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This paper discusses recent experimental
investigations of the relation between low-
field effective mobility and effective injection
velocity of electrons from the source into the
channel, as manifested in current drive, of
deeply scaled n-MOSFETSs. It is first established
that the effective velocity in electrostatically
sound, “well-tempered” scaled devices, for
example with drain-induced barrier lowering
(DIBL) limited to 120 mV/V, is well below

the theoretical fully ballistic injection velocity.
This is consistent with the fact that, as the
channel length is scaled and the longitudinal
field increases, preservation of electrostatic
integrity requires increasing transverse field,
which leads to increased surface scattering
and therefore decreased mobility. In addition,
evidence is presented that the effective channel
mobility in modern short-channel devices is
further decreased, probably due to increased
ionized dopant scattering in the heavily doped
channel halos. Then a correlation range of
45-60% between effective injection velocity
and low-field mobility is established
experimentally in sub-50-nm-channel
MOSFETSs. All of these factors point to the
possibility of increasing the performance

of deeply scaled n-MOSFETs by pursuing
enhanced channel-mobility device structures

such as double-gate MOSFET, or materials
such as strained Si on relaxed SiGe.

1. Introduction

The current drive capability of deeply scaled MOSFETs
and, in particular, n-MOSFETS has been the subject of
investigation since the late 1970s. First it was hypothesized
that the effective carrier injection velocity from the source
into the channel would reach the limit of the saturation
velocity and remain there as longitudinal electric fields
increased beyond the onset value for velocity saturation.
However, theoretical work indicated that velocity
overshoot can occur even in silicon [1], and indeed it is
routinely seen in the high-field region near the drain in
simulated devices using energy balance models or Monte
Carlo. While it was understood that velocity overshoot
near the drain would not help current drive, early
experimental work [2, 3] claimed to observe velocity
overshoot near the source, which of course would be
beneficial. Velocity was extracted from the intrinsic
saturation transconductance, g ., normalized to device
width, W, and inversion capacitance per unit area, C! , as
g./WC! . A similar claim was made at the same time by
Sai-Halasz et al. [4] by fitting the saturated velocity in

a drift-diffusion simulator to match experimental device
currents. For a period of time it appeared that with good
channel doping engineering velocity overshoot near the
source could become practical in deeply scaled devices,
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but subsequent experimental work [5] demonstrated that
there is a constraint between g_/WC/ (velocity) and
drain-induced barrier lowering (DIBL). Indeed, velocity
thus extracted could exceed the saturated velocity, but
only at very high values of DIBL, where the devices
would not be usable. That work also demonstrated the
superiority of halos in the velocity vs. DIBL performance
criterion, but for usable DIBL values, effective electron
velocities have remained stubbornly well below the
saturation velocity.

In this paper we revisit the issue of effective injection
velocity and its relation to effective mobility using a
combination of experiments and simulation. Strictly
speaking, effective mobility is commonly obtained vs.
effective transverse electric field from long-channel device
measurements and is assumed to be constant along the
channel. However, in modern short-channel devices with
strong doping halos, mobility is not expected to be
constant along the channel, so, by effective mobility, we
mean the average mobility in the channel. An additional
difficulty in extending the mobility concept to very-short-
channel devices comes from the fact that the halo doping
dimensions, and indeed the channel length itself, are only
moderately greater than the electron mean free path.
Nevertheless, since it is found that at low longitudinal
fields, irrespective of doping scheme or channel length,
current and thus carrier velocity are proportional to field,
an effective mobility can always be defined. We interpret
this effective mobility as a quantity proportional to the
average carrier scattering rate. It is shown here that
effective mobility (at low longitudinal field) and velocity
(at high field) are correlated and are both degraded as
bulk n-MOSFETs are scaled down, probably because
of increased surface and ionized impurity scattering.
Alternative device structures that may overcome this
limitation are then discussed briefly.

