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Abstract—Here, for the first time, a local coordinate-based
method is used to model surface acoustic phonon and thick-
ness variation scattering in Si/SiO2 PMOS structures using
the density-gradient method. A reduction in mobility below
that predicted by the electric-field based “universal mobil-
ity” curves for ultra-thin-body SOI devices is predicted in
excellent agreement with recently published experimental
data. An extension to multiple dimensions, demonstrated
with some simple examples, is then applied to cylindrical
devices, showing the mobility reduction of two-dimensional
confinement.

I. INTRODUCTION

ARRIERS in a MOS inversion layer are subject to

scattering associated both with the Si/SiO2 interface
and with confinement against the interface. Takagi [1]
[2] described this in terms of the “effective electric field”
(Eeg ), slightly modified by [3]:

Eey = (q/esi) ((Nap) +nNs) (1)

where €g; is the permittivity of Si, ¢ is the charge quan-
tum, (Ngpi) is the average sheet density of ionized impu-
rities under! inversion layer carriers, N, is the inversion
charge area density, and 7 for holes on (001) Si is 1/3.
This works in bulk devices where the potential well is due
to the surface electric field, but in ultra-thin-body (UTB)
SOI structures, there is a potential well even without an
electric field. Thus, the F.g approach is inadequate where
structural confinement from multiple interfaces is signifi-
cant. A simple, computationally efficient, local approach
to mobility modeling, which matches both the case of elec-
tric field and structural confinement, is highly desirable.
Here, for the first time, a coordinate-based approach to
modeling mobility components for holes is presented. It is
loosely based on a one-dimensional (1-d) effective mobility
relationship presented in [4], but is applied locally, and an
extension from one to three dimensions is proposed.

II. DENSITY GRADIENT METHOD

Coordinate-based mobility modeling, and electrostatic
modeling of UTB SOI structures, requires a suitable pre-
diction of the true hole distribution. The density gradient
(DG) method [5] fills this need in a relatively computa-
tionally efficient fashion applicable to one, two, or three
dimensions. DG parameters used here include m} = 0.26
and mj = 0.16. 1-d results, generated with Prophet[11],
compare favorably with Schred data (Fig. 1 and 2).

III. MoOBILITY MODELING
A. Overview

Mobility modeling was based on the approach of
Agostinelli et al [6]. The three scattering mechanisms of

L “Under” in this context means further from the appropriate
Si/SiO2 interface.
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Fig. 1. Parametric comparison of ultra-thin-body symmetric dual-

gate Si structures simulated with Schred or Prophet, the latter using
the density gradient method. (a) Gate voltage needed to reach given
hole density integrated over the Si half-thickness, relative to 1012 /cm?
for thick Si. (b) Centroid of hole density in the Si half-thickness.

4 Trrr LU TTrTT TTrTT TTTT 2 LELELEL TrIrrrT TrrrT LELEL
RARM a I a ARRA | T And |
[ | —— Prophe P - E
Ll _ ] / N
3 1 Schred v s . 15 / N~
r ] - ! t,=7.5nm -
r b /
o 2r 1 / .
s f 1 7/ T
?-’o 1= —o51 / all curves : -
2t / tg=5nm 3 i /I Nholes=5x1012/cm2| |
8 0 I/I I 1111 I 1111 I 1111 I 1111 O 11 1 I 11 1 1 I 111 1 I 11 1
‘-g 0 05 1 15 2 25 0 1 2 3
“g 2 Trrr I LU I TTrTT I TTrTT I TTTT 2 UL I T T T I 1T I T T
g B N tSi=10nm h r tSi=15nm 1
g5 7 \\\ I AN .
o L / \ i L \ i
© / \ / \
< 1= 3 -~ 1+ \ -
X I
L I p L \ 4
o5t [! JosHf! .
/i 4
111 I 1111 I 1111 I 1111 I 1111 11 1 I 1 11 I 11 1 I 11
0 0
0 1 2 3 4 5 0 2 4 6

position from oxide interface (nm)

