and (b)TLacar.

charges peak at the edges of the gate and theczfole be
modeled as a 2-D exponential function shown below.
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80r) = @B +e ) (B re ) 2)
o= YT

Here, Q and Q (C/cnf) are the constant amplitudes of the
exponential function. A A, and B, B, are the decaying
constants along W and L respectively. From thisridis-
tion the average lost chargéQ, AQp) can be calculated
by integrating eqns. (2) and (3) along the L ancid di-
viding it by the total gate area.

-w -L

_ 4Q141B;(1-e 41)(1-eB1)
AQF_ 14151 L (4)

—w -L

_ 4QyA3By(1-e 42 )(1-eB2)
AQp= ==L (5)

The modified EWF and the qVtaking care of the lost
charges could now be written as,

_ EOThighk\ AQr |, (EOThighk) AQD
EWF=EWF, + ( 2EOT ) Cox + ( EOT ) Cox (6)
EOTy; A EOTy,; A
VT: VTO + ( hlghK) QF ( hlghK) QD (7)
2EO0T ] Cpyx EOT Cox

EWFR, and V4 are the effective work function and thresh-
old voltage of wide NMOS transistors where the cffef
lost charges is minimum. The equations (6) and &velt6
fitting parameters (Q Q, A;, A, By and B). V1o can be
determined from the largest geometry NMOS transisto
The rest of the fitting parameters can be determimgd
curve fitting for more than one gate length sinmatausly.
Fig. 3 shows the comparison between the model and e
perimental \f as a function of W for different jjo, and
Tiacap As shown, the model successfully predicts the V
within 2% for all geometries and for differentid, and

Table 1I: The empirical parameters for differenvides

De- | Vro Q Ax B1 Q. Az B
vice## | mV | uClenf | nm | nm | pClenf | nm | nm
1 555 6.0 13 13 0 0 0
2 430 6.0 13 13 1.02 16 16
3 480 7.0 17 17 1.02 16 16
4 500 7.8 21 21 1.02 16 16
5 370 6.0 13 13 1.50 16 16
6 310 6.0 13 13 1.99 16 16
7 255 6.0 13 13 2.44 16 16
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Fig. 4: Simulated bulk fixed charge distributiorofmalized) in the
gate dielectric for, a)large (500x100nm) and srt&0x50nm) geom-
etry transistors, b)different w2 (blue-17A, yellow-21A) and c)
different TLacap (blue-0A, yellow—5A). Non-uniform distribution of
bulk fixed charges in all the cases could be cjesakn.

4. Conclusions:It is shown that the ¥ of the gate first
high-K and metal gate NMOS transistor increasehl aié-
crease in W and this behavior is enhanced for targe,
and Ta.cap The reason behind this behavior is attributed to
the increased annihilation of positively charged/gen
vacancies and higher La out-diffusion at the gatgesdA
closed form \f expression is developed to model this be-
havior. The model can accurately predict theo¥/different
device geometries and for a wide range @bTand T a-cap

TLacap The seven model parameters used to fit the measAcknowledgement:Pardeep is thankful to DST for fellowship.

ured data are shown in Table Il. Fig.4 shows theukitad
bulk fixed charge distribution in the dielectriask for, a)
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