2. Effective channel-injection velocity in sub-
100-nm n-MOSFETs

Continued success in scaling bulk MOSFETSs has brought
increasing focus on fundamental device performance
limits. The ultimate limit to performance is thought to be
the thermal injection velocity v, (1.2-2 X 107 cm/s) from
the source accumulation layer into the channel [6, 7]. By
applying the formalism of 1-flux scattering theory [6], the
limit can be stated as

I /W =10,0(x)T/2~T), (1)

where I is the saturated drain current and Q,(x,) is the
areal inversion layer density at the conduction-band peak
atx = x, (with Vo=V, =V, at the source side of the
channel. x denotes longitudinal channel position. The

effective channel-injection carrier velocity at x; is
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v, =v,1/(2—T). (2)

T is the transmission coefficient at x;; T = 1 (and

. = U,) represents fully ballistic transport (i.e., no
backscattering from the channel back to the source).

As a measure of how close to the thermal limit a device

v

operates, it is conceptually useful to define a thermal or
ballistic efficiency, B:

B=uvylv,=T/2-T). 3)

To estimate T and B, v,, must be determined
experimentally (v, can be estimated theoretically [7])

as close to the conduction-band peak as possible,

if the goal is to assess how near to the ballistic limit

a modern MOSFET operates. The answer to this
question has important ramifications: Large B for a
modern “standard” MOSFET would suggest that only
minor drive-current benefit could be expected from
continued scaling, or from technology alternatives for
mobility improvement (e.g., strained Si or undoped thin-
film SOI), as we later discuss. In the following sections we
discuss several experimental methods for estimating v,

Carrier velocity from saturated transconductance
Effective carrier velocity can be measured from extrinsic
or intrinsic saturated transconductance g and g . [3]:

vgm = gm/WC(,)x 2 (4)
vgmi = gmi/WCéx ’ (5)

where C/ is the gate-oxide capacitance per unit area in
inversion, g, . is the saturated transconductance corrected
for source/drain parasitic resistance (R ;) as in [8], and
W is the width of the device. Uyis corrected for R,

is a more accurate reflection of real channel carrier
velocity than v .

Carrier velocity from drain current and long-
device CV

Conceptually, a more straightforward way to extract v,
is to directly measure I /WQ,(x,). Determining Q,(x,)
in deeply scaled devices is problematic because of
uncertainties in channel length, large (relative) overlap
and fringing capacitances, and nonuniform charge
distribution along the channel. However, in strong
inversion and in the gradual channel approximation,
Q,(x,) in a short channel should correspond closely to
the long-channel inversion layer charge fg/g‘ Claalvge-o
where C| is the gate-to-source/drain (tied) capacitance,
normalized to unit area. Choosing a device with a sufficiently
long channel renders the fringing component of C|,
negligible. Accordingly, we let
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Vst

Cé5d|Vds:U(lung-chan.) ’ (6)

Qi(x())(short—cham) = f

0

where Vg’: =V, + AV, with AV accounting for differences
between long- and short-channel devices. The most
important component in AV is AV due to drain-induced
barrier lowering (DIBL) and threshold-voltage rolloff.
The expression for effective velocity as extracted from

I becomes
on

(Ve +AVY)
— — !
vid - Ion/WQi(XO)(shorl-chan,) - Ion w J Cgsd(long-chan.) :
0

(7

A second component in AV is due to voltage drop on
the source resistance, I R . Adding this correction to
the upper integration limit in Equation (7) gives the
expression used for “intrinsic” effective velocity, v,;:

(Ve AV~ IoqRy)
vidi = Ion Wj Césd(long-chan.) N (8)

0

Carrier velocity from drain current and short-
device CV

A carrier velocity extraction technique was presented in
[9] which we denote v,,:

v,

s
Uy =L WO =1, [\ W f CéS(Vds:Vdd) : )

"

C,, is the capacitance (per unit area) measured from the
short device. Despite important advantages, this technique
is difficult to apply to short-channel devices because of a
significant fringing capacitance correction and the need
to know L, accurately in order to normalize Cés. Even
when accurately applied, this technique gives an average
carrier velocity in the channel and not the velocity near x,
as discussed below.

