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Abstract: This paper extends the flux scattering method to study the carrier transport property in nanoscale MOSFETs
with special emphasis on the low-field mobility and the transport mechanism transition. A unified analytical expression
for the low-field mobility is proposed, which covers the entire regime from drift-diffusion transport to quasi-ballistic
transport in 1-D, 2-D and 3-D MOSFETs. Two key parameters, namely the long-channel low-field mobility (i) and
the low-field mean free path (1¢), are obtained from the experimental data, and the transport mechanism transition in
MOSFETs is further discussed both experimentally and theoretically. Our work shows that A is available to characterize
the inherent transition of the carrier transport mechanism rather than the low-field mobility. The mobility reduces in the
MOSFET with the shrinking of the channel length; however, A¢ is nearly a constant, and Ao can be used as the “entry
criterion” to determine whether the device begins to operate under quasi-ballistic transport to some extent.
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1. Introduction

With the continuous downscaling of CMOS devices, a
new carrier transport mechanism, namely quasi-ballistic trans-
port, has been recognized in nanoscale devices!!), and has
attracted much attention recently>=#l. However, the transi-
tion region from traditional drift-diffusion transport to quasi-
ballistic transport has rarely been discussed. In addition, it is
not clear in which dimension a device with a given structure
will operate under quasi-ballistic mode. In the conventional
transport theory, the effective mobility has been widely used
as a parameter to determine or predict the carrier transport
in MOSFETs and is believed still available in nanoscale de-
vices!2l. However, recently, it has been observed by differ-
ent techniques that the measured low-field mobility degrades
in short-channel MOSFETs[*~6]. The physical mechanism for
this phenomenon has not been well studied. It is not clear yet
whether mobility is still a reliable parameter for carrier trans-
port in nanoscale MOSFETs.

This paper studies the low-field mobility in MOSFETs us-
ing the flux scattering method. A close-form expression of the
low-field mobility is presented, which is valid for 1-D, 2-D, and
3-D MOSFETs. The low-field mean free path A is extracted in
the 1-D, 2-D, and 3-D MOSFETs and the transition of transport
mechanism is then discussed in detail. The experimental data
show that Ay can be used as the “entry criterion” to characterize
the carrier transport mechanism transition from drift-diffusion
transport to quasi-ballistic transport in nanoscale MOSFETSs.

2. Mobility using the flux scattering method

Flux scattering theory has provided a clear conceptual view
of quantum transport in mesoscopic structures and guided
much of the experimental work in that field!”). The flux scatter-
ing method, based on McKelvey’s flux method[®] and revised
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by Lundstrom’s group, has been used to investigate the driving
current for nanoscale MOSFETS in the saturation region[®2.
In this paper, the flux scattering method is adopted, with the
emphasis on the carriers’ transport in the low-field limit.

As schematically shown in Fig. 1, the positive coordinate
direction is from the source to the drain in the MOSFET, and
the origin is located at the top of the potential barrier near the
source. The flux scattering method can be extended for the case
of no absorption[®!,
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Fig. 1. Schematic diagram of a MOSFET in the flux scattering method.
(a) The simple energy band. (b) The two-port network.
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where the backscattering probabilities per length in the channel
of the MOSFET are

qEx
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The backscattering coefficients, R and R~, consist of two
terms due to the actual scattering Ry and the electric field.
The low-field backscattering probability per length Ry is re-
lated to the low-field mean free path Ag by Ry = 1/249 =
0.5kgTLro/qc, where ¢ = /2kgTy/mm is the average ve-
locity of hemi-Maxwellian distribution for the non-degenerate
case or ¢ = /2kgTL/m [ F12(nr)/ Fo(nr)] for the degener-
ate case (here, F; (o) is the Fermi—Dirac integral of order j)E
and Ty is the lattice temperature. It is worth noting that ¢ and
Ao can be treated as parameters and that the same derivation
can be followed in this work, though they may have different
expressions in 1-D, 2-D, and 3-D MOSFETs.

The net flux can be defined by

J=Jt—-J", (5)
and the effective carrier concentration is defined by
n*=Jt+J7)/c. (6)

From Egs. (1)—(6), the conventional-like expression can
find
J = —pu*Exn* — D* (dn*/dx,), (7)

where u* = (q/kgTL) D* = (q/ksTL) ¢/2Ry. Here, all pa-
rameters (in superscript ) are effective values, which are usu-
ally different from the corresponding parameters in the tradi-
tional transport theory. However, the effective values can be-
come the corresponding conventional ones under the low-field
limit.

