Theory of Fermi Level Pinning of High-k Dielectrics
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Abstract— Fermi-level pinning of poly-Si and metal-silicide gate
materials on Hf-based gate dielectrics has been systematically
studied theoretically. Fermi-level pinning in high-work-function
materials is governed by the O vacancy generation and
subsequent formation of interface dipoles near gate electrodes
due to the electron transfer. On the other hand, O interstitial
formation plays a crucial role for Fermi-level pinning in low-
work-function materials. From our theoretical considerations, we
have found that the work-function pinning-free-region generally
appears due the difference in the mechanism of Fermi-level
pinning of high- and low-work-function materials. The widening
of this work-function pinning-free-region is the key issue for the
fundamental relaxation of Fermi-level pinning in high-k gate
dielectric.
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1. INTRODUCTION

The aggressive downscaling of Si devices has required a
continuing need for significant reduction in gate dielectric film
thickness, and even current commercial based large scale
integrated (LSI) circuits have SiO-related dielectrics with less
than 2nm thickness. As a result, increasing gate leakage current
has become a serious issue for future LSI devices. Efforts to
reduce the leakage current have given rise to the application of
alternative high-k gate dielectrics, which are still being studied
intensively. Among these, HfO, and its related alloys (HfSiOy,
HfSiON), have attracted much attentions due to their promising
properties such as their thermal stabilities when they are in
contact with Si and sufficiently large band offset values for
both electrons and holes [1,2]. Although Hf-based diclectrics
have been studied intensively, many obstacles still remain. One
of them is the difficulty in controlling the effective work
functions (@) of gate materials.

306 1-4244-0404-5/06/$20.00 © 2006 IEEE



The @, of gate electrodes on Hf-based high-k dielectrics
reveals unusual behaviors that are much different from those
both in vacuum and on SiO,: Conventional poly-Si gates reveal
Fermi-level pinning. The effective work-function difference
between n+ and ptpoly-Si gates is only about 0.2 ¢V in Hf-
related high-k gate stacks [3]. Typical CV curves are given in
Fig. 1. The Fermi level of p+poly-Si elevates by about 0.6 eV,
whereas that of n+poly-Si decreases by about 0.2 e¢V. As a
result, the difference in Fermi-levels of n+ and p+poly-Si gates
becomes only 0.2 ¢V and this small Fermi-level difference
makes it difficult to construct CMOS. Fermi-level pinning is
also observed in metal silicide gates [4]; Fermi levels of n-like
metal silicides are usually located between the pinning position
of n+ and p+poly Si gates, and those of p-like metal silicides
are located near the pinning position of p+poly-Si gates. The
schematic view of Fermi level pinning of various gate
materials is described in Fig.2.
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Fig.1: C-V characteristics of SiON, HfAIO,, and HfSiO,
dielectrics.
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Fig.2: Schematic illustration of the Fermi level pinning
observed in poly-Si and n-like MSix gates. E(n+), E(p+),
E(mMSi), and E(pMSi) are the pinning positions of n+ and
p+ poly-Si, and n- and p-like metal silicide gates

In this study, we systematically investigate the above Femi
level pinning by carefully considering the interface reaction
between gate electrodes and high-k dielectrics, and clarify the
microscopic origin of Fermi-level pinning on high-k dielectrics.
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Fig.3: Schematic illustration of the mechanism of Fermi-
level pinning in p+poly-Si gates.

II.  FERMI-LEVEL PINNING OF POLY-SI GATES

Since Fermi-level pinning of poly-Si gates is mainly due to
the significant flat band voltage (') or the threshold voltage
(V) shifts of p+poly-Si gates, the mechanism of Fermi level
pinning of p+poly-Si gates has been intensively studied. For
example, interfacial Hf-Si bonds (interfacial Hf-Si bond model)
[3] and a B-dopant induced flat band (V) shift (B-dopant
model) [5, 6] have been proposed as possible mechanisms.
Further, we have proposed that oxygen vacancies (Vos) in
ionic Hf based high-k dielectrics is the cause of large 1, shifts
based on an estimation of the Vo induced interface dipoles
(oxygen vacancy model) [7-9]. Although the pinning
mechanism of n+poly-Si gates has not been intensively studied
because the shift of Femi-level is much smaller compared with
p+poly-Si gates, we have recently proposed that O interstitial
(Io) formation in Hf-based high-k dielectrics are the main cause
of n+pinning (oxygen interstitial model) [10]. In this section,
we combine our “oxygen vacancy model” with “oxygen
interstitial model”, and construct a unified theory of Fermi-
level pinning of poly-Si gates that includes interfacial reaction
accompanied with O and electron transfer across the interface.