A simulated MOSFET was used to compare the
different velocity-extraction methods. Each method
was simulated exactly, and each extracted velocity was
marked on the simulated velocity plot as x location, thus
identifying the channel location for each technique. These
are shown in Figure 1 for two different simulation models,
drift-diffusion (DD) and energy balance (EB). The
simulation results show clearly that the extraction methods
developed in this work (v, v,,) give inversion-layer
carrier velocities closer to x, than the methods from the
literature (vgm, Vgmiv ). However, v, and v, also
correspond to points in the channel somewhat beyond x,.
We must interpret, then, the subsequent experimental
results (based on v,;) as putting a reasonable upper bound

on v_., and therefore B, for the technologies investigated.

eff?
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Simulation results: conduction-band and carrier velocity vs.
position for a bulk “superhalo” device. Velocities at five marked
points along the channel correspond to values given by different
MOSFET carrier velocity extraction techniques. Solid symbols
are corrected for source/drain series resistance; open symbols are

uncorrected. Values for V, T8, R ,, and I, approximately match

those for Technology A discussed in the section on experimental
results. DIBL here is 66 mV/V. (a) Drift-diffusion model: v, =
1.3 X 1077 cm/s; (b) energy-balance model: 7, = 0.1 ps.

Experimental results

We measure v, and v,;; (and compare with
transconductance methods) for n-MOS devices from two
advanced CMOS technologies, referred to in this work as
technologies A and B (Table 1)." 75 was determined
experimentally from e /C| , (with V=V, ) measured

in a large (L/W = 10 pm/10 um) device. Source—drain
parasitic series resistance values (R_;) presented in

Table 1 are estimated from inverse modeling [11, 12].

I These devices were obtained courtesy of industrial partners.
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Table 1  Parameters for n-MOS technologies investigated.

Technology T;lfc v, Nominal R, L, for DIBL
(nm) V4 =50mV, Vi (Q-pm) <130 mV/V

linear V) (nm)

extrapolation,
long chan.)
V)
A 2.4 0.3 1.0 190-220 ~40
B 4.3 0.35 1.8 240-270 ~65

Some uncertainty in the technique is reflected by

the presentation of a range of values for each technology.
The use of these ranges on series resistances introduces
negligible error for the relative comparisons between
measured velocity for technology A vs. B. Absolute error
in v, and v, corresponding to this uncertainty in R, is at
most 1.0-1.5%.

To determine Q,(x,) experimentally, we integrate C
obtained from a large (10-uwm X 10-pm) device, and make
adjustments according to Equation (6). C| for v, and
U, Was determined experimentally, from C (V= V).
The dependence of R, on gate bias is not taken into
account because modest inaccuracies in R, do not
significantly affect the results. Experimental results for
technology A (Figure 2) [13] corroborate the simulation
results, showing relative differences between v, v, Uy
and v, of the same order. Similar results were found for
the longer-channel technology B but with moderately less
spread among the values. The fact that this difference is
most pronounced at shorter channel lengths (either within
one technology, or moving from B to A) suggests that
with deeper scaling, effective velocity extraction via an
I, /WQ,(x,) method such as v, or v, is increasingly
necessary.

Effective velocity in comparison to ballistic limit

The thermal injection velocity is a function of channel
doping and inversion-layer density [7], increasing with
both. Our estimates for v, are estimated from [7]. Using
v, = 1.7 x 10" cm/s for technology A, and taking

v, = v, from Figure 2, we find that for DIBL = 100 mV/V,
B = v,/v, = 0.39, corresponding to an upper bound on T
of 0.56. Table 2 summarizes experimental results for
technologies A and B, as well as for 25-nm (L ) Monte
Carlo simulation results from [10], all at the same DIBL
of 100 mV/V. It is important to compare velocities of
different technologies at equal DIBL (regardless of
measurement technique), because for a given technology
carrier velocity increases as electrostatic integrity
decreases [5]. The experimental results suggest that

B is not increasing as we scale to shorter-channel-length
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generations. And, from the Monte Carlo results, it appears
that with continued scaling (to 25 nm), bulk-Si n-MOS
current drive would not be significantly above 40%

of the thermally limited value. These results for
technology B (B = 0.47) are consistent with reported
results® [14].

In order to separate the effects of L ; scaling from the
corresponding changes in longitudinal electric field, the above
experiments were repeated for different V,, (= V= V).
It is significant to note that, above V;; = 1.0 V for
technology A or 1.2 V for B, there is relatively little
increase in carrier velocity with increasing drain bias.