When the potential barrier between the source and drain is
given, the flux’s scattering matrix is independent on the incom-
ing fluxes!®]. To derive a reasonably simplified expression for
the transmission coefficient, simple boundary conditions have
been introduced in the flux’s scattering matrix method™®!. The
boundary conditions are bounded by the planes x = 0 and
x=~LasJT(0)=1and J~ (L) =0.

As far as the low field limit is concerned, the net carrier
transport current is given by

21
J = q¢ ng- 0 ,
kgTL 2Ao + L

®)

where ¢ is the potential difference between the top of the po-
tential barrier and the drain, n(‘)|r is the positive component of
carrier concentration per unit area at the top of the potential
barrier, which is approximately half of the total carriers per
unit area, ng = 2n(4{, in the case of transport dominated by
scattering-limited mechanisms under the low-field limit. That
is, in the derivation in Eq. (8), emphasis is only laid on the in-
fluence of electric field on the carrier transport.
In the conventional transport theory, the current is

J = purrnod/L. (€))

Compared with Eq. (8), we obtain the analytical expression
of the low-field mobility in a MOSFET as

_ 4, Ao N Mo
M e 2h0/L+1 - 2h0/L+ 1

(10)

where (i is the long-channel low-field mobility.

Equation (10) shows that the low-field mobility is directly
related to the channel length of MOSFETs. Equation (10) ev-
idently predicts that the measured mobility in a MOSFET de-
creases with the shrinking of the channel length. Furthermore,
compared with the experimental data, the carrier low-field
mean free path Ay can be extracted as follows in the 1-D, 2-
D and 3-D MOSFETs.

3. Experimental verification and key parameters

For the 1-D transport case, the low-field mobility in gate-
all-around twin Si nanowire MOSFETs (SNWTs) was char-
acterized in this work. The nanowire diameter is 10 nm, and
the gate oxide thickness is 3.5 nm. Fabrication details were
given in an earlier work!'?). The mobility is measured by the
Y -function method('!]. Equation (10) gives a reasonable de-
scription of the low-field mobility of n-SNWTs and p-SNWTs,
as shown in Figs. 2(a) and 2(b). For the 2-D (UTB SOI MOS-
FETs[%]) and 3-D (planar bulk MOSFETs®]) cases, Figures 3
and 4(a)—4(b) also demonstrate the validity of Eq. (10).

Because of the fact that the low-field mobility reduces
with the shrinking of the channel length, it is often confusing
whether the transport property in the nanoscale MOSFETs de-
grades to some extent. However, our work demonstrated that,
in most cases, A9 was a constant and hardly changed with
decreasing channel length. Compared with the experimental
data, Ao has been extracted for the SNWTs, UTB SOI and
bulk MOSFETs, which are shown in the corresponding cap-
tions of the figures respectively. Based on the flux scattering
method, the low-field mean free path A is the key parameter
in determining the driving current in nanoscale MOSFETs[?.
Therefore, the transport property almost does not degrade in
the nanoscale MOSFETs with the shrinking of the channel
length, though the low-field mobility reduces with the contin-
uous downscaling of MOSFETs. In other words, the mobility
can only be regarded as apparent mobility, which is hard to
maintain supremacy and to characterize the transport property
in the nanoscale devices. Yet actually Ao can play an impor-
tant role in identifying the carrier transport characteristics in
MOSFETs with different lengths. The issue will be discussed
in the following section on how to use A¢ to characterize the
carrier transport mechanism transition: from drift-diffusion to
quasi-ballistic transport.

4. Discussion on the transition region

Based on the Lundstrom backscattering theory, the chan-
nel backscattering, taking place in the critical length [y near the
virtual source, mainly determines the driving current in MOS-
FETs 21, The driving current I, D, sat 1S given by:

I — rea
1+rsat

ID,sat = WCeffvinj ( ) Vo — VT,sat) > (11)

Fsat = 10/(10 + 210), (12)
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Fig. 2. (a) Low-field mobility (1) as a function of the channel length
(Lg) in n-SNWTs: A9 = 43.3 nm, g = 369.9 cm?/(V-s). (b) Low-
field mobility (urF) as a function of the channel length (Lg) in p-
SNWTs: Ag = 45.3 nm, 19 = 485.4 cm?/(V-s).
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Fig. 3. Low-field mobility (L) as a function of the channel length
(Lg) in SOl MOSFETs: A9 = 10.3 nm, uo = 148.4 cmz/(V-s).

where vjy; is the carrier injection velocity, rg; is the channel
backscattering ration, Ag is the mean free path for backscat-
tering, W is the transistor width and Ce is the effective gate
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Fig. 4. (a) Low-field mobility (i1r) as a function of the channel length
(Lg) in bulk n-MOSFETs: 19 = 30.2 nm, 19 = 311.6 cm?/(V-s).
(b) Low-field mobility (uLr) as a function of the channel length (Lg)
in bulk p-MOSFETs: Ao = 14.5 nm, j9 = 106.2 cm2/(Vs).

capacitance. Note that, due to the different definitions, we use
21 in Eq. (12). Here, the ballistic efficiency Bg = (1 —
rsat)/(1 + ret) can be regarded as the extracted parameter,
which is beneficial to characterize the carrier transport mecha-
nism transition[.