Schematic illustration of the mechanism of Fermi-level
pinning in p+poly-Si gates is given in Fig. 3. As shown in this
figure, the interface reaction that includes Vo formation in
HfO, accompanied with partial oxidation of poly-Si gates and
subsequent electron transfer from Vo level in HfO, to Fermi
level of p+poly-Si gates, is exothermic due to the large energy
gain of electron transfer, although Hf can bind much stronger
to O than Si. Above key interface reaction is described as the
following reaction equations.

158i + (HfO,) ©> %8Si0, + (HfO,) + Vo* + 2¢ (1)

Equation (1) contains energy loss of O transport from HfO, to
poly-Si gates,

18i + (HfO,) > %Si0, + (HfO,) + Vo’ — AG,, )
and energy gain of electron transfer
Vo' + (HfO,) 2> Vo' + (HfO,) + 2¢ + AG.. (3)

AG; can be estimated by the first principles total energy
calculations. By combining the Vo formation energy in HfO,
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(6.3 eV) and SiO, formation energy (9.4 ¢V), AG is estimated
as 1.6 eV. AG; can also be estimated by using the recent
experimental results. Since the position of Vo level is located
04 ¢V above Si conduction band by the spectroscopic
ellipsometry experiments [11], energy gain of two electron
transfer AG; is given as

AG,=0.8 +2x, @)

where x is the Fermi-level position of a poly-Si gate measured
from the conduction band bottom of Si. Since the Fermi-level
position of p+poly-Si gates corresponds to x=1.1, AG, becomes
3.0 eV for ptpoly-Si gates. As a result, total energy gain of the
considering interface reaction AGy,(x) (FAG; YAG,=—0.8+2x)
is 1.4 eV for ptpoly-Si gates (exothermic). Thus, the
considering interface reaction occurs for p+poly-Si gates and
interface dipoles due to the electron transfer from Vo in HfO,
to poly-Si gates are generated (Fig. 3(b)). On the other hand,
the considering reaction does not occur in n+poly-Si gates
(x=0), since AG,(x) becomes —0.8 eV (endothermic).

In p+poly-Si gates, Fermi-level elevates as the interface
reaction proceeds due to the electron transfer. The elevation of
Fermi-level decreases energy gain of the above interface
reaction, and our considering interface reaction stops when the
total energy gain AGy(x) becomes zero. This condition is
described by —0.8 + 2x = 0. Thus, Fermi-level should be pinned
by the equilibrium condition of interface reaction, and the
pinning position is located about 0.4 ¢V below Si conduction
band bottom (x=0.4) in good agreement with experiments. As
discussed above, Fermi-level pinning of p+poly-Si gates can
naturally explained by considering the thermal equilibrium
condition of the interface reactions that include O and electron
transfer across the interface. The key point of our mechanism is
interface reaction. Thus, we performed the transmission
electron microscope (TEM) observation to confirm the
interface reactions. As shown in Fig. 4, our TEM image clearly
indicates the existence of some interfacial reaction layers in a
ptpoly-Si gate Hf-based high-k MISFET. Further, such
reaction layers have not been observed in n+poly-Si gate
MISFETs [7-9]. These experimental results finely corroborate
the finding of our investigations.

~ pt+ poly-Si
reaction layer HfAIOx

AT AR i S :
S e Bt gt vl e 2 et

Fig.4: Cross ctlon of replacemnt p+gate HfA1O, MISFET
observed by TEM.

As far as I know, interface reaction-induced Fermi level
pinning has not been proposed in the field of interface physics,
although other pinning mechanisms such as interface state
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induced pinning have been proposed. Thus, our proposed
model gives a new insight to interface physics as well as to the
high-k technologies in modern LSI fields.

Next, we investigate the mechanism of Fermi-level pinning
of n+poly-Si gates [10]. Before considering n+pinning, it is
convenient to reconsider the p+pinning mechanism from
another view point. In Fig. 5, we show another aspect of
ppinning: In thermal equilibrium condition that is equivalent
to the p+pinning situation, Vo generation reaction and Vo
annihilation reaction should be balanced.
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ipole
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55t g lectron
Si-gate Thermal . elec

sio4 equilibrium SO transfer
: Vo annihilation
o]
E\(HfO,)'— oo

Pinned (E=E,=E(p+)) Pinned (another aspect)
Fig. 5: Another understanding of the Fermi-level pinning of
ptpoly-Si gates. Vo generation and annihilation reaction
are balanced.