One possible explanation is the “tyranny of universal
mobility,” whereby electrostatic integrity requires increasing
transverse electric field, and therefore reduced mobility,

as the channel length is scaled and the longitudinal field
increased. Another explanation is offered by the scattering
theory approach to estimating MOSFET drain current [6].
In this view, for a MOSFET in strong inversion and with
high drain bias, I is only weakly dependent upon
longitudinal field and therefore drain bias [15].

3. Mobility, scaling, and the low-field
mobility-velocity relationship

Although longitudinal electric fields in the channel of a
modern MOSFET are far in excess of the £, value that
leads to velocity saturation, theoretical [6, 16] and
experimental work [17, 18], as well as our own work
described later in this paper, suggests that carrier
velocity at or near x, still depends strongly on w,  in the
sub-100-nm regime. We note, however, that there is no
universal agreement about this strong correlation of
carrier velocity with g, e.g. [19].

In bulk-Si and SOI MOSFETs, the effective low
longitudinal field mobility, w, (typically extracted from
long-channel devices), behaves according to a “universal”
relationship depending only on E ;, the effective or
average transverse field seen by carriers in the inversion
layer [20-22]:

2 Mark Lundstrom, personal communication, March 2001.
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Table 2 Ballistic efficiency 8 and transmission coefficient T.
B = vylv,=T/(2—-T).

Properties 25-nm Technology Technology
Monte Carlo A B
V. (em/s)  6.7-7.6 X 10° 6.6 x 10° 7.7 % 10°
B 0.35-0.40 0.39 0.47
T 0.52-0.57 0.56 0.64
Fo
Mo =\’ (10)
(1 +] - )
E[)
(nQ; + Q)
E,=—— (11)
E..
S1
where w,, E,, v, and 7 are fitting parameters which

depend on carrier type. v = 1.6 and n = 0.5 for electrons
[21]. Q, and Q, are the inversion and channel depletion
region charge areal densities, respectively. Typically for
channel doping heavier than 2-3 X 10" ¢cm~, 0, becomes
the dominant contribution to E .

Considering a wide range of temperature and transverse
field conditions, the dominant scattering mechanisms
for carriers in MOSFET inversion layers are Coulomb,
phonon, and surface-roughness scattering [23-25]; we
can therefore approximate by Matthiesson’s rule [26]:

1 1 1 1

—= + +—. (12)
g I'Lcoulomb 'u'phunon I"Lsr

In modern MOSFETS at room temperature, the “universal”
mobility behavior is thought to be dominated by surface
roughness and p << . [27]. For deeply scaled
MOSFETs, this may not be the case, and this issue is
examined here with the help of measurements.

Experimental determination of low-field mobility
For small V, < Vgs — V,, it is well known that

w
1= 1aCl V= V)V, (13)

eff
where L is the effective channel length [28, 29]. As
discussed in the Introduction, p . for short-channel
MOSFETs with strong halos should be considered (for
small V) as a proportionality ratio between electron
velocity and longitudinal electric field, which at the long-
channel limit becomes the well-defined lumped inversion
charge mobility. Nevertheless, for either short or long
devices, it is intimately related to carrier scattering rate,
and as such it has meaning in either regime. Using the
approximation Q, ~ C;X(Vgs — V), which is accurate in

IBM J. RES. & DEV. VOL. 46 NO. 2/3 MARCH/MAY 2002

10F o Vgmi
—_ Oy
© gm
= [
g Aoy o0 °
°
= 08 Aty °
& ° ob oo 0O
> ° o
5=~ 0
2 g o 0© MA_,LA ,,,,,,,, <
206} ©° A 4 A AW
= O A A A YAV :
£ wh oy oab |
2 T |
m |
sl Ve =V =1V
O 1 1
0 50 100 150

DIBL (mV/V)

Experimental results: carrier velocity by four techniques vs. drain-
induced barrier lowering (DIBL), for technology A. Solid symbols
are corrected for source/drain series resistance; open symbols are
uncorrected. The implicit variable in the DIBL axis is L .. Re-
printed with permission from [13]; ©2001 IEEE.

gate”

strong inversion, effective mobility can be determined
according to

_ LiL
I‘chf - V* WQ ) (14)
ds i

where Q, is the low-V, inversion charge areal density
obtained experimentally and assumed to be uniform
throughout the channel. V; (= V, — I R ) is the effective
or intrinsic drain bias. For this investigation, both L ; and
R, are extracted from short-channel devices via inverse
modeling [11, 12]. This, together with the determination of
Q, from Equation (6), allows Equation (14) to be used to
determine mobility in short-channel devices.

