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A physical model for mobility degradation by interface-roughness scattering and Coulomb scattering is proposed
for SiGe p-MOSFET with a high-k dielectric/SiO2 gate stack. Impacts of the two kinds of scatterings on mobility
degradation are investigated. Effects of interlayer (SiO2) thickness and permittivities of the high-k dielectric and

interlayer on carrier mobility are also discussed. It is shown that a smooth interface between high-k dielectric and

interlayer, as well as moderate permittivities of high-k dielectrics, is highly desired to improve carriers mobility while

keeping a low equivalent oxide thickness. Simulated results agree reasonably with experimental data.
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1. Introduction

High permittivity (high-k) gate dielectrics are
promising materials for their capability to reduce gate-
leakage current of metal-oxide—semiconductor field ef-
fect transistor (MOSFET) with a small equivalent ox-
ide thickness (EOT). Among the issues raised by the
integration of high-k materials, degradation of the car-
rier mobility has been observed in the devices, what-
ever is the kind of high-% dielectric.[!! Tt has been
suggested that the mobility loss is caused by sev-
eral physical mechanisms,? such as remote Coulomb
scattering from poly-Si gate, remote surface-roughness
scattering and remote soft-optical phonon scattering.
Besides these scattering mechanisms, there are some
other scattering mechanisms which also can reduce the
mobility of carriers in the channel.

While depositing high-% dielectrics on Si, SiGe or
Ge substrate, a thin interlayer such as SiOs, GeON,
is often formed.[®~5 The interlayer is intentionally in-
serted as a passivation layer to improve the quality of
the interface between high-k gate dielectric and chan-

nel (especially for SiGe or Ge channel),=8 or un-
intentionally formed during high-k dielectric deposi-
tion and annealing process. The interface between
high-k gate dielectric and interlayer is usually not
smooth, leading to the following two effects: 1) fluc-
tuation of the interface will induce an effective dipole
moment due to permittivity difference between the
high-k dielectric and interlayer, generating a pertur-
bation potential on the carriers in the channel; 2)
fluctuation of the interface will cause a change of lo-
cal capacitance, inducing extra charges both in the
gate and channel which thus exert additional scat-
tering on carriers inside the channel, as shown in
Fig.1. At the same time, the fixed charges near/at the
high-k dielectric/SiOs interface can also reduce carrier
mobility.[91% To our knowledge, although the remote
Coulomb scattering at the high-k dielectric/SiO9 in-
terface has been discussed,[>%1% the roughness scat-
tering resulting from the fluctuation of the high-k
dielectric/SiO2 interface has not been addressed. In
this work, we present a theoretical model describing
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how the carriers get scattered by the fixed charged
defects near the high-k dielectric/SiO2 interface, as
well as the interface roughness or interface-fluctuation.
Only three experience parameters such as rms Ay,
correlation length A and the density of fixed charged
defects NVj; are needed in the model. Using the Fang-
Howard’s variational wave function, the hole mobility
is calculated by taking the above scattering mecha-

nisms into account.

induced extra gate charges
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A high-k layer

Tsi04 A(r') SiOg layer

* 0
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induced extra channel charges ~ SiGe channel
=

Fig.1. Schematic model for the roughness of the high-k
dielectric/SiO2 interface. The dashed line represents the
average interface between the high-k dielectric and SiOa.

2. Model

2.1. Remote interface-roughness scatter-
ing (RIRS)

A high-k dielectric/SiO4 stacked gate system is
schematically shown in Fig.1. Fluctuation of the in-
terface induces an effective dipole moment, and dis-
turbs the potential in the channel. In the presence of
a thickness deviation A(r’) from its average value Tox
for the high-k dielectric, an effective dipole moment
P, is generated:

pz(r') = (Eox — ESiOQ)EzA(T/)drla (1)

where ¢4, and €si0, are permittivities of the high-£
dielectric and SiOg respectively; and E, is the ver-
tical field in the high-k dielectric. From the Ando’s
model,'! this effective dipole moment gives a pertur-
bation potential at any point (, z) in the SiGe chan-

nel:

sy — _ Esio, T on)

—(
Amegio, €gi0, T €ox

< po(r)zl(r — ')’ + (2 + Tsi0,)’],  (2)

with relevant perturbation matrix element
62 (ESiOQ - on)
€510, (€510, T €ox)€(q)

X (Nb + ‘Nvdepl)Aq‘POe_qTSiO2 . (3)