Fig. 2. Comparison of hole profiles in ultra-thin-body symmetric
dual-gate Si structures of various thicknesses, as predicted by Schred,
or Prophet with the density gradient method, for 5x10'2 /cm? holes
in the Si half-thickness.
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that work were used here: coulombic scattering, acoustic
phonon scattering, and surface roughness scattering. A
fourth scattering mechanism, described by Uchida et al
[7], occurs in regions of electron confinement. If the confin-
ing dimension is position-dependent, the local ground-state
energy becomes position-dependent, exposing moving elec-
trons to a time-dependent potential. The resulting scatter-
ing is further addressed in Section III-C. These four mo-
bility components were combined, following the practice of
[6], using Mathiessen’s rule.?

Coulombic scattering was handled with an Agostinelli
et al variant described in [9], which depends on local hole
concentration, rather than the original form in [6], which
uses Fegr.

Surface scattering was modeled using the peg vs. Eog
surface scattering relationship of Agostinelli et al applied
equally to all holes in a one-dimensional slice. E.p was
calculated at the channel surface via (1). The model could
be fully localized by using a local surface scattering model
such as that of Darwish et al [10].3> Extension of surface
scattering modeling to include the effect of structural con-
finement is an opportunity for advancement of this work.

Acoustic phonon scattering was localized using a
coordinate-based approach, as described next.

B. Acoustic Phonon Scattering
The key to this method is the parameter ~y:

1 1
1-d @ 4% = 2t (2)
2 :
2m de
2-d 72 = - ’ (3)
3-d : A= / / (4)

In (2), r1 is the distance to the nearest SiOy interface in
the positive (4+) or negative (—) direction. In (3), 7p is
the distance to the nearest Si/SiO, interface in direction 6,
with the integral over the unit circle. In (4), the integral is
over the unit sphere, where d2€ is the differential solid an-
gle, and rgq is the distance to the nearest Si/SiO5 interface
in direction 2. The fixed coefficients in these equations
were derived to yield the same 7 in the case of a planar
interface.

In the quantum limit for a single Si/SiOs interface, the
inversion layer width is inversely proportional to the one-
third power of the effective field [2]. Thus, assuming (1/7),
which in the single-interface case is proportional to the
mean distance to the interface, is roughly proportional to
the inversion width, E,, a substitute for F.g, is defined:

ESZ'E
; =N, = (%7)3 . (5)

Here k. a fitting term for which 25.1 pm'/? was found to
match the bulk data well. E, of (5) is substituted locally for

2 See, for example, Section 4.3.2 of [8].
3 The Darwish et al model was not used here due to its artificial
doping dependence.
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E.g in the peg vs. Ecy acoustic phonon scattering (APS)
formula of Agostinelli et al [6] to yield a local quantity; the
“effective mobility” relationship is thus directly localized.
The + field thus depends only on the physical structure,
and need not be recalculated during bias change or solution
iteration.

C. Thickness Variation Scattering

As was previously noted, [7] shows that for thin Si films,
local variation in Si thickness (o;) results in a modulation
of local ground state energy, yielding an effective scattering
potential. This scattering is proportional to 1/t$,. How-
ever, for this to be useful, it needs to be extended to mul-
tiple dimensions.

A way of doing this in continuous fashion, consistent
with the one-dimensional form, is to follow an analogous
approach to that used for acoustic phonon scattering. A
local parameter, 4, is defined:

1
1d oAb (6)
)’
16 i do
2-d ’7t6 ) (7)
o (7o +7rte)

TRELy e S

where the integral in (8) is over the half-sphere. The scat-
tering is proportional to 49. This approach is equivalent
to thinking of a point in space as surrounded by an ar-
ray of differentially-sized cavities, with each contributing
to scattering in proportion to its angle or solid angle sub-
tended. Calibration to the data from [7] yielded an associ-
ated mobility component fio; = (1.36nm~;)° cm?/V-sec,
although the coefficient is expected to depend on the thick-
ness variation characteristics of a particular process and
material.