We apply Equation (14) to measure the p g, vs. L
relationship for technology A. The long-channel devices
obey the universal mobility relations quite well. To explore
mobility behavior in short-channel devices for several
values of constant inversion charge Q,, we measure W
via Equation (14) at three gate overdrives V,, =V, . — V|
(where V, is the linearly extrapolated value at IV, = 50 mV).
This is shown in Figure 3. Effective mobility at short channels
appears to be independent of gate bias and inversion-charge
density. This points toward strong Coulomb scattering at
short channel lengths.

The mobility measured for two constant E_; values
is shown in Figure 4 [30]. This clearly demonstrates the
disappearance of universal mobility behavior at short

channels. This behavior, as well as the trend of w
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Measured u. g vs. L for different £, g (technology A). Applied ¥,
is indicated in inset. Reprinted with permission from [30].

degradation (up to about 30% for the lower E_; value), is
interpreted as evidence that w_ < w_. This is plausible
because of the heavy source and drain halo dopings in the
channels of these devices which merge for very short gate
lengths. Therefore, device architectures that may allow
undoped channels (see later) would be beneficial. On the
other hand, the electron mobility may be suffering from
long-range Coulomb interactions with electrons in the

A. LOCHTEFELD ET AL.

heavily doped source/drain and gate regions [19]. If that is
the case, undoped channels would not yield a significant
benefit.

The results of p , versus channel length presented in
this section should be considered preliminary for two
reasons: sensitivity of experimental u,, to error in R ; and
L estimations, and irregularities in asymptotic behavior
of the results at longer channel lengths.

Electron velocity dependence on mobility in deep-
sub-100-nm bulk n-MOS

The relation of low-field mobility to the performance of
deep-sub-100-nm MOSFETs is still controversial. Here

we investigate experimentally, for electrons in short
(45-nm) n-MOS devices, the relation between mobility

at low longitudinal electric fields () and velocity in the
MOSFET saturation regime (v_,), where peak longitudinal
fields in the channel are high.

We investigate n-MOS transistors in the 1-V CMOS
technology A, with L ; for electrostatically sound devices
(DIBL = 120 mV/V) down to ~45 nm. Using a four-point
bending apparatus, compressive and tensile uniaxial stress
parallel to the direction of electron transport is applied to
a silicon strip containing several processed dies. Surface
strains of up to 0.12% are achieved. This method allows
electrical characterization of the same set of devices with
and without strain, reducing sources of experimental
error. Fractional change in low-field effective mobility
(Opr gy = Ap /1 ;) corresponding to the induced strain is
measured in long (10-um) and short (45-nm) devices, as
shown in Figure 5, using the technique described earlier.
Some of the problems associated with mobility measurement
in short devices—difficulty in accurately determining L
and Q, [Equation (14)]—are not a significant problem
for this experiment, because only the ratio of strained to
unstrained mobility is required. When p
is measured, the uncertainties in L

eff.

cttstrained Mett-umsrained
o and Q, cancel out.
This “cancellation of uncertainties” does not apply to the
drain-bias term. Determination of 8y in the long-channel
device is not significantly affected by this. However, the
sensitivity to R is evident in the greater scatter among
data points for 8u g . For each measurement at a new
strain value, the probe-tip-to-pad contact resistance varies,
slightly changing the total source/drain series resistance.
This is also why the straight-line fit to the data does not
pass through (0, 0) in Figure 5 for the short devices. The
difference between BV“eff-mng and S, —a 40% reduction
of dependence on strain for p g in the short devices—may
be indicative of a transition in the dominant scattering
mechanism with device scaling, as discussed earlier, and is
not unlike the Si piezoresistance coefficient reduction with
increased doping [31].
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Effective velocity versus mobility

Experimentally extracted v, ; and v, are plotted against
mobility shift for the short device in technology A, as
shown in Figure 6 [32]. We denote the ratio 8v,/du as R,
and interpret it as a measure of the dependence of source-
end electron velocity in the MOSFET saturation regime
on low-field mobility. From Figure 6, R, = 0.46-0.48.