MW(q) =

where Ngepi and N are respectively the depletion-
charge and inversion-charge areal density in the chan-
nel, which are obtained by self-consistently solving
the Schrédinger-Poisson equations; A, is the Fourier
transform of A(r’). A Gaussian power spectrum for
A, is assumed to characterize the roughness of the
interface as usually done.''=13] In Eq.(3), the wave-
vector-dependent dielectric function e(q) is used to ac-
count for the screening effect. The function £(g) can

be expressed as

4 (q)

e(g) =1+ (Pav + x2P5), (4)

in which parameters Py and P,, are defined as:
P=[ d 2ot = (=),
= | el = (7

Pav - //dZdZ/|€O(Z)|2|§O(Z/)|2e_‘Z|Z—z/|

80 + 9b%q + 3bg?
8(b+ q)3

Here, b is a variational parameter:

11
b= [1262m1 (Ndepl + 3—2N5) / (Esch2)]l/3§

my is the longitudinal effective mass of holes, in Eq.(4)
X2 is a permittivity-related parameter which is pre-
sented in the following section; and ¢s(g) is a wave-

vector-dependent screening parameter:13!
e?ma [ f(bx — E¢/kgT)
s dx, 6
as(q) = et N z,  (6)

where Ef is Fermi level; kB the Boltzmann’s constant,
T absolute temperature, mq the density-of-state effec-
tive mass for holes, and f the Fermi—Dirac distribution
function.

The deviation A(r’) can also lead to a change of
local capacitance,

A(r')

5Oeﬂ —Ce (€ox —55102)te—ﬁ, (7)

where C¢ is the effective oxide capacitance, and #ff
the effective oxide thickness:

Ceﬂ‘ o Tox TSi02 -1
ox — \ ~— + — ’
Cox  E5i0,

tgg = eoxTsio, + ESiOzTox- (8)
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Tsi0, and Toyare thicknesses of SiO2 and high-k dielec-
tric layers respectively (see Fig.1). This small change
of capacitance §C¢ induces extra charges 0Qgin gate
electrode and §Q5 in the channel

0Qs = —0Qy, (10)

where @), is the total gate sheet-charge density. The

0Qg = —Qg(Eox — €5i0,) dr’

perturbation electrostatic potential caused by these
extra charges can be obtained by solving the Poisson’s

equation
V- [e(2)VV(r,2)] = —(po + pind), (11)

where py and pinq are extra charge density and in-
duced screening-charge density respectively. In gate
electrode, po and pinq can be expressed as

po(r’,2) = 0Qgd(r — r")d(2 — 20), (12)
Pind = —2escqs(q)(V (7, ZO)>|€O(Z)|2a (13)
in which zg = —(Tsi0, + Tox), 6(r — 7’) is the Dirac’s
delta function and (V' (7, 2g)) is the perturbation po-
tential averaged over the inversion-charge distribution

in the z direction. By performing a two-dimensional
Fourier transform, Eq.(11) can be expressed as

(5250015 ~ <)V

= _j(cjog) 6(2 - ZO) + 2550(]5((]) <V(q, ZO)>|§(Z)|2, (14)

where V (g, z) is a Fourier transform component of the
perturbation potential V(r,z). Equation (14) can be
solved by the Green’s function method,!

9QeX1 g(z-20) _ B(@{V(g:20))
2e(20)q q

<[l e (P, (15)
0

V(g2 20) =

with parameters
51 _ Esc — €Si0, 7 _ €ox — €Si0, ; (16)
€sc T €8i0, Eox T €5i0,
and
(1 =P+ B)
1 — 1 fae 20751027
Pr — e 2115102

X2 T By oo 250z (a7

X1 =

From Eq.(15), the scattering matrix element is ob-
tained

edQgX
M®(g) = —— 2=
OoxX

e~ 1(Tsioy+Tox)

X P .
Y0+ ¢:(q)(Pay + x2P2)

(18)

The perturbation electrostatic potential caused
by dQs can be obtained with the same procedure as
the above. But it should be noted that §Q; distributes
in the channel with a finite depth unlike the sheet
charges 6Q);. Under the strong inversion condition,
the change of Qg is dominated by Qiny, and there-
fore 6Qs ~ 0Qiny. So we use 0Qs(2) = 0Qinv(z) =
5Q¢|&0(2)]* to model the finite depth distribution of
0Qs, and obtain

po(r, z) = 0Qgd(r — 7")[€o (). (19)
Finally, the scattering matrix element is deduced as

Py + x2Fo
MB(g) = 2
@) = i T 2@ (P + 2 PD)]

edQg.  (20)

From Egs.(3), (18) and (20), the remote interface-
roughness scattering (RIRS) matrix element is given
by

M®ERS) () = M@+ M@ B (21)