We have extracted the ballistic efficiency B, of SNWTs
as a function of the channel length, as shown in Fig. 5. It is clear
that a kink occurs in the experimental data. We propose that
this is the transition region, which is the critical dimensional
range to identify the carrier transport mechanism: from drift-
diffusion transport to quasi-ballistic transport.

Let us focus on this transition region. Figure 5 shows that
the dimensional range of the kink region approximately covers
Ao to 2140 (around 40 to 100 nm) for n-SNWTs (the similar situ-
ation found in p-SNWTs is not shown here). The slopes for the
curve relating the ballistic efficiency to the channel length are
different on both sides of the kink region. When the channel
length in the n-SNWTs is larger than 21, the slope is rela-
tively small and the ballistic efficiency increases slowly. On
the other side, a distinctly different picture occurs in the n-
SNWTs with channel length shorter than A, where the slope is
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Fig. 5. Ballistic efficiency Bgat of the n-SNWTs and bulk MOSFETs
as a function of the channel length (Lg).

larger than the previous one. The ballistic efficiency increases
rapidly when the channel lengths continue to be scaled down.
The physical causes for this experimental phenomenon can be
explained as follows.

As shown in Fig. 5, for the long-channel n-SNWTs, be-
cause sufficient carrier scattering events occur in the channel,
drift-diffusion transport will dominate the carriers’ flux and can
even hold under the existence of velocity saturation. This is the
classical transport picture, where the mobility has been used as
the basic parameter for evaluating the performance of MOS-
FETs. The carrier transport remains predominantly scattering-
limited in the long-channel MOSFETs; therefore, the ballis-
tic efficiency increases very slowly, and is even almost un-
changed under the velocity saturation region (the kink region
in Fig. 5). On the other hand, when the channel length of n-
SNWTs is shorter than A, the carriers scarcely suffer scatter-
ing events in the channel (Fig. 5). Quasi-ballistic transport be-
gins to dominate the flux of carriers and the ballistic efficiency
increases rapidly with the downscaling of MOSFETs. Figure
5 shows the carrier transport mechanism transition from drift-
diffusion transport to quasi-ballistic transport, and the dimen-
sional range of the kink region is surely related to the low-field
mean free path Ag. This experimental phenomenon is consis-
tent with the physical picture to some extent; therefore, our
work proposes that A¢ is a key parameter in determining the
carrier transport, especially the transport mechanism transi-
tion from drift-diffusion transport to quasi-ballistic transport
in nanoscale MOSFETs.

In order to backup the proposal presented above, Figure 5
plots the extracted data of planar bulk MOSFETs!!2]. Tt is clear
that different slopes for the curve of the ballistic efficiency ver-
sus the channel length also occur even in bulk MOSFETs due
to the different carrier transport mechanisms. Though the kink
region is hardly identified, this is probably caused by insuffi-

cient experimental data in the transition region['2]. We suggest
that the low-field mean free path, Ao, can be used as the “en
try criterion” to determine whether the device begins to operate
under quasi-ballistic transport. More experimental work is ex-
pected to be done in the future on this transition region.

5. Conclusion

In this paper, we present an analytical expression for the
low-field mobility in nanoscale MOSFETs by the flux scat-
tering method. Based on the analytical expression, an inher-
ent mobility reduction in MOSFETs with the shrinking of the
channel length is predicted, which agrees well with the exper-
iments. Different slopes are observed in the curves of the bal-
listic efficiency as a function of the channel length on both
sides of the kink region and this phenomenon is directly re-
lated to the transition of carrier transport mechanisms: drift-
diffusion transport is dominant in the long-channel MOSFETs,
but quasi-ballistic transport feature clearly occurs in MOSFETs
with channel lengths shorter than A¢. It is suggested that the
low-field mean free path, A¢, can be used as the “entry cri-
terion” to characterize the carrier transport mechanism transi-
tion from drift-diffusion transport to quasi-ballistic transport in
nanoscale MOSFETs.
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