Now, we turn to discuss the mechanism of Fermi-level
pinning of n+poly-Si gates. Poly-Si films are deposited
conventionally by low-pressure chemical vapor deposition
(LPCVD) and typically have significant O concentration ~10'®
cm ® [12]. This means that poly-Si films contain excess O
atoms. As a result, SiO, can be formed near the interface
between a poly-Si gate electrode and a high-k gate-dielectric,
during device fabrication as schematically described in Fig. 6.

Si0,

Poly-Si

&

Fig. 6: Schematic illustration of the slight oxidation of the
interface between poly-Si and a high-k dielectric by excess
O in the poly-Si.

As discussed in the ptpinning mechanism, Vo formation
does not occurs when the Fermi-level of a poly-Si gate is
higher than pt+pinning position due to the energetics of
interface reaction described by eq. (1) (Vo formation reaction
is endothermic). Pre-existing Si oxide layers can act as O
source when Fermi-level of a poly-Si gate is sufficiently high.
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In other word, interface reaction accompanied with Io
generation can be exothermic, although Vo formation is
endothermic. As described in Fig.5, at p+pinning position
energy gain (loss) of Vo annihilation reaction is zero. Vo
annihilation reaction resembles Io generation reaction, since O
transfer from poly-Si to high-k dielectrics occurs in both
reactions. However, lo generation reaction needs additional
energy compared to Vo annihilation reaction. Electron transfer
from gate Fermi-level to HfO, valence band top occurs in Vo
annihilation reaction as shown in Fig. 5. However, since Io
level is located above HfO, valence band top, electron transfer
from Fermi level to Io level occurs in Io formation reaction. As
a result, o formation reaction needs additional energy. This
situation is schematically illustrated in Fig. 7.

Electron
transfer

Electron
transfer

lo formation

Fig.7. Schematic illustration of the difference in reaction
energies between Vo annihilation and Io formation
reactions. (a) Vo annihilation. (b) Io formation.

By taking into account the above energy difference
originated from the higher energy level position of Io, we can
estimate the n+pinning position. In the estimation, we assume
that energy losses of O transfer from SiO, in poly-Si gates to
HfO, in both reactions of Io formation and Vo annihilation are
the same. In other words, we attribute additional energy in Io
formation to the difference in energy gain due to clectron
transfer in our framework. Io formation reaction is governed by
the following reaction equation.

15810, + (HfO,) + 2e > 1Si + (HfO,) + 1o . )

Eq. (5) can be divided into two parts of O and electron transfers,
as follows.

14810, + (HfO,) = 14Si + (HfO,) + Io — AGo, (6)
(HfO,) + Io +2¢ > (HfO,) + 10> + AG., @)

Further, Vo annihilation reaction can also divided into two
parts of O and eclectron transfer as follows, considering the
assumption that the energy loss for O transport in Vo
annihilation is the same as that in Io formation AG, as
mentioned above.

15810, + (HfO,) +Vo*" > %Si + (Hf0,) *— AGo,  (8)
15Si + (HfO,) ¥+ 2¢ > %Si + (HfO,) + AG.,". 9)

At ptpinning position, E(pt). AG.'-AGo=0 should be
satisfied because the energy gain (loss) of Vo annihilation
reaction becomes zero as previously described in Fig. 5. The
energy gain of electron transfer in Vo annihilation reaction
AG.," can be expressed as 2(E(p+)-E,(HfO,)), E(p+) satisfies
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2(E(p+) — E/(HfO,)) - AGo =0, 10)
where E,(HfO,)) is the valence band top of HfO,.

When the original Fermi-level is sufficiently high, pinning
position should be governed by the interface reaction including
Io generation from pre-existing SiO, component in poly-Si.
This pinning position E(n+) satisfies AG,' ~AGo=0. Further,
energy gain by electron transfer in Io formation reaction AG,'
can be written as 2(E(n+)-E(Io)), E(n+) satisfies

2(E(n+) — E(lo)) - AGo =0, (11)
By combining Eq. (10) and (11), we can obtain
E(n+) = E(pt) + (E(Io) — E,(HfO-)) (12)

As shown in Eq. (12), n+pinning position E(n+) is located
higher than p+pinning position E(p+), since E(lo) is located
above E,(HfO,). By choosing parameter E(Io) as

Edo) = E,(HfO,) +0.2 ¢V, (13)
we can obtain
Em+)=E(+t)+02eV, (14)

reproducing experimental results illustrated in Fig.2.