IV. ONE-DIMENSIONAL RESULTS

Simulations were done with Prophet at T' = 300 K unless
specified, with mobility post-processed.

Some results are plotted in Fig. 3: (a) The local y-based
approach and the nonlocal E.g-based [6] calculations of
APS yield essentially fully overlapping curves for 300K
bulk devices. (b) The bulk mobility temperature depen-
dence is also a good match. (c-d) Measured data from [4]
compares favorably to modeled data with the simple inter-
face charge model from [6].

A comparison to the more aggressively scaled data from
[7] is shown in Fig. 4. Below 5nm, mobility in the actual
devices falls more sharply than is predicted without includ-
ing o} scattering. The calibrated u,: model (6) improves
the fit in this region.

V. Two-DIMENSIONAL RESULTS

A. Acoustic Phonon Scattering

Two-dimensional calculations of acoustic phonon scat-
tering can be done using (3). A sample result, showing
7 in the vicinity of convex and concave corners, is plot-
ted in Fig. 5. There is a small anomaly when = 0 or
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Fig. 3. (a) Comparison of bulk mobility modeled using either a direct
calculation of effective field, or the y-based approach using (5) with
k = 25.1 um'/3. The curves essentially fully overlap. (b) The effect
of temperature on the bulk mobility fit. (¢) Measured data from [4].
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Fig. 5. 2-d calculation of 1/ in the vicinity of convex and concave
corners. In each region (upper right, remainder), assume the opposite
region is SiOa.

y = 0 is crossed and sides become occluded, demonstrating
a simplification of the model. In the surface-APS-limited
regime, mobility is roughly proportional to 1/, and thus
this is essentially a plot of this mobility component.

B. Thickness Variation Scattering

An example of the oy scattering described by (7) is shown
in Fig. 6(a). In the semi-infinite region there is no struc-
tural confinement, and thus there is no o; scattering. As
the thin Si region is penetrated, however, the scattering
quickly yet continuously approaches the 1-d limit.

Fig. 6(b) shows a corner of a Si box. Plotted here is
the inverse of the prior plot — contours proportional to fiy.
Points in the corners are within the close proximity of the
two adjacent sides, which yield a large sensitivity to inter-
facial roughness.

VI. APPLICATION : GATE DESIGN COMPARISON

In this section, the predictions of the simple ~-based
model on the effect of gate design on effective hole mobility
is examined. Three designs were considered, each with Si
regions doped 10'*/cm? n-type:

1. A single-gate structure, with a 400 nm buried oxide.

2. A dual-gate structure.

3. A cylindrical structure, with body diameter tg;.

All carrier profiles were generated in one dimension.
Cylindrical coordinates were used for the cylindrical de-
vice. Charge integrals were normalized to net “channel”
area, the area of the Si surface in contact with gate oxide.
The o; term was omitted.

The ~ field is the same for the single-gate and dual-gate
structures, but in the center of the cylindrical structure it
is a factor /2 larger. This results in a comparable reduc-
tion in effective mobility as the carriers are squeezed into
this region, as seen in Fig. 7. Smaller mobility is as ex-
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pected due to the additional dimension of confinement in
the cylindrical case.

If o, scattering is applied to the comparison of dual-gate
to cylindrical devices, the mid-body mobility ratio in the
small-geometry limit becomes greater: 6.4 via Equation 7,
substantially more than the APS-limited ratio of v/2.

VII. CONCLUSION

A simple coordinate-based approach, applied to re-
sults of the density gradient model, is able to local-
ize the effective-field-based mobility relationships in the
APS-limited regime of bulk PFETs. This method closely
matches behavior seen in published experimental thin-film
data for films at least 5nm thick. Below 5nm, thickness
variation (o) scattering becomes important. An extension
to two and three dimensions of both APS and thickness
variation scattering was demonstrated with some simple
test cases. An application of the model to cylindrical and
UTB MOSFETSs predicts a reduction in APS-limited mo-
bility by up to a factor v/2, and ¢;-limited mobility by up
to a factor 6.4, when structural confinement extends from
one to two dimensions.
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