2.2. Remote Coulomb Scattering (RCS)

Near the high-k dielectric/SiO4 interface, there
exist a lot of fixed charges.[""?1% These charges can
scatter those carriers in the SiGe channel, i.e. re-
mote Coulomb scattering. Assuming that Ze is a
fixed charge located at zg in the high-k gate dielectrics
near the high-k dielectric/SiO interface, we see that
the perturbation electrostatic potential caused by this
fixed charge can be obtained by solving the Poisson’s
equation as we have done in subsection 2.1. The scat-

tering matrix element is given by

M®D) (q) = (kledVires|K)

Z€X1 ed70
= P, . (22
2e0x OQ+QS(Q)(PMJ +X2P02) (22)

According to Refs.[1], [15] and [16], we can assume
that the fixed charges are located at the high-k di-
electric /SiO9 interface with areal density N¢. So the
scattering matrix element can be expressed as

e~ 4Tsio,

NeZexi
= 0
q + QS(Q)(Pav + X2P02)

M(RCS)(q) 5
Eox

. (23)

From Refs.[1], [9] and [10], N¢ ranges from 10'? to
7 x 1013 cm™2,
6 x 10" cm™2 is used to best fit the experimental
data.

In following calculations, a value of
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Once the perturbation matrix element is ob-
tained, the relaxation time 7;(F) can be calculated
using

Lo ma [T a2
n-(E)_th/o [MD(q)|" (1~ cosf)de,  (24)

where ¢ represents remote interface-roughness scat-
tering or remote Coulomb scattering. Finally, car-
rier mobility is calculated by the relaxation-time

approximation 11]

(25)

me is the effective transverse mass of holes in the chan-
nel and (7;) is the averaged relaxation time over ki-
netic energy E, i.e.

o Ery(E)(—0f/0E)dE
B kBTln[l + e(Ef—Eo)/kBT] ’

(i) (26)
where Ey denotes the ground level of the first sub-
band.
and RCS on the hole mobility, the ‘universal curve’
of holes in SiGe p-MOSFETSs is taken as a refer-
ence. The effective mobility peg is calculated by the

In order to investigate the impact of IRSR
(17]

Matthiessen’s rule

-1 —1 —1 —1
Hep = MRIRS + HRrcs + Hyniversal* (27)

3. Results and discussion

Figure 2 shows the RIRS-limited mobility as a
function of effective field with a variable parameter
Ay, for a strained Sij—,Ge, (x = 0.28, and channel
doping N, = 4 x 1017 em~2) p-MOSFET with a high-
k/SiO4 stacked gate. The strain-related parameters,
such as hole effective mass, density-of-states effective
mass, permittivity and so on, are calculated according
to Ref.[18] and listed in Table 1. As expected, the in-
crease of A, leads to severe reduction of pippg. The
RIRS-limited mobility behaves similarly to the sur-
face roughness-limited (SR-limited) mobility resulting
from gate-oxide/substrate interface, which decreases
with the increase of effective field. However, a little
kink exists in the curve of the RIRS-limited mobility.
This is because one of the sources of the perturba-
tion potential is the extra charges distributed in both
gate and channel. As the gate voltage is raised above
the threshold, the increase of the screening effect ex-
ceeds the increase of the scattering potential and thus
Hrirs Tises. While at higher effective fields, the in-
crease of the scattering potential becomes dominant

and pppg Will decrease with effective field. Figure 3
shows the dependence of ugrg on A at an effective
field Eeg = 1 MV /cm. As A approaches 0 or 0o, ligips
goes to 0o, corresponding to the case that the interface
of high-k dielectric/SiOs is smooth and thus no RTRS
occurs. From Fig.3, it is found that pgirg has a min-
imum at A ~ 3 nm. Similar phenomena have been
also found for SR-limited mobility and RSR-limited

y.[12:13:19] The involved mechanism lies in that

mobilit
inversion carriers are most severely affected by the
structure whose size is comparable to the inverse of
the thermal de Broglie wave number (k;;' ~ 2.73 nm).
Therefore, the processing condition of gate dielectrics
should be optimized to avoid 4 ~ 2.73 nm and re-
duce the thickness deviation A of gate dielectric for

obtaining high hole mobility.

Tox =3nm  Tjyy =1nm

104 L €ox=18, int=3.9 i
’>r7z\ Na=4x107 A=3nm
~
=
An=0.5nm
O E m
< 10% | 5
8 0.7nm
= 0.8nm
1.0nm
102 b 1.2nm |
1
Eeff/(MV/cm)

Fig.2. Dependence of RIRS-limited mobility on rms Ap,.