As discussed above, we have elucidated that there are two
mechanisms that govern Fermi-level pinning. When original
Fermi-level is sufficiently high, O interstitial formation
determines the pinning position E(n+). Whereas, when the
original Fermi-level is sufficiently low, O vacancy formation
determines the pinning position E(p+).

It should be noted that both Io formation and Vo formation
are endothermic, in the energy region between E(p+) and E(n+).
Thus, Fermi-level pinning does not occur in this energy region
(Fig. 8). We call this region work-function pinning free region.
Another noticeable fact is that characteristics of high-k
dielectrics determine the pinning natures from our theory. In
high-k dielectrics in which O vacancies are likely to be
introduced, pt+pinning is dominant. On the other hand,
ntpinning is dominant in high-k dielectrics in which O
interstitials tends to be generated. This tendency also
reproduces experiments. In Io former such as AL, Os, n+pinning

(a)On HfO, (b) On AlLL,O,
SicB Si CB;
L. E(n+) '8
= = (1) 3) [~
3 @ @) e,
= SivB H SivB
SivB E(p+) E(n+) SICB SiVB E(p+) E(n+) SicB
Unpinned E; Unpinned E;

(1)Vo induced pinning region
(2) lo induced pinning region
(3) WF-pinning free region

Fig. 8. Model for WF-pinning by oxygen transport
mechanism. Dielectric dependence can be explained by
difference in Io and Vo generation.
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is really dominant, although p+pinning is dominant in HfO,
which is a typical Vo former. This tendency is schematically
illustrated in Fig. 8.

Above results also reproduce the recent experiments that Al
incorporation into HfO, reduces the p+pinning region and
symmetric Vth for nMOS and pMOS can be obtained [13],
since Al incorporation induces Io generation due to the fact that
Al,Os; is a typical To former as mentioned before.

As discussed above, we can achiecve the systematic
understanding of Fermi-level pinning of n+ and p+ poly-Si
gates by considering the Io and Vo formation by the interface
reaction. At first glance, Io and Vo mechanisms are much
different cach other, However, we think that both mechanisms
are essentially the same, since both mechanisms contain O and
electron transfer across the interfaces in the important interface
reaction.

Moreover, we can give a guideline for the fundamental
relaxation of Fermi-level pinning. This is the widening of the
pinning-free region. Very recently, metal/HfLL.aO, high-k gate
stacks reveal pinning free natures [14]. At present, we suppose
that La incorporation contributes to the widening of the
pinning-free region. However, further detailed studies are
necessary for clarifying the La incorporation effects.

III. FERMI-LEVEL PINNING OF METAL SILICIDE GATES

Fermi level pinning of metal silicide gates can also be
explained by the similar framework to poly-Si gates. In case of
metal silicide gates Io and Vo also play crucial roles in
determining pinning positions of n-like and p-like metal silicde
gates, respectively.

% 141 7000C anneal Sisub
|
S 12}
o .
E’, 10} S||sub
—_— LT, S'z—bo e oomee .
’? 8 [Tasi TaSix
2 6
£ 4 i
S 2} WSix
(o]
) : : : :

20 (deg)

Fig.9 XRD spectra of WSix and TaSix
First, we show the pinning mechanism of n-like metal
silicides. Fermi-level pinning occurs in a similar manner for n-

like metal silicide gate material, if the excess O atoms also
slightly oxidize Si within the metal silicides. We can test this
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theory on n-like tungsten silicide and tantalum silicide gate
materials, by comparing with the experiments. From the X-ray
diffraction (XRD) experiments, our considered WSi and TaSi
mainly contain WSi, and TaSi, respectively as shown in Fig. 9.

Both WSi, and TaSi, films have metal-rich phases W;5Si;
and TasSi;, respectively, which indicate that partial oxidation
of Si has occurred within the metal silicides (MSi,) as follows.

(5/14)MSiy+140, 2 (1/14)M;5Si5+%4S5i0, 1%

For the case of n-like MSi,, lo generation in the gate
dielectric occurs until the following reaction is balanced, i.e.
when Ep = E(nMSi):

(1/14)M;sSis+4Si0,+HIO,+2¢ <> (5/14)MSi,+HfO, +1o> (16)

The metal-rich M;Si; phase is slightly more stable than the
Si-rich MSi, phase as shown in Table 1. Thus, Io formation in
the Hf-based gate diclectric is expected to be a little easier for
an n-like MSi gate than for nt+ poly-Si gate as shown in Fig.