If this is calculated with long-channel mobility, R , = 0.3,
which is much lower. Clearly, for understanding transport
in deep-sub-100-nm MOS devices, it is not valid to infer
short-device mobility behavior from measurements of
long devices from the same technology.

Earlier theoretical work with energy transport models
[16] relating mobility to velocity agrees approximately, at
the 50-nm-channel-length node, with our experimental
results (R, ~ 0.5). We also performed 2D device
simulations to support the measured results. Energy-
balance (EB) modeling of a realistic simulated superhalo
n-MOSFET with 2D doping profiles carefully designed
to match measured subthreshold characteristics (DIBL,
subthreshold slope, I ;) of the short (45-nm) devices with
assumed change in the energy relaxation time 87, = oy,
(where &7, = A7 /7)), results in R, = 0.55, reasonably
close to the experimental value. This assumption of
o7, ~ S, has previously been used to successfully
model Si/SiGe strained-Si MOSFETs [18].

If the piezoresistance effect in the source and drain
resistance, R, is accounted for with the help of a resistance
test structure and inverse modeling, we find R | is increased
from 0.47 to 0.59 [32]. It is therefore reasonable to expect
an R within the bounds of 0.45 and 0.60, which clearly
indicates that increasing the low-field effective channel
mobility continues to be beneficial even at L ; = 45 nm.

4. Increased effective velocity in deeply scaled
n-MOSFETs

From our observations, it appears that performance can
improve if one can free the devices from the tyranny of Si
universal mobility either by reducing E_; while maintaining
electrostatic integrity, or by shifting the whole mobility vs.
E,; curve up, as for example by use of biaxial strain (e.g.,
[18]). Since increased mobility leads to an increase in
channel carrier velocity, the performance and ballistic
efficiency will improve. Because a variety of options are
being explored, and there are detailed papers on those

in this issue, we discuss these options only briefly.

Step-doped bulk MOSFET

A hypothetical alternative to the nonuniformly doped
channel is the perfect step-doped bulk MOSFET (also
known as the ground-plane MOSFET [33, 34]), where
channel doping, N, = 0, down to depth T, and is
arbitrarily high beyond. Maintaining other characteristics
the same, E_; is reduced in this structure, and hence
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Experimental results: normalized mobility shift in long and short
(L = 10 um, ~45 nm) devices vs. uniaxial strain (technology A).
Each point represents a fractional shift relative to unstrained value
(which is represented by *).
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Experimental results: 8z, extracted by two methods, vs. short-device
S g (technology A). Gate and drain biases are as described for
Figure 5. Adapted with permission from [32]; ©2001 IEEE.

mobility is enhanced over that of a uniformly doped bulk
MOSFET, as shown in Figure 7. Note that in any doping
scenario the E , near the source, where the mobility has

its highest impact on velocity, is much reduced relative to
mid-channel £, in a long device because of bulk charge-
sharing with the source and also with the drain if the

channel is short enough. Neglecting this 2D charge-
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Calculated effective mobilities for two bulk n-MOSFET doping
alternatives, correlated with scaling such that DIBL = 100 mV/V.
In all cases the same mobility vs. E,; was used. Dashed line
corresponds to the hypothetical case of O, = 0 and ®,; = 0,
applicable only to SG and DG fully depleted SOI devices with
mid-gap work-function gates.

Alternative double-gate FDSOI structures: (a) DG—®,,; (b) DG—n*p*.

sharing effect greatly overestimates the effect of
channel doping on E ; in short-channel devices.
Therefore, the proper effective mobility can only be
calculated from full 2D simulations. However,
is still much lower than in the case where there is no
contribution to E_; from the bulk charge. This limit is
indicated by the dashed line without symbols in Figure 7.
While there is no combination of channel and halo doping
with gate work function that can reach this limit in scaled
bulk devices, a potential alternative is the double-gate
(DG) fully depleted SOI MOSFET, as discussed next.