Table 1. Parameters used in the model of Sii_,Ge,

p-MOSFET.
x mq/mo me/mo my/mo €sc/€0
0.28 0.63023 0.39698 0.39698 12.719

5 Eer =1 MV /cm, N.=4%x10'7 cm—3
2.0 x 10° Tox =3nm  Tijye =1 nm 7
o cox=18, €int=3.9 Am =0.7nm
>
a 15 x103 [
=
[3)
g
g 1.0 x 103 |
&
5.0 x 102
0 1 1 1 1 1
0 2 4 6 8 10

Fig.3. Dependence of RIRS-limited mobility on correla-
tion length A.

Figure 4 is the simulated effective holes mobility
for strained Siongeo_Qg p—MOSFETS with HfOQ/SlOQ
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stacked gate by taking into account RIRS and RCS
and setting the thicknesses of SiOs interlayer to be 1
nm and 0.5 nm respectively. In simulation, e,x = 18
is used to represent the dielectric constant of HfOs in
accordance with the experimental datal??! and A, of
~ 0.8 nm and A of ~ 3 nm are selected to fit the ex-
perimental data. To examine this model, we compare
the simulated results with the experimental data in
Ref.[20], where it was stated that even for the thickest
Si cap (i.e. 1 nm, SiGe), holes are mainly distributed
in the strained-SiGe layer and there is no Si cap para-
sitic channel. So, it was believed that the Si cap layer
was fully transferred into SiO9 during subsequent pro-
cessing, and thus SiO4 thicknesses of 0.5 nm and 1 nm
were used in the calculation. Considering the single
subband approximation and ignoring the interband
scattering in the model, the simulated results show
reasonable agreement with experimental data,?% indi-
cating the correctness of the proposed model. As can
be seen, the hole mobility is decreased as the thick-

2.5 x 103
(@) For =1 MV
Veff /cm
—~ 2.0x10% | €ox=18, €int=3.9
= o
N\ 3 | ?4- Tox =3nm
§ 15x10 / trirs (75105 )
< J
£ 1.0x10° [ / .
P
= .,o/ ./I/Q(.
5.0x 102 | S Tint =1nm
* prins (Tox)
0 1 1 1 1 1
0 1 2 3 4 5
Thickness/nm

ness of the SiOs interlayer reduces, revealing the exis-
tence of the remote-scattering mechanisms for such a
stacked gate-oxide structure.

140

= experiment
simulated

120 F Tsio, =1nm

100 -

80 Tsi0,=0.5nm

prirs/(cm? /Vs)

40

20 1 1
0.5 1.0 1.5 2.0

Ecﬂ"/(MV/Cm)

Fig.4. Simulated and experimental effective hole mobil-
ities of SiGe MOSFET with HfO2 gate dielectric for two
thicknesses of SiOg cap layer, with an equivalent oxide
thickness (EOT) of 1.65 nm.

250 ,
(b)\ universal curve Am—0.8nm A=3nm
Ny=5x 1013 cm—z
200 Tox =3nm

—o— T5i0,=0.5 nm

% —a— Tsi0,=1 nm
NE 150 | EA' —v— Tsi0,=2 nm
= X 4 —x— Tsi0,=4 nm
~ ;f/m*n\ .
§ 100 F  x
) -
50 F° — X
0 0.5 1.0 1.5 2.0
Ecﬂ/(MV/Cm)

Fig.5. (a) RIRS-limited mobility versus dielectric thickness (Tox or Tsi0,) at Eeg = 1 MV /cm and (b) effective

mobility versus effective field for different Ts;0., .

Dependence of prirs on Tox and Tsio, and im-
pact of RIRS on degradation of effective mobility are
shown in Figs.5(a) and 5(b) respectively. Calculated
results show that a higher RIRS-limited mobility cor-
responds to the thicker high-% dielectric and SiOs in-
terlayer. However, ppipg is more sensitive to Tg;o,
than to Tox. This can be explained as follows. On the
one hand, the scattering matrix element is decreased
with the increase of Tty and Tgio, since M(l), M®
and M (RCS) are proportional to e~ 47ex e~ a(Tox+T5i02)
and e~ 97502 | respectively; and thus Hprirs is increased
with Tox and Tsio,- On the other hand, the ex-
tra induced charges [0Qg| or |0Qs| is proportional to
(onTSiO2 + SSiQ2TOX)_1, where go5 > €8i04 and thus

reducing of Ts;0, can lead to a larger [6Q,| (and [0Q])
than reducing of Tix. As a result, small Tsi0, will lead
to a severe degradation of effective mobility, as can
be seen more clearly in Fig.5(b). So, a compromise
should be tuned between small EOT and high carrier
mobility.