E.=E_>E(n+)

Pinned (E.=E.=E(n+))

interface|
dipole
b

E(lo)

Pinned (E,=E_=E(nMSi))

interface HfO,
() :

-1-- E(nMSi)

E(lo)

E
\\n_"ke MSix: lo-induced

Fig. 10: Comparison between the Fermi level pinning of
n+poly-Si gates and n-like metal silicides.

Table I:
Reported heat  of
formation of metal

Table II:
Calculated and observed
pinning position of n-like

silicides. WSi, and TaSi, gates
Heat of measured from E(n+).
MSix | Formation(eV)

: E(mMSi)-E(n+) on
WSi, | 0.96 MSiy HfSiON (eV)
TaSl? 1.24 Theory | Experiment
WsSi; | 2.02 WSi, | —0.10 ~0.09
TasSi; | 3.47 TaSi, | 010 | —0.10
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10. Theoretical estimates of the Fermi-level pinning positions
for typical n-like TaSi, and WSi, gate materials by combining
Eqgs. (5) and (16) give that pinning positions of n-like metal
silicides are located ~0.1 eV lower than E(n+), in good
agreement with experimental observations as described in
Table II.

Similar discussions can be adopted for p-like metal silicides.

Generally, heat of formation of metal silicides is considerably
smaller than that of SiO, or HfO,. Thus, pinning position is
similarly lowered a little due to the fact that metal-rich metal
silicides are a little more stable than the Si-rich metal silicides.
As a result, each Fermi-level pinning position of n+, and
ptpoly-Si, n-like and p-like metal silicides are schematically
described in Fig. 2.

IV. APPROACHES TO ACHIEVING NEAR-BAND-EDGE @y
FOR N-LIKE GATE

According to our model, removal of pre-existing SiO,
originated from excess O atoms in poly-Si will be effective to
relax n+pinning. One possible way is incorporation of Ge in
n+poly-Si gates [15,16] . Due to the low reactivity of Ge with
O, SiO, formation by excess O atoms in poly-Si will be
suppressed. In Fig. 11, cross-sectional transmission electron
microscopy images of n+ poly-Si and nt+ poly-SiGe gate
electrodes on HfO, gate dielectrics are shown. A rough
interface structure is observed for the n+ poly-Si gate, but not
for the n+ poly-SiGe gate. The presence of Ge prevents partial
oxidation by the excess O atoms because of the low reactivity
of Ge with O. The experimentally measured @, .¢ for the n+
poly-SiGe gate is ~0.1 eV lower than that for the n+ poly Si
gate (Fig. 12), although the vacuum work functions of n+ poly-
Si and nt+ poly-SiGe are nearly identical. These results
indicate that n+ poly-SiGe is a promising near-conduction-
band-edge Dy gate material for Hf-based dielectrics.

IL  HfO, Si substrate

Fig. 11 Cross-sectional TEMs for HfO, gate stacks
annealed at 950°C with either (a) poly-Si or (b) poly-
Sig 75Geo 25 gate material.
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Fig. 13: Schematic cross-section of gate stack with a
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Other approaches to minimize O transport into the gate
dielectric include minimizing the process thermal budget, and
gettering O away from the gate diclectric interface. Recently,
it was reported that Hf-silicide gate clectrodes formed by a
low-temperature process exhibit near-band-edge @y [17]. A
possible explanation is that the Hf atoms in the gate act as sinks
for excess O atoms. Further, we have confirmed experimentally
that a reactive Ti metal capping layer (remote reactive sink
layer (RRSL)) over the MSi gate improves pinning of n-like
material (TaSi) [18] (Fig. 13, 14). This result can naturally be
explained by considering that a Ti capping layer effectively
getters O.

V.

Fermi-level pinning of poly-Si and metal-silicide gate
materials on Hf-based gate diclectrics has been systematically
studied theoretically. Fermi-level pinning in high-work-
function materials is governed by the O vacancy generation
and subsequent formation of interface dipoles necar gate
electrodes due to the clectron transfer. On the other hand, O
interstitial formation plays a crucial role for Fermi-level
pinning of low-work-function materials.

SUMMARY

Fermi-level pinning of high-work-function and low-work-
function materials can be systematically understood by
considering the O and electron transfer across the interfaces in
the Io and Vo formation reactions near the interface. Further,
we propose some recipes in order to obtain near-band-edge
work-functions for n-like gates.

Moreover, we have found that the work-function pinning-
free-region generally appears due the difference in the
mechanism of Fermi-level pinning of high- and low-work-
function materials from our theoretical considerations. The
widening of this work-function pinning-free-region is the key
issue for the fundamental relaxation of Fermi-level pinning in
high-k gate dielectrics.
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