Single- and double-gate fully depleted SOl MOSFET
The two alternatives for double-gate (DG) fully depleted
SOI (FDSOI) design are illustrated schematically in
Figure 8. Symmetrical DG-®_ (mg denotes mid-gap gate
work function) has two inversion layers, while DG-n"p*

A. LOCHTEFELD ET AL.

and single-gate (SG) FDSOI have one. In fully depleted
SOI devices (Figure 8), short-channel effects are
suppressed by limiting silicon and oxide film thicknesses.
The deleterious effect of drain bias on source-side channel
potential is limited by device geometry so that the
requirement of the gradual channel is relaxed; FDSOI
devices thus do not suffer as much from the “tyranny of
universal mobility.” If alternative gate material processes
can be developed such that gate work functions alone set
an acceptable threshold voltage, O, can be essentially
zero, and the p —F ;. range of operation is decoupled
from device scaling. Figure 7 includes E_; and p
corresponding to the limits Q, = 0 and ®,; = 0,
illustrating this potential benefit of reduced £, in

FDSOI SG and DG MOSFETSs as compared to bulk.

One might question the validity of using the bulk-Si
Mo—E . curve for ultrathin-film SOI and DG-SOI devices.
Provided the film is thicker than about 8 nm, as is the
case for the devices considered here, it can be easily

eff

shown by the solution of coupled Poisson-Schrodinger
equations that the presence of the second interface hardly
modifies the inversion charge distribution of the first
interface. Hence, the relationship between E; and the
charge centroid distance from the interface is nearly the
same as in bulk Si. In addition, recent experimental work
with long-channel SOI devices with various Si film
thicknesses [35] has shown that the bulk-Si universal
mobility holds for film thicknesses down to about 9 nm.

For SG—CIDmg with O < O, E, = Q/2¢. For DG—CIng,
E ; is further reduced by half, if Q, is interpreted as the
sum of inversion-layer charge at both gate interfaces:
E . = Q./4e,. This indicates an important difference
between transport in DG-® _ and DG-n"p" devices.
Since the latter has a single inversion layer (at the n*
interface for n-MOS), E , will be twice as high when
compared with a DG-®_ device with the same total Q,,
resulting in a reduced p ;. Investigations have shown that
DG FDSOI MOSFETs may ultimately scale to ~10 nm
channel length [36]. For double-gate devices, our study
indicates that hypothetical mid-gap top and bottom gates
are superior to n"/p" polysilicon gates in terms of both
scalability and drive current.

The mobility-enhancement ranges achievable through
these modified structures are summarized in Figure 9
at two different channel lengths of 50 and 25 nm. The
advantages of the double-gate structure are very clear.

Biaxially strained Si-channel MOSFETs

The universal mobility limitations also can be overcome
with the use of strained silicon on relaxed silicon—
germanium by substantially shifting up the universal
mobility curve. Biaxial strain raises electron mobility

in n-MOSFETSs much above the universal Si MOS curve.
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cm2 In the case of DG-®,_, O, is the sum of inversion charge in both inversion layers, except for the special case noted in (b). Threshold

voltage is assumed 0.2 V at high V,_ for all device types.

A mobility-enhancement ratio of ~1.75 at high transverse
fields has been reported [18].

5. Conclusion

In summary, we have demonstrated a technique for
measuring effective carrier velocity near the source side
of the MOSFET channel which is more appropriate than
existing techniques for the purpose of determining how
close modern technologies are to the thermal (ballistic)
limit. With this we have shown that a deeply scaled

(L <50 nm) 1-V n-MOS technology operates, at
most, at 40% of the limiting thermal velocity.

We have shown that mobility in the shortest n-MOSFETS
from a deep-sub-100-nm technology does not behave
according to a traditional universal relationship with E .
We interpret this as evidence that Coulomb scattering
(perhaps from ionized channel impurities, but possibly
from electrons in the source, drain, and gate regions)
is limiting the mobility. Also, by corroborating measured
velocity and mobility dependence on strain, we have
demonstrated experimentally the importance of low-field
effective inversion-layer mobility in deep-sub-100-nm bulk
n-MOS in increasing the effective velocity. Thus, the
ability of SG- and DG-FDSOI to maintain high mobilities
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with deep scaling over bulk becomes a very significant
benefit. Hence, there are a variety of alternatives available
to improve on ballistic efficiency by increasing effective
mobility and, hence, effective channel velocity.
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