Figure 6 shows the dependence of RIRS-limited
mobility and RCS-limited mobility on the permittiv-
ity of high-k and interfacial layer. The calculated re-
sults show that increasing permittivity of high-%k di-
electric o5 can improve the Coulomb-scattered mobil-
ity but deteriorate the interface roughness-scattered
mobility. However, the opposite case occurs when
increasing permittivity (eint) of the interfacial layer.
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The possible reasons are two-fold: 1) as can be seen
from Egs.(1) and (7), the dipole moment and local
capacitance variations increase with increasing differ-
ence between ey and eipy (normally eox > €int), giv-
ing rise to a larger perturbation potential related to
the interface-roughness scattering, and thus causing a
strong interface-roughness scattering when the high-
k dielectric constant is increased and the dielectric
constant of interlayer is fixed. For a special case of
€ox = Eint, the perturbation matrix element M (RIRS)
vanishes, since it simply corresponds to a homoge-
neous gate dielectric and no interface-roughness scat-
tering exists.; 2) the image-charge-modified terms of
X1/€0x and X2 in Eq.(23) decrease with increasing sum
of the two dielectric constants (gox + €int), leading to
a reduction of fixed-charge perturbation potential and
thus the reduction of Coulomb scattering.

o —9~ phpcg(€int), Eox=18
/ —o— MpiRs(Eint); £o,=18
= 4 0 .o MRCS (Em.)y €int=3.9
~ 10
> O HRIRS(EUA) Eing=3.9
~
NE / QFEeg =1 MV/ O e o
A
< 103 ;
0
102 TTRPRT SR TR TPUNE TPUN TP TP REPU SR TP TP TP R

2 6 10 14 18 22 26 30
Dielectric constant

Fig.6. Calculated RIRS-limited hole mobility and RCS-
limited hole mobility versus the dielectric constant of the
interlayer (gint) or high-k layer (eox).

Figure 7 shows the effective mobility degradation
by taking into account both RCS and RIRS for dif-
ferent £, and ejy. In the calculation, equivalent ox-
ide thickness (EOT) of ~1.5 nm and Tg;0, of 0.7 nm
are used. As can be seen, the larger dielectric con-
stant € of the high-k material results in higher ef-
fective mobility in the low-field region but lower ef-
fective mobility in the high-field region. This is be-
cause the RIRS/RCS-limited mobility dominates in
the high /low-field region, while the RIRS (RCS) scat-
tering is enhanced (weakened) as the dielectric con-
stant of the high-k layer increases. Therefore, to ob-
tain an optimum hole mobility in both low-field region
and high-field region for high-k dilelectric/SiOy gate
stacked MOSFETSs, a moderate permittivity of high-k

dielectric, e.g. eox = 18 — 25, is preferable according
to Fig.7.

200 universal curve —0— &ox=10
—o— Eox=18
w —X— Eox=2H
> 150 .
N\ K —+— Eox=30
g o
<a: 100 p o
|
< xﬁﬁj ~p
\D\
u —f
50 I EOT=1.5nm B
Neg=5x1013 cm
0 1 1 1
0 0.5 1.0 1.5 2.0
Eegt/(MV /o)

Fig.7. Impact of RIRS and RCS on effective hole mobility
for different eox and ging.-

4. Summary

A physical model has been proposed to sim-
ulate carrier’s mobility degradation in MOSFETSs
with high-k dielectric/interlayer stacked gate, such as
HfO5/Si04 stacked gate dielectrics. Extra charges are
induced in both gate electrode and channel due to the
rough interface of high-k dielectric/interlayer in such
a stacked gate. The carriers are scattered by these
extra induced charges, as well as fixed charges near
the high-k dielectric/interlayer interface. The carriers
mobility degradation caused by aforementioned scat-
tering mechanisms is calculated using the relaxation-
time approximation. By adjusting parameters of Ay,
A and Nj, the simulated results agree reasonably with
experimental data. The effects of some parameters,
e.g. rms A,,, correlation-length A, the thickness of in-
terlayer (SiOz), permittivities of high-k dielectric and
interlayer, on degradation of hole mobility are also dis-
cussed. Simulated results show that the hole mobility
is reduced as the thickness of the SiOq interlayer de-
creases. The interface-roughness scattering becomes
strongest as the correlation length A approaches the
inverse of the thermal de Broglie wave number (k;;!).
Therefore, the processing condition of gate dielectrics
A smooth
interface between high-£ dielectric and interlayer as

should be optimized to avoid A ~ kt_hl.

well as moderate permittivities of high-k dielectrics
(Eox = 18 — 25) is highly desired to improve carriers
mobility while keeping low EOT in such gate-stacked
MOSFETs.
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